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Polyolefins, as represented by polyethylene (PE) and polypropylenes (PP), are the most widely 
used synthetic polymers in the world and hardly need any introduction. Despite their long history, 
they still spark the interest of academic and industrial chemists. In fact, Olefin Block Copolymers 
(OBCs) have been subject to a lot of attention recently since these polymers would have several 
highly desirable properties. They embody one approach towards expanding the use of polyolefins, by 
controlling their microstructure, i.e., the orientation and distribution of comonomers along the 
polymer backbone. For instance, one could think of a material that would take on many of the best 
characteristics of both linear low density PE (LLDPE) and high density PE (HDPE), respectively. 
Here, the ideal situation would be to constrain the -olefin incorporation to certain blocks (soft) of 
the chain while leaving other blocks (hard) completely linear.  

Several synthetic strategies to produce (multi-) block copolymers are available. The most obvious one 
is sequential feed of monomers using living catalysts. The main drawback is that only one chain per 
active site is formed. In order to make the system more catalyst-efficient, a Chain Transfer Agent 
(CTA) can be added to perform Catalytic Chain Transfer Polymerization (CCTP). The morphology 
of the polymers is expected to be the same (di- or multi-blocks) but much less catalyst is needed. 
When multiblock copolymers are to be prepared, Chain Shuttling Chemistry would be the 
technique of choice. Finally, olefin metathesis has proven to be an efficient tool to access polyolefin 
block polymers with precisely spaced branches and/or functional blocks.  

As illustrated by its title, the present dissertation deals with the synthesis and detailed analysis of 
different series of OBCs and the study of some structure-properties relationships. Several strategies 
were employed to yield blocky architectures, based on different (combinations of) monomers. 
Overall, beyond the inherent difficulties of this type of coordination chemistry, a broad array of tools 
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was necessary to try and elucidate these often complicated microstructures. Some of the techniques 
exploited are classically applied to polyolefins: 13C NMR, HT SEC, DSC, CRYSTAF, optical 
microscopy or X-ray diffraction. Other ones, equally important and complementary, are either less 
widely used, such as Successive self-nucleation and annealing (SSA), or have more recently been 
adapted to the analysis of polyolefins such as HT HPLC.  

The zirconium acetamidinate precatalyst {Cp*Zr(Me)2[N(Et)C(Me)N(t-Bu)]} (Cp* = 5-C5Me5) was 
used to synthesize both random and block copolymers based on 4-methyl-1-pentene (4M1P) and 1-
pentene. The polymers have been characterized by NMR spectroscopy, SEC, DSC, high 
temperature HPLC and CRYSTAF. Unexpectedly, the yields and molecular weights decreased with 
increasing amounts of incorporated 1-pentene. The reason for this behavior is that 1-pentene 
occasionally undergoes 2,1-misinsertion,s trapping the catalyst in a dormant state. These 2,1-
misinsertions do not seem to occur with the bulky 4M1P (branched -olefin). Adding a small 
amount of ethylene reactivates the catalyst. Unlike most semi-crystalline polymers, the density of the 
crystalline phase of isotactic P4M1P can be lower than that of the amorphous phase, when 
crystallized under very high pressures. To characterize this peculiar behavior of 4M1P-based 
polymers, various samples have been subjected to Pressure-Volume-Temperature measurements. 
While the 4M1P homopolymers and block copolymers showed the expected classical decrease in 
specific volumes upon cooling (under the studied pressures, below 1200 bars), the 4M1P-rich 
random copolymers proved not to exhibit varying specific volumes under the same conditions. 

Stereoblock polypropylenes comprising iPP and sPP segments have been synthesized by 
polymerization of the following binary system of metallocenes: the Cs-symmetric [2,7-t-
Bu2(Flu)2Ph2C(Cp)ZrCl2] and the C2-symmetric rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2, producing 
syndiotactic and isotactic segments, respectively. The effect of the addition of diethyl zinc (DEZ) in 
the presence of methylaluminoxane (MAO) was investigated, for single catalysts as well as for mixed 
catalysts experiments. It was particularly instructive to compare blends of samples made either by 
each catalyst individually (solution blend) with materials obtained with the mixed catalyst system 
(reactor blend). Thermal properties were investigated by DSC and Successive self-
nucleation/annealing (SSA) while WAXD, optical microscopy and TEM gave insight into the solid 
state morphology. This study shows that the simultaneous presence of MAO and DEZ, enhancing 
fast and reversible transfer of the growing chains between the two active centers, leads to the 
formation of a stereoblock microstructure. In these cases, low molecular weight polymers are 
obtained but they seem to form a rather uniform population of the target stereoblock 
microstructure. The junction between the blocks is qualitatively observed at the heptad level in 13C 
NMR. It was identified that, when made in toluene, the stereoblock material consists of a majority 
of syndiotactic segments, whereas the ratio is more equilibrated when the polymerization was 
conducted in the more polar chlorobenzene. This is confirmed by the results obtained with 13C 
NMR, CRYSTAF, HT HPLC and TEM. It is thought that the synergistic effect of Al and Zn, as 

12 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:06  Page12



 
 

well as environmental factors such as solvent polarity, can advantageously be used to drive the 
formation of desired microstructures.  

The interactions of a sterically hindered phenol [2,6-(t-Bu)2-4-Me-C6H2OH] (BHT) with the 
scavenger MAO (AlR3) and ZnR2 during Hf/Zr-based chain shuttling polymerization in a semi-
batch reactor have been investigated. NMR model studies indicated a preferential binding of BHT 
to aluminum under these conditions. Subsequently, reproducible polymerization runs gave rise to 
copolymers that were thoroughly characterized by HT SEC, HT HPLC, DSC, thermal fractionation 
(SSA), 13C NMR, density measurements, CRYSTAF and optical microscopy to unravel their 
complex microstructures. The obtained materials differ from a simple solution blend of materials, 
separately produced by single catalysts, but also from multi-block copolymers as obtained by DOW's 
continuous process, although a blocky structure can be rationalized.  

Several compatibilized blends have been obtained via rather simple and robust chemistry: olefin cross 
metathesis using Grubbs’ second-generation catalyst (G2). Practically, this was achieved by the 
coupling of two vinyl-terminated macromolecules of different nature. The viability of the concept 
was first demonstrated for low molecular weight polyolefin macromolecules before being extended to 
larger macromolecules, including polar ones such as polycaprolactone (PCL), polypentadecalactone 
(PPDL) and polymethylmethacrylate (PMMA). When taking into account the possible cross 
metathesis reactions, a statistical distribution of homopolymers and diblock copolymers is likely. 
However, clear macrophase separation is visible only in the solution blends of macromonomers and 
not in (partially) coupled products, as observed by optical microscopy. This demonstrates that the 
formation of diblock copolymers effectively compatibilized the two phases. This observation is valid 
for PP/PE, PCL/PE and PPDL/PE systems. All materials were analyzed by HT SEC, DSC and HT 
HPLC. Such a proof of principle indicates that using cross metathesis on a large library of 
macromolecules might be a versatile “synthetic handle” to reach a variety of in situ compatibilized 
blends. 
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1.1. General Introduction 
 

 

  

  

AAbbssttrraacctt    

As a preamble, this chapter sets the stage for the whole study, guiding the reader through the 
concepts used along the following chapters. Due to the great number of published scientific papers 
and patents on the topic studied, only the most relevant literature examples have been selected and 
will be summarized in this introduction. Finally, the outline of the present thesis is presented. 
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11..11..  GGeenneerraall   IInnttrroodduuccttiioonn  
  

1.1.1. Polymers in the current energy context 

Since the invention of the first synthetic polymer, BakeliteTM,i by the Belgian Dr. Leo Hendrik 
Baekeland in 1907,1 who revolutionized the manufacture of everything from buttons to car parts, 
huge progress has been made in the field of polymer science. Since then, achieving fine control over 
all aspects of  macromolecular architecture (chain composition and connectivity, molecular weight 
(distribution), as well as regio- and stereochemistry) is the Holy Grail for all polymer chemists, as it 
will in turn determine the type and morphology of the crystalline phase, and therefore the properties 
and the end-use.2 A wealth of strategies are now available to control the polymer properties:3 
materials can be made stiff, soft, conducting or insulating, opaque or transparent, (im)permeable, 
stable or biodegradable, biocompatible… their level of sophistication can be pushed even further 
with functional polymers like organic solar cells, biomimetic materials, stimuli-responsive materials 
for drug delivery and smart or self-healing surfaces, meeting the expectations of highly diversified 
applications. Their attractive cost/performance ratio and facile processing makes polymers 
omnipresent in our daily lives and makes high technology affordable for people living in 
industrialized as well as in developing countries. 

The acquisition of such a deep comprehension has been possible thanks to an amazing cooperation 
between fundamental and applied research at the interface of organic chemistry, materials science 
and engineering. Industrial and academic R&D generally do not have the same driving forces:4 for 
the former, the target is to invent new materials that people will buy whereas the latter has a very 
different mission in which challenging preconceived notions and creating new advances to 
understand phenomena are the main focus. Certainly a combination of the best qualities of both 
approaches, cunning and practical, would be ideal, leading to new, useful, commercially viable 
polymers. Polyolefins are a very good example of a successful combination of these two approaches.  

Overall, at a time where the growing population is taken hostage by oil shortage and global 
warming, we are forced to face a major energy challenge and have crying need for sustainable 
development.ii,5 Given their attractive eco-balance, polymers have a key role to play.6 As a matter of 
fact, manufacturing plastics for lightweight engineering, food packaging (fresher for longer) and 
thermal insulation, is an effective way to use oil instead of blindly burning it to generate energy. 
Current trends not only consist of finding new applications for bio-based polymers, but also new 
feedstock to develop bio-based materials,7 including bio-based polyolefins.8 The question of the 
harmfulness of additives should also be seriously addressed. 

                                                
i Bakelite, a condensation product of phenols and formaldehyde and by extension a range of different type of plastics.  
ii “Implies meeting the needs of the present without compromising the ability of future generations to meet their own needs”  
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Figure 1.3.

  

1.1.2. Polyolefins in industry and society  

Polyolefins are a prominent example of successful sustainable materials (green).9 They can be 
recycled but most importantly “energy-recycled” (incinerated), producing “renewable oil” which is a 
crucial source of energy in waste incineration ovens for instance. For all these reasons, in 
combination to their extremely advantageous cost efficiency, polyolefins outperform all biopolymers 
and all bio-based plastics so far.  

Although being a fully matured industry with an annual industrial production exceeding 130 million 
metric tons,10 polyolefins continue to intrigue researchers both in industry and in academia. 
Significant advances are still being made in terms of new products, catalysts, processes and 
additives.11 The tremendous volume and broad utility of polyolefins are related to the ability to make 
many different kinds of materials: from rigid thermoplastics to flexible elastomers and basically 
anything in between, starting from a very simple set of inexpensive building blocks (Figure 1.1). On 
top of that, polyolefins are the cheapest polymers available. 

  
FFiigguurree  11..11..  Examples of the array of possible applications out of a simple set of building blocks. 

 

Over more than 70 years of development, they have already taken over a whole range of materials. 
The three main classes of commercial polyethylenes are: Low density polyethylene (LDPE), linear 
low density polyethylene (LLDPE) and (mono- or bimodal) high density polyethylene (HDPE) 
(Figure 1.2).  

 
FFiigguurree  11..22..  Representation of the three main classes of commercially available PEs. 

 

As far as polypropylene is concerned, the presence of an extra methyl group in the repeating unit (or 
longer alkyl in case of all other -olefins) considerably expands the possibilities in terms of 
microstructure and next, to regioregularity, introduces stereoregularity. Natta named this concept 
tacticity from the Greek 'taktikos' meaning “of or relating to arrangement or order”. The three 
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possible configurations are: isotactic (iPP, same relative configuration), syndiotactic (sPP, regular 
opposite configuration) and atactic (aPP, random configuration) and are represented in Figure 1.3. 

 
FFiigguurree  11..33..  Ideal possible configurations of regioregular PP and adapted Fischer projections. 

 

It is worthwhile to mention that purely isotactic or syndiotactic chains are an ideal representation. In 
reality, due to the occurrence of stereodefects, the chains should be termed highly or predominantly 
iso- or syndiotactic.12 Stereoregularity is typically quantified by 13C NMR spectroscopy, the elective 
tool for vinyl polymers, in % of meso (m) or racemo (r) dyads (neighboring units). More commonly, 
the pentad level is used ([mmmm] main peak for iPP and [rrrr] main peak for sPP), since it is the 
one at which statistical analysis is customarily performed. Since recently, also the heptad level is used. 
In fact, the methyl groups have a different chemical shift depending on their environment (up to five 
units on each side) and the chemical shifts have been fully assigned.13 The detection of isolated 
insertion errors and their quantification are a reliable record of the statistical events occurring during 
polymerization.  

1.1.3. A wealth of properties out of a single monomer: the example of PP 

As shown in Figure 1.4, it is now possible to obtain basically any type of microstructure, 
giving rise to a broad diversity of physical and mechanical properties, from stiff materials to 
elastomers.14 Depending on the mmmm or rrrr content of the polymer chains, out of only one 
simple monomer such as propylene, an impressive number of microstructures and hence applications 
has become possible. 
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1.2. Ziegler-Natta Catalysis  

Figure 1.5.

  

 
FFiigguurree  11..44..   Melting temperature of the different types of PP as a function of the type and degree of stereoregularity 

produced by different single-site catalysts. iamPP and samPP mean isotactic and syndiotactic amorphous PP, 
respectively. Adapted from De Rosa, C.; Auriemma F. Polym. Chem. 22001111, 2, 2155. Reproduced with permission of 

The Royal Society of Chemistry. 
 

In fact, apart from the tacticity in itself, another important factor to influence the final properties is 
polymorphism (the ability of a substance to exist in more than one form or crystal structure) e.g. in 
iPP, sPP, poly-1-butene or poly-4-methyl-1-pentene. More specifically, for iPP, four different 
crystalline structures are possible (as well as a mesophase, intermediate between crystalline and 
amorphous phases). The most stable crystal structure is the -form obtained upon crystallization 
from the melt at moderate cooling rates.15 The frustrated -form, elucidated many years after its 
discovery,16 can be promoted mainly by specific nucleating agents (such as phthalates17), whereas the 

-form occurs in the presence of interrupted isotactic sequences,18 or can be induced under high 
pressure and temperature.19 Finally, the -form is obtained when propylene is copolymerized with 
bulky comonomers, substantially included in the new crystalline form.20 Polymorphic 
transformations can take place during plastic deformation as well, leading to unexpected properties.21  

Apart from the widely spread PEs and PPs, polyolefins based on other, more exotic/less common 
monomers are also of interest: norbornene-based monomers, vinyl cyclohexane, 5-methyl-1-heptene, 
4-methyl-1-hexene, 4-phenyl-1-butene, 3-methyl-1-pentene and 4-methyl-1-pentene or even more 
complex ones such as 3,5,5-trimethyl-1-hexene.22 Although resembling the properties of PP, the 
catalysis is more demanding in this case as the reactivity is dominated by steric factors and the 
mechanism is strongly monomer-dependent.23 These polymers, based on higher -olefins, are more 
sensitive to oxidative degradation and their production is more costly. However, they have found 
niche applications as specially polymers, e.g. TPX (poly-4-methyl-1-pentene) by Mitsui24 is used for 
its high transparency and melting point, thermal stability and chemical resistance for targeted 
medical applications. Cyclic olefin copolymers (COC's), such as Advanced Polymers’ TOPAS or 
Mitsui Chemical’s APEL, play an important role in functional polymers, far away from the market 
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of commodity plastics, for medical packaging or various electronic applications (waveguides, 
photoresist, encapsulates…). Two main lines of research coexist there: on the one hand focusing on 
copolymers of ethylene/cyclo-olefin for new thermoplastics and on the other hand focusing on 
soluble polymers with very high Tm and Tg and low dielectric constant.25 The diene-based 
polyolefins form a world on their own and are deliberately not mentioned here.  

11..22..  ZZiieegglleerr--NNaattttaa  CCaattaallyyssiiss   

1.2.1. Invention & classical Ziegler-Natta system  

In 1952, while working on the “Aufbau Reaktion”, Karl Ziegler synthesized for the first time 
HDPE,26 catalyzed by a mixture of TiCl4 (more generally transition metal compounds) in the 
presence of aluminum alkyls under mild conditions (down to room temperature and ambient 
pressure!). This is remarkable in the sense that the commercially produced HDPE synthesized by the 
so-called Phillips catalyst – chromium oxide on silica - as well as the highly branched LDPE (also 
called high pressure PE, officially discovered in 1935 at ICI) both require moderate (70 – 100 °C; 30 
– 40 bars) to extreme (200 – 350 °C; 600 – 3500 bar) reaction conditions, respectively.27 The 
tremendous difference in properties between HDPE and LDPE can be seen at a glance in Figure 1.5. 

 
FFiigguurree  11..55..  Comparison between the rigidity of two beakers, one of HDPE (low pressure), one of LDPE (high 

pressure).28 
 

Natta became aware of Ziegler’s discovery. His interest became awakened and he decided to study -
olefins, readily available at low cost in the petroleum industry. This led to the synthesis of the first 
crude inhomogeneous (amorphous and crystalline) material, containing the first isotactic 
polypropylene (iPP),29 the first stereoregular -olefin polymerization formed using early transition 
metal Ziegler-type compounds as the catalyst and in this way, Natta “broke the monopoly of 
Nature”.iii Both these historical discoveries were awarded with the Nobel Prize in 1963. Thanks to a 
series of lucky discoveries integrated into quick and brilliant understanding,iv “the suddenness with 

                                                
iii Words pronounced by Prof. Arne Fregda when introducing the laureates at the Nobel Ceremony in 1963. 
iv “Convinced of the well-known saying natura non facit saltus. I did not attribute crystallinity to a higher molecular weight, but to a 

different steric structure of the macromolecules present in the different fractions”. Natta, Nobel’s Lecture – Dec, 12 1963. 
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Figure 1.7.

Figure 1.8.

  

which this began and the rapidity with which it was propagated are comparable to an explosion”v… 
and the machinery had been set in motion.  

Commercially produced polyolefins still rely heavily on heterogeneous Ziegler-Natta catalysts (more 
than 75%), which show extremely high activities and selectivities for iPP (also capable of 
incorporating -olefins). The current state of the art consists in TiCl4 on a MgCl2 (or MgCl2/SiO2) 
support, together with a cocktail of aluminum alkyls, as well as internal and external donors. The 
latter bases are mainly added to sequester the less stereoselective sites and contribute to the de-
agglomeration of the supported catalysts during polymerization. As a matter of fact, heterogeneous 
Z-N catalysts have a multi-site nature, which leads to broad molecular weight distributions, various 
stereoselectivities and a non-uniform distribution of the comonomer content with respect to 
molecular weight distribution (Figure 1.6). The exact mechanism of what happens at the surface of 
the heterogeneous catalyst is still unclear, although catalysis is believed to occur on an edge of TiCl3 
crystals (for the original Z-N catalyst).30 Despite valuable data collected with the help of state-of-the-
art DFT studies31 and improved NMR resolution,32 the whole picture is still actively under debate. 

 

FFiigguurree  11..66..  [Left] Comonomer distribution from heterogeneous Z-N catalysts. [Right] Narrow comonomer 
distribution from single-site catalysts. The dashed red lines indicate the comonomer distribution. 

1.2.2. The discovery of MAO, unlocking the door towards molecular catalysts 

For mechanistic studies, a well-defined soluble (homogeneous) system was still missing. The 
breakthrough came in 1980, not in the area of catalyst development but by the discovery of a new 
cocatalyst. It had been observed that traces of water actually increased the rate of polymerization of 
titanocene catalysts,33 however, one had to wait for Sinn and Kaminsky, who noticed that the 
normally inactive [Cp2ZrMe2]-AlMe3 becomes highly active upon addition of small amounts of 
water. They attributed the increased activity to the formation of methyl aluminoxane (MAO)34 as 
cocatalyst for the polymerization of ethylene, propylene and higher -olefins.35 MAO is prepared by 
controlled hydrolysis of AlMe3, but after more than 30 years of research, still little is known about its 
exact structure: it is probably a polymeric substance of approximate composition [{MeAlO}n], (n = 
5-20),36 most likely containing 3-D dynamic clusters with tetra-coordinated Al, as illustrated by 

                                                
v As described by Karl Ziegler himself in his Nobel Lecture, had he known how it would evolve 60 years later… 
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studies on the hydrolysis of Al(t-Bu)3.37 It is believed to perform three main functions: (1) scavenging 
of impurities (e.g. water) in the reaction medium, (2) alkylation of the catalyst and (3) abstraction of 
an alkyl to form the cationic active species. The drawback of MAO is that it has to be used in large 
excess (> 200:1) making the process costly, let alone dangerous since MAO contains up to 30% of 
highly pyrophoric AlMe3. Nevertheless, MAO is by far the most used activator for single-site 
catalysts, an example of the mechanism is given in Figure 1.7. Its serendipitous discovery unlocked 
the door to an unprecedented major research effort focusing on the development of highly efficient 
single-site ethylene polymerization catalysts and stereoselective propylene polymerization catalysts. 

 

FFiigguurree  11..77..  Activation of a metallocene by MAO. 

As an alternative to MAO, much “cleaner” cocatalysts have been introduced, such as the Lewis acid 
borane B(C6F5)3 or Brønsted ([NHMe2Ph]+) or Lewis acids ([Ph3C]+) in combination with a weakly 
coordinating anion such as tetrakispentafluorophenyl borate, [B(C6F5)4]-.38 Their function is to 
abstract an alkyl from the dialkyl precatalyst, forming a well-defined borate-stabilized cationic 
catalytic site, is shown in Figure 1.8.  

 

FFiigguurree  11..88..  Activation by borate (anilinium and trityl) and borane cocatalysts. 

The ammonium or trityl borates are commonly used in an equimolar amount with respect to the 
catalyst and allowed the isolation of e.g. alkylzirconocene cations.39 Advanced NMR studies have 
recently been reported on ion pairing.40 Most conveniently, borane and borate activators are used in 
combination with a scavenger that also acts as in situ alkylating agent.  
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Figure 1.10.

  

1.2.3. Metallocenes, ansa-metallocenes and constrained geometry catalysts (CGC) 

The past three decades have witnessed dramatic advances in the development of well-defined 
transition-metal complexes that can function as catalysts for the stereoselective polymerization of 
propylene.41 The early shot of Cp2MCl2/MAO (M = Ti, Zr), successfully polymerizing propylene, 
showed a moderate activity but more importantly lacked stereoregularity. Two key discoveries would 
shortly follow: the ligand effect and how to induce enantioselectivity in -olefin polymerization. 
Based on classical metallocenes, new ligand designs emerged and opened up the way to the so-called 
ansa-metallocenes. Three pioneering examples are drawn in Figure 1.9. They typically consist of two 
bridged cyclopentadienyl ligands (and modified versions) bound to the same metal (ansa meaning 
handle in Greek) and remaining so during the polymerization. Cp anions are aromatic 6 e- donors 
that bind in an 5-fashion and form therefore very robust ancillary ligands. The most commonly 
used ones are cyclopentadienyl (C5H5

-), pentamethylcyclopentadienyl (C5Me5
-), indenyl (C9H7

-) and 
fluorenyl (C13H9

-) as well as their substituted congeners, making cyclopentadienyls ideal ligands for 
their versatility in terms of sterics and electronics. They allow more control over the stereochemistry 
of the metal center. Those reported by Kaminsky, Brintzinger35 and Ewen42 led to isotactic and 
syndiotactic polypropylene, respectively. Bridged metallocenes have also been developed by Bercaw,43 
not only yielding highly active and stereospecific catalysts, but also helping in the kinetic resolution 
of simple racemic olefins, R- or S- -olefins, such as 3-methyl-1-olefins.44 The effect of different 
types of bridges on the catalytic behavior has also been looked into and reviewed.45 For a detailed 
overview of how knowledge developed thanks to the concerted efforts of many scientists, the reader 
is referred to landmark reviews.41,46 The search for the perfect isotactic polypropylene helix continues 
and a recent contribution really comes close, using an ultra-rigid metallocene.47 

 

FFiigguurree  11..99..  Structures of “pioneering” metallocenes, by Brintzinger, Ewen and Bercaw, respectively. 

Shortly after the above mentioned ansa-metallocenes, a further development was achieved 
concurrently by Exxon and Dow Chemical and consisted in replacing one of the Cp ligands by an 
amide.48 This strategy yielded a more open active site, the so-called constrained geometry catalyst 
(CGC), as illustrated in Figure 1.10. This specific category of catalysts has been reviewed.49 Under 
the name Lovacat, DSM developed an isolobal type of catalyst using a monoanionic Cp-amine in 
combination with a trivalent metal center.50  
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FFiigguurree  11..1100..  Typical structures of CGCs, cyclopentadienyl-amine and half-metallocene catalysts (here amidinate) 
families. 

Further studies have been performed for the search of non-bridged half metallocenes containing 
anionic donor ligands of the type Cp*(L)MX2 that display different characteristics compared to 
conventional catalysts.51 Metallocenes and half-metallocenes were not only seen as models for Z-N 
catalysts but as a unique chance to make tailor-made polymers and several catalysts have been 
commercialized for this purpose. A wealth of studies on ligand modification has shed the light on 
how to control molecular weight, activity, as well as regio- and stereoselectivity. In this way, crystal 
structures as well as polymorphism and physical properties of propylene homopolymer or 
copolymers with higher -olefin have been explored.52 The synthesis of functional polymers using 
metallocenes has also been explored.53  

1.2.4. The post-metallocene monsters 

Despite all the beauties offered by metallocenes (versatility of the ligand frames, improved 
activities), quite rightly called “a local minimum in catalyst discovery”,vi the chemistry behind can be 
rather challenging, involving tedious multi-step syntheses.54 Another breakthrough came recently 
with the development of the so-called post-metallocenes: relatively easy to synthesize (developed by 
high-throughput screening), no isomer separation needed, thermally robust… They basically consist 
of a combination of anionic ligands (typically O and/or N as a donor) wrapped around the metal, 
either affording a tetrahedrally or an octahedrally coordinated active site. 

The "phenoxy-imine” catalyst family explored by Fujita illustrates a representative example of this 
development.55 The synthetic strategy is rather simple as the ligand synthesis consists of a 
condensation of commercially available (substituted) salicyl aldehydes and amines (Figure 1.11). 
Subsequently, the ligands can easily be attached to group 4 transition metals through several 
straightforward protocols. This opened up the way to a “ligand-oriented catalyst design concept”, 
postulating that the ligand plays the most important role in controlling the polymerization and that 
electronically flexible properties of the latter were necessary to achieve high activities. The group of 
Fujita focused their efforts on non-symmetrical ligands.56  

                                                
vi Citation from Dr. Gary Diamond, at the time Vice-president at Symyx Technologies. 
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Figure 1.14.

  

 

FFiigguurree  11..1111..  Facile and versatile synthesis of FI-complexes. 

Another valuable example is coming from the group of Kol, with the tetradentate {ONNO} system 
that, after optimization, was recently reported to yield the highest melting iPP ever made by a 
homogeneous catalyst.57 Most importantly, catalysts exhibiting a broad range of selectivities for 
propylene and higher -olefins polymerization may be prepared. Using the convenient quadrant 
representation, as illustrated in Figure 1.12,58 they promoted the site epimerization electronically by 
means of trans effect, rather than sterically (as in the case of a C1-symmetric metallocene). They 
obtained a non-symmetric wrapping to promote directional site epimerization.  

 

FFiigguurree  11..1122..  Induction of directional polymeryl site epimerization by steric pressure vs. electronic trans influence.  

Here, serendipity has also played a role: this is how the (pyridyl-amide)Hf catalysts have been 
discovered.59 They have a non-conventional structure, are highly active and stereoselective and are 
thermally robust. They are good -olefin incorporators with huge molecular weight capabilities and 
are able to undergo chain transfer. What was clearly not anticipated beforehand but is crucial for the 
stereoregularity, is that the first insertion will tune the active site, as depicted in Figure 1.13.60  

 
FFiigguurree  11..1133..  Peculiar activation mechanism of the (pyridyl-amide)Hf family of catalysts.62 
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Finally, through the application of fully integrated high-throughput screenings led by SYMYX, other 
remarkable families of catalysts have been discovered. It is the case of amide ethers-based hafnium 
catalysts61 and so-called O4 catalysts.62 Primary screenings identify hits, then secondary screenings 
perform catalysts optimization. 

1.2.5. (Middle and) Late transition metals (LTM) 

Given the appearance of an army of patents and the research effort towards group 4 
metallocenes, half-metallocenes, CGCs and post-metallocenes, the search for the discovery of new 
generations of catalysts has been intense, both in academia and in industry.63 Highly interesting 
findings have come from late transition metals as well (Fe, CO, Ni, Pd mainly).64 These catalysts are 
usually much slower compared to their ETM congeners. In most cases, the resting state does not 
seem to involve agostic interaction but instead the alkyl – olefin adduct, making the insertion step 
rate-limiting and the polymerization growth rate largely independent of ethylene concentration. One 
main advantage of LTMs is that they are tolerant to polar substituents, thanks to a lower 
oxophilicity compared to metallocenes, which attracts more and more attention as it makes it 
possible to build in functionalities.65  

An interesting family of catalysts is the Brookhart-Gibson class of 2,6-bis(arylimino)pyridyl iron and 
cobalt complexes. If sufficient steric bulk is placed on the ortho position of the aryls, highly linear 
PE is formed: the bulkier the substituents, the higher the molecular weight but the lower the activity. 
These HDPEs melt at high temperature (133-139 °C) with high heats of fusion and claimed 
improved properties (lower gas permeability and higher density).66 

Another example worth mentioning is the family of Ni and Pd -diimine catalysts. They are capable 
of making branched PE without addition of external comonomer, by a mechanism called chain 
walking.67 By successive -H elimination and reinsertion, the catalysts walk along the polymer chain 
until the next monomer insertion occurs, producing a branch. With appropriate control over 
reaction conditions (ethylene pressure and temperature), branching and molecular weight can be 
controlled. Some of the Pd catalysts even produce branches on branches. Some Cr catalysts have also 
been reported to be capable of chain walking, turning PP homopolymers into ethylene/propylene 
look-alike polymers.68 

 

FFiigguurree  11..1144..  Chain walking mechanism in the particular case of chain straightening. 
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Figure 1.16.
2000

  

Another remarkable feature of -diimine catalysts is that they were the first LTM to 
homopolymerize -olefins. The occurrence of chain walking, especially after 2,1-insertion, reduces 
branching density, so-called “chain straightening”69,70, as represented in Figure 1.14. Recently, Ni 
complexes have been found to be able to perform a dual radical/catalytic pathway71 for the 
copolymerization of ethylene and styrene, butylacrylate and methylmetacrylate.  

Finally, it is worth highlighting that LTMs are famous for ethylene/CO polymerization. These 
exciting developments (scientifically rather than commercially!) have been reviewed by one of the 
pioneers, Eite Drent.72 

11..33..   FFuurrtthheerr  BBaacckkggrroouunndd  

1.3.1. Polymerization mechanism  

In a very simplistic way, catalytic olefin polymerization mechanism can be seen as a Formula 1 race, 
where the catalyst would be the driver and the cocatalyst would represent the car (Figure 1.15). 

Activation: it all starts with a precatalyst (let’s say L2MCl2) that has to be brought in contact with the 
right cocatalyst to form a primary ion pair: alkylation takes place as well as abstraction of one of the 
two alkyls. 

 

FFiigguurree  11..1155..  Schematics of olefin polymerization mechanism. Courtesy of Dr. J. R. Severn. The driver (catalyst) enters 
the car (cocatalyst). The race starts when the first gear is put on (coordination), clutch is dropped (anion displacement) 

and speeds away (propagation). 

Initiation: the anion has to be displaced and this creates a vacant site where an incoming olefin can 
coordinate. These two events are in equilibrium and it is still not clear whether it is a dissociative 
mechanism or an associative one. In the first case: how fast does the anion re-associate? In the second 
case: how important is the position of the anion on the microstructure of the polymer?73 
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Propagation: the commonly accepted mechanism for propagation once the active center has been 
formed is: first, cis-opening of the double bond and second, chain migratory insertion as proposed 
by Cossee and Arlman74 and further modifications. The different versions have been drawn in Figure 
1.16. The olefin coordinates face-on, with the double bond parallel to the M-alkyl bond. The 
presence of -agostic interactions has been the attention of many mechanistic studies.75 It is believed 
that they “conformationally lock” the growing polymer chain or at least stabilize the transition state 
and possible secondary insertions. 

 

FFiigguurree  11..1166..  Original Cossee Arlman mechanism and further refinements. Reproduced from Resconi et al. Chem. 
Rev. 22000000, 100, 1253. 

The insertion can be either primary or secondary: this defines the regiochemistry of the insertion. A 
catalyst can be regioselective, but its stereoselectivity will be determined by which enantioface 
coordinates the incoming olefin. Primary insertion is usually the preferred mode as it minimizes the 
non-bonded interaction. Conversely, for example, the FI titanium catalyst favors secondary 
insertion.56 Calculations suggested that, for octahedral post-metallocene systems, the balance 
between steric and electronic effects determined the regiochemistry, while for tetrahedral 
metallocenes and CGC, sterics were decisive. 
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Figure 1.17.

  

1.3.2. Chain release mechanism: transfer and termination 

Chain release does not necessarily mean termination, since quite a number of chain transferred 
products can subsequently be reinserted. Mastering and subsequently controlling chain transfer is an 
additional tool to tailor the polymer microstructure: it can result in the formation of branches,64 in 
the formation of long chain branches (LCB) ( -H transfer to monomer and re-insertion of the 
obtained vinylic macro-monomer)49b or in the formation of multiblock copolymers (in case of 
reversible transmetallation). Most of all, careful analysis of the end-groups obtained by chain transfer 
provides a real fingerprint of the catalytic chain of events. Chain transfer can either be spontaneous 
(vide infra) or induced. The latter is used to control molecular weight (e.g. hydrogenolysis) or 
reactivate “dormant” sites after e.g. 2,1- insertion of a propylene unit, by feeding ethylene or 
hydrogen. In case chain transfer is totally suppressed, access to living olefin polymerization systems is 
within reach with polydispersity indices (PDIs) as low as 1.1, as it will be demonstrated in the next 
section.  

-H transfer: two distinct mechanisms are likely to happen, which both end up with an unsaturated 
chain-end (Figure 1.17, cases 1 and 2). Yet it is important to highlight their difference: -H transfer 
to metal is a unimolecular process, therefore independent of monomer concentration. On the other 
hand, -H transfer to monomer, usually the dominant chain release pathway, is a bimolecular 
process and therefore increases with monomer concentration, just like propagation does (in most 
cases). The latter case is not a way to regulate molecular weight. A variety of end-groups can result 
from -H transfer to propylene (or a higher -olefin), depending on the regiochemistry of the last 
inserted unit. For primary insertions, a vinylidene end-group is formed (CH2=CH(R)-polymeryl). 
However, in case of a secondary insertion, a cis-internal olefin arises.  
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FFiigguurree  11..1177..  Main chain release mechanisms in olefin polymerization. 
 

-methyl transfer is only possible with propylene and results in an allylic end group, forming an 
unhindered macro-monomer advantageous for further incorporation. 

Transmetallation: here, one of the alkyls on the chain transfer agent (typically Al, present as free 
AlMe3 in MAO) is exchanged with the polymeryl chain. When worked up acidically, the Al-carbon 
affords a saturated chain-end. However, they can also be used for further functionalization and can 
be transformed into useful macromonomers (e.g. containing OH end groups).76  

Other chain transfer: Finally, hydrogenolysis is the most applied trick to regulate the molecular 
weight in industry and leads to saturated chain-ends. In the same light, hydroboration, 
hydroamination and hydrophosphination (among others) can be applied to selectively functionalize 
polyolefins.77 
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Figure 1.19.

  

1.3.3. Insertion control  

Copolymerization control 

Although metallocenes are hardly used to produce PP industrially, ethylene copolymers (typically 
LLDPEs and COCs) are good examples of applications of molecular catalysts, since the distribution 
of the comonomer is random and homogeneous. The key to control such polymerizations is to 
understand the relative reactivity of ethylene vs. the -olefin: 1-butene, 1-hexene and 1-octene.78 
The comonomer selectivity, i.e., the tendency to insert one of the two competing units, is described 
using reactivity ratios (or copolymerization parameters) r1 and r2. They are defined as ri = kii/kij, the 
ratio between homopropagation and heteropropagation. As a consequence, r1r2 > 1 is indicative of a 
rather blocky structure, whereas r1r2 < 1 refers to alternatingly incorporated comonomer units. 
Ethylene is the most reactive olefin, and in general the rate of propagation diminishes as the size of 
the alkyl substituent increases (but linear olefins are more reactive than their branched counterparts). 
It is not trivial to draw more general conclusions, as the reactivities are influenced by the ligand, the 
nature of the metal and the rigidity of the catalyst.  

Stereo/regiocontrol 

Propylene can coordinate according to four configurations: 1,2- vs. 2,1-insertion (regiochemistry) 
with either of the re and si enantioface (Figure 1.18). The preferred mode is usually 1,2- insertion. 
However, regiodefects are formed in significant amounts (typically head-to-head or tail-to-tail) with 
certain catalysts, significantly lowering the melting temperature of the corresponding PPs. These are 
called regiodefects. 

It is important to review the elements of chirality relevant for stereoselective olefin polymerizations. 
We will take the example of the prochiral propylene, but it works similarly for all larger -olefins. 
The second element of chirality would be the catalytically active center (arising from the ligand 
wrapped around the metal) and the third and last would be the growing polymer chain.  

  

FFiigguurree  11..1188..  Four possible insertion modes of a prochiral Olefin: in this case Propylene. Reproduced from Resconi et 
al. Chem. Rev. 22000000, 100, 1253. 
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Site vs. chain-end control: There are two ways to direct the stereochemical regulation: either by the 
active site (enantiomorphic site control) or by the influence of the growing chain (chain-end 
control). Let us remind that a metallocene bears one active center but with two sites (equivalent or 
not) and that the insertion happens by migratory insertion into the metal-carbon bond. Given that, 
the obtained microstructure of PP is to a large extent predictable due to what is called now the 
Ewen’s symmetry rules.35,42,79 Those rules are illustrated in Figure 1.19. In case of a C2v or meso Cs-
symmetric catalyst, an atactic polymer has to be expected (also in the case of an insufficiently rigid 
metallocene 80). C2-symmetric catalysts afford isotactic polypropylenes, whilst with Cs-symmetric 
metallocenes syndiotactic PP is obtained. In the case of a C1-symmetric catalyst, every second methyl 
will have the same orientation or, when one of the sites is sterically highly hindered, back skipping of 
the polymer chain prior to subsequent propylene insertion will result in isotactic PP.  

 

FFiigguurree  11..1199..  Ewen’s rules of symmetry. 

Although it is a rather simplistic model, it suffices to predict the microstructure of the polymers 
formed by dictating where the growing chain would reside and how the monomer would approach 
to minimize steric crowding (non-bonded interaction with the ligand system or the growing chain). 
The sign of an enantiomorphic site control as opposed to chain-end control can be detected by 
NMR analyses, as they display distinct fingerprints in the polymer microstructure via stereodefects. 
In case of chain-end control, where the growing chain rules, the errors are propagated and the 
following pattern of pentads is expected: mmmr:mmrr:mmrm:mrrm = 1:0:1:0. However, in the case 
of site control, since the active center rules, the errors are immediately corrected and the pentads are 
obtained in the following ratio: mmmr:mmrr:mmrm:mrrm = 2:2:0:1.41c  
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Figure 1.20.

1999

 

 

  

Three notions still have to be briefly clarified. An event likely to happen is secondary growing chain-
end isomerization. This process, which is identical to the chain straightening (chain walking) 
observed for LTMs, occurs after 2,1-insertion. Isomerization from a secondary alkyl to a primary one 
(removing steric hindrance) takes place, thus forming a 3,1 regiodefect (2,1 3,1). Site-epimerization 
(“back skipping”) can be also be observed, where the growing chain migrates from a side of the 
catalyst to the other without monomer insertion. In the case of Cs-symmetric catalysts, this events 
results in a stereodefect. Last, primary chain-end epimerization is possible: it scrambles the chirality 
of the last chirotopic methine of the growing chain, which also generates a stereodefect. 

11..44..   SSttaattee  ooff  tthhee  aarrtt   iinn  OOlleeffiinn  BBlloocckk  CCooppoollyymmeerrss    

1.4.1. Foreword 

Despite the diversity of polyolefin products already available, the need for further 
developments can be identified in the limitations of current materials. For instance, in a statistical 
copolymer structure, increasing the comonomer content increases the flexibility but also dramatically 
decreases the thermal application window, which is undesired. A way to overcome this constraint is 
to synthesize hard-soft block copolymers (instead of random ones): their mechanical properties are 
often superior to the sum of their counterpart due to microphase separation.81 Driven by the market 
pull, as well as by the synthetic challenge, the attention of many researchers has been attracted to try 
and make precisely controlled (cost-advantaged) olefin block copolymers (OBCs). Several clever 
strategies have emerged by creative advanced catalysis towards the synthesis of OBCs, either purely 
olefinic or including functional blocks.82 

A few distinctions have to be made before entering into the heart of the topic. 

One catalyst vs. two catalysts. During the lifetime of a single polymer chain, either the catalyst has to 
change its geometry (i.e., selectivity) in order to form block copolymers. This can be accomplished 
by a certain equilibrium between the stability of two isomers or by an external trigger (reaction 
conditions: monomer pressure, temperature, solvent…). Otherwise, one has to use a combination of 
two catalysts (or of the two rigid enantiomers of the same catalyst to form e.g. isotactic stereoblocks) 
that can readily undergo reversible chain transfer where different parts of the same chain can grow 
on both active sites. In this case, a good chain transfer agent or shuttling agent is required to vehicle 
the polymer chains from one site to the other. 

One monomer vs. two monomers. Block copolymers can be obtained from a single monomer (when 
stereoblocks are made from propylene or linear/hyperbranched segments from ethylene) or from 
several monomers, either in a mixed (low vs. high comonomer incorporation) or in a sequential way.  
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1.4.2. Miscellaneous: Early attempts and claims of OBCs  

For Z-N catalysts the geometry of an active site depends on the bonding of the Lewis bases, 
which can be either strongly coordinating or labile and shift the equilibrium towards the left or the 
right, respectively (Figure 1.20). The three sites give rise to the three building blocks of Z-N PP and 
this explains why most defects in these types of iPP are concentrated in blocks (and not randomly 
distributed like in metallocene-based PP). The relative amount of the three building blocks will 
determine the average stereoregularity, more than the degree of tacticity. 

 

FFiigguurree  11..2200..  The “Three-site” model of classical ZN catalysts: (A) is isotactic-selective, (B) is isotactoid-
selective and (C) is syndiotactic-selective. (A) and (B) are site-controlled whereas (C) is chain-end controlled. From 

Busico et al., Macromolecules 11999999, 32, 4173. L1 and L2 = Cl or Lewis base. 

However, the controlled interconversion of the three sites is hard to achieve and they all coexist in 
different proportions, contributing to the broad molecular weight distributions. Such a problem can 
be tackled by engineering of a single-site catalyst component that would alternate the geometry of its 
active sites through a reversible interconversion between several stable stereodictating forms. One 
advantage is that more than one chain is formed per catalyst center but precise control of the 
number of blocks is not easily accomplished. 

Some examples of this strategy are briefly highlighted here. Claims of stereoblock formation go way 
back to a report from DuPont where high molecular weight stereoblock PP were synthesized on a 
heterogeneous system, together with a certain amount of iPP.83 Indeed, due to the multi-site nature 
of heterogeneous Z-N systems in general, a portion of stereoblock is formed84 and can be selectively 
fractionated by solvent extraction, as already demonstrated by Natta in the early stages.85 The first 
example of homogeneously produced thermoplastic (TPE) PP came from Chien et al.,86 followed by 
Collins87  and Rieger88 with C1-symmetric catalysts. The fluxional behavior causes blocky 
copolymers, consisting of isotactic-enriched sequences and atactic segments. They are supposedly 
homogeneous in composition, unlike the ones produced by DuPont before. 

As a new tool proposed by Rieger, the C1-symmetry of these “dual-side” catalysts enables one to 
place single stereoerrors along an isotactic chain, depending on the monomer concentration.89 These 
strategies towards TPE-PP were reviewed shortly after.90 The most famous non bridged-oscillating 
catalyst system is the one published by  Waymouth,91 in which NMR studies revealed later that the 
microstructure of the polypropylene depends on the nature of the aryl group.92 The concept of 
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Figure 1.21
2008

  

oscillating catalysts was reused very recently, this time with non-metallocenes.93 By making use of 
group 4 metal catalysts containing tetradentate {OSSO} ligands, Kol et al. successfully obtained PP 
having predominantly stereoblock iPP microstructure. The trick here is the low barrier to inversion 
between the two C2-symmetric fac-fac enantiomers.94 Another noteworthy example was developed 
by Eisen et al.,95 making use of the isomerization between octahedral and tetrahedral wrappings of 
the ligand (close vs. open configuration). Finally, one can also use a variation of solvents to access 
sPP-aPP block copolymers.96 OBCs from several monomers are described in the following sections.  
 
1.4.3. Living polymerization  

A straightforward idea that comes to mind to produce (multi-)block copolymers would be to 
employ living catalysts and to change the monomer feed or the reaction conditions during chain 
growth, resulting in controlled block formation. Until recently, olefin polymerization catalysis has 
been inferior to other chain-growth polymerization methods (e.g. cationic, anionic, and radical) in 
its ability to promote consecutive enchainment of monomer units without chain transfer or 
termination, i.e., living polymerizations. Typically, most metallocenes (and CGCs and half- or post-
metallocenes) are prone to undergo -H transfer or transfer to Al, making them poor candidates for 
living polymerization, with just a few exceptions.97 Group 3,98 rare earth metal catalysts99 and late 
transition metal catalysts (vide infra) can display a living polymerization behavior as well. By now, a 
number of olefin polymerization catalysts that suppress chain termination or transfer events have 
been developed, enabling the improved and precise synthesis of block copolymers. The most 
important and recent examples involving PP blocks are highlighted below (Figure 1.21), since these 
types of blocks can yield some of the most attractive materials in terms of desirable properties and 
economic feasibility. Other block copolymers based on -olefins have successfully been made and 
reviewed.100 

The first major step towards living iPP polymerization was reported by Busico,101 using Kol’s living 
C2-symmetric octahedral Zr complex bearing the tetradentate [ONNO] ligand,102 which afforded 
quasi living highly isotactic polymerization, albeit that chain growth times were relatively short. 
Further modifications of the system improved the behavior for controlled -olefin polymerization.103 
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FFiigguurree  11..2211. Catalysts used for the synthesis of block copolymers incorporating isotactic PP segments. Reproduced 

with permission from J. Am. Chem. Soc., 22000088, 130, 4968.  
 

The group of Coates104 reported the synthesis of iPP-PEP block copolymers from propylene feed 
only. For this purpose, they used the C2-symmetric stereospecific -diimine Ni catalyst. At low 
temperature (-60 °C), 1,2-enchained PP is produced, whereas at higher temperature (0 °C), 
regioirregular PP is formed, although at low activities. Coates105 and Fujita106 independently reported 
that fluorinated bis(phenoxyimine) titanium catalysts are capable of the living, syndiospecific 
polymerization of propylene, including the synthesis of polymers with PEP and PE blocks.107 The 
living, partially syndiotactic polymerization of propylene was first reported by Doi108 using vanadium 
complexes, yielding sPP-EPR-sPP block copolymers.109 Later on, Shiono elegantly used the polarity 
of the solvent to make sPP-aPP block copolymers (respectively in heptane and chlorobenzene).96 

Sita, with his class of living group 4 metal acetamidinate complexes,110 proposed and applied the 
concept of the degenerative group-transfer coordination polymerization,111 schematically represented 
in Figure 1.22. The two populations exchange groups (not polymeryl), in particular for X = Me or 
Cl. The active propagating centers (cationic) are more stable for the entire time of polymerization 
(Me), whereas the dormant metal centers (neutral, X = Cl) are configurationally instable towards a 
metal-centered epimerization ( epi > ex >> p). The tacticity is controlled by adjusting the amount of 
borate cocatalyst in order to have a known, fixed number of metal-bound methyl groups remaining 
after the first insertion (the number of stereoerrors is proportional to the concentration of dormant 
metal centers). The beauty of this is that a continuous range of new stereospecific PP is at reach, 
including stereogradients112 but most importantly discrete aPP-iPP stereoblocks,113 turning on and 
off the living degenerative group transfer via selective methylation. However, the catalysts show low 
activity and produce only moderately isospecific polymers. 
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Figure 1.23.

Figure 1.24

  

 
FFiigguurree  11..2222. Mechanism of degenerative group-transfer coordination polymerization. Reproduced from Sita, L. R. 

Angew. Chem. Int. Ed. 22000099, 48, 2464. Note the absence of polymeryl group exchange in this mechanism. 

Other aPP-containing blocks were obtained to form aPP-PE block copolymers using a hafnocene 
catalyst.114  

All above mentioned examples employ group 4 metal catalysts with varying degrees of selectivity and 
livingness for the synthesis of PP-containing block copolymers. Although each of these systems can 
be considered deficient in some regard (e.g. with respect to living behavior, selectivity, or activity), 
they have clearly shown that living propylene polymerization is possible. But this strategy comprises 
inherent drawbacks: slow and prohibitively expensive. A way out seems to be efficient chain transfer. 
Another intriguing method is to use H2 pulses, where hydrogenolysis takes place when all the 
monomer has been consumed. Growth can be reactivated up to 10 cycles.106b 

1.4.4. Non-terminating chain transfer 

Initially reported by Samsel115 in the patent literature and recently reviewed,116 the elegance of 
using chain transfer to main group metals epitomizes how polyolefins can be diversified. Let us first 
clarify certain terms. For Catalyzed Chain Growth the chains are seemingly growing on a main 
group metal (as it actually does on Al in Ziegler’s Aufbau Reaktion) due to a very fast and reversible 
exchange of the growing polymer chains between metal (active) and main group metal (surrogate).117 
Chain transfer (”exchange”) is much faster than chain growth,118 and the vast majority of the chains 
finds itself in a dormant state while attached to the main group metal Chain Transfer Agent (CTA). 
When one catalyst is involved, the process is called Coordinative Chain Transfer Polymerization 
(CCTP), whereas in Chain Shuttling, the transfer occurs between multiple different catalysts. In this 
case, the CTA becomes a Chain Shuttling Agent (CSA). 

The mechanisms by which the polymer chains are exchanged seem to be identical and involve a 
bridging alkyl group in a heterobimetallic species (Figure 1.23). The equilibrium constant is a 
critical parameter. Complexation and decomplexation must happen as fast as possible.  

The recent discoveries by Sita et al. shown above nicely represent a way to fill the gaps that still exist 
from a compositional and structural point of view in polyolefins.119 More precisely, after living 
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degenerative group transfer, the first definitive example of living coordinative chain transfer 
polymerization of propene was demonstrated,120 with ZnEt2 as the surrogate main group metal. It 
was until then limited to the controlled oligomerization of ethylene.121 A very large range of PP 
molecular weights were achieved for the first time. The latest achievement in that respect is 
stereospecific living CCTP using bimetallic catalysts, with much slower rates of reversible chain 
transfer.122 

 
FFiigguurree  11..2233..  Reversible coordinative chain-transfer polymerization. 

 

To conclude with this family of catalysts, it is worth mentioning that reversible CCTP has also been 
extended to exchange between “tight” (low incorporation) and “loose” (high incorporation) ion pairs 
by regulating the amount of borane vs. borate cocatalysts, respectively, for the copolymerization of 
ethylene and hexene.123  

Alternatively, stereoblock copolymers have been obtained by using binary mixtures of metallocenes 
of differing stereospecificities,88,124 in the presence of main-group-metal alkyl catalysts. This strategy 
has been employed to homogeneous catalysts as well as to supported ones. In all cases, heterogeneous 
product mixtures were obtained but they could well contain stereoblocks.  

 
FFiigguurree  11..2244. Coordinative chain shuttling (co)polymerization.  

But all the above techniques could only provide stereoblocks. It is the publication of the Dow chain 
shuttling polymerization125 that provoked a real paradigm shift.126 The system uses two catalysts in a 
single reactor with a reversible chain-transfer mechanism (Figure 1.24), using diethyl zinc as the CSA 
to produce linear statistical multiblocks that have hard and soft segments with different physical 
properties: respectively low vs. high 1-octene LLDPE. Aluminum-mediated chain shuttling has been 
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1.5. Objectives and thesis  outline 

Chapter 2 

Chapter 3

  

observed127 with propylene as well, using the good olefin incorporator (the Hf catalyst). Later on 
Hustad 128 reported on the synthesis of diblock copolymers via CCTP in cascade reactors.  

A couple of other chain shuttling examples have been reported so far: scandium shuttle chemistry,129 
and a novel linear/hyperbranched multiblock PE produced from PE130 alone via chain walking and 
chain shuttling.  

Overall, Catalytic Chain Transfer offers new opportunities in terms of polymer synthesis, since by 
effectively blocking -H elimination and further end group conversion, a diversity of 
macromonomers is readily available. Opportunities to access new polyolefins,131 including functional 
polyolefins,77,82,132 via quenching (or by living polymerization133) or via functional CTA134 are at 
reach. It also opens the way to polyolefin-based block copolymers with several different blocks. 
Another elegant way to access olefin/polar block copolymers is, if not making use of a switching 
mechanism during the short time of polymerization of a single chain, through the use of 
macroinitiators and tandem catalysis. Macromonomers can be prepared by controlled RAFT (radical 
addition fragmentation), NMP (nitroxide mediated polymerization) or ATRP (atom transfer radical 
polymerization). Possible polar end groups are hydroxyl, carboxylate, thiol, amine, silane, boranes, 
and even polymerizable ones such as methacrylate and oxazoline end groups.135 A comprehensive 
overview of the recent advances in this field has been given by Klumperman136 and Boisson.137 

1.4.5. Ring Opening Metathesis (ROMP) and Acyclic Diene Metathesis (ADMET) 

The first Ring Opening Metathesis Polymerization (ROMP) goes back to the 60’s,138 but the 
achievement of ROMP as the only reaction came a few years later, although at low catalyst activity. 
In the 70’s, the potential of metal alkylidene complexes was recognized,139 which gave rise to the very 
successful development of L2X2Ru=CHR by Grubbs and coworkers, 140 a catalyst that performs very 
well with polar monomers. Since then, reviews have seen the light on ROMP141 and its little cousin 
acyclic diene metathesis polymerization (ADMET),142 using step-growth polycondensation 
chemistry. However, from a practical point of view, most ROMP materials are not melt processable 
and if not hydrogenated, they are sensitive to oxidation, making them poor engineering plastics. 
Although not being important industrial polymers in the real sense of the word, these materials 
represent very good examples for structure-property studies. 

A major piece of work using ADMET was done in the group of Wagener, who used tailor-made 
monomers enabling the synthesis of unprecedented precision polyolefins (after hydrogenation),142,143 
resulting in a beautiful crystallization study.144 Their chemistry is controlled by the nature of the 
monomer rather than by the catalysts. The chains can be perfectly linear145 or with specific branches 
precisely placed along the backbone.146 

From the ROMP side, the work of Hillmyer et al. is a great example of what can be achieved. They 
synthesized functional LLDPE samples containing basic functional groups by ROMP of cyclooctene 
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and its branched derivatives, followed by hydrogenation and deprotection of the groups (cyano, 
amino).147 When done sequentially, it can even give rise to block copolymers.148 ROMP and 
ADMET leave double bonds in the backbone of the synthesized polymers, that are prone to 
secondary metathesis in a chain transfer process which leads to randomization. The more sterically 
hindered the backbone is, the less likely is the secondary metathesis. This explains the popularity of 
substituted norbornene derivatives in this field. However, this internal double bond can be readily 
transformed, e.g. hydrobrominated with subsequent Cu-catalyzed ATRP.149 

Elegant “combination” strategies have emerged, making use of tandem catalysis, like e.g. Ru-
catalyzed ROMP combined with Ru-catalyzed ATRP, followed by hydrogenation.150 Interesting 
graft architectures have also been obtained with metathesis of norbornene-terminated sPP 
macromonomers made by living polymerization.151 Another example of end-capping by norbornene 
as a reactive functional group for performing further chemistry152 has lead to iPP-block-PMMA 
(poly(methyl methacrylate)) and iPP-block-PS (polystyrene). iPPs functionalized with azide or 
alkyne groups for click chemistry153 have been made and further coupled with poly( -caprolactone) 
(PCL).154 These selected studies only show the tip of the iceberg of the versatility of bringing 
metathesis into practice.  

11..55..   OObbjjeeccttiivveess  aanndd  tthheessiiss   oouuttll iinnee  

As illustrated by its title, the present dissertation deals with the synthesis and detailed analysis 
of a variety of OBCs, using different (combinations of) monomers. Several strategies were employed, 
in an effort to understand the mechanisms involved in the formation of OBCs, with and without 
applying chain transfer agents.  

Overall, besides the synthetic challenge, a broad array of tools was necessary to try and elucidate 
these often complicated microstructures. Some of the techniques exploited are classically applied to 
polyolefins: 13C NMR, HT SEC, DSC, CRYSTAF, optical microscopy or X-ray diffraction. Other 
ones, equally important and complementary, are either less widely used, such as successive self-
nucleation and annealing (SSA), or more recently adapted to the analysis of polyolefins, such as HT 
HPLC.  

CChhaapptteerr  22  is a technical section, describing the buildup of custom-made laboratory equipment 
regarded as being very suitable for the synthesis of the polyolefins reported in this thesis: a semi-
automated set of pressurized autoclaves connected to a feed purification system and a double glove 
box. 

CChhaapptteerr  33 depicts the use of a living polymerization technique and the sequential feed of two 
selected liquid monomers: 1-pentene and 4-methyl-1-pentene. This combination of monomers is 
particularly interesting since they have the ability to cocrystallize with each other throughout the 
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whole composition range. In addition, poly-4-methyl-1-pentene has the unusual ability to expand 
upon crystallization when high pressures are applied. Block copolymers were successfully 
synthesized, as well as random ones for comparison purposes, and subjected to dilatometry 
measurements. A discussion on the expansion/contraction of the obtained copolymers is included. 

From a synthetic point of view, living olefin polymerization has two main limitations: in the first 
place, not many transition metal catalysts are capable of generating a living system and secondly it is 
uneconomical, since only one polymer chain per metal center is produced. A way around the last-
mentioned disadvantage is to utilize chain transfer, either in an irreversible or a reversible fashion. 
The latter case offers the possibility to mix two different catalysts that can differ either in 
stereoselectivity (by their inherent symmetries) or by their response to -olefin incorporation.  

CChhaapptteerr  44 describes CCTP using propylene as single feed and either one or two metallocenes of 
different symmetry (C2 vs. Cs) in an attempt to obtain stereoblock copolymers.  

CChhaapptteerr  55, on the other hand, portrays the synthesis of ethylene/octene multi-block copolymers by 
Chain Shuttling, making use of the different comonomer incorporation abilities of this specific pair 
of catalysts. The synergy of AlR3 and ZnR2 as combination of chain transfer agents (CTA) is 
explored in both chapters.  

CChhaapptteerr  66 moves away from early transition metal catalysis and establishes the proof of principle of 
a strongly different concept, viz. olefin metathesis for coupling two vinyl-terminated 
macromolecules. Model studies on rather low molecular weight polymers were investigated first, 
followed by an application of the coupling technique to higher molecular weight ones, more relevant 
in terms of properties. This strategy offers the versatility of coupling polyolefin-based blocks to 
basically any type of other vinyl-terminated macromolecules, giving rise to a variety of 
compatibilized blends. 

Finally, CChhaapptteerr  77  summarizes the most interesting achievements of this thesis. The technology 
assessment and some perspectives for possible future work are highlighted.  

 

 

 

 

  

  

42 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:06  Page42



11..66..   RReeffeerreenncceess  

 
1  a) Baekeland, L. H. Journal of the Franklin Institute, 11991100, 169, 55-60. b) Baekeland, L. H. U.S. Patent 942.699 1909. 
2 Thomas, E. L., Ed. Structure and Properties of Polymers ; Cahn, R. W.; Haasen, P.; Kramer, E. J., Eds.; Materials Science and 
Technology: A Comprehensive Treatment, 12; Wiley-VCH: Weinheim, Germany, 1993. 
3 Odian, G. Principles of Polymerization, 4th ed.; John Wiley and Sons: Chicester, U. K., 2004. 
4 Hustad, P. D. Science, 22000099, 325, 704. 
5 General Assembly Resolution 42/187, Report of the world commission on Environment and Development, United Nations General 
Assembly 96th plenary meeting, December 11, 1987. 
6 Mülhaupt, R. Macromol. Chem. Phys. 22001133, 214, 159. 
7 See for instance: a) Gandini, A, Green Chem. 22001111, 13, 1061. b) Belgacem, M. N.; Gandini, A., Eds. Monomers, Polymers and 
Composites from Renewable Resources; Elsevier: Amsterdam 2008. c) Polym. Rev. 22000088, 1 – a special issue devoted to polymer from 
renewable resources. d) Coates, G. W.; Hillmyer, M. A. A Virtual Issue of Macromolecules: "Polymers from Renewable Resources". 
Macromolecules 22000099, 42, 7987. e) Raquez, J.-M., Deleglise M.; Lacrampe M.-F.; Krawczak, P. Prog. Polym. Sci. 22001100, 35, 487. f) 
Gandini, A. Monomers and macromonomers from renewable resources; K Loos, Ed. ; Bioccatalysis in Polymer Chemistry, Wiley 
VCH: Weinheim , Germany, 2011, ch 1. 
8 http://www.braskem.com.br/site.aspx/green-products (accessed Jan, 30th 2013) 
9 http://www.europola.eu/index.php?p=2_3_Ecology (accessed Feb, 11th 2013) 
10 Jansz, J., Expertise Beyond Borders BV Innovations has driven growth in Polyolefins – how about India?, Proceedings of the 5th 
Annual India Chemical Industry Outlook Conference, Mumbai, Feb 23-24 2012. 
http://www.chemweek.com/Assets/Session3_EBB_Jansz.pdf (full presentation, accessed Jan, 30th 2013) 
11 Qiao, J.; Guo, M.; Wang, L.; Liu, D.; Zhang, X.; Yu, L.; Song, W.; Liu, Y. Polym. Chem. 22001111, 2, 1611. 
12 Jenkins, A. D. Pure & Appl. Chem. 11998811, 53, 733. 
13 Busico, V.; Cipullo, R. Prog. Polym. Sci. 22000011, 26, 443. 
14 A recent review focusing on the cases of iPP and sPP is De Rosa, C.; Auriemma, F. Polym. Chem. 22001111, 2, 2155 and references 
therein. 
15 a) Natta, G.; Corradini, P. Nuovo Cimento Suppl. 11996600, 15, 40. b) Brückner, S.; Meille, S. V.; Petraccone, V.; Pirozzi, B. Prog. 
Polym. Sci. 11999911, 16, 361.  
16 a) Keith, H. D.; Padden, J. F. J.; Walter, N. M.; Wyckoff, H. W. J. Appl. Phys. 11995599, 30, 1485. b) Meille, S. V.; Ferro, D. R.; 
Brueckner, S.; Lovinger, A. J.; Padden, F. J. Macromolecules 11999944, 27, 2615. c) Lotz, B.; Kopp, S.; Dorset, D. C.R. Acad. Sci. Paris, 
11999944, 319, Ser. IIb, 187.  
17 Morrow, D. R. J. Macromol. Sci. Part B Phys. 11996699, 3, 53.  
18 a) Addink, E. J.; Beintema, J. Polymer 11996611, 2, 185. b) Meille, S.; Bruckner, S. Nature 11998899, 340, 455. c) De Rosa, C.; 
Auriemma, F.; Di Capua, A.; Resconi, L.; Guidotti, S.; Camurati, I.; Nifant’ev, I. E.; Laishevtsev, I. P. J. Am. Chem. Soc. 22000044, 126, 
17040.  
19 Mezghani, K.; Phillips, P. J. Polymer 11999988, 39, 3735.  
20 a) Poon, B.; Rogunova, M.; Hiltner, A.; Baer, E.; Chum, S. P.; Galeski, A.; Piorkowska, E. Macromolecules 22000055, 38, 1232. b) 
Lotz, B.; Ruan, J.; Thierry, A.; Alfonso, G. C.; Hiltner, A.; Baer, E.; Piorkowska, E.; Galeski, A. Macromolecules 22000066, 39, 5777. c) 
De Rosa, C.; Dello Iacono, S.; Auriemma, F.; Ciaccia, E.; Resconi, L. Macromolecules 22000066, 39, 6098.  
21 a) De Rosa, C.; Auriemma, F. J. Am. Chem. Soc. 22000066, 128, 11024. b) De Rosa, C.; Auriemma, F. Prog. Polym. Sci 22000066, 31, 
145. c) Auriemma, F.; De Rosa, C.; Esposito, S.; Mitchell, G. R. Angew . Chem. Int. Ed. 22000077, 46, 4325. 
22 Kissin, Y. V. Transition Metal Catalyzed Polymerizations: Alkenes and Dienes, MMI, New York, 1983, p.597. 
23 Krentsel, B. A.; Kissin, Y. V.; Kleiner, V. I.; Stoskaya, L. Polymers and Copolymers of Higher -olefins, Hanser Publishers, Munich 

Vienna New York, 11999977..  
24 Wilks E. S, Ed. Industrial Polymers Handbook, Products, Processes, Applications; Wiley-VCH: Weinheim, Germany, 2001, p 760. 
25 Mülhaupt, R. Macromol. Chem. Phys. 22000033, 204, 289 and references therein. 
26 a) Ziegler, K.; Holzkamp, E.; Breil, H.; Martin, H. Angew. Chem., 11995555, 67, 426. b) Ziegler, K.; Holzkamp, E.; Breil, H.; Martin, 
H. Angew. Chem. 11995555, 67, 541. 

h 43CHAPTER 1

Chapter 4

Chapter 5

Chapter 6

Chapter 7 

 

 

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:06  Page43



2006
2005

2006
2006

2007

2007 2007
2008

2009
2008

2008  
2010

2002
2011 2009 2008

2009

2011
2009

2006
, 2007

2003

2010

1999
2003

2000
2000

1999
2008

1995
1996

2011

1996
2007

2004
2006

2003
1964 1964

1990 1990

  

 
27 Witheley, K.S. Polyolefins – Polyethylene. In Ullman’s Encyclopedia of Industrial Chemistry, InterScience Wiley – VCH Verlag 
GmbH Germany 2002.  
28 Ziegler, K. - Nobel Lecture: “Consequences and Development of an Invention". Nobelprize.org. 15 Feb 2013 
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/1963/ziegler-lecture.html 
29 a) Natta, G. J. Am. Chem. Soc. 11995555, 77, 1708. b) Natta, G. Angew. Chem. 11995566, 12, 393. 
30 For Corradini’s model, see: Corradini, P.; Barone, V.; Fusco, R.; Guerra, G. Gazz. Chim. Ital. 11998833, 113, 601.  
31 a) Busico, V.; Causà, M.; Cipullo, R.; Credendino, R.; Cutillo, F.; Friederichs, N.; Lamanna, R.; Segre, A.; Van Axel Castelli, V. J. 
Phys. Chem. C 22000088, 112, 1081. b) Cavallo, L. ; Guerra, G.; Corradini, P. J. Phys. Chem. C 22001111, 115, 13322. 
32 a) Seth, M.; Margl, P. M.; Ziegler, T. Macromolecules 22000022, 35, 7815. b) Boreo, M.; Parrinello, M.; Huffer, S.; Weiss, H. J. Am. 
Chem. Soc. 22000000, 122, 50. c) Busico, V.; Cipullo, R.; Monaco, G.; Talarico, G.; Vacatello, V.; Chadwick, J. C.; Segre, A. L.; 

Sudmeijer, O. Macromolecules 11999999, 32, 4173.   
33 a) Reichert, K. H.; Meyer, K. R. Makromol. Chem. 11997733, 169, 163. b) Long, W. P.; Breslow, D. S. Liebigs Ann. Chem. 11997755, 
463. 
34 a) Andersen, A. A.; Cordes, H. G.; Herwig, J.;  Kaminsky, W.; Merck, A.; Mottweiler, P.; Pein, J.; Sinn H.; Vollmer, H. Angew 
Chem. 11997766, 88, 689. b) Sinn, H.; Kaminsky, W. Adv. Organomet. Chem. 11998800, 18, 99. 
35 Kaminsky, W.; Kulper, K.; Brintzinger, H. -H.; Wild, F. R. W. P. Angew. Chem. Int. Ed. Engl. 11998855, 24, 507. 
36 a) Excellent review on co-catalysts and activators: Chen, E. Y-X.; Marks, T . J. Chem. Rev. 22000000, 100, 1391. b) 
Linnolahti, M.; Severn,,  J. R.; Pakkanen, T. A. Angew. Chem. Int. Ed. 22000066, 45, 3331. c) Sivaram, S.; Srinivasa R., Prog. Polym. Sci. 
11999955, 20, 309. 
37 For very informative studies on the hydrolysis Al(t-Bu)3, see a) Mason, M. R.; Smith, J. M.; Bott, S. G. ; Barron, A. R. J. Am. 
Chem. Soc. 11999933, 115, 4971. b) Harlan, C. J.; Mason, M. R.; Barron, A. R. Organometallics 11999944, 13, 2957. 
38 a) Bochmann, M.; Lancaster, S. J. J. Org. Chem. 11999955, 494, 55. b) Marks, T. J.; Yang, S.; Stern, C. L.; Chen, E. Y.-X., J. Am. 
Chem. Soc. 11999966, 118, 12451. c) Bochmann, M. J. Organomet. Chem. 22000044, 689, 3982. d) Zurek, E.; Ziegler, T. Prog. Polym. 
Sci. 22000044, 29, 107. f) Focante, F.; Mercandelli, P.; Sironi, A.; Resconi, L. Coord. Chem. Rev. 22000066, 250, 170. 
39 a) Marks, T. J.; Stern, C. L.; Chen, E. Y.-X. J. Am. Chem. Soc. 11999977, 119, 2582. b) Marks, T. J.; Yang, W.; Stern, C. L. 

Organometallics 11999911, 10, 840. 
40 a) Macchioni, A.; Marks, T. J. J. Am. Chem. Soc. 22000044, 126, 1448. b) Macchioni, A.; Bochmann, M. J. Am. Chem. Soc. 22000077, 
129, 9282. c) Ciancaleoni, G.; Fraldi, N.; Busico, V.; Macchioni, A.; Cipullo, R.; , P. H. M. Macromolecules 22001122, 45, 4046. 
41 For reference reviews on stereochemistry and mechanism of Z-N polymerizations: a) Resconi, L.; Cavallo, L.; Fait, A.; Piemontesi, 

F. Chem. Rev. 22000000, 100, 1253. b) Brintzinger, H.-H.; Fischer, D.; Mülhaupt, R.; Rieger, B.; Waymouth, R. M. Angew. Chem. Int. 
Ed. Engl. 11999955, 34, 1143. c) Coates G. W. Chem. Rev. 22000000, 100, 1223. 
42 Ewen, J. A.; Jones, R. L.; Razavi, A.; Ferrara, J. D. J. Am. Chem. Soc. 11998888, 110, 6255. 
43 Herzog, T. A.; Zubris, D. L.; Bercaw, J. E. J. Am. Chem. Soc. 11999966, 118, 11988.  
44 Byers, J. A.; Bercaw, J. E. PNAS 22000066, 103, 15303. 
45 Shapiro, P. J. Coord. Chem. Rev. 22000022, 231, 67. 
46 Chirik, P. Organometallics, 22001100, 29, 1500.  
47 Sch bel, A.; Herdtweck, E.; Parkinson, M.; Rieger, B. Chem. Eur. J. 22001122, 18, 4174. 
48 Stevens, J. C. In Stud Surf. Sci. Catal, Hightower, J. W.; Iglesia W. N. D. E.; Bell, A. T. Eds; 1996, 101, 11. 
49 a) Jutzi, P.; Dalhaus, J. Coord. Chem. Rev. 11999944, 137, 179. b) McKnight, A. L.; Waymouth, R. M. Chem. Rev. 11999988, 98, 2587. 

c) Braunschweig, H.; Breitling, F. M. Coord. Chem. Rev. 22000066, 250, 2691. 
50 Gruter, G.-J. M.; Kranenburg, M.; Herklotz, M. Eur Patent 0919571 A1, 1997. 
51 Nomura, K.; Liu, J.; Padmanabhan, S.; Kitiyanan, B. J. Molec. Catalysis A: Chemical 22000077, 267, 1. 
52 For studies on iPP, see a) De Rosa, C.; Auriemma, F. Lecture Notes in Physics 22000077, 714 (Progress in Understanding of Polymer 

Crystallization). b) Auriemma, F.; De Rosa, C. Macromolecules 22000066, 39, 7635. c) De Rosa, C.; Auriemma, F. J. Am. Chem. Soc. 
22000066, 128, 11024. d) Auriemma, F.; De Rosa, C.; Corradi, M. Adv. Mat. 22000077, 19, 871. e) De Rosa, C.; Auriemma F. Angew. 
Chem. Int. Ed. 22001122, 51, 1207. For studies on sPP, see f) De Rosa, C.; Auriemma, F.; Ruiz de Ballesteros, O. Chem. Mat. 22000066, 

44 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:06  Page44



 
18, 3523. g) De Rosa, C.; Auriemma, F.; Ruiz de Ballesteros, O. Phys. Rev. Let. 22000066, 96, 167801/1. For propyelne copolymerized 
with higher -olefins, see h) De Rosa, C.; Auriemma, F. Adv. Mat. 22000055, 17, 1503. i) De Rosa, C.; Auriemma, F.; Corradini, P.; 

Tarallo, O.; Dello Iacono, S.; Ciaccia, E. ; Resconi, L J. Am. Chem. Soc. 22000066, 128, 80. j) De Rosa, C.; Dello Iacono, S.; Auriemma, 
F.; Ciaccia, E.; Resconi, L. Macromolecules 22000066, 39, 6098. k) De Rosa, C.; Auriemma, F.; Ruiz de Ballesteros, O.; Resconi, L.; 
Camurati, I. Chem. Mat. 22000077, 19, 5122. l) De Rosa, C.; Auriemma, F.; Talarico, G.; Ruiz de Ballesteros, O. Macromolecules 
22000077, 40, 8531. m) De Rosa, C.; Auriemma, F.; Ruiz de Ballesteros, O.; Resconi, L.; Camurati, I. Macromolecules 22000077, 40, 6600. 
n) De Rosa, C.; Auriemma, F.; Ruiz de Ballesteros, O.; De Luca, D.; Resconi, L. Macromolecules 22000088, 41, 2172. o) De Rosa, C.; 

Auriemma, F.; Ruiz de Ballesteros, O.; Dello Iacono, S.; De Luca, D.; Resconi, L. Cryst. Growth Des. 22000099, 9, 165. p) De Rosa, C.; 
Auriemma, F.; Caliano, L.; Talarico, G.; Corradi, M. Macromolecules 22000088, 41, 5301. q) De Rosa, C.; Auriemma, F.; Corradi, M.; 

Caliano, L.; Talarico, G. Macromolecules 22000088, 41, 8712.   
53 Atiqullah, M.; Tinkl, M.; Pfaendner, R.; Akhtar, M. N.; Hussain, I. Polym. Rev. 22001100, 50, 178. 
54 a) Chirik, P. J.; Bercaw, J. E. In metallocenes: synthesis reactivity applications, Togni, A. Halterman R. L. Eds Wiley-

VCH,Weinheim 1998, 111 b) Halterman R. L. In metallocenes: synthesis reactivity applications, Togni, A. Halterman R. L. Eds 
Wiley-VCH,Weinheim 1998, 455. 
55 a) Makio, H.; Kashiwa, N.; Fujit, T. Adv. Synth. Catal. 22000022, 344, 477. b) Makio, H.; Terao, H.; Iwashita, A.; Fujita, F. Chem. 
Rev. 22001111, 111, 2363. c) Makio, H.; Fujita, T. Acc. Chem . Res. 22000099, 42, 1532. d) Matsugi, T.; Fujita, T. Chem. Soc. Rev. 22000088, 

37, 1264. 
56 Kawai, K.; Fujita, T. Top. Organomet. Chem. 22000099, 26, 3. 
57 Press, K.; Cohen, A.; Goldbeg, I.; Venditto, V.; Mazzeo, M.; Kol, M. Angew. Chem. Int. Ed. 22001111, 50, 3529.  
58 Poster, A.; Cavallo, L. Dalton Trans. 22000099, 41, 8878. 
59 a) Frazier, K. A.; Boone, H. W.; Vosejpka, P. C.; Stevens J. C. US Patent 6.953.764 2005. b) Frazier, K. A.; Boone, H. W.; 
Vosejpka, P. C.; Stevens J. C. Angew. Chem. Int. Ed. 22000066, 45, 3278. 
60 Froese, R. D. J.; Hustad,,  P. D.; Kuhlman, R. L.; Wenzel, T. T. J. Am. Chem. Soc. 22000077, 129, 7831. 
61 Boussie, T. R.; Diamond, G. M.; Goh, C.; Hall, K. A.; LaPointe, A. M.; Leclerc, M.; Lund, C.; Murphy, V.; Shoemaker, J. A. W.; 
Tracht, U.; Turner, H.; Zhang, J. ; Uno, T.; Rosen, R. K.; Stevens, J. C. J. Am. Chem. Soc. 22000033, 125, 4306. 
62 a) Boussie, T. R.; Brummer, O.; Diamond, G. M.; LaPointe, A. M.; Leclerc, M. K.; Micklatcher, C.; Sun, P.; Bei, X. U.S. patent 
7.241.714. B2 2007. b) Kiesewetter, E. T.; Randoll, S.; Radlauer, M.; Waymouth, R. J. Am. Chem. Soc. 22001100, 132, 5566.  
63 a) Britovsek, G. J. P.; Gibson, V. C.; Wass, D. F. Angew. Chem Int. Ed. 11999999, 38, 428. b) Gibson, V. C.; Spitzmesser, S. K. 
Chem. Rev. 22000033, 103, 293. 
64 Ittel. S. D.; Johnson, L. K. ; Brookhart, M. Chem. Rev. 22000000, 100, 1169. 
65 Boffa, L. S.; Novak, B. M. Chem. Rev. 22000000, 100, 1479. 
66 Gahleitner, M.; Severn, J. R. Designing Polymer Properties. In Tailor made Polymers Via immobilization of Alpha-olefin 
Polymerization Catalysts; Severn, J. R.; Chadwick, J. C. Eds; Wiley-VCH, Weinheim, 2008. 
67 Guan, Z.; Cotts, P. M.; McCord, E. F.; McLain, S. J. Science, 11999999, 283, 2059. 
68 Derlin, S.; Kaminsky, W. Macromolecules 22000088, 41, 6280. 
69 Johnson, L. K.; Killian, C. M.; Brookhart, M. J. Am. Chem. Soc. 11999955, 17, 6414. 
70 Killian, C. M., Tempel, D. J.; Johnson, L. K. J. Am. Chem. Soc. 11999966, 118, 11664. 
71 Leblanc, A.; Grau, E.; Broyer, J.-P.; Boisson, C.; Spitz, R.; Monteil, V. Macromolecules 22001111,44, 3293. 
72 Drent. E.; Budzelaar, P. H. M. Chem. Rev. 11999966, 96, 663. 
73 a) Tomasi, S.; Razavi, A.; Ziegler, T. Organometallics 22000077, 26, 2024. b) Chen, M. C.; Roberts, J. A. S.; Marks, T. J. J. Am. 
Chem. Soc. 22000044, 126, 4605. c) Wilson, P. A.; Hannant, M. H.; Wright, J. A.; Cannon, R. D.; Bochmann, M. Macromol. Symp. 
22000066, 236, 100. d) Busico, V.; Van Axel Castelli, V.; Aprea, P.; Cipullo, R.; Segre, A.; Talarico, G.; Vacatello, M. J. Am. Chem. Soc. 
22000033, 125, 5451. 
74 a) Cossee , P. J. Catal. 11996644, 3, 80. b) Arlman, E. J.; Cossee, P. J. Cat. 11996644, 3, 99. 
75 a) Brintzinger, H.-H. Angew. Chem. Int. Ed. 11999900, 102, 1412. b) Bercaw, J. E. J. Am. Chem. Soc. 11999900, 112, 9406. 

h 45CHAPTER 1

1955 1956

1983

2008 2011
2002

2000

1999  
1973 1975

1976 1980
1985

2000
, 2006

1995

1993 1994

1995
1996 2004

2004 2006
1997

1991
2004 2007

2012

2000
1995 2000

1988

1996
2006

2002
2010

2012

1994 1998

2006

2007
2007

2006
2006 2007

2012 2006

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:06  Page45



2000
2006

2009
2004

2005

2008
2001

2001
2003

2005
1979

1998 1986
2000

2003 2004

2005
2008

2006

2006

2007 2013

, 2004

2005
2002

2009
2008 2008

2007

2001 2005
2012

2010
1997

1999 2000
1999 1996

1998

1990
2002

2006 2007

2006
2006

2007

2009
2011

  

 
76 For example, see a) Kang, K. K.; Shiono, T.; Ikeda, T. Macromolecules 11999977, 30, 1231. b) Mogstad, A.L.; Waymouth, R. M. 
Macromolecules 11999944, 27, 2313.  
77 Amin, S. B. ; Marks, T. J. Angew. Chem. Int. Ed. 22000088, 47, 2006. 
78 Encyclopedia of Polymer Science and Engineering ; H. F. Mark, N. B. Bikales, C. G. Overberger, G. Menges, J. I. Kroschwitz, Eds; 
John Wiley and sons. New York 1986, 6. 
79 a) Ewen, J. A.   J. Mol. Catal.   A 11999988, 128, 103.   b) Ewen, J. A. J. Am. Chem. Soc. 11998844, 106, 6355. c) Ewen, J. A.; Elder, M. 
J.; Jones, R. L.; Haspeslagh, L.; Atwood, J. L.; Bott, S. G.; Robinson, K. Makromol. Chem., Macromol. Symp. 11999911, 48/49, 253. d) 
Ewen, J. A.; Elder, M. J.; Jones, R. L.; Curtis, S.; Cheng, H. N. In Catalytic Olefin Polymerization, Studies in Surface Science and 
Catalysis; Keii, T., Soga, K., Eds.; Elsevier: New York, 1990, 439.  
80 Resconi, L. In Metallocenes-Based Polyolefins: Preparation, Properties and Technology, Kaminsky W; Scheirs, J., Eds; Wiley 1999, 
1, 467. 
81 a) Bates, F. S. Science 11999911, 251, 898. b) Ruzette, A. V. ; Leibler L. Nat. Mater. 22000055, 4, 19031. 
82 Dong, J.-Y.; Hu, Y. Coord. Chem. Rev. 22000066, 250, 47. 
83 a) Collette, J. W.; Tullock, C. W; MacDonald, R. N.; Buck, W. H.; Su, A. C. L.;  Harrell,,  J. R.;  Mulhaupt,,  R.; Anderson, B. C. 
Macromolecules 11998899, 22, 3851. b) Smith, C. Eur. Patent 423.786 1991. 
84 Busico, V; Brita, L.; Caporaso, L.; Cipullo, R.; Vacatello, V. Macromolecules 11999977, 30, 3971. 
85 a) Natta, G. J. Polym. Sci. 11995599, 34, 531. b) Natta, G.; Mazzanti, G.; Crespi, G.; Moraglio, G. Chim. Ind. 11995577, 39, 275. 
86 a) Mallin, D. T.; Rausch, M. D.; Lin, Y.- –G.; Dong, S.; Chien, J. C. W. J. Am. Chem. Soc. 11999900, 112, 2030. b) Chien, J. C. W.; 
Llinas, G. H. ; Rausch, M. D.; Lin, Y.- –G. ; Winter, H. H. J. Am. Chem. Soc. 11999911, 113, 8569. c) Babu, G. N.; Newmark, R. A.; 
Cheng, H. N.; Llinas, G. H.; Chien, J. C. W. Macromolecules 11999922, 25, 7400. d) Lin, Y. G.; Mallin, D. T.; Chien, J. C.; Winter, 
H. H. Macromolecules 11999911, 24, 850. e) Llinas, G. H.; Dong, S.-H.; Mallin, D. T.; Rausch, M. D.; Lin, Y.-G.; Winter, H. H.; 
Chien, J. C. W. Macromolecules 11999922, 25, 1242. f) Llinas, G. H.; Day, R. O.; Rausch, M. D.; Chien, J. C. W. Organometallics 
11999933, 12, 1283. 
87 a) Bravakis, A. M.; Baily, L. E.; Pigeon, M.; Collins, S. Macromolecules 11999988, 31, 1000. b) Gauthier, W. J.; Corrigan, J. F.; 
Taylor, N. J.; Collins, S. Macromolecules 11999955, 28, 3771.  
88 Hild, S.; Cobzaru, C.; Troll, C.; Rieger, B. Macromol. Chem. Phys. 22000066, 207, 665.  
89 a) Rieger, B; Troll, C.; Preuschen, J. Macromolecules 22000022, 35, 5742. b) Rieger, B.; Dietrich, U.; Hackmann, M.; Klinga, M.; 

Leskelä, M. J. Am. Chem. Soc. 11999999, 121, 4348. 
90 Müller, G.; Rieger, B. Prog. Polym. Sci. 22000022, 27, 815. 
91 Coates, G. W.; Waymouth, R. M. Science 11999955, 267, 2177. 
92 a) Busico, V.; Cipullo, R.; Kretschmer, W. P.; Talarico, G.; Vacatello, V.; Van Axel Castelli, V. Angew. Chem. Int. Ed. 22000022, 41, 

505. b) Busico, V.; Van Axel Castelli, V.; Aprea, P.; Cipullo, R.; Segre, A.; Talarico, G.; Vacatello, M. J. Am. Chem. Soc. 22000033, 125, 
5451. 
93 Cohen, A.; Goldberg, I.; Venditto, V.; Kol, M. Eur. J. Inorg. Chem. 22000011, 4, 5219. 
94 Cohen, A.; Yeori, A.; Goldberg, I.; Kol, M. Inorg. Chem. 22000077, 46, 8114. 
95 Smolensky, E.; Kapon, M.; Woolins, J. D.; Eisen, M. S. Organometallics, 22000055, 24, 3255. 
96 Nishii, N.; Shiono, T.; Ikeda, T.; Macromol. Rapid. Commun. 22000044, 25, 1029  
97 For examples see a) Fukui, Y.; Murata, M.; Soga, K. Macromol. Rapid Commun. 11999999, 20, 637. b) Hagihara, H.; Shiono, T.; 
Ikeda, T. Macromolecules, 11999988, 31, 3184. c) Nishii, K.; Shiono, T.; Ikeda, T. Kobunshi Ronbunshu, 22000022, 59,,   371..   d) Scollard, 
J. D.; McConville, D. H. J. Am. Chem. Soc. 11999966, 118, 10008. e) Jeon, Y. M.; Park, S. J.; Heo, J.; Kim, K. Organometallics 11999988, 
17, 3161. f) Hasan, T.; Ioku, A.; Nishii, K.; Shiono, T.; Ikeda, T. Macromolecules 22000011, 34, 3142. 
98 Ihara, E.; Nodono, M.; Katsura, K.; Adachi, Y.; Yasuda, H.; Yamagashira, M. Organometallics 11999988, 17, 3945.  
99 Ward, B. D.; Bellemin-Laponnaz, S.; Gade, L. H. Angew. Chem. Int. Ed. 22000055, 44, 1668. 
100 a) Coates, G. W. Angew. Chem. Int. Ed. 22000022, 41, 2236. b) Domski,,  G. J.; Rose, J. M.; Coates, G. W.; Bolig, A. D.; Brookhart,,  
M. Prog. Polym. Sci. 22000077, 32, 30. 
101 a) Busico, V.; Cipullo, R.; Ronca, S.; Budzelaar, P. H. M. Macromol. Rapid Commun. 22000011, 22, 1405. b) Busico, V.; Cipullo, 
R.; Friederichs, N.; Ronca, S.; Togrou, M, Macromolecules 22000033, 36, 3806. c) Busico, V.; Cipullo, R.; Friederichs, N.; Ronca, S.; 
Talarico, G.; Togrou, M.; Wang, B. Macromolecules 22000044, 37, 8201. 

46 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:06  Page46



 
102 Tshuva, E. Y.; Goldberg, I.; Kol, M. J. Am. Chem. Soc. 22000000, 122, 10706. 
103 Busico, V.; Cipullo, R.; Pellecchia, R.; Ronca, S.; Roviello, G.; Talarico, G. PNAS USA 22000066, 103, 15321. 
Cipullo, R.; Busico, V.; Fraldi, N.; Pellecchia, R.; Talarico, G. Macromolecules 22000099, 42, 3869. 
104 a) Mason, A.F.; Coates, G.W. J. Am. Chem. Soc. 22000044, 126, 16326. b) Cherian, A. E.; Rose, J. M.; Lobkovsky, E. B.; Coates, G. 
W. J. Am. Chem. Soc. 22000055, 127, 13770. c) Rose, J. M.; Deplace, F.; Lynd, N. A.; Wang, Z.; Hotta, A.; Lobkovsky, E. B.; Kramer, 

E. J.; Coates, G. W. Macromolecules 22000088, 41, 9548. 
105 Tian, J.; Hustad, P.D.; Coates, G.W. J. Am. Chem. Soc. 22000011, 123, 5134. 
106 a) Saito J, Mitani, M.; Mohri, J.; Ishii, S.; Yoshida, Y.; Matsugi, T.; Kojoh, S.; Kashiwa, N.; Fujita, T. Chem. Lett. 22000011, 576. b) 
Mitani, M.; Nakano, T.; Fujita, T. Chem. Eur. J. 22000033, 9, 2396. 
107 Furuyama, R.; Saito, J.; Ishii, S.; Makio, H.; Mitani, M.; Tanaka, H.; Fujita, T. J. Organomet. Chem. 22000055, 690, 4398. 
108 Doi, Y.; Ueki, S.; Keii, T. Macromolecules 11997799, 12,814. 
109 a) Doi, Y.; Ueki, S.; Keii, T. Makromol. Rapid Commun. 11999988, 3, 225. b) Doi, Y.; Keii, T. Adv. Pol. Sci. 11998866, 73/74, 201. 
110 Jayaratne, K. C.; Sita, L. R. J. Am. Chem. Soc. 22000000, 122, 958. 
111 a) Zhang, Y.; Keaton, R. J.; Sita, L. R. J. Am. Chem. Soc. 22000033, 125, 9062. b) Zhang, Y.; Sita, L. R. J. Am. Chem. Soc. 22000044, 

126, 7776. c) Kissounko, D. A.; Zhang, Y.; Harney, B.; Sita, L. R. Adv. Synth. Catal. 22000055, 347, 426. d) Zhang, W.; Sita, L. R. Avd. 
Synth. Catal. 22000088, 350, 439.  
112 Harney, M. B.; Zhang, Y.; Sita, L. R. Angew. Chem. Int. Ed. 22000066, 45, 6140. 
113 Harney, M. B.; Zhang, Y.; Sita, L. R. Angew. Chem. Int. Ed. 22000066, 45, 2400. 
114 Turner, H. W.; Hlatky, G. G. WO 9421700 1994.  
115 a) Samsel, E. G. (Ethyl Corporation), EP 0539876, 1993. b) Samsel, E. G.; Eisenberg, D. C.; (Ethyl Corporation), EP 0574854, 
1993.  
116 a) Kempe, R. Chem. Eur. J. 22000077, 13, 2764. b) Valente, A.; Mortreux, A.; Visseaux, M.; Zinck, P. Chem. Rev. 22001133, DOI: 
10.1021/cr300289z. 
117 Britovsek, G. J. P.; Cohen, S. A.; Gibson,,   V. C.; Van Meurs, M. J. Am. Chem. Soc. 22000044, 126, 10701. b) Van Meurs, M.; 

Britovsek, G.J.P.; Gibson, V.C.; Cohen, S.A. J. Am. Chem. Soc. 22000055, 127, 9913.  
118 Britovsek, G.J.P.; Cohen, S.A.; Gibson, V.C.; Maddox, P.J.; Van Meurs, M. Angew. Chem. Int. Ed. 22000022, 41, 489. 
119 Sita, L. R. Angew. Chem. Int. Ed. 22000099, 48, 2464. 
120 a) Zhang, W.; Sita, L. R. J. Am. Chem. Soc. 22000088, 130, 442. b) Zhang, W.; Wei, J.; Sita, L. R. Macromolecules 22000088, 41, 7829. 
121 See for instance a) Chenal, T.; Olonde, X.; Pelletier, J. F.; Bujadoux, K.; Mortreux, A. Polymer 22000077, 48, 1844. b) Bazan, G. C.; 

Rogers, J. S.; Fang, C. C. Organometallics 22000011, 20, 2059. c) Ganesan, M.; Gabbai, F. P. J. Organomet. Chem. 22000055, 690, 5145.  
122 Wei, J.; Hwang, W.; Zhang, W.; Sita, L. R. J. Am. Chem. Soc. 22001122, 134, 51398. 
123 Wei, J.; Zhang, W.; Wickham, R.; Sita, L. R. Angew. Chem. Int. Ed. 22001100, 49, 9140. 
124 a) Chien, J. C. W.; Iwamoto, Y.; Rausch, M. D.; Welder, W.; Winter, H.H. Macromolecules 11999977, 30, 3447. b) Chien, J. C. W.; 

Iwamoto, Y.; Rausch, M. D. J. Polym. Sci. Part A, 11999999, 37, 2439. c) Lieber, S.; Brintzinger, H.-H., Macromolecules 22000000, 33, 
9192. d) Przybyla, C.; Fink, G. Acta Polym. 11999999, 50, 77. e) Song, W.; Uuy, Z. ; Chien, J.C. W. J. Organomet. Chem. 11999966, 512, 
131. f) Song, W.; Uuy, Z.; Chien, J. C. W. J. Organomet. Chem. 11999988, 558, 223. g) Hazlitt, L. G.; Moldovan, D. G. US Patent 

4.798.081 1989. h) Hazlitt, L. G. J. Appl. Polym. Sci. Appl. Polym. Symp. 11999900, 45, 25. i) Kukral, J.; Lehmus, P.; Klinga, M.; 
Leskelä, M.; Rieger, B. Eur. J. Inorg. Chem. 22000022, 1349. j) Hild, S.; Cobzaru, C.; Troll, C.; Rieger, B. Macromol. Chem. Phys. 
22000066, 207, 665. k) Tynys, A.; Eilertsen, J. L.; Seppala, J. V.; Rytter, E. J. Polym. Sci. Part A 22000077 45, 1364.  
125 a) Arriola, D. J.; Carnahan, E. M.; Cheung, Y.; Devore, D. D.; Graf, D. D.; Hustad, P. D.; Kuhlman, R. L.; Li Pi Shan, C.; 
Poon, B.; Roof, G. R.; Stevens, J. C.; Stirn, P. J.; Wenzel, T. T. WO 090427 2005. b) Arriola, D. J.; Carnahan, E. M.; Hustad, P.  
D.; Kuhlman, R. L.; Wenzel, T. T. Science 22000066, 312, 714. 
126 Gibson, V. Science 22000066, 312, 703 
127 Alfano, F.; Boone, W. H.; Busico, V.; Cipullo, R.; Stevens, J. C. Macromolecules 22000077, 40, 7736. 
128 Hustad, P. D.; Marchand, G. R.; Garcia-Meitin, E. I.; Roberts, P. L.; Weinhold, J. D. Macromolecules 22000099, 42, 3788. 
129 Pan, L.; Zhang, K.; Nishiura, M.; Hou, Z. Angew. Chem. Int. Ed. 22001111, 50, 12012. 

h 47CHAPTER 1

1997
1994

2008

1998 1984
1991

1991 2005
2006

, ,
1989

1997
1959 1957

1990
1991

1992
1991

1992
1993

1998
1995

2006
2002

1999
2002

1995
2002

2003

2001
2007

2005
2004

1999
1998 2002 , .

1996 1998
2001

1998
2005

2002 , ,
2007

2001
2003

2004

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page47



  

 
130  Xiao, A.; Wang, L.; Liu, Q.; Yu, H.; Wang, J.; Huo, J.; Tan, Q.; Ding, J.; Ding, W.; Amin, A. M. Macromolecules 22000099, 42, 
1834. 
131 Zinck, P. Polym. Int. 22001122, 61, 2.  
132 a) Briquel, R.; Mazzolini, J.; Le Bris, T.; Boyron, O.; Boisson, F.; Delolme, C.; D’Agosto, F.; Boisson, C.; Spitz, R. Angew. Chem. 
Int. Ed. 22000088, 47, 9311. b) Mazzolini, J.; Espinosa E.; D’Agosto, F.; Boisson, C. Polym. Chem. 22001100, 1, 793. c) Chung, T. C. 
Prog. Polym. Sci. 22000022, 27, 39. d) Kretschmer, W. P.; Bauer, T.; Hessen, B.; Kempe, R. Dalton Trans. 22001100, 39, 6847. e) Espinosa, 

E.; Glassner, M.; Boisson, C.; Barner-Kowollik, C.; D’Agosto, F. Macromol. Rapid. Comm. 22001111, 32, 1447. f) Hong, M.; Liu, J.-Y.; 
Li, B.-X.; Li, Y.-S. Macromolecules, 22001111, 44, 5659. i) Gon Kim, J.; Coates, G. W. Macromolecules 22001122, 45, 7878. g) Mazzolini, 
J.; Boyron, O.; Monteil, V.; D’Agosto, F.; Boisson, C.; Sanders, G. C.; Heuts, J. P. A.; Duchateau, R.; Gigmes, D.; Bertin, D. Polym. 
Chem. 22001122, 3, 2383. h) Hong, M.; Li, Y.; Li, B.; Li, Y. Macromol. Rapid Commun. 22001122, 33, 998. 
133 Makio, H; Fujita, T. Macromol. Rapid Commun. 22000077, 28, 698. 
134 Hustad, P. D.; Szuromi, E.; Timmers, F. J.; Carnahan, E. M.; Clark, T. P.; Roof, G. R.; Klamo, S. B.; Arriola, D. J. US Patent 
0083575 2012. 
135 a) Mülhaupt, R; Duschek, D.; Fischer, D.; Setz, S. Polym. Adv. Technol. 11999933, 4, 439. b) Duschek, T.; Mülhaupt, R. Polym. 
Prepr. (Am. Chem. Soc. Div. Polym. Chem.) 11999922, 33, 170. c) W rner, C.; R sch, J.; H hn, A. Mülhaupt, R. Polym. Bull. 11999966, 
36, 303. 
136 Schellenkens, M. A. J.; Klumperman, B. J. Macromol. Sci. Rev. Macromol. Chem. Phys. 22000000, C40, 167. 
137 Godoy Lopez, R.; D’Agosto, F.; Boisson, C. Prog. Polym. Sci. 22000077, 32, 419. 
138 a) Eleuterio, H. S. Du Pont, US Patent 3.074.918 1960. b) Natta, G. G.; Dall’Asta, G.; Mazzanti, G. Angew. Chem. Int. Ed. 
Engl. 11996644, 3, 723. c) Calderon. N; Ofstead, E. A.; Ward, J. P.; Judy, W. A.; Scott, K. W. J. Am. Chem. Soc. 11999966, 90, 4133. 
139 Hérisson, J.-L.; Chauvin, Y. Makromol. Chem. 11997700, 141, 161. 
140 Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 22000011, 34, 18. 
141 Buchmeiser, M. R. Chem. Rev. 22000000, 100, 1565. 
142 a) Davidson, T. A.; Wagener, K. B. In Synthesis of Polymers, Schlüter, A.-D. Ed.; Wiley-VCH, Weinheim 1999, 105. b) Rojas, 

G.; Berda, E. B.; Wagener, K. B. Polymer, 22000088, 49, 2985. 
143 Inci, B.; Lieberwirth, I.; Steffen, W.; Mezger, M.; Graf, R.; Landfester, K.; Wagener, K. B. Macromolecules 22001122, 45, 3367. 
144 Nozue, Y.; Seno, S.; Nagamatsu, T.; Hosoda, S.; Shinohara, Y.; Amemiya, Y.; Berda, E.; Rojas, G.; Wagener, K. B. ACS Macro 
letters, 22001122, 1, 772. 
145 O’Gara, J. E.; Wagener, K. B. Makromol. Chem. Rapid Commun. 11999933, 14, 657.  
146 a) Smith, J. A., Brzezinska, K. R.; Valenti, D. J.; Wagener, K. B. Macromolecules 22000000, 33, 3781. b) Sworen, J. C.; Smith, J. A.; 
Berg, J. M.; Wagener, K. B. J. Am. Chem. Soc. 22000033, 125, 2228. 
147 Kobayashi, S.; Kim, H.; Macosko, C. W.; Hillmyer, M. Polym. Chem. 22001133, 4, 1193.  
148 Pitet, L. M.; Zhang, J.; Hillmyer, M. A. Dalton Trans. 22001133 DDOOII::   10.1039/C2DT32695G 
149 Xu, G.; Wang, D.; Buchmeiser, M. R. Macromol. Rapid. Commun. 22001122, 33, 75. 
150 Louie, J.; Bielawski, C. W.; Grubbs, R. H. J. Am. Chem. Soc. 22000011, 123, 113. 
151 Anderson-Wile, A. M.; Coates, G. W. Macromolecules 22001122, 45, 7863. 
152 Lee, J.-Y.; Tsai, J.-C. J. Polym. Sci. Part A, 22001111, 49, 3739. 
153 Zhang, C.; Niu, H.; Dong, J.-Y. Appl. Organomet. Chem 22001111, 25, 632. 
154 Huang, H.; Niu, H.; Dong, J.-Y. J. Polym. Sci. Part A 22001111, 49, 2222. 

48 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page48



h 49CHAPTER 1

2009

2012

2008 2010
2002 2010

2011
2011 2012

2012 2012
2007

1993

1992 1996

2000

2007

1964 1996
1970

2001
2000

2008
2012

2012

1993
2000

2003

2013
2013 DOI: 

2012
2001

2012
2011

2011

2011

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page49



DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page50



h 51CHAPTER

CATALYTIC
OLEFIN

POLYMERI-
ZATION

AND OLIGO-
MERIZATION

SYSTEM

02

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page51



 
2.1. Presentation  

 

Figure 2.1

 
 
 

 
AAbbssttrraacctt      

Performing air- and moisture-sensitive chemistry, such as the synthesis of olefin block 
copolymers by living polymerization, coordinative chain transfer polymerization (CCTP) or chain 
shuttling polymerization, is a rather challenging task that cannot be accomplished without ultrapure 
feeds and appropriate reactors. For the sake of reliability, reproducibility and easy monitoring of the 
monomer uptake as well as temperature development during runs, time was invested in setting up a 
well-equipped, semi-automated polymerization platform. Besides, for experiments where the 
presence of scavengers had to be excluded, two low-pressure ethylene and propylene feed lines were 
conveniently fitted inside a glovebox. This section briefly describes the laboratory that was set up, 
composed of feedstock storage, a feed purification system, a reactor platform and a double glovebox. 
A few important steps of its optimization process are also highlighted. Finally, the main advantages 
and some limitations are exposed. 
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22..11..   PPrreesseennttaattiioonn    

  
The system consists of 4  125 mL and 1  1 L PREMEX stainless steel autoclaves operating 

from 20 to 130 °C, up to 50 bars and mechanically stirred (up to 1000 rpm - different shapes of 
stirrers being available: cross, anchor, turbine…). It includes two on-tap solvents, viz. toluene and 
Isopar E, as well as the following gaseous monomers: ethylene, propylene, 1-butene, hydrogen and 
CO2. Gas, as well as solvents need to be free of all contaminants and therefore are passed through a 
set of two columns each, prior to use. The first one contains BTS copper catalyst to trap oxygen and 
is operated at 90 °C, while the second one consists of a layer of molecular sieves 3 Å to adsorb water 
and a layer of Selexsorb CD to scavenge a number of possible residual polar/oxygenated organic 
compounds. Water sensors placed after each set of columns continuously monitor the water level. 
The purification system in series with the reactor platform is shown in Figures 2.1 and 2.2.  

 

  
FFiigguurree  22..11. A protective fume cupboard surrounds the reactor system. View of the purification system next to the 

rector platform. 
 

The whole setup is enclosed in a large fume cupboard with high suction and sliding doors to 
facilitate operation and maintenance. A central gas detection system is installed for optimized safety 
and a number of alarms have been incorporated, that will shut the system down in case of 
emergency. 
 

Purification system Reactors 

Gas  

 

Cylinders 

Solvent 
drums 
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Figure 2.4.  

 
 

 
 

 
FFiigguurree  22..22..   Close up on the reactor platform. 

 

For ease of catalyst preparation/supportation and freedom of performing runs inside the safe 
environment of the glovebox, vacuum as well as ethylene and propylene are available in the double 
glovebox. The temperature of reactions inside the glovebox (from -20 °C to about 100 °C) is 
controlled with an external temperature control unit (Figure 2.3). 
  

 
FFiigguurree  22..33..  [Left]: Ethylene and propylene connections have been made to the double glovebox. [Right]: Cooled 

double wall glass reactor inside the glovebox. 
 

22..22..   BBaassiicc  ooppeerraattiioonn  
 

Solvent can be fed to the reactor via a small (100 mL) or a large burette (500 mL) depending 
on which reactor is being used (Figure 2.4, left). The injector is made in such a way that the catalyst 
(or other components) can be injected under polymerization conditions (Figure 2.4, right). After 
having attached the freshly prepared vial to the injection system, its content is sucked into the 
injector at the time under vacuum. Subsequently, this content can be injected into the reactor by 
using an overpressure of nitrogen applied from the top. If a different solvent is desired, it can easily 
be introduced by the same procedure. The injector can be flushed at the end of the experiment to 
prevent contaminations. 
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FFiigguurree  22..44..   [Left] Close up of the burettes. [Right] Close up of the injection system.  

 
The monomers, dosed by Bronkhorst Mass Flow Controllers (MFCs), can be fed according to two 
different modes: pressure control vs. flow control. In the former mode, a set point (SP) of maximum 
pressure in the reactor is given and gas is fed until the SP is reached (refilled continuously upon 
consumption). However, in the latter mode, as its name implies, gas is fed at a certain constant flow 
(in mL/min), independently of the pressure inside the reactor. In this case, several gases can be fed 
simultaneously, at a fixed ratio, enabling the synthesis of ethylene/propylene (E/P) copolymers for 
instance, the total pressure being regulated by additional bleeding valves. CO2 is generally used to 
terminate the olefin polymerization reactions, but can also be used as comonomer in epoxide – CO2 
copolymerizations, which can also be performed in the reactors.  

 
The system is semi-automated: all pneumatic valves can be opened/closed by a simple click and the 
process can be followed online with user-friendly software TwinCAT PLC control (Figure 2.5), 
operating on two different computers for simultaneous use. Operation can rely on either automatic 
or manual procedures for more flexibility (e.g for injection). For the sake of time saving, an auto-
drying procedure for the autoclaves was implemented where the temperature and number of 
vacuum/N2 cycles can be chosen. The regeneration of the columns has also been automated. All the 
parameters are continuously recorded in the software and can be plotted on demand at discretion, 
allowing one to follow the reaction easily, for instance by monitoring the gas consumption. 

  

(Co)cat. 
Scavenger 
Solvent… 

N2/vacuum/solvent 

N2 

Injector 
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FFiigguurree  22..55..   Snapshot of the software used to operate the reactors.  

  
22..33..   TTeemmppeerraattuurree  ccoonnttrrooll ::   PPrrooppoorrttiioonnaall ,,   IInntteeggrraall ,,   DDiiffffeerreennttiiaall   ((PPIIDD))  ttuunniinngg..   

  
When performing comparative polymerization reactions, a controlled environment is 

obviously required. For optimal results, the temperature has to be kept as constant as possible, 
meaning that the exotherm produced by the reaction should be minimized. From the experimental 
point of view, catalyst loading can, in some cases, be adjusted in order to produce less heat, but a 
well-functioning temperature controller is essential. Therefore, during the development of the 
system, a reactor vessel temperature controller was implemented in the TwinCAT PLC control 
software, which consists of two cascaded PID loops. This is a type of control structure in which two 
PID controllers are configured in series (Figure 2.6). 

 

FFiigguurree  22..66..  Cascade PID controller principle for reactor temperature control. 
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As it can be seen from Figure 2.6, the user sets the vessel operating temperature by entering a SP 
(Tvessel,set). During the reaction, the outer controller in turn determines the temperature SP for the 
reactor jacket (Tjacket,set). The inner controller outputs a heating/cooling demand to the reactor wall. 
For stable control, the inner loop needs to respond faster than the outer loop. The application of 
cascade PID control has the following advantages over single loop PID control: improvement of 
system dynamic performance (faster response), increased disturbance rejection and better reduction 
of variations around the set point by acting on the control error between SP value and the measured 
process value (PV). By means of a correctly parameterized feedback loop, it tries to minimize this 
error by applying the sum of proportional (Kp), integral (Tn) and differential (Tv) gains on the 
control error. 

Therefore, the performance of the controller can be optimized by tuning of Kp, Tn and Tv parameters 
of each controller.  

Kp Controller proportional gain value (P) 
Tn Controller integral gain value (I) 
Tv Controller differential gain value (D) 

Note that Tv is only available for the inner loop controller. In a generic way, changing the 
parameters will have the following effects on control performance: 

Kp: Gain on the control error. The larger the gain, the faster the controller output power (OP) and 
the slower the stabilization time. Too high a value will cause overshoot, oscillation and instability. 

Tn: Reduction of the steady state error by integration of the control error. A too high value will cause 
overshoot and oscillation. 

Tv: Limitation of the rate of controller OP changes. It can therefore compensate for overshoot. Too 
high a value will make the controller slow down and amplify noise on the control error. 

The goal of the PID tuning is therefore to determine an optimal set of controller parameters, which 
keep the temperature close to the set point during polymerizations (+/- 1 °C), without causing 
undesired or unstable temperature deviations. The default PID parameters of the cascade controller 
were insufficiently calibrated to reach the desired performance. As a matter of fact, even when the 
reactors were only filled with solvent, the temperatures were heavily oscillating around the SP 
(Figure 2.7). Furthermore, the disturbance caused by an exothermic reaction was badly rejected and 
caused an undesired temperature rise. It is worth mentioning that PID tuning significantly improves 
the temperature control of the system but is a time-consuming and tedious process. 

The controller can be set to Off, Manual or Auto mode. In Manual mode, although the controller is 
active, the OP can be overridden. In Auto mode, the controller is activated and calculates the OP. 
Depending on the system state, the controller status will be indicated as None (system off), Passive 
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Figure 2.5.   

 
2.3. Temperature control:  Proportional,  Integral,  Differential (PID) tuning. 

Figure 2.6.
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Figure 2.8.  

2.4. Assets and limitations 

2013

 
 

 
 

(system on, but controller off), Manual or Auto. The PID values can be set in a separate 
configuration window (not shown here). 

The tuning of the cascade controller is a two-step procedure:  

1. Tuning of the inner control loop: the outer loop is set to Manual mode (so-called open 
loop) and a fixed OP (jacket temperature SP) is applied. The inner loop is set to Auto 
and the settings are tuned to minimize settling time and overshoot of the jacket 
temperature. 

 
2. Enabling of the outer control loop and tuning of the complete cascade PID: both loops 

are therefore set to Auto (so called closed loop) and the outer loop is tuned to improve 
the settling time and reduce the steady-state error to remain within +/- 1 °C of the vessel 
temperature. 

 
With respect to the controller optimization, it is interesting to look at the actual controller output. 
In an ideal case, the output should be a smooth continuous signal and have no obvious jumps or 
large variations. Discontinuities can cause actuator problems (such as saturation) and undesired 
behavior (oscillations, instability). 

The following two Figures (2.7 and 2.8) show the control action of one of the reactor's outer loop 
with both default and the optimized PID settings. It can be clearly seen that in the default case the 
OP varies heavily within the extreme ranges of the system and there is no headroom left for control. 

 
FFiigguurree  22..77..  Example of a temperature control at 90 °C (default settings). Discontinuous control action is shown in 

blue. 
 

In the optimized situation the OP is a continuous signal and, although some noise is visible, there is 
still room for control action to effectively respond to temperature variations.  
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FFiigguurree  22..88..   Example of a temperature control at 90 °C (optimized settings). Smooth continuous control action is 

visible in blue.  

 After analysis of the performance of the existing temperature controller, an optimized set of 
parameters was determined. The application of these parameters keeps the steady state temperature 
within a +/-1 °C range, while reducing both inner and outer loop oscillations and completely 
eliminating temperature instabilities. However, regarding transient/unstable behavior, e.g. when 
huge exotherms occur, the system is currently limited in the cooling capacity and this cannot be 
solved by further controller optimizations. In order to avoid too large temperature rises, reducing the 
reaction rate (decrease of catalysts loading, temperature or monomer feed pressure) can be a solution. 
Alternatively, the addition of either an internal or external cooling system might solve the problem 
(e.g. cooling coil inside the vessel or external cooling tank with a much higher cooling capacity). An 
issue is the time lag caused by the heat exchange between reactor jacket and vessel. In the small 
reactors (125 mL) this does not cause any problem, since the time lag is limited. However, when 
using the large reactor (1 L) this point definitely needs to be considered; if the exotherm becomes 
large, even though the outer loop compensates, there can still be a considerable temperature rise 
(typically up to a 20 °C temperature increase).  

22..44..   AAsssseettss  aanndd  ll iimmiittaattiioonnss  
 

Beyond the need for accurate temperature control, the system also had to be validated in terms 
of reproducibility. The constant performance of the platform (its reliability) was checked by several 
series of standard polymerizations. Those were conducted by Fabian Karbach.i Initially, series of 3*3 
ethylene polymerizations using (nBuCp)2ZrCl2/SiO2 were performed. Afterwards, the 
reproducibility of the reactors was regularly tested during the following months. Similar molecular 

                                                
i The details should be reported in: Karbach F. PhD Thesis Technical University of Eindhoven 22001133 (to be written). 
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weights, molecular weight distributions and catalyst activities were achieved for all experiments with 
a standard deviation of ~10 %. In general, all reported runs were at least duplicated.   

For safety purposes, forbidden combinations/successions of events (or valves operations) were 
implemented. Process values are constantly monitored and checked against operating limits when 
the system is active. Whenever a value exceeds a predefined limit (i.e., vessel temperature is above a 
certain value), an alarm is activated. This can either be a hi-alarm (indicative, no immediate action 
taken) or a hi-hi-alarm, which causes a system action (i.e., a safety action such as heaters shutoff). 
The three following alarms cannot be overruled and will require proper renewed startup for safer use: 
the activation of the emergency switch, the smoke detector and too low a pressure difference between 
the ventilation line and the protective fume cupboard.  

When considering the purity of the feeds, the fact of having on-tap solvents is an apparent advantage 
since they are easily dosed into the autoclaves without exposure to air and moisture. When the 
system is used on a regular basis, good levels of dryness are achieved as well as very good 
reproducibility. However, differences are observed in the quality of the solvent, depending on how 
long it has been stored on the columns. Besides, one of the limitations of the injection system as 
such is the small diameter (1/8") of the tubing, which is likely to get clogged when larger supported 
materials are introduced. Also, there is always a certain percentage of N2 present in the reactor due to 
the overpressure needed to inject (the more injections performed, the more N2 is present in the 
reactor). The beauty of metal tubing and Swagelok connections is that the whole setup can 
withstand pressure (up to 50 bars). However, cleaning can prove to be a tedious task and access to 
replace some leaking connections or clogged tubing parts can be pretty challenging sometimes. 
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3.1. Introduction  

1

  

  

  

AAbbssttrraacctt  

The zirconium acetamidinate catalyst {Cp*Zr(Me)2[N(Et)C(Me)N(t-Bu)]} (Cp* = 5-C5Me5) 
was used to synthesize both random and block copolymers based on 4-methyl-1-pentene (4M1P) 
and 1-pentene. The polymers were characterized by NMR spectroscopy, SEC, DSC, high 
temperature HPLC and CRYSTAF. Unexpectedly, the yields and molecular weights decreased with 
increasing amounts of incorporated 1-pentene. The reason for this behavior is that 1-pentene 
occasionally undergoes 2,1-misinsertions trapping the catalyst in a dormant state. These 2,1-
misinsertions do not seem to occur with the bulky 4M1P (branched -olefin). Adding a small 
amount of ethylene reactivates the catalyst. Unlike most semi-crystalline polymers, the density of the 
crystalline phase of isotactic P4M1P can be lower than that of the amorphous phase, when 
crystallized under very high pressures. To characterize this peculiar behavior of 4M1P-based 
polymers, various samples were subjected to Pressure-Volume-Temperature measurements. Under 
the relatively low pressure conditions used here (P<1200 bar), the 4M1P homopolymers and block 
copolymers show the expected classical decrease in specific volumes upon cooling. However, the 
4M1P-rich random copolymers proved not to vary specific volumes under the same conditions. The 
random incorporation of 1-pentene unit appeared to be an efficient way to lower the pressure at 
which the “zero contraction” phenomenon occurs. 
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33..11..   IInnttrroodduuccttiioonn    

As mentioned in the introductory chapter, Olefin Block Copolymers (OBCs) have become 
increasingly popular over the last few years. Most of the literature examples focus on (stereo)block 
copolymers synthesized from ethylene and/or propylene,1 which are extremely relevant for the 
industry and society. However, many other monomer combinations are possible and of interest,2 
especially when the crystallization behavior of the resulting copolymers is considered.  

 
In most semi-crystalline polymers, the specific volume of the crystalline phase is lower than that of 
the amorphous phase. When processing polymers by injection molding, the molten polymer is 
injected at high pressure into a mold in which it crystallizes. If no back-pressure is applied, the 
polymer shrinks and internal stresses are built up in the end product. Under certain conditions, 
however, some polymers like isotactic poly(4-methyl-1-pentene) (iP4M1P), syndiotactic polystyrene 
(sPS) and syndiotactic polyparamethylstyrene (sPPMS) expand rather than contract upon 
crystallization from the melt.3 This phenomenon could in principle be used to produce stress-free 
semi-crystalline polymeric materials, where both the amorphous and crystalline phases have the same 
specific volumes. However, this unusual change of volume only occurs at pressures exceeding those 
used during the usual processing conditions. Introducing defects in the polymer chains, such as 
stereo- and regioirregularities or even by using different comonomers, can decrease the crystal size, 
crystallinity and concomitantly the pressure at which the expansion upon cooling and crystallization 
occurs. Stereo/regioerrors are strongly related to the catalyst nature and the reaction conditions. 
However, incorporation of comonomers, without the necessity to alter the catalyst or reaction 
conditions, is a highly effective and convenient strategy to reduce the crystal size and crystallinity of 
the polymer, yet maintaining the characteristics that are required for commercial use. 

 
A preliminary study performed in our laboratories showed that the random introduction of the 
comonomer 1-pentene into iP4M1P (using a metallocene catalyst) efficiently decreased the melting 
temperature of the copolymer and the pressure at which expansion upon crystallization occurs.4 The 
only disadvantage of the random incorporation of 1-pentene into iP4M1P is the drop in crystallinity 
and melting temperature. A complementary logical step would be to study the impact of the 
presence of blocky structures on the expansion behavior.  
 
Herein, we report the synthesis and in-depth characterization of random and block copolymers 
based on 4-methyl-1-pentene (4M1P) and 1-pentene, using the post-metallocene catalyst 
{Cp*Zr(Me)2[N(Et)C(Me)N(t-Bu)]} (11) developed by Sita and coworkers.1h The materials were 
characterized by NMR spectroscopy, SEC, DSC and CRYSTAF. Besides, they weralso studied with 
a new characterization technique for polyolefins: high temperature (HT) HPLC.5 Finally, the 

h 65CHAPTER 3  

 

 

 

Abstract 

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page65



Table 3.1.   1

Table 3.2.   1.

 

 

Pressure-Volume-Temperature (PVT) diagrams of the synthesized samples were constructed and 
evaluated.  

 

33..22..   RReessuullttss   aanndd  DDiissccuussssiioonn  

The zirconium pentamethylcyclopentadienyl acetamidinate precatalyst (1) was chosen (Figure 
3.1) for this study because it is reported to display living behavior, it can incorporate -olefins, and 
is capable of catalytic chain transfer polymerization (CCTP).1h Besides, its relatively low activity 
should enable a good control over molecular weight. 

 

FFiigguurree  33..11..  Zirconium acetamidinate catalyst (11).  

Before performing the copolymerization reactions, the behavior of 11 was investigated for the 
homopolymerization of 4M1P for the first time. Unlike Sita and coworkers, the reactions were 
performed outside the glovebox, using 50 equivalents of TIBA/BHT as scavenger (a 1:1 molar ratio 
gave the best productivity). An increase in molecular weight as well as in polymer yield was observed 
as a function of time, a feature that can in principle be used to build blocky architectures. However, 
when the molecular weight was plotted vs. the catalyst productivity, the line obtained did not go 
through the origin and the PDIs were not as narrow as expected for a truly living polymerization 
(vide infra).  

3.2.1. Random Copolymers 

First, random copolymers based on 4M1P and 1-pentene were synthesized. The combination 
of these two monomers is interesting as they are “isodimorphic”, which means that they have the 
ability to cocrystallize over the whole composition range since each co-unit can be easily hosted in 
the crystal structure of the prevailing component (i.e., Form I for P4M1P and Form II for poly-1-
pentene).6 Unexpectedly, increasing the amount of the intrinsically more reactive 1-pentene in the 
feed resulted in significant drops in both the yield and molecular weight (Table 3.1). These results 
may be explained by the fact that 11 occasionally undergoes 2,1-misinsertions of 1-pentene, affording 
a dormant side which reactivates mainly - if at all - via -H transfer, as subsequent insertion of 

11 
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monomer is very slow. This 2,1-insertion is clearly less likely to occur for the more bulky 4M1P 
monomer, as it has been observed with homopolymerizations of the corresponding monomers 
(Table 3.1). As expected, 1-pentene is preferentially inserted. The PDIs were higher than expected 
for a living polymerization. This may be due to slow catalyst activation or slow chain transfer, but 
also to the fact that some chains keep growing whereas some remain in a dormant state after the 
aforementioned 2,1-insertion. All in all, a certain compositional heterogeneity might arise from the 
practical deviation from the expected “living” behavior.  

TTaabbllee  33..11..   Characteristics of  random copolymers poly(4M1P-co-1-pentene) synthesized with catalyst 11. 

EEnnttrryy  
MMooll   %%  iinn  ffeeeedd  ((1133CC  NNMMRR))  

MM nn  ((gg//mmooll))   PPDDII  
YYiieelldd  

((gg))   
TT gg    

((°°CC))   
TTmm    

((°°CC))  
HH  

((JJ//gg))   11--ppeenntteennee  44MM11PP  

11  0 100 80,800 2.1 3.50 32.9 228.0 34.1 

22  24.5 (33.8) 75.5 (66.2) 37,000 2.0 2.02 8.2 137.7, 147.6 14.9 

33  49.3 (57.7) 50.7 (42.3) 18,400 2.4 1.23 - 6.8 80.1, 89.7 18.2 

44  74.5 (81.1) 25.5 (18.9) 15,900 2.0 0.72 - 22.5 66.7 0.2 

55  100 0 12,700 2.1 0.71 - 32.9 / / 
Conditions: 30 mL toluene, 20 mL monomer, 1.25 mmol (50 eq.) TIBA:BHT (1:1 molar); 25 μmol TBF20; 25 μmol catalyst; -5 °C, 5 h.  

For comparison, an analogous series of random copolymers based on 1-hexene and 4M1P was 
synthesized, which do not co-crystallize over the whole composition range.13 The results of the 
4M1P/1-hexene series are available in Table 3.2 below. A similar trend as for 4M1P/1-pentene 
copolymers has been observed with respect to yield and molecular weight versus 1-hexene content. 

 TTaabbllee  33..22..   Characteristics for  random copolymers poly(4M1P-co-1-hexene) synthesized with catalyst 11..  

EEnnttrryy  
MMooll   %%  iinn  ffeeeedd  a  MM nn  

((gg//mmooll))   
PPDDII  

YYiieelldd  
((gg))   

TT gg    
((°°CC))  

TTmm    
((°°CC))   

HH  ((JJ//gg))  
11--hheexxeennee  44MM11PP  

II   0 100 80,800 2.1 3.50 32.9 228.0 34.1 

IIII   25 75 32,800 2.2 2.53 - 0.6 133.8, 140.9 15.4 

IIIIII   50 50 24,800 2.0 2.32 - 21.0 / / 

IIVV  75 25 26,200 1.9 1.76 - 34.3 / / 

VV  100 0 20,300 1.9 n.d. - 41.7 / / 
Conditions: 30 mL toluene, 20 mL monomer, 1.25 mmol (50 eq.) TIBA:BHT (1:1 molar); 25 μmol TBF20; 25 μmol catalyst; -5 °C, 

5 h. a the actual composition of the polymers were not determined by 13C NMR. 

For the sake of simplicity and coherence, the feed composition are mentioned in the text and 
displayed in the figures below. The actual compositions, when available, can be found in Tables 3.3 
and 3.6. Evidently, feed composition does not always provide any direct information on the polymer 
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Figure 3.3.  

V I

 

 

composition. As a matter of fact, as can be seen from Table 3.1, the actual polymer composition is 
slightly richer in 1-pentene than the feed composition. However, these differences are not dramatic 
and the expected trends remain the same for actual and feed compositions.  

The thermal behavior of the resulting random copolymers was investigated by means of differential 
scanning calorimetry (DSC). The results corresponding to the 4M1P/1-pentene series are depicted 
in Figure 3.2.  

 

FFiigguurree  33..22..   DSC thermograms of the 4M1P and 1-pentene homopolymers and random copolymers (the feed 
composition are indicated). The second heating runs at a rate of 10 °C/min are shown, recorded after a cooling down 
from the melt at 10 °C/min. From top to bottom: entries 55 to 11. The curves have been vertically shifted for clarity.  

Above a certain molecular weight, the melting temperature (Tm) mainly depends on the chain 
microstructure, i.e., stereo- and regioregularity, and in case of copolymers, comonomer content and 
distribution. The rather low Tm of 225 °C for pure P4M1P obtained by 11 indicates a moderately 
isotactic microstructure. As expected for random copolymer crystallization, the Tms decrease with 
increasing 1-pentene content. The multiple melting endotherms are likely to be attributed to 
melting and recrystallization phenomena. Indeed, on increasing the heating rate, a clear decrease in 
the melting enthalpy of the most stable crystals is observed. Due to its semi-crystalline nature, the as-
prepared poly-1-pentene homopolymers also display a melting endotherm in the first heating run 
but they cannot crystallize subsequently upon cooling at 10 °C/min. As a result of the low 
crystallization rate, no cold-crystallization exotherm is observed for poly(1-pentene) homopolymers 
during the second heating cycle at this heating rate. Thus, the analogous lack of cold-crystallization 
for 1-pentene-rich copolymers is not surprising. When, from the melt, a lower cooling rate of 2 
°C/min instead of 10 °C/min was applied, a small melting peak indeed appeared during recording 
the second heating curve (not shown here). The glass transition temperature (Tg) decreases with 
increasing 1-pentene content. When comparing the decrease in Tg with increasing amount of 
comonomer for the 4M1P/1-pentene copolymers (poly(1-pentene): Tg = -30 °C) and the 4M1P /1-
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hexene copolymers (poly(1-hexene): Tg = -45 °C), it is interesting to see how even small amounts of 
1-hexene decrease the Tg very effectively (Figure 3.3), whereas the decrease of the Tg is much more 
gradual for increasing amounts of 1-pentene in the copolymers. Moreover, a much lower 1-hexene 
content is needed to prevent crystallization, since this monomer rapidly hinders the crystal packing 
of 4M1P sequences.7 

 

FFiigguurree  33..33..   DSC thermograms of the 4M1P and 1-hexene homopolymers and random copolymers (the feed 
composition are indicated). The second heating runs at a rate of 10 °C/min are shown, recorded after a cooling down 
from the melt at 10 °C/min. From top to bottom: entries VV to II . The curves have been vertically shifted for clarity. 

For polyolefins, one of the most powerful tools for the characterization of the polymer 
microstructure is 13C NMR spectroscopy. With the chemical shift directly reflecting the nuclear 
environments, evidence is provided regarding the comonomer incorporation, comonomer sequence 
distribution, tacticity and regioirregularity. Although more commonly applied to ethylene- or 
propylene-based homopolymers or -olefin copolymers, such well-developed spectral analysis 
methods can readily be adapted to non-standard polyolefins, such as those presented in this work. 

Chemical shifts are highly affected by temperature and solvent effects, due to their strong influence 
of chain conformation and magnetic environment. It is thus difficult to directly compare literature 
assignments unless the spectra are recorded under the same conditions. For this reason, all samples 
produced in this study were recorded under identical conditions. For polyolefin copolymers, low 
spectral resolution is common due to chemical similarity between comonomers. As a consequence, 
limited information can be extracted from 1H NMR spectroscopy, while 13C NMR spectroscopy is 
often limited to a spectral range restricted between 10 and 50 ppm.  
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Table 3.3.  

 
FFiigguurree  33..44..   Comparison of the 13C NMR of a) P4M1P), Table 3.1 entry 11, b) random poly(4M1P-co-1-pentene), 

entry 33  and c) poly(1-pentene), entry  55,  illustrating the limited influence of side chain chemistry on observed chemical 
shifts in the copolymer. See Figure 3.5 for a scheme of the 13C NMR assignment nomenclature. 

 
The 13C NMR spectra of the homopolymers of poly(1-pentene) and P4M1P are significantly 
different, as can be seen in Figure 3.4. The copolymer clearly contains similar resonances as the 
homopolymers but one characteristic signal proofs the existence of the random copolymer, which is 
the resonance of the YP site of the poly(4M1P-co-1-pentene) copolymer. The nomenclature used 
here is shown in Figure 3.5. Quantification of comonomer content was determined either directly 
via the ratio of the backbone CH sites (*Y:*P) or indirectly via the diad comonomer sequences 
determined via the backbone CH2 sites ( YY: YP: PP). The results are presented in Table 3.3. 

 
FFiigguurree  33..55. 13C NMR assignment nomenclature used for poly(4M1P), poly(4M1P-co-1-pentene) and poly(1-pentene). 
 

Signals characteristic for 2,1-insertion were not observed. This is understandable as after a 2,1-
insertion the polymer is likely to terminate. Unfortunately the resolution of the 13C NMR was too 
low to determine the end groups, similarly as the one of routine 1H NMR spectra. The latter could 
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have been informative, e.g. an internal double bond as an end group would have been the diagnostic 
of termination after 2,1 insertion. 

TTaabbllee  33..33..   Mole percent comonomer content and diad comonomer sequence distribution for random poly(4M1P-co-
1-pentene) copolymers. 

EEnnttrryy  
ccoommoonnoommeerr  ccoonntteenntt   ddiiaadd  ddiissttrr iibbuuttiioonn  

[[PP]]  [[YY]]  [[PPPP]]  [[PPYY]]  [[YYYY]]  

22  33.8 66.2 12.1 42.9 45.0 

33  57.7 42.3 33.8 47.0 19.2 

44  81.1 18.9 65.1 30.8 4.0 

  

As indicated from empirical calculations, no significant differences in chemical shift were observed 
between isolated or consecutive comonomer incorporation. Such behavior is most probably due to 
the similar electronic properties of the propyl and isobutyl side chains, resulting in only a short range 
influence on nuclear shielding. Such resolution limitations may be addressed, however, by high field 
measurements or through the use of non-standard solvents. Unfortunately, as sufficient resolution 
was not achieved, quantification at the triad level was not possible, thus preventing access to 
information concerning the statistics of comonomer incorporation or the preferred catalytic 
mechanism. 

With the aim of gaining more insight into the microstructures of the chains, we applied a rather 
novel and promising characterization technique, being high temperature HPLC. Over the last few 
years, a new analytical technique based on interactive LC has been developed and recently applied to 
PE, PP,5a ethylene/1-alkene and propylene/1-alkene copolymers.8 This analytical technique is based 
on selective adsorption and desorption of polyolefins on porous graphite from polar solvents. We 
have found that P4M1P is eluting from the porous carbon column packing, while poly-1-pentene 
(as well as poly(1-hexene) and poly(1-octene)) are strongly absorbed from 2-ethyl-1-hexanol on the 
sorbent Hypercarb (Figure 3.6). As a consequence, these polymers may be eluted from the column 
only after addition of 1,2,4-trichlorobenzene to the mobile phase. A similar retention of the samples 
was found using 2-octanol, as adsorption promoting solvent.  
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Figure 3.8.  

 

 

  

FFiigguurree  33..66..   HPLC traces of several standard -olefin homopolymers (not synthesized in-house). a): P4M1P 
(Mn=20,000g/mol), poly-1-pentene (Mn=25,300g/mol), poly-1-hexene (Mn=28,000g/mol) and poly-1-octene 

(Mn=40,500g/mol) homopolymers, Courtesy of Dr. T Macko.  

It is interesting to note that poly(1-pentene) elutes between poly(1-hexene) and poly(1-octene) 
(Figure 3.6). This is not likely to be a molecular weight effect as that should be negligible for 
polymers above 20,000 g/mol. Indeed, under the same conditions, poly(1-butene) elutes later than 
poly(1-octene). This might be explained by the fact that short alkyl groups hinder adsorption onto 
the stationary phase up to a certain length where adsorption becomes favorable again (planar 
conformation promoting van der Waals interactions with the graphite column).14 Indeed, it is 
known that short alkyl branches decrease the extent of absorption on the graphite column packing, 
whereas linear PE is fully adsorbed.9  

 

FFiigguurree  33..77..   Overlay of chromatograms corresponding to poly(4M1P-co-1-pentene). The comonomer content is 
indicated in the figures. a) mobile phase 2-ethyl-1-hexanol/1,2,4-trichlorobenzene, b) mobile phase 2-octanol/1,2,4-

trichlorobenzene. 

The chromatograms of the random poly(4M1P-co-1-pentene) copolymers presented in Figures 3.7a 
and 3.7b indicate that the units of 4M1P act very pronouncedly against the adsorption. As a 
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consequence, the majority of the random copolymer samples elute before the start of the gradient. 
Their retention volumes increase with the concentration of 1-pentene in the copolymer. Poly(1-
pentene) homopolymer is not at all present in these samples. The sample with 75 % of 1-pentene 
(whose actual composition is 81.1 mol%) elutes mainly in 2-ethyl-1-hexanol and partially in the 
gradient (copolymer with higher content of 1-pentene).  

 

FFiigguurree  33..88..   Overlay of profiles obtained with CRYSTAF for a) poly(4M1P-co-1pentene) and b) P4M1P with different 
average molecular weight and pure poly-1-pentene. The feed composition are indicated. The peculiar artifacts in the base 

line were inherently caused by the CRYSTAF software and could not be improved. 

CRYSTAF is a technique that can discriminate between samples of different crystallinity, which is a 
function of the chemical composition and microstructure of the copolymers.10 However, it is not 
suitable to separate amorphous (or very slow crystallizing) materials. As a matter of fact, the samples 
of P4M1P elute in CRYSTAF proportionally to their average molecular weight, whereas poly(1-
pentene) appears fully amorphous, i.e., elutes at room temperature (Figure 3.8b). Despite its 
isotactic nature, poly-1-pentene is not able to crystallize under the conditions of the experiment. The 
poly(4M1P-co-1-pentene)s bearing 60 and 70 % of 4M1P elute at room temperature (Figure 3.8a), 
i.e., at the same temperature as poly(1-pentene), but no peak corresponding to poly(1-pentene) was 
found by the HPLC analysis (Figure 3.7b). A single peak was obtained for the poly(4M1P-co-1-
pentene) containing more than 70% 4M1P (Figure 3.8a). These results confirm that only random 
copolymers were formed and no homopolymers were present. Similar results were obtained in 
CRYSTAF for poly(4M1P-co-1-hexene) copolymers.  
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3.2.2. Block copolymers  

As indicated earlier, under certain conditions, 11 is a good candidate for producing block 
copolymers by means of sequential feed of the two monomers. Hence, MAO-activated 11 was 
allowed to react first with 1-pentene followed by 4M1P and vice versa. It is important to keep in 
mind, as stated above, that the catalyst rests in a dormant state after 2,1-insertions likely to happen 
during 1-pentene polymerization. If not reactivated (e.g. by ethylene), the chains cannot grow any 
further after such event. Furthermore, whereas with gaseous monomers it is relatively easy to vent 
and change the monomer composition of the reactor, this is not possible for liquid monomers. 
Hence, in the case of low conversions, it is not possible to obtain block copolymers with sharp 
junctions. For liquid monomers, one option is to try and evacuate the reactor by applying vacuum 
and strip off the residues of the first monomer before adding the second monomer, or by applying a 
large excess of the second monomer.  

All results using those strategies (with/without vacuum, with/without ethylene) are summarized in 
Table 3.4, together with succinct attempts to control the block length.    

TTaabbllee  33..44..   Characteristics of block copolymer samples based on 1-pentene and 4M1P. 

EEnnttrryy  
Feed sequence 

VVaaccuuuumm  EEtthhyylleennee  MM nn  ((gg//mmooll))   PPDDII  
Feed 1 Feed 2 

6a 1-pentene (3h) - n n 9,700 2.3 
6b 1-pentene (3h) 4M1P (1h) n n 10,000 2.4 
6c 1-pentene (3h) 4M1P (2h) n n 11,200 2.2 

6d 1-pentene (3h) 4M1P (3h) n n 8,900 2.6 

7 4M1P (1h) 1-pentene  n n 47,300 2.1 
8 4M1P (2h) 1-pentene  n n 57,000 2.3 

9 4M1P (3h) 1-pentene  n n 72,600 2.1 

10 1-pentene (3h) 4M1P n y 14,200 1.6 
11 4M1P (3h) 1-pentene y n 12,500 2.5 

12 1-pentene (3h) 4M1P y y 29,500 bimodal 
13 4M1P (3h) 1-pentene y y 32,800 2.2** 

14 1-pentene only n y 43,700 * 1.2 
Conditions: 30 mL toluene, 20 mL monomer,  1.25 mmol (50 eq.) TIBA:BHT (1:1 molar); 25 μmol TBF20; 25 μmol catalyst; -5 °C, 
5 h in total unless mentioned otherwise. The letter “n“ means that vacuum or ethylene have not been used. The letter “y” means that 

they have been used. *: The reactor was clogged within 40 min here. ** low molecular weight tail observed in SEC. The actual 
compositions of the polymers were not determined by NMR (in some cases, increased complexity of the spectra due to the presence of 

ethylene.) 

In the absence of ethylene, it is clear from entry 66 that when poly(1-pentene) is produced as the first 
block, the molecular weight does not increase as a function of time. Most probably, most the chains 
reside on a dormant catalyst after a certain time and a second P4M1P block cannot be built. In this 
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case, no signal for crystalline material could be detected at all in CRYSTAF (not shown here). It 
seems that the polymer is amorphous: the majority of the macromolecule is poly(1-pentene) that, 
again, has no time to crystallize under the applied conditions of the measurement. As shown in 
Figure 3.8a, the presence of 4M1P in the random copolymers is detectable by CRYSTAF only above 
70 % of 4M1P. The content of 4M1P in the 66 series is simply too low. 

On the other hand, entries 77, 88 and 99 confirm that when the P4M1P block to grow first, higher 
molecular weights are obtained. However, it is hard to tell to what extent a tapered poly(4M1P-co-1-
pentene) second block is formed with this experimental data.i As entries 77, 88 and 99  only differ in the 
size of the P4M1P block, it is understandable that all three entries show a similar profile in 
CRYSTAF and HPLC (Figure 3.9a and 3.9b, respectively).  

 

FFiigguurree  33..99..  a) Overlay of profiles obtained for poly-4M1P-b-(4M1P-co-1-pentene) (entries 77, 88 and 99) by a) 
CRYSTAF and b) HPLC. 

Even if a tapered short second block of poly(4M1P-co-1-pentene) is formed, it must be short since 
the CRYSTAF profiles are identical to those of pure P4M1. Similarly, all these samples elute at 
nearly the same elution volume in HPLC. Their difference in chemical composition is unfortunately 
too small to be detected by this technique. The elution volume can appear to be different than in the 
standard case presented in Figure 3.6, as it is occasionally observed when samples are not absorbed. 
Consequently, they are eluted in SEC mode, according to molecular weight. Another explanation for 
this could be a weak adsorption of the sample that requires no gradient for elution to occur.  

The two (reasonably) successful examples are illustrated in Figure 3.10, which correspond to entries 
1122 and 1133 in Table 3.4. In Figure 3.9a, it is evident that not the entire first block was reactivated, 

                                                

i The published version of this section is slightly differs. However, with hindsight, it appears to the author that a few simple additional 
runs, different than the ones made at the time and now irretrievable, would have rendered the study more systematic. A typical 
youthful mistake at the beginning of a PhD thesis…?  
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Figure 3.11.  6)  9
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Figure 3.12. 

 

 

 

since the molecular weight distributions (MWDs) are bimodal: a certain fraction of homopolymers 
remains, corresponding to the unreacted first block. When starting with 4M1P instead of with 1-
pentene, the molecular weight of the first block is significantly higher (Figure 3.9b) due to fewer 2,1-
insertions taking place in comparison with 1-pentene. 

  

FFiigguurree  33..1100..   SEC traces of the block copolymers. After the first monomer was allowed to react for 3 h, vacuum was 
applied to strip off the residual monomer. The 2nd monomer was injected and ethylene was added via a septum. (a) Entry  

1122: 1-pentene followed by 4M1P after vacuum and ethylene reactivation and (b) Entry 1133: 4M1P followed by 1-
pentene after vacuum and reactivation with ethylene.   

Finally, it is worth noting that when 1-pentene homopolymerization is performed under continuous 
ethylene flow (entry 1144), a higher average molecular weight is achieved and the PDI drops 
dramatically to a value closer to the one expected for a living polymerization. 

To pursue the study, two blocky samples produced in the total absence of ethylene were selected (to 
avoid an influence of the ethylene units in the crystallization behavior). The blocky sample  99 
contains close to 91.2% of 4M1P (Table 3.5). Therefore it is not absorbed at all, similarly as P4M1P 
homopolymers (Figures 3.6 and 3.11). Sample 66cc, on the other hand, is 1-pentene rich. Copolymers 
with smaller contents of 1-pentene are eluted before the gradient, while the ones with larger contents 
of 1-pentene are eluted within the gradient, similarly as pure poly(1-pentene). This can be explained 
by the fact that the adsorption behavior is apparently dominated by the largely majority 1-pentene 
component (89.4 mol%). 
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FFiigguurree  33..1111..  HPLC of poly-4M1P-b-(4M1P-co-1-pentene) (entry  66))   and poly-1-pentene-(4M1P-co-1-pentene) (entry  99).  

The DSC thermograms for the different types of copolymer samples are shown in Figure 3.12. The 
blocky sample 66cc in Table 3.4 shows two endothermic peaks at 225 °C and 125 °C in the first 
melting cycle (not shown here), which could well correspond to a first P4M1P block and to a 
tapered 4M1P/1-pentene second block, respectively. The step changes in specific heat capacity 
around 45 and 70 °C are the Tg of the respective blocks. In the case of the blend and the block 
copolymers with the same overall composition, looking at the second heating runs, one can say that 
the crystallization is dominated by the majority component P4M1P. For random copolymers, the 
effect of the 10% of 1-pentene is much more pronounced, which is a strong indication of the 
blockiness of the polymer. 

 
FFiigguurree  33..1122..   DSC thermograms of different homo- and co-polymers of 4M1P and 1-pentene (the feed composition 

are indicated). The second heating run at a rate of 10 °C/min is shown. The curves have been vertically shifted for 
clarity.  

 

When comparing the 13C NMR spectra of the block copolymers (Figure 3.13), two main points are 
of interest. First, higher than expected intensities of the PY signals are observed, indicating a 
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Figure 3.14.

 

 

higher preference towards copolymerization than towards homopolymerization and suggesting that 
only short blocks are formed. Secondly, in comparison to the random copolymer the poly(1-
pentene) blocks tend to be more isotactic as judged by the fine-structure of the 3P and *P sites. 

 

FFiigguurree  33..1133..   Comparison of the 13C NMR of a) poly(4M1P-co-1-pentene) entry 33 and b) block poly(4M1P-co-1-
pentene) entry 1111,  illustrating the higher 1-pentene isotacticity and abundance of PY comonomer sequences in the 

block copolymer.  

As with the random copolymers, by comparison to pure random incorporation based on the 
comonomer contents, diad comonomer sequence analysis suggests that homopolymerization of 
4M1P is favored over copolymerization or 1-pentene homopolymerization (Table 3.5). 

TTaabbllee  33..55..   Mole percent comonomer content and diad comonomer sequence distribution for the selected 
block copolymers. 

EEnnttrryy  
ccoommoonnoommeerr  ccoonntteenntt   ddiiaadd  ddiissttrr iibbuuttiioonn  

[[PP]]  [[YY]]  [[PPPP]]  [[PPYY]]  [[YYYY]]  

6c 8.8 91.2 5.8 6.3 87.9 

9 89.4 10.6 80.0 14.1 5.9 

  

When the chains were reactivated with ethylene, signals corresponding to ethylene incorporation 
were observed by 13C NMR spectroscopy (not shown here). Due to the complexity of the observed 
spectra, and current uncertainty concerning assignment, no further discussion will be presented 
concerning the microstructure of these materials.  

Typical outcomes of dilatometric experiments, i.e., specific volume vs. temperature curves, are 
shown in Figure 3.14 (left) for isobaric cooling of P4M1P and poly-4M1P-b-(4M1P-co-1-pentene). 
The two materials display a qualitatively similar PVT behavior. Differences in the absolute value of 
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the specific volumes have to be ascribed to the different polymer compositions, since 1-pentene co-
units possess a lower density than 4M1P.4 In the samples solidified under a pressure of 900 bars 
(solid lines in Figure 3.14, left), three characteristic regions are observed. At relatively high and low 
temperatures a linear dependence of specific volume on temperature is found, as expected in absence 
of phase transitions. On the other hand, the occurrence of crystallization is clearly evidenced by a 
distinct shrinkage of the samples at temperatures around 220 °C. Noticeably, the presence of about 
10 mol% of 1-pentene comonomer distributed in a blocky fashion does not appreciably affect the 
crystallization behavior. This observation is in agreement with DSC results at atmospheric pressure. 
A completely different trend can be observed when cooling is performed at higher pressure (1200 
bars). In this case, both polymers present only an approximately linear decrease of specific volume in 
the whole explored temperature range. Nevertheless, WAXD analysis (Figure 3.14, right) clearly 
shows that all processed samples crystallized in the tetragonal modification (Form I),11 with roughly 
the same crystallinity. Therefore, the absence of meaningful shrinkage upon crystallization at high 
pressures is related to the peculiar phase behavior of 4M1P-based materials. It has been shown that 
under certain pressure conditions, the specific volume of the amorphous polymer equals that of the 
crystalline phase, resulting in a lack of contraction during the phase transition.3a, 3b From Figure 3.14 
it can be deduced that the “no-shrinkage pressure”, i.e., the pressure at which the requirement of 
equal specific volumes of the two phases is met, is not sensibly affected by block-copolymerization 
with 1-pentene. 

 

FFiigguurree  33..1144..  Specific volume of poly-4M1P-b-(4M1P-co-1-pentene) at 900 bar (grey solid line) and 1200 bar (grey 
dashed line) and of poly-4M1P at 900 bar (black solid line) and 1200 bar (black dashed line). Included are WAXD 

patterns of the samples in corresponding sequence (top to bottom).  

Figure 3.15 (left) reports the results of isobaric coolings of a random poly(4M1P-co-1-pentene) 
copolymer containing about 10 mol% of 1-pentene comonomer. Within the explored pressure 
range, i.e., from 300 to 1200 bar, noteworthy changes of the specific volume-temperature curves are 
observed, while the resulting structure and crystallinity do not vary appreciably (Figure 3.15, right). 
The lowest pressure applied represents a commonly observed situation: crystallization is 
accompanied by sample shrinkage, indicating that the density of the crystalline phase is higher than 
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Table 3.5.  
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3.3. Conclusions 

3.4. Experimental section 

 

1

 

1

 

 

that of the amorphous phase. Upon further increasing the pressure, the volume contraction related 
to the phase transition becomes negligible. Thus, the previously defined “no-shrinkage-pressure” can 
be located for this sample around 600 bar. Another interesting feature is observed on cooling of 
poly(4M1P-co-1-pentene) copolymers under a pressure of 900 and 1200 bar. A region of substantial 
invariance of the specific volume with temperature can be noticed around 180 °C. In order to 
explain this unusual behavior we can again refer to the phase diagram of P4M1P and related 
polymers. As demonstrated by Rastogi et al. the melting temperature of this polymer decreases with 
increasing pressure above a critical value, since the crystalline phase is characterized by a density 
higher than that of the melt.12 Therefore, an expansion upon crystallization is expected under these 
pressure conditions. We can argue that the flattening of the specific volume-temperature curves, 
observed at high pressures (Figure 3.15, left), is indeed related to an expansion during the phase 
transition that compensates the thermal contraction upon cooling.  

The influence of the co-unit distribution on the solidification behavior of poly(4M1P-co-1-pentene) 
copolymers is clearly evident when comparing the dilatometric curves of Figures 3.14 and 3.15. For 
the block copolymer, analogously to P4M1P, the pressure required to prevent shrinkage during 
crystallization is rather high, viz. about 1200 bar. On the other hand, when the same amount of co-
unit is randomly distributed over P4M1P chains, the “no-shrinkage-pressure” is dramatically 
reduced to ca. 600 bar, being half the value of the pure homopolymer. Obviously, this difference 
derives from a relevant modification of the 4M1P homopolymer phase diagram as a consequence of 
random copolymerization of 4M1P with 1-pentene. 

 

FFiigguurree  33..1155..  Specific volume of poly(4M1P-co-1-pentene) at 300 bar (grey solid line), 600 bar (black dashed line), 
900 bar (grey dashed line) and 1200 bar (black solid line). Included are WAXD patterns of samples at 300 (top right) 

and 1200 bar (bottom right). 
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33..33..   CCoonncclluussiioonnss  

Both random and block copolymers based on 4M1P and 1-pentene were synthesized using 
{Cp*Zr(Me)2[N(Et)C(Me)N(t-Bu)]} as precatalyst. It appears that when using linear 1-pentene, 2,1-
misinsertions are a serious problem, leaving the catalyst in a dormant state. DSC analysis clearly 
show 1-pentene inclusions in 4MP1 crystals in the case of the random copolymers. HT SEC results 
confirm the formation of the block copolymers by a sequential feed approach. However, they also 
indicate the presence of residual homopolymers that must have terminated before the second 
monomer was added. The samples were analyzed by 13C NMR to access monomer composition. The 
very similar electronic nature of the two monomers made it impossible to go unravel the 
microstructure further than the diad level. As complementary techniques, CRYSTAF and HT 
HPLC were used. Good separation was achieved in HPLC for 1-pentene-rich copolymers, whereas 
CRYSTAF discriminates well between 4M1P-rich copolymers. P4M1P as well as its random and 
block copolymers with 1-pentene were tested by Pressure-Volume-Temperature (PVT) experiments, 
in order to elucidate the volume change upon crystallization of the blocky structures vs. the random 
ones. As expected, under the studied conditions, the blocky structures behave the same as the 
homopolymers (shrinkage upon crystallization), whereas the random copolymers lack contraction 
upon crystallization, under the same conditions.  

33..44..   EExxppeerriimmeennttaall   sseeccttiioonn  

General considerations  
All air and/or water sensitive reactions were performed under an argon atmosphere in oven-dried 
flasks using standard Schlenk techniques or in an MBraun glovebox under nitrogen atmosphere. The 
catalyst {Cp*Zr(Me)2[N(Et)C(Me)N(t-Bu)]} (11) was prepared according to the reported 
procedures13 and the cocatalyst [Ph3C]+[B(C6F5)4]- (TBF20) was kindly provided by N. Friederichs, 
SABIC-Europe. Triisobutyl aluminum (TIBA) and butylated hydroxytoluene (BHT) were 
purchased from Sigma-Aldrich and were used as received. 1-Pentene and 4-methyl-1-pentene were 
purchased from Acros and Fischer Scientific, respectively, distilled and dried over 3 Å molecular 
sieves. Toluene was dried by passing over an Al2O3 column. 

 
Polymerizations  
Once purged several times with nitrogen/vacuum cycles and connected to the temperature 
controller, the reactors were charged with toluene (30 mL), liquid monomer (typically 20 mL, 7300 
eq. 1-pentene, 6.400 eq. 1-hexene, 6300 eq. 4M1P), TIBA as scavenger (247.9 mg, 1.25 mmol) and 
BHT (220 mg, 1.25 mmol) The mixture was stirred for about 45 min at -5 °C, then the TBF20 
cocatalyst (23 mg, 25 μmol) and finally the catalyst (11, 10 mg, 25 μmol; TIBA:BHT:B:Zr = 
50:50:1:1 molar ratio) were injected. The reaction was quenched with ethanol after a set 

h 81CHAPTER 3  

Figure 3.15.

 

 

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page81



 

 

 

 

 

polymerization time. The obtained polymers were precipitated in acidified ethanol, filtered and 
dried under vacuum overnight at 70 °C. 
The blend was prepared by solution mixing in hot toluene followed by precipitation in methanol. 

 
 Characterization 
High temperature SEC analyses were performed using a Waters Alliance GPCV 2000 
chromatograph equipped with three columns (three PL Olexis, 250  8.5 mm, Polymer Laboratories 
Ltd). Samples (1 mg/mL) were eluted with trichlorobenzene at a flow rate of 1 mL/min at 160 °C. 
Linear polyethylene standards (PSS GmbH) with an average molecular weight in the range of 5-
1.500 kg/mol were used for calibration of the SEC columns.  

 
Quantitative NMR spectroscopy of the polymers was performed by the analytical department of 
Borealis Polyolefine GmbH, Linz, Austria and was used to quantify the comonomer content and 
gain insight into the tacticity, regioregularity and comonomer sequence distribution of the polymers. 
Quantitative solution 13C{1H} NMR was performed using a Bruker Advance III 400 NMR 
spectrometer operating at 400.15 and 100.62 MHz for 1H and 13C, respectively. All spectra were 
recorded using a 13C optimized 10 mm selective excitation probehead at 125 °C using nitrogen gas 
for all pneumatics. Approximately 200 mg of material was dissolved in 1,2-tetrachloroethane-d2 
(TCE-d2). This setup was chosen primarily for the high resolution needed for polyolefin 
microstructure quantification.14 Standard single-pulse excitation was employed utilizing the NOE 
and bi-level WALTZ16 decoupling scheme applied to remove the influence of heteronuclear scalar 
coupling.15 A total of 8192 (8k) transients were acquired per spectrum. Quantitative 13C{1H} NMR 
spectra were processed, integrated and relevant quantitative properties were determined from the 
integrals using proprietary computer programs developed at Borealis, Linz. Spectral assignment of 
the spectra was achieved through a combination of comparison to previously reported spectra, 
empirical chemical-shift calculations (ChemDraw, Grant-Paul, Lindermann-Adams16), standard 
NMR experiments (1H, 13C{1H}, DEPT 135, COSY, e-HSQC, HMBC and INADEQUATE) and 
quantitative spectral comparison.  

 
Thermal analysis was conducted using a DSC Q1000 apparatus (TA Instruments). The samples (~ 
4-5 mg) were encapsulated in hermetically sealed aluminum pans and measured at a standard 
heating and cooling rate of 10 °C/min in a nitrogen atmosphere. Prior to recording the cooling and 
heating runs, the samples were held at 260 °C for 5 min to erase thermal history, then cooled at 10 
°C/min to -80 °C. The sample was held at this temperature for 2 min and reheated from up to 260 
°C at 10 °C/min. For the copolymers this maximum temperature was lowered in accordance with 
the amount of 1-pentene (and 1-hexene) that was present in the sample, down to 120 °C for pure 
poly-1-pentene and poly-1-hexene. The reported melting temperatures are the peak temperatures 
obtained from the second melting runs.  
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High temperature HPLC samples were dissolved for 2-3 hours in 2-ethyl-1-hexanol and injected 
into a column Hypercarb, 100  4.6 mm, particle diameter 5 μm (Thermo Scientific), flushed with 
2-ethyl-1-hexanol at 160 °C with flow velocity 0.8 mL/min (98 μL sample or 14 μL sample loop). A 
chromatograph PL GPC 210 (Polymer Laboratories), a quaternary pump (Agilent Technologies) 
and an evaporative light scattering detector (ELSD, model PL-ELS 1000, Polymer Laboratories) 
were used for the HPLC measurements. The pump started to pump three minutes after an injection 
of linear gradient, starting from 2-ethyl-1-hexanol and ending after 10 minutes with 100 % 1,2,4-
trichlorobenzene. After pumping 100% TCB for 2 minutes, a linear gradient from 100 % TCB to 
100% 2-ethyl-1-hexanol in 2 minutes followed and finally 100% 1-decanol was pumped for 20 
minutes (reestablishment of adsorption equilibrium).  

 
CRYSTAF profiles were obtained using a Model 200 apparatus (Polymer Char S.A.). 20 mg of 
sample were dissolved in 40 mL of 1,2-dichlorobenzene. Temperature steps of 0.1 °C/min were used 
in the range 25 °C – 150 °C.  

 
Dilatometric experiments were performed with the Pirouette PVT apparatus developed at 
Eindhoven University of Technology, the Netherlands.17 The device, consisting of a specially 
designed piston-die type dilatometer, enables the study of polymer solidification under processing 
relevant conditions, i.e., high cooling rates and flow fields.18 Ring-shaped samples with an inner 
diameter of 20 mm, a thickness of 0.5 mm and a height of about 2.0 mm, were produced from 
polymer powder using a custom-built mold. The thermal protocol for PVT experiments includes 
annealing the sample at 260 °C for 10 minutes to erase all thermo-mechanical history and 
subsequent cooling to room temperature by natural convection (average cooling rate of 6°C/min), 
after the application of the desired pressure. 

 
X-ray structural characterization: After processing, samples were stored below the glass transition 
temperature to prevent any further structural evolution. Wide-angle X-ray diffraction (WAXD) 
measurements were performed on the PVT rings using a Rigaku diffractometer with Bragg-Brentano 
configuration and an X-Ray wavelength of 1.54 Å. 
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4.1. Introduction  

 

AAbbssttrraacctt   

Stereoblock polypropylenes comprising iPP and sPP segments have been synthesized by 
polymerization of the following binary system of metallocenes: the Cs-symmetric [2,7-t-
Bu2(Flu)2Ph2C(Cp)ZrCl2] and the C2-symmetric rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2, producing 
syndiotactic and isotactic sequences, respectively. The effect of the addition of diethyl zinc (DEZ) in 
the presence of methylaluminoxane (MAO) was investigated, for single catalyst as well as for mixed 
catalysts experiments. It was particularly instructive to compare blends of samples made either by 
each catalyst individually (solution blend) with materials obtained with the mixed catalyst system 
(reactor blend). Thermal properties were investigated by DSC and Successive Self-
nucleation/Annealing (SSA), while WAXD, optical microscopy and TEM gave insight into the 
solid-state morphology. This study shows that the simultaneous presence of MAO and DEZ, 
enhancing fast and reversible transfer of the growing chains between the two active centers, leads to 
the formation of a stereoblock microstructure. In these cases, low molecular weight polymers are 
obtained but they seem to form a rather uniform population of the target stereoblock 
microstructure. The junction between the blocks is qualitatively observed at the heptad level in 13C 
NMR. It was identified that when made in toluene, the stereoblock material consists of a majority of 
syndiotactic sequences, whereas the ratio is more equilibrated when the polymerization was 
conducted in the more polar chlorobenzene. This is confirmed by the results obtained with 13C 
NMR, CRYSTAF, HT HPLC and TEM. The synergistic effect of Al and Zn, as well as 
environmental factors such as solvent polarity, might be advantageously be used to drive the 
formation of desired microstructures. 
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44..11..   IInnttrroodduuccttiioonn  

Despite the already impressive history of polypropylene (PP),1 this world famous polymer 
continues to spark the curiosity of many scientists. Some of the most intriguing members of the “PP 
family” are stereoblock PPs. They are generally sought after because they could act as heterophase 
compatibilizers. For instance, iPP-aPP stereoblock copolymers, besides the quest for elastomeric 
properties, could prevent phase separation at the interface of the crystalline and amorphous domains. 
Similarly, sPP-iPP could serve as compatibilizer in iPP/sPP blends notoriously immiscible with each 
other in the melt. But these nephews of classical PP are still neither easy to synthesize nor to 
characterize. 

As a matter of fact, within the last 20 years, attempts to synthesize stereoblocks, as well as 
homostereoblocks,2 have been burgeoning, both on homogeneous and heterogeneous systems. 
Classical Ziegler-Natta (Z-N) catalysts lead to a blend that contains a certain fraction of stereoblock 
that one can isolate by solvent fractionation. When looking at metallocene type of catalysts, elegant 
examples of unbridged “oscillating” catalysts have been published,3 as well as “dual-side”4 or 
haptoflexible5 catalysts. Binary systems,6 where different active species are mixed, have also been 
examined. So far, no indisputable case of sole formation of stereoblocks was demonstrated and 
blends were obtained in diverse proportions, which generally requires tedious separation procedures 
before analysis can be done and full characterization was doubtfully achieved.  

Very recently, other strategies to build stereoblocks have been explored, such as living polymerization 
(CCTP) with degenerative transfer7 or using the sensitivity of some catalysts to the polarity of the 
solvent2c,8 and/or the monomer pressure.9 They lead to the sole formation of the target material but 
are uneconomical since only one chain per metal center is produced. 

With respect to characterization, these polypropylenes present a considerable analytical challenge.10 
For polypropylenes the method of choice for microstructure characterization is solution 13C NMR 
spectroscopy as this allows direct observation of the stereosequences based upon their different 
chemical shifts. For ideal polypropylene stereoblock systems, a proof of iPP-sPP block junctions is 
possible via stereosequence distribution analysis at the pentad level, with the mmmr, mmrr and mrrr 
pentads only occurring at the block junctions. However, when isolated stereoerrors are also 
considered to be present in both the iPP and sPP blocks, alternate sources for those supposed 
stereoblock junction diagnostic pentads occur, e.g. isolated stereodefects in the iPP blocks would also 
result in mmmr and mmrr pentads. Thus, in order to distinguish between isolated stereodefects 
within the stereoblocks and the block junctions themselves, stereosequence analysis at the heptad 
level is needed. To further complicate matters, regiodefects may also occur in either or both of the 
iPP and sPP blocks. 
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As well as their direct investigation by 13C NMR spectroscopy, stereoblocks may also be indirectly 
investigated via solvent fractionation techniques. It is important to note though that stereoblocks can 
be made from either a non-crystallizable and a crystallizable block or from two crystallizable blocks. 
The former case is more complicated to analyze by 13C NMR since all possible stereosequences are 
expected in comparable amounts, whereas in the latter case the polymers can be isolated more easily 
by precipitation (no soluble fraction) but cannot always be separated by fractionation. Therefore, 
there remains a need for efficient methods to come to convincing conclusions or simply for more 
efficient chemistry. 

Although it is obvious that a higher probability of chain-transfer will result in a higher number of 
stereoblocks, the question remains how to increase chain-transfer in a controlled way. Effective and 
reversible chain transfer is a way to produce more chains per catalytic center, resulting in a more 
economical way to produce the desired architecture. In addition, it can also open the way to new 
architectures (not accessible otherwise), e.g. multi(stereo)block copolymers. Despite the nature of the 
catalysts themselves, this process requires a subtle balance between the chain transfer agent (CTA) 
and other “environmental” factors:10a e.g. solvent and activator type.  

Looking at the literature example of early transition metals, aluminum (Al) and zinc (Zn) are 
typically studied independently as CTA. Recently, Sita et al.11 reported a synergistic effect between 
the two metals. Other examples where both aluminum and zinc were used together have been 
published but with the different scope of studying catalyzed chain growth.12,13  

Zinc has been used in classical Z-N catalysis in order to reduce molecular weight,14 to further 
functionalize15 the obtained materials or to change the comonomer incorporation level.16 Besides, it 
has been proven to be an efficient CTA for metallocenes and has been compared to diverse Al alkyls 
by Brintzinger et al.17 The authors claim that the exchange between Zn and Zr was fast but a 
decrease in the productivity showed that zinc alkyls form rather strong heterodinuclear adducts with 
zirconocene alkyl (polymeryl) cations. The observed transfer can be either reversible or not.18 A 
general kinetic model to investigate the effects of reversibility in chain transfer to metal in olefin 
polymerization was derived by Arriola et al.19 

Independently, several reports on the use of aluminum alone have seen the light. Winter et al.6a 
studied a binary system of metallocenes in different ratios for the synthesis of iPP-aPP stereoblocks 
using TIBA/TBF20 as activator. The effect of supportation6a,20 was also studied. Brintzinger et al.6c 
tackled the tricky case of iPP-sPP (since they cannot be easily separated, only partially by TREF) as 
well as aPP-iPP. A comparison was made between MAO activator and TIBA/TBF20, the latter 
leading to the absence of transfer. Interestingly, the less MAO was used, the more stereoblock was 
formed. Thomann et al.6d also looked into iPP-sPP in the presence of MAO and concluded to have 
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successfully achieved the desired material by using 13C NMR, FT-IR and WAXD. The effect of 
MAO vs. MAO + BHT on chain shuttling by Al was investigated.6e,21 Longer Al alkyls have also 
been explored.22  

Some effort has also been dedicated to the characterization of this type of materials, but paying a 
greater attention to iPP-aPP types of stereoblock copolymers (for their elastomeric properties). 
Studies of mechanical properties have most often been made on fractionated materials,23 since it is 
very difficult to characterize this type of samples otherwise. A few reports of other characterization 
techniques have appeared: one on HT HPLC24 by which technique macromolecules can be separated 
according to tacticity and one on thermal fractionation (Successive Self-nucleation and Annealing, 
SSA) in combination with AFM.25  

In this chapter, the synergistic effect of combining Al and Zn,11 that might result in a more efficient 
formation of stereoblocks, is investigated. Besides, to the best of our knowledge, the use of a binary 
system of metallocenes operating in a homogeneous way in the presence of both Al and Zn, has 
never been reported. In fact, despite the considerable advances in unraveling what happens at the 
molecular level, it is still not fully understood which circumstances favor or suppress the formation 
of stereoblocks. Most importantly, we believe that there is room for improvement and deeper 
understanding in the characterization of (hypothetical) iPP-sPP stereoblocks. As a matter of fact, it is 
not uncommon to obtain somehow conflicting outcomes from different characterization techniques 
(for instance between SSA and CRYSTAF/TREF where different separation mechanisms rule). 
Therefore, a careful comparison of classical techniques (DSC, NMR, WAXD) and more recently 
developed ones (or simply less commonly used, such as SSA) would certainly bring added value.  

The strategy adopted here aims to encourage the formation of stereoblocks by mixing a Cs- and a C2-
symmetric metallocene and to facilitate chain transfer by the addition of zinc in the presence of 
aluminum. For the binary system, the runs in toluene will be compared to the ones in a more polar 
solvent (here, chlorobenzene). To test the validity of our hypotheses and assess the formation of 
stereoblocks, in-depth characterization will be performed using HT SEC, DSC, SSA, 13C NMR, 
CRYSTAF, HT HPLC, WAXD, POM and TEM. 
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44..22..   RReessuullttss  aanndd  DDiissccuussssiioonn  

Two metallocenes were selected for the polymerization of propylene: one syndiospecific Cs-
symmetric (11) and one isospecific C2-symmetric (22) (Scheme 4.1).  

      

SScchheemmee  44..11..  Chemical structures of the metallocene precatalysts used: (11) [2,7t-Bu2(fluo)2Ph2C(Cp)ZrCl2] and (22) 
rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2. 

4.2.2. Polymerizations using a single complex 

Before using them together, the individual response of each catalyst to chain transfer using 
ZnEt2 (DEZ) was investigated in toluene at 30 and 50 °C with MAO as a scavenger at a level of 
1000 eq. (Table 4.1). Polymerization at temperatures higher then 50 °C was deemed not meaningful 
as catalyst 11 (Cs) is rather temperature-sensitive. E.g. at 80 °C the PDI broadened significantly to 3.3 
due to the presence of a low molecular weight component.  

For both catalysts the decrease in molecular weight in response to the addition of DEZ indicated 
that DEZ was acting as a chain transfer agent or chain-transfer mediator as described by Sita et al.11 

The decrease in molecular weight with increased concentration of DEZ was more pronounced for 
the C2-symmetric catalyst 22. Actually, if one calculates the number of chains per zinc, the resulting 
number is very close to 2 for the Sx, whereas it remains below 1 for the Ix. This estimation implies 
that the chain transfer is more efficient for catalyst 11 (Cs) than 22  (C2). For most experiments the 
PDI remained close to 2 with a slight decrease in PDI observed where DEZ was present.  

Thermal analysis by DSC showed that all systems had the expected melting temperatures (Tm) of 
stereoregular PP synthesized using metallocene catalysts, i.e., at best close to 160 °C for iPP and to 
150 oC for sPP (Table 4.1, runs at 30 oC). These Tm values were reduced upon addition of DEZ. It 
should be noted that the typical double melting endotherm was observed for sPP samples and was 
described in the literature.26 It was attributed to the recrystallization of just melted less stable 
crystallites followed by the subsequent melting of the just formed more perfect crystallites. The 
presence of two populations of crystals of different lamellar thickness formed simultaneously during 
crystallization cannot be excluded though. Besides, sPP made at 50 oC in the absence of DEZ 
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underwent cold crystallization: the chains did not crystallize upon cooling but upon (relatively slow) 
heating and subsequently melted during the same cycle. Melting enthalpies ( H) were dependent on 
the polymerization temperature. They increased with a lower polymerization temperature resulting 
in higher stereoregularity, similarly as Tm. For the sPP series, the Tm and the crystallization 
temperature (Tc) were also significantly higher when polymerized at 30 °C instead of 50 °C. 
However, Tm and Tc were affected to a lesser degree when varying the polymerization temperature in 
the iPP series. Upon addition of DEZ, higher Tc and H values (thus crystallinity) were measured 
for both iPP and sPP. This observation may be related to the lower molecular weight of the 
polymers, resulting in an easier crystallization at higher temperatures due to the lower melt viscosity. 

TTaabbllee  44..11..  Propylene polymers polymerized using either catalyst 11 or 22. Reported Tm and Tc were extracted from the 
second heating and cooling runs at 10 °C/min. 

EEnnttrryy  CCaatt ..   TT((°°CC))  ZZnnEEtt22  ((eeqq..))   YYiieelldd  ((gg))  MM nn  ((gg//mmooll))   PPDDII  TTmm  ((°°CC))aa
  HH  ((JJ//gg))   TT cc  (( °°CC))   

SS11  1 30 / 2.73 133,000 2.2 141.2, 147.8 49.6 92.6 

SS22  1 30 40 3.55 57,500 2.0 141.6, 149.6 55.0 94.2 

SS33  1 30 400 4.15 4,300 1.7 140.7, 149.5 74.6 106.8 

SS44  1 50 / 2.90 57,000 2.0 117.8 26.1 48.2b 

SS55  1 50 100 0.92 5,400 2.3 113.3, 128.4 44.0 81.0 

II11  2 30 / 3.81 69,400 3.1 157.6 100.4 113.3 

II22  2 30 50 0.58 6,100 1.7 152.1 109.0 116.6 

II33  2 30 500 0.60 1,300 1.9 140.5 116.5 106.5 

II44  2 50 / 2.06 94,000 2.2 159.6 47.5 111.5 

II55  2 50 100 2.22 3,000 1.8 148.3 113.8 113.0 
Conditions: 75 mL toluene, 3 bar propylene, 1 mmol MAO (1000 eq.), 1 μmol catalyst, 1h.  a)  The DSC thermograms can 

present two endotherms upon heating, b) Cold-crystallization observed upon heating. 

Results of the microstructure analysis by 13C NMR spectroscopy of the samples are shown in Table 
4.2. The results of two representative runs for each catalyst are given. All the Ix and Sy samples were 
polymerized in a similar fashion. For 11,,  reasonably syndiotactic PPs were produced as demonstrated 
by an intense rrrr pentad. Evidence of both isolated stereodefects and regiodefects was also observed. 
These stereodefects could in fact be reversible chain transfer events: since the Cs-symmetric sites are 
enantiotopic (and not homotopic, like in the C2-symmetric case), about 50% of the reversible 
exchanges could lead to the same errors as site epimerization. Obviously, for the C2-symmetric 
catalyst, highly isotactic PP was produced, as represented by a high mmmm content. Again, evidence 
of both isolated stereo- and regiodefects was found but in lower amounts. In particular, the presence 
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Figure 4.2.

 

of a racemic mixture of C2-symmetric species should be detected by the presence of the xmrx pentad 
signature. Nevertheless, this signal is not distinctly intense in the spectra of the homopolymers made 
under these conditions. The presence of iPP-iPP stereoblock will be further addressed in the next 
section. Both for low molecular weight iPP and sPP systems, standard isobutyl end groups were 
observed. Due to their low absolute concentration, regiodefects and end-groups were not quantified 
and their influence on pentads was assumed to be insignificant. 

TTaabbllee  44..22..  Stereosequence analysis at the pentad level of propylene polymers polymerized using either catalyst 11 or 22. 

EEnnttrryy  mmmmmmmm  mmmmmmrr  rrmmmmrr  mmmmrrrr  xxmmrrxx   mmrrmmrr  rrrrrrrr   mmrrrrrr  mmrrrrmm  

SS11  0.0 0.0 0.8 1.6 1.1 0.4 91.0 5.2 0.1 

SS22  0.0 0.0 0.8 1.8 1.3 0.4 90.0 5.5 0.2 

II11  98.4 0.5 0.0 0.3 0.4 0.2 0.0 0.1 0.1 

II22  97.1 1.8 0.1 0.4 0.2 0.0 0.3 0.0 0.1 
 

Recent advances in both CRYSTAF and TREF have demonstrated the ability to differentiate 
between sPP and iPP, with aPP eluting at room temperature as it is unable to crystallize. Despite 
their resolving power, none of these techniques allows discrimination between different degrees of 
tacticity i.e., mmmm content. Recent advances by T. Macko et al.27 have shown that high-
temperature HPLC (HT HPLC) using a Hypercarb column can separate polypropylenes according 
to tacticity (Figure 4.1). These advanced methods were applied to the polymers described in this 
work. 

  

FFiigguurree  44..11..  Demonstration of tacticity-based separation using a) CRYSTAF and b) HT HPLC on model polymers. 
Unpublished data from Dr. T. Macko. 
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When produced in the absence of DEZ, sPP eluted in CRYSTAF as a sharp peak (Figure 4.2). sPP 
obtained in the presence of DEZ yielded an additional fraction that eluted at room temperature, 
identically to Figure 4.1. This extra feature indicates the presence of a chemically distinct 
compound, either exhibiting a different microstructure (aPP) or molecular weight. In general, if Mn 
> 6 kg/mol, CRYSTAF does not depend on the molecular weight anymore but most samples shown 
in Figure 4.2 have a molecular weight lower than this limit. Besides, due to its relatively low 
crystallization temperature under these conditions (30-47 °C) it is also possible that part of the sPP 
simply remained soluble to some extent below 30 °C. In contrast, the iPP always eluted as a single 
component, and only shifted towards a higher crystallization temperature upon addition of DEZ. It 
has be considered that these results cannot be directly related to the DSC data presented in Table 
4.1, since in one case, the crystallization takes place in bulk at a faster cooling rate whereas in the 
other it occurs from dilute solution at a much lower cooling rate.   

 

FFiigguurree  44..22..  CRYSTAF profiles of iPP and sPP polymerized in the presence and absence of DEZ (Indicated as Zn in 
the figure). 

In HT HPLC, both aPP and sPP are expected to be fully adsorbed onto the column when 1-decanol 
is used as eluent. Low molecular weight iPP is not retained at all and eluted from the column in 1-
decanol (Figure 4.1), whereas higher molecular weight iPP is adsorbed. All absorbed polymers are 
then desorbed after addition of trichlorobenzene (TCB) to the mobile phase, i.e., after the start of 
the gradient from 1-decanol to TCB. iPP is eluted at the lowest concentration of TCB in the mobile 
phase, while the desorption of aPP requires a higher concentration of TCB. sPP is desorbed as the 
last component. Since both types of blocks do not have the same interactions with the stationary 
phase, it is not straightforward to predict how an iPP-sPP stereoblock sample would elute. The 
adsorption behavior is very much dictated by the microstructure and could also be dominated by 
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Table 4.3. 1 2

 

 

one of the blocks, instead of simply eluting between the peaks of pure iPP and sPP (i.e., between 6.3 
and 7.5 mL, Figure 4.1b).  

 

FFiigguurree  44..33..  HT HPLC profiles of iPP and sPP polymerized in the presence and absence of DEZ (Indicated as Zn). 

A similar absorption behavior was obtained for the homopolymer synthesized here with a single 
catalyst and the reference material previously presented (Ix and Sy, Table 4.1). I1, high molecular 
weight iPP, eluted in two peaks whereas I5, having a low molecular weight, eluted in only one peak. 
In Figure 4.3, the only difference between our homopolymers and the reference samples presented in 
Figure 4.1 is that for the sPP produced in the presence of DEZ (S3), a shoulder at lower elution 
volume is observed. This feature may be explained by some possible microstructure heterogeneity or 
molecular weight related effects, since unfortunately at smaller Mn values the molecular weight does 
have an influence on the elution volume.  

To summarize so far, both catalysts showed a clear response to the addition of DEZ, as 
demonstrated by a sharp decrease in molecular weight. In this case, low molecular weight stereo- and 
regioregular iPP and sPP were obtained. The characteristics of the materials (DSC, 13C NMR, 
CRYSTAF, HT HPLC), synthesized in the absence or presence of DEZ with one catalyst at a time, 
can be used as reference in the rest of the study. 

4.2.2. Polymerizations using two complexes 

With an understanding of the influence of DEZ on the polymers produced by the individual 
complexes presented in the previous section, the investigation now addresses the polymers produced 
by mixtures of the two complexes. In particular, we will focus on the question of enhanced polymer 
exchange between the different active centers of the two complexes, mediated by the presence of 
zinc, thus targeting the formation of iPP-sPP stereoblocks in a similar way as utilized in the elegant 
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shuttle chemistry of the Dow Chemical Company.28 As in the study of the single complexes, 
polymerization was performed at 30 and 50 °C, with either MAO alone or with MAO and DEZ 
(Table 4.2). Polymerization was undertaken in toluene and additionally in chlorobenzene (CB). In 
fact, the use of a more polar solvent is expected to promote better separation of the ion pair (between 
the active cationic site and the non-coordinating anion) and to yield more efficient chain transfer.2c 
However, it is also expected that yields will be significantly lower when using CB as a solvent due to 
partial poisoning of the catalyst.  

  

TTaabbllee  44..33..  Propylene polymers obtained using both catalysts 11 and 22 in a 50/50 mixture. Reported Tm and Tc values 
were extracted from the second heating and cooling runs at 10 oC/min. 

Entry T (°C) Solvent ZnEt22  (eq.)  Yield (g) M nn (g.mol) PDI Tmm  ( °C)a T cc  ( °C)a 

IS1 30 tol / 3.57 102,200 2.0 136.7, 145.0, 154.9 98.2, 111.8 

IS2 30 tol 100 2.11 4,300 1.9 136.7, 145. 3 87.1, 102.8 

IS3 30 CB 50 0.20 3,800 1.6 / 40.2b 

IISS44  50 CB 100 0.70 1,000 1.5 132.7/ 140.4 101.0 
Conditions: 75 mL toluene, 3 bar propylene, 1 mmol MAO (1000 eq.), 1 μmol catalyst, 1h.  a) The DSC thermograms can present 

several endo- and/or exotherms upon heating or cooling, respectively, b) Cold-crystallization observed upon heating. 

In line with the previous section, even in the presence of DEZ the PDI remained around 2 in 
toluene whereas lower values emerged from the polymerizations in CB. For IS1 in toluene a broader 
PDI could have been expected if both catalysts alone would yield clearly different molecular weights 
but it is not the case here. A lower PDI for the runs in CB is in good agreement with a more efficient 
chain transfer. As expected with increased DEZ concentration, the molecular weight decreased. For 
the two polymerizations carried out in toluene, assuming 100% activation, 34 and 490 chains/metal 
center were calculated in the absence and presence of DEZ, respectively. In toluene, the yields were 
comparable to the ones obtained when the catalysts are used alone. However, a significant drop in 
yield was visible in CB, most likely due to poisoning of the catalysts.  
 
To investigate in depth the possible formation of iPP-sPP stereoblock PP, a wide variety of analytical 
techniques was employed and is described below. For comparison purposes in this microstructural 
elucidation, simple blends of the individual materials (iPP and sPP made with a single complex, 1:1 
by weight) were prepared by solution blending. They will be referred to as solution blends as 
opposed to reactor blends when the two catalysts were mixed during polymerization. It is worth 
noting that, as much as possible, the comparison will be established between groups of materials of 
comparable molecular weights: 1) high molecular weight species, IS1 vs. blend S1 + I1 and 2) low 
molecular species IS2 vs. blend S3 + I5. In addition, the influence of the solvent can be estimated by 
comparing IS2 vs. IS4, synthesized in toluene and chlorobenzene, respectively. It was decided to 
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select IS4 instead of IS3 due to the very low amount of IS3 that was obtained, although it is fair to 
note that IS4 has a comparatively lower molecular weight than IS2. 

The crystal structures of the selected samples were investigated by WAXD (Figure 4.4). As 
introduced in Chapter 1 (page 19), iPP and sPP have a complex polymorphic  behavior. This means 
that different crystalline forms can be detected depending on the types and amounts of defects in the 
chains and the mechanical and thermal histories of the samples. Overall, the X-ray diffraction 
patterns show the presence of crystals corresponding to both iPP and sPP crystals. All the samples 
bear sequences that are long enough to crystallize, which could confirm the hypothesis of the 
stereoblock microstructure (but this would also be the case in blends). 

 
FFiigguurree  44..44..  WAXD patterns of selected samples. The diagnostic reflection of (130)  of iPP at 2  = 18.6 ° is indicated 

by the solid arrow,29 the reflection of (020)I of sPP is showed by the dashed arrow at 2  = 15.8 °.26a 
 
The diffraction peak at 2  = 12o, observable for all samples except the one synthesized in CB (IS4), 
indicates that the presence of crystallizable syndiotactic sequences.30 In particular, the reflection at 2  
= 15.8 o indicates the formation of cell I (110) of sPP, which is the most stable one. Only the sample 
made in CB shows a predominantly isotactic structure. From the catalyst point of view, this could be 
explained by an intensified site-epimerization or a more reversible chain transfer of the Cs-symmetric 
catalyst in a more polar solvent. 

When looking at the iPP reflections, all the diffraction profiles seem to correspond to the  phase as 
confirmed by the diagnostic reflection at 2  = 18.6o of the (130) . This is consistent with the fact 
that relatively long isotactic sequences are expected, promoting the formation of the  form.29  On 
the other hand, if shorter isotactic blocks were present, the  form could be obtained upon 
crystallization from the melt, lowering the observed melting temperature in DSC. Structural analysis 
can be used as an indirect tool to probe the average length of isotactic sequences, and hence the 
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degree of segregation of defects.31 This would require further investigation in this particular case, i.e., 
controlled crystallization studies, as the WAXD patterns were performed on as-prepared samples, 
which due to time constraints was not done. 

In all cases, when comparing the DSC thermograms of Figure 4.5, several endotherms are present. 
Beyond the obvious simultaneous presence of sPP segments that melt at lower temperature than the 
iPP ones, those multiple endotherms can have several origins that will be briefly mentioned. First,  
different crystal sizes can contribute to this observation, due to the presence of different amount of 
disorder (defects) in the crystalline phase, giving rise to a broad distribution of crystallizable iso and 
syndiotactic segments. Second, the presence of several polymorphs, mentioned above, could be in 
involved, although it seems that only one crystal modification per type of polymer was observed in 
WAXD. Of course, the melting and recrystallization of crystallites might also result in multiple 
endotherms. Finally, differences in molecular weights could be considered but those can be excluded 
amongst the two sets of samples displayed in Figures 4.5a and 4.5b (high vs. low molecular weight, 
respectively).  

In Figure 4.5a, slightly higher Tms are observed when the catalysts are mixed (blend S1 + I1 opposed 
to IS1) in the absence of DEZ. In contrast, for the lower molecular weight polymers (blend S3 + I5 
compared to IS2 and IS4) the Tms are simply shifted to lower temperatures when the catalysts are 
mixed, with the number of peaks unchanged. Those shifts can be attributed to the presence of 
shorter sequences. Such a decrease in melting temperature could either indicate the presence of 
stereoblocks with shorter crystallizable sequences, or it could imply that the iPP-sPP junctions 
hamper the crystallization of the respective blocks. The Tm was further lowered through the use of 
CB (IS4) as solvent and the shape of the peak seems indicative of a narrower distribution of lamellar 
thicknesses, giving only a small high melting endotherm instead of several distinct endotherms. 
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Figure 4.7.  

 

 

FFiigguurree  44..55..   DSC thermograms of the second heating and cooling runs at 10 °C/min of a) higher molecular weight and 
b)  lower molecular weight iPP/sPP solution blend (S3 + I5) and presumed iPP-sPP stereoblock via DEZ-mediated 

polymerization in toluene (IS2) and CB (IS4).  

With DSC not always being conclusive for these complex systems, clarification may be obtained 
through thermal fractionation via successive self-nucleation annealing (SSA). When SSA experiments 
of the solutions blends are compared to the mixed catalysts system, clear differences arise (Figure 
4.6).  

 
FFiigguurree  44..66..  SSA thermographs of selected samples: the solution blends and the mixed catalysts systems (ISx). 

 
The SSA heating curves demonstrate that the microstructure is affected by the presence of DEZ 
during polymerization. The effect is accentuated with the annealing step in SSA, thus isothermal 
crystallization. It may also be concluded that irreversible transfer does not occur, as this would result 
in just shorter chains with similar microstructures and thus comparable SSA traces. It is worth 

a) b) 
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noting that the high melting endotherm in the blend S3 + I5 is absent in IS2 and IS4, which can be 
accounted for shorter stereoregular sequences in the latter. This feature is even more pronounced for 
IS4, confirming the hypothesis that in a more polar solvent better ion separation promotes chain 
transfer, leading to shorter blocks or possibly more defective ones.  

With still no indisputable proof for the successful synthesis of iPP-sPP stereoblocks gained by 
thermal analysis, CRYSTAF and HT HPLC were subsequently employed. With respect to 
CRYSTAF, when both catalysts were used in the absence of DEZ, or when both were independently 
produced and solution blended, two distinct peaks were observed (Figure 4.7). In contrast, when 
polymerized in the presence of DEZ the polymer produced resulted in a single major elution at 45 
°C, with a minor shoulder at 60 °C. This proves that when polymerized in the presence of DEZ the 
two complex systems produced one population of macromolecules, i.e., those suspected to be iPP-
sPP of the stereoblock type. Nonetheless, the relatively low crystallization temperature suggests a 
predominantly syndiotactic microstructure. 

 

FFiigguurree  44..77..   CRYSTAF profiles of low molecular weight solution blend (S3 + I5) and reactor blend with DEZ (IS2) 
and without DEZ (IS1) in toluene and (IS4) with DEZ in CB. DEZ is indicated as Zn. 

HT HPLC results show similar characteristics (Figure 4.8). When the polymers are synthesized in 
the absence of DEZ, as expected three peaks were detected (two for iPP and one for sPP). The 
blends show a similar pattern, although the peaks at high elution volume somehow overlap for the 
low molecular weight blend. Remarkably, the peak around 6 mL, i.e., at intermediate elution 
volume, was completely absent for materials made in toluene in the presence of DEZ (IS2).  

 

h 101CHAPTER 4  

Figure 4.5.  
 

Figure 4.6.

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page101



Scheme 4.2.

 

 
 

FFiigguurree  44..88..  HT HPLC chromatograms of low (S3 + I5) and high (I1 + S1) molecular weight solution blend and 
reactor blend with DEZ (IS2) and without DEZ (IS1) in toluene and (IS4) with DEZ in CB. DEZ is indicated as Zn. 

 

Like in CRYSTAF, the absorption of this stereoblock seems slightly dominated by the sPP segments 
(main elution peak around 7.5 mL). Importantly, the reactor blend produced in CB (IS4) that did 
not crystallize during CRYSTAF analysis eluted in HPLC, like an iPP. This is in line with the 
predominantly isotactic structure also observed by WAXD and 13C NMR (vide infra, Table 4.4). In 
principle, an absolute proof that a true iPP-sPP stereoblock PP was created with the binary system of 
the two catalysts and DEZ is only possible by 13C NMR spectroscopy. However, due to the 
knowledge that both complexes also produce isolated stereodefects, stereosequence analysis at the 
pentad level does not allow distinction between the stereoblock junctions and the isolated 
stereoerrors in either the iPP or sPP blocks. This statement is illustrated in Scheme 4.2, where the 
expected microstructural elements and corresponding n-ads are depicted. In addition to the iPP-sPP 
stereoblock junction (C2 to Zn to Cs or Cs to Zn to C2) the iPP-iPP stereoblock junction also has to 
be considered (C2 to Zn to C2). 

The following pentads are expected for the iPP-sPP block junction: mmmr, mmrr, mrrr. However, 
mmmr and mmrr also occur for isolated stereodefects in iPP along with mrrm. Similarly mrrr, mmrr 
also occur for isolated stereodefects in sPP along with rmmr. The back skip-mechanism (or site 
epimerization) in sPP also results in mrrr and rmrr (xmrx) pentads. For the iPP-iPP block junction 
the following pentads are anticipated: mmmr, mmrm (xmrx). Knowing this, only limited analysis of 
iPP-iPP or iPP-sPP stereoblock structure can be undertaken at this level.  
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SScchheemmee  44..22..  Relevant microstructure elements and associated n-ad sequences, where ES and BS represent isolated 

defects related to enantiomorphic site control mechanism and to chain back-skip mechanism, respectively. 
 

In contrast, going further into the mmrr centered heptads would allow for the distinction between 
isolated stereodefects in iPP (mmrr + mmmrrm), isolated stereodefects in sPP (mmrr + rmmrrr) and 
iPP-sPP stereoblock junctions (mmrr + mmmrrr). In fact, the iPP-sPP block junction has the unique 
diagnostic mmmrrr heptad, which is not present in other microstructural elements (Scheme 4.2). 
Similarly the iPP-iPP block junction has the unique diagnostic mmmrmm heptad. 

Ideally, these materials should be analyzed at higher field leading to higher spectral resolution, as it is 
typically the case for heptad level analysis of polypropylenes. This is not possible with routine 
measurements though. To overcome this problem, non-standard signal-processing can be applied in 
order to accentuate resolution at the expense of line-shape. Although heptad distribution 
quantification would be theoretically feasible, standard equipment does not provide sufficient 
resolution which is required to provide valid results by complex deconvolution-based stochastic 
models. Therefore, the proof is limited to identification via qualitative detection of diagnostic 
heptads (Figure 4.9). 
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Table 4.4. 1 2

   

Figure 4.10.

 

 

FFiigguurree  44..99..  Full scale (left) P  region, (middle) methyl region and (right) mmrr region of the 13C NMR spectra of 
solution and reactor blends and reference iPP and sPP. 

 
 

This being said, evidence of all expected structures (Scheme 4.2) is visible from the pentad 
distribution of the blocky systems presented in Table 4.4. Significant amounts of defects in some of 
the samples does not hamper the ability of these materials to crystallize (e.g. IS4), indicating the 
formation of stereoblock microstructures. For this sample, the qualitative iPP-sPP stereojunction is 
the clearest (Figure 4.9, right).  

Importantly, it can be confirmed that predominantly syndiotactic systems were formed, with only 
IS4 revealing a more isotactic backbone. This feature is well in line with the outcome of the 
CRYSTAF analysis, especially for IS2, for which the ratio of rrrr/mmmm is about 4/1. Different 
rates of chain transfer between the Cs- and C2-symmetric catalysts could explain this finding, as 
already mentioned above. Indeed, the decrease in molecular weight is more pronounced with the C2-
symmetric catalyst, which is possibly more prone to reversible transfer and thus gives rise to shorter 
blocks. Another explanation could be an increased termination for the Cs-symmetric catalyst, leading 
to a fraction of chains with no isotactic segment. However, this seems to be ruled out by CRYSTAF 
analysis that shows the presence of only one population of macromolecules for each ISx sample. 
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TTaabbllee  44..44..  Stereosequence analysis at the pentad level of propylene polymers, polymerized using either catalyst 11 or 22. 

EEnnttrryy  mmmmmmmm  mmmmmmrr  rrmmmmrr  mmmmrrrr  xxmmrrxx mmrrmmrr  rrrrrrrr   mmrrrrrr  mmrrrrmm  

IISS11  26.7 0.4 0.7 1.6 1.8 0.3 63.5 4.8 0.3 

IS2 17.2 0.7 0.8 1.6 1.7 0.4 70.2 7.2 0.3 

IISS33  1.8 0.7 1.3 3.1 16.1 2.4 52.9 20.8 0.9 

IS4 41.0 3.6 2.3 3.7 14.4 4.8 13.8 14.5 1.9 
 

Subsequently, the morphology of the materials was investigated to corroborate the differences 
already observed between the solution blends and reactor blends. Optical microscopy was resorted to 
in order to study the shapes and sizes of the spherulites formed upon crystallization. Preliminary 
observation was performed by applying a thermal history similar to DSC. The samples were heated 
up to 180 °C at a rate of 50 °C/min, annealed for 3 min, then cooled down to room temperature at 
10 oC/min. The resulting images are presented in Figures 4.10 and 4.11. 

When considering the high molecular weight samples, viz. blend I1 + S1 and IS1, similar ill-defined 
morphologies were formed as obtained upon cooling from the melt at 10 oC/min (Figure 4.10). 
After isothermal crystallization at 140 oC, apparent macrophase separation was obtained in both 
cases, as expected for (solution and reactor) blends of relatively high molecular weight iPP and sPP. 

       

FFiigguurree  44..1100..  Optical micrograph of the blend S1 + I1, obtained after the following thermal history: heated up to 180 
oC (at 50 oC /min, held for 6 min) then quenched to 140 oC (at 30 oC /min), held for 20 min to allow slow 

crystallization and then cooled down to RT at 10 oC /min. An identical picture was obtained for IS1. 
 
On the other hand, the low molecular weight species all displayed spherulitic morphologies upon 
crystallization from the melt at 10 oC/min, although spherulites with very different shape and size 
were obtained. This observation can be correlated to the presence of different amounts and 
distribution of defects. The biggest spherulites were formed in the solution blend S3 + I5, whereas 
for IS2 (binary reactor system in the presence of DEZ), only relatively ill-defined microspherulites 

S1 + I1 

h 105CHAPTER 4  

Figure 4.9.

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page105



were present. IS4, of lower molecular weight, had a needle-like morphology, sometimes obtained in 
very low molecular weight iPP. Even after annealing (for 2h at 140 oC), no macro/microphase 
separation occurred in any of those samples.  

    

FFiigguurree  44..1111..  Optical micrographs obtained after cooling at 10 oC/min from the relaxed melt (6 min at 180 oC).The 
scale bars are all 50 μm. 

 
The spherulitic growth rates of blend S3 + I5 and IS2 were evaluated. At 140 oC, the growth rate of 
the blend was measured to be ~0.011 μm/s, a value two times higher than the one of IS2, which was 
estimated to be ~ 0.0069 μm/s. This result indicates that the chains of the reactor blend are 
hampered in their crystallization. The resulting morphologies are displayed in Figure 4.12. This 
finding is coherent with a blocky microstructure where the covalently bonded blocks hamper each 
other’s crystallization.  

 

FFiigguurree  44..1122..  Optical micrographs obtained after annealing for 2 h at 140 oC, being the same thermal history as used 
for Figure 4.10. The scale bars are 50 μm. 

  
Finally, the morphology of two samples was studied further by Transmission Electron Microscopy 
(TEM). Since no microphase separation was observed in the case of the low molecular weight 
samples (nor for the solution, nor for the reactor blend) and although they displayed different 
morphologies in POM, an examination at smaller length scale by TEM was of interest.  

 

S3 + I5 IS2 IS4 

S1 + I1 IS2 
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Figure 4.12.
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Figure 4.12.
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In order to favor possible phase separation, the same isothermal crystallization as in POM was 
applied (2 h at 140 oC). The amorphous regions appear dark whereas the crystalline areas appear 
white, due to the applied RuO4 staining. The TEM pictures mirror some diversity in the samples 
depending on which specific areas are under observation. Tentatively, representative images are 
presented below (Figure 4.13, 4.14 and 4.15). For the solution blend S3 + I5, a two-phase 
morphology is clearly distinguishable in a 50/50 ratio (darker lamellar morphology vs. lighter phase). 
One phase ([A]) is consistent with sPP homopolymer.32 The lighter one, [B], can be identified as a 
characteristic iPP morphology with shorter lamellae, in which the typical cross-hatching could be 
observed. These results are well in line with what was observed by Thomann et al. by using AFM on 
comparable blends.6d The presumed stereoblock sample, IS2, displays a main morphology that is 
consistent with sPP lamellae ([C]), which is consistent with [rrrr] = 70.2 % (Table 4.4). A second 
phase is visible in some domains though ([D]), where possibly the iPP chains seem to be constrained 
to grow according to a different morphology. The angle formed with the sPP lamellae is obviously 
contrasting with the one observed in the solution blend (Figures 4.13 and 4.14, right). In the blend, 
the isotactic crystals grow as edge-on lamellae at the lateral side of the syndiotactic ones.33 This is the 
case in IS2 and could lend additional support to the presence of covalently bound iPP and sPP 
segments, forcing the iPP chains to accommodate in a peculiar way in a mainly syndiotactic matrix. 
 
Last, IS4, for which the sPP reflections are absent in the WAXD pattern, shows a very different 
morphology (although displayed on a slightly larger scale in Figure 4.15). The dark phase ([E]), 
under identical staining conditions as the other two samples, was much more penetrated than [A] 
and [C], and it was even partially destroyed by overstaining. However, the thin lamellae that were 
found there were identified as being sPP. On the other hand, the lighter phase ([F]) was recognized 
to be iPP, confirmed in some areas by the typical cross-hatching. In this sample of rather sticky 
appearance, it was calculated that [mmmm] = 41.0 % and [rrrr]= 13.8 % only (Table 4.4), which is 
in agreement with the presence of a very soft phase (amorphous). It is remarkable how the boundary 
between the domains is much more ill-defined than in the other two cases. This observation could 
be explained by the presence of a stereoblock at the interface: the more compatible the domains are, 
the broader the interface.  
 
These intriguing findings obviously require further investigation to identify the nature of each 
domain. Alternatively, crystals could be grown from solution and analyzed by transmission electron 
diffraction to gain more insight into the crystal packing. 

 
 
 

h 107CHAPTER 4  

Figure 4.11.

Figure 4.12.

 

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page107



4.3. Conclusions 

4.4. Experimental Section 

1
  2 

 

 
  

FFiigguurree  44..1133..  TEM images of the blend S3 + I5, annealed for 2h at 140 oC under N2.  
 

  
  

FFiigguurree  44..1144..  TEM images of the stereoblock IS2 annealed for 2h at 140 oC under N2.  
 

     
 

FFiigguurree  44..1155..  TEM images of the stereoblock IS4 annealed for 2h at 140 oC under N2.  
 

S3 + I5 S3 + I5 

IS2 IS2 

[A] 

[B] 

[D] 

[C] 

IS4 IS4 

[F] 

[E] 

108 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page108



 

44..33..   CCoonncclluussiioonnss   

Coordinative chain transfer polymerization (or more accurately, chain shuttling polymerization) 
was investigated for the formation of PP stereoblock copolymers using a binary system of 
metallocenes exhibiting different stereoselectivities. Standard reaction conditions were selected in 
order to study the influence of the presence vs. absence of diethyl zinc (DEZ), as well as the effect of 
a more polar solvent on the chain transfer. Low molecular weight iPP-sPP stereoblocks were 
obtained upon addition of DEZ and clear proof of such microstructure was obtained by a 
combination of techniques. In fact, clear differences between reactor blends (mixed catalysts) and 
reference solution blends (of single catalysts) emerge. The main achievement of the present study is 
that the addition of DEZ leads to the quasi-sole formation of stereoblocks (one population) as 
demonstrated e.g. by the CRYSTAF profiles. Importantly, the mmmrrr heptad corresponding to the 
iPP-sPP junction is qualitatively visible in the 13C NMR spectra in these cases. However, due to the 
differences in rate of chain transfer and/or termination between the selected catalysts, more 
syndiotactic sequences than isotactic ones were obtained, or at least longer syndiotactic segments. 
Additionally, the hypothesis of the presence of stereoblock structures is confirmed by the relatively 
high crystallinity despite the high concentration of defects calculated by pentad analysis in 13C 
NMR. The impact of such a complex microstructure on the physical properties definitely deserves 
further investigations.  

44..44..   EExxppeerriimmeennttaall   SSeeccttiioonn  

General considerations 

All syntheses and manipulations of air- and moisture-sensitive compounds were carried out in oven-
dried Schlenk-type glassware on a dual manifold Schlenk line, a vacuum line (typically 1-100 mbar), 
or in a nitrogen-filled glovebox (typically <1.0 ppm of oxygen and moisture). 

Materials 

Toluene (Merck) was purified by passing over beds with BTS catalyst followed by molecular sieves 
(3 Å) and Selexsorb CD (BASF). Chlorobenzene (CB, Aldrich) was purified by passing over Al2O3. 
ZnEt2 (DEZ, Aldrich) and MAO (10 wt % Al, Chemtura) were obtained commercially and used 
without further purification. Catalyst 11 [2,7-t-Bu2(Flu)2Ph2C(Cp)ZrCl2] was purchased from 
MCAT (Germany), while  catalyst  22  [ rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2 ] was kindly donated by 
Borealis. The following reference samples for CRYSTAF and HT HPLC were used: the aPP (Mw = 
315 kg/mol, PDI = 2.6) was provided by Dr. I. Mingozzi (LyondellBasell, Ferrara, Italy), the sPP 
(Mw = 196 kg/mol, PDI = 2.4) was obtained from Sigma-Aldrich (Munich, Germany) and the iPP 
(Mw = 200 kg/mol, PDI = 2.9) was ordered from PSD Polymers (Linz, Austria).  
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Polymerization 

All polymerizations were carried out in stainless steel PREMEX autoclaves, mounted on a semi-
automated polymerization platform. The autoclaves had an internal volume of 125 mL and the 
reactors were equipped with a mechanical stirrer (impeller), operated at 250 rpm. Reactors were 
dried by 4 cycles of nitrogen (10 min) and vacuum (5 min) with a jacket temperature of 130 °C.  
When using toluene (75 mL), the solvent was dosed into the autoclave via a burette. In contrast, 
chlorobenzene was fed externally via the injector. The temperature was set to the desired value and 
when stabilized, propylene was then dosed into the reactor via Bronkhorst mass flow controllers. The 
pressure was set at 5 bars (3 bars partial monomer pressure). After stirring the contents of the reactor 
for 1 h MAO (1 mmol, 1000 eq. in 5 mL of toluene) and subsequently catalysts (1 μmol in total in 
5 mL of toluene) were injected into the reactor via nitrogen overpressure. The pressure set point of 
the reactor was automatically adapted to keep the same partial monomer pressure. The reactor 
temperature was kept at the set point within 1 °C by electrical heating and cooling with process 
water. After 1 h, the reactor was vented and the mixture poured into a large volume of acidified 
ethanol, filtered and dried to constant weight at 70 °C under vacuum.   

Solution blending 

The desired amounts of both samples (1:1 by weight) were dissolved in 150 mL toluene at 110 °C in 
a round bottom flask equipped with a reflux condenser, under a nitrogen atmosphere. After 
complete dissolution, the mixture was precipitated in a large amount of cold methanol, filtered and 
dried to constant weight at 70 °C under vacuum.  

Characterization 

High temperature SEC analyses performed to determine the molecular weight were carried out on a 
Waters Alliance GPCV 2000 chromatograph equipped with three columns (three PL Olexis, 250  
8.5 mm, Polymer Laboratories Ltd). Samples of 1 mg/mL concentrations were eluted with 
trichlorobenzene at a flow rate of 1 mL/min at 160 °C. Linear polyethylene standards (PSS GmbH, 
Mainz, Germany) with an average molecular weight in the range of 5-1.500 kg/mol were used for 
calibration of the SEC columns.  

Thermal analysis was conducted using a TA Instruments DSC Q1000. Approximately 4-5 mg of 
polymer were encapsulated in hermetically sealed aluminum pans and measured at a standard 
heating and cooling rate of 10 °C/min in a nitrogen atmosphere. Prior to recording the cooling and 
heating runs, the samples were held at 185 °C for 5 min to erase thermal history, then cooled at 10 
°C/min to -20 °C. The sample was held at this temperature for 2 min and reheated from up to 180 
°C at 10 °C/min. The reported melting temperatures are those obtained from the second heating 
(but may display several melting/crystallization peaks). 
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Thermal fractionation was undertaken according to the SSA procedure34 using a Mettler Toledo 820 
device. The initial crystalline state was created by melting 3 mg of sample at 160 °C, holding for 5 
min to allow relaxation and then cooling to 20 °C at a rate of 10 °C/min. Successive seeding and 
annealing steps were then subsequently applied covering a temperature range of 130 to 80 °C in 5 
°C steps. The melting behavior of the thermally fractionated sample was then finally recorded using 
a heating rate of 10 °C/min. 

The chemical composition distribution was investigated using the CRYSTAF procedure with a 
Polymer Char Model 200 device. Approximately 20 mg of sample was dissolved in 40 mL of 1,2-
dichlorobenzene. The crystallization profiles were recorded between 25–150 °C at 0.1 °C/min.  

High temperature HPLC was used to investigate the chemical composition distribution of the 
polymers. Samples were dissolved in 2-ethyl-1-hexanol for between 2-3 h and injected onto a 
Hypercarb column (100  4.6 mm, particle diameter 5 °m, Thermo Scientific) flushed with 2-
ethyl-1-hexanol at 160 °C at a flow velocity 0.8 mL/min (98 ° L sample loop). For all HPLC 
measurements, a Polymer Laboratories Chromatograph PL GPC 210 system using a quaternary 
pump (Agilent Technologies) and a Polymer Laboratories PL-ELS 1000 evaporative light scattering 
detector (ELSD) were used. Three minutes after starting to pump, a linear gradient of 1-decanol and 
1,2,4-trichlorobenzene (TCB) was generated starting with 1-decanol and ending with pure 1,2,4-
trichlorobenzene after 10 mins. After pumping with pure TCB for 2 minutes, a further linear 
gradient from pure TCB to pure 2-ethyl-1-hexanol was undertaken over 2 minutes. Finally the 
adsorption equilibrium of the column was re-established by pumping with pure 1-decanol for 20 
minutes.  

Wide-angle X-ray diffraction (WAXD) was used to study the morphology. All measurements were 
performed directly on the powders using a Rigaku diffractometer with Bragg-Brentano configuration 
and an X-Ray wavelength of 1.54 Å. 

Polarized optical microscopy was perfomed to further study the morphology. Before applying the 
right thermal history, samples were prepared by compression molding a small amount of each 
material between two glass slides at 180 °C for 30 s and subsequent quenching in air. Optical 
micrographs were taken in polarized transmission mode with an Zeiss LM Axioplan optical 
microscope equipped with a Zeiss Axiocam camera and Linkam THMS 600 hot stage. Optical 
micrographs were obtained on samples with different thermal histories.  

The samples for Transmission Electron Microscopy (TEM) were trimmed at low T (-100 °C) and 
subsequently stained for 24 hrs with a RuO4-solution prepared according to Montezinos et al.35 
Ultrathin sections (70 nm) were obtained at -100°C using a Leica Ultracut S/FCS microtome. The 
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sections were put on a 200 mesh copper grid with a carbon support layer. The sections were 
examined in a Tecnai 20 transmission electron microscope, operated at 200 kV. 

13C NMR spectroscopy was used to investigate the polymer microstructure with respect to stereo- 
and regioregularity. All NMR spectroscopy was performed within the analytical department of 
Borealis Polyolefine GmbH, Linz. Quantitative 13C{1H} NMR spectra recorded in the solution-state 
using a Bruker Advance III 400 NMR spectrometer operating at 400.15 and 100.62 MHz for 1H 
and 13C respectively. All spectra were recorded using a 13C optimized 10 mm selective excitation 
probehead at 125 °C using nitrogen gas for all pneumatics. Approximately 200 mg of material was 
dissolved in 1,2-tetrachloroethane-d2 (TCE-d2). This setup was chosen primarily for the high 
resolution needed for polypropylene microstructure quantification.36 Standard single-pulse excitation 
was employed utilizing the NOE and bi-level WALTZ16 decoupling scheme applied to remove the 
influence of heteronuclear scalar coupling.37 A total of 8192 (8k) transients were acquired per 
spectra. Quantitative 13C{1H} NMR spectra were processed, integrated and relevant quantitative 
properties determined from the integrals using proprietary computer programs developed at Borealis, 
Linz. All chemical shifts were indirectly referenced to the central signal of the 13C-2H multiplet of the 
solvent such that the methyl signal of the isotactic pentad mmmm in all systems would occur at 
21.85 ppm. This procedure allows direct comparison of all systems even when the mmmm pentad 
was not present. Spectral assignment was achieved through comparison to previously reported 
spectra measured under similar conditions. 
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5.1. Introduction 

1 2

Figure 5.1.  
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AAbbssttrraacctt    

The interactions of a sterically hindered phenol [2,6-(t-Bu)2-4-Me-C6H2OH] (BHT) with 
the scavenger MAO (AlR3) and ZnR2 during Hf/Zr-based chain shuttling polymerization in a semi-
batch reactor were investigated. NMR model studies indicated a preferential binding of BHT to 
aluminum under these conditions. Subsequently, reproducible polymerization runs gave rise to 
copolymers that were thoroughly characterized by HT SEC, HT HPLC, DSC, Successive Self-
nucleation Annealing (SSA), 13C NMR, density measurements, CRYSTAF and optical microscopy 
to unravel their complex microstructures. The obtained materials differ from a simple solution blend 
of materials, separately produced by single catalysts, but also from multi-block copolymers as 
obtained by DOW's continuous process, although a blocky structure can be rationalized.  
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55..11..   IInnttrroodduuccttiioonn  

Very much sought after, olefin block copolymers are olefin block copolymers (OBCs) embody 
a very elegant way to overcome the limitation of the inevitable decrease in melting temperature and 
modulus (stiffness) with random comonomer incorporation. These OBCs could serve as cheap and 
versatile thermoplastic elastomers or, to the other extreme, toughened semi-crystalline materials, and 
basically everything in between. Recent years have unraveled a few remarkable examples of OBC 
synthesis using different strategies such as living polymerization,1 degenerative chain transfer2 and 
coordinative chain transfer polymerizations.3 As a method to produce olefin multi-block copolymers 
the DOW Chemical Company has introduced a revolutionary polymerization technique.4 This 
breakthrough relies on the use of two catalysts (11 and 22, Figure 5.1) with different comonomer 
affinities (good vs. poor -olefin incorporator), which reversibly exchange growing polymer chains 
by means of a chain shuttling agent (CSA), typically a zinc dialkyl compound. This sophisticated 
coordinative chain transfer polymerization process (CCTP), called chain shuttling polymerization 
when performed with two distinct catalysts, is preferably operated in continuous reactors, so as to 
ensure effective chain shuttling by a steady-state concentration of Zn-polymeryl species throughout 
the reaction. 

 
FFiigguurree  55..11..   Precatalysts capable of reversible chain transfer as in DOW’s chain shuttling polymerization  

(R=2-Me-cC6H10, Bn=benzyl). 
  

Recently, a mechanistic study was reported employing a semi-batch reactor to perform CCTP using 
ethylene/1-hexene as feed and catalyst 11.5 Lower molecular weights were obtained due to a copious 
amount of alkyl aluminum species present in the mixture. The addition of relatively large amounts 
of scavenger is typical for standard steel bench-scale reactors (like the ones commonly available in 
academic laboratories) to prevent catalyst deactivation by residual moisture and/or impurities. This 
role is generally fulfilled by (M)MAO for catalytic olefin polymerization. Methyl aluminoxanes are 
often not entirely innocent species, mainly because of the presence of a rather large amount of free 
trimethyl aluminum (TMA), which on the one hand is known to deactivate catalysts by forming 
hetero bimetallic ato-complexes and on the other hand to function as chain transfer agent, resulting 
in a reduction of the molecular weight. A well-accepted remedy to sequester the excess TMA forms 
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the addition of sterically hindered phenols, such as 2,6-(t-Bu)2-4-Me-C6H2OH (BHT), that react 
selectively with AlR3 to give complexes of the type (ArO)xAlR(3-x) (ArO = 2,6-(t-Bu)2-C6H2O; x = 1, 
2).6 Especially for x = 2, the complex is too sterically hindered to coordinate to the active catalyst and 
hence to form stable ato-complexes or to engage in chain transfer reactions. The complex [(2,6-(t-
Bu)2-4-Me-C6H2O]2AlMe (33) was reported as a non-interacting scrubbing agent for use in ethylene 
and styrene polymerization.7 In propylene polymerization catalyzed by titanium phenoxyimine and 
zirconium ansa-bisindenyl catalysts, productivity, stereoregularity and/or average molecular weight 
increased as a result of selectively scavenging AlMe3 from MAO.8 Importantly, under polymerization 
conditions, 33 does not interact with these catalysts, nor does free BHT affect the activity of 
zirconocene type catalysts.9  
 
Since most published results have been generated with runs inside a glovebox or in continuous 
reactors, which require little or no scavenger, this practical method has thus far not been studied in 
the case of chain shuttling polymerization, although (ArO’)2Al(n-Oct) and ArO’ZnEt (ArO’ = 2,6-
(t-Bu)2C6H4O)) are mentioned in the patent literature.7a It is well conceivable that the addition of 
BHT could interfere with the delicate equilibrium, making chain shuttling possible (perfectly 
reversible chain transfer). Consequently, we were interested in investigating whether it is still possible 
to obtain blocky materials under such perturbed conditions. We selected the established 
combination of catalysts and CSA that epitomizes the success of the DOW invention and studied 
the fate of the hindered phenol through informative model studies followed by polymerization 
experiments and thorough analysis of the obtained polymers. It is not our intention to tackle the 
problem from a kinetic point of view, since excellent models were developed and validated 
elsewhere.10 In fact, despite the simplification of not having to take into account residence time in a 
semi-batch process, other complications arise such as the rapid disappearance of the virgin CSA 
causing difference in the chain transfer constants, which makes this system incomparable to chain 
shuttle polymerization in a continuous reactor.  
 

55..22..   RReessuullttss   aanndd  DDiissccuussssiioonn  

5.2.1. Model studiesi  

BHT, added to a chain shuttling polymerization system containing an excess of scavenger, 
may react not only with the excess AlR3 scavenger yielding (ArO)xAlR3-x (ArO = 2,6-(t-Bu)2-4-Me-
C6H2O ; x = 1, 2), but may also react with the shuttling agent ZnEt2 to form (ArO)ZnR. Exchange 
of aryloxy ligands between Al and Zn, interfering with the shuttling behavior of the system, is also 
well conceivable. The presence of activators such as [Ph3C]+[B(C6F5)4]  may complicate the situation 
even more since main group metal complexes such as (ArO)xAlR3-x (x = 1, 2) or (ArO)ZnR may also 
be subject to alkyl abstraction. In order to gain some insight into the potential reactions that may 
                                                
i The synthesis of the compounds reported in the model studies section were conducted by Dr. Timo Sciarone. 
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Scheme 5.1.  
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5.2. Results and Discussion 

 
 

occur upon introducing BHT into chain shuttling polymerizations, the fate of BHT in the presence 
of both Al and Zn alkyls was studied by preparative and NMR tube scale experiments. 
 
First, we set out to test whether BHT has a preference to react with either AlR3 or ZnR2 (Scheme 
5.1). For ease of NMR interpretation, the homoleptic ethyl complexes ZnEt2 and AlEt3 (1:1) were 
reacted with BHT in a competition experiment. As noted before by Fabicon et al.,11 the starting 
mixture of the two metal alkyls exhibits one single set of ethyl resonances in both 1H and 13C NMR 
spectra, which is evidence for the existence of rapid exchange of ethyl groups on the NMR timescale. 
Fast ethyl exchange between Al and Zn is still observed after addition of one equivalent of BHT 
(Al:Zn:BHT = 1:1:1), as indicated by the fact that the 1H NMR spectrum still features only one set 
of ethyl groups. Although the proton shifts of the aryloxy ligand of the reaction mixture resemble 
those of (ArO)AlEt2

30 (more than those of [(ArO)ZnEt]2), suggesting initial protonolysis of an Al-Et 
group, from the room temperature spectrum it cannot be established with certainty whether the 
aryloxy group is bonded to Al, Zn or to both. Addition of a second equivalent of BHT (Al:Zn:BHT 
= 1:1:2) results in formation of free ZnEt2 alongside the known ethyl complex (ArO)2AlEt (44)30 in 
equimolar amounts. Heating the NMR tube to the polymerization temperature of 130 °C left the 
1H NMR spectrum unchanged. Although these experiments indicate a strong preference of BHT for 
aluminum, addition of a third equivalent of BHT slowly converts the regenerated ZnEt2 into 
[EtZn(μ-OAr)]2 (55), leaving 44 unaffected.12  
 

 
SScchheemmee  55..11..   Reaction of equimolar amounts of AlEt3 and ZnEt2 with varying amounts of BHT. 

 
 
In order to study whether these hindered aryloxy groups can be exchanged between Al and Zn 
centers, the monoalkyl aryloxide complexes (ArO)2AlMe (33) and [EtZn(μ-OAr)]2 (55) were prepared 
by straightforward protonolysis of the homoleptic metal alkyls with BHT. While 33 is known to be 
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Figure 5.3.  4
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monomeric,30 55 was found to be dimeric, analogous to the structure reported for [Me3SiCH2Zn(μ-
2,4,6-(t-Bu)3C6H2O)]2.13 The solid-state structure of 55 is shown in Figure 5.2. 

 
FFiigguurree  55..22..   Molecular structure of 55 (50% thermal ellipsoids, hydrogen atoms omitted for clarity). Selected bond 

distances (Å) and angles (°): Zn1-O1 1.9852(11), Zn1-O1a 1.9747(12), Zn1-C16 1.950(2), C16-C17 1.509(3);  
O1-Zn1-O1a 81.87(5), O1-Zn1-C16 136.61(7), O1a_Zn1-C16 141.52(7), Zn1-O1-Zn1a 98.14(5), Zn1-O1-C1 

136.19(10), C1-O1-Zn1a 125.40(9), Zn1-C16-C17 117.18(15).  
 
The aryloxide complexes 33 and 55 were subsequently reacted with equimolar amounts of ZnEt2 and 
AlMe3, respectively (Scheme 5.2). Exposure of 33 to ZnEt2 (0.5 equiv) in hexanes, evaporation of the 
volatiles and recrystallization from petroleum ether, afforded crystals of the ethyl complex 44  along 
with starting material 33  in a 3:1 ratio. A 6:1 ratio is obtained if a full equivalent of ZnEt2 is 
employed, suggesting that alkyl exchange is an equilibrium reaction where the product ratio is 
determined by the relative volatility of the zinc alkyl co-products. Treatment of 55 with AlMe3 in a 
similar procedure results in exchange of both aryloxide and alkyl ligands affording the same product 
44, albeit in a lower yield. 
 

 
SScchheemmee  55..22..   Exchange of aryloxide and alkyl ligands between Al and Zn.  

 
 
Complex 44 proved to be isostructural to the corresponding methyl complex 33  (Figure 5.3).30 The 
isolation of 44 starting from either 33 or 55 indicates that aryloxide ligands are readily transferred from 
Zn to Al, but not the other way around. This is in agreement with the above mentioned NMR tube 
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reaction of a mixture of AlEt3:ZnEt2:BHT (1:1:1), which shows a strong preference of BHT to bind 
to aluminum, even at 130 °C.  
 

 
FFiigguurree  55..33..   Molecular structure of 44 (50% thermal ellipsoids, hydrogen atoms omitted for clarity). Selected bond 

distances (Å) and angles (°):Al1-C31 1.9426(18) ,Al1-O1 1.6913(12), Al1-O2 1.6772(12), C31-C32 1.491(4);  
O1-Al1-O2 112.72(6), O1-Al1-C31 123.59(8), O2-Al1-C31 123.61(8), Al1-O1-C1 138.61(10), Al1-O2-C16 

149.23(10), Al1-C31-C32 117.91(15).  
 
In polymerization experiments employing MAO as scavenger, BHT is expected to react most rapidly 
with free AlMe3, which forms a significant component of MAO, to form 33. Nevertheless, we sought 
to investigate the reactivity of BHT toward methylaluminoxanes. Therefore, BHT was reacted with 
‘TMA-depleted MAO’ (DMAO) in toluene-d8 in an NMR tube experiment. At BHT:Al = 1:1, the 
room temperature spectrum shows that only 14% of the BHT is converted into 33 and methane. 
Addition of extra BHT (BHT:Al = 4:1) and heating at 130 °C for 20 minutes, results in almost full 
conversion of BHT into 33.  
 
In order to establish whether aryloxy ligands can also be transferred from Zn to Al in DMAO, 
dimeric 55 was exposed to DMAO in toluene-d8 (Zn: Al = 1:1) at 130 °C. A complex mixture of Al 
and Zn species is obtained due to scrambling of aryloxy and alkyl ligands. Apart from unreacted 55, 
at least four different BHT-containing species are formed judging from the number of t-Bu 
resonances (the Ar-H and Ar-Me protons of these species frequently overlap). Among these, the Al 
complexes 33 and 44  could be identified (55:44:33  2:1:1). The latter two products provide clear 
evidence of aryloxy transfer from Zn to Al.  
 
The observed reactivity of DMAO with both free BHT and with 55 involves reaction with AlMe3 as 
reported above. Liberation of AlMe3 is known to occur on redissolution of DMAO. Alternatively, 
BHT may be capable of reacting with ‘bound AlMe3’ in DMAO. The AlEt complex 44 seems to be a 
secondary product stemming from reaction of 33 with ZnEt2, the latter being one of the coproducts 
of the reaction of 55 with AlMe3. 
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While the reactivity of commonly employed cocatalysts such as B(C6F5)3 or [Ph3C][B(C6F5)4] 
towards alkylaluminum scavengers, including (ArO)2AlMe, has been studied thoroughly,9b,14 in chain 
shuttling polymerization potential interactions with dialkylzinc and [(ArO)ZnR]2 also need to be 
considered. Walker et al. reported that ZnEt2 undergoes -H abstraction by the trityl cation 
followed by degradation of the [B(C6F5)4]  anion to yield the boranes BEtx(C6F5)3-x (x = 0 2) and 
Zn(C6F5)2.15  
We investigated the reactivity of 55 towards [Ph3C]+[B(C6F5)4]  by NMR spectroscopy and found a 
similar pattern (Scheme 5.3). The spectra indicate that also 55 initially undergoes -H abstraction by 
the trityl cation, as evidenced by the presence of Ph3CH and ethylene in the 1H NMR spectrum. 
The 19F NMR spectrum exhibits five sets of C6F5 resonances originating from Zn(C6F5)2, EtB(C6F5)2, 

B(C6F5)3 and residual [B(C6F5)4] , whilst the remaining C6F5-containing species was identified as 
[C6F5Zn(μ-OAr)]2 (66).16 This compound was generated independently in an NMR tube by heating 
BHT and [Zn(C6F5)2·PhMe].15,17 

 
SScchheemmee  55..33..   Reaction of 55 with [Ph3C]+[B(C6F5)4]-. 

 
The 1H NMR spectrum shows additional signals related to free BHT and an unidentified aromatic 
product, accounting for about 8% of the aromatic signals. The pattern, consisting of a triplet (7.36 
ppm, 3J = 7.5 Hz, 2H) and a doublet (6.79, 3J = 7.5 Hz, 2H), is characteristic for 2,6-disubstituted 
aryls. Since we could not identify Ar-CH3 nor Ar-C(CH3)3 signals with corresponding integrals in 
the appropriate regions of the spectrum, we speculate that this species is derived from degradation of 
the trityl cation. Nevertheless, we note that precedence exists for the degradation of aryloxide ligands 
in (ArO)2AlMe by Ph3C+.9b  
 
The model studies imply that introduction of BHT in a chain shuttling polymerization system 
should not interfere with the function of ZnR2 as shuttling agent, but does effectively sequester free 
AlR3 from the reaction medium. However, it should be noted that the conditions are significantly 
different from those during polymerization (in terms of temperature and concentration).  
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5.2.2. Polymer synthesis and characterization 

Experiments were performed on a custom-made semi-automated olefin polymerization 
platform. Initial runs at low 1-octene (1-C8

=) loading using either 11 or 22 resulted in little to no 
incorporation of 1-C8

= into the obtained materials, as indicated by the correspondingly high Tm 
(128-130 °C). These results show that, at this comonomer concentration, 11 has a moderate 
efficiency in incorporating 1-C8

=. In order to achieve higher levels of incorporation, the amount of 1-
C8

= was raised from 10 to 100 mL (0.13 M and 1.25 M, respectively) for the following experiments 
(Table 5.1). As a matter of fact, a similar high concentration of 1-C8

= was also employed during 
initial studies at DOW.8 A significant decrease in Tm was observed when more 1-C8

= was added, 
which is a clear sign of comonomer incorporation into the chains. Whereas the zirconium catalyst 22 
also incorporates 1-C8

= to a significant level (3.47 mol % 1-C8
=, Tm = 116 °C), the polymer is still 

crystalline whilst under the same conditions 11 produces an amorphous polymer. 
 

TTaabbllee  55..11..  Reference runs in the absence of BHT and effect of varying the amount of BHT.  

EEnnttrryy  CCaattaallyyssttss   MMoonnoommeerrss   
MMAAOO  

((eeqq..))   

BBHHTT  

((eeqq..))   
YYiieelldd  ((gg))  MM nn  ((gg//mmooll))   PPDDII  TTmm  ((°°C))  

MMAAOO  oonnllyy  

11  22  C2
= 500 - 12.8 4,600 1.9 131.1 

22  22  C2
= + 1-C8

= 500 - 22.5 10,100 2.1 116.1 

33  11  C2
= 500 - 4.3 6,900 1.8 132.3 

44  11 C2
= + 1-C8

= 500 - 7.3 3,700 3.6a - 

55  11+22  C2
= + 1-C8

= 500 - 22.3 10,900 2.2 116.0 

MMAAOO  ++  BBHHTT  

66  11+22 C2
=+ 1-C8

= 500 50 23.7 15,600 3.2 114.7 

77  11+22 C2
= + 1-C8

= 500 250 13.5 59,600 3.3 116.4 

88  11+22 C2
= + 1-C8

= 500 500 4.1 64,200 2.5 116.5 

99  11+22 C2
=+ 1-C8

= 500 1000 2.8 83,600 2.6 115.2 

Conditions: 500 mL Isopar E, 100 mL 1-C8
=, DMAHBF20: 11 μmol; total catalyst amount: 10 μmol; ethylene 5 bar, 130 °C, 30 min. 

a) the relatively broad PDI obtained for the pyridyl-amide Hf catalyst is a direct consequence of its peculiar activation mechanism that 
leads to a plurality of active sites.18 

 

The use of 500 eq. MAO ensured acceptable yields and good reproducibility and was thus selected as 
the preferred scavenger level to pursue the study. The use of DMAO or MMAO-3A instead of 
MAO did not lead to any appreciable differences. In fact, in the case of DMAO, upon dissolution in 
toluene TMA is regenerated to some extent, as observed by Busico et al.19 Triphenylcarbenium 
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tetrakis(pentafluorophenyl)borate (TBF20) and N,N-dimethyl anilinium 
tetrakis(pentafluorophenyl)borate (DMAHBF20) were tested as cocatalysts in combination with 
MAO and gave similar results (borate:catalyst = 1.1:1). In all cases, the less aluminoxane added, the 
higher the molecular weight. This is a consequence of less free TMA present, which acts as a CSA.ii 
On the whole, all the “blank” runs (without BHT) gave rise to low molecular weight products 
(Table 5.1). Table 5.2 shows the outcome of runs where 11 and 22  were individually tested. Overall, 
compared to runs without BHT, the polydispersity index (PDI) increased slightly in its presence. 
Possibly, the (ArO)xAlMe3-x (x = 1, 2) can still act as poor CSAs in a probably irreversible process, 
resulting in broadening of the PDI. Another possibility is that BHT reacts with 11 and/or 22 to form 
new catalytically active species. The addition of 250 equivalents of BHT had a negative effect on the 
productivity of 11 and to a lesser extent of 22 (Table 5.2). The latter result is different from what was 
reported by Busico et al.19 for propylene polymerization, which was found to be positively affected 
by the addition of BHT. Possibly, partial poisoning of the catalysts occurs in our case. One can 
argue that there is an optimum in the amount of BHT to be added, as the TMA content in MAO 
can vary, and that catalyst productivity could be improved by tuning the Al:BHT ratio. However, in 
this study, a ratio of Al:BHT = 2:1 was applied to make sure to sequester all free TMA (since MAO 
never contains more than 40 % free TMA). In all cases, the catalyst yield of 11 was (about 3-fold) 
lower than that of 22, both in ethylene and ethylene/1-C8

= runs, indicating that under our conditions 
11 is less active than 22.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                
ii Rigorously, the term “Chain Transfer Agent” (CTA) should be used when only one catalyst is involved in the transfer process, 
whereas the term “Chain Shuttling Agent” (CSA) applies when (at least) two different catalysts are used, as it is the case here. 
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TTaabbllee  55..22..   Effect of BHT on the catalyst productivity.  

EEnnttrryy  CCaattaallyyssttss  MMoonnoommeerrss   
BBHHTT  

((eeqq..))   

ZZnnEEtt22  

((eeqq..))   

YYiieelldd  

((gg))   
MM nn  ((gg//mmooll))   PPDDII  TTmm  ((°°CC))  

HH  

((JJ//gg))   

OOnnee  ccaattaallyysstt   iinn  tthhee  aabbsseennccee  ooff   BBHHTT    

1100  22  C2
= - - 11.9 5,100 2.3 131.3 269.5 

33  11  C2
= - - 4.3 6,900 1.8 132.3 267.2 

22  22  C2
= + 1-C8

= - - 22.5 10,100 2.1 116.1 133.9 

44  11  C2
= + 1-C8

= - - 7.3 3,700 3.6 - - 

1111  22  C2
= + 1-C8

= - 10  20.6 5,200 1.6 114.9 123.1 

1122  11  C2
= + 1-C8

= - 10  14.2 3,200 2.3 - - 

OOnnee  ccaattaallyysstt   iinn  tthhee  pprreesseennccee  ooff   BBHHTT   

1133  11 C2
= + 1-C8

= 250  - 3.4 85,000 8.8 - - 

1144  22 C2
= + 1-C8

= 250  - 14.5 30,900 3.8 116.5 109.1 

1155  22  C2
= + 1-C8

= 250  10  15.3 9,800 1.7 117.5 126.6 

1166  11  C2
= + 1-C8

= 250  10  12.7 2,600 2.1 - - 

Conditions: 500 mL Isopar E, 100 mL 1-C8
=, DMAHBF20: 11 μmol; total catalyst amount: 10 μmol; ethylene 5 bar, 130 °C, 30 min. 

 

In the presence of 1-C8
=, the yields of both catalysts (11 and 22) were comparatively higher than 

without 1-C8
=. This increase in activity might be due to the fact that the total concentration of 

olefins is higher in this case, or to a better ion separation enhancing the catalyst activity.20 When 
diethylzinc (DEZ) was added, the productivity of 11 was increased, whereas it remained constant for 
22. It is not clear why that holds,21 but overall the catalyst yield remained higher for 22. The use of 
DEZ effectively lowered the PDI, as well as the molecular weight of the polymer, indicating a 
relatively fast and reversible Zn-mediated chain transfer despite the presence of BHT. Representative 
HT SEC plots are provided below in Figure 5.4. The shape of the peaks are similar when using 22 
alone or both catalysts in the presence of zinc (symmetric distribution, entries 2 and 18 from Table 
5.3), whereas a clear high molecular weight is visible when 11 is used alone in the presence of BHT 
(entry 13). The trace corresponding to entry 18, using both catalysts with Al only, is not bimodal 
but fairly broad, consistent with the presence of (at least) two populations.  
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Table 5.3.   

 

 
 

 
FFiigguurree  55..44..  Representative HT SEC traces.  

 
Compared to the system exclusively employing aluminum alkyls as CSA, which seems to be either 
irreversible or a relatively slow reversible process, even small amounts of DEZ appear to catalyze the 
chain transfer process. This suggests that in the ternary catalysts-DEZ-alkylaluminum system DEZ 
functions as CSA, effectively transferring polymer chains back and forth between the catalysts and 
aluminum. This synergistic effect of Al and Zn was recently reported by Sita and coworkers.22  
 
Table 5.3 compiles the properties of the synthesized copolymers. These results indicate that, at a 1:1 
ratio of catalysts 11 and 22, the synthesized copolymers contained less than 5 mol % of 1-C8

=, as 
determined by 13C NMR. The minimum 1-C8

= level by the poor incorporator 22  is 3.47 mol %, 
whereas it goes up to 27.39 mol % for the good incorporator 11. When the Hf:Zr ratio was increased 
(entries 18-19 in Table 5.3), the 1-C8

= incorporation augmented significantly and the densities 
dropped. It is interesting to note that in the absence of DEZ the Tm remained high despite a high 1-
C8

= incorporation, an observation that was explored further (vide infra). Unexpectedly, when DEZ 
was added (entry 20), the 1-C8

= incorporation was significantly lower. The same remark is valid 
when the catalysts are used in a 1:1 ratio (compare entries 5, 7 and 17). This finding raises the 
question whether and how the simultaneous presence of DEZ and BHT could actually block the 
comonomer incorporation. As a matter of fact, Gibson et al. 23 reported that chain transfer is most 
likely to happen with sterically demanding catalysts, due to a weakening of the bridging alkyl bond. 
The more open structure of 11 could explain why DEZ would form a more stable complex with the 
hafnium catalyst, thus hampering the incorporation of 1-C8

=.24 Overall, it is critical to keep in mind 
that both catalysts do not show the same response to the presence of DEZ and that the active species 
are modified, as DEZ is closely associated to them. 
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TTaabbllee  55..33..   Properties of representative ethylene-1-octene copolymers.  

Conditions: 500 mL Isopar E, 100 mL 1-C8
=, 500 eq MAO, DMAHBF20: 11 μmol; catalyst: 5 μmol; ethylene 5 bar, 130 °C, 30 min. 

a)Mn determined by SEC. b) Densities have been determined according to two calibration methods : one relying on the ratio of 
crystalline and amorphous regions in the Free Induction Decay (FID), the other relying on the crystalline fraction obtained via  

curve-fitting. c) C.I.= Cluster Index , calculated as C.I. = 10 {[O]-[EOE]} / {2 [O]
2
-[O]

3
} 

 
 
The production of OBCs can result in materials having a much higher Tm than expected for random 
copolymers with comparable comonomer incorporation.25 Hence, the thermal behavior of the 
synthesized materials was evaluated (Figure 5.5). An experiment with only Zr (Table 5.3, entry 2, 
3.47 mol% 1-C8

=) is compared to another one where both Hf and Zr were used in a 5:1 ratio (Table 
5.3, entry 18, 11.62 mol% 1-C8

=). Despite the considerable difference in 1-C8
= content, the Tms are 

very close, which refutes the hypothesis of having only conventional random LLDPEs. In this case, 
one would expect a Tm well below 80 °C. More generally, the melting endotherms are broad but 
indicate the fact that the products can crystallize in a homogeneous fashion (under the studied 
crystallization conditions). In the absence of DEZ, the melting enthalpies are lower, concomitantly 
with the overall relative increase in 1-C8

= incorporation. So far, when the Hf:Zr ratio was increased, 
significant incorporation was achieved without a dramatic drop in the melting temperature. 

EEnnttrryy CCaatt ..  RRaattiioo BBHHTT 
(eq.)  

ZZnnEEtt22 

(eq.)   YYiieelldd  ((gg)) MM nn
a  ((gg//mmooll))   PPDDII TTmm    

(°C) 
HH    

(J/g) 
DDeennssiittyyb 11--CC88

==  mmooll   
 

 
(wt) % 

CC..II .. cc  

OOnnee  ccaattaallyysstt   oorr  bbootthh  ccaattaallyyssttss   wwiitthh  HHff//ZZrr  ==  11 

22  22   - - 22.5 10,100 2.1 116.1 133.9 0.934 3.47 (12.56) 8.85 

44  11   - - 7.3 3,700 3.6 - - n.d. 27.39 (60.15) 5.60 

1133  11   250  - 2.6 72,700 9.9 120.5 9.5 0.899 24.95 (57.08) 7.14 

55  11+22   - - 22.3 10,900 2.2 116.0 120.6 0.933 4.78 (16.71) n.d. 

77  11+22  250  - 13.5 59,600 3.3 116.4 105.3 0.934 3.26 (11.89) n.d. 

1177  11+22  250  10 17.1 15,700 2.1 119.1 124.4 0.937 2.31 (8.64) n.d. 

BBootthh  ccaattaallyyssttss   wwiitthh  HHff//ZZrr  >>  11 

1188  11+22 5/1 250  - 5.70 66,500 5.8 114.5 50.2 0.907 11.62 (34.47)  

 Xylene insoluble 0.61 58,900 3.3 114.3 61.5 n.d. 7.21 (23.72) 20.08 

 Xylene soluble 0.40 28,400 1.8 - - n.d. 36.29 (69.50) 6.40 

1199  11+22 3/1 250  - 5.11 36,500 4.5 113.4 38.2 0.912 9.81 (30.31)  

Xylene insoluble 1.10 46,700 3.8 113.5 94.1 0.934 4.02 (14.33) 28.30 

Xylene soluble 0.43 29,800 8.9 - - n.d. 38.54 (71.50) 7.43 

2200  11+22 3/1 250  10 6.85 9,900 1.9 120.8 135.5 0.940 1.72 (6.56) 39.22 
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Figure 5.7.  
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However, at equal density, the Tm of a physical blend can remain as high as an OBC and hasty 
interpretation can be misleading. Classical DSC being insufficient to differentiate between a blend of 
HDPE and LLDPE and (multi)block copolymers, other techniques based on crystallizability, i.e., 
successive self-nucleation/annealing (SSA)26 and CRYSTAF were exploited.  

 

 
FFiigguurree  55..55..   DSC thermograms of selected samples: the 2nd heating run and subsequent cooling run at 10 °C /min are 

displayed. 
 

 
FFiigguurree  55..66..  SSA thermograms: 130 °C to 80 °C, steps of 5 °C. Samples from Table 5.3 and the blend composition is 

50/50 by weight. 
 

A successive self-nucleation/annealing experiment with steps of 5 °C (from 130 to 80 °C) was 
applied, aiming for thermal fractionation (Figure 5.6). There are obvious differences depending on 
the 1-C8

= content and the catalyst(s) used. On the one hand, both entries 2 and 20 (in Table 5.3) 
bearing a low 1-C8

= content are highly crystalline with respect to the other samples. Noticeably, the 
addition of DEZ to the mixed catalyst system affords more regular chains than when 22 is used alone 
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(entries 2 vs. 20), where a higher fraction of high melting species is present in that case. On the other 
hand, the material produced by 11 alone (entry 13) can barely crystallize. For comparison purposes, a 
solution blend was also subjected to the same thermal fractionation (blend of entries 2 and 4 of 
Table 5.3). SSA enables to appreciate the difference between a solution blend and a blend prepared 
by in situ polymerization (i.e., mixed catalysts runs, entries 18 and 19). Notwithstanding the very 
similar overall 1-C8

= content and composition of the soft and hard block, the reactor blend shows 
lower crystallinity: the high melting peaks are absent, contrary to the blend of the single catalyst 
products.  
Similarly to SSA, CRYSTAF is a technique based on the crystallizability of the materials. As long as 
the samples can crystallize under the conditions of the CRYSTAF experiments, different chemical 
compositions and comonomer distributions can be distinguished. More specifically, the profiles of 
CRYSTAF analysis display different elution temperatures for LLDPE, HDPE and multiblock-types 
of structures.7a In our case, the samples appeared to be rather polydisperse in composition, as shown 
in Figure 5.7. A compositional drift in the reactor does not seem to be a likely explanation (since 
even at high octene incorporation, only a few mL are consumed of the total of 100 mL).  
 

  
FFiigguurree  55..77..   Overlay of profiles obtained with CRYSTAF results of a few selected samples. 

 
It is important to note that even in the presence of only one catalyst (entries 2 and 13, Table 5.3), 
the CRYSTAF traces did not display one single peak. However, since the peaks are not clearly 
separated, it is not possible to determine exactly how many components are present (a better 
separation is obtained with HT HPLC, vide infra). Only entry 20, that was synthesized in the 
presence of DEZ, does not show the low temperature peak, but its 1-C8

= content is very low. With 
increasing Hf:Zr ratio, the ratio of the two main peaks does not change much but the non-
crystallizable fraction with high 1-C8

= content, which elutes at room temperature), increases. This is 
in line with the excess of catalyst 11 in the reaction mixture producing more of the “soft” blocks.  
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Figure 5.9.
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To investigate further the heterogeneity of the samples, extractions were performed on two selected 
samples, entries 18 and 19 (Table 5.3), where a 11:22 catalyst ratio of 5:1 and 3:1 were used, 
respectively, and the 1-C8

= content is high. HDPE precipitates from xylene at room temperature 
while LLDPE remains soluble, enabling a solution fractionation. After drying the two fractions, 
xylene insoluble products were mainly obtained (60 % and 72 %, respectively), in agreement with 
the traces in CRYSTAF. This outcome, viz. the formation of a significant xylene-soluble fraction, is 
understandable in the sense that 11 is in large excess and thus, when transferred from one catalyst to 
the other, the chains can exchange between several 11 centers successively, producing the xylene 
soluble fractions (vide supra). Additional SSA of the fractions did not provide more information as 
the soluble fractions show no melting temperature and the SSA of the whole sample is basically 
similar to the one of the insoluble fraction. Figure 5.8 reveals a phase-separated morphology, with 
high difference in refractive index, with domain sizes in the order of a few microns, typical for 
polymer blends. The lack of miscibility, even though the 1-C8

= content is not so different (i.e., the 
material is completely soluble in xylene and no Tms are observed), might be ascribed to the high 
molecular weight, which decreases the mixing tendency.  
 

 
  

FFiigguurree  55..88..  Polarized micrograph of the slowly cooled soluble fraction of entry 19 (1 °C/min).  

 

In contrast to CRYSTAF, high-temperature gradient HPLC is based on selective adsorption and 
desorption of macromolecules, i.e., amorphous as well as semi-crystalline samples are separated 
according to their chemical composition.27 Poly-1-octene was not adsorbed in the selected sorbent-
solvent system, while linear PE was fully retained in the column from 1-decanol and desorbed with 
1,2,4-trichlorobenzene (TCB) (Figure 5.9).  
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FFiigguurree  55..99..  Overlay of HT HPLC chromatograms for standard materials used in Darmstadt (kindly provided by Dr. 

T. Macko). 
 
The obtained chromatograms of the polymer samples are displayed in Figure 5.10. It is known that 
that elution volume decreases linearly with the increase of concentration of the hexyl branches in the 
chains.31b,c This trend is also observed here (Figures 5.10 and 5.11) and the relative span of the peaks 
in HT HPLC reflect the broadness of the chemical distributions. Two samples eluted giving two 
peaks (Figure 5.10), which indicated that two chemically different polymers were formed.  
 

 
FFiigguurree  55..1100..  Overlay of HT HPLC chromatograms. The mobile phase is 1-decanol/1,2,4-trichlorobenzene. 

 

In agreement with the 1-C8
= incorporations calculated by 13C NMR, when catalyst 22 was used alone 

or when the ratio 11:22 was 1:1, the peaks elute similarly as PE with low comonomer content. Only 
entry 13 (11 alone), a copolymer with relatively high comonomer content, eluted accordingly at lower 
volume. However, when the 11:22 ratio was increased, two peaks appeared: one definitely corresponds 
to a copolymer with high 1-octene incorporation, the other to a rather “hard” LLDPE. HPLC 
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5.4. Experimental section 
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unambiguously shows the presence of two populations of macromolecules, in line with the 
extraction results.  
Summarizing, it is important to underline that, although the polymers obtained are clearly different 
from standard random ethylene/1-octene copolymers. Both (multi-)block copolymers and significant 
amounts of more random copolymers are present. This can be either the result of lack of or very fast 
chain shuttling. Nevertheless, when considering further the extracted (homogeneous) xylene-
insoluble fractions of entries 18 and 19 (Table 5.3), strong indications of a blocky chain 
microstructure are obtained. As a matter of fact, their melting points vs. their comonomer 
incorporation are not in line with the expectations when the 1-C8

= would be randomly distributed. 
The difference is the clearest for the highest comonomer content: the copolymer with 7 mol% melts 
at 114 °C (entry 18 in Table 5.3), where a comparable LLDPE would melt at much lower 
temperature (around 90 °C).28 Furthermore, additional support can be found in the calculation of 
the Cluster Index (C.I.), first defined by Randall29 as C.I. = 10{[O]-[EOE]}/{2[O]2-[O]3}. The C.I. is 
an indication of how the different monomers are distributed along a polymer backbone. It is 
appropriate to use the C.I. here since it is applied to a well-defined fraction and not to the original 
reactor blend of the entire sample. This analysis highlights that the xylene-insoluble material is rather 
blocky, whilst the soft xylene-soluble fraction is mainly random (C.I. values of 28.30 and 7.43, 
respectively, see Table 5.3). This can be qualitatively explained as follows: the open structure of the 
Hf center in 11 might retain the Zn or Al alkyls better than the Zr center in 22. Consequently, 11  is 
less likely to experience (reversible) chain transfer under our polymerization conditions. Even when 
transfer from the Hf center occurs, the probability is high that the growing polymeryl group is 
transferred to another Hf center, since this catalyst is present in excess. As a result, the comonomer is 
therefore quite randomly distributed. On the other hand, other chains (mostly xylene-insoluble) 
with low 1-C8

= content, grow on the Zr center, which more easily undergoes chain transfer and 
therefore “blocks” can be formed when transferred to one of the Hf centers present in excess.  
 

55..33..   CCoonncclluussiioonnss  

The effect of BHT on chain shuttling polymerization in a semi-batch reactor was investigated. 
Through the performed model studies, this work provides insight into the interactions of BHT with 
AlR3 and DEZ. BHT does not seem to interfere with zinc alkyl shuttling agents in the presence of 
aluminum scavengers under the model studies conditions. From the polymerization point of view, 
compared to the runs without BHT, significantly higher molecular weights are obtained and BHT 
does not greatly affect catalyst activity and therefore still satisfying yields are obtained. After 
combining all the collected indirect evidence we demonstrate that the materials produced do not 
consist of a simple physical blend of independently produced Hf- and Zr-polymer chains (LLDPEs). 
However, the mixture formed is heterogeneous and it is important not to oversimplify it. In our 
hands, DEZ (in the presence of both catalysts and BHT) seems to hamper the comonomer 
incorporation but provides effective shuttling (PDI < 2). In its absence, at least two distinguishable 

132 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page132



 
 

fractions are produced but with overall higher 1-octene incorporation. In the main fraction, strong 
evidence for blockiness is observed, proving that the catalysts surely do communicate.  
Overall, since the homogeneous formation of blocky structures was not observed in a straightforward 
fashion, the simultaneous addition of BHT to MAO and DEZ seems to partially impede the delicate 
chain shuttling equilibrium. The real major challenge obviously resides in accurate detailed 
characterization of this complex material.  
 

55..44..   EExxppeerriimmeennttaall   sseeccttiioonn  

General considerations 
All syntheses and manipulations of air- and moisture-sensitive compounds were carried out in oven-
dried Schlenk-type glassware using a dual manifold Schlenk line or in a nitrogen-filled glovebox 
(typically <1.0 ppm of oxygen and moisture). NMR tube reactions were performed in air-tight J-
Young NMR tubes. 

  
Materials 
Petroleum ether (bp. 40-60 °C, Merck) was dried by passing over an Al2O3 column. Toluene 
(Merck), hexanes (Biosolve) and Isopar E (mainly C7-C10 isoalkanes, ExxonMobil) were purified by 
passing over beds with BTS catalyst followed by molecular sieves (3 Å) and Selexsorb CD (BASF). 1-
Octene was purified by distillation from Na or by passing over Al2O3. BHT, ZnEt2, AlMe3 
(Aldrich), AlEt3 (ABCR) and MAO (10 wt % Al, Chemtura) were used without further purification. 
DMAO was prepared from MAO (Chemtura) by evaporation of the solvent and further drying of 
the white residue at 80 °C for 2 days under vacuum to remove residual AlMe3. 
Benzene-d6 and toluene-d8 were dried on Na/K alloy and distilled before use. [2,6-(t-Bu)2-4-Me-
C6H2O]2AlMe (33) was prepared according to literature procedures.30 Complex 22 was prepared from 
Zr(CH2Ph)4,31 and the free phenolic imine according to literature procedures.4 The Hf complex 11 
was prepared according to reported procedures.32 

  
Polymerizations 
Polymerizations were carried out in a stainless steel 1 L PREMEX autoclave equipped with a 
mechanical stirrer (500 rpm, impeller). The reactor was dried by 4 cycles of nitrogen / vacuum 
(respectively 10 and 5 min) with a jacket temperature set at 130 °C. Reproducibility was checked 
and secured by repeating all runs at least twice. Isopar E (500 mL) was dosed into the autoclave. The 
required amount of 1-octene (1-C8

=), premixed in a Schlenk flask with the required amounts of 
MAO, BHT and diethylzinc (DEZ), was introduced via a valve on the reactor lid under out stream 
of ethylene. Once the addition was complete, the temperature was set to 130 °C and the system was 
allowed to stabilize. Ethylene was then dosed via a Bronkhorst mass flow controller into the reactor 
up to 5 bars partial monomer pressure. After stirring the contents of the reactor for 1 h, a toluene (5 

h 133CHAPTER 5

1 2 1 

5.3. Conclusions 

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page133



 

 
 

mL) solution of triphenylcarbenium tetrakis(pentafluorophenyl)borate (TBF20) or N,N-dimethyl 
anilinium tetrakis(pentafluorophenyl)borate (DMAHBF20)iii was injected into the reactor by means 
of nitrogen overpressure, followed by a toluene (5 mL) solution of the catalyst(s). The pressure set 
point of the reactor was adapted automatically to keep the same partial monomer pressure. The 
reactor temperature was kept at 130 °C +/- 1 °C by electrical heating and cooling with process 
water. After 30 min, the reactor was vented and the mixture was poured into a large volume of 
acidified ethanol, then filtered and dried to constant weight at 70 °C under vacuum. To minimize 
mass transport limitations and to avoid a high reaction exotherm, the amount of catalyst was 
adjusted to obtain < 30 g of polymers under the above conditions.  

  
Extractions 
To a flask of dry p-xylene (150 mL), BHT (2 mg) and 1.00 g to 1.60 g of polymer were added. The 
mixture was heated to 140 °C to completely dissolve the polymer sample and allowed to cool to 
room temperature before being filtered on a glass frit. The insoluble fraction was collected and the 
xylene soluble fraction was obtained by evaporation of the solvent. Both fractions were dried in a 
vacuum oven at 70 °C for 24 h before weighing. At least 95 wt% of the sample was recovered. 

  
Solution blending 
The desired amounts of both polymer samples were dissolved in 150 mL toluene at 110 °C in a 
round bottom flask equipped with a reflux condenser. After complete dissolution, the mixture was 
allowed to cool and was precipitated in a large amount of methanol, filtered on a Büchner funnel 
and dried in a vacuum oven at 70 °C until constant mass. 
 
Characterization of copolymers 
High temperature SEC analyses were performed using a Waters Alliance GPCV 2000 
chromatograph equipped with three columns (three PL Olexis, 250  8.5 mm, Polymer Laboratories 
Ltd). Samples (1 mg/mL) were eluted with 1,2,4-trichlorobenzene at a flow rate of 1 mL/min at 160 
°C. Linear polyethylene standards (PSS GmbH) with an average molecular weight in the range of 5-
1.500 kg/mol were used for calibration of the SEC columns.  
 
Thermal analyses were conducted using a DSC Q1000 apparatus (TA Instruments). The samples (~ 
4-5 mg) were encapsulated in hermetically sealed aluminum pans and measured at a standard 
heating and cooling rate of 10 °C/min in a nitrogen atmosphere. Prior to recording the cooling and 
heating runs, the samples were held at 185 °C for 5 min to erase thermal history, then cooled at 10 
°C/min to -20 °C. The sample was held at this temperature for 2 min and reheated up to 180 °C at 

                                                
iii The use of borate might be unnecessary but certainly not harmful. We followed the conditions in the semi-batch lead paper.8 
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10 °C/min. The reported melting temperatures are the peak temperatures obtained from the second 
melting run.  
Thermal fractionation, according to the SSA procedure,26 was carried out on a Mettler Toledo 820 
(3 mg sample). First, the “standard” crystalline state was created by cooling the relaxed melt (160 °C, 
5min) to 20 °C at a rate of 10 °C /min. Subsequently, successive seeding and annealing steps were 
applied covering a temperature range of 130 to 80 °C with steps of 5 °C. Finally, the melting of the 
thermally fractionated sample was recorded while heating at 10 °C /min. 
 
CRYSTAF profiles were obtained using a Model 200 apparatus (Polymer Char S.A.). 20 mg of 
sample were dissolved in 40 mL of 1,2-dichlorobenzene. Temperature steps of 0.1 °C/min were used 
in the range 25 °C – 150 °C.  
 
HT HPLC chromatograms were obtained for samples dissolved in 1-decanol at 160 oC and injected 
into Hypercarb column 100  4.6 mm. A chromatograph PL GPC210 with an ELSD detector and a 
quaternary gradient pump Agilent was used. 100 μl of the sample solution was injected; the flow rate 
was 0.8 mL/min, the temperature of the column oven was 160 oC. A linear gradient was started 3 
min after the injection, from 0% to 100% of 1,2,4-trichlorobenzene (TCB) in 10 minutes. After 
each HPLC analysis the column was purged with 1-decanol. So, one complete analysis required 42 
min. 
 
Quantitative NMR spectroscopy of the polymers was performed by the analytical department of 
ExxonMobil, Machelen, Belgium and was used to quantify the comonomer content and to gain 
insight into the comonomer sequence distribution of the polymers. Quantitative solution 13C{1H} 
NMR was performed at 125 °C using a Bruker Advance III 400 NMR spectrometer operating at 
400.15 and 100.62 MHz for 1H and 13C, respectively. Approximately 200 mg of material was 
dissolved in 1,1,2,2-tetrachloroethane-d2 (TCE-d2). Standard single-pulse excitation was employed 
utilizing the NOE and bi-level WALTZ16 decoupling scheme applied to remove the influence of 
heteronuclear scalar coupling. A total of 8192 (8k) transients were acquired per spectrum.  
 
The sample for optical microscopy was obtained by compression molding a small amount of the 
material between two glass slides at 180 °C for 30 sec and subsequent quenching by air. Optical 
micrographs were taken in polarized transmission mode with an optical microscope (Zeiss LM 
Axioplan, equipped with a Zeiss Axiocam camera), equipped with a hot stage (Linkam THMS 600) 
at a magnification of 20 x or 40 x depending on the images.  
 
Model Studies reactions.  
For the synthesis of the compounds used in the model studies and the NMR tube reactions, 
conducted by Dr. Timo Sciarone, the reader is referred to the published article.33  
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6.1. Introduction 

 

 

 

 

 AAbbssttrraacctt   

Several compatibilized blends have been obtained via rather simple and robust chemistry: 
olefin cross metathesis using Grubbs’ second-generation catalyst (G2). Practically, this was achieved 
by the coupling of two vinyl-terminated macromolecules of different nature. The viability of the 
concept was first demonstrated for low molecular weight polyolefin macromolecules before being 
tentatively extended to larger macromolecules, including polar ones such as poly( -caprolactone) 
(PCL), poly(pentadecalactone) (PPDL) and poly(methylmethacrylate) (PMMA). When taking into 
account the possible cross metathesis reactions, a statistical distribution of homopolymers and 
diblock copolymers is likely. However, clear macrophase separation is visible only in the solution 
blends of macromolecules and not in the case of coupled products, as confirmed by optical 
microscopy. This demonstrates that the formation of diblock copolymers effectively compatibilized 
the two phases. This observation is valid for the PP/PE, PCL/PE and PPDL/PE systems. All 
materials were analyzed by HT SEC, DSC and HT HPLC. Such a proof of principle indicates that 
using cross metathesis on a large library of macromolecules might be a versatile “synthetic handle” to 
reach a variety of in situ compatibilized blends. 

  

  

 

140 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page140



66..11..   IInnttrroodduuccttiioonn   

From a practical point of view, tuning material properties can readily be done by blending, 
without resorting to building complex polymeric architectures. A wide variety of stiffness, toughness 
and other physical properties can be realized by choosing the right composition of polymers. 
However, it is not only a matter of composition. The morphology of the blend and how the material 
is processed are also of paramount importance. In a two-phase morphology, the sizes, shapes and 
continuity of the phases determine the properties. Therefore, control of morphology means control 
of properties. This being said, different types of polymers tend to macrophase separate, which leads 
to poor mechanical properties. Diblock copolymers would be the ideal compatibilizers for these 
heterogeneous blends, since their presence would reduce the interfacial tension between the two 
phases and suppress coalescence. These compatibilized blends are potentially at reach when forming 
the diblock copolymer in situ, like intended here, thanks to a coupling of vinyl-terminated 
macromolecules. Such a coupling can readily be done using cross metathesis (CM). This approach 
therefore presents two major assets: 1) a broad variety of diblock copolymers can be synthesized 
given that a library of vinyl/allyl terminated macromolecules is available; 2) the tolerance of the Ru-
based catalysts to polar groups allows us to efficiently couple not only apolar blocks (polyolefin + 
polyolefin), but also more polar blocks to simple polyolefin blocks. Both aspects will be described 
shortly below.   

Polyolefins containing unsaturated chain-ends are readily accessible since -H or -Me transfer to 
monomer is a common chain termination process for homogeneous olefin polymerization catalysts. 
Typical examples are: PE,1,2 ethylene/propylene copolymer (E/P),3 atactic polypropylene (aPP),4 
isotactic polypropylene (iPP),4a,5 syndiotactic polypropylene (sPP),6 but also isotactic polystyrene 
(iPS)7 and others. Typically, the main use of these unsaturated polyolefins as comonomer is to be 
incorporated as Long Chain Branches (LCB),i affording so-called branch-block copolymers, by 
means of the “grafting through” approach.8 Finally, these vinyl-terminated macromolecules can 
readily be used for further functionalization.9 Here, they will be used, without further modifications, 
to be coupled with other vinyl-terminated macromolecules affording the corresponding block 
copolymers. 
 
To successfully couple those vinyl-terminated macromolecules, one has to rely on robust chemistry 
such as olefin metathesis. The Success Story of the development of L2X2Ru=CHR10 has inspired a 
renewed popularity for the very versatile, yet simple to carry out, double bond scrambling reaction: a 
metal-catalyzed redistribution of carbon-carbon double bonds. Thanks to the considerable increase 
in catalyst performance, the applications now span from ring-closing metathesis (RCM), ring- 

                                                
i As a reminder, a branch is a LCB when it is at least 2.5 times the entanglement molecular weight Me (“the molecular weight between 
adjacent temporary entanglement points”). 
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6.2. Results and discussion 

Scheme 6.1. G2

G2

Figure 6.1.

opening metathesis polymerization (ROMP), acyclic diene metathesis polymerization (ADMET) 
and cross metathesis (CM). For example, olefin metathesis is more and more being used as a tool to 
functionalize and polymerize plant oils that have the highest potential amongst the available 
resources,11 in line with the development of more sustainable approaches to polymers. Although the 
extended use of metathesis in polymer chemistry has been reviewed,12 some literature examples 
relevant to the framework of this study are summarized in this paragraph. They focus on ROMP's, 
ADMET's and CM’s recent applications in the field of (functional) polyolefins. In this context, it is 
worth noting that an impressive variety of precision polyolefins has been successfully synthesized via 
step-growth ADMET, followed by extensive hydrogenation.13 They can serve as models for 
copolymers of ethylene with various -olefins, by carefully perturbing the size and the position of 
regularly spaced branches. One can therefore isolate the effect of specific structural features and 
perform careful structural analysis. Besides, when a more pronounced difference in compatibility of 
the blocks is sought after (with polar and apolar blocks), random block copolymers via segment 
interchange olefin metathesis is the strategy to resort to.5 It makes use of unsaturated polymers 
produced by ADMET on which CM is further performed. The various segments of the two 
polymers, when treated with a compatible olefin metathesis catalyst, will interchange and eventually 
yield a random distribution of segments coming from both base polymers.14 To give a final example, 
it is now possible to conduct ADMET on diene monomers containing rigid cyclic structures, 
imparting good thermal stability.15 When considering ROMP, beyond the synthesis of end-
functionalized polynorbornenes,16 highly branched graft copolymers were achieved via norbornene-
terminated polymers.17 Linear polyethylene (PE) block copolymers were also obtained by sequential 
ROMP of cyclooctenes18 and functional LLDPEs (with functional groups along the polymer 
backbone) were accessed by copolymerization of cyclooctene and substituted cyclooctene (followed 
by deprotection).19 Recently, isotactic precision by ROMP of an enantiomerically pure functional 
cyclooctene was even reported.20 

In this chapter, we aim to investigate whether a variety of compatibilized blends is accessible with the 
coupling of vinyl-terminated macromolecules using olefin metathesis. For this purpose, this strategy 
will be first applied to low molecular weight species and further applied to higher molecular weight 
macromolecules. The thermal properties of the latter will be investigated by DSC and the 
morphology by optical microscopy. HT HPLC was also used to try and probe the formation of these 
potentially compatibilizing diblock copolymers.  
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66..22..   RReessuullttss   aanndd  ddiissccuussssiioonn  

6.2.1. Model studies: low molecular weight macromolecules 

The schematics of the cross metathesis reaction performed in this study is drawn below 
(Scheme 6.1) as well as the structure of the catalyst used. Two vinyl-terminated macromolecules are 
coupled to each other under concomitant formation of ethylene (product of the condensation). The 
removal of ethylene drives this dimerization to completion and therefore, it is important to have a 
nitrogen inlet to allow the formed gas to escape.  

     

SScchheemmee  66..11..  Metathesis reaction and structure of the 2nd generation Grubbs catalyst used in this study: (GG22). 

Grubbs’ catalysts are transition metal alkylidene complexes that have the considerable advantage of 
tolerating functional groups. This is an attractive selling point to serve our purpose: olefin-based 
vinyl-terminated macromolecules can possibly react with another vinyl-terminated polyolefin, but 
also with basically any other type of vinyl-terminated polymer. Compared to the first generation 
catalyst, Grubb’s second generation (GG22) displays higher activity and is more stable towards 
moisture and air. All these features make it a very robust and easy to handle catalyst. 
 
The synthesis of diblock polymers by coupling of vinyl-terminated macromolecules actually results 
in a statistical mixture of products, as depicted in the cartoon in Figure 6.1. Basically, the two 
“homo-coupled” diblocks will also be formed, together with the desired “hetero-coupled” diblock. 
However, if the solubility (crystallizability) of the different blocks is contrasting enough, like it is the 
case for a soft/hard diblock (schematically represented as a rope and a steal plate, respectively in 
Figure 6.1), one can in principle separate the products by solvent extraction leading to the isolation 
of the pure diblocks. 

 

FFiigguurree  66..11..  Schematics of diblock synthesis. A statistical distribution of products is expected.  

G2 

G2 
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Figure 6.2.

Figure 6.3.

 

 
 

First of all, low molecular weight vinyl-terminated polyolefins were used in the model studies to 
demonstrate the viability of the approach. The molecular characteristics of these macromolecules are 
listed in Table 6.1.  

TTaabbllee  66..11..  Summary of molecular characteristics of the vinyl-terminated macromolecules used in the model studies.  

MMaaccrroommoolleeccuullee  
((MMMM))  

MMnn  
((gg//mmooll))   

MMww  
((gg//mmooll))   

PPDDII  

PPEE  775500  750 1,100 1.4 

PPEE  11550000  1,600 2,700 1.7 

aaPPPP  11550000a  1,500 2,600 1.7 

aaPPPP  55550000b  5,500 13,800 2.5 
a)1H NMR analysis revealed >91.8 % vinyl end-groups, b) 1H NMR analysis revealed >93.6% vinyl end-groups. 

 

First, two compositionally identical unsaturated model polymers were coupled (entries 1-3 in Table 
6.2). Then, the CM on macromolecules that differ in molecular weight and nature was performed 
(entries 4-5). Both the homo- as well as the hetero-coupling worked successfully. 

TTaabbllee  66..22..  Summary of molecular characteristics of the model coupling reactions. GG22 was used as the catalyst. 

EEnnttrryy  MMMM11 MMMM22  MMnn  ((gg//mmooll))   
Coupled material 

MMww  ((gg//mmooll))   
Coupled material  PPDDII 

 1 PPEE  775500  PPEE  775500  1,400 2,400 1.7 
2 PPEE  11550000  PPEE  11550000  2,300 3,900 1.7 
3 aaPPPP  55550000  aaPPPP  55550000  6,800 15,000 2.2 
4 aaPPPP  11550000    PPEE  11550000  2,500 3,800 1.5 
5 aaPPPP  55550000    PPEE  11550000  4,600 8,700 1.9 

Conditions: 6 mL toluene, 200 mg polymer in total, 1 mol% GG22, 100 °C, 12 h.  

 
As shown above, when the two polymers were coupled, the molecular weights increased and the 
PDIs remained around or below 2. For entries 1, 2 and 4, the molecular weight was almost double 
compared to the starting materials, which indicates a high conversion. At such low molecular weight 
(Mn < 2,000 g/mol) the concentration of C=C is high enough to follow the completion of the 
reaction by IR. An example of such a spectrum is shown in Figure 6.2. As for entries 3 and 5 though, 
the molecular weights were not as high as expected for full conversion. For example, consider the 
situation where one block is A and the other is B: one would expect two A-B, one A-A and one B-B 
to be formed, leading approximately to a Mn of ~7,000 g/mol, instead of the 4,600 g/mol obtained. 
This already gives a hint of the complex phase behavior and therefore expected morphology of such 
blends, since they do not only consist of A-B, A-A and B-B, but also non reacted (short) A and B 
blocks.  
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FFiigguurree  66..22..  IR spectrum of starting (PE 1500) and coupled material (entry 2). The starting monosubstituted alkene 
has characteristic vibration bands around 900 and 990 cm-1, whereas the disubstituted (trans) alkenes can be identified 

by a strong vibration band around 965 cm-1.  

A typical DSC plot is displayed in Figure 6.3 below. The melting temperatures (Tm) as well as the 
crystallization temperatures (Tc) were unaffected by the coupling of two identical macromolecules 
(entry 2, Table 6.2). The same is true for the melting enthalpy (ΔH), which remained constant when 
two crystalline PE 1500 macromolecules were coupled to each other. Noticeably, the second 
endotherm around 111 °C present in the starting material was still observed for the homocoupled 
product (entry 2). 

 

FFiigguurree  66..33..  DSC thermograms of the starting material (PE 1500), homocoupled (entry 2) and heterocoupled to aPP 
5.500 (entry 5). The reported curves are the second heating and cooling runs at 10 °C/min.  
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Table 6.3.

Scheme 6.2.

G2

G2

On the other hand, for the coupling of two different macromolecules (hard and soft, entry 5), the 
H was dramatically depressed from 255 J/g in the pure PE building block to 40 J/g when the same 

PE was coupled to the amorphous aPP 5500. This can be correlated to the presence of a significant 
amount of amorphous (non crystallizable) fraction in the sample, part of which is tethered to the 
crystalline block and thus restricts the formation of crystalline domains. Besides, a decrease in H 
(thus crystallinity) could be the sign of block copolymers that undergo microphase separation in the 
melt (vide infra). Tm and Tc were significantly less affected though, keeping values around 125 °C 
and 113 °C, respectively, comparable to the values of the initial hard block. A scale up to 5 g of entry 
2 proved successful and identical results were obtained.  

6.2.2. Applicability to higher molecular weight macromolecules 

In the previous section, it was demonstrated that coupling of vinyl-terminated macromolecules 
of Mn < 5,000 g/mol, can be easily achieved using GG22 catalyst in solution in toluene. This provides a 
simple way accessing well-defined, low molecular weight compatibilized blends. Such compatibilizers 
might help to improve the morphology of a blend, by reducing the interfacial tension and suppress 
coalescence, thereby giving rise to a finer morphology. However, in order to achieve interesting 
properties (mechanical strength, for instance), the target molecular weight has to be increased (Table 
6.3). In principle, the molecular weight of the polyolefins can be regulated by altering the reaction 
temperature and catalyst concentration (higher catalyst concentration leads to lower molecular 
weight, higher temperature and lower monomer pressure should favor -H elimination thus result in 
more vinyl end groups). However, we did not intend to conduct such an extensive study, so only one 
macromolecule of each type was prepared, i.e., a PE and a poorly isotactic PP.  

Performing CM on a mixture of apolar and polar macromolecules gives rise to amphiphilic block 
copolymers with both hydrophilic and hydrophobic properties next to the corresponding 
homopolymers, thus creating a "self-compatibilizing" blend. The most polar vinyl-terminated 
macromolecules that were included in this investigation are poly( -caprolactone) (PCL), 
poly(pentadecalactone) (PPDL) and poly(methylmethacrylate) (PMMA, Scheme 6.2). Since they are 
synthesized by ring opening polymerization (PCL, PPDL) and CCTP-radical polymerization 
(PMMA), almost 100% vinyl-terminated chains can be obtained by choosing the right initiator. In 
these cases, the chain length can be regulated by simply adjusting the ratio of initiator to monomer.  
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TTaabbllee  66..33..  Set of macromonomers used in this section. 

MMaaccrroommoolleeccuullee  
((MMMM))  

MMnn  ((gg//mmooll))   
MMww  

((gg//mmooll))   
PPDDII  

PPEE  1188000000  18,300 45,800 2.5 
PPPP  88000000  7,600 17,500 2.3 

PPCCLL  99000000  8,500a 18,700 2.2 

PPPPDDLL  1155000000  15,300a 38,300 2.5 
PPMMMMAA  1111000000  11,000b 36,300 3.3 

a) Those values were determined excluding the low molecular weight tail in the SEC trace, attributed to the presence of 
cyclics, b) Values reported against polystyrene standards. 

 
PCL is desirable because it is biodegradable, biocompatible and widely used in the biomedical field. 
Its low Tg and Tm are expected to improve the toughness and processing properties of the 
polyolefins. Some examples of polyolefin-PCL synthesis have been reported in the literature.21,22,23 
PPDL, on the other hand, based on an eco-friendly monomer available in large quantities,24 displays 
a crystallization behavior and crystal structure that reveals large similarities with PE.25 Finally, 
PMMA is interesting because it is a widely used transparent thermoplast, a light weight, shatter 
resistant alternative to glass. It can replace polycarbonate when no extreme strength and toughness 
are necessary. PMMA-polyolefin block copolymers are sought after to obtain better adhesion in 
blends of their counterparts, which for example would improve the scratch resistance of polyolefins 
and the chemical resistance of PMMA significantly. Several studies can be found in the literature as 
well.26,27,28 

 
SScchheemmee  66..22..  Structure of the PCL, PPDL and PMMA used in this section. 

The results of the coupling reactions with GG22 in toluene are presented in Table 6.4. Toluene was 
used as the common solvent to keep both vinyl-terminated macromolecules in solution, without 
poisoning the catalyst. Solution blends, in the absence of GG22, were made for comparison purposes. 
The PDI values of the starting macromolecules were already higher than in the previous section (low 
molecular weight species) and logically resulted in higher PDI values for the coupled materials. 
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Table 6.5.

Besides, the increase in molecular weight of the coupled materials, compared to the starting 
materials, was not as significant as above (entries 3 to 5 vs. 8 to 11). Nevertheless, clear differences 
between the Mn and Mw of the coupled products vs. the blends stood out in the PE/PP & PE/PCL 
combinations (entries 8 and 9). This is an indication that the reaction took place, at least to some 
extent. On the other hand, these observations are much less obvious for the PE couplings to PPDL 
and PMMA (entries 10 and 11). In fact, in all cases the Mn and Mw increased but the puzzling fact is 
that, for these last two systems, the molecular weights of the blends and the coupled products were 
measured to be very similar (within experimental error). 

TTaabbllee  66..44..  Characteristics of coupling reactions and solution blends (for comparison purposes). 

Entry MMMM11  MMMM22  
MM nn  ((gg//mmooll))   

Coupled 
material 

MMww  ((gg//mmooll))   
Coupled material 

PPDDII  
Coupled material 

6 PE 18000 PE 18000 31,100 59,100 1.9 
7 PP 8000 PP 8000 11,900 23,800 2.0 
8 PE 18000 PP 8000 16,600 49,900 3.0 

Blend 8 ‘  ‘  11,800 40,100 3.4 
9 PE 18000 PCL 9000 16,100 39,300 2.4 

Blend 9 ‘  ‘  11,300 38,100 3.4 
10 PE 18000 PPDL 15000 25,600 51,200 2.0 

Blend 10 ‘  ‘  25,300 53,100 2.1 
11 PE 18000 PMMA 11000 24,700 61,800 2.5 

Blend 11 ‘  ‘  26,400 60,700 2.3 
Conditions: 6 mL toluene, 200 mg polymer in total, 1 mol% GG22, 100 °C, 12 h.  

Despite the fact that the original broad PDIs might conceal the increase in molecular weight a bit, 
the results in Table 6.4 strongly suggest that the coupling was considerably less efficient than in the 
case of the low molecular weight macrmolecules. This can be attributed to several causes. Increasing 
the molecular weight of the macromolecules while keeping the experimental setup the same will 
result in a decrease of the concentration of reactive end groups. Keeping in mind that the reaction 
rate is proportional to k [vinyl group]2, it is clear that the rate decreases with the power of 2 with 
increasing molecular weight. On top of that, diffusion limitation might start to play a role when the 
molecular weight increases. The lack of molecular miscibility could also be pointed at. Hence, 
significantly longer reaction times  (and/or temperatures) will be required to achieve high 
conversions. To pursue the investigations, thermal analysis by DSC was performed. The 
corresponding results are reported in Table 6.5 below.  

It is worth noting that PE 18000 was highly crystalline, with a relatively high Tm and H whereas 
the poorly isotactic PP 8000 did not display any endotherm in DSC at 10 °C/min. This is also true 
for the amorphous PMMA 11000. For this reason, their coupling serves as crystalline/amorphous 
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example, as opposed to the PCL/PE and PPDL/PE systems that both consist of two crystallizable 
blocks. Hence, the PP/PE coupled product showed only one endotherm during the second heating 
scan (entry 8), whereas two endothermic peaks were observed for the PE/PCL and PPDL/PE 
systems. Similarly as in the previous section, the Tm as well as the Tc were in most cases unaffected by 
the coupling reations (entries 8 to 10). The parameter that varied the most, compared to the 
common PE block alone, was H i.e., crystallinity. An even more pronounced decrease in H was 
obtained for the blends as opposed to the coupling reactions (not valid for the PMMA/PE 
combination). This observation might seem counter-intuitive since bigger microphase separation in 
the melt for the blends could provide more freedom for crystallization to take place within the 
domains. However, a finer morphology for the coupled materials leads to more interface on which 
heterogeneous nucleation could be facilitated.   

TTaabbllee  66..55..  Thermal properties of the higher molecular weight materials, their combinations and blends as obtained 
from DSC (2nd heating and cooling scans at 10 °C/min). 

EEnnttrryy  MMMM11  MMMM22  TTmm  ((°°CC))  TT cc  ((°°CC))  HH  ((JJ//gg))  

PE 18000 - - 130.8 115.2 216.8 

PP 8000 - - - - - 

PCL 9000 - - 57.2 34.0 65.4 

PPDL 15000 - - 95.8 77.9 113.2 
PMMA 11000 - - - - - 

8 PE 18000 PPP 8000 129.5 115.9 144.7 
Blend 8 ‘  ‘‘  130.2 116.8 104.4 

9 PE 18000 PPCL 9000 58.5, 129.9 41.5, 116.2 36.6, 123.9 
Blend 9 ‘  ‘‘  56.7, 130.0 37.3, 116.8 38.5, 84.4 

10 PE 18000 PPPDL 15000 95.0, 129.0 82.8, 115.8 64.4, 82.5 
Blend 10 ‘  ‘‘  94.3, 129.4 80.2, 115.8 58.5, 78.2 

11 PE 18000 PPMMA 11000 129.3 116.2 138.8 
Blend 11 ‘  ‘‘  129.2 115.8 161.5 

 
Before proceeding to optical microscopy and find out whether compatibilized blends were 
successfully formed by CM, HT HPLC analyses were performed. This technique has only relatively 
recently been applied at high temperature for the microstructural analysis of polyolefins.29 The 
separation is based on the interactions of the polymer samples with a stationary phase (Hypercarb 
column). The macromolecules can be selectively adsorbed and desorbed by the application of a 
gradient of solvent (from 100% 1-decanol to 100% trichlorobenzene (TCB)). In this pioneering 
study, since such analyses were performed for the first time on PCL and PPDL, it was found that 
both these polymers adsorbed from 1-decanol and were eluted only after the addition of TCB into 
the mobile phase (Figure 6.4). PMMA, on the other hand, was not adsorbed at all and eluted 
immediately from the column. PMMA-based systems were explored before, but at lower 
temperature.30 PE, as demonstrated in the literature, adsorbed on the column and eluted in the 
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G2

Figure 6.5.

G2

gradient of 1-decanol-TCB. One would expect that the diblock copolymers would elute between the 
peaks of the polar blocks (PCL, PPCL and PMMA) and PE. However, according to the 
chromatograms, the peaks that would correspond to the diblock are not present, at least not in 
detectable amounts. The reason for not detecting the diblocks will deserve further investigations. 
However, the first explanation that comes to mind can be that the diblock copolymers are basically 
formed in too little quantity to be detected. Another possible explanation, less plausible though, 
could be that the adsorption behavior is strongly dominated by one of the blocks, since they both 
have an Mn of around 10,000 g/mol. In fact, in HPLC the adsorption is very dependent on the 
sorbent/solvent selection and those HT HPLC results could certainly be optimized. It would be 
interesting to look into the outcome of TREF or CRYSTAF analyses to see if any diblock 
copolymers are detected there.   

    

 

FFiigguurree  66..44..  HT HPLC profiles of the combinations of a) PCL/PE, b) PPDL/PE and c) PMMA/PE. 
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Finally, investigations by polarized optical microscopy (POM) were conducted and proved to be 
particularly informative in terms of morphology of the different combinations. The images of blends 
are compared to the corresponding samples where GG22 was added, they are shown in Figures 6.5 to 
6.8. For most of the systems (except PMMA/PE), the blends were macrophase separated with a 
domain size between 50 and 100 μm. Strikingly, however, this phase separation was not observed for 
the metathesized samples, which proves that for the higher molecular weight macromolecules the 
coupling reaction also proceeds, albeit at a rather low conversion. This observation confirms that this 
technique allows the preparation of block copolymers that can efficiently overcome the strong 
segregation strength between the constituting phases, even at very low concentrations.  
 
Going into more details, the first example corresponds to the PP/PE combination (entry and blend 8 
in Table 6.4), where the soft PP 8000 and the hard PE 18000 were blended and coupled. The blend 
resulted in amorphous and crystalline domains, whereas no segregation was observed in the other 
case, which clearly resulted in a self-compatibilized blend.  
 

  
  

FFiigguurree  66..55..  Optical micrographs of the PP/PE system: [left] blend 8 vs. [right] entry 8 (coupled product), obtained 
after the following thermal history: heated up to 160 °C (at 50 °C /min, held for 5 min) then cooled down to RT at 10 

°C/min.  
 

The second example deals with the combination of PCL 9000 and PE 18000, which both are 
crystalline. Again, the blend displayed macrophase-separated domains. In this case, the PE 
crystallizes first (Figure 6.6, left), followed by the PCL that in turn crystallized upon cooling below 
~40 °C (Figure 6.6, middle). This segregation was not observed for the sample made in the presence 
of GG22 (Figure 6.6, right).  
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Figure 6.8.

6.3. Conclusions

G2

 

 
 

   

FFiigguurree  66..66..  Optical micrographs of the PCL/PE system: [left and middle] blend 9 vs. [right] entry 9 (coupled 
product), obtained after the following thermal history: heated up to 160 °C (at 50 °C/min, held for 5 min) then cooled 

down to RT at 10 °C/min. 
 
Next, the case of PPDL/PE was studied (Figure 6.7). Besides their resembling chemical structure, 
these two polymers are very similar in terms of chain arrangements in the crystal structure (this is 
also true for PCL).31 The pseudo-orthorhombic monoclinic unit cell resembles that of PE albeit that 
its dimensions are slightly larger than for PE (and similar to PCL). In fact, the physical properties of 
PPDL, a polyester that contains 14 methylene units for one ester group, are somehow intermediate 
between those of PCL and PE.32 This notwithstanding, macrophase separation was still observed in 
the blend, despite the relatively “low concentration” of oxygen atoms in the backbone of PPDL. 
Conversely, the "self-compatibilized" partly coupled mixture showed a more homogeneous 
morphology with much smaller phases. 
  

   
FFiigguurree  66..77..  Optical micrographs of the PPDL/PE system: [left] blend 10 vs. [right] entry 10 (coupled product), 

obtained after the following thermal history: heated up to 160 °C (at 50 °C/min, held for 5 min) then cooled down to 
RT at 10 °C/min.  

 

Unexpectedly, despite their significant difference in terms of polarity, the PMMA/PE blend 
portrayed no obvious macrophase separation when observed in POM (Figure 6.8). Actually, no 
distinction could be made between the solution blend and the coupled material on a 50-100 μm 
scale. Taken into account the results for the other combinations above, it seems unlikely that this 
would be due to the too low molecular weight of the macromolecules used. Possible explanations 
could be that the vitrification of PMMA suppresses the phase separation because the sample was 
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heated above the Tg of PMMA (~100 °C) or that the phase separation occurs at lower length scale 
(nanoscale), as reported for some PE-PMMA block copolymer in the literature.33  

  

FFiigguurree  66..88..  Optical micrographs of the PMMA/PE system: [left] blend 11 vs. [right] entry 11 (coupled product), 
obtained after the following thermal history: heated up to 160 °C (at 50 °C/min, held for 5 min) then cooled down to 

RT at 10 °C/min. 

Overall, it would be very interesting to investigate the morphology of the above one order of 
magnitude lower in length scale, with TEM for instance. Intriguing characteristics of ternary blends 
(A, B + A-B) can already be foreseen in the literature.34 As a matter of fact, we expect that a broad 
distribution in chain length would shift the phase boundaries (relative to those of the corresponding 
monodisperse block copolymers) and modify the microdomain size.35 One could expect more 
“swollen” domains than for pure diblock copolymer samples since large amounts of homopolymers 
are present in the samples. Even when increasing the couplings efficiency dramatically, due to those 
large homopolymers, a nanostructured morphology is hardly conceivable. For the low molecular 
weight samples (entries 3 to 5 in Table 6.2), since the coupling seems more efficient, solvent 
extractions would be performed and the images of extracted materials vs. the ones containing the 
homopolymers could eventually be opposed.  

66..33..   CCoonncclluussiioonnss 

The present study intended to prove the principle of using CM to access a diversity of "self-
compatibilized" blends. This was achieved by the straight forward coupling of two vinyl-terminated 
macromolecules. Model studies on low molecular weight materials provided the ground for further 
experiments at higher molecular weight. For the low molecular weight macromolecules, a significant 
increase in Mn after coupling was detected by HT SEC. At higher molecular weight though, the HT 
SEC, DSC and HT HPLC results revealed only small dissimilarities between the metathesized 
samples and their solution blend. However, striking differences arose from optical microscopy. CM 
was applied to a polyolefin/polyolefin combination but also to polyolefin/PCL, polyolefin/PPDL 
and polyolefin/PMMA. When solution blended in the absence of GG22 catalyst, macrophase 
separation was clearly observed, with the exception of the PMMA/PE system. However, all 
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metathesized samples displayed no macrophase separation. Therefore, the effectiveness of the 
coupling reaction was maybe not as high as expected but the small fraction of diblocks formed 
proved to act as an excellent compatibilizer. In the coupled samples, adhesion between the phases 
must be promoted and mechanical properties should be investigated. In the hypothesis that one 
manages to obtain a rather large library of vinyl-terminated macromolecules (in terms of block 
length and properties, e.g. polarity, Tg, Tm), this strategy can be extremely versatile. Other immediate 
potential candidates to explore (with high success rate) are PS, PHB, PVDF, polycarbonates and 
even PLA given that a common solvent (or mixture of solvents) is found to dissolve the polymers 
without poisoning the catalyst. 

66..44..   EExxppeerriimmeennttaall   sseeccttiioonn   

General considerations 

All syntheses and manipulations of air and moisture sensitive compounds were carried out in an 
oven-dried Schlenk-type glassware on a dual manifold Schlenk line, a vacuum line (typically 1-100 
mbar), or in a nitrogen-filled glovebox (typically <1.0 ppm of oxygen and moisture). 

Materials 

All solvents and reagents were purchased from commercial sources (Sigma-Aldrich, BioSolve) unless 
stated otherwise. Toluene (Merck) was purified by passing over beds with BTS catalyst followed by 
molecular sieves (3 Å) and Selexsorb CD (BASF). 2nd generation Grubbs catalyst (C46H65Cl2N2PRu) 
was retrieved from Aldrich and was used without further purification. Pentadecalactone (PDL), and 
�-caprolactone (�CL) were freshly distilled from CaH2 under nitrogen prior to use. 3-Buten-1-ol 
(BnOH) was degassed before use. N,N’-bis(salicylaldimine)-1,2-ethylenediamine aluminum ethyl 
([Salen]AlEt) was synthesized using the procedure reported in the literature.36 Methylmethacrylate 
(MMA, 99%) was passed over a column of activated basic alumina to remove the inhibitor. 
Azobis(isobutyronitrile) (AIBN) was recrystallized twice from methanol. The bis(methanol) complex 
of COBF, COBF(MeOH)2 was prepared as described in the literature.37 

Synthesis of macromonomers 

The PE 750 and 1500 were synthesized according to the procedure described in the literature.38 

aPP 1500 and aPP 5500, PE 18000: The polymerization was carried out in stainless steel PREMEX 
autoclaves, mounted on a semi-automated home-made polymerization platform. The autoclaves of 
an internal volume of 125 mL were equipped with a mechanical stirrer (impeller), operated at 250 
rpm. The reactors were dried by 4 cycles of nitrogen (10 min) and vacuum (5 min) with a jacket 
temperature of 130 °C.  Toluene was dosed into the autoclaves. The temperature was then set to the 
desired value and after allowing it to stabilize, ethylene was then dosed via Bronkhorst mass flow 
controllers into the reactors. The pressure was set at 3 bar (2 bar partial monomer pressure). After 
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stirring the content of the reactors for 30 min, 250 eq. of MAO (10 wt% Al) were introduced (0.25 
mmol). 30 min later, a 5 mL toluene solution of (Cp*)2ZrCl2 (for ethylene polymerization) or 
(Cp)2ZrCl2 (for propylene polymerization) was injected into the reactor using nitrogen over pressure. 
The pressure set point of the reactor was automatically adapted to keep the same partial monomer 
pressure. The reactor temperature was kept at the set point to within 1 °C by electrical heating and 
cooling with process water. After 1 h, the reactor was vented and the mixture poured into a large 
volume of acidified ethanol, filtered and dried to constant weight at 70 °C under vacuum. 

The PP 8000 was synthesized according to the procedure reported in the literature.39  

 
PCL 9000 and PPDL 15000: The vinyl end-capped poly( -caprolactone) (PCL) and 
poly(pentadecalactone) (PPDL) were synthesized by the addition of 3 g CL/PDL (26.3 mmol/12.5 
mmol), 43 mg [Salen]AlEt (0.13 mmol), 8.8 mg BeOH (0.12 mmol), and 3 g toluene to a 20 mL 
glass crimp cap vial under nitrogen, which was allowed to react overnight at 100 °C, after which full 
conversion (>95%) was confirmed by 1H NMR analysis of the crude reaction mixture. Subsequently, 
the reaction mixture was dissolved in chloroform, precipitated in methanol, the precipitate was 
washed three times with methanol, and dried at 40 °C under vacuum. 
 
PMMA 11000: Methyl methacrylate was polymerized with AIBN in a round-bottom flask at 60 °C. 
MMA (50 g) was deoxygenated by purging with nitrogen in a flask sealed airtight with a septum in 
an ice bath for 30 minutes. To a separate flask provided with a stirring bar, 100 mg AIBN and 50 
mg COBF were added. The flask was consecutively evacuated and purged with nitrogen three times. 
The monomer was added to the flask with AIBN and COBF. The solution was heated to 60 °C and 
the reaction was left with continuous stirring for 24 h. The PMMA was isolated by vacuum 
evaporation of toluene. The macromonomer was dried in a vacuum oven at 60 °C for 24 h. 
 
Coupling reactions with GG22: In the glovebox, a 50/50 mixture of the two macromolecules was 
added to a 20 mL crimp cap vial equipped with a magnetic stirrer bar and dissolved in toluene to 
make a ~3% (g polymer/mL toluene) solution. Typically, 200 mg scale reactions were conducted, 
and 6 mL of toluene were added to the solid polymers. The vials were sealed and subsequently 
placed in a temperature controlled carrousel set at 100 °C outside the glovebox. Once the polymers 
were dissolved, the required amount of GG22 catalyst stock solution was added (~1 mol%). All 
reactions were vigorously stirred under a flow of nitrogen for the whole duration of the reaction. 
After 12 h, the content of the vials was added to a large volume of acidified methanol, filtered on 
Büchner and dried in a vacuum oven overnight.  
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Solution blending 

The desired amounts of both samples were dissolved in 150 mL toluene at 110 °C in a round 
bottom flask equipped with a reflux condenser, under a nitrogen atmosphere. After complete 
dissolution, the mixture was precipitated in a large amount of cold methanol, filtered and dried to 
constant weight at 70 °C under vacuum.  

Characterization 

High temperature SEC was used to determine molecular weights. Analyses were performed on a 
Waters Alliance GPCV 2000 chromatograph equipped with three columns (three PL Olexis, 250  
8.5 mm, Polymer Laboratories Ltd). Samples of 1 mg/mL concentrations were eluted with 
trichlorobenzene at a flow rate of 1 mL/min at 160 °C. Linear polyethylene standards (PSS GmbH, 
Mainz, Germany) with an average molecular weight in the range of 5-1.500 kg/mol were used for 
calibration of the SEC columns.  

Thermal analysis was conducted using a TA Instruments DSC Q1000. Approximately 4-5 mg of 
polymer were encapsulated in hermetically sealed aluminum pans and measured at a standard 
heating and cooling rate of 10 °C/min in a nitrogen atmosphere. Prior to recording the cooling and 
heating runs, the samples were held at 185 °C for 5 min to erase thermal history, then cooled at 10 
°C/min to -20 °C. The sample was held at this temperature for 2 min and reheated from up to 180 
°C at 10 °C/min. The reported melting temperatures are those obtained from the second heating.  

High temperature HPLC was used to investigate the chemical composition distribution of the 
polymers. Samples were dissolved in 2-ethyl-1-hexanol for between 2-3 h and injected onto a 
Hypercarb column (100  4.6 mm, particle diameter 5 μm, Thermo Scientific) flushed with 2-
ethyl-1-hexanol at 160 °C at a flow velocity 0.8 mL/min (98 μL sample loop). For all HPLC 
measurements a Polymer Laboratories Chromatograph PL GPC 210 system using a quaternary 
pump (Agilent Technologies) and a Polymer Laboratories PL-ELS 1000 evaporative light scattering 
detector (ELSD). Three minutes after starting to pump, a linear gradient of 1-decanol and 1,2,4-
trichlorobenzene was generated starting with 1-decanol and ending with pure 1,2,4-trichlorobenzene 
after 10 minutes. After pumping with pure TCB for 2 minutes, a further linear gradient from pure 
TCB to pure 2-ethyl-1-hexanol was undertaken over 2 minutes. Finally the adsorption equilibrium 
of the column was reestablished by pumping with pure 1-decanol for 20 minutes. 

Polarized optical microscopy was used to study the morphology. Samples were prepared by 
compression molding a small amount of each material between two glass slides at 180 °C for 30 s 
and subsequent quenching in air. Optical micrographs were taken in polarized transmission mode 
with a Zeiss LM Axioplan optical microscope equipped with a Zeiss Axiocam camera and Linkam 
THMS 600 hot stage at a magnification of 20x or 40x. Optical micrographs were obtained on 
samples with different thermal histories.  

156 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page156



 
 

66..55..   RReeffeerreenncceess  

 
1 a) Matsugi, T. ; Fujita, T. Chem. Soc. Rev. 22000088, 37, 1264. b) Terao, H.; Ishii, S.; Saito, J.; Matsuura, S.; Mitani, M.; Nagai, N.; 
Tanaka, H.; Fujita, T. Macromolecules 22000066, 39, 8584.  
2 Sperber, O.; Kaminsky, W. Macromolecules 22000033, 36, 9014.  
3 a) Park, S.; Wang, W. J.; Zhu, S. Macromol. Chem. Phys. 22000000, 201, 2203. b) Wang, W.-J.; Kolodka, E.; Zhu, S.; Hamielec, A. E. 
J. Polym. Sci., Part A: Polym. Chem. 11999999, 37, 2249. c) Arikan, B.; Stadler, F. J.; Kaschta, J.; Münstedt, H.; Kaminsky, W. 
Macromol. Rapid Commun. 22000077, 28, 1472.  
4 a) Resconi, L.; Camurati, I.; Sudmeijer, O. Top. Catal. 11999999, 7, 145. b) Shiono, T.; Moriki, Y.; Ikeda, T.; Soga, K. Macromol. 
Chem. Phys. 11999977, 198, 3229. c) Repo, T.; Jany, G.; Hakala, K.; Klinga, M.; Polamo, M.; Leskela, M.; Rieger, B. J. Organomet. 
Chem. 11999977, 549, 177.  
5 a) Weng, W. Q.; Markel, E. J.; Dekmezian, A. H. Macromol. Rapid. Commun. 22000000, 21, 1103. b) Lohse, D. J.; Datta, S.; Kresge, 
E. N. Macromolecules 11999911, 24, 561.  
6 Cherian, A. E.; Lobkovsky, E. B.; Coates, G. W. Macromolecules 11999999, 32, 1348.  
7 Gall, B. T.; McCahill, J.; Stephan, D. W.; Mülhaupt, R. Macromol. Rapid Commun. 22000088, 29, 1549. 
8 a) Stadler, F. J. ; Arikan-Conley, B. ; Kaschta, J.; Kaminsky, W.; Münstedt, H. Macromolecules 22001111, 44, 5053. b) Shiono, T.; 
Azad, S. M.; Ikeda, T. Macromolecules 11999999, 32, 5723. c) Markel, E. J.; Weng, W.; Peacock, A. J.; Dekmezian, A. H. 
Macromolecules 22000000, 33, 8541. d) Weng, W.; Markel, E. J.; Dekmezian, A. H. Macromol. Rapid Commun. 22000011, 22, 1488. e) 
Weng, W.; Hu, W.; Dekmezian, A. H.; Ruff, C. J. Macromolecules 22000022, 35, 3838. f) Ye, Z.; Zhu, S. J. Polym. Sci. Part A: Polym. 
Chem. 22000033, 41, 1152.  
9 Mazzolini, J.; Boyron, O.; Monteil, V.; Gigmes, D.; Bertin, D.; D’Agosto, F.; Boisson, C. Macromolecules 22001111, 44, 3381.  
10 Trnka, T. M.; Grubbs, R. H. Acc. Chem. Res. 22000011, 34, 18. 
11 Türünc, O.; Montero de Espinosa, L.; Meier, M. A. R. Macromol. Rapid. Commun. 2011, 3322, 1357. 
12 Ivin, K. J.; Mol, J. C. Olefin Metathesis and Metathesis Polymerization; Academic Press: London 1997.  
13 a) Rojas, G.; Berda, E. B.; Wagener, K. B. Polymer 22000088, 49, 2985. b) Rojas, G.; Inci, B.; Wei, Y.; Wagener, K. B. J. Am. Chem. 
Soc. 22000099, 131, 17376. c) Hosoda, S.; Nozue, Y.; Kawashima, Y.; Suita, K.; Seno, S.; Nagamatsu, T.; Wagener, K. B; Inci, B.; 
Zuluaga, F.; Rojas, G.; Leonard, J. K. Macromolecules 22001111, 44, 313. d) Inci, B.; Lieberwirth, I.; Steffen, W.; Mezger, M.; Graf, R.; 
Landfester, K.; Wagener, K. B. Macromolecules 22001122, 45, 3367.  
14 Wagner, N. L.; Timmers, F. J.; Arriola, D. J.; Jueptner, G.; Landes, B. G. Macromol. Rapid. Commun. 22000088, 29, 1438.  
15 Li, Z. L.; Li, L.; Deng, X. X. ; Zhang, L. J. ; Dong, B. T.; Du, F. S.; Li, Z. C. Macromolecules 22001122, 45, 4590. 
16 Bielawski, C. W.; Benitez, D.; Morita, T.; Grubbs, R. H. Macromolecules 22000011, 34, 8610.  
17 Kim, J. G.; Coates, G. W. Macromolecules 22001122, 45, 7878. b) Anderson, A. M.; Coates, G. W.; Auriemma, F.; De Rosa, C. ; 
Silvestre, A. Macromolecules 22001122, 45, 7863.  
18 Pitet, L. M.; Zhang, J.; Hillmyer, M. A. Dalton Trans. doi: 10.1039/c2dt32695g 
19 Kobayashi, S.; Kim, H.; Macosko, C. W.; Hillmyer, M. A. Polym. Chem. 22001133, 4, 1193. 
20 Zhang, J.; Matta, M. E.; Martinez, H.; Hillmyer, M. A. Macromolecules 22001133, 46, 2535.  
21 Huang, H.; Dong, J.-Y. J. Polym. Sci. Part A: Polym. Chem. 22001111, 49, 2222.  
22 Lu, Y.; Hu, Y.; Chung, T. C. M. Polymer 22000055, 46, 10585.  
23 Tzeng, F. Y.; Lin, M. C.; Wu, J. Y.; Kuo, J. C.; Tsai, J. C.; Hsiao, M. S.; Chen, H. L.; Cheng, S. Z. D. Macromolecules 22000099, 42, 
3073. 
24 Panten, J.; Surburg, H.; H lscher, B. Chem. Biodiv. 22000088, 5, 1011. 
25 Cai, J.; Hsiao, B. S.; Gross, R. A. Polym. Int. 22000099, 58, 944. 
26 Song, J.; Thurber, C. M.; Kobayashi, S.; Baker, A. M.; Macosko, C. W.; Silvis, H. C. Polymer 22001122, 53, 3636.  
27 Schneider, Y.; Azoulay, J. D.; Coffin, R. C.; Bazan, G. C. J. Am.Chem. Soc. 22000088, 130, 10464.  
28 Kaneyoshi, H.; Matyjaszewski, K. Macromolecules 22000055, 38, 8163. 
29 Macko, T.; Pasch, H. Macromolecules 22000099, 42, 6063.  
30 a) Heinz, L.-C.; Graef, S.; Macko, T.; Brull, R.; Balk, S.; Keul, H.; Pasch, H. e-Polymers 22000055, 54, 1. b) Pasch, H.; Heinz, L.-C.; 
Macko, T.; Hiller, W. Pure Appl. Chem. 22000088, 80, 1747.  
31 Gazzano, M.; Malta, V.; Focarete, M. L.; Scandola, M.; Gross, R. A. J. Polym. Sci. Part B: Polym. Phys. 22000033, 41, 1009.  
32 Cai, J.; Liu, C.; Cai, M.; Zhu, J.; Zuo, F. ; Hsiao, B. S.; Gross, R. A. Polymer 22001100, 51, 1088.  

h 157CHAPTER 6

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page157



 

 
 

 
33 Matsugi, T.; Kojoh, S.-I.; Kawahara, N.; Matsuo, S.; Kaneko, H.; Kashiwa, N. J. Polym. Sci. Part A: Polym. Chem. 22000033, 41, 
3965.  
34 Ruzette, A. -V.; Leibler, L. Nat. Mater. 22000055, 4, 19. 
35 Lynd, N. A.; Meuler, A. J.; Hillmyer, M. A. Prog. Polym. Sci. 22000088, 33, 875.  
36 Dzugan, S. J.; Goedken, V. L. Inorg. Chem. 11998866, 25, 2858.  
37 Bakac, A.; Brynildson, M. E.; Espenson, J. H. Inorg. Chem. 11998866, 25, 4108. b) Suddaby, K. G.; Haddleton, D. M.; Hastings, J. 
J.; Rochards, S. N.; O’Donnell, J. P. Macromolecules 11999966, 29, 8083.  
38 Licciulli, S.; Thapa, I.; Albahily, K.; Korobkov, I.; Gambarotta, S.; Duchateau, R.; Chevalier, R.; Schuhen, K. Angew. Chem. Int. 
Ed. 22001100, 49, 9225. 
39 Sch bel, A.; Lanzinger, D.; Rieger, B. Organometallics 22001133, 32, 427. 

158 h OLEF IN  BLOCK COPOLYMERS:  SYNTHESIS  AND D ISSECT ION

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page158



h 159CHAPTER 6

2003

2005
2008

1986
1986

1996

2010
2013

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page159



DRAFT.DESCOUR.THESIS v8_Mise en page 1  31/07/13  11:30  Page160



h 161CHAPTER

EPILOGUE

07

DRAFT.DESCOUR.THESIS_Mise en page 1  26/07/13  15:07  Page161



77..11..   HHiigghhll iigghhttss  

Synthetic polymers hardly need any introduction anymore, as they are present in basically 
every aspect of our modern life. Combined efforts of applied and fundamental research have led to 
incredible advances in the relatively “young” field of synthetic polymers that are replacing more and 
more materials. As a matter of fact, they often provide higher performance for a lower cost and less 
weight, in a myriad of applications, as beautifully exemplified by polyolefins. The amazing success 
story of Ziegler-Natta catalysis continues to fascinate scientists because it is not only at the basis of a 
huge production of plastics but it also contributed significantly to the validation of broader concepts 
of polymer science, by allowing almost complete control over chain architecture. Although not part 
of the new “supra-, bio-, nano-” trinity of polymer science, with more than 70 years of intense 
history behind, polyolefins are starting to be seen as “simply” large volume commodity plastics with 
very limited room for improvements and challenges. At least three obvious reasons can disprove this 
affirmation: 

1. The processes used are still not perfect and could be anchored in an even more energy-
friendly, chemical saving and thus sustainable approach. 

2. Single-site catalysts remain too expensive (by at least one order of magnitude compared 
to classical Z-N ones) but the latter do not allow perfect control on the polymer 
microstructure. 

3. There is still no real solution to overcome the unfortunate property correlation where the 
statistical incorporation of comonomer imparts flexibility but also decreases the thermal 
application window dramatically. 

It is in the framework of this third affirmation that the work presented in this thesis started. Block 
copolymers could indeed surpass this correlation, accomplishing the use of polyolefins as 
thermoplastic elastomers. An ultimate goal would be to supplant styrene-butadiene-styrene 
copolymers, for instance. But this is not all. Block copolymers could also be used as compatibilizers 
for blends of immiscible polyolefins or blends of polyolefins with more polar polymers. The content 
of this thesis can be categorized into the exploration of four different catalytic routes, targeting 
various blocky architectures. The major highlights are summarized below.  

Great progress has been achieved in living olefin polymerization with the publication of admirable 
examples of ethylene/propylene-based block copolymers.1 It was decided to explore the use of this 
technique for the more exotic bulky 4-methyl-1-pentene (4M1P) monomer and the successful 
synthesis of 4M1P/1-pentene-based random and block copolymers was achieved. Subsequently, the 
crystallization behavior of such materials was studied by constructing instructive Pressure-Volume-
Temperature diagrams. Under certain high-pressure conditions, the density of the amorphous phase 
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can be higher than (or least equal to) that of the amorphous phase. It was shown that randomly 
incorporating 1-pentene comonomer into the poly4M1P chains effectively lowers the pressure at 
which this phenomenon can take place and can provide expansion-neutral, stress-free semi-
crystalline materials. 

However, the inherent drawbacks of living polymerization are obvious: often it is a rather slow 
process and only one chain per active site is formed, making it very expensive. Coordinative Chain 
Transfer Polymerization (CCTP) could be a possible way out: this system relies on a large pool of 
dormant polymer chains attached to a main group metal, which are temporarily transferred to a 
transition metal for propagation (for a short fraction of time). This strategy was employed for the 
synthesis of iPP-sPP stereoblocks, using two different stereospecific metallocenes. Not only 
challenging from the synthetic point of view, the materials produced had to be thoroughly 
characterized to unravel their complex microstructure. The addition of diethyl zinc (DEZ) proved to 
be necessary for the formation of the desired architectures. The price to pay is that, in the presence of 
DEZ, the molecular weight is greatly reduced (from an Mn of over 70,000 g/mol to only a few 
thousands g/mol). It is worth mentioning that finding the right pair of metallocenes is by far not an 
easy task: in our case, the rates of transfer between the two catalysts are not yet optimum since the 
stereoblocks formed bear a majority of syndiotactic segments (or at least longer ones).   

As a matter of fact, the breakthrough of chain shuttling polymerization illustrates an extreme case of 
CCTP.2 This term was introduced to account for the use of several catalysts while performing 
CCTP. So far, only one combination of post-metallocene catalysts was found to produce the desired 
multi-block copolymers and the best results are obtained in continuous reactors. We were interested 
in exploring how this very sensitive type of chemistry would work in our hands, in a semi-batch 
reactor. The interactions of BHT (2,6-(t-Bu)2-4-Me-C6H2OH), MAO (AlR3) and ZnR2 during 
Hf/Zr-based chain shuttling polymerization were examined. The resulting materials differ from a 
simple solution blend of materials, separately produced by single catalysts, but also from multi-block 
copolymers as obtained by DOW's continuous process, although a blocky structure can be 
rationalized in the main fraction, proving that the catalysts surely do communicate. All in all, the 
simultaneous addition of BHT to MAO and DEZ seems to partially impede the delicate chain 
shuttling equilibrium.  
 
In general, to tune material properties, different polymers might be blended. One fundamental 
limitation though is that most macromolecules of different types are not miscible. For instance, 
blends of apolar polyolefins and more polar blocks, such as polycaprolactone (PCL) or 
polymethylmethacrylate (PMMA), macrophase separate and this leads to poor mechanical 
properties. Diblock copolymers would be the ideal compatibilizers for these heterogeneous blends 
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Figure 7.1.

and such block copolymers can be readily achieved by metathesis. When tackling our goal from a 
different perspective, the improvement in this field for ring-opening metathesis polymerization 
(ROMP), acyclic diene metathesis (ADMET) and cross metathesis (CM),3 has paved the way to new 
polyolefin-containing block copolymers. This strategy is particularly interesting since the Ru-based 
catalysts are more tolerant to polar groups and allow us to efficiently couple polar functionalities to 
simple polyolefin blocks. The example of coupling polyolefins to PCL and polypentadecalactone 
(PPDL) is described in the last part of this thesis. Needless to say that this strategy can be applied to 
the coupling of different polyolefin blocks as well, e.g. sPP and iPP, given that the right 
macromonomers are available. An illustration of this is also shown in the presented work.  

A common challenge, encountered in all chapters, basically resides in the accurate detailed 
characterization of these complex materials. Careful examination of the results, as well as the 
combination of the (sometimes complementary) high quality techniques are a strictly required. 

77..22..   TTeecchhnnoollooggyy  aasssseessssmmeenntt  

The industrial relevance of polyolefins does not have to be demonstrated, as polyolefins form 
by far the most important class of commodity plastics (over 100 million tons are produced each 
year). The knowledge of polymer reactor engineering comes into play to use the catalyst to its full 
potential. Without the right catalyst, the desired polymer architecture cannot be achieved for a target 
application, but without smart process engineering to enable the manufacturing on a large scale and 
the best potential products would never have reached the market. As a result, polyolefin production 
is a typical multi-scale process consisting of an interplay of processes on molecular (micro-), particle 
(meso-), and reactor scale (macro-). 

The diversity of industrial technologies for polyolefin production resides in the fact that several 
reactor configurations exist (Figure 7.1) and that the processes may be run in solution, slurry, bulk 
or gas phase. It is important to note that the reactor type has a severe influence on the product 
properties4 and the processes are usually very different for PE and PP. For example, for PP, gas phase 
is usually used due to the stickiness of the polymer (in some cases) and the solubility of the 
copolymer in the monomer and diluent. But most importantly, gas phase is preferred from the 
investment point of view since it requires limited equipment and operational costs.  
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FFiigguurree  77..11..  Reactor configurations used for olefin polymerization: a) autoclave, b) loop, c) fluidized bed, d) 

vertical gas-phase, e) horizontal gas-phase.5 

When focusing on olefin block copolymers, the high cost associated to their production (if possible 
at all) implies that niche applications with added product value need to be identified. In the lab-scale 
work reported in this thesis, solution and slurry processes in a stirred autoclave have been used, 
dictated by the nature of homogeneous catalysis.  

Solution processes have to be conducted at high temperature. If not, above a certain molecular 
weight, precipitation of the polymer occurs leading to the formation of a slurry. The advantages of 
solution processes are a uniform reaction medium and proper mixing, but removal of the heat of 
reaction is limited. The process can be run up to 250 °C and high pressure (up to 100 bar). 
Relatively short residence times and fast grade transition are other assets. Importantly, it allows using 
higher -olefins and usually takes place in one or two stirred autoclaves. A solution process in a 
stirred autoclave would definitely be the preferred process to successfully transfer the cross metathesis 
technology to industry, since relatively high temperatures are needed to keep the macromonomers 
dissolved. The catalyst used here is sufficiently robust to withstand high temperatures. Reaction 
parameters would have to be carefully studied but it is worth investigating since, as mentioned 
above, a broad diversity of compatibilized blends is at reach. An eventuality would be to perform 
macromonomer synthesis upstream, batch wise in a separate reactor, prior to the coupling reaction. 
However, solution processes in industry are only used when strictly needed, e.g. for products of very 
low crystallinity like EPDM and some LLDPEs. Otherwise, they are avoided because of the obvious 
very large amount of organic solvents required (which have to be recycled), the energy spent on 
solvent evaporation and the risk of reactor fouling.  

In general, living olefin polymerization is not viable for industrial synthesis of block copolymers as it 
is prohibitively expensive. However, in that respect, chain shuttling offers more potential since 
multiple polymer chains are created per metal center. In fact, the DOW INFUSE TM materials 
produced by chain shuttling polymerization are already commercial and produced in continuous 
stirred-tank reactors (CSTRs). This represents the ideal solution to obtain homogeneous multiblock  
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Scheme 7.1.

 

copolymers. In a semi-batch reactor, like tested in our study, the use of scavenger, typically MAO, to 
purify the reaction medium before use is required. At typical levels and in combination with BHT to 
counteract molecular weight depression, the delicate equilibrium of this type of chemistry is 
disrupted, having undeniable consequences on the product homogeneity. 

Furthermore, it is likely that the synthesis of iPP-sPP stereoblocks would also benefit from being 
performed in a CSTR. As mentioned before a potential use of these materials is to act as 
compatibilizers for the notoriously immiscible iPP and sPP high molecular weight blends. Here, the 
addition of DEZ allows the formation of the desired microstructure but causes a drop in molecular 
weight. Although detrimental for properties, such short chains remain in solution throughout the 
whole process, which is an optimal situation for reversible chain transfer to take place. Mild 
conditions guarantee the structural integrity of the metallocenes employed, as they are usually 
thermally sensitive. Besides, if most of the chains reside on dormant species (DEZ), then the 
residence times play a key role. In that respect, a series of CSTRs or a tubular reactor with static 
mixing elements, with no residence time distribution (identical molecular weight distribution as in 
batch) might offer some advantages to tune chain length. It is worth noting that by changing the 
composition in each reactor, ethylene-based block copolymers have recently been made in this way.6  

A CSTR can also be used in slurry and bulk but the workhorse of polyolefin industry is truly the 
loop configuration due to a proper temperature control and a perfect radial mixing in the tube. The 
design is simple: the polymer is circulated in the continuous loop of a pipe. The residence time 
distribution is similar to that in a CSTR. The geometry can be vertical or horizontal. Although 
solution processes are not compatible with a loop configuration, gas and slurry processes are. These 
processes are the most suitable ones for higher melting polymers. However, supported catalysts are 
needed! To the best of the author's knowledge, effective reversible chain transfer has not been 
achieved yet using a heterogeneous catalyst.  

77..33..   OOuuttllooookk    

One could argue on whether to expect breakthroughs in the field of polyolefins, whether to 
invest in more research and, if so, in which directions. Here personal opinions come into play and 
several views have been communicated in the literature.7 It is interesting (and comforting!) though to 
consider a classic curve of maturity of technologies. Strikingly, the plots showing the polyolefin 
production actually are a superimposition/succession of these S curves presented below in Scheme 
7.1.  

For the believers, in order to facilitate the breakthrough from the catalyst point of view, predictive 
designs (with the help of state of the art computational methods) have emerged, as opposed to 
serendipity. In addition, high throughput experimentation (HTE) represents a new experimental 
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approach and supports the latter by boosting data generation, in the meanwhile saving chemicals and 
research and development time.  

 

SScchheemmee  77..11..  Technology maturity. Adapted from blog.kitetail.com 

Nevertheless, the most time-consuming part is still data analysis. For sure, development in 
polyolefins will not proceed without concomitant careful analysis of the materials produced in terms 
of molecular weight, degree of branching and chemical composition. The work presented here shows 
how complicated this task can be. The analytical issue is being seriously tackled and some of the 
targets have already been achieved: high throughput HT SEC, fractionation by LC8 or preparative 
TREF are about to be implemented or are already available.  Besides, high resolution NMR (high 
temperature cryo-probe with pre-heated sample changer) has reduced the analysis time 
tremendously. As an elegant illustration, a “Friday afternoon experiment” showed us that it would 
even be possible to use MALDI-ToF for microstructure analysis of polyolefins by forming inclusion 
complexes between polyolefins and cyclodextrin. The beautiful example of the PE spectrum 
obtained is shown below, for the curious readers (Figure 7.2).  
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Scheme 7.3.

 

 

FFiigguurree  77..22..  MALDI-ToF spectrum of the inclusion complex of -CD/PE in water. 
 

Finally, some challenges are emphasized for direct future work, following the most promising 
pathways. They are mainly twofold and propose to use: 1) difunctional CTAs i.e., 
[ZnCH2CH2CH2CH2]n  2) olefinic CTAs i.e., Zn(CH2CH=CHR)2 or Al(CH2CH2CH=CHR)3 (R 
= H, Me). Difunctional/ multi-headed CTAs have recently been patented by DOW9 and could help 
to produce triblock copolymers with a reasonable chance of success (according to Scheme 7.2).  
Actually, corresponding cyclic zinc alkyls and aluminum or magnesium alkyls can be produced in a 
catalytic way.10  

 

SScchheemmee  77..22..  Strategy to synthesize triblock copolymers using multiheaded CTAs. 
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The second type of CTAs11 can be used to produce , -dialkenyl-functionalized polyolefins for the 
synthesis of multiblock copolymers via ADMET. ADMET should then give an interesting mixture 
of blocky (and a few homo-) polymers with well-defined block sizes (n times the initial block size). 
The success rate is low but the resulting materials would evidently have very interesting properties. 
For this, one could start with AlR3 or ZnR2 where R = alkenyl (Scheme 7.3). These, as CTA in 
CCTP, will produce Al(pol-alkenyl)3 or Zn(pol-alkenyl)2. Using Wass' method12 of adding a 
chromium catalyst to release olefins from AlR3, it should give the vinyl-polymer-alkenyl products 
with the same efficiency as normal CCTP. By either using sequential feed during synthesis or mixing 
several independently prepared , -dialkenyl functionalized polymers, multiblock copolymers could 
be obtained via ADMET. Another appropriate, already successful and fairly easy strategy to produce 
these , -dialkenyl functionalized polyolefins is by controlled thermal degradation of polyolefins.13 

 

SScchheemmee  77..33..  Alternative routes to multiblock copolymers using , -dialkenyl-functionalized polyolefins.  

It is worth noting that there is a possibility that vinyl-functionalized CTAs might be built into the 
polymer chain, affording long chain branched polymers. When using sequential feed, this technique 
would give long chain-branched multiblock copolymers.  

Finally, if one dares to look even further, other research directions can be envisioned. For example, 
the quest for catalysts with a fluxional behavior is still ongoing. One possible direction could be to 
change the geometry of the active site using an external trigger. One can imagine the generation of 
very specific chain architectures: maybe a combination of block and graft topologies as a ‘synergistic 
solution’ to target the ultimate mechanical properties (inspired by the comb branch-block from 
ExxonMobil,14 manufactured with the macromonomer approach and containing a soft back bone 
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and hard side-chains). The bottom line is that creativity alone is not enough to make a significant 
step in the industrialization of new polyolefins. Given the very small price difference between 
feedstock and end products, crucial factors in terms of the polymer engineering processes have to be 
overcome. Besides, the industrial production of Green PE has just started, and for sure there is quite 
some excitement to come before green block copolymers are made!  
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