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Abstract
Polymeric materials are unmatched in the diversity of their properties, such as flexibility,
stiffness or mechanical strength. Even though, one still open point is to tailor these material
properties by controlling the molecular architecture. Olefin-based polymers have attracted
considerable interest because the development of metallocene catalysts with well characterized molecular structures and geometries enables the synthesis of polymers with controlled
composition and stereoregularity. Certain metallocene catalysts are capable of producing
low crystalline olefines which show elastic properties. These polymers consist of two homogeneously dispersed phases, a crystalline, hard phase and a soft, flexible one. The crystalline domains act as crosslinks for the amorphous segments of the chain providing a flexible crystalline network. Since crystalline crosslinks can reversibly opened at higher
temperatures, polymers are obtained which combine elastic behavior with thermoplastic
characteristics. The mechanical properties of elastomers depend on the amount and distribution of crosslinks. Therefore one important point in the development of semicrystalline
thermoplastic elastomeric polymers (TEP´s) to direct the distribution of crystallizable segments by modifying the chain microstructure.
Semicrystalline elastomers are new materials and the correlation between polymerization
parameters, chain microstructure, polymer morphology and the resulting material properties are sparsely resolved. To explore the correlation between these parameters the polymer
microstructure will be explored on different length scales combining various analytical
techniques, such as differential scanning calorimetry (DSC), wide-angle x-ray scattering
(WAXS) and scanning force microscopy (SFM). SFM has shown to be particularly suitable
to investigate the morphology and the properties of polymers in the nm-range. Since no
special sample treatments are required and the microscope can easily be combined with additional set-ups, such as heating or a stretching devices, the observed microscopic material
properties are directly relevant for the in-use properties of semicrystalline TEP´s.
This work was focused on the study of propene based thermoplastic elastomeric polymers
which were polymerized by homogeneous transition metal catalysis in a single polymerization step but at various polymerization conditions. Two types of polymers are investigated:
Elastomeric polyketones, which consist of two chemically different phases, propene /
carbon monoxide (PCO) and ethene / carbon monoxide (ECO) and propene homopoly-
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mers, where the hard and the soft phase are composed of the same monomer. A short
overview over the polymerization history and information on the polymerization mechanism that leads to their formation will be given. The origin and the nature of the crystalline
network are described, and the influence of the polymer morphology in the macroscopic
properties is explored.
When a dicationic palladium(II) phosphine catalyst was used in polyketone polymerization, its different reactivity for ethene and propene insertion leads to hydrophilic ECO-PCO
block copolymers. For ECO-PCO terpolymers with ECO contents ranging from 40 to 60%
it was shown that varying the ethylene feed from continuous in Pre Set Polymerization
(PSP) to discontinuous in Puls Feed Polymerization (PFP) resulted in block copolymers
with different distributions of the ECO blocks. According to the experimental results the
polymer microstructure of these ECO-PCO terpolymers can be described by two different
block models. In case of PSP an [ACB] triblock structure was proposed consisting of
longer ECO- (A) and PCO- (B) rich blocks located at the ends of the chain. These blocks
are connected by an EPCO gradient transition region (C), which is composed of alternating
short ECO and PCO blocks with variable length. In contrast, during PFP an [AB]n multiblock terpolymer is formed, where ECO-rich sequences are distributed regularly along the
chain. The various distributions of the crystallizable ECO blocks result in materials with
defined mechanical strength and elastic recovery. Besides, changing the chain microstructure of the ECO-PCO terpolymers allows to direct the size and distribution of hydrophilic
domains at the surface. These unique combination of elastomeric and hydrophilic properties gives access to new elastomeric materials for biological or medical applications.
Besides, low isotactic propene homopolymers were investigated. These polymers have attracted increasing amount of interest because the same monomer forms the crystalline and
the amorphous phase. Using a C1-symmetric ethylene-indenyl-fluorenyl-zirconium catalyst
in polymerization experiments, high molecular weight, low isotactic polypropylenes with
statistically incorporated stereoerrors are received. Exploring the microstructure of these
polypropylenes synthesized at various temperatures, monomer pressures and using different catalyst activation give experimental evidence that they are composed of short, randomly distributed isotactic sequences. Performing the polymerization reaction at higher
temperatures and lower monomer concentration, the amount of incorporated stereo errors
decreases leading to polymers with increasing isotacticity and longer isotactic sequences.
Although the isotactic sequences are short (niso = 20 - 45 monomers), they form lamellar
structures reminiscent of highly isotactic polypropylene. However, the lamellae are less
perfect and often appear as perl-chain-like structures composed of parallel aligned granu-
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lar. The low isotactic block length is responsible for the crystallization preferably mixed α
and γ-#p#h#a#s#e lamellae#.
Comparing polymers prepared either by MAO and borate ([Ph3C][B(C6F5)4]) activation,
differences in the isotactic blocklength distribution give strong evidence, that beside the
proposed chain-back-skip mechanism a second mechanism occurs. The results suggest a
reversible chain transfer to aluminum as the second mechanism taking place in propene
polymerization using C1-symmetric zirconium catalysts. In case that reversible chain transfer occurs #(MAO# #activation), the formation of longer isotactic sequences# is favored. The
preferred crystalline fraction consists of 30 ± 5 monomers in isotactic sequence, which
forms #branched structures composed of co#-#crystallized #α-# #a#n#d# γ-#phase# lamellae#.# When# the
#reversible chain transfer# #to aluminum is# #o#c#c#l#u#d#e#d# #(#b#o#r#a#t#e# activation#), polypropylenes with
higher molecular weights and higher stereoregularity are obtained. A distinct bimodal distribution of crystalline #lamellae can be found consisting of s#m#a#l#l# #a#m#o#u#n#t#s# #o#f# #α-#p#h#a#s#e#
#l#a#m#e#l#l#a#e# composed of #i#s#o#t#a#c#t#i#c# #b#l#o#c#k#s# #with a lenght #n#i#s#o# ># #3#5# and higher amounts of γ#phase lamellae with an isotactic block length n#i#s#o# = #2#3 ± 4##.#
Although polypropylenes synthesized using various catalyst activation reveal different
polymer microstructures, for all samples a gradually change in morphology from isolated
crystalline lamellae to a nearly continuous lamellar structure was found, which is accompanied by a successive change in the deformation behavior. Since the prevailing deformation
mechanism can be correlated to the amount of isotactic pentads, polypropylenes with randomly distributed stereoerrors were classified. The results provide a clear distinction between three types. Type I includes polypropylenes with mmmm contents ranging between
from 25 to 50% forming a discontinuous crystalline network. Due to this, they show elastic
deformation behavior. To assign a propene polymer to type I, it has to be considered that
the initially formed crystalline morphology has only limited influence in the elastic properties. They are mainly determined by the strain induced formation of crystalline microblocks. Therefore, within this class, variations in the amount and the distribution of
crystalline segments lead to improved mechanical properties regarding either to the mechanical strength (higher amounts of crystalline domains) or the elastic recovery (more randomly distributed crosslinks). Polypropylenes with mmmm contents between 50 and 85%
are plastomers (Type II). These materials combine the reversible deformation characteristics of elastomers with an increasing amount irreversible transformation into fibrils characteristic for thermoplastic materials. When the mmmm content exceeds 85% the polymers
show deformation behavior typical for thermoplastic materials.
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Concerning the polymer microstructure, the results obtained for elastomeric polyketones
and polypropylene clearly show that changing the polymerization conditions can open new
possibilities to modify the chain microstructure without any change on the chemical side,
e.g. catalyst. The length and the distribution of crystallizable blocks can be varied in such a
way that new materials with tailored mechanical properties become available. The incorporation of the polar CO functionalities in the polymer backbone leads to materials with distinct differences in the chemical properties. This parameter influences the attachment and
growth of living cells. Thus, by controlling both the mechanical and the chemical properties, the metallocene based olefine polymerization provides the possibility to synthesize
new elastomeric materials for biological or medical applications.

1 Overview
The field of synthetic polymers is currently one of the fastest growing materials industries.
These materials have become an important significance because they are unmatched in the
diversity of their properties. The interest in engineering polymer materials is driven by
their manufacturability, recyclability, mechanical properties, and lower cost as compared to
many alloys and ceramic. Thus, polymers with a wide range of properties such a flexibility,
stiffness, strength, heat resistance or density become available. One still open point is the
synthesis of polymers with tailored material properties. This requires the control of the
molecular architecture of the polymers. Olefin-based polymers have attracted considerable
interest because they can be synthesized using metallocene catalysts with well characterized molecular structures, catalyst composition and geometry. These stereoselective catalysts can polymerize almost any monomers in an exact manner. Molecular weight, molecular weight distribution, co-monomer distribution and content, and tacticity of the resulting
polymer can be independently controlled. Thus, extremely uniform homo- and copolymers
become available with higher levels of control over composition, molecular mass distributions, and stereoregularity which have desired mechanical properties varying from high
crystalline thermoplastics to low crystalline elastomers.
Low crystalline polyolefines have attracted increasing amount of interest because they
combine rubber elastic behavior with thermoplastic properties. These so called thermoplastic elastomeric polymers (TEP) are not chemically crosslinked, but crystalline domains dispersed in the amorphous matrix act as reversible crosslinks for the amorphous segments of
the chain providing a flexible crystalline network, which can be reversibly opened at higher
temperatures. Therefore, TEP´s allow rubber-like articles to be produced with the rapid
processing techniques developed by the thermoplastic industry resulting in fast process cycles due to possible injection and blow molding and higher extrusion rates. Additionally,
some thermoplastic elastomers are soluble in common organic solvents and can be
processed from solution. However, at higher temperatures, the properties of TEP´s are usually not as good as those of conventional vulcanized rubber, which favors an application in
areas, where these properties are less important.
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Chief among the semicrystalline TEP´s are ethylene-propylene based copolymers where
the regular, ethylene segments will provide crystalline crosslinks for the flexible matrix
formed by less regular, propylene chain segments. Ethylene-propylene have been synthesized with a wide range of chemical compositions and the distributions of the regular chain
segments giving access to polymers with variable mechanical properties. One disadvantage
of these olefin based polymers is that they are apolar materials. Thus, their use for biological or medical applications is limited, because here hydrophilic surfaces are required. Incorporation of the polar CO functionality in the polymer backbone leads to a material with
distinct differences in the material properties. One example for hydrophilic olefines are
propene/CO copolymers, which can be prepared by a palladium catalyzed copolymerization reaction at controlled polymerization conditions. These polymers have the disadvantage that due to their irregular chain microstructure, they are mainly amorphous materials.
Terpolymerization of ethylene, propylene and carbon monoxide can result in a new class of
thermoplastic elastic polyolefines, which combine elastic properties with intrinsic hydrophilic properties. Thereby, apolar ethylene-CO-propylene-CO-(ECO-PCO)-block
copolymers with a broad range of ECO/PCO compositions become available where the
mechanical properties can be varied form high-strength crystalline thermoplastics to low
crystalline rubber-like materials.
Conventionally used thermoplastic elastomers are copolymers consisting of, at least, two
chemically different segments. This means that at least two monomers are involved in the
synthetic process, and the formation of defined block copolymers requires multistep procedures. In 1953 Natta described for the first time a TEP, where both segments are formed by
a single monomer. After fractionating polypropylenes prepared using conventional titanium- and vanadium-based Ziegler catalysts he obtained an elastic material. He explained the
elastic properties of this polymer in terms of a heterogeneous chain microstructure suggesting chains with alternating domains of more regular, isotactic sequences, which are able to
crystallize and of stereo-irregular, non-crystallizable sequences. In the beginning of the
1980s the development of metallocene catalysts gives access to polypropylenes with any
type and degree of stereoregularity. These catalysts allow the control over the polymer microstructure by adjusting external polymerization conditions like temperature or monomer
concentration. Improvements in the catalysts polymerization performance were achieved
by modification of the ligand framework. Hence, it is possible to tailor the chain microstructure of polymers, and isotactic polypropylenes are available with nearly any degree
of stereoregularity. Certain metallocene catalysts are capable of producing homopolypropenes with elastomeric properties. Thus, low isotactic polypropylenes can be
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synthesized with a wide range of distributions of isotactic sequences ranging from isotactic-atactic stereoblock polymers to chains containing randomly distributed isotactic sequences, which are caused by the statistically incorporation of stereoerrors. Since the
length and the distribution of the isotactic chain segments determines the crystalline structure of the low isotactic polypropylenes, varying this parameter may result in a variety of
morphologies.
In elastomers, the mechanical properties are strongly related to the size and distribution of
the crosslinks. In semicrystalline thermoplastic elastomers small crystalline regions are
proposed to act as crosslinks. Therefore, their mechanical properties are expected to be intimately related to the size and distribution of this crystalline domains. Thus, the change in
chain microstucture may result in variations in polymer morphologies, and therefore, in
differences in the material properties. As a consequence of the important interaction between crystalline morphology and mechanical properties, the polymer microstructure has
to be explored, but owing to the low crystallinity, conventionally applied characterization
techniques have only limited suitability to study the morphology of low crystalline materials. For example, the size of the crystalline aggregates is below the resolution limit of polarized optical microscopy. Thus, the investigation of semicrystalline TEP´s requires new
characterization techniques to provide insight into the crystalline morphology and to indepth study the relevant material properties. The development of scanning force microscopy (SFM) overcome in part the experimental limitations of conventional analysis techniques. SFM enables one to image the topography of non conducting materials with high
resolution in x-, y- and z- direction in real-space. The invention of so-called intermittent
contact techniques, such as Tapping Mode, where the cantilever is oscillated near its resonance frequency, enables one to image soft, delicate surfaces on the nm-scale. Simultaneously recorded phase shift images provide an additional material-related contrast, which allows to display the distribution of hard and soft domains in TEP and correlated this
parameter to the composition of the polymer. Since SFM has no limitation to the imaging
environment, such as UHV, in-situ investigations of the crystallization or the deformation
behavior are possible combining the SFM with a hot stage or or a stretching device. Thus,
SFM allows not only to image the morphology of a semicrystalline TEP, but also to characterize its crystallization behavior or morphological changes taking place during crystallization or deformation. Using SFM, the morphology and the properties polymers can be
investigated without any special sample pre-treatments. Hence, real space information on
the microscopic scale are available which are directly relevant for the macroscopic in-use
properties.

2 Goals
The synthesis of olefine polymers using metallocene catalysis gives excess to a broad variety of semicrystalline TEP´s. Olefines with wide range of chemical compositions and distributions of crystallizable segments are available providing various mechanical properties.
An important goal in tailoring the properties of semicrystalline TEP´s is to change the distribution of the crystallizable segments by varying the chain microstructure. In metallocene
based olefine polymerization one commonly used route to achieve this goal is to modify
the structure of the active species (catalyst). Additionally, customizing the polymerization
conditions, thus, changing the monomer concentration, the polymerization temperature or
the cocatalyst used for activation, provides the possibility to direct the polymer microstructure. Hence, the topic of this work is to study propene based thermoplastic elastomers,
which are prepared using the same metallocene catalyst at various polymerization
conditions.
The first series are hydrophilic polymers consisting of two chemically different phases, but
were polymerized by homogeneous transition metal catalysis in a single polymerization
step. A new type of polyketones providing apolar, semicrystalline TEP´s will be investigated. These polymers contain two chemically different phases, propene CO (PCO) and
ethene CO (ECO). When the polymerization was carried out using a dicationic palladium(II) phosphine catalyst, the different reactivity of the catalyst for ethene and propene insertion will lead to a block copolymer. Furthermore, it was proposed that varying the ethylene feed will result in ECO-PCO terpolymers having different distributions of the
crystallizable ECO blocks. To check if the predicted polymer microstructure obtained at
different polymerization conditions are consistent with the received one, materials with
similar ECO content, but prepared at different ECO feeds were examined. The morphology
of the different polymers was correlated with relevant macroscopic properties such as the
deformation behavior or the surface tension.
Certain metallocene catalysts are capable of producing homopolypropenes with elastomeric properties, because they allow the control over the stereoregularity by adjusting external
polymerization conditions like temperature or monomer concentration. Thus, changing the
polymer microstructure result in TEP´s where both phases consist of a single monomer
(propene). Elastomeric polypropylenes reported so far are mainly stereoblock isotactic-
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atactic polymers. Using an ansa-asymmetric ethylene-indenyl-fluorenyl-zirconium catalyst
in propene polymerization experiments, high molecular low isotactic polypropylenes can
be synthesized. These isotactic polypropylenes contain randomly distributed isotactic sequences, which are generated by the statistical incorporation of stereoerrors due to a chainback-skip mechanism. Hence, these polymers may provide a chain microstructure comparable to the one of random copolymers. Amorphous TEP´s, like styrene-butadienes, show
characteristic difference in their properties when different distributions of hard domains are
present. For instance, block and statistical styrene-butadienes copolymers reveal a clear
difference in their morphology not only due to a variation in the chemical composition
(styrene/butadiene ratio) but also due to differences in the predominant average length of
the constituent blocks. Therefore, it is a matter of particular interest to figure out whether
in polypropylene the distribution of isotactic sequences has a similar effect in the formation
of crystalline domains or not. To attain this goal the morphology, the crystallization behavior and the deformation characteristics a low isotactic sample with isotacticity (mmmm content) of 36% containing randomly distributed stereoerrors will be investigated and compared to structures and properties of stereoblock low isotactic polypropylenes.
Propene polymerization experiments preformed at higher temperatures and lower monomer
concentration are shown to result in materials with increasing isotacticity because of a
reduced number of incorporated stereo errors. One aim is to check if the resulting polymers
still have a random distribution of stereoerrors, thus a random distribution of isotactic sequences. The microstructure of polymers with increasing amount of mmmm (25 - 58%)
have to be explored and correlated to the mechanical properties detected in uniaxial deformation experiments. Beside temperature and monomer concentration also the catalyst activation has been reported to have an important influence in the properties of the obtained
polymers. Replacing methylalumoxane (MAO) with a borate (C6F5)+ will change the molecular weight, its distribution and also the distribution of the stereoerrors. Particularly the last
item may influence the polymer microstructures. Therefore it is a matter of particular interest to perform a detailed study on the the role of different cocatalysts on the mechanism of
the stereoerror formation the chain microstructure when a C1-symmetric catalyst is used for
olefin polymerization.
Both types of TEP´s are new materials, and in-depth studies on their chain microstructure
and the resulting morphology have only recently begun. Primarily, the polymer microstructure was described based on nuclear magnetic resonance (NMR) spectroscopy. Therefore,
it is an aim to explore the microstructure of these new polymers on different length scales
combining various analytical techniques, such as differential scanning calorimetry (DSC)
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wide-angle x-ray scattering (WAXS) and scanning force microscopy (SFM) and to proof
the proposed structural models. SFM is particularly suitable to achieve this goal because
surface and bulk morphology of the polymers can be investigated without special sample
treatments. Furthermore, SFM allows to investigate the morphology of polymers under inuse conditions. Thus, new insights in the correlation between the polymerization conditions, the resulting polymer microstructure and the physical properties of low crystalline
olefin polymers s can be obtained. This will improve the tailored synthesis of olefin polymers using metallocene catalysts.

3 Basics of thermoplastic elastomers

3. 1 Morphology and microstructure
A simple way to classify polymers is to discriminate them due to their macroscopic properties.1 Owing to the stress strain curves obtained during stretching two major groups can be
distinguished (Figure 3.1): Thermoplasts (Figure 3.1a) and elastomers (Figure 3.1b).

Figure 3.1: Stress-strain curves for highly crystalline thermoplasts (a) and elastomers (b) show characteristic
differences.

Thermoplastic polymers are linear or branched polymers. Since the polymer chains are not
crosslinked, they can slide by each other. Thus, they can be reversibly melted or solidified
at higher temperatures, but they are irreversibly deformed under mechanical stress revealing cold-drawing behavior (Figure 3.1a).2-4 At small deformation ratios, the stress strain
curves of semicrystalline polymers show a strong linear increase in stress resulting in a
yield point. At the yield point, a neck is formed and stress decrease to a constant value
(yield stress). As long as the stress is constant, the necking zone propagates along the sample. At higher elongation ratios a second increase in stress attributed to a strain hardening
process.3 In contrast to this, elastomers are homogeneously deformed during elongation
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(Figure 3.1b) showing a continuous increase at increasing strain ratios. The failure occurs
at high draw ratios λmax, but at relatively low failure stress σmax.3 Beside this, elastomers are
characterized by a large deformability with essential high or complete recovery.5-8
To exhibit rubber elasticity several requirements must be fulfilled for a polymeric material.5-8 The polymer have to consist of long main chains, which join to form a wide-meshed,
physically or chemically crosslinked polymer network (Figure 3.2). Since the molecules in
a rubbery material must be able to alter dramatically their arrangements and extension in
space in responds to an imposed stress, the polymer chains must have a high degree of flexibility. In this case flexibility stands for the ability to assume a large number of spatial
arrangements, which should not be hindered by constraints that might result form inherent
chain rigidity, chain crystallization or the highly viscous nature of the glassy state.6,7,9 To
prevent the stretched polymer chains from irreversible sliding by one another the flexible
segments have to be crosslinked. This allows the elastomeric recovery.

Figure 3.2: Scheme for an elastic network.

The elastic recovery as well as the elastic modulus of rubbery polymers depend not only on
the flexibility of the chains, but also on the density and distribution of tie-points.10 When
the crosslinking density increase, the mechanical strength is improved (Figure 3.3)5,11, but
on the other hand, the elastic recovery is reduced. The influence of the crosslinking density
can be seen clearly at temperatures around the glass transition TG.10 Whereas below TG all
elastic material show brittle fracture, clear differences due to differences in the crosslinking
density occur above TG.2,3 When no or only a small number of crosslinks are present the cohesion is low and the transition in the soft state occurs. The polymer can be reversibly deformed. Due to higher cohesion and the reduced flexibility of the chain segments in between the crosslinks, highly crosslinked polymers are brittle materials above TG.
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Figure 3.3: Carbon black filled rubber show increasing mechanical strength due to an increasing amount of
11
crosslinks.

In conventional rubbers the crosslinks may be either chemically bonds, as occur in sulfur
vulcanized rubber or physical aggregates of some of the chains and filler particle. Although
these materials show excellent elastic recovery, some disadvantages can be allocated.
Chemical crosslinking, which takes place on heating or radiation, is an irreversible process
leading to a thermoset structure, where covalent bonds tie all the polymer chains together
making it impossible for the material to flow. Thus, after crosslinking these polymers cannot be softened or melt and have therefore to be molded and shaped before they are
processed. About sixty years ago, a new class of elastomeric materials were described .12-18
which overcome this disadvantage because they use non-covalent (secondary) interactions
between the polymer chains to bind them together in a physically crosslinked network. Due
to this, reversible transitions between the crosslinked, elastomeric and the soft, melt state
can be initiated by just changing the temperature, and the polymeric materials can be molded and remolded again and again.14,19-23 Since these polymers possess physical properties
similar to vulcanized rubber and the processing characteristics of thermoplastics, they are
called thermoplastic elastomers (TEP´s).24,25
Usually, TEPs consist of block copolymers with defined ABA building-units (Figure
3.4a). The copolymer chains are composed of flexible, soft segments (A, Figure 3.4a) and
rigid domains, which are hard at room temperature (B, Figure 3.4a). If the blocks are incompatible, the A blocks tend to clump together and also the B blocks tend to clump together leading to a phase-separated morphology (Figure 3.4a). Since the B block has an A
block at each end, and the different B blocks of the same molecule aren't necessarily in the
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same cluster, the different A clusters will be tied together by the B blocks. This results in a
phase-separated morphology consisting of a continuous soft, flexible phase (A) that can
easily deformed and a dispersed hard phase (B clusters) with high glass transitions or melting points that act as physical crosslinks the A blocks.14,19-23

Figure 3.4: In thermoplastic elastomers polymer chains consisting of soft, flexible (A) and rigid, hard (B)
segments (a) form an elastic matrix, which is crosslinked by hard domains (b).

Thus, the unique properties of thermoplastic elastomers, including their high strength and
elongation, can be attributed to their phase separated morphology.14,19-23 Since the mechanical properties of elastomers are strongly related to the distribution of the crosslinks, the
mechanical properties of TEP´s are expected to be intimately related to the size and distribution of the hard regions in the amorphous matrix.14,19, 26,27 Thus, the mechanical behavior of
TEP´s can varied over a wide range by varying the hard segment content.14,19 The investigation copolymers with a variety of hard and soft segment compositions and the correlation
between the polymer microstructure, the resulting morphology and the mechanical properties of TEP´s is therefore of great importance to obtain tailored polymers.14,19

3. 2 Chemical structure
As shown before thermoplastic elastomers have an ABA structure, where A corresponds to
the phase that is hard at room temperature. The hard domains can either be physical aggregates of segments, which are at room temperature below the glass transition temperature TG
or in the crystalline state. Thus, according to their chemical nature two main groups of
TEP´s can be discriminated: i) amorphous and i) semicrystalline ones.14
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3. 2. 1 Amorphous thermoplastic elastomers
Leading in amorphous thermoplastic elastomers are styrene based copolymers, such as
styrene-butadiene-styrene (SBS)24,25,28 Since polymer segments are immiscible, they will
generate a phase separated morphology where the flexible matrix consists of polybutadiene. Polybutadiene has a TG below 250 K29 and is at room temperature in a flexible state. In
contrast, even for short chains polystyrene reveals a glass transition temperature TG above
320 K.30 Since it is rigid at room temperature, the hard phase is derived from polystyrene
segments. When the SBS is heated, the polystyrene clusters break up, the crosslinks are
opened and the chains are able to flow. The crosslinks are easily re-formed after cooling
the polymer down below the glass transition temperature of polystyrene and elastic
recovery returns.

Figure 3.5: Scanning force microscopy phase shift images show the variations in morphology of styrenebutadiene copolymers with different chain microstructure; statistcally distributed styrene blocks (a) result in a
granular structure (a) whereas an ABA block copolymer (b) form a worm-like morphology.

Beside the crosslinking density also their distribution can influence the mechanical properties of rubber elastic materials. For SBS a wide range of studies were made to investigate
the influence of the polymer composition, the styrene blocklength and distribution in the
morphology and the mechanical properties of these TEP´s.31-34 An example for the influence of the styrene distribution in the morphology of styrene-butadiene copolymers is given in Figure 3.5. SFM phase images of styrene-butadiene copolymers with 30% styrene reveal the phase separated morphologies for both copolymers (Figure 3.5). In case of the
random copolymer, so called styrene-butadiene rubber a granular structure appears in the
phase shift images (Figure 3.5a), where the brighter spots can be attributed to the harder,
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styrene domains. These granular structure can indicating the formation of randomly distributed styrene crosslinks. although due to DSC experiments for the random copolymer no
distinct structure is proposed.25 In contrast, the longer styrene chain segments generated in
the block copolymer (SBS) form a worm-like structure (Figure 3.5b). In the block copolymer, appearing bright in the phase image (Figure 3.5b). When the two copolymers are subjected to tensile deformation the influence of the microstructure in the mechanical behavior
becomes more obvious. Whereas the SBR behaves like a soft, low crosslinked rubbery material, the increased extension of the hard domains of the SBS have a similar effect as additional crosslinks.24,25,28

3. 2. 2 Semicrystallline thermoplastic elastomers
In the 1960s another type of multiblock thermoplastic elastomers found entrance to the
market.15 In contrast to TEP´s described before, the crosslinks6 are not formed by chain
segments revealing higher glass transition temperature, but by regular chain segments
which are at room temperature in the crystalline state (Figure 3.6a). Since crystalline and
amorphous phase are incompatible, the stereoregular and irregular blocks separate just as
they do in amorphous TEP´s. In this case, the flexible, amorphous matrix consists of less
regular chain segments and crystalline blocks provide the crosslinks (Figure 3.6b).

Figure 3.6: In semicrystalline thermoplastic elastomers regular chain segments, which are able to crystallize
(a), provide the crosslinks (b).

Ethylene-propylene copolymers with various molecular architectures are emerging as a
new class of thermoplastic elastomers.35-40 These high molecular weight copolymers behave as elastomeric materials because their maximum crystallinity is very low, > 15%, and
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they are well above their glass transition temperature, which is 220K. These copolymers
have highly branched structures and high comonomer content. Thus, the crystallization of
the linear ethylene segments chain (A, Figure 3.6a) is inhibited and only small crystals on
the order of nanometers in thickness will be formed (Figure 3.6b).41-43 These crystals not
only reinforce the copolymer but also proposed to serve as physical crosslinks contributing
to its elastomeric nature. Similar behavior was observed for polyethylene where side chains
incorporated such as hexene or octene41-45 or longer because also the branches prevent crystallization.46,47
Typically, commercially available thermoplastic elastomers, where the hard and soft blocks
are formed by chemically different segments. This means that at least two monomers are
involved in the synthetic process, and the formation of defined triblock copolymers requires multistep procedures. However, using metallocene catalysts opens the possibility to
synthesize thermoplastic elastomers made form only one kind of monomer by directing the
stereoregularity of the polymer chain. An example for a TEP synthesized using only one
kind of monomer are low isotactic polypropylenes which have a heterogeneous chain microstructure. The polymer chain consisting of alternating domains of stereo-irregular, noncrystallizable sequences and more regular isotactic sequences, which are able to crystallize.
These polymers are characterized by low crystallinity. Thus, crystalline domains dispersed
in the amorphous matrix thought to provide the physical crosslinks for the amorphous segments of the chain. Since these polypropylenes display elastomeric behavior, they are
called thermoplastic elastic polypropylenes (TEP-PP).12

4 Morphological characterization
The key for tailoring the mechanical properties of thermoplastic elastomers is to change the
crosslinking density by varying the amount14,19,26,27 or the distribution31-33 of hard and soft
segments. To generate a phase separated morphology, structure formation have to take
place different length scales starting at the level of a single chain (0.2 - 2 nm, Figure 4.1a)
which form folded chains (2 - 5 nm, Figure 4.1b). The folded chain will aggregate to folded chain lamellae with dimensions ranging form 5 - 50 nm (Figure 4.1c). These are the basic structure for larger aggregates such as spherulites which have appear to have dimensions in the range of several 100 nm (Figure 4.1d). Thus, the architecture of the chain
affect not only the ultimate crystallinity of these TEP´s, but also the crystalline microstructure and the rate at which crystalline structures are achieved. Therefore the study of thermoplastic elastomers requires a structural characterization on different length scales starting on molecular level up to the microscopic scale.

Figure 4.1: Hierachical structure formation of semicrystalline TPE´s takes place on different length scales
from 0.2 nm (a) to several 100 nm (d).

Traditionally applied techniques for morphological characterization such as Wide-angle Xray or Small-angle X-ray scattering (WAXS or SAXS) have an excellent sensitivity determine the bulk morphology of semicrystalline polymers.48-61 Although the interpretation and
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mathematical modeling of the scattering data are sophisticated, the interpretation is sometimes qualitative because of the polydispersity of the domain sizes, complex and poor orientation, and diverse shapes of the domains in space. Even for semicrystalline homopolymers, there are controversial regarding the correct morphological models.62,63 For
copolymers and multiphase systems, such as those studied here, real space measurements,
like polarized optical microscopy (POM) or electron microscopy (EM) are indispensable.
Due to low crystallinity of the TEP´s only small crystalline structures are formed, which
have a crystallite size below the optical resolution limit. Thus, POM is practically impossible to use for the morphological characterization of semicrystalline TEP´s. Electron microscopy64-66 is the most widely used technique for studying crystal morphology in real
space. To study the surface structure predominately scanning electron microscopy was
used10,67-69, whereas transmission electron microscopy is a powerful technique for resolving
crystal structures and morphology64-66,70-80 of bulk samples. Both methods have the disadvantage of elaborate sample preparation and that non conducting samples have to be metal
coated or stained before imaging with an electron microscope.
Owing to the important interdependence of crystalline morphology and mechanical properties, semicrystalline TEP´s clearly require new characterization techniques to study the relevant material properties and to provide new insight into the crystallization behavior. The
development of scanning probe microscopy81 overcome in part the experimental limitations
mentioned above. The scanning force microscopy (SFM) is an effective tool, which enables to image the topography of organic surfaces at scales ranging from micrometer down
to nanometers.82,83 The topography of non-conducting samples can be directly imaged
along the surface in z-direction with resolution on the order of 1 nm leading to a 3 dimensional surface map. This allows one to examine the near to surface region of polymers with
respect to their morphology.11,84-91

4. 1 Scanning force microscopy
The invention of the Scanning Force Microscope in 198681 opens the field of investigating
non conducting materials not due to the interaction of radiation with the material but due to
the detection of the force between a presumably atomically sharp probe and the surface. To
get an image of the surface topography this probe (Figure 4.2) is moved across a sample in
constant distance to the surface.87,92
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Figure 4.2: Typical silicon cantilever with small probe for scanning force microscopy

As probe a silicon or silicon nitride tip with a radius between 5 and 20 nm is used which is
attached to the bottom side of a flexible cantilever.92 The typical length of the cantilever
ranges between 100 and 400 µm and its thickness is about 3 to 10 µm (Figure 4.2). Owing
to the variations in their dimensions, SFM probes with a broad variety spring constants
(Nm-1) became available. Piezo crystals move the cantilever with the probe in x-, y- and zdirection (Figure 4.3a).

Figure 4.3: Scheme of a Scanning Force Microscope (a) and an example of a topography image obtained
from a calcite thin film (b).

Moving the tip closer to the surface results in bending of the cantilever due forces interacting between tip and surface. The bending of the cantilever is measured by a laser beam focused on the top side of the cantilever. Height variations may be adjusted with a feedback
to maintain the deflection of the cantilever at a constant value. Therefore the z-position of
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cantilever is adjusted by means of a piezo. The change in piezo voltage, which is proportional to the movement of the cantilever in z-direction, reflects the topography of the sample.
Plotting the recorded data in a x,y-map, a height profile of the surface topography is obtained where elevated structures appear bright (Figure 4.3b). The measurement of the interaction forces between the probe and the surface allows one not only to image the surface
topography but supplementary investigation of surface properties like local friction, stiffness or adhesion.92-94
For SFM imaging no special environment, such as ultra high vacuum, is required. Therefore the microscope can easily combined with additional set-ups which, for example, enables one imaging organic materials in liquid environment.92,95 The development of SFMs
where the cantilever is scanned gives access to add more sophisticated equipment. For
example, the combination of the SFM with a heating device96-98 renders possible to investigate materials at various temperatures (Figure 4.4). This provides new insights into the
crystallization behavior of polymeric materials, i.e., crystallization kinetics and morphology development can be studied in real time4,64,99-101

Figure 4.4: Hot stage for in-situ SFM imaging (a) can be combined with a Dimension 3100 SFM (b)

One suitable method to study deformation induced change in polymer morphology is X-ray
diffraction. This method has been shown to have an an excellent sensitivity investigate to
study the deformation induced changes in bulk morphology. Although a number of smallangle X-ray scattering (SAXS) studies are reported48-51, the interpretation of this data requires sophisticated mathematical modeling and it is sometimes qualitative because of the
polydispersity of the domain sizes, complex and poor orientation, and diverse shapes of the
domains in space.62,63 To study deformation induced changes in the morphology real space
measurements, like polarized optical microscopy (POM) or electron microscopy (EM) are
more suitable. POM is practically impossible to use for the morphological characterization
of semicrystalline TEP´s because the crystallite size is typically below the optical resolu-
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tion limit. There are a few examples of in situ or real-time TEM measurements of polymer
deformation74-76, including the resolution of crystal morphology in polyethylene.74 Many
TEM studies relevant to the present work of deformation of crystalline lamellae required
oriented ultra-thin films of polyethylenes72-80 and related polymers80. A number of publications showed that scanning force microscopy has an excellent potential for studying polymers under macroscopic deformation.11,87,102-107 The advantage of this method is that no thin
film sectioning or staining are required such as in TEM. Samples, similar to the one investigated on macroscopic scale can be studied on-line at different draw ratios (Figure 4.5).
Therefore, the results are directly relevant to the in-use properties.

Figure 4.5: The custom-built stretching device (a) allows to image mechanical deformed samples in-situ;
owing to low installation height, the stretching device fits in a Dimension 3100 SFM (b).

4. 1. 1 Tapping Mode imaging
In the beginning, only "contact mode" SFM (CM-SFM)81 was available for imaging, where
the tip is scanned with continuous contact to the surface. In the contact mode, the lateral
scan movement of the tip causes high shear forces. When the microscope is operated in air,
capillary condensation results in an additional large meniscus force attracting the tip to the
surface. Both, the compressive forces that are originated from the tip/sample contact, and
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shear forces can induce elastic and/or plastic sample deformation, especially of soft, delicate surfaces like polymers. To eliminate the capillary force the microscope can be operated in a liquid. This reduces the effective force on the surface by at least a factor of ten.108 In
spite of, the choice of liquids can be difficult because they may cause sample deterioration,
a polymer can swell or separate from the surface. Furthermore, the resolution of the resulting images could be poor because the lateral shear forces cause a stick-slip motion of the
tip and the tip radius can be changed due to the tip/sample interaction.89,92,109 To prevent this
effects the contact time of the probing tip with the sample surface has to be reduced.

Figure 4.6: Change in vibration amplitude between the free oscillating cantilever (a) and the cantilever in
contact with the surface (b) as occuring in Tapping Mode.

Operating an SFM in the dynamic mode92,108,110,111 where the cantilever is excited by a piezo
so that it oscillates at or near to its first bending mode resonant frequency ωres with a given
amplitude A0 (Figure 4.6a) offers the possibility of minimizing the contact time. The amplitude is measured as an RMS value of the deflection detector signal (red line, Figure
4.6c). While the cantilever is approaching to the surface (Figure 4.6b), tip-surfaces forces
cause not only a shift in resonance frequency ωres to ω*res, but also reduce the oscillating
free amplitude A0 to a value A which depends on the distance to the surface (Figure 4.6c).
In the so-called "non-contact" mode (NC-SFM)92,108,110,111 small amplitudes A0 < 5 nm are
used to avoid contact with the surface. To control the distance between tip and surface the
frequency shift Δω is used as feedback control (blue line, Figure 4.6c). Working under
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ambient conditions, the samples are usually covered by a thin water layer, which makes the
tip sticking to the surface. To overcome this disadvantage, Tapping Mode SFM (TMSFM)109,112-115 uses higher amplitudes A0 ranging from 20 to 100 nm to make the tip to strike
the surface on each oscillation and to be sufficient to overcome the stickiness of the surface
for a wide range of vertical positions of the cantilever. This allows one to circumvent the
adhesion and capillary forces, which lead to uncontrollably high tip-sample contact forces
and thereby reduce lateral or friction forces involved in the scanning process. To ensure
that sufficient energy is stored in the cantilever to overcome the sticking, stiff cantilevers
with high spring constants ranging from 10 to 50 N/m and a high quality factor Q between
100 to 1000 are used. Typical applied frequencies range between 50 and 350 kHz depending on the used cantilever. The feedback system is set to detect the damping on the oscillation amplitude caused by the intermittent contact with the surface (blue line, Figure 4.6c).
The reduced oscillation amplitude A may be used as a setpoint to control the distance between the tip and surface, such as in CM-SFM the defection variation may be adjusted with
the feedback to maintain the setpoint at a constant value. The level of force applied to the
surface can dramatically influence the images obtained in SFM. It is therefore necessary to
control the applied force. In CM-SFM the applied force is direct proportional to the stiffness of the cantilever, given as the spring constant (Nm-1) and to its deflection, given by the
chosen setpoint.87 Depending on the spring constant of the used cantilever the imaging
forces can range from 1 nN - 50 µN. In tapping mode the contact force exerted by the tip
on the surface during striking in each cycle can be estimated from the change in the oscillation amplitude ΔA = A0 - A generated in each striking cycle 112

FTapp =

A0 − A
ccantilever
Q

(1)""

Assuming a difference of 30 nm between amplitude change, a Q factor between 100 to
1000, and a force constant ccantilever of 40 nN nm-1, the force per strike is approximately 1.2
to 12 nN. This is considerably smaller than the forces applied in the contact mode, thereby
minimizing the deformation induced by the tip. A common way to vary the tip-sample contact forces is to vary the magnitude of the engaged amplitude A relative to the free air amplitude A0 of the oscillating tip.113,115 This ratio is defined as amplitude damping rsp113,115

rsp =

A
A0

(2)""
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Applying moderate rsp values between 0.9 and 0.6 enable to image the surface topography
of soft polymeric materials, such as styrene-butadiene copolymers (Figure 4.7a). For further insights of the influence of parameters on the obtained images look at Bar. et al.116

Figure 4.7: Tapping mode SFM height image (a) of a 200 nm thick styrene-butadiene-styrene block
copolymer film cast on a silicon substrate can complemented by simultaneously taken phase shift data (b).

When the amplitude damping is used for feedback, the change in resonance frequency can
be detected by a phase shift between the free oscillation in air and the oscillation while the
tip is in contact with the surface.113,116 The force interactions mechanically link the surface
and the cantilever to each other (arrow, Figure 4.6b).

Figure 4.8: Scheme of the contrast formation in Tapping Mode Phase imaging

Therefore both the damping of the amplitude and the resonant frequency of the system depend on the tip-sample interactions. This phase shift can be related to the energy dissipation between the tip and the surface.117-120 The phase shift depends as much on the viscoelastic properties of the sample as on the adhesive potential between the sample and the
tip.114,121,122 Thus, the phase shift image outlines domains of varying material contrast without describing the nature of the material properties.101,106,123 Usually, domains were high en-
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ergy dissipation appears, such as stiffer or stickier areas, cause higher phase shift were displayed as bright domains in the phase shift image (Figure 4.8). Under the moderate
tapping force conditions, rsp values ranging from 0.4-0.7, it is known that a high phase corresponds to high stiffness regions at the surface (Figure 4.7b).105,113-115 This TM-SFM with
indirect sensitivity for different chemical or morphological species. When the height data
are complemented with simultaneously measured phase shift data domains of varying material contrast at or near to the surface are outlined. Phase images are often used to characterize polymers at high resolution.31,87,90,114,124

4. 1. 2 Experimental limitations
Dynamic techniques like TM-SFM enables one to investigate delicate polymer samples because the lateral shear force exerted on the sample are eliminated. This technique can, in
principle, achieve very high resolution, since the tip strikes the surface many times before
it is displaced laterally by a tip diameter. Although small crystalline features can be displayed with nm resolution, the resolution is limited. For example, comparing the thicknesses polymer lamellae determined by SFM to the one obtained by SAXS, the lamellae in
SFM are usually about 1-2 nm thicker than those calculated using SAXS correlation function analysis.106 This overestimation of small structures is mainly due to the finite tip radius
of the used cantilever and has to be taken into account for quantitative estimation of lamellar sizes (c.f. Appendix B.4).
Another problem occurring when TM-SFM is applied to polymeric samples concerns the
distinction between real surface topography and indentation.125,126 Typically, topography
images are obtained by applying a constant force to the surface. Due to the finite tip-sample
forces required to image the surface, it is likely that the tip may deform the softer regions
more than the harder ones. This make it difficult to determine whether harder regions are
truly higher, or whether this apparent topographical contrast is simply due to tip interactions.127 Although the EM image of a 200 nm thick low isotactic polypropylene film on silicon reveal no distinct features (not shown here), in the SFM topography image randomly
distributed elevated rod-like structures can be found (Figure 4.8a). To assign this features
a closer look to the tensile moduli of the amorphous and the crystalline fraction of
polypropylene are necessary. Comparing the tensile modulus of the amorphous fraction,
Eam = 1.73 MPa 128, to the one of the crystalline fraction, Elam = 1.0 - 1.7 GPa129, a difference
by 3 orders of magnitude can be determined. Thus, the tip will penetrate the soft regions
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deeper than in harder, crystalline one. Thus, latter appear elevated in topography. This allocation is supported by the fact that elevated fibrils appear brighter, thus harder in the phase
image (Figure 4.8b).

Figure 4.9: In soft materials the topography image (a) can be influenced by the samples rigidity, thus, harder
domains, like the crystalline lamellae in polypropylene, will appear brighter. The differences in local stiffness
were proved in phase shift image (b) where harder domains appear bright.

Often phase images are used to determine the amount of crystalline phase because the hard
domains can be determined more clearly. As shown before, the SFM has a finite and unknown sampling depth beneath the surface and the crystals are not perfectly normal to the
surface, they can appear thicker than they really are. The small but finite sampling depth of
a few nanometers also makes it difficult to use the data to exactly derive the packing of domains in three dimensions without additional experimental effort.130 The absolute estimation of the crystallinity even of low crystalline materials is not possible with this method,
but comparing the amount of hard phase to the sample crystallinity may give a qualitative
measure of this parameter.

5 Thermoplastic-elastomeric polyketones
The application of well defined metal-catalysts and the choice of appropriate polymerization conditions enable to tailor the mechanical properties of polyolefines from insoluble,
highly crystalline thermoplastics to soluble, high molecular weight elastomers. Predominantly, this polymers are apolar materials. Thus, the use of such materials for biological or
medical applications is limited. Polyketones are a new class of thermoplastic elastic polyolefines, which combine elastic properties with intrinsic hydrophilic properties.131,132 Terpolymers of ethylene, propylene and carbon monoxide are examples for such apolar polyolefines. The catalytic olefine-CO terpolymerization enable to synthesize ethylene-COpropylene-CO-(ECO-PCO)-block copolymers (Scheme 5.1) with a wide range of properties from highly crystalline thermoplastics to low crystalline elastomers.133-136

Scheme 5.1: Chemical structure of an ECO-PCO terpolymer.

Strictly alternating ethylene carbon monoxide (ECO) polymers are semicrystalline materials with a high melting temperature close to the decomposition temperature.137 Pure
propene CO (PCO) is mainly amorphous138,139 with a glass transition temperature TG close
to room temperature.132,139 Combining these two monomers lead to polymeric materials,
which exhibit interesting new material properties.139,140 By the statistic incorporation of
small amounts of propene in addition to ethene the melting transition of ECO can be
reduced up to 100 K.141 Conventional polymerization techniques lead to terpolymers containing at most 10% of propene.142 Papers of Abu-Surrah et al. 140,143 refer to systematic incorporation of propylene up to 60 weight% by using a dicationic palladium(II) phosphine
catalyst in combination with an excess of propene. Replacing an such increasing amount of
the ethylene with propene monomers not only reduces the melting temperature but also
changes the mechanical properties of ethylene-CO-propylene-CO-(ECO-PCO)-terpoly-
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mers. ECO-PCO terpolymers containing less then 15%wt propene are typical thermoplastic
materials, whereas ECO-PCOs with a propene content above 50%wt display thermoplastic
elastic behavior.134-136 Such ethylene-CO-propylene-CO-(ECO-PCO)-terpolymers are characterized by a low degree of crystallinity.14 The elastomeric behavior can be explained in
terms of physical crosslinks dispersed in the amorphous matrix. The crystalline regions are
proposed to provide physical crosslinks for the amorphous elastomeric segments of the
chain.144 In case of a block copolymer structure, soft and hard phases have to be assigned to
the constituent materials on the basis of the material properties of the pure polymers. Pure
propene CO (PCO) is mainly amorphous138,139 with a glass transition temperature TG close
to room temperature.132,139 The linear ECO chain easily crystallize.145 Thus, the PCO-block
will form the soft matrix and most likely, the ECO chain segments create the dispersed,
hard phase. The properties of thermoplastic elastomers are not only determined by the
composition and the properties of the constituent polymers, but also by the size and the distribution of the dispersed phase, which is linked to the structure of the polymer chain.26,27
To tailor the mechanical properties of ECO-PCO terpolymers the chain microstructure,
mainly the distribution of the hard ECO blocks has to be controlled. It is therefore of
fundamental interest to change the distribution of the crystallizable ECO segments and
study the influence of this parameter in the properties of elastic polyketones. On approach
is to change the distribution of the crystallizable ECO segments by varying the polymerization conditions.136,143,146 The influence of polymerization conditions in the chain micro structure, the resulting morphology and the polymer properties is investigated on different
length scales using NMR, WAXS, DSC and SFM.

5. 1 Polymerization of ethylene-propylene terpolymers
One approach for the synthesis of ECO-PCO copolymers with variable block structure is to
use a dicationic palladium(II) phosphine catalyst, which has different incorporation rates
for ethene and propene.136,140,143,146 For this catalyst, the incorporation rates for ethene are 10
to 25 times higher than for propene. Because of this, if similar amounts of ethene and
propene are present in the reaction vessel, initially an ECO-rich block will be formed. The
incorporation of propene monomers does not start until the ethylene concentration has been
diminished below a characteristic concentration. Now an ethene CO – propene CO (EPCO)
transition region is formed due to equiprobable incorporation of ethene and propene. At decreasing ethylene concentration the ECO block length is reduced, and the PCO blocks be-
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come longer. If only a small amount of ethene is left a propene rich block can be formed
completing the chain (Scheme 5.1) resulting in a gradient copolymer, as shown schematically in Figure 5.1a.

Figure 5.1: Schematic diagram for block structures obtained by Pre-Set Polymerization (PSP) (a) or by PulsFeed Polymerization (PFP) (b)

Modifying the polymerization process leads to ECO-PCO terpolymers with different block
length and distribution of ECO and PCO domains.146 In a so-called "Pre-Set Polymerization" (PSP) the autoclave is first charged with propene, ethene and CO are fed afterwards
through a controlling unit. The polymerization reaction takes place like explained above
leading to a ABC gradient copolymer (Figure 5.1a) with two long blocks, an ECO block
(A) at the beginning, and a PCO block (C) at the end, which are connected by an transition
gradient region (C) consisting of short ECO and PCO blocks (EPCO). If in the beginning
only propene is present in the reactor, CO is fed continuously through a controlling unit
and ethene is fed discontinuously to the reaction in given lags of time, the different incorporation rates of ethene and propene lead to a multiblock (MB) copolymer, like shown in
Figure 5.1b. In this "Puls-Feed" Polymerization (PFP) the number of inserted ECO blocks
is equal to the number of ethene pulses feed to the reaction.

5. 2 Polymer microstructure
Only little is known about the morphology of such ECO-PCO terpolymers this is a crucial
point to prove that varying the polymerization process leads to polyketone terpolymers
with different block structures and to confirm the block models for the resulting terpolymer
structures. For this purpose ECO-PCO terblock copolymers have been synthesized using
PSP and PFP. Two sets of samples with similar content of ECO and PCO have been chosen estimating the ECO content by elementary analysis that way that they also have
comparable molecular weights (Table 5.1). The term used for samples prepared by PSP
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and PFP are according to the proposed microstructure (Figure 5.1). Samples prepared by
PSP are called TBxx for triblock and the ones synthesized by PFP are called MBxx for
multiblock.
Table 5.1: Characteristic data of ECO-PCO terpolymers prepared by PSP or PFP

Mw a

Mw / Mn

ECOElem b

Density c

PCO

1.5

1.91

TB41

1.2

1.92

41

1.12

TB56

2.6

1.78

56

1.11

TB75

1.8

1.77

75

MB42

1.6

2.13

42

1.13

MB56

2.0

1.91

56

1.16

Sample
Triblock

Multiblock

a

105g mol-1, b %, c g cm-3

5. 2. 1 Chain microstructure
To investigate the block structure of the ECO-PCO chain chemical shift 13C NMR spectra
are performed. The NMR spectra of the ECO-PCO terpolymers prepared by different polymerization conditions are given in Figure 5.2. Two peaks can be observed that are related
to the ECO blocks: The peak between 36 – 35 ppm ([CH2]ECO) represents an ethene block
with only adjacent ECO groups. This ethene molecule can be found in the ECO sequence
of the polymer chain. The peak at 35 – 34 ppm ([CH2]PCO) represents an ethene molecule,
which has at least by one side a PCO group in the neighborhood.142,147 The two peaks can be
used to determine the amount of ECO arranged in blocks. The total ECO content is given
by the sum [CH2]tot of the integral values of the two peaks [CH2]ECO,block and [CH2]PCO. Based
on this, the relative amount of ECO arranged in blocks (ECOblock) can be calculated

⎛
⎞
⎡⎣CH 2 ⎤⎦
block
ECOblock = ⎜
⎟ • 100
⎜⎝ ⎡⎣CH 2 ⎤⎦
⎟
⎡⎣CH 2 ⎤⎦
+
PCO
block ⎠

(3)""
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Since the overall amount of ECOelem (Table 5.1) in the polymer is known from elementary
analysis, the total amount of ECO arranged in blocks ECOblock,total can be determined by

ECOblock ,tot =

ECOelem • ECOblock
100

(4)""

with an accuracy of about ± 2%. The analysis reveal differences for the amount of ECO
values arranged in blocks (ECOblock) comparing PSP and PFP polymerization (Table 5.2)
when the total ECO content exceeds 50%. Higher values have been found for PSP polymerization, this refers to the formation of a triblock structure using PSP.

Figure 5.2: 13C NMR spectra of PSP and PFP polymerized terpolymer show only small differences in shape.

Typically, in semicrystalline materials the crystal phase is formed by at most 60 - 70% of
the polymer. Since only the ECO-rich segments of the chain process a fast crystallization,
their amount will determine the degree of crystallinity. Thus, the fractions of ECO
arranged in blocks (Table 5.2) can be used to estimate the upper limit of samples crystallinity. For the samples containing 42% ECO within the error distribution a crystallinity
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of about 16% can be found. The samples with higher amount of 56% ECO can reveal a
crystallinity of about 28%.
Table 5.2: ECO distribution and block length

ECOElem a

ECOblock a,b

TB41

41

64

25

8

TB56

56

75

42

14

MB42

42

65

28

8

MB56

56

72

40

11

a

ECOblock,tot a,b Block lenght NECO c

%, b accuracy ± 2%, c monomers

Based on the integral values of the peaks [CH2]ECO,block and [CH2]PCO the length of the ECO
block can be estimated. Based on the calculation of the block length of isotactic polypropylene69, the block length of ECO domains in an ECO-PCO terpolymer can be determined:
Assuming each ECO block starts and ends with a PCO group, the ECOPCO-peak reflects the
end-groups terminating each ECO block. Thus, each ECO block consists of at least one
ECO-group with two ethene groups in the neighborhood plus two ECO´s, which are concluded by one PCO group. The fraction of ECO groups containing of three or more ECO
monomers nECO is

nECO = 2 • ⎡⎣CH 2 ⎤⎦ PCO + ⎡⎣CH 2 ⎤⎦ block

(5)"" !

The fractional number bECO of ECO blocks containing three or more ECO monomers
arranged in blocks is

bECO =

⎡⎣CH 2 ⎤⎦
PCO
2

(6)""

Therefore the average length NECO of the ECO blocks is given by

N ECO =

nECO
bECO

= 4+

2 • ⎡⎣CH 2 ⎤⎦ block
⎡⎣CH 2 ⎤⎦
PCO

(7)""
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Since the calculated average block size NECO shown in Table 5.2 depends on overall pentad
distribution also short ECO blocks in the EPCO transition region are taken into account for
interpretation, which might not form a separated phase. Thus, ECO blocks attribute to the
crystalline or larger ECO domains might be longer. For all samples values for NECO larger
than 5 monomers have been found strongly referring to the formation of ECO blocks.
Comparing the average block length for the samples containing 41% ECO prepared by
PSP and PFP, similar values for NECO of about 7.5 monomer units have been found. At
higher ECO concentrations blocks with a length above 10 monomers were formed. For the
triblock samples (TB56) a larger value for NECO was estimated than for the multiblock
polymer (MB56). This supports the assumption that different polymerization processes
generate different chain microstructures. By means of NMR, these differences seemed to
be within the detection limits for ECO concentration below 50%. It has to be taken into account that NMR averages over the total chain. Thus, differences in the distribution of the
block length are neglected. This points out that simply NMR analysis is not sufficient to
enlighten the chain microstructure of such terpolymers.

5. 2. 2 Crystalline structure
WAXS diffraction experiments are used to investigate whether the ECO-PCO terpolymers
contain crystalline aggregates and to assign the crystal phases. For the assignment of crystalline phases the WAXS diffraction spectra of the pure polymers have to be investigated
more closely. PCO is known to be mainly an amorphous polymer132,139, but for PCO with
highly stereo- and regio-regular chains a crystalline structure has been reported.139,148-150 The
WAXS diffraction diagram of PCO shows two prominent reflexes at 2Θ = 11.3°, resp. at
2Θ = 19.9° (PCO3) (Figure 5.3a). Additionally, two peaks with lower intensity appear as a
double shoulder at 2Θ = 15.4° (PCO1) and 17.4° (PCO2). Another small peak can be seen at
2Θ = 22.8° (PCO4). Up to now, neither an assignment to a crystal lattice nor the subscription of hkl-reflexes is given in literature. In contrast to this, for ECO terpolymers a number
of wide-angle X-ray studies are published.151-155 Strictly alternating ethylene carbon monoxide forms crystal structures very similar to high-density polyethylene. Two distinct but related structures are reported in literature, so-called α- and β-form.145,151 Both crystal phases
have an orthorhombic unit cell containing two polymer chains aligned along the c-axis at
the corner and in the center of the cell, but the β-form is less densely packed than the αform.155 In Figure 5.3 b and c the schemes of WAXS diagrams for both crystal types are
shown; prominent hkl-reflexes are indicated (Table 5.3). The α-form reveals three promi-
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nent peaks of declining intensity: The strongest peak appears at 2Θ = 21.7° (ECO110), a
smaller one can be found at 2Θ = 25.5° (ECO200α) for the α-phase. For β-phase crystals an
intense band can be observed at 2Θ ≈ 22° (ECO200β). Additionally, two smaller peaks can
be found at 2Θ = 25.1° and 29.2°. It seems that the formation of either α-or β-form depend
on the ECO block length. The pure α-form has only been found for perfectly alternating
polymers.152,153 The β-form is the most probable modification for ECO containing PCO
monomers, where a reduced ECO block length is present.154 Also mixed α-β-phases are
feasible for ECO-PCO terpolymers.153,155

Figure 5.3: WAXS diffraction diagrams for crystalline PCO (a) and the two ECO polymorphs α- (b) and βform (c); characteristic hkl-reflexes are indicated..

In the WAXS diffraction diagram of sample MB42 (Figure 5.4a) refers to a fully
amorphous sample because only a halo is visible. This spectrum was used as an amorphous
reference for the determination of crystalline fraction (c.f. Appendix B.2). For all samples
crystallinity values xWAXS below 10% have been estimated: Sample TB41 exhibits an
amount of crystalline material of about 5%, the samples containing 56% ECO, TB56 and
MB56, reveal a crystallinity of about 8%. If the amorphous halo is subtracted in the
WAXS diagrams of the samples TB41, TB56 and MB56, crystalline peaks appear (Figure
5.4b) at 2Θ ≈ 15.7°, 17.8° and 19°, which can be attributed to peaks characteristic for PCO
lamellae, c. f. Figure 5.3a. A strong peak appearing at 2ΘECO = 20.5° suggests that also
ECO lamellae are formed.
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Figure 5.4: WAXS diffraction diagram of sample MB42 reveal only an amorphous halo (a); WAXS
diffraction diagrams of samples TB41, TB56 and MB56 (b) show crystalline peaks characteristic for both
ECO and PCO lamellae after subtracting the amorphous halo.

The presence of the ECO phase was proved fitting individual peaks using Lorentzian
curves (Table 5.3). Thus, using PSP results in samples, TB41 and TB56, where both crystallizable PCO and ECO segments were formed in detectable amounts. Beside this,
comparing the heights of the most intensive peaks, PCO3 and ECO110, (Figure 5.5a, b) can
be used to rate the prevailing crystalline phase, ECO or PCO. In case of samples TB41 and
TB56 the peak at 2Θ = 18.5° with higher intensity than the one at at 2Θ = 20.8° referring
to the formation of preferably PCO crystals. For the sample MB56 (Figure 5.5c) the peak
at 2Θ = 21° (ECO110) is the most intense one. This suggests that preferentially ECO lamellae were formed. This result is supported by the fact also a clear peak at 2Θ = 25° appears,
which can be attributed to ECO200α.
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Figure 5.5: Fitting individual peaks allows one to determine the prevailing crystalline phase wihtin the
samples TB41 (a), TB56 (b) and MB56 (c) more clearly.

The results obtained so far point out that in both samples series, PSP and PFP, ECO blocks
are formed, which are long enough to crystallize. Hence, it might be reasoned that during
PFP the length of the PCO block is reduced that way that only a limited amount can crystallize. To explain this, the formation of a multiblock terpolymer, where several ECO
blocks are incorporated in the PCO chain, is the most suitable option.
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Table 5.3: Characteristic WAXS data for ECO and PCO homo- and terpolymers

hkl

Ical a

PCO a

PCO1

m

PCO2

ECOα a

ECOβ a

TB41 a

TB56 a

MB56 a

15.4

15.6

15.6

15.7

s

17.8

17.8

16.7

16.6

PCO3

vs

19.9

19.2

18.5

18.6

110α

vs

110β

vs

21.8

20.1

20.8

20.9

200β

s

22.4

21.3

21.5

21.7

PCO4

m

22.8

22.3

22.7

111α

m

24.5

201β

m

200α

s

21.6

25.2

23.7

24.1

25.5
a

2Θ / °

5. 2. 3 Thermal behavior
Thermal characterization using DSC provides information about two characteristic parameter: The glass transition and melting. The glass transition temperature TG is an important
parameter in relation to the mechanical behavior of amorphous polymers.4 Below TG a
polymer is in the glassy state. Due to this, brittle failure appears if the sample is deformed.
Above TG polymeric materials show rubber-elastic deformation behavior. In semicrystalline polymers the melting transition, visible in DSC curves as an endothermic peak, is a
characteristic quantity for the amount and the type of the crystallizable phase. The integral
of the endothermic peak ΔH corresponds to the heat of fusion necessary to melt a given
amount of polymer available in a specific ordered phase. The maximum of this peak denote
the so-called melting temperature TM. Different parameters affect the measured transition
temperature.99 Several crystal modifications can show different melting temperatures. For
example, in a temperature range between 373 and 398 K α-form ECO crystals are trans-
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formed to the β-form crystals, which melt above 520 K.154 TM on the other hand is also influenced by the lamellar thickness. If all other parameters are held constant thicker lamellae
exhibit higher melting temperatures than thinner ones.99 For copolymers the lamellar thickness can be correlated to the length of the crystallizable chain segments.156,157 For ECO
copolymers the influence of the reduced chain length can be observed, when small amounts
of PCO are incorporated. The melting temperature of ECO copolymers drops down by 100
K, when small amounts of 10% of PCO are incorporated.137,158 Thus, the melting temperature can be used to get further insights in the chain microstructure of ECO-PCO terpolymers. To learn more about the thermal properties of the ECO-PCO terpolymers DSC experiments were performed. The DSC curves (Figure 5.6) of all samples show a glass
transition as well as at least one melting transition.

Figure 5.6: DSC curves of triblock (a) and mulitblock (b) samples containing increasing amount of ECO
taken at heating rate of 10 Kmin-1.

5. 2. 3. 1 Distribution of amorphous chain segments
The glass transition temperature TG was used to learn more about the distribution of
amorphous chain segments. TG is determined by the flexibility of the chain segments. The
more flexible a polymer chain is, and the smaller the chain units involved are, the lower is
the glass transition temperature. For ECO, which in spite of the CO groups forms a flexible
linear chain, TG´s between 273 K and 283 K are given in literature.159 In contrast to this
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PCO contains additional voluminous CH3-groups, which reduce the chain mobility. Thus,
higher TG values between 291K and 311K can be observed for this polymer.138,139
When comonomers are introduced into a polymer, the glass transition temperature is
changed.160 Usually, a random copolymer of two monomers with different TG´s reveal an
intermediate glass transition temperature, because such copolymers behave like regular
polymers in that they exhibit only one TG. For ideal situations a simple relation between TG
of the homopolymers and those of the copolymer is given by following equation161

1 w1 w 2
=
+
TG T1 T2

(8)""

in which the subscripts 1 and 2 refer to the pure polymers and w1 and w2 are the mass fractions of pure polymers.
In case the copolymers are not random the situation becomes more complicate.160 If in
block copolymers the sequences are incompatible, the materials will form phase separated
polymer systems. A material will manifest its own glass transition temperature if its dimension exceeds a value of about 10 nm. Thus, only if the domain size of phase separated
polymer exceeds this value, two glass transitions can be observed. Also, larger domains
can only be discriminated if the TG´s of the constituent polymers differ by more than 30
K.160 Since the difference of the glass transition temperatures reported for pure ECO and
PCO are within this range, only one glass transition can be expected for ECO-PCO terpolymers (Figure 5.6, Table 5.4).
The TG observed for sample TB41 prepared using PSP is close to the one found for the
PCO homopolymer. This evidences that the amorphous regions are mainly formed by the
PCO domains of the terpolymer. After the insertion of increasing amounts of ECO the
glass transition temperature decreases from 289 K to 282 K. This decrease indicates that
short ECO segments, which are unable to form a crystalline lamellae, have to contribute to
the amorphous phase. Such segments are most probably formed within the EPCO transition
region (c.f. Figure 5.1). Thus, the change in glass transition temperature can be correlated
to the amount of ECO within the EPCO transition region. Using equation 8 the fraction
wECO of ECO within the amorphous phase can be estimated. Resuming for pure ECO a
glass transition temperature of 273 K159 leads to values between 14 and 71% (Table 5.4).
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Table 5.4: DSC data of triblock and multiblock samples containing different amounts of ECO

TG a

wECO,am b

TM1 a

TM2 a

Δ HM1 c

Δ HM2 c

8.3

7.5

6.1

12.4

PCO

292.2

331.5

TB41

289.3

14

329.3

TB56

283.7

43

321.2

338.5

TB75

282.7

48

325.6

348.2

MB42

282.1

51

282.1

MB56

278.3

71

318.7
a

333.4

K, b %, c J g-1

In case of samples prepared using PSP, TB41 - TB75, the amorphous phase consists of not
more than 48% of ECO even when the total ECO content exceeds 75%. This points out
that, longer ECO blocks have to be formed. The glass transition temperature TG of samples
prepared using PFP (Figure 5.6) exhibit the same dependency on the ECO content like
samples prepared using PSP. Comparing samples with similar amount of ECO but prepared by different polymerization processes, samples prepared by PFP reveal lower TG´s
than the one prepared by PSP. Thus, higher relative amounts of amorphous ECO are
present (Table 5.4). This results show that the discontinuous feed of ethene lead to higher
amounts of short, non-crystalline ECO in an ECO-PCO terpolymer. The different amounts
of amorphous ECO obtained using either PSP or PFP imply that also the crystalline phases
might be different.

5. 2. 3. 2 Distribution of crystallizable chain segments
Since in copolymers the lamellar thickness can be directly correlated to the length of the
crystallizable chain segments156,157 melting transitions (Figure 5.6) can be used to learn
more about the nature of the crystallizable blocks. Polymerization with dpppPd(NCCH3)2(BF4)2 results in a PCO homopolymer with a regular chain micro structure revealing a melting transition at TM1 = 331.5 K (Fig. 5.6, Table 5.4), which is in agreement
to the literature.150 If 42% of ethylene is incorporated in the terpolymer using PSP, the
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melting transition is shifted to a lower value, TM1 = 329 K, and the integral area ΔH1 decreases. This indicates that PCO lamellae becomes thinner, and the amount of PCO lamellae is reduced. Most probably the PCO blocks are shortened due to the insertion of ECO
monomers. Samples containing 56% ECO (TB56) reveal two melting transitions with maxima at TM1 = 321 K, resp. TM2 = 338 K. The decrease in TM1 supports the assumption that
this transition can be attributed to the melting of PCO lamellae. Since the integral area ΔH1
increase the formation of a new crystalline phase, e. g. small ECO crystals, is possible. The
second melting transition takes place at 338 K, which is above the melting temperature detected for pure PCO. Therefore, this transition can be attributed to melting of ECO lamellae. This assignment is supported by the results obtained for a sample containing 75% ECO
(TB75), which also reveal two maxima. The melting transition shifted to higher temperatures, TM1 = 326 K and TM2 = 348 K, respectively. This points out that thicker crystalline
lamellae are formed. Thus, longer ECO blocks have been formed. The dramatic increase in
melting temperature in combination with the limited amount of amorphous ECO can best
be explained by a triblock chain microstructure shown in Figure 5.1a.
In contrast to the triblock samples, in the multiblock samples show reduced crystallinity.
The sample MB42 appears to be completely amorphous (Figure 5.6b). Thus, the length of
regular PCO blocks has been reduced below the critical value necessary for crystallization
due to the continous incorporation of ethene. The multiblock structure is most suitable to
describe the resulting polymer chain. The sample containing 56% ECO (MB56) reveal two
transition peaks TM1 and TM2 (Figure 5.6b). Since WAXS experiments reveal ECO lamellae as the prevailing crystalline form, most probably of two populations of ECO lamellae
are generated. The melting transitions appear at lower transition temperatures compared to
the triblock sample. Thus, shorter shorter ECO block have to been present. To explain the
concurrent formation of short PCO blocks and shorter ECO blocks, which have reduced
block length compared to the triblock sample, the multiblock chain model is most suitable.

5. 3 Polymer morphology
Differences in the distribution of the ECO and PCO blocks should result in variations in
the polymer morphology. To correlate the chain microstructure of terpolymers prepared using different polymerization conditions to their morphology Tapping Mode SFM is used.
Phase shift images enables to assign areas of different material contrast to ECO- and PCO-
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rich domains. Thus, the applicability of the block models shown in Figure 5.1 for chain
microstructure of ECO-PCO terpolymers should be verified.

5. 3. 1 Bulk morphology
To investigate the volume structure of the terpolymers, phase shift images have been performed on the surface of microtomed samples, because these surfaces are known to reflect
the bulk morphology of a sample in a good way. Although only one glass transition temperature has been found, all samples exhibit a clear phase-separated morphology (Figure
5.7 and 5.9), where the domain sizes of brighter and darker domains vary for samples prepared using different polymerization techniques.

Figure 5.7: SFM images of terpolymer samples containing 41% ECO reveal a phase-separated morphology
consisting of brighter and darker domains for TB41 (a, b) and MB42 (c, d)

The phase shift images of samples containing 41% ECO, TB41 and MB42, respectively,
(Figure 5.7a, b) show for sample TB41 domains with an average size between 500 - 1000
nm which are homogeneously distributed all over the surface (Figure 5.7a and b). Figures
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5.7c and d display the phase shift image of sample MB42. Here, the extension of bright
and dark domains is smaller compared to sample TB41. Their maximum sizes range between 200 and 300 nm. Additionally, granules with a diameter of about 10 nm appear in
both, the bright and the dark domains. For further interpretations it is necessary to assign
bright and dark domains to the constituent polymers. For this purpose the images are transformed in binary pictures using their histograms (Figure 5.8).

Figure 5.8: Histograms of the phase images for sample TB41 (Figure 5.7 a) and MB42 (Figure 5.7 b) can
be used to determine the threshold for binary conversion; The amount of black-and-white phase can be used
to allocate ECO and PCO phase in sample TB41 (b) and MB42 (c).

The histograms (Figure 5.8a) of the phase images shown in Figure 5.7a, and Figure 5.7b,
reflect the two domains of different phase shift by the appearance of two peaks. The first
one with a maximum at about 150 a.u. can be attributed to the darker domains, the second
one with the maximum at about 215 a.u. to the brighter domains. For the transformation a
threshold has been defined at the minimum value between the two peaks, which is 192 a.u.
for both samples. Converting the colored pictures into binary results in an illustration
shown in Figure 5.8a and b, where the black phase corresponds to the darker domains of
the samples and the white domains to the brighter regions. After the transformation the various domains of the phase-separated structure can be seen more clearly. Estimating the relative amounts of black and white pixels for the triblock and the multiblock sample result in
relative amounts of 41% white and 59% black domains, which is in excellent agreement
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with the composition of ECO (41%) and PCO (59%) determined by elementary analysis,
cf. Table 5.2. Due to this, the dark phase might be assigned to the PCO-rich domains and
the brighter phase to the ECO-rich domains of the terpolymers.
The contrast of the phase shift images is determined by the energy dissipation between tip
and sample.117-122 Due to the assignment stated before, higher energy dissipation appears between the ECO phase and the tip than between the PCO phase and the tip. In case that the
glass transition temperature TG of the samples is close to or below room temperature, like
in ECO and PCO, energy dissipation is determined by adhesive interactions between tip
and sample surface.117,120 In this case, materials revealing higher adhesion will show higher
phase shift. Performing force vs. distance curvesA on the different domains of the samples
show higher pull-off forces that on ECO-rich domains than on the PCO-rich domains.162
Thus, also the phase shift within the ECO domains should be higher. This supports the
allocation obtained from fractional analysis.
Table 5.5: Amounts of PCO and ECO fractions determined from SFM phase shift images

fPCO a

fECO,tot a

TB41

59

41

TB56

57

43

MB42

59

41

MB56

52

48
a

fECO,lam a

20

44

%

Based on this classification, a correlation between the observed morphology and the chain
microstructure becomes possible. The large domain size of the phase separated structure
observed for the PSP sample (TB41, Figure 5.7a) is in good agreement with the proposed
triblock structure. Brighter spots with diameter from 20 to 40 nm visible at higher scan
range inside both PCO and ECO domains (Figure 5.7b) can be attributed to stiffer most
likely crystallized domains. The formation of small amounts of PCO and ECO crystallites
is in agreement to DSC and WAXS experiments. Smaller ECO- and PCO-rich domains ob-

A. To determine the adhesive forces in SFM experiments the pull-off forces necessary to retract the tip from
the samples surface can estimated using force vs. distance curves.162
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served for sample MB42 pointing out that this terpolymer consists of shorter ECO- and
PCO blocks like proposed for a multiblock copolymer (c.f. Figure 5.1b). Since DSC and
WAXS experiments clearly show that the samples are fully amorphous, the bright granules
are ECO-rich domains.
Figures 5.9a-d display the overall distribution of PCO-rich and ECO-rich domains of samples containing 56% ECO. Here, an additional lamellar phase showing the highest phase
shift is visible. According to DSC and WAXS experiments, these structures are most probably crystalline ECO lamellae. The formation of such a lamellae requires a block-like chain
microstructure containing longer ECO blocks. This finding confirms the proposed block
structure of the polymer chain.

Figure 5.9: SFM images of samples with 56% ECO show a phase-separated morphology with an additional
lamellar-like substructure inside the brighter domains (TB56, a and b) or homogeneously distributed (MB56,
c and d).

In sample TB56 the lamellar-like structures appear only inside the bright, ECO-rich domains (Figure 5.9a). This refers to the formation a block copolymer with at least to long
blocks. In sample MB56 (Figure 5.9c) the lamellae are uniformly distributed in the ECOrich as well as in the PCO-rich domains forming a homogeneously distributed crystalline
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network. Such a network requires a chain microstructure in which ECO blocks are regularly distributed along the chain. The multiblock model enables one to explain the changes in
the polymer structure of samples prepared using PFP. When the ECO content is below
45%, short evenly distributed ECO blocks form a granular structure (Figure 5.7d). At increasing ECO content, longer ECO block are generated leading to more extended lamellar
features. The amount of lamellae can be estimated using black and white analysis like
shown before.

Figure 5.10: Binary images of triblock TB56 and multiblock MB56 terpolymer converted using different
threshold levels enable to determine the total amount of ECO-rich phase (a, c) as well as the amount of
lamellar-like phase b, d)

The histograms, Figure 5. 10a, and Figure 5. 10d respectively, of the phase shift images
shown in Figure 5. 9b and Figure 5. 9d reveal three distinct domains which can be separated applying Th1 and Th2. After transforming the phase image using Th1 only amorphous
domains appear dark Figure 5. 10b, e. Estimating the fraction of white and black pixels af-
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ter applying Th1 (Figure 5.10a) show that the bulk of sample MB56 consists of 43% of
ECO-rich, resp. 57% of amorphous phase (Table 5.5). The amount of amorphous phase is
higher than the total amount of PCO. This supports suggesting stated on DSC results that
statistically distributed ECO monomers or short ECO blocks have to be incorporated in the
amorphous phase. The transformation using Th2 results in an image were only the lamellae
appear white (Figure 5. 10 c, f). Determining the fraction of white phase after applying Th2
(Figure 5.10b, d) reveal an amount of 20 % ECO arranged in crystalline lamellae. Figure
5.10c shows the phase image of sample MB56 after conversion in black and white image
using Th1. An overall amount of 52% for the ECO-rich phase has been estimated from the
binary image (Table 5.5). This value matches well with the amount of incorporated ECO.
Applying the second threshold enables to determine a content of about 44% for ECO
arranged in lamellar-like structures for MB56. This indicates that in contrast to the triblock
sample only a small amount of ECO is inserted in the PCO-rich domains, thus no distinct
EPCO transition region has been formed. This supports the assumption that during PFP a
AB-multiblock structure has been generated.
The images taken at higher resolution (Figure 5.9b, d) were used to determine the dimensions of the lamellae. The average thickness of the lamellae is about 10 nm; their lateral extension is up to 200 nm. Assuming that this corresponds with thickness of the inclosed
crystal lamellae, this value can be used to estimate the ECO block length inside a crystalline block. For a β-unit cell containing 2 ECO monomer units the repeating distance
along the ECO chain is 0.76 nm.154 Thus, ECO chain segments having 26 monomer units
would fit into these lamellae. This value is in the same order than the ECO block length estimated by NMR, cf. Table 5.2.

5. 3. 2 Surface morphology
Phase images of the dip-coated samples (Figure 5.11) do not show a distinct phase-separated morphology like the bulk samples. On the first glance, the surfaces of the samples
containing 41% ECO appear homogenous (Figure 5.11a, b). A closer look reveals a bright
granular sub-structure. Comparing the triblock with multiblock sample, larger granules
with an average size of 10 nm can be found in TB41 and smaller ones, which are in the
range of 5 nm, in MB42. Based on the previous classification the brighter granules are
formed by ECO-rich blocks of the polymer chain. This indicates that small amounts of
ECO are trapped at the surface. In the phase image of the sample TB56 (Figure 5.11c)
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small granules with a diameter of about 10 nm and string-like features with a diameter of
about 10 nm and a lateral extension up to 400 nm appear brightest. Since the dimensions of
the bright features are in good agreement with the size of the crystalline lamellae detected
in the bulk, the structures can be attributed to crystalline ECO domains. The lamellar structures meet to some extent and form superstructures, which resemble a spherulitic pre-state.
This refers to a non-uniform distribution of the ECO blocks. The surface of the multiblock
sample MB56 (Figure 5.11d) is covered by disordered lamellae. Individual lamellar-like
features have, in agreement with the bulk morphology, a diameter of about 10 nm and a lateral extension of about 400 nm. This points out that the sample should have a chain microstructure with evenly spread ECO blocks.

Figure 5.11: Surface of terpolymer samples reveals no distinct phase separation. Variations in the phase shift
indicate that also at the surface ECO and PCO rich domains form granular or lamellar-like super-structures (a
= TB41, b = MB42, c = TB56, d = MB56)

The presence of ECO at the surface became clearer after transforming the phase images
(Figure 5.11) into binary images (Figure 5.12a-d). Here, relative amount of ECO determined from the fraction of white pixels results in 10 - 12% for samples TB41 and MB42.
For samples containing 56% ECO higher amounts of ECO can be determined at the surface. The ECO amounts trapped at the surface differ for triblock and multiblock samples.
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Whereas for sample TB56 only 28% ECO is trapped at the surface, for sample MB56 the
amount is 42%. Polymeric materials try to reduce their surface tension by orienting the
segments with lower surface energy towards the surface. Due to CH3-side groups present
PCO has a lower surface tension than ECO reflected by the different contact angles
measured (Figure 5.15). If both polymers are present, the PCO segments will be mainly
aligned towards the surface. At room temperature both PCO and ECO are within the glass
transition regime. Thus the flexibility of the terpolymer chain is high enough to reconstruct
the surface morphology to minimize the surface energy. The fact that ECO can be found at
the surface indicates that ECO is trapped in the PCO rich domains and the orientation of
ECO towards the bulk is hindered. ECO domains of reduced mobility are either short ECO
blocks located in the EPCO transition regions or crystallized chain segments. In case of the
samples containing 41% ECO this might be short ECO blocks originated during polymerization in the EPCO transition regions. In case of higher ECO content, crystalline domains
are formed, which have a reduced mobility compared to amorphous ECO. Thus, these
blocks are trapped at the surface.

Figure 5.12: Black-and-white images of terpolymers can be used to determine the amount of ECO appearing
at the surface. (a = TB41, b = MB42, c = TB56, d = MB56)
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5. 4 Solid state properties
Aim is to check wether the different polymerization techniques can be used to tailor the
macroscopic polymer properties or not. To correlate the morphology with macroscopic
polymer properties on one hand the deformation behavior has been studied using uniaxial
stretching experiments. Since it has been shown that block copolymers can form different
morphologies in the bulk and at the surface, on the other hand the surface energy of the
samples has been investigated using surface tension measurements.

5. 4. 1 Mechanical properties
Uniaxial stretching experiments have been performed to study the influence of the microstructure in the macroscopic mechanical properties. Since all samples have glass transition temperatures about 10 K below room temperature (c.f. Table 5.4), the amorphous
phase is still in the rubbery state. Thus, differences in mechanical properties are caused by
differences in the amount and the distribution of the crystalline phase. Stress-strain curves
(Figure 5.13) taken for samples prepared either by PSP or PFP reveal deformation behavior characteristic for elastomeric materials. None of the samples reveal a yield point, but all
show extended elastic plateaus. The maximum elongation λbreak and the tensile strength
σbreak, as well as the tensile stress σplateau and the limits λplateau of the plateau region vary for
the different copolymer types (Table 5.6). Although for samples containing 42% ECO
λbreak and σplateau are similar, the limits of the elastic region λplateau and the tensile strength are
different. The higher value λplateau in combination with the lower tensile strength found for
TB41 points out that the phase separated morphology can be subjected to higher elongation
before morphological changes appear. For the samples containing 56% ECO the differences in deformation behavior are more palpable (Figure 5.13). The triblock sample TB56
shows a distinct elastic plateau and the stress does not increase until the strain is higher
than λ = 2.8. This sample behaves like a elastomer showing also a relatively low tensile
strength of about 13.5 MPa. In contrast, sample MB56 does not exhibit any distinct elastic
plateau but a linear increase in stress can be seen when the elongation exceeds λ = 1.5. The
tensile strength is about a factor 3 larger than the one found for sample TB56.
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Figure 5.13: Stretching experiments reflect the different morphologies of the samples prepared either by PSP
or by PFP.

Differences in the range of the elastic plateau and the tensile strength observed for samples
with similar amount of hard phase are an indication that also the distribution of the hard
phase influences the mechanical properties. Comparing samples TB41 and MB42, larger
extension of the elastic plateau and lower tensile strength were observed for TB41. This
difference can be attributed to the different domain size of the phase separated structure observed by SFM (Figure 5.7). The larger ECO- and PCO-rich domains observed for sample
TB41 (Figure. 5.7a) provide a "loose" network, which can be reversibly deformed up to λ
= 8. This sample can be subjected to higher elongation before morphological changes appear. In MB42 the ECO domains are smaller and more evenly distributed providing denser
network (Figure 5.7c). The denser network leads to increasing tensile strength but reduces
the maximum elongation (Table 5.6). Although samples TB56 and MB56 reveal similar
size of ECO- and PCO-rich domain (Figure 5.9), they show clear differences in the stressstrain curve. To explain the differences in mechanical behavior of these samples, the additionally formed crystalline ECO lamellae has to be taken into account. In sample TB56
lamellar structures appear only within the ECO rich domains (Figure 5.9a). In contrast to
this, within sample MB56 (Figure 5.9c) the crystalline lamellae are randomly distributed
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forming a continuous lamellar network, which results in improved mechanical strength, but
reduces the maximum elongation (Table 5.6).
Table 5.6: Characteristic mechanical data of ECO-PCO terpolymers prepared by either by PSP or PFP

λplateau

σplateau a

σbreak a

λbreak

Elastic
recovery εrev b

TB41

6.2

0.9

5.8

9.5

95

TB56

2.8

1.9

13.5

5.6

95

MB42

4.5

1.1

8.1

8.2

95

MB56

1.5

3.1*

33.2

5.1

83

a

MPa, b %, * extrapolated

Since all samples reveal an elastic stress-strain curve, the elastic recovery (εrev) after cyclic
deformation has been estimated (Figure 5.14). Therefore the samples stretched to a given
elongation at about 75% of the maximum elongation. After λcyc was reached the strain was
reduced until the measured force was zero (Figure 4.14) The elastic recovery of a sample
can be defined as the amount of reversible deformation after elongation to a given strain
rate λcyc calculated using equation B.2 (Table 5.6). For samples with 41% ECO as well as
the sample TB56 a similar elastic recovery εrev of about 95% were obtained. The high,
elastic recovery points out that during uniaxial deformation only reversible changes in the
sample morphology appear, giving strong evidence that these are rubber-like materials.
The samples TB41, TB56, MB42 exhibit the same elastic recovery and reveal also the similar total amount of hard ECO phase (42 ± 1%, c.f. Table 5.5). This points out that the
amount of this phase determines the elastic properties.
To explain the similar elastic recovery but the differences in tensile strength and maximum
elongation, the amount and the distribution of cross-links present are of importance. An increasing number of cross-links leads to increasing tensile strength but reduces the region of
elastic elongation. In the investigated samples, ordered or crystalline ECO domains are
proposed to act as a cross-link. Thus, the amount and distribution of the crystalline ECO
domains has to be taken into account. Samples with an ECO content of about 41% (TB41
and MB42, Figure 5.7b and d) show an additional granular substructure. These granules
most likely consist of parallel-aligned ECO chain segments or are crystalline blocks. The

Thermoplastic-elastomeric polyketones
53
_______________________________________________________________________________

observed increase in maximum tensile strength can be correlated to an increasing number
of such structures. Sample TB41, which contains a lower amount of these granules mainly
located within the amorphous, darker domains reveal lower tensile strength than sample
MB42. In this sample the small granules are homogeneously distributed within the sample
providing a dense network. The increase in mechanical strength appearing at an elongation
of λ = 4 refers to a reduced elastic limit of the flexible phase. Further elongation of the
sample is only possible, when structure of the network changes. Most probably, the network is partially degraded. In case of sample TB56, crystalline lamellae appear only within
the ECO rich domains (Figure 5.9a). If this sample is stretched, at first the flexible, PCOrich domains will be deformed. Sine this domains are in the elastic state they are not destroy, but can recover. Thus, this sample show similar elastic behavior than the ones with
lower ECO content.

Figure 5.14: Cyclic deformation experiments reveal differences in the elastic behavior of ECO-PCO
terpolymers with different chain structure.

In contrast to the rest of the samples, sample MB56 shows a recovery of only 82%. The
reduced elastic recovery can be attributed to the higher amount of the hard phase (48%, c.f.
Table 5.5) and the lamellar network. This in combination with increased mechanical
strength and reduced maximum elongation refers to the transition of a mainly rubber elastic
polymer to a plastomeric one.150 Plastomers are semicrystalline polymers with crystallinity
in the range of about 15%. Due to a present network of crystalline lamellae they show thermoplastic deformation characteristics but also elastic behavior. The elastic regime is much
smaller than the one of rubbery materials and the elastic properties mainly depend on the
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reversible deformation of a non-crystalline region. At elongation rates above the elastic
regime the inter-lamellar domains will be destroyed. At the same time strain hardening appears due to the alignment of non-crystalline chain segments leading to a continuos increase in stress.3 In the multiblock sample MB56 more than half of the incorporated ECO
forms a continuous lamellar network consisting of blocks of crystalline lamellae and of
parallel-aligned ECO chains. In this case, only the inter-crystalline domains can reversible
deformed. When the elastic limit of these domains is reached, crystalline crosslinks are destroyed and strain hardening appears due to the alignment of oriented ECO chains. Since
sample MB56 has no preferential orientation of the lamellar-like network the elastic properties are improved compared to thermoplastic materials with lamellar superstructures such
as spherulites.
These results lead to the conclusion that variation in polymerization conditions lead to terpolymers with different block structures. Using PSP results in a ECO-PCO terpolymer
with an ABC triblock structure, whereas using PFP AB multiblock terpolymers are
formed. This enables one not only to vary the amount of ECO incorporated in the PCO
chain, but also to direct the block length of the ECO segments. Thus, the amount of noncrystallizable and crystallizable ECO can be directed. This opens new possibilities to tailor
the morphology of ECO-PCO terpolymers to obtain polymeric materials with specific mechanical properties.

5. 4. 2 Surface properties
Due to the hydrophilic groups, polyketones seemed to be suitable materials for biological
or medical applications Since it is known that the surface properties of block copolymers
depends on the chain microstructure, the investigation of this parameter, especially of the
surface morphology, is required. To determine the surface properties, e.g. the polarity of
the terpolymers, contact angle measurements have been used. When a polar liquid like water gets in contact with a solid surface, two characteristic situations can be distinguished
depending on the polarity of the surface: In case of a non-polar surface, such as polypropylene or polyethylene, the droplet stays on the surface as it is. The detected contact angle is
higher or equal than 90°. If the surface polarity increases, i. e. by insertion of polar groups,
the droplet broadens but keeps its droplet shape. Contact angle decreases below 90°. Thus,
the contact angle between water and a polymer surface can be used as an indication of the
polarity of the polymer.163-165
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In case of a heterogeneous surface consisting of a hydrophilic and a hydrophobic phase the
equilibrium contact angle for a liquid on the surface is determined by the amount of surface
covered by the individual phases. The equilibrium contact angle can be predicted from the
Cassie equation165,166

cos Θ Heterogeneous = fHydrophobic cos Θ Hydrophobic + fHydrophilic cos Θ Hydrophilic

(9)""

Where cosΘHeterogeneous is the contact angle Θ measured for the heterogeneous surface,
cosΘHydrophobic and cosΘHydrophilic are the contact angles Θ measured for the pure hydrophilic
and a pure hydrophobic surface and fHydrophobic and fHydrophilic are equal to the amount of the
hydrophobic and hydrophilic surface area on the heterogeneous surface with

fHydrophobic + fHydrophilic = 1

(10)"" !

If the contact angles for the pure hydrophobic and hydrophilic components are known the
amount of the hydrophilic surface area can be rated combining equation (10) and (11)

⎛ cos Θ Heterogeneous − cos Θ Hydrophobic ⎞
fHydrophilic = ⎜
⎟
⎝ cos Θ Hydrophilic − cos Θ Hydrophobic ⎠

(11)""

In case of an ECO-PCO terpolymer the surface energies will be determined by the surface
energies of the constituent polymers, PCO, resp. ECO. Due to the oxygen side groups the
surface energy of ECO should be higher than the of polyethylene. In PCO, the oxygen
groups are protected by voluminous CH3-side groups. Thus, the surface energy of PCO
might be lower than the surface energy of ECO. Contact angle measurements performed
using water as probing liquid confirm this. For pure ECO a contact angle of 32° and for
PCO a contact angle of 87° has been measured (Figure 5.15a). Since the contact angle of
PCO is close to 90° this polymer can be proposed to form the hydrophobic surface areas
and ECO the hydrophilic ones.
Contact angles using water as a probing liquid determined for the terpolymers are summarized in Figure 5.15a. For samples containing 41% ECO the observed contact angles between 82° and 83° have been measured. This value is below the one found for pure PCO
indicating that small amounts of ECO have been trapped at the surface. This is consistent
with the results of the SFM measurements. A lower contact angle of about 75° has been detected for sample TB56 pointing out that PCO prevails at the surface but higher amounts of
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ECO are remaining at the surface. For Sample MB56 the lowest contact angle of 59° has
been detected, which is still above the one for pure ECO. Thus, the amount of ECO present
at the surface must be higher than for any other sample. To quantify the amount of ECO at
the surface the hydrophilic surface area has been estimated by equation (11). Although the
values shown in Figure 5.15b (plain bars) are small, the presence of ECO can be confirmed. The highest amount of ECO can detected for sample MB56.

Figure 5.15: Contact angles (a) obtained with water are a measure for the hydrophobicity; (b) hydrophilic
surface area obtained from contact angle measurements (filled bars) and SFM investigations (striped bars)

The amounts of ECO at the surface estimated by contact angle measurements and by SFM
(Figure 5.15b, striped bars) are in good agreement. The increase in surface energy reflects
that an increasing amount of ECO has been trapped at the surface because of reduced mobility of the ECO segments. This is supported by the SFM results. The fact that for SFM
higher amounts of ECO have been determined might be due to the fact that in case of such
small structures in the range of 5 nm estimated due to the finite tip radius. This results in an
increased amount of detected ECO. The SFM results enable not only to distinguish between triblock and multiblock samples due to the different amounts of ECO trapped at the
surface, but they allow to determine the domain size and distribution of the ECO regions.
Smaller and more homogeneously distributed domains can be found in the multiblock
samples.
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5. 5 Summary
The influence of the polymerization conditions in the formation of chain microstructures
has been investigated for catalytic olefine CO terpolymerization. Therefore two series of
ECO-PCO terpolymers have been prepared where the ethene feed is changed from continuous in Pre Set Polymerization (PSP) to discontinuous in Pulsed Feed Polymerization (PFP)
that case that ECO-PCO terblock copolymers with similar ECO/PCO composition, but different distributions of ECO and PCO domains were obtained. NMR experiments confirmed
the formation of ECO block structure. ECO blocks with increasing length from about 8
ECO monomers for samples with 40% ECO to block lengths between 11 to 14 ECO
monomers for samples containing 56% ECO are found. In spite of, the allocation of differences in the block length distribution was possible only for samples containing above 50%
ECO.
DSC experiments allow the investigation of the distribution of both, the amorphous as well
as the crystalline domains. Examination of the glass transition temperature showed that different amounts of ECO were incorporated within the amorphous phase when the polymerization conditions were changed. Most probably the discontinuous feed of ethene in PFP
results in the formation of higher amounts of shorter, non-crystalline ECO segments which
can be incorporate in the amorphous domains. DSC in agreement with WAXS experiments
showed on the other hand that higher amounts of longer, crystallizable ECO segments are
formed when a constant amount of ethene is present in the beginning of the polymerization. The blocky chain structure and the variation in ECO block length caused by varying
the polymerization conditions are reflected in a phase separated polymer morphology. SFM
phase shift images preformed on mainly amorphous ECO-PCO terpolymers, which have an
ECO content <50%, reveal ECO and PCO-rich domains of different sizes when either PSP
or PFP were used for polymerization. According to results shown for other amorphous
block copolymers, the size of the domains can be correlated to the length of the constituent
polymer blocks. The PSP sample exhibit larger domains than the PFP sample. Thus, most
likely, long ECO and PCO chain segments are generated during PSP, whereas the discontinuous ethene feed in PFP results in shorter ECO and PCO chain segments. Samples with
an ECO content above 50% show similar domain sizes for ECO- and PCO-rich domains,
but different crystalline sub-structure appears. In the PSP sample a phase separated
morphology was observed, where crystalline lamellae were formed only inside the ECO-
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rich domains. This strongly refers to a block copolymer with two long PCO- and ECO-rich
segments. In case of the PFP sample a continuous network of lamellar-like ECO-rich domains appears in both, the non-crystalline ECO- and the PCO-rich domains referring to
crystallizable ECO sequences, which are randomly distributed along the chain. Since the
thickness of the granules and the lamellae is independent from used polymerization conditions, it could be used to estimate the average length of crystallizable ECO blocks. A block
length of about 20 - 25 ECO monomers in sequence have been found to be necessary to
form such ordered domains. These results suggest, the changing the polymerization conditions can be used to direct the distribution of ECO within a PCO chain. This difference in
block length distribution confirm the proposed block models. In case of PSP a triblock
structure has been formed consisting of longer ECO- and PCO-rich blocks located at the
ends of the chain. These blocks are connected by an EPCO gradient transition region,
which is composed of alternating short ECO and PCO blocks with variable length. In contrast, during PFP an [AB]n multiblock terpolymer is formed, where ECO-rich sequences
are distributed regularly along the chain.
Directing the morphology of ECO-PCO terpolymers by tailoring the ECO segment length
allows to direct the mechanical properties of the polymeric materials. Stretching experiments revealed that terpolymers with an ECO content below 60% behave like rubber elastic polymers. They show high elongation and also high elastic recovery above 80%.
Although, the mechanical strength and the elastic properties are influenced by changing the
polymerization conditions. For the investigated samples, a more regular distribution of
shorter ECO blocks along the polymer chain results in polymers which have higher mechanical strength, because these materials provide denser network than the triblock samples
where crystalline domains are only arranged within the ECO-rich domains.
Above all, polyketones are of special interest for biological application, because due to the
CO functionalities they are hydrophilic polymers. It was therefore of special interest to investigate also the surface properties of these polymers. ECO-PCO terpolymers exhibit a
surface morphology that differs from the bulk morphology, mainly by the point that no distinct phase separation can be seen. Variable amounts of ECO can be found at the surface
leading to an increased surface tension compared to pure PCO. The amount of ECO
trapped at the surface can be correlated to the amount of oriented or crystallized ECO domains. Additionally, SFM results enable to determine the domain size and distribution of
the ECO regions. Smaller and more homogeneously distributed domains can be found in
the multiblock samples, which reveal a crystalline network in the bulk.

6 Thermoplastic-elastomeric polypropylenes

6. 1 Introduction
Prior the early 1950s only atactic polypropylene could be synthesized. In atactic
polypropylenes the statistic arrangement (Figure 6.1a) of the methyl groups prevents crystallization. Therefore atactic polypropylenes are soft, amorphous polymers ranging from oil
to a soft, waxy material (Figure 6.2, Wax).167-169 The situation changed dramatically in
1953 when Natta succeeded to be the first one who prepared stereoregular polypropylene
using a Ziegler type catalyst.170 He obtained and characterized isotactic polypropylene
(Figure 6.1b) by fractionation.171 Ensuing, he discovered the synthesis of syndiotactic
polypropylene (Figure 6.1c) using a vanadium catalyst at low temperatures (Figure
6.1b).172-177

Figure 6.1: Various tacticities of polypropylene (a) atactic, (b) isotactic and (c) syndiotactic.

These polymers were the first synthetic polymers with a stereoregular backbone to be synthesized and characterized.170,171 Owing to the structural regularity the individual polymer
chains fit together more tightly, and the bulk polymers have melting points above 400 K
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and higher densities than those prepared by conventional methods.129 They reveal colddraw deformation typical for semicrystalline polymers3,4, when they are stretched (Thermoplast, Figure 6.2). The variation tacticity of a polymer can have a effect on its physical
properties. Isotactic polypropylene is strong and hard with excellent resistance to stress,
cracking, and chemical reaction. Syndiotactic polypropylene is somewhat softer than the
isotactic polymer, but also tough and clear. It is stable to γ-radiation.178 Since this time, the
catalytic system has been improved and become the most widely used for polypropylene
synthesis. The commercial relevance of this type of polypropylene becomes apparent that
in practice, the term "polypropylene" means typically isotactic polypropylene obtained
from a Ziegler-Natta catalyst.
A crucial factor in the synthesis of polypropylenes with controlled stereoregularity was the
development of metallocene catalysts, which allow to refine, even design, the structure of
polymers. Although based on transition metals such as titanium and zirconium - as are
Ziegler-Natta catalysts - metallocenes differ in that they have well-defined single catalytic
sites and well-understood molecular structures. Typically, they consist of a transition-metal
atom sandwiched between ring structures to form a sterically hindered site. The sandwich
structures have been known for decades, but were not considered practical as catalysts. The
observation that small amounts of water, which was before supposed to poison the catalyst,
convert methylalumium-metallocene catalysts into highly reactive systems give substantial
progress in the development of metallocene catalysis.179 In the next step, Kaminsky et al.180
developed methylaluminoxane (MAO) as an effective cocatalyst for metallocene. Using
bis(cyclopentadienyl)-titandichlorid/MAO, Sinn and Kaminsky181 were able to polymerize
propene for the first time with an ideal atactic structure. Since this time major development
in development of metallocene catalysts have been made.182-184 For example, the variation
of the catalyst structure provides higher levels of control over composition, molecular mass
distributions and stereoregularity. Thus, the polymer microstructures and the corresponding
material properties can be easily designed leading to a large variety of polypropylenes with
any type and degree of stereoregularity185-186 Isotactic polypropylenes with lower level of
stereoregularity are also semicrystalline polymers, but with a reduced amount of crystalline
phase. Therefore, they show physical and mechanical properties different from those of the
stiff plastic highly isotactic polypropylene (i-PP) (Figure 6.2, Thermoplast). When the
isotactic content decrease to a level down to 50% the materials become more flexible than
iPP revealing plastomeric behavior.187,188 In the stress-strain curves no yield point appears
(Figure 6.2, Plastomer), and the specimen does not show a distinct necking zone. Instead
of this, the sample can be homogeneously deformed revealing a continuous increase in
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stress until the samples fail. Higher elastic recovery of the samples can be found, after
stretching the sample to a given elongation and releasing the stress, compared to pure thermoplastic polypropylene. Such a behavior is typically for so called plastomeric polymers.187,188 Decreasing the isotactic content further leads to transparent materials with improved toughness that may present elastomeric properties such as high draw ratios and
improved elastic recovery (Figure 6.2, Elastomer). Stereo-irregular, atactic polypropylenes (Figure 6.2, Wax) are mainly waxy materials, which show preferably viscous flow
because of a lack of crosslinks.

.
Figure 6.2: Classification of semicrystalline polypropylenes due to their mechanical properties.

Due to their unique combination of chemical and mechanical properties elastomeric
polypropylenes attracted increasing interest in research as well as in application. When
Natta discovered the first elastomeric polypropylene in 1950189,190 he explained the elastic
properties in terms of a heterogeneous chain microstructure suggesting chains with alternating domains of more regular, isotactic sequences, which are able to crystallize and of
stereo-irregular, non-crystallizable sequences (Figure 6.3). This structure leads to a phaseseparated morphology where crystalline domains provide physical cross-links of the
amorphous chain segments (c.f. Figure 3.5). The isotactic sequences of different polymer
chains can crystallize forming a three-dimensional, physically cross-linked network. Due to
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the formation of this network, the polypropylenes behave like chemically cross-linked rubbers, but the cross-links can be easily opened at increasing temperatures. Since these polymers posses the physical properties similar to chemical cross-linked rubber and the processing characteristics of thermoplastics they are called thermoplastic-elastic polypropylenes
(TEP-PP).12

Figure 6.3: Schematic of the chain structure of low isotactic polypropylene.

During the last 30 years a broad variety of microstructures with different size and distribution of isotactic sequences have been synthesized revealing elastomeric properties, such as
polypropylenes with an intermediate isotactic-atactic microstructure191-195, stereoblock isotactic-atactic polypropylenes184,196-200, stereoblock isotactic-hemiisotactic polypropylenes201.
Since the end of the 1990 polypropylenes are available containing randomly distributed
stereoerrors.167,202,203 These polypropylenes may provide a chain microstructure comparable
to the one of random copolymers. Up to know the correlation between the chain microstructures, the morphologies they will generate, and the resulting mechanical properties
is still unrevealed. It is therefore of particular interest to control the chain microstructures
of low isotactic polypropylenes and to analyze how and to what extent they crystallize.

6. 2 Stereo regular polypropylenes
The key to taylor the properties is to direct the stereoregularity of the polypropylene chain.
The degree of stereo regularity is correlated to the amount of stereo defects and their distribution. In polypropylene synthesis, beside directing the stereoregularity, also the determination of the amount of stereoregular sequences is of great importance. Since 13C NMR
is the only way to determine the polymer microstructure the understanding of this method
is essential in research on polypropylene catalysis.204-207
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6. 2. 1 Stereo regularity
In a stereoregular polymer such as polypropylene, the stereoregular nature is determined by
the position of the methyl side groups along the chain. The consecutive methyl groups in
the polypropylene chain can have two stereo isomeric positions with respect to each other.
Polymers that have consecutive monomer units with the same configuration relative to the
backbone (m, meso) are classified as isotactic (Figure 6.4a) and polymers that have consecutive monomer units with opposite configuration relative to the backbone (r, racemic)
are classified as syndiotactic (Figure 6.4b).208,209 Polymers that have a random order of
configurations in the monomer units are called atactic (Figure 6.4c).

Figure 6.4: Polypropylene pentad microstructures and configurational nomenclatur.208

A dyad (x) means the relative configuration between two monomer, triad (xx) the one between three monomer units (x = r/m). Typically the pentad contents (xxxx), the relative
configuration between a series of five monomer units, of stereoisomeric polymers are reported209 because this gives a more accurate description of the microstructure than dyad or
triad contents. The 10 unique configurational arrangements of five adjacent units are shown
as Fischer projection formulae in Scheme 6.1. The carbon atoms centered within a circle
are significant for a certain pentad environment determined by each two neighboring
methyl groups. The 13C NMR spectra is therefore a kind bar graph with the intensities of
the pentads providing information about the polymer microstructure where the 13C chemical shifts of the polymers methyl groups are determined by the relative configuration of the
four adjacent methine units around it.
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Scheme 6.1: Schematic of the 10 possible stereochemical mmmm pentads of polypropylene; the center
methyl group is marked by a circle.

Examples of the resulting NMR spectra of isotactic, syndiotactic and atactic polypropylenes (Figure 6.1a-c) are shown in Figure 6.5. The relative pentad intensities of the peaks
of the four polymers are structural requirements, and thus given by the microstructures of
these polymers. For atactic polypropylene the intensities of the bands can be predicted using Bovey´s Bernoullian statistical equations.210-212 This calculation reveals nine bands in
intensity ratios of 1:2.1 for mm centered, 2:4:2 for mr centered and 1:2:1 for rr centered
pentads. Since mmrm and rmrr pentads have the same chemical shift in the methyl region
with pentad resolution only nine bands can be found in the 13C NMR (Figure 6.4a). The
mrmr pentad is characteristic in this polypropylene. 204,213,214 In stereoregular polypropylenes
only single stereoerrors of an isolated methyl unit are misaligned to its neighbors can be
found within the mmmm or rrrr sequences. This leads to the same pentad intensities 2:2:1
(mmmr:mmrr:mrrm) for isotactic (Figure 6.5b), and (rrrm:rrmm:rmmr) syndiotactic (Figure 6.5c) polyproplene.182,185
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Figure 6.5: mmmm pentad distribution of atactic (a), syndiotactic (b) and isotactic (c) polypropylenes

In case of a more stereoirregular structure, as generated in low isotactic polypropylene, the
intensities of the signal changes with respect to each other. Also here kinetic models for the
polymerization mechanism can be used to predict the pentad distribution.204,211 These calculations show that, for example, in hemi-isotactic polypropylene the mrmr pentad is forbidden (Figure 6.6a)185,215 or in stereoblock atactic-isotactic polypropylenes the mmmr:mmrm
ratio becomes 1:1 (Figure 6.6b).182,216-218 13C NMR allows one also to distinguish between
stereoblock polypropylenes and polypropylenes with statistically incorporated stereoerrors185,219 because latter show only a small mrmr band but mmmr, mmrr, mrrm pentads appear with ratios of 2:2:1 similar to highly isotactic polypropylene.
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Figure 6.6: mmmm pentad distribution of polypropylenes with low stereoregularity with different chain
microstructures: hemi-isotactic (a), stereoblock (b) and statistically incorporated stereoerrors (c).

6. 2. 2 Stereo regular polypropylenes via metallocene catalysis
Transition metal catalyzed polymerization reactions allow the formation of polymeric materials with a unique relationship between catalyst structure and material properties. In contrast to conventional heterogeneous Ziegler-Natta systems, which comprise multiple active
sites with different stereoselectivities, metallocenes are uniform catalysts with a defined
molecular structure at a single active site. In 1984 Ewen212 was the first one who proved the
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correlation between metallocene chirality and polymer tacticity with ansa-titanocene
C2H4(1-Ind)2TiCl2.220 The C2-symmetric, racemic form yields isotactic polypropylene (up to
71% isotacticity) but the meso form leads to an atactic polymer with low molecular weight.
One year later, Kaminsky and Brintzinger showed that much higher yields of isotactic
polypropylene could be synthesized with a similar C2-symmetric zirconocene, racemic
C2H4(H4-1-Ind)2ZrCl.221
After this, metallocene catalysts were no longer considered purely as model systems for
heterogeneous Ziegler-Natta systems, but it became obvious that they could be the key to
tailor-made polymers with new, fascinating properties. This fact resulted as a consequence
of their ability to provide efficient control of polymer regio- and stereoregularities,
monomer incorporation, molecular weight, and molecular weight distribution. Thus, metallocene structures can be correlated with polymer properties such as the chain microstructure, and based on this, with the crystallization behavior and mechanical properties.167,184,222
Some representative examples of different types of the metallocenes sustaining the facts
outlined above are given below (Figure 6.7).

Figure 6.7: Correlation of polypropylene microstructure to catalyst symmetry.

A prochiral monomer like propylene offers two faces for coordination to a metal center.
The steric environment at the active site, formed by the coordinated ligands and the growing polymer chain after activation with a cocatalyst, determines the orientation of the incoming monomer. In this case, the mechanism of stereoselection is referred to as enantiomorphic site control.184 The stereochemistry of the polymer is thus determined by the
chirality relationship of the two coordination sites of the catalyst. On the other hand, every
monomer insertion generates a new stereogenic center. As a consequence, chiral induction
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(enatioface preference) comes from the last inserted monomer unit. This mechanism is referred to as chain-end control.184
In C2-symmetric catalysts (1, Figure 6.7), having bifold symmetry of rotation around a
horizontal axis, both polymerization sites are identical and therefore possess equal selectivity for the coordination of the prochiral monomer. All coordinations on either face and / or
at either site lead to identical stereoselective insertions and thus an isotactic polypropylene
chain is produced by chain migratory insertions mechanism (enantiomorphic site control).
The polypropylene tacticity could be decreased by means of catalyst framework and polymerization conditions. In case of less stereoselective C2-symmetric catalysts, the magnitude
of the chain end control can be comparable to that of site control thus leading to decline in
polymer tacticity.184 Instead, at lower propylene concentrations (C3) unimolecular, primarygrowing-chain-end epimerization (Scheme 6.2) accounts for the decreased stereoselectivity
of the polymers.

Scheme 6.2: Epimerization

Complexes with CS-symmetry (2, Figure 6.7) bear an internal vertical mirror plane bisecting the ligand from back to front.184 The two coordination sites formed after activation are
mirror images and therefore show opposite selectivity for the coordination and insertion of
the prochiral monomer. This means that the preferred propylene face for coordination
changes after every insertion step, which affords a syndiotactic polypropylene microstructure. Reducing the symmetry of the CS-symmetric complex, for example by introducing a
methyl substituent in the 3-position on the cyclopentadienyl ring, leads to an asymmetric
catalyst with no mirror plane or rotation axis, having C1-symmetry (3, Figure 6.7). This
particular species possesses a selective (isospecific, more hindered) site and a non-selective
(atactic, less crowded) site. Every second insertion (assuming polymer chain migration to
the site previously occupied by the coordinated propylene monomer) is thus random and
hemiisotactic polymers are obtained.167,223
Owing to the switching between the active sites, C1-symmetric catalysts are said to be oscillating complexes. However, asymmetric C1 catalysts not only produce hemiisotactic
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polymers, but depending on the ligand framework, also isotactic microstructures and less
isotactic or even atactic blocks within the chain.167 Replacing the substituent (CH3 group, 3,
Figure 6.7), residing on one of the cyclopentadienyl distal positions (β-position to the
bridge head C atom), with a bulkier one leads to a strong interaction of this bulky substituent with the growing polymer chain in a non-bonded, repulsive manner. Thus, it hinders the chain migration to the coordination position underneath the β-substitutent, which
is available only for propylene coordination.224-227 The formation of an isotactic polymer
can thus be explained only by assuming the back-skip of the growing chain to the initial,
less hindered position after each propylene insertion.228 The exclusive availability of only
one position for monomer coordination at each active centre and its preference for only one
kind of propylene enantioface are the reasons for the formation of isotactic polypropylene.226 This is a consequence of enantiomorphic site control over the polymerization stereochemistry. Bridged C1-symmetric catalysts have a steroespecific nature of the sites which
is fixed and therefore produces iPP with randomly distributed stereo errors. These catalysts
can be used to produce less stereoregular polypropylene.186,203

6. 2. 3 Isotactic elastomeric
metallocene catalysis

polypropenes

by

homogenous

During the last years especially the synthesis and properties of polypropylenes with lower
level of stereoregularity have become an increasing point of interest because they show
physical and mechanical properties different from those of the stiff plastic highly isotactic
polypropylene. To extend the applications of polypropylene into fields that require improved transparency, toughness, and softness the studying low crystalline polypropylenes
becomes of particular interest because these polymers are transparent materials with improved toughness that may present elastomeric properties. The first polypropylene elastomer had been isolated by means of fractionation in the 1960 by Natta.189,190 In recent
years, several authors have described new strategies for synthesizing elastomeric
polypropylene using different heterogeneous and homogeneous metallocene catalysts. The
results showed that a broad variety of microstructures might provide elastic properties,
such as high molecular weight atactic polypropylene169,168,229-232, polypropylenes with an intermediate isotactic-atactic microstructure191,193,220,233-235, stereoblock isotactic-atactic polypropylenes68,69,196,236-238 or stereoblock isotactic-hemisotactic polypropylenes201.
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Two major routes have been followed to obtain elastomeric polypropylenes. One route led
to catalysts able to produce polymers with separable elastomeric fractions. High molecular
weight stereoblock polypropylene has been prepared by Collette et al.68,69,196,236-238 with highly active heterogeneous catalysts consisting of transition-metal alkyls R4M where M = Ti,
Zr, or Hf and R = benzyl, neopentyl, or neophyl supported on Al2O3. This material is not
homogeneous, as fractions of different stereoregularity can be separated by conventional
extraction with boiling solvents, but shows elastomeric properties as polymerized. The
elasticity is attributed to the high molecular weight fractions containing chains with stereoblock microstructure, with short isotactic crystallizable blocks alternating to longer
stereoirregular sequences.68,69,196,236-238 Reactor blends of stereoblock polypropylene, which
can be separated in fractions of different tacticities and melting temperatures can also be
obtained using unbridged zirconocene catalysts (4, Figure 6.8), described by Coates and
Waymouth.196,238

Figure 6.8: Unbrigded metallocene catalyst for the production of elastomeric polypropylene.

The second route is to synthesize directly poor isotactic polypropylene with low melting
temperatures or amorphous polypropylenes having a more homogeneous distribution of
stereoerrors by means of C1-symmetric metallocene catalysts reported by
Chien194,193,228,233,240 and Collins191,192,235,241 In 1990 Chien reported a homogenous asymmetric,
C1, metallocene catalyst, [1-(η5-indenyl)-1-(η5-tetramethyl cyclopentadienyl)ethane]TiCl2
(4, Figure 6.9) capable of producing elastomeric polypropylene.228,242 Chien attributed the
elastomeric property of the isolated polypropylenes to atactic and isotactic blocks, statistically distributed along the polymer chain.193,220,233,234 The relative abundance of the isotactic
and atactic blocks is based on a competitive two-site model by mixing a chain-end-controlled site (to model the atactic blocks) and an enatiomorphic site (for isotactic blocks).
Modification of the system introduced by Chien toward dimethylsilane bridged zirconocene by Collins et al.191,235 (5, Figure 6.9) afforded an improved activity (10103 kg PP
mol-1 of Zr h) and higher molecular weights (Mw ≈ 100 000 g mol-1). This catalyst is provided with only one sterically demanding β-CH-substituent (CH3-H) allowing facile
monomer coordination at each catalyst side. Consequently, only the polymerization tem-
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perature influences the polymer stereoregularity. These polymers showed elastic properties
without fractionation. Their success was limited by low catalyst activity and low content of
elastomeric material in the resulting product191-194,220,228,233 and subsequent catalyst removal
was required. Since only a portion of the polymer had the desired properties the removal of
the highly isotactic iPP fractions became necessary to obtain the elastomeric product.

Figure 6.9: Asymmetric catalysts for the production of elastomeric polypropylene investigated by different
research groups.

More successful in synthesizing elastomeric polypropylenes were Resconi et al.243,244 who
have reported chiral C2-symmetric ansa-zirconocene catalysts (6,7, Figure 6.9). These catalysts produce highly flexible, transparent, and nonsticky amorphous polypropylenes with
medium molecular weights and a preferably isotactic microstructure. Resconi has developed C2v-symmetric ansa-zirconocene catalysts, such as dimethylsilyl(9-fluorenyl)2 zirconium dichloride (Me2Si(9-Flu)2ZrCl2 (6, Figure 6.9), that efficiently produces high molecular weight atactic polypropylene (a-PP),168,169 showing elastic behavior245 . More recently,
Resconi et al.243,244 reported a new class of chiral C2-symmetric ansa-zirconocene catalysts
of general formula rac-R´2C(3-CHR2-1-indenyl)2ZrCl2 as shown in 7, Figure 6.9, which
produce highly flexible, transparent, and nonsticky amorphous polypropylenes with medium molecular weights and a prevailingly isotactic microstructure. The presence of short
isotactic sequences results in development of a small level of crystallinity in some of these
materials59,243,246 which show some elastic properties.61,243,244
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Figure 6.10: C1-symmetric ethylene bridged (Ind-Ph-Flu) catalyst.

A new generation of C1-symmetric catalysts, based on ethylene bridged (Ind-Ph-Flu) complexes with two aryl groups on one side225 (9, Figure 6.10), showed for the first time high
activity in propylene polymerization. Moreover, they introduced the unique possibility to
influence the rate and the position of stereoerror formation along the polymer chain by a
second parameter, different from temperature, which is monomer concentration. The explanation is based on the fact that these asymmetric catalysts are provided with two opposed substitutents (fluorenyl-5H and indenyl-4H, Scheme 6.2), which define a chiral cage tight
enough to favor a single transition state geometry. Therefore they show a strong dependence of stereoselectivity on monomer concentration. Further research202,247,248 showed that
this concept can be used for an arbitrary control of the crystalline/non-crystalline segments
within an isotactic polymer chain and hence to conduct phase separation phenomena leading to stereoregular polyolefines with elastomeric properties. Beside increased activities
and stereocontrol of the lengths of the isotactic blocks, this type of metallocenes led to
polymers with increased values of the molecular weights. By exchanging zirconium with
hafnium as active metal center even ultrahigh molecular weight polypropylenes were obtained.232

6. 2. 4 C1-symmetric catalysts for the synthesis of
polypropylenes with randomly distributed stereoerrors
Rieger225 introduced a new generation of C1-symmetric catalysts based on ethylene bridged
(Ind-CH2CHPh-Flu) with two opposed β-substitutents (fluorenyl-5H and indenyl-4H), that
showed for the first time a strong dependence of stereoselectivity on monomer concentration. Exemplary, two of the four possible forms of 9 (9a: [1-(η5-9-fluorenyl)-1-(R)-phenyl2-(η5-1-(R)-indenyl)ethane]ZrCl2); 9b: [1-(η5-9-fluorenyl)-1-(S)-phenyl-2-(η5-1-(R)-indenyl) ethane]ZrCl2) are displayed in Figure 6.11. The bulky phenyl groups occupy the energetically favored equatorial positions of the metallocycles249 in both complexes. This
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leads to preferred conformations of the chelate rings, depending on the nature of the stereogenic backbone center. A (R)-configuration causes a δ-conformation (9a), whereas the
(S)-stereocenter gives rise to the λ-conformer (9b), while the stereochemistry of the indenyl fragments remains unchanged (R-configuration in Figure 6.11).250 The different
bridge twists result in staggered arrangements of the fluorenyl- and indenyl units within
9a,b. This allows control of the relative positions of the β-CH-substituents to each other
(fluorenyl-5H (β2), and indenyl-4H (β3), Figure 6.11), which are assumed to play a major
role in the enantiofacial discrimination of the inserting propylene monomer.251 According
to a notation introduced by Brintzinger et al.252,253 the δ-conformation places the opposite
standing substituents β1 and β3 in a forward-position, minimizing the distance between
both groups. Consequently, a backward-arrangement characterizes the λ-conformation
with a maximal distance between β1 and β3.225

Figure 6.11: δ-Backward and λ-forward conformers of [1-(η5-9-fluorenyl)-1-(R,S)-phenyl-2-(η5-1-(R)indenyl)ethane]ZrCl2

The δ-forward-conformer 8a is by far the most selective catalyst. The polymers produced
with 9a/MAO are crystalline materials with defined melting transitions at all applied polymerization temperatures. Inversion of the backbone twist to the λ-backward-conformer
results in a nearly complete loss of stereoselectivity. 9b produces atactic oils or waxes with
mmmm-values ranking between 26.5% and 36.0%.
In the present series of catalysts (9a,b), both diastereomers (forward- and backward conformer) are asymmetric with comparatively small differences of their ligand arrangements.
The main difference is that 9a provides a tight chiral coordination cage, due to the forward
position of the β-substituents. To account for the stereoregularity of the polypropylenes
prepared with 9a, one could assume that the stereorigidity of this template favors one particular geometry of the chain and the propylene monomer. It would then be easy to visualize that the opened cage in 9b allows a less rigid arrangement with more than one possible

Chapter 6
74
_______________________________________________________________________________

olefin-insertion transition state. The importance of optimal coordination gap geometry for
the design of highly selective catalysts was recently pointed out by Brintzinger et al.254. The
chain-back-skip mechanism valid for the asymmetric catalysts is clearly illustrated in the
next section.

Figure 6.12: Ethylene-bridged (Ind-H-Flu) asymmetric catalysts (M = Zr or Hf; R = Cl or Me).

Further research by Rieger et al.202,247,248 (complexes 10-12, Figure 6.12) showed that this
concept can be used for control of the regular / non-regular segments within an isotactic
polymer chain, and hence to induce phase separation phenomena leading to stereoregular
polyolefins with elastomeric properties. The highly active rac-[1-(9-η5-fluorenyl)-2-(5,6cyclopenta-2-methyl-1-η5-indenyl)ethane] zirconium dichloride (11, Figure 6.12) was the
first asymmetric complex for the production of the high molecular weight, isotactic
polypropene with controllable amounts of isolated stereoerrors for achieving and adjusting
elastic properties.202 It was found that the 2-methyl group and the 5,6-substitution on the indenyl fragment are necessary requirements to obtain a high enough molecular weight and a
sufficient amount of stereoerrors for the formation of elastic, isotactic polypropenes. Beside high molecular weight and stereocontrol of the lengths of the isotactic blocks, increased activities were achieved (50103 kg PP mol-1 of Zr[C3]h). By using hafnium rather
than zirconium as the active metal center, even ultrahigh molecular weight polypropylenes
(4.9106 g mol-1) are obtained, which are X-ray amorphous materials.232,255

6. 2. 4. 1 Polymerization mechanism
To get a closer insight into the polymerization mechanism, responsible for the strong dependence of stereoselectivity on the monomer concentration, observed for asymmetric catalysts, catalyst 11 has been used to prepare polypropylenes with mmmm contents ranging
from 23 to 58% (Table 6.1). The pentad distribution of polypropylenes prepared with 11
(Figure 6.12) was investigated using 13C NMR spectroscopy (Figure 6.13, Table 6.2).202
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Table 6.1: Selected polymerization results obtained with complex 11

Cocatalyst

TP a

C3 - pressure b

Mw c

Mw / Mn

mmmm d

A1

MAO

305

7

153000

2.2

26

A1a

MAO

305

6

110000

1.5

28

A2

MAO

305

5

110000

2.2

30

A2a

MAO

305

5

133000

2.9

32

A3

MAO

310

5

160000

1.8

36

A3 a

MAO

310

7

121000

2.1

32

A4

MAO

315

3

71000

1.9

43

A5

MAO

325

5

75000

2.3

54

A5a

MAO

325

5

48000

2.0

52

A5b

MAO

325

4

43000

2.2

58

a

K, b bar, c g mol-1, d %

Table 6.2: Pentad distribution of polypropylenes synthesized with complex 11.

mmmr mmmr

rmmr

mmrr

mrmm mrmr
+ rmrr

mrrr

rrrm

mrrm

A1

26.1

16.8

2.7

21.1

9.0

1.7

5.7

7.1

9.9

A1a

28.0

17.2

2.8

20.5

7.9

2.7

4.8

7.1

9.5

A2

30.1

16.8

2.8

20.3

7.6

2.0

4.7

6.5

9.3

A2a

31.9

17.1

2.3

20.9

7.5

1.1

3.2

5.9

10.1

A3

35.6

16.9

2.1

19.8

6.3

1.5

3.0

5.4

9.5

A3 a

32.1

17.0

2.3

20.4

7.4

1.5

3.9

5.8

9.7

A4

43.4

16.1

1.6

17.8

4.8

2.0

2.3

3.1

8.9

A5

54.2

14.5

1.1

15.0

3.4

1.3

1.2

2.1

7.2

A5a

51.7

15.4

1.2

15.7

2.7

1.3

0.7

3.3

7.9

A5b

57.9

14.2

0.9

14.9

2.7

0.9

0.2

1.2

7.2

in %
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Figure 6.13: In 13C NMR spectra for polypropylene with 11 the mrmr pentad characteristic is detectable only
in minor concentrations.

The decline of the mmmm pentad content (Table 6.2) at increasing monomer concentration
(C3, Table 6.1) was attributed to the existence of two coordination sites (11, Figure 6.12)
in these “dual-side” complexes, which show different stereoselectivities for monomer coordination and insertion. Guerra et al. supported this hypothesis in a theoretical study.256 To
explain the statistically distribution of stereoerrors in the isotactic polypropylene chain using a C1-symmetric catalyst of type 11 for polymerization experiments a chain stationary
mechanism (known as chain “chain-back-skip”)202,203,232 (Scheme 6.3) was proposed beside
chain migratory insertion mechanism operating for metallocene catalysts.
In catalyst 11 two sites available for monomer coordination are depicted in Scheme 6.3
along with the proposed reaction pathway that explains the formation of isotactic
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polypropylenes with variable degrees of stereoerrors. The incoming monomer can be coordinated between the sterically demanding fluorenyl-indenyl moieties (site A) or at the less
hindered site of the catalyst (site D). Isotactic mmmm-sequences are produced when the
polymerization reaction is performed in the following order: A
B
C, that means repeated migratory insertion of the monomer coordinated at site A ( A B) and consecutive
back-skip of the growing polymer chain to the less crowded site (B
C). The difference
between the activation energies of the back-skip and the formation of the high-energy
alkene coordinated intermediate D is a decisive factor in determining the probability of
back-skipping process of the polymer chain. At low monomer concentration, the back-skip
of the polymer chain is faster than monomer coordination. This leads to high isotacticities
at low propylene concentrations (C3) and elevated temperatures. At higher C3-concentrations, the coordination of the monomer at the less hindered site D is favored over back-skip
of the polymer chain to site C. Coordination of the monomer at site D followed by migratory insertion leads to the formation of a stereoerror (D
E). Insertion from E
F proceeds – similar to the process A B in a stereoselective way – but leads, unlike A B, to
the observed rr triad due to the previous non selective insertion (D E). At low monomer
concentration, the back-skip of the polymer chain to the less encumbered site (F
C) is
favored over monomer coordination (F
D). At site C, the catalyst follows the isotactic
cycle A B C.

Scheme 6.3: Proposed chain-back-skip mechanism for the formation of isotactic polypropylenes with
isolated stereoerrors obtained by these types of C1-symmetric catalysts.
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The formation of single isolated stereoerrors is supported by the fact that the mrmr pentad,
Figure 6.13) characteristic for atactic sequences213,214,257, is absent in the polymer samples
or only detectable in minor concentrations (below 1%). Due to the occurrence of consecutive selective and nonselective insertions, the same pentad is also absent in hemiisotactic
polypropylene. However, polymer products prepared with catalyst 11 do not fit the pentad
distribution required for hemiisotactic polypropylene.215,223,258 Thus, they can best be characterized as isotactic with variable amounts of stereoerrors that fuse to longer stereoerror
sequences as isotacticity decreases. Furthermore, the formation of single isolated stereoerrors can be proved plotting the distribution of pentads characteristic of isolated stereoerrors
(mmmr, mmrr and mrrm)182,206 in relation to the mmmm content (Figure 6.14). When
mmmm is above 40%, all the mmmr, mmrr and mrrm pentad amount decrease continuously. A pentad distribution of mmmr/mmrr/mrrm = 2:2:1 supports the suggested formation of
isolated stereoerrors.206,219 Below 40% mmmm pentads, the mrrr, rrrr and mmrr signals increase overproportionally, due to the fusion of isolated stereoerrors to longer stereoerror
sequences. However, the content of the rrrr pentads is not high enough to characterize the
polymers as block isotactic-syndiotactic, since the rrrr concentration is present in only minor quantities relative to the mmmm sequences.

Figure 6.14: Variation of stereoerrors (mmmr, mmrr, mrrm, mrrr, rmmr, rrrr) in polypropylenes with
increasing isotacticity (mmmm) as a fingerprint for the polymerization mechanism.
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6. 2. 4. 2 Chain microstructure
The results obtained point out that using catalyst 11 in polypropylene synthesis results not
in stereoblock isotactic-atactic polypropylenes, but in isotactic polypropylenes containing
statistically distributed stereoerrors. To investigate whether the polymer chains contain isotactic blocks four or more monomers units in the isotactic sequence, the pentads distribution was estimated. Based on Collette et al.68,69 the average isotactic block length niso between two isolated stereoirregular insertions can be estimated. The total fraction of
monomers in isotactic blocks containing four or more monomers is
(12)""
The fractional number of isotactic blocks containing four or more monomer units is

(13)""
Therefore the average length of isotactic blocks having four or more monomers

(14)""

where mmmm = percentage amount of isotactic pentads and rmmm = percentage amount of
pentads containing one syndiotactic stereoerror. The average block size niso determined by
this method depends only on the pentad distributions and can verified from general expressions for average sequence lengths.68,69
The amounts of mmmm and rmmm fractions estimated 13C-NMR (Table 6.2) are used to
determine the isotactic block length of the polypropylenes synthesized with catalyst 11.
Plotting the estimated block length versus the mmmm content two regimes were discriminated where the block length increase linearly with the mmmm content, but the slope of the
lines is different (Figure 6.15). The change in slope can be attributed to varioations in the
stereoerror distribution.202,203 At mmmm content > 40%, the stereoerrors are randomly dis-
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tributed along the chain leading to short isotactic blocks. When the mmmm content decrease below 40% single stereo errors fuse to form longer irregular sequences.

Figure 6.15: Isotactic block length at increasing mmmm content reveal two regimes characterized by
different slope.

6. 3 Crystallization of isotactic polypropylene
In low isotactic polypropylene the crystalline aggregates formed by isotactic chain sequences are proposed to be necessary for the elastic behavior. It is therefore of particular
interest to understand how polypropylenes crystallize and which are the requirements in the
isotactic block length of polypropylene to to able to form crystalline blocks.

6. 3. 1 Crystalline microstructure
As a consequence of the stereoregular chain structure (Figure 6.16a) isotactic polypropylene can adopt a stable specific conformation, which is a 31-helix (Figure 6.16b). These
regular chain sequences can crystallize via their parallel alignment (Figure 6.16c).259
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Figure 6.16: The regular chain structure of isotactic polypropylene (a) will form a helical superstructure (b).
The helices can aggregate to form folded lamellae (c).

The smallest crystalline structures reported for semicrystalline polymers are so called
"fringed micelles". According to Bensason et al.41 this are granular structures with dimensions in the range of 5 to 10 nm42 generated of parallel aligned regular chain segments.260
Thus, most probably low isotactic polypropylenes will adopt such a structure due to the
parallel alignment of helical chain segments (Figure 6.17a). When the isotacticity increases, higher amounts of crystalline blocks can be formed which start to aggregate in a rodlike manner forming lamellar structures. In the initial state of lamellar formation crystalline
blocks separated by small amounts of amorphous material. More perfect lamellae are generated during a stepwise crystallization process.261-263 At higher isotactic content, e.g.
mmmm > 70%, stacked lamellae will appear in the morphology (Figure 6.17b).

Figure 6.17: Crystallization of isotactic polypropylene helices lead to fringed micelles (b) or the formation
folded lamellae (c).
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In semicrystalline copolymers the sequence length of the crystallizable segments is the determining factor for crystallization. In low isotactic polypropylene this value is given by
the length of the isotactic blocks.99 Zhu et al.264 showed that polypropylene crystallization is
not induced until isotactic block length exceeds a critical value niso,crit (units of number of
propylene units). Based on the Doi-Edwards theory for isotropic–to–nematic transition of
liquid crystals265-269 and the proposal of Imai270-272 that the parallel order of polymer segments induce a spinodal composition type microphase separation prior to crystallization,
they calculated the persistence length L of the helical sequences necessary for crystallization. If the persistence length L is smaller than the critical value no crystallization occurs
because the melted state is stable. Alternatively, the melt becomes unstable and the parallel
alignment of helices starts to increase when the helical sequences are larger than the critical
value. The critical value L for increasing order can be calculated by following equation264-266

L=

4.19M 0
bl 0 ρ N A

(15)""

where b is the diameter of the polymer segment, ρ is the density, NA is the Avogadro’s
number, M0 and l0 are the molecular weight and the length of the monomer. For an isotactic
polypropylene melt M0, b, l0 and ρ taken to be 42 g mol-1, 0.665 nm, 0.217 nm and 0,85
gcm-3, respectively.264 With these parameters, the critical length L was found to be 2.38 nm.
This suggests, that when the helical sequence length exceeds 2.38 nm, the level of parallel
ordering of helix structures starts growing, and crystallization occurs. If only isotactic sequences are assumed to form the lamellae, the observed melting transitions can be correlated to the isotactic block length. Since crystalline isotactic polypropylene has a 31 helix conformation and the c-axis of the repeat unit is 0.665 nm long52, the isotactic block length
niso,DSC corresponds to the lamellar thickness l by

niso,DSC =

l
*3
b0

(16)""

A lamellar thickness of 2.38 nm corresponds to 11 monomer units in isotactic sequence
(niso,crit = 11). This calculation implies that low isotactic polypropylenes do not crystallize
before their isotactic segment length niso is above 11 isotactic repeating units, but for crys-
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talline aggregates in different low isotactic polypropylenes values between 16 and 25
monomers are reported to contribute to crystalline lamellae.69,123,194,259 Llinas et al.194 explained this discrepancy between the theoretical prediction and the values found in crystallized polymers by the fact that a few repeating units reside in the crystalline/ amorphous
boundary region. They are necessary for crystallization, but not fully participate to the
crystal.

Figure 6.18: Plotting the isotactic blocklength versus the melting temperature allow to correlate the observed
melting temperatures of a given isotactic fration.

Alternatively, the minimum lamellar thickness lmin of a lamella can be calculated using a kinetic relationship given in69,273

l=

2σ eTM0 M

(

ρc ΔHf0 TM0 − Tm

)

+

kTM
b0σ s

(17)""

with l = average lamellar thickness, nm; σe = specific fold surface free energy = 47 mJm-2;
TM0 = equilibrium melting temperature = 460.7 K; M = molecular weight of repeating unit
= 42 G mol-1; ρc = isotactic crystal density = 0.94 g cm-3; ΔH0f = molar heat of fusion =
8.79 kJ mol-1; TM = observed melting temperature (maximum temperature within the melting regime); k = Boltzmann´s constant = 1.38 x10-23 J K-1, b0 = single layer thickness =
helix diameter = 0.65 nm; and σs = specific side surface free energy = 5 mJ m-2. The melt-
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ing temperature, molar heat of fusion, crystal density were suggested as given in69. For σe
the average value given in274 for metallocene polypropylenes were taken. The value σs was
arbitrarily taken to be the same as for polyethylene.273 Combining equation 16 and 17 the
average isotactic block length niso,cryst can be estimated for a wide range of melting temperatures (Figure 6.18). The boundary block length observed for TM´s below 310 K can be correlated to a block length niso,cryst of 19 monomer units in isotactic sequence necessary for
crystallization. The value is in good agreement with the experimental values.

6. 3. 2 Crystalline forms
Isotactic polypropylene can crystallize in different forms, such as α, β, γ, and smectic,
which differs by their unit cell type and thus, by their packing density.52,55,275-278 Most common forms are the α- and the γ-form. The monoclinic α-phase is the preferred crystalline
form of polypropylenes synthesized by conventional Ziegler-Natta catalysts. High molecular weight isotactic polypropylenes prepared by metallocene catalysts prefer crystallization
in the γ-form59,61,276,279-284 which is less densely packed and reveals a orthorhombic unit
cell.285-288 The different polymorphic behavior of metallocene and Ziegler-Natta samples
can be related to the different distribution of defects in the polymeric chains.61,279,280,289
Whereas in metallocene made isotactic polypropylenes the distribution of defects along the
chains is random, in Ziegler-Natta iPP samples the majority of defects are segregated in
small fractions of poorly crystallizable molecules or in the more irregular portions of the
chain. Therefore, much longer fully isotactic sequences can be produced, leading to the
crystallization of the α-form even for a relatively high overall concentration of defects.
The presence of interruptions in the regular sequence of isotactic polypropylene favors the
development of the γ-form.281,289,290 Alamo et al.281 discovered a linear correlation between
the content of the γ-modification and the average isotactic segment length niso. Fischer et
al.290 showed for higher isotactic polypropylenes that polymers having an isotactic block
length niso below 40 monomer units crystallize in the γ-modification, exclusively. De Rosa
et al.289 confirm these results showing that isotactic polypropylenes will crystallize preferentially in the γ-modification when increasing amount of rr stereoerrors are present leading
to shorter isotactic sequences.289 Beside the two modifications, α-form282 and γ-form59,243
and also mixed α/γ- modifications59,259,291 have been found. This indicates that, depending
on the catalytic system used, the isotactic block length can vary over a broad range.
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Figure 6.19: Crystallization of polypropylene in α-form lead to spherultic superstructures.

The different crystalline forms reveal different unit cells with different crystalline density.
The monoclinic α-phase (Figure 6.19) has a higher crystalline density than the orthorhombic γ-phase (Figure 6.20).129 Latter has a less densely packed unit cell where some stereo
defects can be incorporated.64,285,287,292 This crystalline form reveals a less densely packed
orthorhombic unit cell, which may also contain some stereo defects. The γ-phase also represents a unique packing arrangement283,284,288,293,294, where the orthorhombic unit cell is
composed of bilayers of two parallel helices. The direction of the chain axis in adjacent bilayers is tilted at an angle of 81° to each other (Figure 6.20a).55 In contrast to this, only
parallel-arranged lamellae were observed in α-phase crystals (Figure 6.19a).294 The different unit cells providing the basis for the different crystalline forms can be discriminated using wide-angle X-ray scattering (WAXS) experiments. Whereas the α-form reveals a
WAXS peak at 2Θ = 18.6° (Figure 6.19b, Table 6.1)52,55 in the case of the γ-phase this
peak is missing and a WAXS peak at 2Θ = 20° can be found (Figure 6.20b, Table
6.1).52,55,283 In case of a mixed crystal phase both peaks are present. Here, the fractions of
the corresponding α- and γ-modification can be estimated by fitting the individual peaks
using a Lorentzian function.
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Figure 6.20: Crystallization of polypropylene in γ-modification resluts in arborescent lamellar arrangement
due to co-crystallization of γ-form lamellae on primarily formed α-phase lamellae.
Table 6.3: hkl reflections for α- and γ-phase of isotactic polypropylene and the corresponding 2Θ
diffraction angles

hkl

α-modification
d-value a

2Θ b

110γ
110α

6.26

14.14

040α / 008γ

5.24

17.02

130α

4.78

18.55

117γ

γ-modification
d-value a

2Θ b

6.39

13.86

5.24

17.02

4.38

20.27

111α / 202γ

4.17

21.31

4.17

21.31

131α / 026γ

4.05

21.86

4.05

21.86

a

Å, b λ = 1.54 Å
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On a microscopic scale, the discrimination due to morphological differences owing to different lamellar arrangement is also possible. For the α-form various lamellae various
morphologies were observed, such as single ribbon-like lamellae, lamellar stacks, and
spherulites (Figure 6.19c).64,276,295,296 When isotactic polypropylene crystallizes, initially αphase lamellae are generated. These lamellae are nuclei for the egde-on crystallization of
short, secondary lamellae turning up as thin branches. When secondary lamellae crystallize
in the α-form, the angle between the primary and the secondary on is about 81°.123,297,298
This results in extended crosshatch structures or the formation of spherulites.123,297,298 In
contrast, in the γ-modification only arborescent arrangement of lamellae can be observed
(Figure 6.20c).55,277,281,299,300,301 This morphology can be explained by the fact that γ-phase
lamellae are only formed owing to the epitaxial growth on the surface of primarily formed
α-phase lamellae. This leads to a typical branching angle of about 40°.55,123,297,298 Additionally, the different crystalline phases reveal different equilibrium melting temperatures. For
ideal α-monoclinic crystals TMα was found to be 459 ± 2 K as the equilibrium melting temperature, whereas for an ideal γ-orthorhombic crystal TMγ was found to be 451 ± 4 K.129

6. 4 Properties of low isotactic polypropylenes with randomly distributed stereoerrors
Although a broad variety of elastomeric polypropylenes have been synthesized61,191,194,228,220,232,233,243,244 their morphology is sparsely resolved.68,69,101,107,123,194 Studies
performed on stereoblock isotactic polypropylenes confirm that these polymers crystallize
mainly as short individual lamellae embedded in an amorphous matrix.101,107,123 Schönherr
et al.101,123 showed for such polypropylenes morphologies reminiscent of classical semicrystalline polymers, like lamellae, crosshatching, hedrites, and spherulites even when their
mmmm contents are below 30%. The morphology of low isotactic polypropylenes with a
random distribution of stereoerrors prepared using C1-symmetric catalysts is still unresolved. It might be suggested that the random incorporation of stereoerrors in an isotactic
chain may result in a polypropylene with statistically distributed isotactic chains of various
lengths (Figure 6.21). Thus, a chain structure similar to a random copolymer, like SBR,
might be suggested.
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Figure 6.21: Schematic structure of an isotactic polypropylene with randomly distributed stereoerrors.

For styrene based TEP´s it is known that the distribution of the hard segments dramatically
influences the polymer morphology, and thus, the properties of the material. 31-34 Since the
random incorporation of stereoerrors change the length and the distribution of the isotactic
sequences within the polymer chain, similar changes in the material properties as observed
for styrene based TEP´s are expected comparing these polypropylenes to stereoblock
polypropylenes. Therefore, it is of particular interest to analyze the chain microstructure
and the resulting morphology of a low isotactic polypropylenes with a random distribution
of stereoerrors. It is also necessary to understand how and to what extent these low isotactic polypropylenes crystallize and to study the influence of the morphology in the mechanical properties. Therefore, in the beginning the structure and the properties of an elastomeric
polypropylene with 36% mmmm pentads (A3, c.f. Table 6.1) synthesized by a C1-symmetric catalyst (11) were investigated.

6. 4. 1 Solid state properties of low elastomeric polypropylene
containing statistically distributed stereo errors
To get further insight in the microstructure on elastomeric polypropylene synthesized by a
C1-symmetric catalyst (11) the structure and the properties of a sample with 36% mmmm
pentads (A3, c.f. Table 6.1) were investigated. Stress-strain curves (Figure 6.22) carried
out clearly show that this sample can be assigned to the group of thermoplastic elastomers.
The stress-strain curve does not show a yield point but beyond the elastic limit, the stress
increases continuously until the sample fails after stretching up to 10 times of its initial
length (Figure 6.22a). The typical failure stress is σMax = 5.5 ± 0.5 MPa. As long as the
draw ratio is below λ = 1.5, a linear increase with stress can be seen, characteristic for linear elastic deformation. The slope of this line section is correlated to the Young´s modul,
which ranges between 2 and 4 MPa for the samples. When the draw ratio increases beyond
the elastic limit no further increase in stress or the formation of a yield point can be seen,
but the stress stays constant and a so-called elastic plateau is developed ranging from λ =
1.5 - 9. Plateau stresses in the range between 0.5 and 1.5 MPa are low. At draw ratios
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above λ = 9 the stress increases again continuously with increasing deformation until the
samples fail at maximum stress σmax in the range of 4 - 8 MPa. This indicates, that at higher
draw ratios a strain-hardening region occurs most probably due to strain induced crystallization. High maximum deformation ratios between 10 and 20 times of their original
length have been detected for these samples. When the sample is subjected to a cyclic deformation (3 deformation cycles), after releasing, the stress elastic recovery εrev between 70
and 80% can be found (Figure 6.22b). This, and the change in the stress-strain curve observed after the first cycle indicate changes in the morphology when the sample is stretched
for the first time. For polyethylenes it has been shown that polymers with lamellar-type
crystal morphology have higher Young´s moduli and undergo yielding when deformed. In
contrast, polyethylenes with a fringed micelle-based morphology behave more like elastomers.41 Similar behavior can be proposed for low isotactic polypropylenes. A possible explanation for the change in mechanical properties between the first and second deformation
cycle might be that the unstretched sample reveals a lamellar morphology, which will be
transformed in a fringed micellar morphology when stretched for the first time. These
morphology can exhibit elastic deformation. The change in morphology coincides with a
substantial loss in mechanical strength, but results in improved mechanical properties. To
verify this guess the change in morphology during mechanical deformation are investigated
(c.f. Chapter 6.4.4) performing in-situ SFM studies during elongation.

Figure 6.22: Deformation to break (a) and cyclic stretching (b) reveals the elastomeric nature of sample A3

The formation crystalline domains requires a chain microstructure consisting of isotactic
sequences long enough to crystallize, niso > 15. This is somehow surprising, because in 13C
NMR experiments only isotactic sequences with an average length niso of about 8
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monomers have been found (c.f. Chapter 6.2.4.2). Since this method averages over the
whole chain, it might be suggested that the stereoerrors are not homogeneously distributed
along the chain. In semicrystalline polypropylenes the melting temperature can be correlated to the lamellar thickness273, which, on the other hand, is in low isotactic polypropylene
determined by the sequence length of the regular segments.273,325 Thus, in low isotactic
polypropylenes the length of the isotactic blocks determines the thickness of the lamellae.
Therefore studying the crystallization behavior of the low isotactic polypropylene sample
using DSC, WAXS and SFM can give further insight in the polymer microstructure.

6. 4. 1. 1 Crystallization properties
To investigate the crystallization behavior of elastomeric polypropylene, a melt pressed
film of sample A3 (36% mmmm) was investigated using DSC and WAXS experiments
(Figure 6.23). Peaks appearing in the DSC curve (Figure 6.23a) as well as the WAXS diagram (Figure 6.23b) reveal a low crystalline sample with a crystallinity xWAXS of about
15%. In the DSC curve two melting transitions, M1 and M2, can be found. Many factors
can affect the melting temperature TM of semicrystalline polymers, but if all variables are
held constant, thinner lamellae will melt at lower temperatures than thicker ones.273, 325 In
case of low isotactic polypropylene, only isotactic sequences can be suggested to form the
lamellae.273, 325 Thus, the observed two melting transitions can be correlated to two fractions
of crystalline aggregates melting at different temperatures TM1 = 321 K and TM2 = 366 K,
respectively. Such a bimodal distribution of crystals was shown to be characteristic for a
homogeneous random copolymers.43 Alizadeh et al.43 showed for random ethene/octene
copolymers that the shorter segments, melting at lower temperatures, crystallize mainly in
fringed micelle structures or as ordered chain clusters, whereas the longer regular segments
preferably form lamellar crystallites, which melt at higher temperatures. The lamellar
thickness l of such copolymers was found to be similar to that one observed for the corresponding homopolymer.302 Thus, the DSC experiments confirm the proposed chain microstructure, where stereoerrors were postulated to be homogeneously distributed along the
chain leading to polypropylenes with a random distribution of isotactic sequences due to
the statistical incorporation of stereoerrors.
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Figure 6.23: Melting peaks in the DSC curve (a) and peaks in the WAXS diagram (b) of sample A3 indicate
the formation of crystalline structures.

The two melting transitions observed in the DSC curve displayed in Figure 6.23a give
strong evidence that in the polypropylene chain at least two fractions of isotactic blocks are
present, which are able to generate two crystalline fractions of different thickness.69,273,325
The melting temperatures can be correlated to the lamellar thickness using equation 16.
The observed melting temperatures can be attributed to crystalline aggregates with a thickness of l1 = 3.4 ± 0.1 nm (LM1), and lamellae with a thickness l2 = 5.0 nm ± 0.2 nm (LM2).
Since crystalline isotactic polypropylene has a 31 helix conformation, the lamellar thickness of l1 can be correlated using equation 17 to isotactic block lengths niso,1 = 22 ± 0.5 and
niso,2 = 30 ±0.5 monomers in isotactic sequence. The WAXS diagram (Figure 6.23b) confirms the formation of a crystalline phase, but the determined crystallinity XWAXS of 15 ±
3% is low. Within the WAXS curve small peaks appear at 2θα = 18.6° and at 2θγ = 20° indicating that this sample crystallizes in mixed α/γ-modification. The slightly more pronounced peak at 2θα points out that preferably α-phase crystals are formed when the polymer is crystallized from the melt. This observation is in good agreement results given for
higher isotactic polypropylenes.303 Due to literature281,289,290 the relatively short isotactic
blocks with length of 22 - 30 isotactic consecutive monomers should favor crystallization
in γ-form. Thus, data obtained so far give no final evidence about the crystalline
morphology
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6. 4. 1. 2 Morphology
Scanning force microscopy has been successfully used to image the crystalline morphology
of highly isotactic polypropylenes crystallized in α- or γ-modification.86,123,299-307 Only a
few studies deals also with the morphology of low isotactic polypropylenes with stereoblock structures.101,107,123 Kravchenko and co-workers107 showed that elastomeric
polypropylenes with isotactic pentads content between 25 and 30% derived from unbrigded
bis(2-arylindenyl) metallocenes crystallize as short individual lamellae embedded in an
amorphous matrix. This morphology was attributed to the extremely low crystallinity of
the polymer. Schönherr et al.123 found that elastic stereoblock isotactic-atactic polypropylenes with mmmm content below 30% obtained by fractionation generate morphologies
reminiscent of classical semicrystalline polymers such as lamellae, crosshatching, hedrites,
and spherulites. This results support earlier findings obtained from electron microscopy
(EM) studies.68,69,194 Up to now, no the correlation between the chain microstructure of low
isotactic polypropylenes and their morphology has been obtained. It is therefore of particular interest to analyze and understand how and to what extent low isotactic polypropylenes
with a random distribution of stereoerrors crystallize and how the resulting morphology influences the mechanical properties.

Figure 6.24: SFM topography (a) and phase image of an elastomeric polypropylene with statistically
incorporated stereoerrors reveal a rod-like morphology.

To characterize the domain structure of a low isotactic polypropylene with a random distribution of stereo errors TM-SFM are obtained on dip coated films (Figure 6.24). The SFM
topography image (Figure 6.24a) performed on a dip coated film reveals elevated rodlike

Thermoplastic-elastomeric polypropylenes
93
_______________________________________________________________________________

structures with several hundreds nanometer length. The individual rods seem to join at different angles. On closer examination, two fractions of rods can be discriminated. Rods with
a length up to 800 nm seem to act as nuclei for the shorter ones, which show lateral extensions up to 200 nm. The phase image (Figure 6.24b) shows dispersed anisotropic but discontinuous hard domains consisting of rodlike features immersed in a continuous softer
amorphous phase. The elevated rods (Figure 6.24a) can be correlated to brighter regions in
the phase image (Figure 6.24b). Considering the imaging conditions, in particular the amplitude damping used in the experiments (c.f. Chapter B.4.1), the contrast in the tapping
mode phase image is assumed to be based on differences in stiffness of the crystals and the
amorphous matrix.113,115 Comparing the tensile modulus of the amorphous fraction, Eam =
1.73 MPa128, to the one of the crystalline fraction, Elam = 1.0 - 1.7 GPa129, a difference by 3
orders of magnitude can be determined. This difference in elastic modulus is responsible
for the pronounced contrast in the TM-SFM phase image.123 Thus, most likely the rodlike
structures can be attributed to ordered chain segments or crystalline lamellae, which are
likely caused by the finite isotactic block lengths and the low crystalline segment fraction.
Sequences are present sufficient long and perfect stereoregular, which are able to crystallize. Determining the amount of hard phase, about 18 ± 2% of the surface has been
found to be cover with rodlike lamellae, which is in good agreement with the previously
determined X-ray crystallinity (c.f. Chapter 6.4.1.1). Thus, bright structures observed in
the phase images can be assigned to small crystalline domains of the sample. Since the
phase shift image (Figure 6.24b) has been shown to provide excellent contrast between the
soft, amorphous (dark) matrix and the stiff (bright) crystallites embedded in there, these
images were used for further investigations. A closer examination of the lamellar arrangement demonstrate that they grow with two preferred branching angles, 80 ± 5° and 40 ±3°,
respectively. Based on a great many of literature given for higher isotactic polypropylenes55
it might be concluded that the lamellae crystallized in both, α-modification and γ-phase,
respectively.
Phase images taken at higher resolution (Figure 6.25) allows one a more detailed analysis
of the lamellar structure. An image taken at a scan range of 500 x 500 nm2 (Figure 6.25a)
reveals for the longer rods a mainly homogeneous structure, which might be attributed to
crystalline lamellae. At a scan range of 250 x 250 nm2, shorter rods with a length of about
150 nm show a beads-on-the-string-like structure consisting of individual brighter blocks
with a lateral extension ranging from 5 to 10 nm (Figure 6.25b) separated by darker domains. Such an inhomogeneous lamellar structure can be explained on the basis of the
crystallization model proposed by Strobl et al.262,262 They suggest that crystallization from
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the melt produces in a first step imperfect “native” crystals, where small lamellar blocks
are parallel aligned. A structural relaxation process stabilizes these imperfect lamella, leading subsequently to more perfect lamellae. Due to a lack of regular, crystallizable sequences in low isotactic polypropylenes only some of the lamellae can perform this second
step. More often, the imperfect, native lamellar state seemed to be stable.

Figure 6.25: SFM phase images of low isotactic polypropylene reveal a lamellar structure as the basic one
(a); lamellae are formed by smaller crystalline blocks (b).

Taking into account the experimental limitations according to the finite tip radius (c.f.
Chapter 4.1.2), the thickness of the rodlike lamellae can determined to be 7 ± 3 nm, which
is in good agreement with values reported for crystalline lamellae observed in other low
isotactic, stereoblock polypropylenes.68,69,123,246,325 Assuming that parallel-aligned helices
generate the crystalline structures their thickness l can be used to estimate the length of isotactic sequences represent in the harder domains. The lamellar thickness can be attributed
to 32 ± 3 monomer units in isotactic sequence. Taking into account that the tip radius of the
used cantilever may lead to an increased thickness, the estimated block length is in good
agreement with the isotactic block length niso,2 obtained from DSC experiments for the
thicker lamellar fraction l2.

6. 4. 2 Influence of the sample preparation
The morphology and the properties after crystallization depend not only on the chain microstructure but also on the thermal history. For the experiments performed so far different
types of samples are shown to be more suitable than other, e. g. for DSC, WAXS and mechanical experiments typically 1 mm thick melt pressed samples will be used, whereas for
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SFM investigations usually thin films on a silicon substrates were used. These films were
initially fabricated in order to obtain smoother surfaces of semicrystalline polymers because the spherulite formation in thicker films was found to cause high levels of roughness.
This roughness affects the ability to image the sample topography. Since the various preparation techniques may change the thermal history, the influence of sample preparation in
the formation of crystalline aggregates of low isotactic polypropylenes has to be studied
more carefully.

6. 4. 2. 1 Crystallization and crystalline microstructure
To investigate the influence of the preparation conditions on the crystallization behavior
DSC experiments were performed on 200 µm thick, solvent crystallized films as received
(Figure 6.26, A) or after crystallization from the melt (Figure 6.26, B). The DSC curves
are compared to one obtained for a 1 mm thick, melt pressed film (Figure 6.26, C). All
samples reveal two melting transitions, M1 and M2, indicating the presence of two fractions
of crystalline aggregates, LM1 and LM2 (Table 6.4). The melting temperature TM1, attributed
to the melting of the lamellar fraction M1, varies for different preparation methods. A higher value of 326 K was observed for solvent crystallized sample A, whereas for the melt
crystallized samples, B and C, TM1 ranges between 321 and 322 K. Correlating the melting
temperatures to the lamellar thickness results in a value of l1 = 3.4 ± 0.1 nm for LM1. Thus,
most probably blocks with a length niso,1 of 22 ± 0.5 monomers in isotactic sequence will
form this lamellae. This shows that a change in lamellar thickness is of negligible effect for
the observed variations melting temperature. A feasible explanation for the variation in
melting temperature is caused by the formation of different amounts of α- or γ-form lamellae.303 In contrast to this, only small variations in the melting temperature TM2 = 367 ± 1 K
were observed for the second crystalline fraction LM2 for different sample preparations.
This melting temperature can be attributed to crystalline aggregates with a thickness l2 = 5
± 0.2 nm which corresponds to an isotactic block length niso,2 of 30 ± 0.5 monomer units in
isotactic sequence.
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Figure 6.26: DSC curves of sample A3 prepared by solved casting (A) with additional heat treatment (B) or
melt pressing (C) show two melting transitions referring to the formation of two crystalline fractions.
Table 6.4: Thermal data for solvent casted and melt pressed films

TG a

TM1 a

TM2 a

ΔHtot b

ΔH1 b

a

265.9

326.5

368.3

9.7

4.2

b

266.5

322.5

367.3

12.3

8.9

c

267.1

321.3

366.1

13.6

9.2

a

K , b J g-1, c %

Comparing the heat of fusion ΔHtot (Table 6.4), preparation induced changes in the crystalline fraction become more obvious. Whereas for the solvent crystallized samples
ΔHtot,solv = 9.7 Jg-1, higher values ΔHtot,melt = 13 ± 0.5 Jg-1 were observed for the melt crystallized samples. This indicates different amounts of crystalline phase for the different samples. Due to an increase in ΔH1 the higher crystallinity can be attributed an increasing
amount of crystalline fraction LM1. The amount of thicker crystalline lamellae seemed to be
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independent from the preparation method. These results suggest that the thermal history
has an important influence in the distribution of smaller crystalline aggregates.
To study the crystallinity and apparent crystalline modifications of the solvent crystallized
film as received and after crystallization from the melt, WAXS diagrams were performed
(Figure 6.27). Both samples reveal curves typically for low crystalline polymers (Figure
6.27a) confirming the findings from DSC experiments. For the solvent crystallized film a
crystallinity XWAXS = 14% was determined, whereas for the melt crystallized sample a higher value of 18% was found. Small peaks at 2Θα = 18.3° and 2Θγ = 19.4° indicate that crystalline aggregates of both, the α- and the γ-modification, were formed.

Figure 6.27: WAXS diagram of solvent casted low isotactic polypropylene films as prepared (A) or after
heat treatment (B) show different amounts of crystalline phase (a); subtracting the amorphous halo allows
one to assign α- and γ-phase (b).

To rate the amount of the different phases, the amorphous halo was subtracted and the remaining curves were fitted using Lorentzian type curves (Figure 6.27b). Now, the heights
of the peaks at 2Θα and 2Θγ can be used to estimate the amount of the corresponding phases. The solvent crystallized film reveals preferentially γ-form crystalline aggregates. In
contrast to this, after melt crystallization preferably α-phase crystals were formed. This
discrepancy in crystalline modification can best be explained by the differences in the crystallization kinetics of α- and γ-modification reported for highly stereoregular isotactic
polypropylenes.303 The formation of the γ-form is favored over the α-form, when the crystallization rate is slow. Since the evaporation of the solvent took several days, crystalline
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aggregates grow slowly. Thus, the formation of the γ-form is favored. In contrast, the fast
crystallization from the melt leads preferentially to α-form lamellae.

6. 4. 2. 2 Morphology
The fact that various fractions of α- and γ-modification can be found in samples prepared
using different crystallization conditions suggests that also different morphologies are generated. Therefore the structure of a 200 µm thick film was investigated using TM-SFM as
received and after crystallization from the melt (Figure 6.28). Due to formation of crystalline superstructures, such as spherulites, thick melt crystallized films can exhibit higher
surface roughness, which can influence the determined phase shift data.114 A commonly
used method to obtain smooth surfaces is to prepare thin films on silicon by dip coating
(c.f. Appendix A.3.2). To ensure that such samples reflect the crystallization behavior of
bulk samples, phase shift images are performed on dip coated and solvent crystallized films
as received and after heat treatment (Figure 6.28a - d). Phase shift images of both, the virgin solvent crystallized (Figure 6.28a) and dip coated (Figure 6.28b) film reveal a lamellar morphology. Both samples reveal dispersed anisotropic but discontinuous hard domains
consisting of rodlike crystals immersed in a continuous softer amorphous phase. Within the
experimental limitations the samples reveal equal amounts of hard phase 25 ± 5%, but different lamellar sizes can be detected. For the thicker, 200 µm film, the lamellae are 10 ± 3
nm wide and up to 600 nm long. For the dip coated film exhibiting an average thickness of
200 nmB, the crystals are significantly shorter. When the films were crystallized from the
melt (Figure 6.28c, d) the morphology is changed. Now, crosshatched structures appear,
which can be explained be the egde-on growth of secondary lamellae. The preferred angle
of 80 ± 5° refers to the formation of α-form lamellae.292,296,298 This suggests that crystallization from the melt favors also the formation α-form in thin films. Like before, smaller crystalline aggregates are formed in the dip coated films. The difference in lamellar size and
amount can be explained because of the limited mobility in such a thin film, the crystals
form over much smaller size scales during solvent removal.63 The data obtained so far
show that dip coated films with a thickness of 200 nm reflect the morphology of thicker
samples in a realistic way.308

B. For experimental details to determine the film thickness see B.4.2
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Figure 6.28: Phase images of as received solvent casted (200 µm, a) and dip coated films (200 nm, b) reveal
similar rodlike morphologies; after annealing, higher amounts of cross hatched lamellae are formed in the
thicker, solvent casted sample (c) were observed than in the dip coated film (d).

Figure 6.29: Melt crystallzed film show similiar structure at the surface of a dip coated (a) as wells as on the
surface of a microm cut sample (b), which reflects the volume structure.

Often the surface morphology of polymers differs from the volume structure. It is therefore
of great importance to proof whether the crystallite morphologies observed in thin films are
consistent with the volume structure. Since the surface of a microtom cut melt pressed film
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is known to reflect the bulk morphology of polymeric materials309, the SFM phase image
performed on a dip coated film crystallized from the melt (Figure 6.29a) is compared to
the one obtained on the surface of a microtom cut melt pressed film (Figure 6.29b). Both
samples reveal dispersed similar morphology. Thus, dip coated films with a thickness of
200 nm can be used as a model system for further morphology studies.

6. 4. 3 Crystallization kinetics
Even though low isotactic samples have a degree of crystallinity below 5%123,199,200,310,311,
polymers with a stereoblock structure were found to crystallize with a lamellar habit representative of much higher crystalline polypropylenes.4,64,99,100 Due to the interdependence of
crystallinity, morphology and mechanical properties, the crystallization behavior of these
new polymers have to be studied. However, customarily applied techniques for in situ
measurements of crystallization, such as polarized optical microscopy (POM), DSC or Xray scattering techniques are difficult to use. POM is practically impossible to use, because
the size of the crystallites is below the optical resolution limit. Likewise, the low amount of
crystallinity constrains WAXS and DSC investigations. Therefore, new characterization
techniques are required to study the relevant material properties. The developments in the
field of temperature dependent scanning force microscopy overcome in part these experimental limitation. Combining the SFM with a hot stage provides new insight into the crystallization behavior. For example, imaging the morphological development in real time allow to study the crystallization kinetics Pioneering work leading to important new insights
on the growth of lamellar crystals from the melt4,64,99,100 was carried out by the groups of
Vancso and Miles96-98, followed-up by a number of studies on various aspects of polymer
crystallization published by various groups.312-324 The potential of the SFM approach at controlled temperatures in the study of the crystallization of low crystallinity polypropylenes
was clearly demonstrated by Schönherr et al..101 They were able to show that in thin films
of stereoblock istotactic polypropylenes the crystallization occurs in the form of lamellar
crystals that developed from stable nuclei. Based on the observation of crosshatching they
evidenced the formation of α-phase isotactic polypropylene. Since the chain microstructure has an important influence in the crystalline structure, also the crystallization behavior
of low isotactic polypropylenes with randomly distributed stereoerrors has to be studied.
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6. 4. 3. 1 Time dependent crystallization and crystalline microstructure
To study the crystallization behavior of low isotactic polypropylenes with randomly distributed stereoerrors a series of DSC measurements were performed, where the intervals
between sample preparation and measurement increased from 0.5 to 480 h (Figure 6.30).

Figure 6.30: DSC curves for samples at different times after preparation show increasing amount of
crystalline phase determined by total heat of fusion ΔHtot.

These experiments clearly showed the change from a preferably amorphous material,
which do not show any crystalline peak in the DSC curve, to a semicrystalline one, which
reveals two melting regimes M1 and M2, at increasing time after sample preparation. The
determined total heat of fusion ΔHtot for the different crystallization times support this finding (Figure 6.31). Plotting ΔHtot versus the crystallization time allow to follow the crystallization kinetics. Within the first 50 hours 80% of the crystalline fraction is formed. The
further increase in crystallization time leads only to a small increase in ΔHtot. After 100
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hours of crystallization nearly constant values can be found. This refers to a low crystallization rate.

Figure 6.31: Time dependent increase in the total heat of fusion ΔHtot indicates the slow formation and
growth of crystalline aggregates.

Two melting peaks can be observed at longer time of crystallization confirming the
bimodal distribution of crystalline aggregates (c.f. Figure 6.23a and Figure 6.26). The
time dependent measurements allow following the formation and growth of the different
crystalline fractions. The peak at TM2 = 366 K appearing after 1.5 h of crystallization (Figure 6.31) gives evidence that, when the material crystallized from the melt, at first lamellae
were formed consisting of longer isotactic sequences. For any length of time, the area underneath this peak, ΔH2, increases indicating increasing amount of lamellar fraction LM2.
Since the melting temperature TM2 is unchanged with the time, the lamellar thickness might
stay constant. Thus the increasing lamellar fraction might be contributed to the lateral
growth of existing lamellae or the nucleation of new lamellae.
The peak with maximum at TM1, which can be correlated to the melting of thinner crystalline aggregates, does not appear 3 h after sample preparation. Both, the melting temperature TM1 and the heat of fusion ΔH1 increase with increasing time of crystallization (Figure
6.32). Plotting TM1 versus the crystallization time (Figure 6.32a) shows a curve continuously increasing with the time. Although the slope of the curve decreases at longer times of
crystallization, even after 500 h crystallization time no boundary value can be detected.

Thermoplastic-elastomeric polypropylenes
103
_______________________________________________________________________________

The increase in the melting temperature TM1 refers to crystalline aggregates becoming
thicker with time. Determine the lamellar thickness using equation 16 and 17, a negligible
increase in lamellar thickness l1 = 3.38 - 3.43 nm were found.

Figure 6.32: Time dependency of first melting transition TM1 and corresponding change in the enthalpy of
fusion ΔH1.

Plotting the enthalpy of fusion ΔH1 versus the crystallization time (Figure 6.32b) results in
a curve, which can be correlated to the crystallization time by equation 18:

a = A – exp

(18)""

-(Kt)n

Except the factor A, this equation is in agreement with the Avrami equation.273 It is the objective of the Avrami equation to relate the "Avrami exponent" n and the rate constant K to
the particular shape of the particles (Table 6.5) and their nucleation or growth rate in order
to enable in reverse a corresponding data evaluation.
Table 6.5: Avrami exponents

Growing phase

Exponent n
for athermal crystalliaztion

Disc with increasing radius

3/2

Needles growing in length and
diameter

2

Needles growing in length

1
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In this case, K comes out to be low (0.04 h-1) indicating the slow formation or growth of
crystalline particles. Owing to the microstructure of the polypropylene material, enrichment of defects and non-isotactic sequences close to the interface between lamellae and
melt seems to be plausible to explain this low crystallization rate. In case of our sample n is
equal to 1.08. This refers to needle like crystals growing in length. Thus, it might be concluded that during the crystallization of low isotactic polypropylenes with statistically distributed stereoerrors first thicker lamellae were formed, which act as nuclei for thinner
needle-like lamellae. Based on literature 55,283 this behavior can be explained by the co-crystallization of α- and γ-form lamellae. In this case initially longer isotactic chains crystallize in α-form lamellae, which act as nuclei for the epitaxial growth of γ-form crystals.55

Figure 6.33: WAXS diagrams reveal increasing amount of crystalline phase (a); subtracting the amorphous
halo allow to differentiate between α- and γ-phase lamellae (b).

WAXS was used to check the crystallinity and apparent crystalline structures of the samples. Therefore WAXS diagrams of a melt pressed film crystallized for different times after
sample preparation were recorded (Figure 6.33a). Similar to the DSC experiments, with
increasing time of crystallization the conversion from a mainly amorphous material to a
semicrystalline one can be tracked. To quantify the crystallization kinetics the total crystallinity XWAXS is plotted versus the time of crystallization (Figure 6.34). The plot revealed
similar progression in total crystallinity with time as found for the change in ΔHtot (c.f. Figure 6.31) in the calorimetry evaluations. The maximum value of 18% crystallinity was
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reached not until 20 days of crystallization. This confirms the proposed slow formation of
crystalline aggregates. The obtained curve does not fit the Avrami equation. This might be
do to the formation of different types of crystalline aggregates. A closer look to the WAXS
diagrams revealing two shoulders at 2Θα = 18.3° and 2Θγ = 19.6°, characteristic for α- and
γ-form, confirming this assumption.

Figure 6.34: Time dependend change in crystallinity confirms the slow formation and growth of crystalline
aggregates.

To follow the formation of the different phases in detail WAXS diagrams were preformed,
where the amorphous halo was subtracted from the individual curves (Figure 6.33b). After
2 hours of crystallization the peak at 2Θα = 18.3° appears (2 h, Figure 6.33b). The 2Θα
peak increases with time, referring to an increasing amount α-form lamellae with longer
times of crystallization. DSC experiments reveal a peak at higher temperature TM2 after
short crystallization times (c.f. 1.5 h, Figure 6.30), which was assigned to the melting of
thicker lamellae LM2. Thus, it might concluded that while crystallization from the melt at
first the longer isotactic sequences crystallize developing α-form lamellae. This observation is in agreement with results obtained for highly isotactic polypropylenes.303 The formation of crystals in the γ-form could be observed only at longer crystallization times. The
peak characteristic for the γ-modification appeared clearly at the record taken after 6
month of crystallization time (6 month, Figure 6.33b). According to the literature this effect might be explained by formation of γ-form lamellae nucleated over the preformed αform crystals.55 Since the melting peak at low temperatures TM1 obtained in the DSC exper-
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iments (c.f. 3 h, Figure 6.30) appears not until longer crystallization times, it might be reasoned that the thinner lamellae formed at longer crystallization times attributed to the generation of γ-form lamellae. The increase in the lamellar fraction LM1 and the increase in αform crystalline aggregates refer to the additional formation of thinner α-phase lamellae.
Thus, the primary crystallized α-phase lamellae are the nuclei for the secondary crystallization of both α- and γ-form lamellae.

6. 4. 3. 2 Time dependent changes in morphology
Phase shift images were taken in situ under isothermal conditions by TM-SFM in a temperature range between 300 and 380 K to follow the complete melting and recrystallization
(Figure 6.35a - f) of a low isotactic polypropylene film. The TM-SFM phase images provide excellent contrast between the soft featureless melt and the crystallites embedded in
the melt at all temperatures similar as stereoblock polypropylenes.113,115,116

Figure 6.35: Phase images of dip coated films recorded at different temperatures a) at room temperature 295
K, b) at 352, c) at 375 K, and cooled down d) 340 K, e) 295 K and after 6 h at room temperature 295 K.
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Heating a dip coated film from room temperature (Figure 6.35a) up to 375 K (Figure
6.35c) allows following the partially melting of crystalline lamellae. At 350 K (Figure
6.35a), the number of rodlike structures is reduced to mainly longer, namely before thicker
rods. The thinner lamellae LM1, correlated to the melting transition M1, have vanished. A
closer look to the remaining lamellae reveals that they are no longer homogeneous rods,
but small crystalline blocks separated by amorphous domains are aligned in a row like
pearls on a chain. This supports the suggestion that the present lamellae are not homogeneous but consist of aligned crystalline blocks. The block-like aggregates are stable until
the temperature gets above 370 K. Thus, according to DSC experiments, these blocky features might be attributed to the lamellar fraction LM2, melting at higher temperatures. To
get a homogenous melt (Figure 6.35c), the sample has to be heated for at least one hour at
380 K, which is above the second melting temperature TM2 found in DSC. To follow the
nucleation and growth of lamellar crystals, the sample was cooled down from the melted
state (Figure 6.35c) to room temperature (Figure 6.35d - f).
Decreasing the temperature to 340 K, which is below TM2, stiff features appeared in the homogeneous melt indicating the nucleation crystalline aggregates. At this early stage of
crystallization mainly individual or bundled rods with lengths ranging from 20 - 100 nm
can be seen, which are reported to be lamellar nuclei of polypropylene lamellae.101,292,296,298
This first lamellae remained unchanged for considerable time. This behavior is likely related to the lack of crystallizable material in the region near the growth front. Due to the limited resolution in the experiment mentioned above, the fine structure of these lamellae can
not be depicted. Even though the crystals are clearly observed by SFM phase images, the
overall crystallinity was found to be low. Within the 2 x 2 µm2 range an amount of 8 ± 3%
of hard phase was determined referring to a sample crystallinity in the same range (Figure
6.35d). Cooling the sample down to room temperature (Figure 6.35e), the contrast between the amorphous and the hard phase improves. Thus, the lamellae appear more clearly.
At the same time, a slight increase in hard phase to 10 ± 3% was found. The higher amount
of hard phase is most probably caused by the further lateral growth of the rod, until they
reach a length up to 200 nm. At this early stage of crystallization also small amounts of
branched lamellae were formed, which extend up to 50 nm in the amorphous phase. The
observed elongated features can be assigned to edge-on oriented lamellae, similar to the
ones observed for stereoblock low isotactic polypropylenes.123,324 Branching angles of 80 ±
5° and 40 ± 5° can be detected, giving strong evidence that both polymorphs, α- as well as
γ-form, were formed. For all lamellae a typical thickness of 10 ± 3 nm was estimated from
cross sectional plots. This leads to the conclusion that the primarily generated lamellae
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consists of regular segments with 40 ± 8 monomers in consecutive isotactic sequence. This
values is in good agreement with DSC data.
To quantify the analysis of the crystallization kinetics, SFM phase images were performed
continuously after immediately after room temperature up to 6 hours of crystallization. In
Figure 6.36 different stages of lamellar development at room temperature (295 K) were
depicted. These images are snapshots of a consecutively captured series of typical 10 to 15
phase images started immediately after reaching 295 K (Figure 6.36a) up to 280 minutes
of crystallization (Figure 6.36f).

Figure 6.36: Recrystallization of a thin polypropylene film at room temperature after heating at 350 K show
incerasing amount of hard phase immediately after cooling a) 0 min and at increasing periods of time: b) 60
min, c) 120 min, d) 180 min, e) 240 min and f) 280 min.

Since the relative growth rates are small, the crystallization process can followed in detail
with relative high temporal resolution. After reaching room temperature (Figure 6.36a),
crystalline lamellae with lengths between 50 and 400 nm appeared, similar to the one
shown before (Figure 6.36e). The development of a crystalline aggregate showing up as a
longer rodlike lamellae is observed in detail. Therefore the region around this feature was
marked by a circle. The most eye-catching fact is that this initially formed lamellar aggre-
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gate does not grow further in length, but acts as stable nuclei for the egde-on growth of secondary lamellae, which shows lengths up to 50 nm (Figure 6.36b). The preferred branching angle between the primary lamellae and the secondary ones is 40 ± 4°. This confirms
the suggested edge-on crystallization of γ-form lamellae. The observation that the γ-form
nucleated on preformed α-form crystals is consistent with results reported by Lotz et al.294
and Thomann et al.299 At a later stage of crystallization (Figure 6.36d) secondary lamellae
are formed at all primary lamellae. Many of them reveals branching angles of 40 ± 3°, but
also some lamellae grow with an branching angle of 80 ± 5° referring to the additional formation of α-phase lamellae. Rated by the SFM images, the secondary lamellae are thinner
than the primary lamellae. These data corroborates the findings from DSC and WAXS experiments that shorter isotactic blocks niso,1 will form this lamellar fraction by secondary
crystallization. The lamellae steadily grow until the interspace is filled, and a total amount
of 18 ±3% of hard phase is reached.
Determining the amount of hard phase for this series of phase shift images and plotting the
values versus the time results in the curve shown in Figure 6.37. The curve can fitted using
equation 16. An Avrami exponent of 1 can be estimated which is in accordance to the
macroscopic value observed for the growth of the lamellar fraction LM1 in DSC experiments. This gives strong evidence that the thinner lamellae observed in SFM phase shift
images can be correlated to the thinner lamellar fraction LM1 detected with DSC. The SFM
phase images confirms that this crystalline fraction consists of needle-like structures growing in length.

Figure 6.37: Time dependent change in the amount of hard phase can be fitted using the Avrami-equation.
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6. 4. 3. 3 Mechanical properties
To study the time dependent changes in mechanical properties cyclic tensile curves were
preformed after different crystallization times. Mechanical cycles of stretching and relaxation have been performed at room temperature on thin solvent crystallized films and the
corresponding hysteresis has been recorded.

Figure 6.38: Stretching the sample to λ = 8 and the subsequent release of stress obtained at increasing time
after sample prerparation reveal the improvement of the mechanical properties.

The stress-strain curves (Figure 6.38) illustrate clearly the change of mechanical behavior
with longer crystallization times. The improvement of mechanical parameters, such as the
increase in maximum stress σmax and reversible deformation εrev, gives strong evidence of
the formation of a larger quantity of crosslinks during the examination period. Owing to
higher crosslinking density the material is reinforced and the viscous properties are reduced
by enhancing the elastic properties determined as an increase in the reversible deformation
εrev. For quantitative description the time dependent parameters maximum stress σmax and
reversible deformation εrev are plotted versus the time (Figure 6.39). With increasing crystallization time the maximum stress σmax increased from 0.1 MPa at 1 hour crystallization
time to 2.4 MPa at 15 d after sample preparation (Figure 6.39a) and stays more or less
constant for longer crystallization times. The largest change can be seen within the first 50
hours of crystallization, which corresponds very well to the increase in crystallinity observed in DSC and WAXS experiments (c. f. Chapter 6.4.1.4.1). Similarly, the reversible
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deformation εrev increases from 38% at short times of crystallization to 75% at long time
crystallization (Figure 6.39a) within less than 100 hours. The finite value of εrev observed
for the first experiment (1 h, Figure 6.38) indicates that after 1 hour crystallization time a
sufficient amount of crystalline crosslinks were generated preventing the sample from viscous flowing. These results support the findings from DSC, WAXS and SFM, all showing
that a small amount of crystalline domains were generated relatively quick.

Figure 6.39: With increasing crystallization time the maximum stress σmax and the reversible elongation
εrev increase inidcating increasing amount of crosslinks.

The correlation of the increasing reinforcement with an increasing amount of crystalline
aggregates demonstrates that these features generate a network responsible for the elastic
behavior of the material. Although the sample shows an elastic recovery εrev > 70%, this
value is below the ones obtained for chemically crosslinked rubbers. Most likely the discrepancy between the two materials can be attributed to the irreversible change in the crystalline structure during deformation. It is therefore of importance to perform study the deformation induced changes in morphology on the microscopic level.

6. 4. 4 Deformation behavior
Results of the mechanical studies of semicrystalline polymers reported so far clearly show
that these properties are associated with the rearrangement of the hard segment domains.
Based on a great many of literature on highly oriented semicrystalline polymers71-80,326 the
microscopic process of tensile deformation is proposed to proceed within several regimes.
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At first, intra-lamellar slipping of crystalline blocks occurs at small deformation, whereas a
stress-induced crystalline block disaggregation-recrystallization process takes place at a
strains larger than the yield strain.

Figure 6.40: Schematic of the deformation induced changes in morphology of low isotactic polypropylenes:
(A) Undeformed film. (B) Under low deformation the amorphous regions are extended and the lamellae break
up due to the local stress (C) At higher elongation small blocks alligned in fibrillar a superstructure where
chains orient parallel with the stress direction, and the soft segment chains will undergo stress-induced
crystallization (D). Releasing the stress, the amorphous domains are retracted. (E)

In contrast to this, for low crystalline thermoplastic elastomers crystallite breakup and orientation into a fibrillar manner is suggested to be the determining process during mechanical deformation (Figure 6.40).21,61,106,107 This deformation process seems reminiscent of that
observed for naturally occurring fibrous proteins such as silks.327 In these proteins, the
chain axes in the crystallites are linked together by short “bent” regions to form continuous
folded polypeptide chains; the bent portions of chains lie in planes normal to the surface of
the crystallites and parallel to their long axis (along the H-bond directions). Since these
crystallites are elongated entities, they align first with the H-bond directions parallel to the
fiber axis, such that the chain axes run perpendicular to the fiber axis.327 On further stretching, the crystallites are destroyed and the chains become oriented parallel to the stretching
direction.327 For TEP the mechanism is described as follows: Under low deformation the
amorphous regions are extended (Figure 6.40B) and because of local stress the crystalline
domains break up (Figure 6.40C). At higher elongation (Figure 6.40D) small blocks
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aligned in fibrillar superstructure is formed where chains orient parallel with the stress direction, and the soft segment chains will undergo stress-induced crystallization. Releasing
the stress, preferably the amorphous domains are retracted (Figure 6.40E) to reach the entropically favored disordered random coil conformation. Thus, the entropic effect is responsible for the elasticity.
WAXS61 and SFM107 studies have been used to confirm the proposed deformation mechanism for low crystalline TEP´s for stereoblock isotactic polypropylenes. Although, the
molecular understanding of the influence of the chain microstructure in the deformation
process of elastomeric semicrystalline materials is still incomplete. It is therefore of great
importance to study deformation induced changes in the polymer morphology of low isotactic polypropylene with various microstructures. To learn more about this topic the structural changes of a low isotactic polypropylene containing statistically distributed stereoerrors are investigated using both WAXS and SFM experiments.

6. 4. 4. 1 Mechanical induced changes in crystalline phase
As sample a 200 µm thick, solvent crystallized film was used, because the surface has
shown to be relatively smooth and the macroscopic properties are very similar to ones observed for thicker melt pressed films. Stretching the sample until it failed (not shown here)
revealed stress strain curves similar to the ones obtained for thicker samples (c.f. Figure
6.22a). Like these films, for solvent crystallized films maximum draw ratios up to λ = 10 to
12 are reached before the specimen fails at failure stresses σmax of about 6 ±1 MPa. To
quantify the elastic properties, mechanical cycles of stretching and relaxation have been
performed at room temperature on the thin solvent crystallized film (Figure 6.41) as described in Appendix B.5. Since also these curves are comparable to the one obtained for
the melt pressed sample (c.f. Figure 6.22b), the solvent crystallized films were used as a
model system.
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Figure 6.41: Stretching the film to λ = 7 and relasing the stress reveals stress hysteresis and only a small
amount of remaining deformation.

To study the deformation induced changes in the crystalline modification first, preliminary
WAXS experiments on stretched samples are performed. Diffraction patterns obtained by
stretching at different draw rations are reported in Figure 6.42. The corresponding intensity profiles read along the equatorial line are also shown in Figure 6.42. The broad halos
visible in the diffraction pattern of a solvent crystallized films of sample A3 (Table 6.1) indicate no preferential orientation of the crystals. The WAXS diffraction pattern of the unstretched film (λ = 1, Figure 6.42) obtained from the equatorial line present reflections at
2Θ = 14° and 17° and a shoulder from 2Θ = 17 to 20°. Although very broad and of low intensity, the shoulder can most probably be attributed to the (117)γ reflection of the γ form
at 2Θ = 20° 52,55,283 and the (130)α reflection of the α form at 2Θ = 18.6° 52,55. Thus, the films
is characterized by mixed α/γ-form lamellae. The broad reflections are an additional indication of a structural disorder, which is in agreement with the SFM investigations (Figure
6.28a), where randomly distributed lamellae can be observed. With increasing draw ratio
(λ = 4, Figure 6.42), the degree of orientation of the crystals increases, as indicated by an
increase of the polarization of the reflections on the equator. Moreover, at the same time a
decrease of the intensity of the reflection (117)γ at 2Θ = 20° and an increase of the intensity
of the reflection (130)α at 2Θ = 18.6° is observed. This indicates that films stretched to
higher deformations are still in α/γ mixed form, but with a higher fraction of α-form
lamellae. At high draw ratio of λ = 7 (λ = 7, Figure 6.42), the reflections at 2Θ = 14° and
17° are polarized on the equator referring to a standard fiber orientation of the crystals
where the chain axes are oriented along the stretching direction. The absence of the (117)γ
reflection accompanied by an increased intensity of the (130)α reflection suggests that
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stretching the sample to high draw ratios, the mixed phases transform into a crystalline
form more similar to the α form. This transformation is accompanied by an increase in the
amount of parallel oriented chains. This most likely can result in stress induced
crystallization.

Figure 6.42: WAXS diffraction patterns and corresponding profiles read long the equatorial line of an
isotactic polypropylene with 36 % mmmm pentads taken at different elongation ratios show increased
orientation.

The X-ray diffraction patterns of a film stretched to λ = 8 and after releasing the tension are
reported in Figure 6.43. As discussed above, films stretched at high values of deformation
are close to the α form (Stretched, Figure 6.43). Upon releasing the tension, the degree of
orientation decreases because no polarization of the reflections on the equator can be seen
anymore. In particular, the diffraction peaks transform again into a broad halo after
removing the tension (release tension, Figure 6.43) indicating an increase of structural disorder. This disorder is supported by the fact that the (110)α and (130)α reflections became
broader after releasing the stress. Additionally, a decrease of the intensity of the (130)α reflection at 2Θ =19° can be observed in the diffraction plot. This strongly refers to a decreasing amount of α-form lamellae. Thus, the relaxation of the film sample induces structural or morphological rearrangements.
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Figure 6.43: WAXS diffraction patterns and corresponding profiles read long the equatorial line of an
isotactic polypropylene with 36% mmmm pentads performed in the elongated and the relaxed state.

The transformation of the mixed α/γ-disordered form close to the α-form obtained by
stretching, and back into an α/γ-disordered phase upon releasing the tension can best be
explained by the model of lamellar breakup in crystalline blocks and their orientation into
fibrils (Figure 6.40) which is proposed to be the determining process during mechanical
deformation of low crystalline thermoplastic elastomers.21,61,106,107 Most likely this behavior
can be explained like this: Chains belonging to the amorphous phase, connecting the crystalline domains, pass through a reversible conformational transition between the entropically favored disordered random coil conformation in the unstretched state and the extended
conformation in the stretched state. Thus, the entropic effect due to this conformational
transition is responsible for the elasticity. The relaxation may be also possible through a
mechanism which involves rearrangement of crystals and even partial melting and recrystallization with formation of a structure very similar to that of the unstretched film. To confirm which mechanism of relaxation occurs further investigations with higher resolution of
the WAXS diagrams have to be performed. As a start the deformation induced changes in
the morphology can be monitored in real space by means of scanning force microscopy.
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6. 4. 4. 2 Mechanical induced changes in morphology
To learn more about the morphological changes the solvent crystallized film of A3 was imaged with a SFM during stepwise stretching. For the SFM investigations the film was
mounted in a custom-built stretching device (Appendix B.4.4). The sequence of tensile deformations from λ = 1 to λ = 7 is shown in Figure 6.24.

Figure 6.44: Morphological changes at increasing elongation (λ = 1 (a); λ = 1.5 (b); λ = 2 (c); λ = 3 (d); λ
= 4 (e) ; λ = 5 (f); ; λ = 6 (g) and λ = 7 (h)
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The phase shift image taken at λ = 1 (Figure 6.44a) reflects the undeformed state, where
randomly distribute lamellae and smaller crystalline blocks were present. These data suggest that owing to the relatively low isotacticity the crystals form a dense network. Stretching to λ = 1.5 in the stress strain curve a steep region, the so-called Young's modulus region is developed, which is dominated by partially reversible structural reorientation.21 The
SFM phase shift image (Figure 6.44b) shows only some re-orientation of some of the crystalline lamellae occurs, but most of them remain unoriented. This gives evidence that mainly tie chains within the amorphous regions become extended. Similar trends can be observed after the samples is stretched to λ = 2, but here the orientation of large crystals
(Figure 6.44c) becomes more obvious. The tilting of the lamellae occurs in such a way that
the chain folds are aligned with the tensile axis. Within this deformation regime the observed stress is constant. When the sample is elongated beyond λ = 2 the stress start to increase with further elongation. This increase in stress is associated with the progressive
breakup of crystallites (Figure 6.44d). Only a few, large lamellae survive, preferably these
which were aligned parallel to the stretching direction. Therefore, at this draw ratio the
stress was sufficient to break up the initial ribbon-like crystals into small blocks.328 The increase in stress (Figure 6.43) points out that the local stress required to break a given crystallite becomes higher when the crystallite size decreases.
When the sample is stretched to λ = 4 (Figure 6.44e) almost all of the original crystallites
are destroyed. However, they are not all transformed in small blocks with an average width
of 7 ± 2 nm until an draw ratio of λ = 5 is reached (Figure 6.44f). The images taken at λ =
6 (Figure 6.44g) show blocks aligned in the stretching direction resulting in fibrillar structures which are seen to span more than a few hundred nanometers. These fibrils are reminiscent on a beads-on-a string structure where the crystalline blocks are detected as the
slightly wider regions (beads) connected by slightly darker fibrils having a width in the narrow direction about half of the block width. These thinner microfibrils oriented in the strain
direction might consist of originally amorphous sequences.326,328 Since SFM phase shift images are sensitive only to changes in local stiffness, lamellar crystals as well as oriented
soft segments could both appear to be “stiff” enough to provide contrast. In the final stage
(λ = 7) almost all blocks and tie chains are aligned along the direction of the tensile axis
resulting in a highly oriented fibrillar structure depicted in Figure 6.44h. Since the fibrils
are perfectly straight, they have to be under stress. This structure is very similar to the loadbearing microfibrils imaged by electron microscopy in highly oriented ultra-thin poly-ethylene.77,78 Thus, at high elongation a morphology has been formed similar to the fibrillar
structure observed for higher crystalline samples.
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Figure 6.45: To analyze the local deformation the distance of crystalline block along the stretching direction
was determined from cross scetional plots (b) of the phase shoft image (a)

The closer examination of the microfibrillar structure points out that at increasing elongation the distance between adjacent crystalline blocks increases along the stretching direction. This suggests the continuous elongation of the amorphous domains at increasing draw
ratios. To quantify the local deformation in stretching direction, the distance between crystalline blocks along the stretching direction was determined from cross-sectional plots
(Figure 6.45).

Figure 6.46: Correlation of block distance (circles) with stress strain curve (line); open circle marks the
distance of lamellar blocks in a relaxed lamellae.
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Plotting the distances versus the elongation, strain induced microscopic changes in
morphology (circles, Figure 6.46) can be correlated to the macroscopic stress-strain behavior (line, Figure 6.46). Within a deformation regime between λ = 1 - 3, where mainly the
amorphous regions are elongated and the break up of the rod-like lamellae occurred, the
distance between adjacent crystalline blocks along the stretching direction is nearly unchanged but a substantial increase in the distance between adjacent crystalline blocks can
be observed when the draw ratio increase from λ= 3 to 4. Thus, stress is high enough to
break the lamellae apart and smithereens are formed which start to align along the stretching direction detectable as a strong increase in the domain distance (Figure 6.46). The increase in stress can be attributed to the fact that the smaller, thus shorter, the lamellae are
the higher the stress necessary to break them up. When the draw ratio λ > 4, microblocks
are formed all over the sample which aligned along the stretching direction revealing a fibrillar superstructure (Figure 6.44d). Now, the increase the draw ratio leads to a nearly linear increase in stress. This is accompanied by a growing block distance along the stretching
direction. The also linear increase in block distance points out that the amorphous chains
connecting the microblocks are elongated in the same ratio as the macroscopic draw ratio
increase. At higher elongation λ = 7 the flexible chain segments are nearly perfectly parallel aligned and form a microfibrillar structure (Figure 6.44g). The aligned chains start to
crystallize due to the applied stress and the increase in block distance is no longer linear
(not shown here).

Figure 6.47: Morphological changes after relaxation show different domains either consisting of randomly
distributed crystalline blocks (a) or of alligned fibrils (b).

Stress-relaxed specimen have been prepared by stretching a film up to λ = 7, keeping it under tension for 1 min at room temperature, then removing the tension, allowing the specimens to relax. After releasing the stress, film relaxes to the unstressed state. An elastic
recovery εrev of 75 ± 5% refers to irreversible changes in the polymer structure during de-
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formation. SFM phase shift images of a relaxed sample (Figure 6.47) confirm this results.
After releasing the stress the extended amorphous domains contracts and the most part of
the sample reveals randomly distributed crystalline blocks (Figure 6.47a). These result
confirms the proposed structural model, that small crystalline domains act as physical
crosslinks for the amorphous matrix. Within some areas oriented fibrils with a beads-on-a
string structure persist (Figure 6.47b). Along the fibrils the average distance between the
individual crystalline blocks is reduced compared to the stretched state (λ = 7) (open circle,
Figure 6.46). Thus, the entropy driven relaxation of the amorphous interspaces can be proposed. The distance is larger than the one estimated in the unstretched state, it might be
suggested that some fraction of the amorphous chains crystallized under stress and can not
entropically relax. Thus, for the relaxation also morphological changes due to melting and
recrystallization might be taken into account. To proof this assumption further studies also
concerning the thermal behavior are necessary.
These results obtained from WAXS studies in combination with the SFM experiments lead
to the conclusion that the proposed structural model for the deformation of low crystalline
polymers also fits for low isotactic polypropylenes with randomly distributed stereoerrors.
It has to be taken into account that small randomly distributed crystalline domains are proposed to act as physical crosslinks for the amorphous matrix are not initially formed during
crystallization from solution or melt, but generated by crystallite breakup and orientation of
small crystalline blocks when the samples is stretched for the first time. Since the breakup
of crystallites is essentially irreversible plastic deformation it contributes to the large degree of strain hysteresis observed as reduced elastic recovery between the first and second
deformation cycle. When randomly distributed crystalline blocks have been formed, the
samples show no further decrease in the elastic recovery. Thus, chain segments belonging
to the amorphous phase, connecting the crystalline regions are elastically deformed. These
amorphous chains are entangled and connect, as tie-chains, the small crystalline domains.
They act as springs between the crystals, which are in extended conformation in the
stretched state and return in the disordered coil conformation when the tension is removed.
The amorphous chains pass through a reversible conformational transition between the entropically favored disordered random coil conformation in the unstretched state and the extended conformation in the stretched state due to an entropic effect. Thus, the investigated
low isotactic sample with a mmmm content of 36% can proposed to show entropy driven
elastic behavior when they are deformed.
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6. 4. 5 Summary
The distribution of the hard segments strongly influences the polymer morphology and the
solid state properties of the amorphous, styrene based TEP´s. Hence, it was of particular interest to analyze whether a similar influence of the isotactic block length distribution in the
formation of crystalline blocks can be found for propene based TEP´s. Therefore, the chain
microstructure and the resulting morphology of a low isotactic polypropylene with randomly distributed stereoerrors was investigated and compare the structures reported for
isotactic polypropylenes, especially the one found for stereoblock polypropylenes. The
examined elastomeric polypropylene with 36% mmmm pentads synthesized by a C1-symmetric catalyst (11) shows two distinct melting transitions in its DSC curve. According to
literature, this gives strong evidence43 that a polymer with a random distribution of isotactic
sequences was obtained using catalyst 11. The melting peaks can be attributed to two crystalline fractions consisting of chains with different block length. The crystalline fraction
LM2 melting at higher temperature contains longer isotactic sequences with niso,2 = 30 ±0.5
monomers. Longer, regular blocks can also contribute to the other crystalline fraction LM1
consisting mainly of shorter isotactic blocks with niso,1 = 22 ± 0.5 melting at lower temperature. These result give experimental evidence that the proposed chain-back-skip mechanism202,203,232 lead to polypropylenes with a randomly distributed isotactic sequences.
Most likely, the effect of the random incorporation of stereoerrors is shortening the length
of the regular isotactic crystallizable sequences and, therefore, reducing the crystallization
rate and the degree of crystallization. Besides, the presence of defects will favor the crystallization of the γ-form. WAXS experiments on melt pressed films revealed that metallocene-made low isotactic polypropylenes containing a random distribution of defects
crystallized in mixed α/γ form aggregates. SFM phase shift imaging revealed the phase
separated structure of the polymers where imperfect lamellae are randomly distributed
within an amorphous matrix. The lamellae are composed of bundled chains crystallized in
a granular morphology. Different preferred branching angles (40° and 80°) between adjacent lamellae confirm the formation of both α- and γ-form crystallites. This evidences that
the investigated low isotactic polypropylenes resemble lamellar structures known for highly isotactic polypropylenes 289, but the shorter regular blocks lead to mainly imperfect
lamellae. Hence, similar to low isotactic stereoblock polypropylenes, also low isotactic
polypropylene with randomly distributed stereoerrors form structures remiscent of highly
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isotactic PP. Unless as in amorphous TEP´s, random and block polypropylenes cannot be
discriminated owing to their morphology.
To figure out if the change in chain microstructure leads to characteristic differences in the
polymer properties compared to stereoblock polypropylenes, it was necessary to understand how and to what extent these low isotactic polypropylenes crystallize. Therefore,
time and temperature crystallization experiments are performed using DSC, WAXS and
SFM. These experiments show that the formation of the mixed α/γ form is a result of two
competing kinetic and thermodynamic effects.282,329 During the isothermal crystallization
from the melt initially crystals of the α-form were developed consisting of longer isotactic
sequences. The formation of crystals of γ-form is slow and can observed only at longer
crystallization times. The lamellar fraction contains mainly shorter isotactic sequences.
Time dependent SFM phase shift images indicate that the crystals of γ-form are probably
nucleated over the initially formed crystals of α-form. These results confirms the assumption that low isotactic polypropylene with randomly distributed stereoerrors form structures
reminiscent of highly isotactic PP289.
Deformation mechanism proposed for TEP postulated crystalline break-up and alignment
in beads-on-the string-like structures as the determining structural changes during stretching. The elastic recovery of TEP´s occurs mainly due to the entropy driven relaxation of
the amorphous segments. SFM phase shift images of stepwise stretched samples show that
this mechanism fits also for ow isotactic polypropylenes with randomly distributed isotactic sequences. Further SFM experiments where the morphology of relaxed samples was
discovered give strong evidence that randomly distributed microblocks were generated
when the polymer is stretched for the first time. In following stretching experiments these
microblocks act as crosslinks. Thus suggests, that initially formed crystalline morphology
has a limited influence in the elastic properties of propene based TEP´s. The elasticity is
mainly determined by the strain induced morphology. To proof this assumption further
crystallization and deformation experiments with low isotactic polypropylenes, which have
the same isotacticity, but different chain microstructure are necessary.
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6. 5 Solid state properties of elastic polypropylenes with
variable tacticity
Since isotactic polypropylenes are semicrystalline polymers their morphology depends the
amount and length of isotactic sequences. Therefore it is of importance to investigate the
influence of the isotactic content in the crystallization behavior of polypropylenes with statistically incorporated stereoerrors. A series of polypropylenes was prepared with catalyst
11 at increasing polymerization temperatures and reduced monomer concentration leading
to isotactic polypropylenes with mmmm contents ranging from 26 to 58% (Table 6.1).
WAXS spectra are preformed to assign the crystalline phases and DSC experiments were
carried out to learn more about the distribution of the crystalline phases. The combination
of WAXs and DSC experiments may help to learn more about the crystallization behavior
of these new materials. To enlighten the sample morphology SFM studies are preformed on
both thin films and bulk samples.

6. 5. 1 Crystalline microstructure

6. 5. 1. 1 Crystallization behavior
It is generally accepted that various melting transitions indicate the formation of more than
one distinct crystallite size due to a non-equal distribution of isotactic block lengths. This
distribution may limit the number of lamellae of a given thickness that can be formed.
Assuming that the lamellae mainly consist of isotactic sequences, then the melting temperature Tm is controlled by the average segment length niso.290 Thus, the detected melting
temperature can be used to estimate the isotactic block length niso.99 Therefore to study the
influence of the chain microstucture DSC experiments can be used. To investigate the influence of the isotacticity DSC curves were recorded for a series of polypropylenes with
mmmm contents ranging from 26 to 58% (Figure 6.48). The DSC curves for samples with
mmmm contents below 40% show two melting regimes, M1 and M2, with maxima TM1 between 320 and 325 K, and TM2 > 360 K, respectively. This strongly refers to the formation
of two fractions of crystalline lamellae with different thickness. The bimodal distribution
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of lamellar crystal growth leads to the conclusion the investigated samples have a homogeneous random distribution of isotactic sequences.43,302 Thus, the proposed incorporation of
stereoerrors took place in a statistically manner. Samples with mmmm contents above 40%
reveal a third melting transition M3 appearing at TM3 > 390 K referring to the formation of
an additional lamellar fraction LM3. The high melting temperature suggest the formation of
a thicker lamellae. This indicates that at higher polymerization temperatures the formation
of longer isotactic sequences is favored. Therefore, most likely samples prepared at higher
polymerization temperature having mmmm contents above 40% have no longer an ideal
homogeneous distribution of isotactic sequences, but similar as in stereoblock polypropylenes longer isotactic sequences can be generated.

Figure 6.48: DSC curves of isotactic polypropylenes with increasing mmmm content reveal several
crystalline fractions.

For polypropylenes containing randomly distributed stereoerrors330,331 linear correlations
were also established between the mmmm content and melting point using Flory´s relation6
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⎛ R ⎞
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with TM = observed melting temperature; T0M = equilibrium melting temperature of the corresponding melting transition; R = gas constant, ΔH# =# #molar heat of fusion of the corresponding #melting transition; p# = probability for an isotactic unit ranging from 0 to 1. Thus,
a closer look to the melting temperatures (Table 6.6) will give further insides in the stereoerror distribution.
Table 6.6: Characteristic data from DSC experiments

TM1 b

A1

26

325.0

3.1

A1a

28.0

323.1

7.4

A2

30.1

322.2

361.2

6.1

A2a

31.9

322.7

362.3

8.2

A3

35.6

321.3

366.1

13.9

A3 a

32.1

323.1

363.3

6.7

A4

43.4

322.2

370.6

392.3

32.2

A5

54.2

321.7

375.9

396.6

46.8

A5a

51.7

321.5

372.2

401.1

36.1

A5b

57.9

321.0

375.1

406.7

42.5

a

TM2 b

TM3 b

ΔHtot c

mmmm a

%, b K, c Jg-1

Plotting 1/TMn versus ln p, three distinguished straight lines with different slopes can be
seen (Figure 6.49a) confirming the formation of polypropylenes with a random random
distribution of the stereoerrors. The observed three lines give strong evidence that three different crystalline fractions are formed. To get further information about the properties of
the various crystalline fractions the slope and the axis intercepts are estimated. The slope of
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the plotted lines can be used to calculate the enthalpy of fusion ΔHM for the given crystalline populations. The axis intercepts at at ln p = 0 (100% isotacticity) determined for the
two lamellar populations can be used to estimate the melting temperature T0M2 for an infinitely thick crystal of the corresponding lamellar fraction. Since the thickness is correlated
to the isotactic block length, this analysis allows one to estimated the prevailing isotactic
sequences forming a lamellar population.

Figure 6.49: Plotting 1/TM versus the possibility p three crystalline fractions can be distinguished which are
correlated to three lamellar fractions with different preferring block length (b).

Beside this, the plot (Figure 6.49a) can be used to assign the melting temperatures belonging to a given crystalline fraction. A straight line with a slope close to 0 and an axis intercept of 2.023 is the best fit for the melting temperatures assigned to the first melting transition M1 (squares, Figure 6.49a). Based on this an average melting temperature TM1,aver of
322.5 ± 1 K can be estimated for this crystalline population. Using equations (16) and (17)
allows one to estimate an isotactic block length niso,1 for the different the crystalline fraction LM1. About 22 ± 0.5 consecutive isotactic monomers will form for the thinnest lamellae. Plotting niso,1 versus the mmmm content (squares, Figure 6.49b) show a nearly straight
line. Thus, the difference in block length might be neglected for different mmmm content.
According to the crystallization experiments shown in Chapter 6.4.3 the melting transition
M1 can be correlated to the melting of mainly γ-phase lamellae. Since Bond et al.274 showed
that the lamellar thickness increase when the amount of γ-orthorhombic phase increase, the
decrease in melting temperature at increasing mmmm content most probably can be explained due to a decreasing relative amount of γ-phase within the thinner lamellae.
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To rate the amount of lamellar fraction LM1 the heat of fusion ΔHTM1 was determined and
plotted versus the mmmm content (unfilled circles, Figure 6.50a). An asymptotic progression for ΔHTM1 with increasing isotactic content can be found pointing out that at higher
polymerization temperatures the amount of shorter isotactic blocks is reduced. To confirm
this assumption, the amount of thin lamellae LM1 was estimated in relation the total heat of
fusion ΔHtot (Table 6.6). Now, a clear decrease in the relative amount of thin lamellae increasing mmmm content (Figure 6.50b) can be seen. This confirms the assumption that at
higher polymerization temperatures preferably longer isotactic sequences are formed most
likely because of the reduced incorporation of stereoerrors, whereas at lower polymerization temperature the incorporation of stereoerrors is favored leading to shorter isotactic
blocks.

Figure 6.50: Total enthalpy of fusion ΔHtot (a, filled circle) and enthalpy of fusion for ΔH1 (a, unfilled
circles) enable to determine the relative amount of short blocks (b).

The melting transitions M2 and M3 fit straight lines (circles, Figure 6.49a), which appear to
have similar slopes. The slope of the plotted lines was used to calculate the enthalpy of fusion ΔHM2,3 for the given crystalline populations. The obtained value ΔHM2,3 = 10.5 ± 0.5 kJ
mol-1 is in agreement with values of ΔH ranging from 8.8 to 10.9 kJ mol-1 reported earlier
273,332-334 for
highly isotactic polypropylenes. This gives strong evidence that the lamellar populations LM2 and LM3 form crystalline structures similar to the one observed in highly isotactic polypropylenes. Although the slopes of the lines are similar, the different axis intercepts observed for the lamellar fractions LM2 and LM3 imply that they consist of isotactic
sequences with different length.
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For the lamellar population LM3 from the axis intercept at ln p = 0 a melting temperature
T0M3 = 448 K was obtained, which is in good agreement with the melting temperature of a
perfect isotactic lamellae crystallized in α-modification.274,335 Due to this, the length of the
isotactic sequences can be estimated using equations (16) and (17) by means of the melting
temperatures TM3 (Table 6.6). Most likely the lamellar fraction LM3 consist of isotactic sequences which have block length niso,3 ranging from 38 to 42 monomers. Plotting these values versus the amount of mmmm pentads (open circles, Figure 6.49b), a linear correlation
between the isotactic block length and the mmmm content has been found for mmmm contents between 25 and 55%. The amount of the lamellar fraction LM3 was rated by the heat
of fusion ΔHTM3. A nearly constant value of 5.5 ± 0.8 Jg-1 points out that the number of
thicker lamellae is independent from the isotactic content. Most likely, the lamellae becomes thicker when the amount of isotactic pentads increases due to an increase in isotactic
block length. The other lamellar fraction LM2 reveals a lower melting temperature T0M2 =
404 K indicating the formation of thinner lamellae. Although the melting temperature increase with increasing mmmm content, no correlation between the isotactic content and the
isotactic block length. By means of the observed melting temperatures TM2, isotactic block
lengths ranging between 28 and 32 monomers are estimated (filled circles, Figure 49b).
Since this melting transition is the most prominent one and ΔHTM2 increase with increasing
mmmm content (TM2, Figure 6.47) it might be suggested that during the polymerization of
polypropylene using catalyst 11 mainly isotactic blocks with medium length are formed.

6. 5. 1. 2 Crystalline phases
The WAXS diffraction patterns obtained for samples with increasing isotacticity reveal
properties vary from those of a nearly amorphous polymer (26%, Figure 6.51) to those of a
polymer characterized by pronounced crystalline peaks (54%, Figure 6.51). Estimating the
crystallinity xWAXS (Appendix B.2) and plotting the values versus the mmmm content (Figure 6.52) a continuous increase in crystallinity xWAXS with the mmmm content can be found.
A closer look to the plot points up that two regimes can discriminated, which can be fitted
by lines with different slopes. For isotacticities ranging from 25 to 40% mmmm, a lower
slop can be found as for mmmm contents above 50%. A similar dependency on the mmmm
content was found for the isotactic block length niso (Figure 6.15). This leads to the conclusion that a reduced amount of stereo errors results in higher amounts crystallizable blocks.
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The two different regimes might refer to a change in the stereoerror distribution within the
different mmmm regimes.

Figure 6.51: WAXS diagrams of isotactic polypropenes with increasing amount of isotactic sequences reveal
the change from mainly amorphous to semicrysalline materials.
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Figure 6.52: The crystallinity xwaxs reveal two regimes with different slope.

The low crystallinity does not allow to unambiguously assign the crystalline forms, but after subtracting the amorphous halo and fitting the resulting curves using Lorentzian type
curves (Appendix B.2) crystalline peaks appears more clearly. The recalculated curves
(Figure 6.53) reflect the crystalline peaks more clearly. Reflections at 2θα = 18.6° (130)α
and 2θγ = 20.1° (117)γ appearing with similar height refer to the formation of similar
amounts of α- and γ-phase lamellae. This is on one hand a surprising result, because according to the literature281,289,290, the low isotactic block lengths determined by NMR and
DSC suggest that preferentially γ-phase lamellae will be formed. On the other hand, it has
been shown 294 that γ-phase lamellae are only developed by secondary crystallization on αform lamellae. Thus, the presence of γ-crystals requires previously the formation of a finite
amount of α-phase lamellae. Beside this, when the samples are crystallized form the melt
with constant cooling rate the formation of α-phase lamellae is kinetically favored.303 Thus,
to unambiguously correlate the isotactic block length to a prevailing crystalline phase289
further experiments have to be performed, where the samples are isothermally crystallized.
One possibility to correlate the different crystalline phases to a given melting transition is
to determine the relative amounts of α- and γ-phase lamellae within a temperature range
starting at room temperature up to 400K58 and correlated this parameter to the melting transitions observed in corresponding DSC curves. In Figure 6.54 the DSC curve of a sample
with 54% mmmm content (A5, Table 6.1)58 are displayed (Figure 6.54a). The temperature
dependent changes α- and γ-phase plotted in Figure 6.54b. This plot shows that the de-
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crease in a given crystalline phase can be correlated to a distinct melting transition (Figure
6.54).

Figure 6.53: Recalculating WAXS diffraction diagrams reveal peaks characteristic for α- and γ-phase with
similar amounts (a = 30 %, b = 54 %).

The first melting regime M1 starting at 315 K reveal a maximum TM1 at about 322 K (Figure 6.54a) and merge in the second melting transition M2 showing a maximum TM2 at about
368 K. These two melting regimes can be primarily correlated to the melting of γ-phase
lamellae, because the crystalline fraction Xγ strongly declines around the observed melting
transitions. Rating decrease in the amount of crystalline fraction Xγ the main part (about
70%) of the γ-phase lamellae melts within the first melting transition M1. According to the
results obtained so far, this regime can be correlated to the melting of thinner crystalline
lamellae LM1, which contains mainly isotactic sequences niso,1 with 22 ± 0.5 consecutive isotactic monomers. Thus, the thinner lamellae LM1 are mainly formed by γ-form lamellae.
The crystalline phase LM2 attributed to the melting of lamellae consisting of 28 to 32
monomers in isotactic sequences contain also some lamellae crystallize in γ-form, but additionally α-form crystals will melt within this temperature range. This can be deduce from
the fact that at both both α- and γ-phase crystalline fractions decrease with similar amount
when the temperature exceeds 350 K. This suggests that the crystalline fraction LM2 containing longer isotactic sequences crystallizes preferably in a mixed α/γ phase. Most likely
the lamellar fraction LM3 contains α-phase lamellae, but the low remaining crystalline
amount xDSC,M3 < 3% allows no unambiguous assignment of the crystalline phase.

Thermoplastic-elastomeric polypropylenes
133
_______________________________________________________________________________

Figure 6.54: Correlation between melting transitions (a) and crystalline modifications (b) show decrease in
γ-modification (unfilled circles) at TM1, whereas the α-form melts preferably at higher temperatures TM2.

The results obtained from temperature dependent WAXS experiments are complimented
by additional temperature dependent SFM investigations, where the crystallization of sample A5 is monitored. For this purpose a dip coated thin film is heat to 420 K and cooled
down from the melt to 360 K and further down to room temperature (Figure 6.55).

Figure 6.55: Morphology obtained at different temperatures reveal the different lamellar phases; at 350 K
mainly the cross hatched α-form lamellae (a) is formed, whereas after cooling to room temperature mainly γmodification crystallites (b) can be seen.
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The SFM phase image taken at 360 K ( (Figure 6.55a) ) displays the formation of long
rod-like lamellae with shorter lamellae growing egde-on with an angle of 80 ± 5°. This implies that at higher temperatures mainly α-phase lamellae are formed. Thus, most likely the
third melting transition M3 can be attributed to the melting of long isotactic sequences crystallized in α-form. Cooling the sample further down to room temperature (300 K), densely
packed lamellae can be seen growing from a nucleus with an angle of 40 ± 3°. Thus, at
lower temperatures the crystallization of lamellae in γ-form prevails. The SFMs result are
in accordance to the WAXS measurement, where the melting of preferentially γ-form appear at lower temperature confirming the proposed co-crystallization of α/γ-form lamellae
(c.f. Chapter 6.4.3). The co-crystallization of α/γ-form might be one reason, why the revers melting temperature of the lamellar fraction show a linear increase with the mmmm
content, but on the other hand the isotactic block length seemed to be independent from
this parameter. The deviation might be due to the fact that equation used to estimate the
block length (Equation 17) postulates a perfect isotactic lamellae crystallized in α-phase,
but in the lamellar fraction also γ-form crystals present which are unaccounted in the
results.

6. 5. 2 Morphology

6. 5. 2. 1 Dip coated films
To study the influence of the mmmm content on the polymer morphology, thin dip-coated
films are prepared from a series of polypropylenes with isotacticities ranging from 28 to
54%. Phase shift images (Figure 6.56a - h) taken at a scan range of 2 x 2 µm2 show that all
samples form rod-like lamellae with lengths between 250 to 700 nm. Thus, rod-like lamellae can proposed to generate the basic structure of polypropylenes with mmmm contents
between 25 and 54%, but depending on the amount of isotactic sequences, the arrangement
of the lamellar phase changes. When the isotacticity is below 30%, mainly individual rodlike lamellae are formed (26% and 28% mmmm, Figure 6.56a, b) which act as stable nuclei for the secondary crystallization of shorter edge-on lamellae with lengths between 250
and 350 nm. A branching angle of 80 ± 5° between the primary lamellae and the shorter
branches (arrows, Figure 6.56a, b) strongly evidences that these are lamellae crystallized
in the monoclinic α-form.55 Adjacent to the bright lamellae a second slightly darker, dif-
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fuse phase can be observed, which extends up to 50 nm in the amorphous matrix. Since this
phase appears brighter than the amorphous matrix an ordered phase consisting of aligned
shorter isotactic sequences might be proposed. With increasing amount of mmmm pentads
(30% - 36% mmmm, Figure 6.56c - e), rodlike lamellae growing from different aggregates
meet and join at various angles. At the same time, the amount of the diffuse phase increase.
The crystalline structures, lamellae as well as the diffuse phase, accumulate until a densely
packed structure has been formed. Now, in addition to the edge-on lamellae, crosshatch
pattern can be found (51% mmmm, arrow, Figure 6.56f). It may concluded, that in
polypropylene thin films the lamellae crystallize preferably in the monoclinic α-form.55

Figure 6.56: Phase images of dip coated samples taken at a scan range of 2 x 2 µm2 reveal a lamellar
structure (a = 26%, b = 28%, c = 30%, d = 32%;, e = 36%, f = 51%).

The amount of hard, crystalline material was determined from the phase shift images using
the "black and white" analysis tool (c.f. Appendix B.4.2). Plotting the amount of hard
phase versus the mmmm content (circles, Figure 5.57), the same dependence on the isotactic pentad content could be observed as for the crystallinity xWAXS (open circles, Figure
5.57) but a higher amount of hard phase was found compared to the crystallinity xWAXS. At
first can be explained by the different sample preparations used for SFM and WAXS inves-
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tigations. Usually, in dip coated films used for SFM experiments the crystallization is favored compared to bulk samples used for WAXS experiments. Beside this, due to the finite
tip radius of the used cantilever hard domains appear larger than they are (c.f. Chapter
4.4). Thus, crystallinity determined from the amount of hard phase is slightly larger than
the real one. It is not also at priori clear whether or to what extend the fibrils protrude from
the surface. Bearing the discrepancy in mind the hard domains show a good correlation
with the WAXS crystallinity, and the amount of bright domains in phase shift images can
be used to estimate amount of the crystalline phase of the polypropylenes.

Figure 6.57: The amount of hard phase (filled circle) determined from SFM phase shift images reveal a good
correlation to the crystallinity determined from WAXS experiments (open circle).

The higher lamellar density in the phase shift images caused by the increased crystallinity
is accompanied by a change in the topography. The samples with an isotacticity < 30% reveal individual lamellae joining at various angles (Figure 6.58a). When the mmmm contents increase, the lamellae are more densely packed and their intersections become the
center of disk-like structures appearing elevated in topography image (Figure 6.58b). For
samples with mmmm contents ranging between 30 and 40% for the disks an average diameter of about 2 µm has been found, which is independent from the isotacticity (Figure
6.58c).
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Figure 6.58: Topography images of dip coated samples taken at a scan range of 10 x 10 µm2 show a change
in structure from aggregated lamellae to densely packed circular aggregates when the mmmm content increase
(a = 26%, b = 32%, c = 36%, d = 43%;, e = 54%, f = 57%).

Figure 6.59: SFM topography image of a highly isotactic polypropylene reveals extended lamellae structures
resembling its spherulitc structure in two dimensions.
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At mmmm contents > 40%, smaller circular features with a diameter of about 1 µm appear,
where no individual lamellae can be distinguished (Figure 6.58d). The diameter of the
disks increase with the mmmm content from 1 to 5 µm (Figure 6.58e, f). Similar, but larger
structures were observed on highly isotactic dip coated polypropylene films (Figure 6.59).
The structures are assigned to two-dimensional spherulites. Therefore, most likely the circular features observed in the topography images can suggested to be resemble a
spherulitic pre-state. This supports the assumption that low isotactic polypropylenes resembles morpholgical features of highly isotactic polypropylenes.

6. 5. 2. 2 Bulk morphology
Although dip coated films were shown to reflect the morphology of semicrystalline polymers in a good way, the bulk structure of melt pressed samples might be different because
different crystallization rates of samples with various thickness may change the degree of
crystallization. This necessitates the additional investigation of bulk samples. To enlighten
the bulk morphology of the polypropylenes, phase shift images have been performed on the
surface of microtom cut samples, which mirror the phase-separated bulk structure more realistic (Figure 6.60a-f). To begin with, when the mmmm content is about 26% only small
crystalline blocks are formed (Figure 6.60a), which arranged parallel to each other
forming beads-on-the-string like aggregates. With an increasing amount of isotactic sequences, the lateral size of the blocks extends and the structure passes into a lamellar
morphology (Figure 6.60b). At isotacticities above 30%, an increasing number of lamellae
are formed. At some of the longer lamellae shorter secondary grow edge-on (Figure
6.60c). An angle of 80 ± 5° in between primary and secondary crystalline lamellae suggests
the crystallization of lamellae in the monoclinic α-form.55 When the isotacticity exceeds
30%, the lamellae aggregate and join at various angles forming a branched lamellar
morphology (32% and 34% mmmm, Figure 6.60d, e) resembling a star-like features. Since
the branching angle between two lamellae (marked with an line, Figure 6.60e) is about 40
± 3°, these structures can be assigned to lamellae where α-/γ-form co-crystallized.55,283 For
all lamellar features explained so far an average thickness l = 7 ± 2 nm has been found. Using equation 16, this thickness can be correlated to an isotactic sequence length niso = 35 ±
5 monomer units, which is in good agreement with the block length of the predominant
crystalline phase LM2 determined from the DSC experiments (c.f Chapter 6.5.1).
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Figure 6.60: Phase shift images of bulk samples taken at a scan size of 2 x 2µm2 point out that the rod-like
features are the center of disk-like superstructures (a = 26% mmmm, b = 28% mmmm, c = 30% mmmm, d =
32% mmmm, e = 36% mmmm, f = 54% mmmm).

A closer look to samples with more then 30% mmmm reveals in between the lamellae, an
additional bright (thus hard), granular phase (Figure 6.60d). When the mmmm content increases, the number of granules increase and they are aligned in a lamellar fashion (Figure
6.60e). The thickness of both, the granules and the resulting lamellae, was determined to be
5 ± 1 nm2. Due to this, it might be proposed that shorter chain segments of about 23 ± 4
consecutive isotactic units form this crystalline fraction. With further increase in the isotacticity (mmmm > 50%), only more extended lamellar structures with an arborescent shape
can be found consisting of lamellae with an average thickeness of 7 ± 2 nm (Figure 6.60f).
This suggests that, at higher isotacticity preferably medium size isotactic blocks with an
average block length between 25 and 35 monomer units the more extended crystalline
domains.
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6. 5. 3 Mechanical properties
The results obtained so far give strong evidence that the joint lamellae in combination with
the granular substructure provide the flexible crystalline network required for low-crystalline polymers to behave like elastomers.42 The increase in crystalline density most like
will result in improved mechanical strength, but, on the other hand, they might reduce the
elastic recovery. To study the influence of the morphology in the macroscopic mechanical
behavior, melt pressed samples are subjected to uniaxial stretching until they fail (Figure
6.61).

Figure 6.61: Stress-strain curves for samples with increasing amount of isotactic pentads show the increase
in mechanical strength at increasing mmmm content.

The first examination of the curves reveal to different characteristic for samples below and
above 40% isotacticity. As long as the mmmm contents are below 40%, a constant increase
in stress with increasing strain can be observed characteristic for elastomeric deformation
of rubber elastic materials. For draw ratios λ > 1.5 the stress-strain curves observed for
samples with mmmm contents below 40% reveal two deformation regimes which can be
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discriminated due to different slopes. First, the stress only slightly increases at higher draw
ratios resulting in a so-called "elastic plateau" ranging (c.f. Chapter 6.4.4). Typically, the
elastic plateau regime ranges from λ = 1.5 - 9. For this regime low stresses in the range between 0.5 and 1.5 MPa have been observed (Table 6.7). The nearly stress in this region is
mainly attributed to the lamellar break-up and in the formation of crystalline blocks, c. f.
Chapter 6.4.4. When the samples are stretched at draw ratios above λ = 9, a strong increase in stress can be observed indicating strain-hardening. This might be occur most
probably due to strain induced crystallization of parallel aligned stretched amorphous
chains. The samples fails at maximum stresses σmax in the range of 4 - 8 MPa (Table 6.7).
Failure is not detected before the samples are stretched to 10 to 20 of their original length
(Table 6.7). The high maximum draw ratios refer to a low crosslinking density.
Table 6.7: Characteristic mechanical data of polypropylenes with increasing amount of mmmm pentads

mmmm a

Plateau stress Rupture stress Elongation to rupture
σYield b
σmax b
λmax

A1

26

0.4

0.8

22.2

A1a

28.0

0.5

0.6

21.2

A2

30.1

0.5

2.6

14.6

A2a

31.9

0.8

4.8

12.7

A3

35.6

1.1

4.6

10.5

A3 a

32.1

0.7

5.7

12.9

A4

43.4

3.2

8.7

9.4

A5

54.2

5.2

16.7

8.9

A5a

51.7

5.0

8.9

8.3

A5b

57.9

5.7

12.4

8.8

a

%, b MPa

Stretching samples with mmmm contents above 40% beyond the elastic regime, small yield
points were developed (Figure 6.61) indicating irreversible changes in the lamellar struc-
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ture. None of the samples shows a distinct yielding zone with constant stress characteristic
for thermoplastic polymers, but an elastic plateau region with slightly increasing stress can
be observed ranging from draw ratios λ = 1.5 to 3, which is small compared to the elastic
samples (A1 -A3). Beside this, a distinct region of strain hardening can be observed (Table
6.7). Thus, increased maximum stresses σmax can be observed before the samples fail at
reduced maximum draw ratios λ < 9. This deformation behavior is characteristic for plastomeric polymers.187,189 The improvement of mechanical parameters can be explained by
the presence of a larger quantity of crystalline lamellae, c.f. Figure 6.57. This suggests
that, when the mmmm contents exceeds 40%, the deformation behavior switches from elastomeric to plastomeric.

Figure 6.62: The Young´s modulus increases with increasing amount of isotactic pentads indicating an
increasing amount of hard segments.

The change in deformation behavior is accompanied by an increase in the Young´s modulus determined from the slop of the linear curve section appearing at draw ratios below λ =
1.5.4 Plotting the Young´s modulus versus the mmmm content (Figure 6.62) two regimes
can be discriminated. Samples with isotacticity below 40% reveal low values for the elastic
modulus ranging from 2 to 4 MPa. In contrast, when the isotactic content exceeds 40%, the
Young´s modulus increase by a factor of 8. This increase in mechanical strength can be
attributed to a strong increase in the amount of hard phase, c.f. Figure 6.52. The increase
in hard, thus crystalline phase, is accompanied by the change in morphology from randomly distributed crystalline lamellae forming a mainly discontinuous structure to extended
lamellar domains. This change in morphology is hold responsible for the different deformation behavior 41,42, because different mechanism for the deformation are proposed for the
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different morphologies. For highly semicrystalline polymers71-80,326 the microscopic process
of tensile deformation is proposed to occur at small deformation via intra-lamellar slipping
of crystalline blocks, whereas a stress-induced crystalline block disaggregationrecrystallization process takes place at a strains larger than the yield strain resulting in a
fibrillar structure. In contrast to this, for low crystalline thermoplastic elastomers crystallite
breakup and orientation of elongated chains and crystalline microblock in a fibrillar manner
is suggested to be the determining process during mechanical deformation.21,61,106,107 The
resulting fibrillar structures mainly differ in their ability to elastically recovery. In highly
crystalline the strain induced crystallization leads to a stable fibrillar structure, whereas the
amorphous domains in the beads-on-the-string-like structures obtained stretching low crystalline polymers due not crystallize and can relax due to an entropy driven process (c.f.
Chapter 6.4.4). First preliminary SFM studies of the deformation induced changes in
morphology on samples with higher mmmm content (A5, results are not shown here 336)
give strong evidence that the combination of both mechanism may hold responsible for the
plastomeric behavior.
Due to the proposed change in deformation mechanism, also variations in the elastic
recovery of the samples are expected. To study the elastic properties, cyclic deformation
experiments are preformed by stretching the samples to a given elongation λcyc and let the
film relax after releasing the stress for several times (c.f. Chapter B.5). In Figure 6.63
cyclic stress-strain curves of either an elastic (Figure 6.63a) or a plastomeric (Figure
6.63b) samples are displayed. These curves reflects the proposed change in elastic
recovery. Whereas sample length of the elastic sample (A3, 36% mmmm, Figure 6.63a) after elongation and relaxation has been increased by a factor of about 150%, which is constant also when the sample is subjected to further cyclic deformation, the initial length of of
sample A5 (54 % mmmm, Figure 6.63a) has been increased by a factor of about 400%.
The values slightly increases when the sample is stretched further. At first, the differences
in samples recovery can be explained by the increasing degree of crystallinity. Owing to
the higher degree of crystallinity the crosslinking density is increased evidenced by higher
Young´s modulus and higher rupture stresses, the material is reinforced and the viscous
properties are reduced enhancing the elastic properties. At increasing amount of crystalline
domains also the prevailing deformation mechanism changes. For samples with low
mmmm content the suggested lamellar break-up leads to crystalline blocks. These blocks
act as crosslinks between the amorphous chain segments when the samples is stretched for
the second time and allow the amorphous chain segments to relax driven by entropy. Due
to the higher amount of stress induced crystallization in samples with mmmm contents
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above 40%, the relaxation of the amorphous chain segments is constrained . This results in
higher remaining deformation compared to samples with lower amount of crystalline domains. Quantifying the elastic recovery εrev after repeated deformation experiments as described in Chapter B.5 confirm these results (Figure 6.64a).

Figure 6.63: Cyclic deformation of samples with increasing amount of isotactic pentads reveal decreasing
elastic recovery at higher isotactic content (a = 36% mmmm; b= 54% mmmm), first cycle = line, second cycle
= dotted line.

Plotting the elastic recovery εrev versus the mmmm content, the highest elastic recovery εrev
of about 76 ± 2% was observed for specimen with mmmm contents below 40%. A strong
decline in elastic recovery approves the observed change from elastomeric to plastomeric
deformation behavior due to a change in morphology. With increasing mmmm content the
amount of the granular domains in between the lamellae increased and additional lamellae
are formed resulting in a continuous lamellar morphology. This leads to an increase in mechanical strength, but, on the other hand, reduces the elastic recovery because when the
lamellae are extended, they are irreversibly transformed into a fibrillar structure.337 Since
the samples still show elastic recovery, it might be concluded that not all lamellae are
transformed into crystalline fibrils, but some may form a beads-on-the-string-like structure,
where microblocks are connected by amorphous domains are present, which can be reversible deformed. A closer look to the data shows, that within an mmmm regime between
25 and 35% the elastic recovery εrev seemed to be independent from the isotacticity of the
sample. This is a somehow surprising result, because the elastic properties of TEP´s proposed to be attributed to the amount of crystalline crosslinks, thus, to the degree of crystallinity.10,11 Since for samples with mmmm contents between 25 to 40% the crystallinity increase linearly with the isotacticity (Figure 6.57), differences in the elastic properties are
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expected. The results imply that the initially formed crystalline domains are of minor importance for the elastic recovery.

Figure 6.64: The reversible deformation εrev of a sample determined by the remaining deformation achieves a
maximum when the isotactic content is below 40% (a), this decrease (circles) is accompanied by a strong
increase in maximum stress σmax in the first (white bars) and the second (striped bars) cycle (b); the relative
decrease in maximum stress Δσmax can be correlated to differences in the crystallinity.

According to the deformation experiments shown in Chapter 6.4.4, most likely the initially formed crystalline network breaks up and crystalline microblocks generated within the
first deformation cycle. These microblocks act as crosslinks in following stretching cycles.
The formation of the microblocks is caused due to the effective local deformation. When
the sample is stretched, at first the amorphous domains are stretched. By the time they
reach their maximum extension, a force is applied to adjacent crystalline domains. If the
applied force exceeds the stress necessary to break-up the crystalline structure a smaller
block is generated. The amount of generated microblocks can proposed to depend mainly
on the applied maximum draw ratio, but it might be reasoned that when higher amounts of
lamellae are present, more of them are destroyed during the first elongation (Figure 6.64b).
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The reduced amount of crystalline domains can be evidenced due to the relative decrease
Δσmax in stress

Δλmax =

(λmax 1 − λmax 2 )
λmax 1

(20)""

where σmax1 corresponds to the maximum stress observed at a draw ratio λcyc for the first
and stress σmax2 corresponds to the maximum stress observed at a draw ratio λcyc for the
second cycle, respectively. As expected a higher relative decrease in stress can be seen for
samples with higher degree in crystallinity (Figure 6.64b). The higher values of maximum
stress σmax2 detected for samples with higher mmmm content give strong evidence that
higher amounts of crystalline domains are present in these samples. Although, samples
with mmmm contents below 40% may reveal a low crosslinking density and their elastic
recovery is mainly determined by the entropy driven relaxation of the amorphous domains.
(open circles, Figure 6.64b). To confirm this assumption further DSC experiments have to
be carried out, where the change in crystallinity of the samples during and after deformation is monitored. Also, detailed SFM studies are necessary to confirm the proposed draw
ratio dependent changes in morphology.

6. 5. 4 Summary
Propene polymerization experiments preformed at higher temperatures and lower monomer
concentration using catalyst 11 result in materials with increasing isotacticity. This clearly
showed that the catalysts allow the control over the polymer microstructure by adjusting
external polymerization conditions. The increase in mmmm content came along with a
reduced number of incorporated stereo errors resulting in longer isotactic blocks. One aim
was to check if the resulting polymers have a random distribution of stereoerrors. DSC experiments confirm the proposed statistically incorporation of stereoerrors when catalyst 11
is used for polypropylene polymerization at different polymerization temperatures, but an
unambiguous bimodal distribution of crystalline lamellae is only indicated for samples
with mmmm contents below 40%. At higher polymerization temperatures, thus, at mmmm
contents above 40%, additionally longer isotactic sequences are generated. It might be
concluded, that at lower polymerization temperatures or using higher monomer concentration the proposed chain-back-skip mechanism favors the statistically incorporation of stere-
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oerrors resulting in a polymer chain where isotactic sequences are random distributed of
along the chain. The longer istotactic sequences appearing at higehr poylmerization temperature suggests that under these conditions beside the proposed chain-back-skip mechanism a second mechanism may occur.
DSC experiments reveal in total three melting transitions which were correlated to three
crystalline fractions containing isotactic sequences of increasing average length. The
lamellar fraction LM1 melting about 320 K consists of about 22 ± 0.5 consecutive isotactic
monomers. This blocklength niso,1 seemed to be independent from the mmmm content. The
lamellar fraction LM2 is the most significant one. Thus, samples prepared using catalyst 11
contains preferably isotactic sequences with a length niso,2 = 30 ± 2 monomers. The observed block length cannot correlated to the mmmm content, but the determined heat of fusion ΔHM2,3 = 10.5 ± 0.5 kJ mol-1 point out that this lamellar fraction form crystalline structures similar to the one observed in highly isotactic polypropylenes. This applies also for
the third lamellar fraction LM3, which only appears only for samples with mmmm contents
above 40%. This lamellar fraction shows a linear increase of the isotactic block length with
the mmmm content, niso,2 increase from 36 to 47 monomers. Since a the heat of fusion did
not change with isotacticity, the increasing isotactic block length suggests that the lamellae
becomes thicker.
Based on the SFM phase image analysis, the prevailing lamellar fraction in all samples has
an average thickness l = 7 ± 2 nm. This thickness can be correlated to an isotactic sequence length niso = 35 ± 5 monomer units, which is in good agreement with the block
length of the predominant crystalline phase LM2 allocated in the DSC experiments. The
lamellae show secondary crystalliaztion where branching angles of 40 and 80° were observed. Therfore, in accrodance WAXS experiments to it can be concluded that isotactic
sequences with a length niso = 35 ± 5 form the more perfect lamellae which in a α/γ-phase.
Besides, granules and thin lamellae, visible at higher mmmm contents, have an average
thickness of about 5 ± 1 nm2. Thus, shorter chain segments of about 23 ± 4 consecutive isotactic units form this crystalline fraction. The low block length and the observation that this
fraction did not show any branching, leads to the conclusion that the phase crystallize
preferably in the γ-form.
SFM phase images of samples with increasing mmmm content reflect the bimodal distribution of lamellae. All samples consist of well developed crystalline lamellae and small granules or thin lamellae. These basic elements form a discontinuous network, as long as the
isotacticity is below 40%. When the the isotacticity exceeds mmmm > 50% the amount of
the crystalline phase increase and more extended lamellar structures with an arborescent
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shape can be found. This gradually change in morphology from isolated crystalline lamellae to a nearly continuous lamellar structure results in a change in the deformation behavior. For low isotactic, low crystalline polypropylenes revealing a discontinuous lamellar
morphology crystallite break up and the orientation of lamellar in a fibrillar manner is the
determining process during elongation. When this structure is stretched again, the microblocks which are connected by flexible amorphous chain segments act as crosslinks.
The amorphous domains show entropy driven relaxation when the stress is released. When
the isotacticity and therefore the degree of crystallinity increase, in addition, intra-lamellar
slipping of crystalline blocks occurs at small deformation and a stress-induced crystalline
block disaggregation-recrystallization process taking place at a strains larger than the yield
strain. This leads to an increasing amount of crystalline fibrils, which show reduced elastic
recovery.

6. 6 Low isotactic polypropylenes prepared using different catalyst activation
The easy possibility to design polymer microstructures and the corresponding material
properties by variation of the catalyst structure is one significant advantages in metallocene
polymerization catalysis.183,184 In the last years it has been found that besides the structure
of the metallocene itself, various parameters of the catalytic system have a direct influence
on polymer characteristics, such as molar mass, molar mass distribution, stereoregularity,
crystallinity, copolymer composition, etc. Thus, modulating these parameters with respect
to the catalyst have attracted increasing interest. One crucial point in metallocene olefin
polymerization is, that in order to become catalytically active the metallocene complexes,
such as dichlorozirconocene [Cp2ZrMeCl2], have to be transformed in the corresponding
metallocene cation, [Cp2ZrMe]+. Organo-Lewis acids play decisive roles as cocatalysts
which transforms the complex in the active metallocene cation.183,338-345 Effective cocatalysts include methylalumoxane (MAO)181,346,347, B(C6F5)348-352 and ammonium or tritely salts
of B(C6F5)4- and related perfluoroarylborates.181,183,339,347,354 They generate electrondeficient/unsaturated “cationic” complexes abstracting alkyls or hydrides.183,338-345
Growing evidence339,347,354-356 argues, that the nature of the cocatalyst and the resulting anion
formed by the interaction with metallocene influence the properties of the highly active
cationic metallocene olefine polymerization catalyst, such as the catalytic activity, life
time, stability, chain-transfer characteristics, as well as stereoregulation. The comparison of

Thermoplastic-elastomeric polypropylenes
149
_______________________________________________________________________________

the different systems shows the strong influence of many structural parameters of the activator on polymerization activities, as well as on various polymer characteristics. Therefore,
new interesting chemical aspects concerning the chain microstructure are revealed in the
activation process.339,354 As a matter of fact, the properties of the activator are highly important with respect to its behavior and the activating mode. Therefore, in this chapter a matter
of particular interest is to study the influence of the cocatalyst nature on the distribution of
the stereoerrors along the polymer chain. Therefore a C1-symmetric complex (11, Figure
6.12) was tested in propene polymerization experiments using either MAO and
[Ph3C]+[B(C6F5)4]- for catalyst activation. In order to elucidate the influence of the activation method on stereoerror formation and polymer properties, propene polymerization experiments have been carried out where monomer pressure, polymerization temperature and
type of the cocatalyst have been varied. The polymer microstructure has been investigated
on various length scales and the resulting mechanical properties are characterized using
uniaxial stretching experiments.

6. 6. 1 Activators of the catalyst precursors.
In the early stages of metallocene olefine polymerization the active species have been introduced via aluminum alkyl cocatalysts used in Ziegler systems.180,181 These systems were
indeed capable of polymerizing ethane, but showed only a very low activity.186 The discovery and application of methylaluminoxane (MAO) by Kaminsky et al.186,357 in the end of
the 1970s accelerates the field of metallocene catalysis, because the use of MAO enhances
the activity decisively.180,358 If metallocenes, especially zirconocenes, are treated with MAO,
systems are acquired that allow the polymerization of up to 100 tons of ethene per g of zirconium.186 Methylaluminoxane186 is a compound in which aluminum and oxygen atoms are
arranged alternately and free valences are saturated by methyl substituents. MAO is received by careful partial hydrolysis of trimethylaluminum and, according to investigations
by Sinn359 and Barron360, it consists mainly of units of the basic structure [Al4O3Me6]. Since
the aluminum atoms in this structure are co-ordinatively unsaturated, basic units (mostly
four) join together forming clusters and cages, which have molecular weights from 1200 to
1600 g mol-1 and are soluble in hydrocarbons. To generate the catalytically active species
MAO is added to the catalyst precursor, in general to the metallocene dichloride, e.g
dichlorozirconocene [Cp2ZrMeCl2] (Scheme 6.4). It is assumed that methylaluminoxane
undergoes a fast ligand exchange reaction with the metallocene dichloride (Scheme 6.4a),
thus rendering the metallocene methyl and dichloride aluminum compounds (Scheme
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6.4b).356,361 In a further step, either Cl2 or CH3 is abstracted from the metallocene compound
by an Al-centre in MAO, thus forming a metallocene cation and a MAO anion (Scheme
6.4c).338,346,362,363 The alkylated metallocene cation [Cp2ZrMe]+ represents the active centre.
Scheme 6.4 implies that MAO plays several roles in the metallocene polymerization. Beside its role an alkylating agent for the generation of a transition metal-alkyl molecule, it
act as a Lewis acid for the anion abstraction from the metal-alkyl molecule generating an
electropholilic species [Cp2ZrMe]+. Furthermore, it operates as a scavenger for the removal
of impurities such as water.339

Scheme 6.4: Activation mechanism of the zirconocenes using MAO: the cocatalyst converts the zirconocene
after complexation into the active species which has a free co-ordination position for the monomer and
stabilizes the latter.

Although the discovery of MAO was the breakthrough in metallocene activation180,183,184,358
there are a few drawbacks. The synthesis of MAO is difficult, and therefore this compound
is very expensive. This fact is of particular importance, because high Al/metal ratios are required to obtain optimum polymerization activities in metallocene/MAO-catalyzed olefin
polymerization. The MAO/catalyst system becomes only catalytically active when the
Al:Zr ration is > 200:1 or even higher.364,365 An increase in the Al/Zr ratio from 200 to 5000
increases both the activity and the molar mass in propylene homopolymerization with metallocene.366 The same effect can be achieved by increasing the metallocene amounts, keeping the aluminum concentration constant, thereby indirectly reducing the Al/Zr ratio.247,248,367-369 However, the excess of MAO might sometimes create further problems.379
One possible side reaction, which can occur during polymerization is the transfer of the
polymer chain from the catalyst to Al.339 Such chain transfer reactions control the molar
mass and also the molecular weight distribution of the polymers. The extent of chain trans-
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fer to Al depends on the monomer, alkylaluminum, experimental conditions, the type of ligand of the transition metal, as well on the transition metal itself. Due to the excess of
MAO, high amounts of aluminum are present, which may favor the chain transfer reaction.
As a consequence of these disadvantages, the synthesis of substitutes for MAO339,347,354,370-372
became an interesting aspect in metallocene chemistry. Generally, as substitutes for MAO
bulky anions are used to stabilize cationic metallocene complexes in order to maintain their
activity for polymerization.366 An alternative to MAO activation is the formation of active
species via strong Lewis acids. It was observed that organoboranes, such as B(C6F5)3 351,373,
or organoborates, such as [PhNMe2H]+[B(C6F5)4] and [Ph3C]+[B(C6F5)4]354,370-372 produce
highly active catalysts for olefin polymerization, when combined with dialkyl metallocenes. These cocatalysts enhance the active site concentration and help to improve molecular weights and therefore material properties significantly.347,354,374 Therefore, [B(C6F5)4]derived base-free catalysts exhibit some of the highest reported catalytic activities349,373 .

Scheme 6.5: Catalyst activation using trityl tetrakis pentafluorotetraphenyl [Ph3C]+[B(C6F5)4] in conjunction
with tributylaluminum (TIBA)

The primary function of these boron cocatalyst is to abstract an alkyl group and to stabilize
the cation formed such, but dichlorozirconocenes do not react with the boron derivatives to
generate the active species. Thus, the synthesis of dialkylzirconocenes is required, which is
a elaborative process. Often the resulting product is highly sensitive towards air, moisture
and light as compared to the dichloro analog. Chien and coworkers developed an alternative route based on dichlorometallocene/[Ph3C]+[B(C6F5)4] + TEA (triethylaluminum)375-377
which avoids the synthesis of the dimethyl derivative. Further improvement in the use of
boron cocatalyst was the observation of Bochmann et al.378 that AlR3 reacts instantaneously
with [Ph3C]+[B(C6F5)4] to give BR3 and AlR3-x(C6F5)x when R is an isobutyl group. Thus, in
metallocene olefine polymerization often dichlorometallocene/[Ph3C] + [B(C6F5)4] + TIBA
(tributylaluminum) (Scheme 6.5) is used.379 In general, though there is no need for the addition of alkylaluminum, small amounts of alkylaluminum are usually added to scavenge
any impurities present in the system. However, the use of these scavengers might some-
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times create problems.379 As a matter of fact, the use of very pure compounds in very clean
solvents should be preferred to avoid the addition of aluminum scavengers, which may interfere with the polymerization process.339
In contrast with most MAO containing catalyst systems, which starts with metallocene dialed complexes, the boron based catalyst systems can start from alkylated metallocene
complexes such as CP2ZrR2 and avoid the alkylation requirement.339 These cocatalysts also
combine the formation of the coordinately unsaturated cation with the introduction of a
non-coordinative anion. Unlike MAO, [B(C6F5)4]- based cocatalysts activate metallocene
alkyls in a stochiometrically precise fashion.347,351,373 However, MAO free systems are
known to give extremely active catalysts for the polymerization of olefines183,186,338,380 and
even though the chemicals are not cheap, they are cost competitive since only one equivalent of the activator is needed in contrast to the excess of MAO.

6. 6. 2 Reversible chain transfer
For asymmetric indenyl-fluorenyl catalysts the formation of isolated stereoerrors was explained on the basis of a chain back-skip mechanism caused by the two opposed aryl
groups on one side of the catalyst, which define a chiral cage tight enough to favor a single
transition state geometry. More over, it has been shown for this catalyst system that beside
the catalyst structure, the activation method is an important factor in controlling the insertion of stereoerros along the polymer chain.187,188,247,248,369,382,383 For 5,6-ethoxy indenyl complexes (12, Figure 6.12), where 12a is activated with MAO and 12b with trityl tetrakis
pentafluorotetraphenyl borate in conjunction with triisobutylaluminum (TIBA) as a alkylator/scavenger, it has been found that the mmmm pentad concentration of the polymer products varies over a broad range (33-65%) depending on temperature and monomer concentration, but is independent of the Al/Zr ratio.203,247,248 This was a surprising finding, because
usually for MAO activated polymerizations, at higher aluminum contents increased activities are observed. In contrast, reduced activities at higher aluminum contents were found
with 12. This indicates a direct interaction of MAO and the ZrIV center. The lower Al/catalyst ratio in alkylation/activation TIBA/borate method led to increased molecular weights,
but also to increased isotacticities. This proved that, when using MAO as cocatalyst, the
higher aluminum content did influence the overall stereoselectivity of the polymerization
reaction. Similar results are supported by results of Nedorezova et al.369
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Scheme 6.6: Reversible chain transfer mechanism

As a consequence of the particularities of the MAO activation method noticed so far, it has
been concluded that, besides chain-back-skip202,203,381, a different mechanism occurs when
using this cocatalyst. One possible explanation might be a reversible chain transfer reaction
between cocatalyst and the active species.88,187,188 When MAO is partially replace by TIBA
the molecular weight of polypropylene increase with increasing amount of TIBA.369 Experiments with varied catalyst/MAO ratio lead to similar results.247,248 These results suggest that
the activation of the catalyst with MAO led to an additional reversible chain transfer to aluminum.187,188 This assumption is supported by the finding that for that for high sterically
hindered systems as the catalyst used in this study (11, Figure 6.12), the relative rates of
insertion versus chain-back-skip are to a minor degree counterion dependent.
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The effect of the reversible chain transfer to aluminum can be explained in the following
way187,188: As a result of the intrinsic chirality at the metal center, the catalytic system consists of two enatiomers384 (S, R, Scheme 6.6). At higher Al/Zr ratios, a unidirectional transfer of polymer chains from ZrIV (enantiomer R, for example) to aluminum can be suggested, because reduced molecular weights of the polymer products have been found.187,188
Relocation from aluminum to the other enantiomer of the C1-symmetric catalyst species
(enantiomer S, Scheme 6.6) and then back to R would lead to the formation of a single
stereoerror mrrm and could - at enhanced frequencies - account for the observed reduction
of the isotacticities in case of MAO activated complexes.229,385-387 If the insertion of the new
monomer unit takes place further at the Zr center of the enantiomer S stereoerrors of type
mrmm are found along the polymer chain. he proposed reversible chain transfer to aluminum does not exclude the chain-back-skip mechanism valid for the asymmetric catalysts
but could take place additionally to this at high aluminum /metal ratios. In case that borate
activation is used for catalyst activation the transfer to aluminum is excluded. Thus, the
stereo error insertion takes place preferably due to the chain-back-skip mechanism.88,187,188,203,247, 248 This implies different stereorerror distribution when different catalyst
activation is used.

6. 6. 3 Chain microstructure
In order to elucidate the influence of the activation method on stereoerrors formation and
polymer properties, complex 11 has been tested in propene polymerization experiments
where monomer pressure, polymerization temperature and type of the cocatalyst have been
varied (Table 6.8). To investigate the role of different cocatalysts on the mechanism of the
stereoerror formation the chain microstructure is investigated using 13C NMR. Variation in
the stereoerror distribution may lead to different polymer microstructures. Therefore it is
necessary to explore the polymer microstructures on different length scales combing various analytical techniques such as DSC, WAXS and SFM. Correlations between the microstructure of low isotactic polypropylenes obtained by SFM and their physical properties
will lead to a better understanding of the structure-properties relationship of this type of
elastomers. This will give further increase in the control over the physical properties by directing the polymerization using metallocene catalysts. To have a better correlation of the
samples prepared using similar polymerization conditions, they got the same sample number, which does not correspond to the same amount of mmmm pentads.
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Table 6.8: Polypropylenes synthesized using catalyst 11 with either MAO or borate for activation

Cocatalyst

TP a

C3 pressure b

Mw c

Mw/Mn

mmmm d

A1

MAO

305

7

153000

2.2

26

A2

MAO

305

5

110000

2.2

30

A3

MAO

310

5

160000

1.8

36

A4

MAO

315

3

71000

1.9

43

A5

MAO

325

5

75000

2.3

54

B1

Borate e

305

7

200000

2.2

29

B2

Borate e

305

5

205000

2.1

34

B3

Borate e

310

5

133500

2.2

39

B4

Borate e

315

5

160000

2.0

46

B5

Borate e

320

5

120000

1.9

51

a

K, b bar, c g mol-1, d %, e [Ph3C]+[B(C6F5)4]-

6. 6. 3. 1 Molecular weight and polydispersity
The polydispersity of the polymer products prepared with complex 11 using either MAO
(A) or borate activation (B) are within the narrow range of 1.8 to 2.2 (Table 6.8) indicating homogeneous polymerization conditions. Polymer samples prepared in presence of
MAO show a strong decline in the molecular weight when the mmmm content is increased,
e. g. Mw = 7.5 x 104 g mol-1 at mmmm higher than 40%. After activation with TIBA and
[Ph3C]+[B(C6F5)4]- the molecular weights of the polymers also decrease at higher mmmm
content but remain above 1.2 x 105 g mol-1. The comparison of the samples obtained with
these two cocatalysts under similar polymerization conditions (Table 6.8) reveal lower values of the molecular weights for samples prepared in presence of aluminum (Figure 6.65).
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Figure 6.65: Sample prepared at different polymerization conditions show higher molecular weights for
samples where borate activation (unfilled bars) has been used instead of MAO activation (filled bars).
Numbers indicate corresponding polymerization experiments for MAO (A) and borate (B) activation.

6. 6. 3. 2 Stereo selectivity
In line with the observation that borate activation led to increasing molecular weights are
the results regarding the polymer stereoregularity. Similar increase of the isotacticity is noticed for samples obtained with MAO and with borate as cocatalyst (Table 6.9), and within
the limits of resolution the same trends in increasing of the tacticity with increasing temperature and at decreasing monomer concentration. In spite of, samples prepared using borate activation reveal an increase in isotacticity of about 10% (Figure 6.66). The increased
tacticity is an indication that, when MAO is used for activation, the high amount of aluminum contributes to the overall stereoselectivity of the polymerization reaction producing
lower isotactic polymers. The overall distribution of pentads reveals no differences
comparing samples with similar mmmm content (Figure 6.67). This supports to the suggestion that, besides the main polymerization mechanism characteristic to this type of asymmetric catalysts (chain back-skip)202 a second mechanism occurs, which influences the distribution of stereo errors. Since the activation with borates excludes the possibility of
transfer to aluminum, the transfer effect is suppressed, most probably a reversible chain
transfer reaction between cocatalyst and the active species takes place.
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Figure 6.66: Total amount of mmmm pentads determined from the NMR spectra shows similar increase with
increasing polymerization temperature for MAO (filled) as for borate activated ones (open). Numbers
indicate corresponding polymerization experiments for MAO (A) and borate activation (B), c.f. Table 6.8.

Figure 6.67: Change in pentad distribution observed for different cocatalyst activation reveals only small
differences for MAO (filled circles) and borate activated (unfilled circles) samples.
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Table 6.9: Pentad distribution of polypropylenes synthesized with complex 11 using different catalyst
activation.

mmmm

mmmr

rmmr

mmrr

mrmm
+

mrmr

rrrm

rrrm

mrrm

rmrr
A1

26.1

16.8

2.7

21.1

9.0

1.7

5.7

7.1

9.9

A2

30.1

16.8

2.8

20.3

7.6

2.0

4.7

6.5

9.3

A3

35.6

16.9

2.1

19.8

6.3

1.5

3.0

5.4

9.5

A4

43.4

16.1

1.6

17.8

4.8

2.0

2.3

3.1

8.9

A5

54.2

14.5

1.1

15.0

3.4

1.3

1.2

2.1

7.2

B1

29.1

16.4

2.9

20.6

7.5

1.5

5.0

7.6

9.4

B2

34.0

17.1

2.0

21.2

6.1

1.6

3.1

5.5

9.4

B3

39.0

17.2

2.0

19.8

5.4

0.6

2.8

4.3

9.0

B4

45.7

16.2

1.3

17.5

4.4

1.0

1.5

3.4

9.0

B5

50.9

15.3

1.1

16.2

3.9

0.8

1.3

2.6

7.9

in %

The results obtained so far confirm earlier findings with variable MAO/Zr ratio247,248,382,388
where it has been shown that the chain transfer to aluminum becomes predominant using
MAO activating. Therefore it might be proposed that the cocatalyst plays a decisive role in
determining the stereoerror distribution.

6. 6. 3. 3 Isotactic blocklength
The change in stereoselectivity due to the used cocatalysts may result in a change in the
stereoerror distribution. Thus, in low isotactic polypropylenes with similar total amounts of
mmmm pentads, the length of the isotactic sequences can vary when different cocatalysts
are used. To investigate this effect the istotactic block length niso were determined. Pentad
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data (Table 6.9) allows an estimation of blocks containing four or more monomer units in
isotactic sequence. The average isotactic block length niso between two isolated stereo irregular insertions can be estimated by equation 14. Based on the pentad values given in
Table 6.9 for the two series of MAO and borate activated polypropylenes, block lengths
ranging between 7 and 12 isotactic monomer units are calculated.

Figure 6.68: The isotactic block lengths of MAO (filled circles) and borate activated samples (unfilled
circles) show similar increase with increasing amount of mmmm pentads (a), but comparing samples obtained
using similar polymerization conditions (b) lower values were found for MAO activation. (Numbers indicate
corresponding polymerization experiments for MAO (A) and borate (B) activation, c.f. Table 6.8.).

Plotting the isotactic block length versus the mmmm content of the samples (Figure 6.68a),
the block lengths of MAO and borate activated samples follows the same trends and fitting
two lines with different slopes. A line with lower slope has been observed for mmmm contents ranging from 25 to 40%, and a line with slightly larger slope is displayed for mmmm
contents above 40%. According to the proposed polymerization mechanism202 the isotactic
block length have to increase when the mmmm content rises, because the number of incorporated stereo errors is reduced. In case that only the used metallocene complex determines
the stereoerror distribution, a straight line can be expected for the isotactic block length at
increasing mmmm content. The two regimes imply that the incorporation of stereoerros is
at least influenced by the polymerization temperatures. The larger slope points out that
higher polymerization temperatures favor the formation of longer isotactic sequences. This
findings suggests that the influence of catalyst activation in the overall structures might be
neglected. Comparing the isotactic block length obtained for samples prepared using simi-
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lar polymerization conditions but different catalyst activation, longer isotatcic sequences
can be found when borate activation is used (Figure 6.68b). This confirms the assumption
that the catalyst activation influences the stereoselectivity. Although, it has to keep in mind
that the 13C NMR measurements give only an averaged value of the stereoerror distribution
along a chain, thus, isolated longer isotactic sequences are unaccounted for this result.

6. 6. 4 Crystallization properties

6. 6. 4. 1 Crystallization behavior
The melting temperature of polypropylenes (Figure 6.69) can be used to learn more about
their chain microstructure, because it is correlated to the lamellar thickness273, which in low
isotactic polypropylenes can be correlated to the length of the isotactic blocks.325

Figure 6.69: DSC curves of samples prepared with different cocatalysts ( a = MAO, b = borate activation)
show several melting regimes.
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All DSC curves obtained for the polypropylene samples prepared using borate activation
(Figure 6.69b) show two melting regimes M1B and M2B with maxima TM1B between 320
and 325 K and TM2B > 360 K, respectively, indicating the formation of two fractions of
crystalline lamellae with different thickness. The bimodal crystal growth 43,302 refers to samples where the statistical incorporation lead to polypropylenes containing isotactic sequences with randomly distributed block length similar resembling a homogeneous random
copolymer. Thus, using borate activation leads to a statistical incorporation of stereoerrors
over a broad range of polymerization conditions. In contrast to this, MAO activated samples show similar the bimodal distribution of crystalline fractions only as long as the
mmmm content is below 40% (A1 - A3, Figure 6.69a).
Table 6.10: Melting transitions and the heat of fusion for polypropylenes obtained with complex 11

TM1; TM1B b

A1

26.1

325.0

A2

30.1

322.2

361.2

6.1

A3

35.6

321.3

366.1

13.9

A4

43.4

322.2

370.6

392.3

32.2

A5

54.2

321.7

375.9

396.6

46.8

A1a

57.9

323.1

B1

29.1

324.1

378.7

5.3

B2

34.0

321.7

384.7

6.6

B3

39.0

321.3

390.0

14.4

B4

45.7

322.2

396.5

26.8

B5

50.9

322.4
a

TM2 b

TM3; TM2B b

ΔHtot c

mmmm a

3.1

7.4

404.9

33.9

%, b K, c Jg-1

When the mmmm contents > 40%, a third melting regime appears with maxima TM3 > 390
K corresponding to the melting of a crystalline fraction containing longer isotactic sequences. This suggests that when MAO is used for activation the stereoerror formation at
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higher polymerization temperatures is no longer statistically. Since for both polymerization
series the same basic mechanism can be proposed, this variation in stereoerror distribution
might be caused by a mechanism additionally to the proposed chain-back-skip. Since the
amount of aluminum present is the only variable in the two polymerization series the reversible chain transfer to aluminum is most likely. In case that low amounts of aluminum
present, the reversible chain transfer is suppressed. This results in a nearly perfect random
distribution of stereo errors even at high polymerization temperatures. When aluminum is
present in higher amounts the reversible chain transfer to aluminum may lead to the samples which resemble no longer a homogeneous random copolymer.
The influence of the catalyst activation becomes more obvious comparing the melting temperatures determined for samples prepared at similar polymerization conditions. For both
samples series the maximum TM1 of the melting transition M1 ranges between 320 and 325
K indenpently form the polymerization conditions (Table 6.10, Figure 6.70a), but the
melting transitions taking place at higher temperatures, M2 and M3, shift to higher temperatures with increasing mmmm content. Here, samples prepared with borate activation exhibit higher melting temperatures, ranging from 379 to 405 K, than corresponding samples
prepared by MAO activation. Latter shows melting temperatures TM2 increasing from 361
to 376 K and melting temperatures TM3 ranging between 392 and 397 K (Table 6.10, Figure 6.70a).

Figure 6.70: Plotting the melting temperatures TM1 versus the mmmm content (a) reveals similar change for
MAO (filled squares) and borate activated ones (open squares); higher melting temperatures TM2 (filled
circles) and TM3 (unfilled circles) reveal different behavior for the different activations.

To correlate the various melting regimes to different crystalline populations Flory´s 6 (c.f.
eq. 19, Chapter 6.4.3) has been used. The melting temperatures TM1 assigned to the first
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melting transition M1 of the borate activated samples (Table 6.10) fit the straight line
(squares, Figure 6.49a) with a slope close to 0 and an axis intercept of 2.023 (open
squares, Figure 6.71a). Thus, independent from the activation all samples reveal an average melting temperature TM1,aver of 322.5 ± 1 K for the crystalline fraction LM1, which is
correlated to an isotactic block length niso,1 of about 22 consecutive isotactic monomers.
This points out that the formation of short isotactic blocks is independent from the used activation mechanism.

Figure 6.71: Plotting 1/TM versus ln p reveals three populations of crystalline lamellae (LM1 = square, LM2 =
diamond and LM3 = circles) (a); the isotactic block length (b) determined for the various melting regimes (TM1
= square, TM2 = diamond, TM3 = open circles, TM2B =open circles) show differences when various cocatalysts
(filled = MAO, unfilled = borate) are used.

At first glance the used cocatalyst and the polymerization conditions have minor influence
in the formation of these blocks and their formation seemed to be mainly determined by the
used catalytic system (complex 11). Rating the amount of thin lamellae by the heat of fusion ΔHTM1 for both activation methods reveals an increasing amount of thin lamellae at increasing amounts of mmmm pentads (Figure 6.72a). This increase in the total amount of
short blocks is in accordance to the proposed polymerization mechanism, where at higher
polymerization temperatures and lower monomer concentrations the formation of isotactic
sequences is favored. Comparing the different activation mechanism, samples prepared using MAO as cocatalyst reveal an asymptotic progression for ΔHTM1 with increasing isotactic content (filled squares, Figure 6.72a), whereas for samples prepared by borate activation a constant increase of ΔHTM1 was found (open squares, Figure 6.72a). Due to different
progressions of the curves the influence of the used cocatalyst might not be neglected.
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To get further insights in the overall distribution of shorter isotactic blocks the amount of
thin lamellae LM1 was estimated by the heat of fusion ΔHTM1 in relation the total heat of fusion ΔHtot (Table 6.10, Figure 6.72b). When MAO is used as cocatalyst, the relative
amount of thin lamellae decreases with increasing mmmm content. This suggests that the
reversible chain transfer to aluminum favors the formation of longer isotactic sequences at
increasing amount of mmmm. This assumption is supported by the fact that the lamellar
fraction LM2 is the prevailing one in this samples series (c.f. Chapter 6.5.1.1). Using borate
activation results in a nearly linear increase in the relative amount of shorter crystallizable
blocks. In this case the reversible chain transfer to aluminum is suppressed, and the incorporation of stereoerrors takes place only by the chain-back-skip mechanism.202 Thus, the
increased isotacticity can be attributed to an increased total number of short isotactic
sequences.

Figure 6.72: Relative amount of short blocks (b) determined from heat of fusion ΔHTM1(a) for samples
prepared in presence of MAO (filled symbols) and after borate activation (open symbols)

The melting temperatures TM2B observed for borate activated samples fit the straight line
(circles, Figure 6.71a) determined for the thicker lamellar population LM3 of MAO activated samples (circles, Figure 6.49a). For the slope of the obtained line corresponds to an enthalpy of fusion ΔHM2,3 = 10 kJ mol-1giving strong evidence that the lamellar population
LM2B melted at higher temperatures form crystalline structures similar to the on observed in
highly isotactic polypropylenes.332-334 Due to this correlation, the melting temperatures TM2B
can be correlated to the length niso of the isotactic blocks contribution to these lamellae using equation (16) and (17). For the lamellar population LM2B values between 33 and 47
monomers are found for the isotactic block length niso,2B. Plotting these values versus the
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amount of mmmm pentads (circles, Figure 6.71a), a linear correlation between the isotactic
block length and the mmmm content has been found for mmmm contents between 25 and
55%. Comparing the MAO and the borate activated samples different slopes have been
found for the different crystalline fractions. The steeper increase in block length observed
for the borate activated samples points out that longer isotactic blocks are formed in this
samples. Although, rating the amount of lamellae crystallized in LM2B by the heat of fusion
ΔHTM3, also the nearly constant value of 5.5 ± 0.8 J/g refers to constant amount of this
lamellar fraction independent of the mmmm content. This confirms the assumption that the
number of thicker lamellae is independent from the isotactic content. The lamellae get
thicker when the amount of isotactic pentads increases due to an increase in isotactic block
length.
The results obtained so far suggests the use of different cocatalysts lead to variations in the
chain microstructure. In case that borate activation is used a homogeneously random
copolymer might be obtained, where the amount of short isotactic blocks (niso,1 ≈ 22) prevail. At higher polymerization temperatures the short blocks can merge to form longer isotactic sequences blocks (niso,3 > 35). In case of MAO activation, the proposed reversible
chain transfer to aluminum favors the formation longer isotactic sequences blocks (niso,2 =
30 ± 2 monomers), but also shorter and longer isotactic sequences are generated. This
refers to a statistical copolymer, where the stereoerrors are not homogeneously distributed
long the chain. Thus, the reversible chain transfer to aluminum reduces not only the overall
stereoselectivity but also the specific stereoselectivity.

6. 6. 4. 2 Crystalline forms
The WAXS diffraction patterns, obtained for samples with increasing isotacticity, reveal
properties, which vary from those of a nearly amorphous polymer (1, Figure 6.73) to those
of a polymer characterized by pronounced crystalline peaks (5, Figure 6.73). Determine
the crystallinity, both sample series show a constant increase with the isotaciticity (Figure
6.74). For the MAO activated samples, two different regimes can be discriminated by lines
with different slopes referring to a change in polymerization mechanism at higher polymerization temperatures. In contrast, the increase in crystallinity found for the borate activated
samples fits a straight line for a isotactic range between 25 and 55%. Thus, most likely only
one mechanism can proposed to be responsible for incorporation of stereoerrors resulting
in random distributed of isotactic blocks.
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Figure 6.73: WAXS diffraction pattern of polypropylene prepared in presence of either MAO (a) or borate
(b) show higher crystallinity at higher polymerization temperatures (1 = 310 K, 3 = 315 K, 5 = 330 K).

Figure 6.74: Both sample types (MAO = filled circles, borate activation = unfilled circles) show similar
increase in the crystallinity at increasing mmmm amount.
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Subtracting the amorphous halo and fitting the resulting curves using Lorentzian type
curves results in curves shown in Figure 6.74. Now, the individual peaks appear more
clearly.

Figure 6.75: The crystalline peaks appearing after subtracting the amorphous halo indicate the presence of
both the α- and γ-form but with different ratios; at higher polymerization temperatures the amount of γ-form
became disproportionately high (a, d = 310 K, b, e = 315 K, c, f = 330 K).
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Both sample series (Figure 6.73a and b ) exhibit WAXS peaks at 2θα = 18.6° (130)α characteristic for α-phase52,55 and at 2θγ = 20.1° (117)γ, for the γ-modification52,55,283, respectively, but the intensity of the peaks differ for samples prepared using different catalyst activation. To estimate the preferred crystalline modification the heights of these two peaks
are compared. All WAXS diagrams of crystalline samples prepared in presence of MAO
(Figure 6.75a - c) shows that the peak at 2θα = 18.6° increases with increasing mmmm
content. When the mmmm content exceeds 40% (Figure 6.75c) also γ-reflection (117)γ appears. Now, the intensity of the intensity of both reflections increases in the same way. At
the same time, DSC experiments reveal a strong increase in the lamellar fraction LM2 (c. f.
Figure 6.69), which are preferably formed by isotactic sequences with a block length
niso,2 of 30 ± 2 isotactic monomer. This suggests that these crystalline fraction crystallizes
in a mixed α/γ-form. In contrast, in WAXS diagrams of all samples prepared with borate
activation (Figure 6.75d - f), reflections appear at 2θα = 18.6° as well as at 2θγ = 20.1° indicating that both α- and γ-modification crystals are present at similar amounts. According
to DSC, two populations of crystalline lamellae, LM1 and LM3, are present, consisting of
blocks with either 22 monomers (LM1) or 37 to 47 monomers (LM2) in isotactic sequence.
Most probably, the longer isotactic sequences will form α-modification crystals, and the
shorter will crystallize in the γ-phase. This assumption is supported by the fact that the γpeak gains with increasing mmmm content referring to increasing amount of γ-modification
lamellae. Since this comes along with an increasing amount of isotactic blocks LM1 it can
be suggest that the short isotactic blocks will crystallize mainly in γ-modification.

6. 6. 5 Morphology
The differences in chain microstructure observed for the samples prepared using different
catalyst activation (A- and B-series, Table 6.8) in DSC and WAXS experiments may lead
to a change in the polymer morphology. To manifest the influence of the catalyst activation
not only in the chain microstructure but also in the morphology the two series of samples
are imaged using SFM.

6. 6. 5. 1 Dip coated films
Comparing TM-SFM phase shift images of dip coated polypropylene films of MAO activated samples (Figure 6.76a - c) to film samples produced using borate activation, the dif-
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ferences in morphology becomes more obvious. The phase shift images of samples B1 - B5
show a rod-like basic structure (Figure 6.76d - f) similar to the MAO activated samples
(Figure 6.76a - c), but specimen obtained at similar polymerization conditions show characteristic differences. Whereas for the MAO activated samples lamellar features can be observed revealing individual lamella, branched lamellae with branching angles of 41 ± 2°
and 80 ± 5° and cross hatches (Figure 6.76a-c), see also Chapter 6.5.2, borate activated
samples with mmmm contents below 50% (Figure 6.76d, e) display lamellae with an average length of 500 nm which do not show secondary crystallization or branching. Even
when the isotaciticity increase and higher amounts of lamellae can be seen (Figure 6.76c),
they do not join forming any superstructures.

Figure 6.76: Phase images of dip coated samples taken at a scan range of 2 x 2 µm2 reveal the fibrillar
structure of the samples (a = A1, b = A3, c = A5); (d = B1, e = B3, f = B5).

Topography images taken at larger scan range of 10 x 10 µm2 (Figure 6.77) approve this
observation. The topography images of samples with mmmm contents below 35% (Figure
6.77a and d) clearly show the formation of lamellae. Whereas in the sample prepared using
MAO (A1, Figure 6.77a) the long rod-like lamellae aggregate or join to form circular
superstructures, shorter randomly distributed rods can be found for the borate activated
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sample, which do not show any further aggregation (B1, Figure 6.77d). If at all the mmmm
content is higher than 40%, disk-like structures appear in the topography images. In case of
the MAO activated sample (A3, Figure 6.77b) the lamellae are more densely packed and
their intersections become the center of disk-like structures with an average diameter of
about 2 µm appearing elevated in topography image. At mmmm contents > 40%, smaller
circular features with a diameter of about 1 µm appear, where no individual lamellae can
be discriminated any more (A5, Figure 6.77c). In contrast, although no lamellar aggregation had been observed in the phase shift images (Figure 6.76e), the borate activated sample (B3, Figure 6.77e) reveals small circular features in the topography which do not show
a lamellar sub-structure as observed for the MAO activated samples. Unlike to the MAO
activated samples (Figure 6.77b, c), the disk-like structures have diameters in the range of
500 nm independent of the isotacticity (B5, Figure 6.77 f), but an increasing number of aggregates can be found at increasing isotacticity (Figure 6.77e, f).

Figure 6.77: In the topography images disk-like superstructures are visible as elevated domains (a = A1, b =
A3, c = A5); (d = B1, e = B3, f = B5).

Thermoplastic-elastomeric polypropylenes
171
_______________________________________________________________________________

Most probably the difference in morphology can be attributed to the different amounts of
α- and γ-form crystallites detected in MAO and borate activated samples. The MAO activated samples containing similar amounts of α- and γ-form crystals, preferentially form
lamellar structures obtained by the co-crystallization of both crystalline modifications. In
borate-activated samples the amount of monoclinic α-modification is small, thus the formation of co-crystalline aggregates is inhibited. Thus, no lamellar arrangement typical for
this crystalline modification can be found. It might be concluded that the observed circular
structures generated in the thin films might be attributed to γ-phase crystallites.

6. 6. 5. 2 Bulk morphology
The differences in morphology between polypropylenes derived from catalyst 11 with different activation become more palpable in the volume structures displayed in phase shift
images taken from microtomed bulk samples of both series (Figure 6.78).

Figure 6.78: Phase shift images of microtom cut samples taken at a scan size of 2 x 2 µm2 reveal the
formation of spherulitic-like superstructure for MAO (a = A1, b = A3, c = A5), but a lamellar morphology,
where lamellae grow egde-on with an angle of about 80° borate activation (d = B1, e = B3, f = B5).
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MAO activated samples (Series A, Figure 6.78a - c) reveal a lamellar structure, where due
to the co-crystallization of α- and γ-form lamellae star-shaped and arborescent superstructures can be seen composed of isotactic sequences niso ranging form 20 to 35 monomers (c.
f. Chapter 6.5.2.2). Most striking difference in the bulk morphology are the isolated linear
lamellae with short edge-on lamellae, which turn up in all borate activated samples (Series
B, Figure 6.78d - f) in similar amounts independent of the isotacticity. Since the angle between longer primary and shorter secondary lamellae is about 80 ± 5°, these structures are
most probably lamellae crystallized in α-modification. The thickness of the lamellae is
about 15 nm. Thus, these are lamellae formed due to the crystallization of isotactic sequences with length of about 60 - 70 monomers. Within the limits of resolution, this value
corresponds to isotactic block length niso estimated in DSC experiments for the crystalline
fraction LM2B, which melts at higher temperatures TM2B. In contrast to this, a lamellar thickness of 7 ± 2 nm were found for the MAO activated samples, which can be correlated to an
isotactic sequence length niso of about 30 ± 2 monomer units. These blocks can be attributed to the crystalline phase LM2 crystallize preferably in a mixed α/γ-form.
Sample A3 as well as sample B3 (circles, Figure 6.78b, d) show in between the lamellar
domains an additional bright, thus hard, granular phase. The size of the granules is about 5
-10 nm2. Most probably the granules are crystalline blocks (fringed micelles) formed by
shorter chain segments of about 20 consecutive isotactic units. With increasing mmmm
content the amount of granules increase and they are aligned in-line forming a second fraction of thinner lamellae until they are converted into a continuous lamellar structure at
mmmm content > 50% (circle, Figure 6.78c, f). In the borate activated sample (B5, Figure
6.78f) granular structure extends to form thin lamellae, providing second distinct crystalline phases which reflects the bimodal distribution of isotactic blocks. For these samples
the increasing extension of the crystalline blocks comes along with increasing amount of
thin lamellae LM1 (c.f. Chapter 6.6.4.1) as well as increasing amount of γ-modification
crystals (c.f. 6.6.4.2). This, in combination with the lamellar thickness, suggests that theses
lamellae consist of short blocks were 20 monomers are in isotactic sequence. In contrast to
this, for MAO activated samples an increasing total amount of crystalline aggregates can be
found and more extended lamellar structures with an arborescent shape are formed (Figure
6.60f) referring to the co-crystallization of this lamellar phase on primary formed lamellae.
Since the formation of this phase comes along with a strong increase of the lamellar fraction LM2 and only one lamellar fraction has been found, these fraction can called to be responsible for the lamellar morphology.
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6. 6. 6 Mechanical properties
The different morphologies generated in the polymer bulk of samples prepared using catalyst 11 in combination with either MAO or borate activation (A- and B-Series, Table 6.8)
can be implicated in variations in the mechanical behavior. To study the influence of the
morphology in the macroscopic mechanical behavior, melt pressed samples are subjected
to uniaxial stretching until they fail (Figure 6.79). Comparing the stress strain curves for
samples obtained using different catalyst activation, variations in the mechanical properties
become obvious. MAO activated samples reveal stress-strain curves characteristic for elastomeric materials only as long as the mmmm contents are below 40% (A1-A3, Figure
6.79). For samples with higher isotacticity (A5, Figure 6.79) preferably plastomeric deformation behavior can be observed289; for details see Chapter 6.5.3. In contrast to this, all
stress strain curves performed on the borate activated samples (B1-B5, Figure 6.79) show
a constant increase in stress at increasing draw ratios, referring to elastomeric deformation
behavior.

Figure 6.79: Stress-strain curves of polypropylenes prepared using different catalysts (a = MAO activation, b
= borate activation) reveal differences in deformation behavior.

These differences in mechanical behavior are reflected in the Young´s modulus, too (Figure 6.80a). Here higher values have been found for the MAO activated polymers. Assessed
by the sample crystallinity xWAXS (Figure 6.74), this is a surprising finding, because samples prepared by borate activation reveal a higher degree of crystallinity. Thus, latter are

Chapter 6
174
_______________________________________________________________________________

expected to have lower Young´s moduli. Most likely, variations in the polymer morphology might be the cause of the different mechanical behavior (Figure 6.78). The higher
Young´s modulus found for MAO activated polypropylenes point out that at low draw ratios the combined granular/lamellar morphology consisting of mixed α/γ-phase crystals
(Figure 6.78a-c) provides improved mechanical strength compared to the bimodal distributed, separated thicker and thinner lamellae present in borate activated samples (Figure
6.78d-e). Most likely larger amorphous domains remain in borate activated samples.

Figure 6.80: The different morphologies of samples prepared using MAO (filled bars) and borate activation
(unfilled bars) lead to variations characteristic mechanical parameters such as Young´s modulus (a) and
maximum elongation λmax (b).

Another eye-catching fact is, that although he MAO activated samples show improved mechanical strength for low draw ratios, they reveal slightly larger values for the maximum
elongation λmax than the borate activated ones (Figure 6.80b). This gives strong evidence
that the lamellar morphology of the MAO activated samples sustain higher elongations before it fails, which, on the other hand implies that substantial structural re-arrangements
take place while the samples are elongated. Lower values for plateau stress σplateau and for
the rupture stress σmax (Figure 6.81) strongly evidences that smaller forces have to be ap-
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plied to break up the crystalline lamellae present in MAO activated samples or the rupture
these polymers. One possible explanation can be given due to the difference in lamellar
thickness (Chapter 6.6.5.2). Although present in higher amounts the thinner mixed α/γ
phase lamellae generated in the MAO activated samples sustain less stress than the fewer
thicker α-form lamellae.

Figure 6.81: Smaller plateau and rupture stresses, σplateau, σmax, resp., were observed for MAO activated
samples (black bars) compared to borate activated one (white bars) referring to a higher amount of
irreversible structural transformations when samples are mechanically deformed.

To investigate whether the differences in mechanical behavior received so far are also reflected in the elastic behavior, the samples were subjected to cyclic deformation. Subsequently, their elastic recovery εrev was determined using equation B2 (Figure 6.82). Both
sample series reveal the highest elastic recovery for mmmm contents below 40%. However,
comparing samples prepared at similar polymerization conditions higher elastic recovery
εrev was found for samples synthesized using MAO as cocatalyst. According to DSC
measurements (Table 6.10) and WAXS experiments (Figure 6.74), no clear assignment of
the sample crystallinity can be done because the differences are within the limits of resolution. Guessing that within this range of isotacticity, preferably a discontinuous crystalline
network is formed (c.f. Figure 6.78a, b and Figure 6.78d, e) consisting of mixed crystalline blocks and lamellar aggregates, the bimodal distribution of lamellae present in the
borate activated samples is less flexible than the MAO activated ones, which may provide
a smaller crosslinks, but there are more and randomly distributed. This may result in improved elastic recovery. This suggests that as long as there is no continuous lamellar struc-
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ture generated, the number of crystalline crosslinks formed by the break-up of crystalline
lamellae and also their distribution determines the elastic properties of the samples. Samples where the crosslinks are randomly distributed reveal the best elastic performance. In
addition to reveal improved mechanical strength higher amounts of crosslinks are required,
thus the sample should have a higher degree of crystallinity.

Figure 6.82: MAO activated samples (filled bars) reveal higher elastic recovery εrev than corresponding
samples preprared using borate activation (unfilled bars).

If the mmmm content exceeds 40%, the elastic recovery strongly decreases to value below
50% indicating reduced elasticity. This decline in elastic recovery is in accordance to the
observed change from elastomeric to plastomeric deformation behavior and can be explained as a result of a change in morphology. For both samples, A5 as well as B5, at increasing mmmm content the amount of the thin granular domains increase and additional
lamellae are formed (Figure 6.78c, f). Thus, the lamellar network becomes less flexible.
Additionally, these lamellae are partially irreversibly transformed in a fibrillar structure
when extended beyond the yield point.3,337 Comparing the elastic recovery εrev of sample
A5 and B5, higher elastic recovery has been found for sample B5. This clearly point out
that the bimodal distributed lamellar morphology formed in sample B5 provide improved
mechanical properties, such as higher mechanical strength, and increased flexibility, compared to materials, where extended branched lamellae are formed (A5). These results point
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out, that also for samples with medium isotacticity the properties of the remaining
amorphous fraction as well as the distribution of the lamellae within the amorphous phase
will define the elastic recovery. When the polypropylenes have similar amounts of crystalline phase the sample, which forms smaller, more regular distributed lamellar structures
is more flexible than the one, which form extended, branched lamellae because the ability
to transform in stiff, crystalline fibrils is reduced. First preliminary SFM phase images carried out on isotactic polypropylenes with mmmm contents above 50% give evidence that
higher amounts of beads-on-the string-like structures, where amorphous chain segments
connect the crosslinks will be formed providing the amorphous segments the possibility of
entropy driven relaxation. To proof this model further SFM investigations on stretched
samples have to be performed.

6. 6. 7 Summary
In order to elucidate the influence of the activation method on stereoerror formation and
polymer properties, propene polymerization experiments were carried out at various
monomer pressure, polymerization temperatures and using different type of the cocatalyst.
Comparing the polymer microstructure of low isotactic polypropylenes synthesized using
catalyst 11 but activated either by MAO or borate suggests that two mechanism are responsible for the stereoerror formation. Although the chain-back-skip mechanism can proposed
to be the determine mechanism for the stereoerror incorporation, in case that higher
amounts of aluminum are present during the polymerization as in case of MAO activation a
second mechanism, the reversible chain transfer to aluminum may take place leading to
reduced molecular weights and less stereoregular polymers. The different chain microstructures does not only form different crystalline modifications, but also the crystalline
lamellae aggregate in various superstructures. In case that the samples are prepared in presence of MAO crystalline lamellae and an intermediate granular sub-structure are generated.
The crystalline lamellae are not homogeneously distributed within the bulk samples. Crystalline lamellae and the intermediate granular sub-structure may provide a discontinuous
crystalline network responsible for the elastomeric behavior of these polymers. Joint lamellae in combination with the granular structure or larger amounts of thin lamellae provide a
crystalline network required for low-crystalline polymers to behave like elastomers.42 When
the mmmm content increase above 50% the mainly discontinuous lamellar structure seemed
to be converted into a continuous lamellar one. Using MAO activat#i#o#n#,# #p#o#l#y#p#r#o#p#e#n#e#s# #w#i#t#h#
#c#r#y#s#t#a#l#l#i#z#a#b#l#e# #b#l#o#c#k#s# #c#o#n#s#i#s#t#i#n#g# #o#f# #2#3 - 3#2# #m#o#n#o#m#e#r#s# #i#n# #i#s#o#t#a#c#t#i#c# #s#e#q#u#e#n#c#e#s# #w#e#r#e# #g#e#n#e#r#a#t#e#d#,#
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#w#h#i#c#h# #c#o#-#c#r#y#s#t#a#l#l#i#z#e# #i#n# #α-# #a#n#d# γ-#p#h#a#s#e# #l#a#m#e#l#l#a#e#.# #W#h#e#n# #t#h#e# #r#e#v#e#r#s#i#b#l#e# #c#h#a#i#n# #t#r#a#n#s#f#e#r# #i#s#
#o#c#c#l#u#d#e#d# (#b#o#r#a#t#e# #a#c#t#i#v#a#t#i#o#n#)# #t#h#e# #b#i#m#o#d#a#l# #d#i#s#t#r#i#b#u#t#i#o#n# #o#f# #c#r#y#s#t#a#l#l#i#n#e# #l#a#m#e#l#l#a#e# #s#t#r#o#n#g#l#y# #r#e#f#e#r#s#
#t#o# #a# #h#o#m#o#g#e#n#e#o#u#s# #r#a#n#d#o#m# #d#i#s#t#r#i#b#u#t#i#o#n# #o#f# #s#t#e#r#e#o#e#r#r#o#r#s#.# #I#n# #t#h#i#s# #c#a#s#e#,# #t#w#o# #c#r#y#s#t#a#l#l#i#n#e#
#p#o#p#u#l#a#t#i#o#n#s# #p#r#e#s#e#n#t#.# T#h#e# #p#r#e#v#a#i#l#i#n#g# #o#n#e c#o#n#t#a#i#n#s# #2#3# #c#o#n#s#e#c#u#t#i#v#e# #i#s#o#t#a#c#t#i#c# #b#l#o#c#k# and
#c#r#y#s#t#a#l#l#i#z#e#s# #i#n# #t#h#e# #o#r#t#h#o#r#h#o#m#b#i#c# #γ-#m#o#d#i#f#i#c#a#t#i#o#n#.# #A#d#d#i#t#i#o#n#a#l#l#y#,# #s#m#a#l#l# #a#m#o#u#n#t#s# #o#f# #α-#p#h#a#s#e#
#l#a#m#e#l#l#a#e# #a#r#e# #p#r#e#s#e#n#t# #c#o#n#s#i#s#t#i#n#g# #o#f# #l#o#n#g#e#r# #i#s#o#t#a#c#t#i#c# #b#l#o#c#k#s# #(#n#i#s#o#,2B #># #3#5#)#.# #This suggests that a
more regular distribution of stereo errors obtained with borate activation, which may
results more homogeneously distributed crystalline crosslinks. Chains with a less regular
distribution of isotactic chain segments obtained using MAO activation are preferably
arranged in larger, not homogeneously distributed crystalline domains.
T#h#e# #d#i#f#f#e#r#e#n#t# #p#o#l#y#m#e#r# #m#o#r#p#h#o#l#o#g#i#e#s#, especially the different distribution in the crystalline
domains influences the #mechanical properties, such as elasticity and mechanical strength.
Comparing the elastic recovery εrev of samples prepared at similar polymerization conditions, but using different catalyst activation, at low mmmm contents (< 40%) samples synthesized using MAO as cocatalyst reveal higher elastic recovery than samples obtained using borate activation. Within this range of isotacticity both samples form a discontinuous
crystalline network, but the degree of crystallinity of MAO activated samples is higher.
This suggests the amount of crystalline cross-links determines the elastic properties of the
samples that as long as there no continuous lamellar network has been formed. When
amount of crystalline phase increase, a continuous lamellar structure appears. The more
perfect lamellae are irreversible transformation of lamellae in fibrils. Thus, the samples
lose in elasticity. In this case, the elastic recovery is determined by the properties of the remaining amorphous fraction as well as the distribution of the lamellae within the
amorphous phase. In this case for polypropylenes with similar amount of crystalline phase,
the sample, which forms smaller, more regular distributed lamellar structures is more flexible than the one, which form extended, branched lamellae. This clearly shows that the mechanical properties of low istotactic polypropylenes can be tailored by just changing the
cocatalyst.

6. 7 Classification of isotactic polypropylenes with statistically incorporated stereo errors
Depending on the amount of stereoregular sequences, semicrystalline polymers like
polypropylene presents a broad range of solid-state structures ranging from the highly crys-
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talline, lamellar morphology of the highly regular polymers to the granular morphology
and very low crystallinity of preferably irregular ones. Although the changes occurred
gradually as the degree of regularity increased, it might be useful to classify these polymers. A first attempt to classify semicrystalline polymers was made by Minick and Bensason.41,42 They discriminated ethylene-octene copolymers due to their density and assign
them to four categories ranging from elastomeric polymers revealing granular crystalline
domains to thermoplastic materials with preferably spherulitic morphologies.41,42A similar
assignment based on the density is difficult for isotactic polypropylenes, because of i) the
variability of isotactic polypropylenes chain microstructures68,69,168,191,193,196,220,229-238, ii) the
different crystallize phases they can form52,55,275-278, iii) the various lamellar morphologies123,297,298 they can form depending on the prevailing crystalline phase. Although, a classification for the investigated polypropylenes with randomly distributed stereoerrors was
attempted. Three categories, type I -III are appointed which are characterized by a gradual
increase in the degree of isotacticity and an increasingly well-defined lamellar morphology,
caused by a gradual change from bundled, granular to lamellar crystals (Figure 6.83). It
has to be noticed that Polypropylenes with isotacticities of less than 25% are unaccounted
for this classification. Evidenced by WAXS and DSC experiments these are mainly
amorphous materials, which show preferably visco-elastic flow when they are stretched. In
spite of, these polymers can show elastic recovery most likely caused by entangled chains
that act as crosslinks. In case of low isotactic polypropylenes with molecular weights
Mw > 107, these entanglements can be sufficient to provide elastic materials. 232
Polypropylenes attributed to type I (Figure 6.83) are materials with mmmm contents ranging from 25% to 50%. Although the high amount of stereoerrors restrict crystallization to
some extent, isotactic sequences formed that are long enough to crystallize but with a low
degree of crystallinity ranging form 5 - 10 %. Two sub-types, Ia and Ib, respectively, are
differentiated according to the different morphologies formed. Type Ia is characterized by
the formation of increasing amounts of bundled, granular crystals, often described as
fringed micelles. Polymers of this type show only one melting transition M1 at low temperatures TM1 ranging from 320 to 325 K, which can be attributed to the melting of lamellae
containing about 22 ± 3 monomers in isotactic sequence. Poorly developed lamellae
formed by the in-line aggregation of bundled crystals dominate the morphology of
polypropylenes attributed to type Ib. The formation of lamellae is accompanied by a second melting transition M2 with a maximum at TM2 > 350 K in DSC curves. This refers to
the presence of a second fraction of slightly thinner lamellae containing 30 ± 3 monomers
in isotactic sequence. Usually, these lamellae crystallize in a mixed α/γ-form. Although
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the morphology can be different polymers attributed to types Ia and Ib reveal elastic behavior when the are stretched and show high elastic recovery εrev between 60 - 80% when
the stress is released.

Figure 6.83: Schematic illustration of the different types of polypropylenes (I - III) discriminated due to
their mechanical behavior.
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This elastic behavior of type I polypropylenes can be explained by the fact that in both
types a discontinuous crystalline network is present. When this network is subjected to uniaxial stretching, crystallite break up occurs leading to formation crystalline microblocks.
At higher elongation the microblocks orientate in a beads-on-the-string-like fibrils, where
crystallites are connected by flexible amorphous chain segments.21,61,106,107 These beads-onthe-string-like fibrils show strain induced crystallization to a minor degree. When the strain
is released, amorphous domains contract due to entropy driven relaxation and a structure
appears, where the crystalline microblocks are randomly distributed. Most likely, this random granular structure obtained after the first stretching is be responsible for the high elastic recovery of low isotactic polypropylenes. Thus, type I includes low isotactic polypropylenes, which are characterized by a granular crystalline morphology and show elastic
deformation behavior (Type I, Figure 6.84).
Polypropylenes with mmmm contents ranging from 50 - 85% are attributed to type II. Due
to the decreasing amount of stereoerrors, longer isotactic sequences can formed which
form more prefect lamellar features similar to the ones found for highly isotactic
polypropylenes. Typically, polymers containing the more perfect lamellae reveal a melting
transition M3 with a maximum TM3 > 390 K indicating the presence of isotactic sequences
with a length of niso,3 > 35. Polypropylenes attributed to type II show two different
morphologies which are correlated the ratio of α and γ-form lamellae determined by the
distribution of stereoerrors. Samples with randomly distributed stereoerrors reveal a
bimodal distribution of lamellae but with preferably thin lamellae. These lamellae contain
ing isotactic sequences with niso,1 = 22 ± 3 form the continuos crystalline network of mainly
in γ-phase lamellae. Additionally, small amount of thicker lamellae consisting isotactic sequences with an average block length niso,3 > 35, which crystallizes preferably in α-phase.
In contrast to this, samples are available which are characterized by a very broad range of
melting temperatures that extends from the ambient region where the bundled crystals melt
at TM1 = 320 K to the significantly higher melting temperatures of lamellar crystals at TM3 >
380 K. The appearance of a prominent melting transition at TM1 = 360 - 375 K can be
attributed to the melting of lamellar composed of isotactic sequences with an average
block length niso,2 = 35 ± 5. This preferred block length give strong evidence that these materials have a less less random distribution of stereo errors. These type of polypropylenes
form extended, branched lamellar aggregates with an arborescent shape where lamellae are
cocrystallized in α- and γ-phase. Although having different morphologies, type II
polypropylene show similar deformation behavior characterized by a increasing amount of
lamellae irreversibly transformed in a fibrillar structure. Since the amount of microblocks,
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which can oriented in the beads-on-the-string-like fibrils, decrease, the elastic recovery εrev
decrease to values below 60%. Thus, plastomeric deformation behavior can be proposed
for type II polypropylene (Type II, Figure 6.84). While stretched these type of polypropylenes form a mixed granular, fibrillar morphology, which can partially elastically recover.
Type III materials, exemplified by highly isotactic polypropylene with mmmm contents >
90%. Since these polypropylenes have only a small amount stereoerrors, long isotactic sequences are present forming mainly perfect lamellar crystals arranged in a spherulitic
superstructure. The thickness of the lamellae is independent of the isotactic block length,
but strongly related to the kinetics of crystallization. Deformation of these polypropylenes
is characterized by so-called cold-draw deformation, where intra-lamellar slipping of crystalline blocks occurs at small deformation and a stress-induced crystalline block disaggregation-recrystallization process taking place at a strains larger than the yield strain. Thus,
stretching these material results in fibrils perfectly oriented in stretching direction, which
do not show distinct elastic recovery (Type III, Figure 6.84).

Figure 6.84: Classification of isotactic polypropylenes containing randomly distributed stereoerrors due to
the prevailing deformation mechanism point out that with increasing amount of crystlline phase the elastic
deformation behavior switches to the cold-draw behavior typically for thermoplastic materials.
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This classification clearly point out that polypropylenes with randomly distributed stereoerrors can be assigned to three main types I - III, which are characterized due to the prevailing deformation mechanism. Modifying the amount and the distribution of the stereoerrors
by changing the polymerization conditions lead to improved the mechanical properties regarding either to the mechanical strength (higher amounts of crystallinity) or the elastic
recovery (more randomly distributed crosslinks). Thus, directing the polymer microstructure by changing the polymerization conditions gives access to materials with tailored mechanical properties.

7 Synopsis
Although polymeric materials are unmatched in the diversity of their properties, such as
flexibility, stiffness or mechanical strength, one still open point is to tailor these material
properties by controlling the molecular architecture. Olefin-based polymers have attracted
considerable interest because the development of metallocene catalysts with well characterized molecular structures, catalyst composition and geometry gives access to polymer microstructures with higher levels of control over composition and stereoregularity. Thus,
homo- and copolymers become available with desired mechanical properties varying from
highly crystalline thermoplastics to lowly crystalline elastomers. Semicrystalline elastomers have attracted increasing amount of interest, because they combine elastic behavior
with thermoplastic characteristics. These polymers consists of two homogeneously dispersed phases, a crystalline, hard phase and a soft, elastomeric phase. This phase separated
morphology is responsible for the elastomeric properties. The crystalline domains act as reversible crosslinks for the amorphous segments of the chain providing a flexible network,
which can be reversibly opened at higher temperatures.
This work focuses on thermoplastic elastomeric polymers (TEP´s), where both phases consist of a defined monomer combination (propene/carbon monoxide / ethene carbon monoxide) or a single monomer (propene), which are polymerized by homogeneous transition
metal catalysis in a single polymerization step. These polymers are new materials, and the
interaction between the polymerization parameter, such as the used catalytic system and
the applied polymerization conditions, and the resulting chain microstructure are still unrevealed. To learn more about this correlation, the morphology of olefines obtained at different polymerization conditions will be explored on different length scales. To achieve this
goal various analytical techniques, such as differential scanning calorimetry (DSC) wideangle x-ray scattering (WAXS) and scanning force microscopy (SFM), will be combined.
Particularly SFM has shown to be suitable for this task, because the morphology and the
properties of polymers can be imaged with a resolution in the nm-range. Since no special
sample treatments are required and the microscope can easily be combined with external
set-ups, like a heating or a stretching device, the data obtained by SFM are directly relevant
for the in-use properties of the investigated polymers.
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One type of TEP´s are polyketones based on propene/ethene/carbon monoxide, which can
be prepared by the palladium catalyzed copolymerization. These polymers are of special
interest, because they not only provide a wide range of mechanical properties but the incorporation of the polar CO functionality in the polymer backbone lead to also to materials
with distinct differences in the chemical properties. When a dicationic palladium(II) phosphine catalyst was used for polymerization of propene carbon monoxide (PCO) and ethene
carbon monoxide (ECO), the different reactivity of the catalyst for ethene and propene insertion will lead to ECO-PCO block copolymers proved by NMR, DSC, WAXS and SFM.
Furthermore, for ECO-PCO terpolymers with similar ECO/PCO composition (40 - 60%
ECO) it was shown that varying the ethylene feed from continuous in Pre Set Polymerization (PSP) to discontinuous in Puls Feed Polymerization (PFP) results in different distributions of the crystallizable ECO blocks.
DSC experiments allow the investigation of the distribution of both, the amorphous as well
as the crystalline domains. Examination of the glass transition temperature showed that the
discontinuous feed of ethene in PFP results in the formation of higher amounts of short,
non-crystalline ECO segments which are preferably incorporated in the amorphous PCOrich domains. Studying the melting behavior and the crystalline phases suggests that
longer, crystallizable ECO segments are formed, when a constant amount of ethene is
present in the beginning of the polymerization. This variation in ECO block length is reflected in the phase separated morphology explored performing SFM phase shift images on
bulk samples and thin films. In ECO-PCO terpolymers with an ECO content <50%, larger
ECO- and PCO-rich domains obtained for PSP samples refer to the formation of long ECO
chain segments. In contrast, PFP samples revealed smaller domains, which indicates the
presence of regular distributed, shorter ECO chain segments. When the ECO content is
above 50%, similar domain sizes where found for both sample types, but the distribution of
crystalline lamellae was different. PSP samples provide crystalline lamellae only inside the
ECO-rich domains referring also to the formation of long ECO-rich segments. In case of
the PFP sample, a continuous lamellar network becomes visible all over the sample. This
supports the assumption that the crystallizable ECO sequences are more randomly distributed along the chain. According to the dimensions of the crystalline features, a block length
of about 20 - 25 ECO monomers in sequence has found to be necessary to form such ordered domains. According to the experimental results the polymer microstructure of these
ECO-PCO terpolymers can be described as following: In case of PSP a triblock structure
has been formed consisting of longer ECO- and PCO-rich blocks located at the ends of the
chain. These blocks are connected by an EPCO gradient transition region, which is com-
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posed of alternating short ECO and PCO blocks with variable length. In contrast, during
PFP an [AB]n multiblock terpolymer is formed, where ECO-rich sequences are distributed
regularly along the chain.
To investigate the influence of the various chain microstructures in the mechanical properties of the polymeric materials, the samples are subjected to uniaxial stretching. All terpolymers revealed stress strain curves characteristic for elastomeric materials and showed
high elastic recovery above 80%. Although variations in the mechanical strength and the
elastic recovery can be found which can be correlated to differences in the polymer microstructure. Samples, in which the ECO blocks are more regularly distributed along the
polymer chain revealed higher mechanical strength. This can be explained by a higher
amount of crosslinks leading to a denser network. Additionally, the carbonyl functionality
in the polymer backbone introduces some interesting features. Above all, polyketones are
of special interest for biological application, because due to the CO functionalities they are
hydrophilic polymers. It was therefore of special interest to investigate also the surface
properties of these polymers. Variations in the surface tension were correlated to difference
in the surface morphology. Depending on the used polymerization, PSP or PFP, variable
amounts of more hydrophilic ECO can be found at the surface. The amount of ECO
trapped at the surface can be correlated to the amount of oriented or crystallized ECO domains whithin this region. SFM enables to determine the domain size and distribution of
the ECO regions. Smaller and more homogeneously distributed domains can be found in
the multiblock samples, which reveal a crystalline network in the bulk. Since this samples
reveal higher surface tension it might be concluded that the crystallization of ECO inhibit
the "diffusion" of these polar groups inside the bulk. They are trapped at this surface. These
results of the polyketone synthesis clearly show, that changing the polymerization conditions can open new possibilities to modify the chain microstructure without any change on
the chemical side, e.g. catalyst. The length and the distribution of crystallizable blocks can
be varied in such a way that the microstructure of ECO-PCO terpolymers is tailored leading to new materials with specific mechanical and surface properties.
Besides, TEP´s have been investigated where both, the hard and soft, phase composed of
the same monomer, but they are either in the crystalline or in the amorphous phase. Certain
metallocene catalysts are capable of producing homopolypropenes with elastomeric properties. These catalysts allow the control over the polymer microstructure by adjusting external polymerization conditions like temperature or monomer concentration. Using a C1symmetric ethylene-indenyl-fluorenyl-zirconium catalyst in propene polymerization experiments, high molecular weight, low isotactic polypropylenes are received. Investigating the
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microstructure of polypropylenes polymerized at various polymerization temperatures and
monomer pressure give experimental evidence that these isotactic polypropylenes contain
randomly distributed isotactic sequences, which are generated by the statistical incorporation of stereoerrors due to a chain-back-skip mechanism. Thus, low isotactic polypropylenes with a chain structure similar to the one of a random copolymer can be suggested.
In amorphous TEP´s, random and block copolymers can clearly be discriminated due to
their morphology and the resulting material properties. Since elastomeric polypropylenes
reported so far are mainly stereoblock isotactic-atactic polymers, it was a matter of particular interest to figure out whether a similar correlation can be obtained for low isotactic
polypropylenes. Therefore, the morphology of a polypropylene with a mmmm content of
36% containing randomly distributed stereoerrors was investigated. SFM phase shift images revealed a phase separated structure, where imperfect lamellae are randomly distributed within an amorphous matrix. The lamellae are composed of bundled chains crystallized in a granular morphology. Hence, similar to stereoblock polypropylenes, low
isotactic polypropylenes with randomly distributed stereoerrors form structures reminiscent
of highly isotactic PP. Unlike as in amorphous TEP´s, random and block polypropylenes
cannot be discriminated owing to their morphology. Most likely, the random incorporation
of stereoerrors will shorten the length of the regular isotactic crystallizable sequences and,
therefore, the degree of crystallization and crystallization rate is reduced. Time dependent
crystallization studies confirm this suggestions. Besides, the shorter isotactic blocks are
proposed to favor the formation of γ-form crystallites. WAXS and SFM studies reveal the
presence of mixed α/γ form lamellae which is a result of two competing kinetic and thermodynamic effects. During the isothermal crystallization from the melt initially crystals of
the α-form were developed consisting of longer isotactic sequences. The formation of crystals of γ-form is slow and can be observed only at longer crystallization times. This lamellar fraction contains mainly shorter isotactic sequences forming crystals of γ-form nucleated over the initially formed crystals of α-form.
In order to elucidate the influence of the polymerization conditions on the stereoerror formation and the resulting polymer properties a series of polypropylenes was synthesized at
increasing temperature and decreasing monomer content using catalyst 11 with MAO activation. DSC experiments confirm the proposed random distribution of isotactic sequences,
but an ideal random polymer can only be approved for samples with mmmm contents
< 40%. Propene polymerization experiments preformed at higher temperatures and lower
monomer concentration result in materials with increasing isotacticity owing to a reduced
number of incorporated stereo errors. Experiments showed, that at higher polymerization
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temperatures the generation of longer isotactic sequences is promoted. Hence, beside the
proposed chain-back-skip mechanism, a second mechanism may occur which influences
the distribution of stereoerrors. Reducing the amount of aluminum present during the polymerization by changing the catalyst activation from MAO or borate ([Ph3C][B(C6F5)4]),
polypropylenes were obtained with higher molecular weights and stereoregularity. This
results suggest the reversible chain transfer to aluminum as a second mechanism taking
place in propene polymerization using C1-symmetric zirconium catalysts.
Comparing MAO and borate activated samples, higher molecular weight, higher isotacticity and higher stereospecificy were found for the borate activated ones leading to different
poylmer microstructures. In case that MAO is used for activation, in total three crystalline
fractions were assigned. The fraction melting at the lowest temperature TM1 = 320 - 325
allocated as LM1 consists mainly of isotactic blocks with a length niso,1 = 22 ± 0.5. The second crystalline fraction LM2 melts at higher temperature TM2 > 350 K. This fraction contains
longer isotactic sequences with niso,2 = 30 ± 5 monomers. Both fraction show a negligible
dependence on the isotactic content. As long as the isotacticity is below 40%, these two
crystalline fractions form a discontinuous network reflect the bimodal distribution of lamellae. For samples with mmmm contents above 40% a third lamellar fraction LM3 appears,
that includes longer isotactic sequences niso,3 ranging from 36 to 47 monomers. These fraction did not melt below TM3 > 350 K. The characteristics of this fraction is the linear dependence on the the mmmm content and the constant value in the heat of fusion, which suggests that lamellae become thicker when the amount of isotactic pentads increases. The
heat of fusion ΔHM2,3 = 10.5 ± 0.5 kJ mol-1 point out that this lamellar fraction form crystalline structures similar to the one observed in highly isotactic polypropylenes. At the
same time, the crystalline phase extends and in addition to the distinct lamellae lamellar
superstructures with an arborescent shape can be found. Based on the SFM phase image
analysis, the prevailing lamellar fraction in all samples has an average thickness l = 7 ± 2
nm. This thickness can be correlated to an isotactic sequence length niso = 35 ± 5 monomer
units, which is in good agreement with the block length of the predominant crystalline
phase LM2 determined from the DSC experiments. Secondary crystallization leads to
branched lamellar structures where branching angles of 40 ± 3 and 80 ± 5° were observed
suggesting crystallization in a mixed α/γ-form. Additionally a second lamellar phase is
formed displaying granules and thin lamellae with an average thickness of about 5 ± 1 nm2.
Thus, shorter chain segments of about 23 ± 4 consecutive isotactic units contribute to this
crystalline fraction. The low block length and the observation that this fraction did not

190
_______________________________________________________________________________

show any branching leads to the conclusion that the phase preferably crystallized in the γform.
In contrast to the MAO activated samples, for borate activated samples with mmmm contents between 26 and 51%, only two #c#r#y#s#t#a#l#l#i#n#e# #p#o#p#u#l#a#t#i#o#n#s# #with different# #p#r#e#v#a#i#l#i#n#g# #block
lengths were found. The# #b#i#m#o#d#a#l# #d#i#s#t#r#i#b#u#t#i#o#n# #o#f# #c#r#y#s#t#a#l#l#i#n#e# aggregates s#t#r#o#n#g#l#y# #r#e#f#e#r#s# #to
#r#a#n#d#omly #d#i#s#t#r#i#b#u#t#ed# #isotactic sequences #even at higher polymerization temperatures#.# Most
likely, due to the negligible amoutn of aluminum present in these polymerizaiton, the reversible chain transfer is occluded and stereoerrors are incorporated only due to the chainback-skip mechanism. The prevailing crystalline fraction LM1 consists of i#s#o#t#a#c#t#i#c# blocks
which have a length niso,1 = #23 ± 4 #monomers. This fraction c#r#y#s#t#a#l#l#i#z#e#s# #preferably i#n# #t#h#e#
#o#r#t#h#o#r#h#o#m#b#i#c# #γ-#m#o#d#i#f#i#c#a#t#i#o#n# forming granular structures or thin lamellae with an average
thickness of about 5 ± 1 nm2. Besides, small amounts of longer isotactic sequences with a
block lenght niso,2B > 35 #monomers can be found forming α-form lamellae.
Although polypropylenes synthesized using various catalyst activation reveal differences in
the polymer morphology, for both sample types a gradually change in morphology from
isolated crystalline lamellae to a nearly continuous lamellar structure can be correlated to
in a change in the deformation behavior. According to the prevailing deformation mechanism polypropylenes with randomly distributed stereoerrors can be classified into three
main types. When low isotactic, low crystalline polypropylenes characterized by a discontinuous crystalline morphology and less defined lamellae. Stretching these materials, crystallite break-up and the orientation of resulting microblocks in a beads-on-the-string like
structures are the determining processes. The samples show elastic recovery to the entropy
driven relaxation of the amorphous segments (type I). Randomly distributed microblocks,
generated when the polymer is stretched for the first time, act as crosslinks in further deformation cycles. When the isotacticity and therefore the degree of crystallinity increase, extended crystalline domains are irreversible destroyed by a combined process. At small deformations the intra-lamellar slipping of crystalline blocks occur. At strains larger than the
yield strain, a stress-induced crystalline block disaggregation-recrystallization process
takes place which leads to an increasing amount of crystalline fibrils, that cannot elastically
recovery (type II). Highly isotactic samples are preferably irreversible transformed in a fibrillar morphology, which reveal no elastic recovery (type III). Within the same class, variations in the amount and the distribution of crystalline segments lead to improved mechanical properties regarding either to the mechanical strength (higher amounts of crystallinity)
or the elastic recovery (more randomly distributed crosslinks).
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The results obtained for both synthesis of elastomeric polyketones and polypropylene
clearly show that changing the polymerization conditions can open new possibility to modify the chain microstructure without any change on the chemical side, e.g. catalyst. The
length and the distribution of crystallizable blocks can be varied in such a way that the microstructure of a specific TEP is tailored leading to new materials with specific mechanical
properties. Additionally, the size and distribution of hydrophilic domains at the surface of
polyketones can be modified. Since this parameter influences the attachment and growth of
living cells, the catalytic olefine CO terpolymerization provides the possibility to synthesis
new polymeric materials for biological or medical applications.
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Appendix

A

A. 1

Sample preparation

Polypropylene polymerization

The ethylene-bridged zirconocene has been prepared as described.1 Trityl tetrakis pentafluorotetraphenyl borate was prepared according to literature procedures.2,2 Methylaluminoxane and triisobutylaluminum were purchased from Witco (Greenwich, USA) and
toluene for the polymerization reactions from Merck (Darmstadt, Germany). The polymerization reactions were performed in a 0.5-L or 1-L Büchi steel reactor (BÜCHI Labortechnik, Flawil, Switzerland) at constant pressure and temperature. The autoclave was charged
with 200 or 300 ml of toluene, resp., and with the desired amount of cocatalyst and zirconocene dichloride (MAO activation, series A, c.f. Table 6.1) or with the desired amount
of pre-activated catalyst solution (borate activation, series B, c.f. Table 6.8). Subsequently,
the polymerization temperature was adjusted (310 - 340 K) and the reactor was charged
with propene up to the desired pressure (2 - 7 bar). For borate activation the cocatalyst solution was injected into the autoclave via a pressure burette. The monomer consumption
was measured using a calibrated gas flow meter (F-111C-HA-33P, Bronkhorst, Ruurlo,
Netherlands) and the pressure was kept constant during the entire polymerization period
(Pressure controller F-111C-HAP-602C-EA-33P, Bronkhorst, Ruurlo, Netherlands).
Pressure, temperature and monomer consumption were monitored and recorded online. The
polymerization reactions were quenched with Methanol, and the polymer products were
precipitated pouring the toluene solution into an excess of Methanol. The products were filtered off, washed with acidified methanol and dried in vacuum at 335 K overnight
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A. 2

Polyketone polymerization

Different ECO-PCO copolymers have been prepared either by preset polymerization (PSP)
or by pulse feed polymerization (PFP) using a 250 ml, stainless steel autoclave (Roth
Model II, Carl Roth GmbH + CO KG, Karlsruhe, Germany). The autoclave is filled with
150 ml CH2Cl2, 30 mg (40 µmol) dpppPd(NCCH3)2(BF4)2 and 0.25 ml methanol. All solvents are distilled and dried before use. CH2Cl2 is saturated with 8 bars of propene (60g
propylene). The amount of ethene added to the reactor is about 4 g. The autoclave is
pressurized with 60 bar carbon monoxide at RT. The carbon monoxide is pressure controlled and the propylene is used in excess, so that its concentration is constant during the
reaction (5% are normally consumed). The reaction mixture is stirred with a gas entertainment impeller for 21 h. After this time the remaining gas is vented off and the polymer is
precipitated in methanol. Whereas in PSP ethylene is added at once at the beginning of the
reaction in the PFP-process pure ethylene gas is pulsed during the reaction in certain intervals of time by using a magnetic valve. The total amount of ethene added during the reaction is in the same range as added in PSP. For the investigated samples the time intervals
are 60 min, which results in 20 pulses of ethene during the reaction time, starting with a 60
min feed of CO.

A. 3

Film preparation

Since for the different investigation methods various samples are required, different types
of films are preprared. For DSC and WAXS investigations as well as for mechanical testing small pieces of melt pressed films with a thickness of about 1 mm are used. SFM experiments are performed either on microtom cuts of the melt pressed films, on 200 µm
thick solvent casted or on 200 nm thick dip coated films. To ensure that all sample types
are fully crystallized, all films were stored at room temperature for 2 weeks before subjecting to any further characterization.
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A. 3. 1 Melt pressed films
To prepare melt pressed films 10 g polymer was placed in between two glass plates
covered with PTFE foils with a spacer of 1 mm. The polymer was heated under constant
low pressure (2kN) to 390 K. When the temperature is reached and the sample is molten,
the pressure is increased up to 5 kN. After leaving the sample for 30 min at this pressure,
the pressure is increasesd up to 20 kN. Subsequently, the samples is held at this temperature for another 30 min. Afte4rwards, the sample is cooled down to room temperature with
a cooling rate of 1.5 K/min. The thickness of the film determines by a micro meter screw is
1 ± 0.01 mm.

A. 3. 2 Solvent casted films
To prepare smooth films for SFM investigations, 2 g of the polymer were dissolved in 75
ml solvent. For polyketones were chloroform used as solvent, for polypropylenes toluene.
The toluene solution was heated in a water bath at 350 K for 60 min to ensure the total dissolution of the polymer. To prepare the films, the solution was casted in a petri dish (ø = 10
cm) covered with a PTFE foil. On top of the petri dish a glass cover is place. A small gap
enable the solvent to evaporate slowly. After 7 days films with a thickness 0.25 ± 0.05 mm
were obtained. To simulate the heating process of the melt pressed film the solvent casted
films were heated-treated for 60 min at 390 K in a vaccum oven. After this time, the samples was cooled down to room temperature with a cooling rate of 1.5 K/min.

A. 3. 3 Dip coated films
Mainly, the SFM images carroed out on dip coated film. To prerpare this films, 100 mg
polymer were solved in 10 ml solvent. Solvents are prerpaed in the same way as the solvent casted films. A piece of freshly cleaned silicon was dipped into the solution for 10 s,
which in case of toluene is hot. The sample is dried in vapor of the for 30 s. Films with
thickness of about 200 ± 50 nm were obtained from SFM images. To approach the preparation conditions of the melt crystallized films, the dip-coated samples were heat-treated for
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60 min at 390 K in a vacuum oven. After this time, the samples was cooled down to room
temperature with a cooling rate of 1.5 K/min.

B Characterization methods

B.1 Chemical characterization
Molecular weights and molecular weight distributions were determined by gel permeation
chromatography (Alliance GPC 2000, Waters, Milford, Massachusetts USA) using a
Styragel column and calibrated relative to polystyrene standards. For the investigation
polypropylenes are dissolved in 1,2,4-trichlorobenzene. The measurements are performed
at 418 K. Molecular weights and molecular weight distributions of the ECO-PCO copolymers have been measured in tetrahydrofuran.
The total content of ECO (ECOElem) in the terpolymer has been established by elementary
analysis comparing the determined amount of carbon according to the amount carbon of
pure ECO and pure PCO.

B. 1. 1 Nuclear magnetic resonance spectrosopy
NMR experiments have been used to calculate the isotactic pentads concentration and the
pentad distribution. For this purpose 15 mg of each sample were dissolved in 500 µl
toluene (polypropylene), or CDCl3 (polyketones) in a 5 mm tube. NMR spectra were
recorded on a Bruker AMX 500 spectrometer (Bruker GmbH, Rheinstetten, Germany)
operating at 298 K, or 353 K, respectively. The analysis of the spectra has been performed
using the Bruker WinNMR program.
To calculate the ratio between the ECO and EPCO segments and the ECO distribution in
the polymer chain 13C NMR spectra were used. To assign ECO blocks two peaks can be
used: The peak between 36 – 35 ppm represents an ethene block with only adjacent ECO
groups. This means that the corresponding ethene molecule can be found in the ECO sequence in the polymer chain. The other peak at 35 – 34 ppm represents an ethene block,
which has at least by one side a PCO group in the neighborhood. The total amount of
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ECOBlock is given by the integral sum of this two peaks and the overall amount of ECO in
the chain estimated from elementary analysis.
To estimate the pentad distribution of polypropopylenes the integral sum of the 9 pentad
signals are determined. To ensure that the results are comparable for all shown samples the
same integration boundaries are used. The given amounts are relative to the total integral
sum obtained for all peaks. The accuracy of the estimated pentad frations is ± 0.5%

B.2 Wide Angle X-ray Scattering (WAXS)
To investigate the crystallinity and the prevailing crystalline modification of the sample
wide-angle x-ray scattering (WAXS) records were made. X-ray diffraction pattern of the
polymer films are recorded in a Guinier-Lennier camera (Philips PW 1830/40) (Philips Industrial & Electro-Acoustic Systems Division, Almelo, The Netherlands) using the CuKα-line ( λ = 1.51 Å). Measurements are performed at room temperature in 90° sample
orientation. The reflection intensity has been estimated visually using standard intensity
scales.
The time dependent WAXS investigations were performed at the polymer beamline A2 (λ
= 1.5 Å) at the HASYLAB at DESY in Hamburg. Phosphor imaging-plates (IP) were used
as a detection unit for recording WAXS intensities. For this experiments at HASYLAB a
new custom made experimental setup with a cylindrical curved IP was used. The radius of
cylinder corresponded to the distance between sample and IP. 3 To investigate the recrystallization of the sample a small piece was placed in an oven, which is mounted in the
beamline. At first the sample was melted 20 K above the melting temperature and cooled
down with a constant rate of 5 K/min. Time measurement started when room temperature
was reached. The first WAXS diagram of the sample was taken at this time at the beamline
A2. Consecutively, for the first four hours at the same instrument. The following WAXS
records were taken with normal Guinier camera after certain days until 7 months.
Deformation induced changes in the crystalline structure are investigated taking out
WAXS diffraction pattern of stretched samples. For this purpose 200 µm thick solvent
crystallized films are stretched in a commercial stretching device (Zwick 1445, Zwick
GmbH + Co. KG, Ulm, Germany) at given draw ratio raning from λ = 1 to 8. To ensure
that the samples are not relax during the WAXS experiments the films are fixed at a given
draw ratio in small metallic sample holders. The fixed sample were mounted in WAXS
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camera (Philips PW 1830/40) (Philips Industrial & Electro-Acoustic Systems Division,
Almelo, The Netherlands) and the diffraction pattern were using the Cu-Kα-line ( λ = 1.51
Å). Profils of the stretched samples were obtained along the equatorial line of the diffraction pattern. The reflection intensity has been estimated visually using standard intensity
scales.

Figure B.1: WAXS diagram of semicrystalline polymer (isotactic polypropylene) dotted line indicate the
amorphopus halo (a); after subtracting the amorphous halo crystalline peaks can fitted using Lorentiona
function

To get information about the crystallinity xWAXS of the semicrystalline sample, the seperation of crystalline and amorphous phase of the WAXS curves is necessary (Figure B2a).
As referene for the amorphous halo (dotted line, Figure B2a) a WAXS record of a fully xray amorphous polypropene4 or polyketone samples were used. If crystalline and
amorphous phase of the WAXS scattering curves are separated, the ratio between the integral of the crystalline WAXS curve and integral of the whole curve corrected for the background determine the crystallinity xWAXS. The accuracy of the method is in the range of ± 2
%. Since most of the investigated samples have a degree of crystallinity xWAXS < 10%, the
estimated values give only a qualitative measure. After subtracting the amorphous halo, the
crystalline WAXS spectrum can be recalculated fitting the characteristic peaks using a
Lorentzian function (Figure B.2b). For this analysis a freeware program called MacDiff
(Dr. Rainer Petschick; Geological-Paläontological Institut; Johann Wolfgang GoetheUniversity, Frankfurt am Mainz) has been used.
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Figure B.2: WAXS diagram of a semicrystalline polymer (isotactic polypropylene); the dotted line indicate
the amorphopus halo (a); crystalline peaks recalculated after fitting them by a Lorentzian function.

B.3 Differential Scanning Calorimentry (DSC)
Experiments were carried out with a Perkin-Elmer 2 (Wellesley, USA) differential scanning calorimeter using indium as a calibration standard. Small pieces of the films were
punched with a standard paper puncher. Disk-like samples of 5 – 10 mg are weighed and
sealed into Perkin-Elmer aluminum DSC pans. The thermal treatment of the samples has
been carried out in the DSC instrument under nitrogene atmosphere. Heat flow data (Jg-1)
were taken during heating from 200 – 420 K with a rate of 10 K/min. For time dependent
crystallization experiments small pieces of the melt pressed film were measured in given
periods of time (0.5 h - 480 h) after sample preparation.
Melting temperature TM was determined as the maximum of corresponding transition
regime M of the endothermic curve. The accuracy of the estimated melting temperature is
about ± 0.25 K. The area under the peak M attributed to the melting temperature TM is
attributed to the heat of fusion ΔHTM and can be correlated to the fraction of crystalline
lamellae melting in this regime.KET1 45 Since the materials show very slow crystallization,
TM and the heat of fusion ΔHM were estimated from 1st DSC run. Often various melting
transitions occur resulting in broad melting regimes. Therefore, individual fractions M of
crystalline lamellae revealing melting transitions with maxima at TM were estimated fitting
Gaussian curves to the corresponding melting regime. The heat of fusion was determined
with an uncertainty of about ± 0.5 Jg-1.
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Assuming that the heat of fusion ΔHperf given for a perfect infinite crystal of the crystalline
polymer is equal to that of the crystalline fraction of a low crystalline polymer5, the relation
between the overall heat of fusion ΔHtot and the enthalpy of fusion ΔHperf gives the crystallinity xDSC for an individual sample.6

B.4 Scanning Force Microscopy (SFM)

B. 4. 1 General settings
Images are preformed on a D3100 Scanning Force Microscope equipped with a Nanoscope
IIIa controller (Veeco Instruments, Santa Barbara, USA). Pictures are taken under ambient
conditions (30 % humidity, 298 K) in Tapping Mode (TM) using standard micro-fabricated
silicon cantilever with aluminum reflex coating (OMCL 160TS, Olympus Corporation, Japan). The cantilevers have nominal spring constants of 40 N/m; typical resonance frequencies range between 275 and 315 kHz. Based on imaging of a calibration standard (Silicon
gratin GT01, Silicon MDT, Moscow, Russia), the radii of the tips used in the studies were
estimated to be 5-15 nm.
Typically in the studies shown here, the free amplitude A0 has been set to 2 V, which is
equivalent to 90 nm free modulation, and the set point amplitude A ranges between 1.30
and 1.35 V resulting in an amplitude damping rsp of about 0.65 – 0.675. Phase images taken
under these conditions are dominated by the mechanical properties of the samples.7 In this
case harder domains show higher phase shifts that appear brighter than softer areas. The
magnitude of the phase signal is affected by various scan parameters, such as the precise
amplitude of the free vibrating cantilever and the set point ratio. Since these values are given by the SFM software and cannot be absolutely controlled, the recorded values can only
be considered as relative ones. Thus, phase images are presented without an absolute color
scale.
For the morphological investigations several types of samples are available. Preliminary
tests where the surface morphology of solvent casted films was compared to the morphology of the dip coated samples show similar surface morphologies for both samples. Since
the surface roughness of dip-coated films is lower mostly these samples were used for investigating the polymer structure.8 To image the bulk morphology solution casted films
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were cut perpendicular to the surface using a cryo-microtom. For SFM imaging the films
are mounted in a metallic sample holder with a vice-like shape. The cut face is on the same
level as the clamping jaws.

B. 4. 2 Analysis
Since it has been shown that polymer films on silicon substrates have tobe above 200 nm to
show bulk properties9, it was important to estimate the thickness of the dip coated films.
For this purpose after applied toth esilicon substrate, the film was scratched with a fine needle and the profile of the scratch was measured. Typically, for the used dip coating solutions and choosen dip coating conditions film thickness ranging between 200 and 350 nm
have been found. Thus, the dip coated films can proposed to be a good model reflecting the
bulk morphology of the investigated films.
The dimension of crystalline domains where detected by means of line scans of SFM phase
images (Figure B.3). The results are average over at least 10 crystalline domains. Performing SFM phase images of the samples on a scan range of 1 µm with 512 x 512 pixels
per image, results in a accuracy of ± 2 nm for the observed features. Any quantitative determination of the lamellar dimensions from TM-SFM images leads to a considerable overestimated because of the finite tip radius. Thus any calculation of block lenght shown
might give the upper limit of monomer contributing to a investigate lamellae.

Figure B.3: To determine lamellar distances cross sectional lines (b) from phase shift images (a) were used.
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To estimate the amounts of hard (bright) and soft (dark) phase the phase shift images (Figure B.4a) are converted into binary images (Figure B.4b). For this purpose the contrast of
the images of one series is leveled and the histograms are plotted (Figure B.4c). The
threshold values for the binary convertion was adjusted for all images of one series at the
same value (Figure B.4c). After this transformation, the soft phase of the polymer (lower
phase shift values) corresponds to the amount of black pixels in the picture and the hard
phase to the white ones. Now, the amount of black and white pixels was estimated using
the area analysis macro of the freeware programm ImageJ (National Institute of Health,
USA). The relative amount of black and white pixels is estimated for images taken at different scan sizes, typically 5 µm, 2 µm and 1 µm, and at least 3 different image positions of
each sample. The values estimated by this procedure have an accuracy of ± 2 %.

Figure B.4: Topography (a) and phase images (b) reveal the phase-separated morphology of low isotactic
polypropylene (A 28, c.f. Table 1). Converting the phase image in a binary picture (c) enable to determine the
amount of hard phase

A-XII
_______________________________________________________________________________

B. 4. 3 In-situ heating experiments
To carry out the heating and crystalliaztion experiments a commercial hot stage equipped
with a Lake shore 330 temperature controller (Molecular Imaging, Tempe, Arizona, USA)
is added to the SFM. Dip coated samples were attached to a copper support with a thickness of 1 mm. To ensure optimum heat transfer the silicon substrates are glued with thermo
conducting epoxy glue (EPO-TEK H74, Epoxy Technology, Billerica, USA). This support
is clamped on the hot stage. To determine the surface temperature of the sample a small
thermocouple (IRCO-001 thermocouple J-type, diameter 0.001 in., Omega, Stamford,
USA) connected to a Fluke 51 K/J thermometer, (John Fluke Inc., Everett, USA) was glued
on a silicon wafer. Since additional heat transfer through the thin samples was neglected
the given experimental temperatures can be assumed to com up to the surface temperatures.
To avoid air flow, AFM experiments were carried out in a custom-built box. Since no contamination of the AFM cantilever by condensation of water or other contaminants that
could affect the cantilever resonance frequency was observed, the experiments can carried
out under ambient conditions.

B. 4. 4 In-situ deformation experiments
Combining a stretching device with a SFM enables to monitor deformation induced
changes in the morphology of polymeric films on-line. Figure B.5a shows the scheme of a
home-built stretching device. Here, the stretching is done by two computer controlled stepper motors (MICOS GmbH, Eschenbach, Germany ). This balanced assembly is used to secure symmetric deformation of the sample. A strain gauge force sensor with maximum
range of 5 ± 0.5 N (Submidget force sensor Type 8411, Burster, Gernsbach, Germany)
equipped with an SEMMEG 9000 amplifier is integrated. This high resolution for force detection is necessary to the study thin elastomeric films with small dimensions. To investigate foils or compact samples the force sensor can be changed so that also samples with
higher mechanical strength of max. 200 N can be measured. The traveling of the stretching
device is controlled via custom-built software, which allows the simultaneous recording of
the force. This enables either to measure force-elongation curves of the used samples or to
control the force during SFM imaging. Latter has been shown an important parameter be-
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cause deformation experiments of elastic materials showed that the samples relax when the
stretching process is interrupted. This relaxation process makes SFM imaging impossible.
To avoid relaxation induced changes in sample structure, the specimen were left under a
given deformation rate for at least 3 hours to relax.

Figure B.5: Scheme of a stretching device for DI3100 SFM. Red arrows indicate the stretching direction (a);
home-built stretching device (a) with a movable sample support (c).

The setup can be placed on top of the x-y-sliding of the SFM, the position of the device can
be changed during the experiment. This can be necessary if macroscopic changes, e. g.
necking, take place outside the region where the cantilever is placed. Due to the compact
setup (Figure B.5b) the stretching device fits in a Dimension 3100 SFM (Veeco, Santa
Barabra, USA. In this setup the minimum size of the sample is limited by the dimensions
of the cantilever holder (15 mm) of the used SFM. With respect to this size, a maximum
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elongation of λ = 10 is possible. To avoid any sample vibrations during imaging a support
with removable stamp is mounted below the sample (Figure B.5c). To retain relatively
high surface smoothness and avoid films vibrations s moveable supporte has been mounted
in the middle of the stretching device. To retain relatively high surface smoothness and
avoid films vibrations s moveable supporte has been mounted in the middle of the stretching device. The height of the support can be adjusted by a micrometer screw. Exchanging
the small stamp by heating or cooling plates allows additional control of sample
temperature.

B.5 Mechanical testing
To test the mechanical properties of the samples stretching experiments have been performed on a commercial stretching device (Zwick 1445, Zwick GmbH + Co. KG, Ulm
Germany). From the melt pressed film samples with a thickness of 1 mm were punched using a dog-bone puncher with nominal dimensions of 20 mm in length and 5 mm in width.
Areas on the films showing inhomogenities were excluded for the tests. To calculate the
nominal stress the cross sectionial area has to be determined. Therefore, additional to the
width the exact thickness of the samples was estimated using a micrometer screw. The initial length of the sample as well as their elongation were measured by the optical detection
system (accuracy of the method: ± 0.5 mm) of the used stretching device. For this purpose
two optical marker were applied in the middle of the sample with a distance of 15 - 20 mm.
To determine the stress-strain behavior of two to five samples were submitted tensile testing with a stretching rate of 4 mm/min until the sample fails. The deformation ratio is given as

λ=

l
l0

(B1)""

where l = actual sample length, l0 = initial sample length.
Mechanical parameters (Figure B.6), such as the Young´s modulus E – given as the slope
of the linear region (hook region), and the yield strength σyield – the strength at λyield = 2 offset strain from the linear region, were evaluated for these measurements. The average elongation to failure was λmax was estimated with a accuracy ± 0.5. Failure strength σmax was
estimated with a accuracy ± 0.5 MPa.
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Figure B.6: Characteristic mechanical data determined from stress-strain curves.

To quantify the elastic properties of the low crystalline samples, mechanical cycles of
stretching and relaxation have been performed at room temperature on thin solvent crystallized films or melt pressed films and the corresponding hysteresis has been recorded.
Stress-relaxed specimen have been prepared by stretching film up to a desired elongation
typically 80 % of the maximum elongation, keeping the fibers under tension for 1 min at
room temperature, then removing the tension, allowing the specimens to relax. The hysteresis cycles, composed of the stress-strain curves recorded during the stretching (loading
curves (black solid line, Figure B.7), immediately followed by the curves recorded during
the relaxation at controlled rate of 4 mm/min (red solid line, Figure B.7). Following cycles
are plotted as in the same way(dotted lines, Figure B.7).
To quantify the elastic properties mechanical cycles of stretching and relaxation have been
performed at room temperature on the thin solvent crystallized film (Figure B.7) and the
corresponding hysteresis has been detected. The hysteresis cycle composed of a stress-strain curve recorded during the stretching up to λcyc = 8 with a stretching rate of 4 mm/ min
immediately followed by the curve recorded during the relaxation at controlled rate (4 mm/
min). To determine the reversible deformation of the samples were subjected this cyclic deformation for at least three times. Subsequently, the samples were removed from the
stretching device and stored without strain for 24 h to allow them to recover totally before
measuring the final sample length (λrel). The elasticity of a sample can be defined as the
amount of reversible deformation after elongation to a given strain rate λcyc calculated by
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⎛ λ − λrel ⎞
ε rev = ⎜ cyc
⎟ • 100
⎝ λcyc − 1 ⎠

(B2)""

where λrel is calculated from l0 = initial length of the sample and lrel = length of relaxed
sample after stretching to λcyc.

Figure B.7: Stress-strain-curves recorded during cyclic deformation of the sample; teh two cycles can be
discriminated due to the plotted lines (full = 1st, dotted 2nd cycle). Black lines give the elongation curves, red
lines the curves when the stress is released.

B.6 Density measurements
The densities of the polymer samples will be determined by floatation in solutions of
known densities. If a particular sample floats its density is lower than the liquid´s. If it
sinks the polymer is denser than the liquid. If it is suspended in the liquid the densities of
the liquid and the sample are equal. For this purpose small pieces of the solution casted
films were put into a glass filled with a glycerin/water mixture with a density above the expected one. A small piece of polymer is dropped into the glass. Water is added drop-wise
until the polymer sample is suspended and floats at constant position. The density of the
resulting mixture is estimated from the weight and the volume of the liquid.
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B.7 Contact angle measurements
Contact angle measurements were carried out by the sessile drop method by means of a
DataPhysics OCA 20 (DataPhysics, Berlin, Germany) on the surface of dip coated films.
Droplets of 1.5 µl of water were placed on the surface of the sample without removing the
needle from the droplet. After 30 s the image of the droplet that has been acquired by a
CCD camera, was transferred to the computer for analysis. The contact angle has been determined using DataPhysics analysis software after an ellipsoidal fit of the droplet taking
into account that the needle is still placed inside the droplet. The contact angles on the left
and on the right side of the droplet image (Θl, Θr) were estimated for 15 to 20 droplets on
at least two different samples. The accuracy of the estimated value was found to be ± 2° for
averaged contact angles [(Θl + Θr)/2]. For comparison also the contact angle of a pure PCO
and a pure ECO sample, respectively, has been measured.
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