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SSUUMMMMAARRYY  

 

 

The aim of the work reported here is to expand the knowledge on the field of the catalyzed 

alternating polymerization of olefins and carbon monoxide. 

As it can be followed in the sections of the introduction, many efforts have been made in the 

field of late transition organometallic chemistry to develop more sophisticated and optimized 

catalysts precursors for the olefin-CO copolymerization. Moreover, the material properties of 

the commercially available ethene-CO and close derivatives have been extensively explored. 

Nevertheless, a noticeable lower number of studies were focused on the polymerization of 

longer olefins and on the properties of the resulting copolymers. For this reason, we decided 

to detail and optimize the possibility of co- and terpolymerizations incorporating such low 

reactive olefins. The previous experience collected by our group using other olefins (e. g., 

propene) showed us that, for instance, a sufficient increase of Mw led to novel properties for 

polyketone materials. 

From a different point of view and in spite of the considerable number of examples where 

post-polymerization derivatizations on polyketones were successfully described, there are still 

some opportunities remaining. In fact, the material properties have not yet been discussed in 

detail. For this reason, we decided on one side to investigate polyketone chemical reduction 

(as simplest polymer modification) and, on the other side, to search the chain-end group 

functionalization to create block polymers. 

Description of the contents of every chapter: 
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• Chapter 1. Introduction to the state of the art, chemistry and significance of polyketones. 

In addition, details are given on the polymerization mechanism, which would help to 

understand the discussions on the following chapters. 

 

• Chapter 2. Three different families of flexible polyketones (alternating propene-CO 

“PCO”, (1-hexene)-CO “HxCO” copolymers and “pulse feed” alternating olefin-CO 

terpolymers from ethene and propene “EPCO”) were treated with the reducing agent 

NaBH4 in THF/MeOH solvent mixtures. Either partial reduction, leading to poly[ketone-

co-alcohol]s, or complete conversion to polyalcohols are achieved. The dependence on the 

degree of reduction of properties like glass transition, thermal decomposition, surface 

tension or mechanical performance is described. “Shape memory” thermoplastic 

elastomers are obtained if elastic EPCO terpolymers are partially reduced. 

 

• Chapter 3. A route to the synthesis of novel block polymers consisting of propene-CO and 

polypropylene segments is introduced. The block-structure was accomplished by 

employing a macromolecular catalyst activator.  

 

• Chapter 4. This chapter deals with the synthesis of copolymers from low reactive, long 

linear 1-olefins and CO. A method to optimize the polymerization conditions to favour 

chain propagation is described. It consists of the use of the olefin monomer as the 

polymerization solvent, together with the emulsification of a carefully chosen immiscible 

activator. The influence of parameters like temperature, CO-pressure, volume of activator, 
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catalyst counter-ion or ligand substitutions is reported. The products obtained possess a 

combination of high Mw and stereo- and regio-irregularity. That confers unprecedented 

properties to the materials relative to the previously synthesized polymers with identical 

compositions. 

 

• Chapter 5. The activities found in the propene-CO copolymerization under reported 

standard conditions are significantly enhanced if the reaction is performed in the presence 

of defined azobenzene-carrying ethers. The origin of this effect is investigated. 

 

• Chapter 6. Original procedures for the synthesis of 1,4-polyketone terpolymers from (1-

hexene–ethene)-CO “EHxCO“ and (1-hexene–propene)-CO “PHxCO” are described. The 

way to achieve the desired 1-olefin incorporation in both classes of terpolymers is 

explained. This synthesis is given as an example applicable to the production of 

terpolymers from any chosen 1-olefin pair and for any 1-olefin polymer composition. 

Monomer distribution, microstructure and thermal and mechanical properties of 

“EHxCO” are extensively characterized. It is found that for defined compositions, 

thermoplastic elastomers can be synthesized. The material microstructure, and thus, the 

mechanical behaviour, can be modified by the way in which ethene is fed to the reaction. 

Besides, the monomer distribution on “PHxCO” terpolymers is examined and their 

material thermal characteristics are given. 

 

• Annex. Analytical techniques employed. 
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Abbreviation or symbol Signification 

13C-NMR 13-Carbon nuclear magnetic resonance 

1H-NMR Proton nuclear magnetic resonance 

AFM Atomic force microscopy 

aPP-OH -OH end-group functionalized primordially atactic 
polypropylene 

ATR-IR Attenuated total reflection infrared spectroscopy 

AXPHOS 1,3-Bis(bis(2-methoxyphenyl)phosphino) 

BR Isobutylene-isoprene copolymer 

BuCO (1-Butene)-CO alternating copolymer 

CO Carbon monoxide 

DAPP 1,3-Bis(bis(2-methoxyphenyl)phosphino)propane 

DcCO (1-Decene)-CO alternating copolymer 

DDS Dodecylsulfate sodium salt 
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dppp 1,3-Bis(diphenylphosphino)propane 

DSC Differential scanning calorimetry 

ECO Ethene-CO alternating copolymer 

EDcCO (Ethene–1-decene)-CO alternating terpolymer 

EHxCO (Ethene–1-hexene)-CO alternating terpolymer 

EOcCO (Ethene–1-octene)-CO alternating terpolymer 

EPCO (Ethene-propene)-CO alternating terpolymer 

EPDM Ethylene-propylene-diene terpolymer 

FT-IR Fourier transform infrared spectroscopy 

GPC Gel permeation chromatography 

HDPE High density polyethylene 

HFIP 1,1,1,3,3,3-Hexafluoro-2-propanol 

HH Head to head sequence arrangement 

HT Head to tail sequence arrangement 

HxCO (1-Hexene)-CO alternating copolymer 

iPP-OH -OH end-group functionalized primordially 
isotactic polypropylene 
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IR Infrared spectroscopy 

LAO Linear α-olefins 

LLDPE Linear low density polyethylene 

Mn Number average molecular weight 

mol-% Molar percentage 

Mw Weight average molecular weight 

NBR (1,3-Butadiene)-acrylonitrile copolymer 

OcCO (1-Octene)-CO alternating copolymer 

PAO Poly-α-olefin 

PCO Propene-CO alternating copolymer 

PDI Polydispersity distribution index 

PHxCO (Propene–1-hexene)-CO alternating terpolymer 

PnCO (1-Pentene)-CO alternating copolymer 

PP-OH -OH end-group functionalized polypropylene 

PS Polystyrene 

p-TS p-Toluenesulfonate 
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SBR Styrene-butadiene rubber 

SHC Synthetic hydrocarbons 

SHOP Shell higher olefin process 

TFA Trifluoroacetate 

Tg Glass transition temperature 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

Tm Melting temperature 

TT Tail to tail sequence arrangement 

WAXS Wide angle X-ray scattering 

wt.-% Weight percentage 

λ Strain 

θ Contact angle 

σ, σΝ Stress, nominal-stress 
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1.1. GENERAL INTRODUCTION 

1.1.1. Polymers: materials with past, present and future 

In the early years of the last century, Hermann Staudinger (Nobel Prize 1953)[1] tried for the 

first time to convince his contemporaries about the theory that the organic colloids formed 

after defined reactions were not colloids, but in fact true organic covalently bonded 

“macromolecules”. Since then, the advances in the field of the polymer science and synthesis 

have been enormous. 

Natural, semi-synthetic and even synthetic polymers were utilized, even long before their 

macromolecular nature was discovered. Nevertheless, it was the scientific exploration of their 

synthesis processes, structures and properties that paved the way for their ever-increasing use 

as fibers, adhesives, thickeners, etc. Indeed, the modern world would be unthinkable without 

man-made polymeric materials. They are taking the place of traditional materials like wood 

and metals, and even more importantly, they give completely new physical and chemical 

properties which were not available before. Synthetic polymers can be made with “tailored” 

characteristics and they do not possess drawbacks like high density or corrosion sensibility of 

the metals, neither do they suffer from the ever-changing quality and dependence on precious 

natural resources like wood or natural rubber. This outstanding development has already led 

some authors to name the current age as the “Age of Polymers”, in clear reference to other 

mankind stages as the Stone or the Bronze Ages. 

Even though the first example of ECO was already described in the early 40’s (see Section 

1.2.1), the work reported in this thesis would be unimaginable without the magnificent 

contribution to the polymer synthesis made in the early 50’s by Karl Ziegler and Guilio Natta 

(Nobel Prizes 1963).[2,3] Their studies gave birth to a new range of polymerization catalysts 
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(nowadays referred to as Ziegler-Natta catalysts), and to a new polymerization reaction 

mechanism (coordination addition polymerization), which revolutionized polymer chemistry. 

They not only facilitated the synthesis of polymers from the α-olefins, which hitherto could 

not be polymerized by other means, but they also gave the method to produce polymers with 

well-defined stereochemical structures. For example, both isotactic and syndiotactic forms of 

polypropylene are easily produced today, whereas until 1955, the propene monomer was not 

yet polymerizable by any conventional method. Their economic success benefited from 

petroleum as an inexpensive source of energy and raw materials. 

Not only the early transition metal organometallic chemistry (base of the Ziegler-Natta 

catalysts) suffered from the huge developing impulse, but the interest also diffused to the late 

transition metal organometallic chemistry. The latter can be alternative catalysts for the 

polymerization of polar monomers, since traditional Ziegler-Natta compounds in general do 

not tolerate molecules carrying electron-rich hetereoatoms (see section 1.1.2). Probably, the 

best example of the new materials now achievable by late transition metal catalysts is the 

synthesis of 1,4-polyketones from olefins and CO by using palladium or nickel catalysts 

(section 1.1.2.). 

In spite of the described astonishing evolution, it should be accepted that the present market is 

dominated by only a few polymeric materials which are extensively used. Contrary to this 

trend, there is an increasing number of specialty polymers that are fashioned with complex 

sets of properties designed for specific needs, but produced in relatively low volumes. 

Examples are the reinforcing polymeric resins used in many of the latest spacecrafts, or the 

sheet-molded polyesters and injection-molded polyurethanes used as substitutes of metals in 

the automobile industry. Other sophisticated applications include conductive polymers, 

biopolymers, drug-delivery systems or bone replacements. 
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The work reported in this document is focused not only to satisfy the scientific curiosity on 

the field of new polyketones, but also to create novel structures which could satisfy 

specialized applications. For this, the economical viability and understanding of the structure-

properties relationships are crucial. 

 

1.1.2. Polymerization of olefins with polar monomers 

In the recent time, there has been a new emerging interest for the polymerization of olefins 

with monomers bearing polar functional groups.[4,5,7] The incorporation of even small 

amounts of polar monomers in the structure of regular polyolefins modifies the material 

properties in terms of toughness, adhesion, barrier properties, surface properties, solvent 

resistance, miscibility with other polymers, and rheology among others. Additionally, it could 

lead to the synthesis of new materials potentially possessing unprecedented properties. 

Particularly attracting are polymers from comonomers with oxygen- or nitrogen-containing 

polar groups. 

Radical, cationic or anionic polymerization of olefins does not proceed well unless a 

stabilizing function is present next to the C=C bond. On the other hand, Ziegler-Natta 

polymerization typically uses organometallic compounds of early transition metals that do not 

tolerate oxygen or nitrogen functionalities.[4] In this type of polymerization, the olefin 

monomer must be π-coordinated to the metal center by its double bond prior to the subsequent 

insertion into a metal-carbon bond, an insertion that extends the polymer growing chain in 

two carbon atoms. Ziegler-Natta catalyst type fails to incorporate polar monomers due to their 

high electrophilicity. The preferred polar olefin coordination is not by its double bond, but by 

complexation of the electron rich heteroatom. Thus, traditionally as well as presently, 



CCHHAAPPTTEERR  11  

- 23 - 

available polyolefin polymers bearing co-monomers with polar functions are mainly produced 

in a radical polymerization under harsh temperature and pressure conditions.[6] As a 

consequence of that, control on polymer structure or composition cannot be straightforwardly 

achieved. 

It is here where organometallic compounds from late transition metals arise as polymerization 

catalysts, filling partially the gap between radical and conventional Ziegler-Natta 

polymerization methods.[7] Due to their lower electrophilicity, these catalysts can be tuned to 

favor olefin coordination by its double bond against hetero-atom complexation. To this point, 

selected palladium and nickel complexes showed to be suitable catalysts for the 

copolymerization of olefins with polar monomers like acrylates[8], vinylidene chloride[9] or 

carbon monoxide. 

 

1.2. POLYMERS FROM CARBON MONOXIDE AND OLEFINS 

1.2.1. Historical review on polyketones. From the laboratory to the industrial 

scale 

The possibility of the free-radical copolymerization of ethylene and carbon monoxide was 

originally demonstrated by Dintses[10] and researchers of the Farbenfabriken Bayer[11]. In both 

cases, harsh conditions (200-250 MPa and 290-310 °C) were required. The final compound 

represented a statistical copolymer, containing small amounts of CO (10-20 mol-%). In order 

to avoid the use of elevated temperatures, radiation-induced copolymerization was 

described.[12] However, it was possible to obtain only branched products containing low 

amounts of CO. These materials found little application, mainly as biodegradable 
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polyethylene analogous.[13] In 1953, Little[14] reported on the use of alkali metals hydrides to 

produce ethene-CO copolymers with low molecular weights and up to 18 mol-% CO. 

The first researchers to use a transition metal compound as catalyst were Reppe and Magin 

(BASF, 1952).[15] Employing a nickel-based catalyst, they were able to produce strictly 

alternating ethene-CO low-melting-point oligomers, besides diethyl ketone and propionic 

acid. 

The next significant step was not accomplished before a decade had passed. It was then when 

Gouch could demonstrate the activity of palladium catalysts (palladium dichloride complexes 

with monodentate phosphine ligands) towards the synthesis of ECO (but using a pressure of 

200 MPa).[16] Milder conditions were used by Fenton at Union Oil to produce an ECO 

copolymer with melting points up to 250 °C using Pd(CN)2 as catalyst.[17] Analogous Ni, Pt 

and Co compounds proved to be inactive for the copolymerization reaction, and only rhodium 

complexes showed some activity.[18] Hydride forms of Pd(CN)2 were discovered in 1974 by 

Nozaki at the Shell Company to be catalyst precursors, at moderate temperature and pressure, 

of the alternating copolymerization of ethene or propene with CO. In this case, the yields 

were significantly higher compared to those reported in previous works.[19] 

Renewed interest in alternating polyketones arose again in the early 1980s, after the results 

from the works of Sen et al. at the Pennsylvania State University[20] and Drent et al. at the 

Shell Company.[21] On one side, Sen (1982) reported that dicationic palladium(II) complexes 

bearing monodentate tertiary phosphines, together with weakly coordinating nitrile ligands 

and non-coordinating tetrafluoroborate counter ions, are able to produce ECO copolymers 

already at low pressure. Contemporaneously, Drent (1984) published the use of palladium(II) 

complexes bearing bidentate tertiary phosphine chelating ligands for the efficient 

copolymerization of ethene and carbon monoxide. The high polymerization rates (6 kg 
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polymer (g Pd.h)-1) achieved under economically attractive mild reaction conditions (90 °C, 

4.5 MPa) pushed the ECO copolymers to their industrial application. Most developments at 

this commercial stage were made by the researchers at the Shell Company. The degree of 

crystallinity, Tm and Tg of the ECO-based polyketone can be influenced by introduction of 

third monomers like propene or higher 1-olefins (1-decene or 1-dodecene). This, together 

with the polymer Mw, differentiates the various grades of easily melt-processable commercial 

polyketone materials.[24] 

After nearly 60 years of research, ECO (and related terpolymers) have grown up and reached 

industrial ranges like Carilon® from Shell[22] or Ketonex® from British Petroleum.[23] The 

catalysts chosen are based on palladium, together with diphosphine chelate ligands. The most 

efficient catalyst system discovered so far (based on structure V, Figure 1.2) affords 

polymerization rates of over 40 kg polymer (g Pd.h).[24] Shell Chemicals constructed the 

world’s first commercial polyketone plant in 1996 at Carrington (United Kingdom) with a 

nameplate capacity of 44 million lb/yr; Ketonex® was produced on pilot plant scale by BP in 

Grangemouth (Scotland).[25] Due to a strategic change in its product portfolio (focus on oil 

business), Shell withdrew Carilon® Polymer from the engineering plastics market in 2001. 

 

1.2.2. Alternating copolymerization of α-olefins and CO 

Probably, the best example of copolymerization of α-olefins with functional monomers is 

their copolymerization with carbon monoxide. The discovery of their facile catalytic 

alternating copolymerization by using late transition metal complexes has significantly 

impacted the fields of polymer science, organometallic chemistry and catalysis (Figure 

1.1).[26] For example, polyketone polymers were recognized by the National Assn. for 
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Science, Technology & Society among the twelve most significant advances in materials 

research in the last decade.[27] 

 

Figure 1.1. Scheme of perfectly alternating (1-olefin)-CO copolymer 
(R = H, alkyl, aryl,…). 
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One of the most significant benefits of the olefin-CO copolymerization is the cost of the 

monomers. Simple olefins and carbon monoxide are abundant and inexpensive. Ethene-CO 

alternating copolymers have physical and mechanical properties in some range comparable 

with nylon.[28] Advantageously, they do not require the expensive multi-step synthesis of the 

diamines, diacids and lactams used as nylon precursors.[29] Besides, the incorporated CO 

groups are an easy target for polymer analogous reactions. Examples of polyketone 

modifications by chemical reactions are given in section 2.1.2, and the partial and complete 

conversion to polyalcohols is the topic of Chapter 2. From an environmental point of view, 

these polymers are more photo- and biodegradable than their polyolefin analogues, which is a 

consequence of the new degradation reactions occurring by the presence of carbonyl 

groups.[30,31] 

Carbon monoxide can be alternately copolymerized also with functionalized olefins. This 

procedure allows the synthesis of a great number of new functional materials. Many examples 

of successfully incorporated functions occurred in literature, among them that can be cited are 

alcohol, ether, epoxide, diene, carboxylic acid, amide, carbamate, perfluoro alkyl and aryl 
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groups can be cited.[26,32,33,34,35,36,37,38] As illustrating example, polymers with liquid crystal 

properties can be synthesized by polymerization of mesogen-carrying olefins and CO.[39] 

 

Figure 1.2. Selection of diphosphines employed as ligands in (1-olefin)-CO 
copolymerization (An=2-anisyl).[24] 

 

 

In spite of these synthetic possibilities, the chemistry of the alternating copolymerization of 

olefins and CO has been strongly dominated by the copolymerization of ethene and CO. The 

industrial interest rendered important developments in the field of late transition 

organometallic chemistry. New synthetic routes were created for the generation of the broad 

diversity of ligands employed for the production of alternating polyketone copolymers 

(Figure 1.2 shows - as example - a selection of some diphosphine ligands described).[26] 

Fundamental studies on the copolymerization reaction led to the discovery of novel chain 
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initiation and termination processes. The understanding of these processes involved in the 

alternating polymerization of CO with olefins, enabled the first palladium catalyzed “oxo-

synthesis”.[40,41] This term is used to refer to the reaction of olefins and mixtures of CO/H2 to 

give aldehyde, alcohol and/or ketone products. In the presence of palladium catalysts and 

under proper conditions, oxo-synthesis can be driven to selectively produce esters by 

alkoxycarbonylation, or aldehydes (and respectively alcohols) and ketones by 

hydrocarbonylation (Figure 1.3). Precise control of the product molecular weight affords 

interesting cooligomers potentially exploitable as industrial solvents.[41] 

In addition to the extensively studied ECO, the scientific interest inspired the synthesis of 

fascinating unprecedented polymer structures and materials. Some illustrating examples can 

be enumerated here. Block polymers were created, thanks to the living character of some 

polymerization systems for olefins (or allenes) and CO.[42,43] By means of the controlled pulse 

ethene feeding, (ethene-propene)-CO thermoplastic elastomers are synthesized.[44] They 

present block structures which organize in separated phases. One of the very rare examples of 

optically active, chiral main-chain polymers are synthesized from achiral monomers by 

specific isotactic polymerization of α-olefins and CO.[45,46] Poly(ketovinylene) synthesis was 

reported by a two-step olefin-CO alternating copolymerization process (Figure 1.4).[47] And 

last but not least, defined polyketone compositions were shown to be non-toxic, and they are 

even able to drive human bone-cell proliferation.[48] 
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Figure 1.3. Oxygenates synthesized by interruption of the CO-olefin copolymerization.[49] 
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Figure 1.4. Synthesis of poly(ketovinylene) by alternating olefin-CO copolymerization. 
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Copolymerization of CO and α-olefins can be achieved with almost perfect control of the 

chemo-, regio- and stereo- selectivity (Figure 1.5). Syndio-, iso- and atactic copolymers can 

be produced on purpose in many cases. For instance, the stereochemistry of styrene-CO 

copolymers is commonly ruled by chain-end control, resulting in syndiotactic structures.[50] 

This chain-end control can be overruled by application of certain chiral ligands to give 

isotactic polymers.[51] 

 

Figure 1.5. Regio- and stereochemistry of 1,4-polyketones. 
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The linear configurations depicted in Figure 1.5 are the most common representation of the 

alternating polyketones. But they are not the only ones which have been found. Additionally, 

cyclic spiroketal structures are frequently reported for (1-olefin)-CO copolymers (Figure 1.6). 

In a first stage, some authors tried to understand their formation by proposing different 

polymerization mechanisms.[52,53] Later, it was shown that in solution, both linear and cyclic 

structures are present in equilibrium.[54] Linear sequences are preferred in solvents able to 

produce strong hydrogen interactions. On the other hand, high regio- and stereo-regularity, as 
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well as longer alkyl side chains, seem to influence the equilibrium shifting it towards the 

spiroketal side.[55,56] 

 

Figure 1.6. Polyspiroketal structures in 
alternating (1-olefin)-CO copolymers. 
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One of the main limitations for more intensive industrial polyketone exploitation is the high 

cost and limited availability of the palladium-based catalysts. Palladium has so far shown to 

possess the best equilibrium of properties for the alternating (1-olefin)-CO polymerization 

reaction. Other late transition metals were tested, like rhodium[57,58] or copper.[59] Anyway, the 

best candidate for palladium substitution is, without doubt, nickel. Catalysts based on Ni(II) 

were found to give some success in the polyketone synthesis, but as a general rule, they 

exhibit significantly lower activity relative to their Pd(II) analogous.[26,60] Some factors were 

accounted to hamper nickel-promoted copolymerization, which includes the easy formation of 

inactive Ni(CO)4 in the presence of CO, the higher oxygen sensitivity of the starting or 

propagating species as well as the more difficult re-oxidation of the reduced form of nickel 

compared to their palladium counterparts.[24] Out of this general trend, Drent et al. just 

recently claimed the identification of Ni(II) based catalysts that are able to afford activities 

similar to that of the most active Pd(II)-based catalysts.[61] Prominent results are found for the 

structure depicted in Figure 1.7. This line of investigation is still open, and could likely end in 

the boost of the low-price production of polyketone materials. 
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Figure 1.7. Schematic structure of a 
specially high active Ni(II) catalyst.[61] 

Ni
P

P 2+
(OTf)2

-

OMe

OMe

OMe
MeO

 

 

Another open field is the study of the palladium catalyzed “non-alternating” copolymerization 

of 1-olefins and CO. Copolymers containing less than 50% CO have only been possible to be 

synthesized by free-radical polymerization.[62] By the mechanistic reasons explained in 

section 1.2.3, a perfectly alternating polymer is the most favored product if late transition 

metal catalyst precursors are applied. Nevertheless, very recently Drent et al. communicated 

the first example of non-alternating palladium catalyzed ethene-CO copolymerization 

reaction.[63] The misinsertions in this case are supposed to be a consequence of the 

combination of steric and electronic reasons. Anyway, the right tuning of these factors, in 

order to produce similar results with other systems, is still not well-understood. In fact, a 

defined complex is not described, only the in-situ reaction of ligand and palladium acetate. 

Very recently, our group reported on the first example of defined Pd-catalyst precursor to 

produce similar results.[64] The interest resides not only in the curiosity in organometallic 

chemistry, but also on the envisaged new material properties of the products. The level of CO 

incorporation in ethene-CO copolymers can be varied by means of the reaction conditions. 

The maximum level of C2-misinsertions reached so far is 18%. 
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1.2.3. Important mechanistic considerations on the alternating polymerization 

The discovery of efficient catalysts for the copolymerization of CO with olefins originated 

from the study of the alkoxy-carbonylation of ethylene to methylpropionate. The catalyst was 

palladium acetate, in combination with an excess of triphenylphosphine and the Brønsted acid 

of a weakly coordinating anion. Methanol was used both as a solvent and as reactant.[20] An 

unexpected change in selectivity was observed upon replacement of the excess PPh3 by the 

equivalent amount of bidentate 1,3-bis(diphenylphosphino)propane (dppp). Under the same 

conditions, these modified catalysts led to the production of a perfectly alternating ethylene-

CO copolymer with essentially 100% selectivity.[21] Variation of the bidentate ligand resulted 

in significant changes in both reaction rates and molecular weights of the products. Counter-

anions have a marked influence as well. The highest activities are obtained if weakly or non-

coordinating anions are employed. 

The active species is thought to be a d8 square-planar cationic palladium complex of the 

general formula L2PdP+. L2 represents a bidentate ligand and P is the growing polymer chain 

(Figure 1.8). The vacant position in this square may be occupied by the counter-anion, 

solvent, a carbonyl group of the growing chain or by a molecule of any of the monomers 

present. This competition for the vacant site may explain the high sensibility of the catalytic 

process to changes in solvents or counter-anions. 

 

Figure 1.8. Proposed d8 square-planar cationic 
palladium running catalyst species. 
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A part of the mechanistic studies on the alternating copolymerization process is based on the 

chain end group analysis of ethene-CO co-oligomers by 13C-NMR spectroscopy. It was 

established that there are commonly three different kinds of compounds formed during 

polymerization (when alcohol is used as activator), ketone-esters, diesters and diketones 

(Figure 1.9)[65] Their relative concentration for a defined system depends on the 

polymerization temperature. At < 85°C, the majority of the products are ketone-esters, with 

only small, but balanced quantities of diesters and diketones. The formation of these products 

suggests defined initiation and termination pathways, which are discussed below. 

 

Figure 1.9. Products formed during ethene-CO copolymerization (methanol as activator). 
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Successful polymerization was carried out in a wide range of solvents, including water, 

methanol and other alcohols, aprotic solvents (aluminoxanes can be used as activators), and 

even in gas phase.[24] As well, emulsion polymerization in water was reported.[66] However, 

methanol remained the solvent of choice for the industrial production of ECO. 

 

1.2.3.1. Initiation mechanism 

Depending on the catalyst precursor, activator compounds may or may not be required to 

produce an efficient polymerization. When alkyl-palladium species are employed, it is 



CCHHAAPPTTEERR  11  

- 35 - 

possible to insert CO in the Pd-C bond, and thus, propagating species are created without 

previous activation.[67,68] A ketone end group is then created. 

But in most of the cases, due to its higher stability, Pd species carrying weak coordinating 

ligands are used instead of alkyl derivatives. These species require activation prior to their 

insertion to the propagation cycle. Commonly applied activators are alcohols or even 

water.[52] The formation of polymers with either two ester or two ketone end groups implies 

the possibility for the formation of both groups during the initiation step. Ester end groups are 

explained by the attack of the electrophilic alcohol to CO coordinated to Pd, or by CO 

insertion in a Pd-O bond of a palladium methoxide complex (Figure 1.10). The former seems 

more probable as Pd(II)-OR bonds are not preferentially formed. Anyway, both reactions are 

known in the organometallic chemistry of palladium complexes, and produce identical 

results.[69] 

 

Figure 1.10. Initiation mechanism responsible of ester chain end groups. 
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On the other hand, ketone end groups are proposed to be formed starting from a palladium 

hydride. The olefin is then coordinated and inserted in the Pd-H bond. Subsequent CO 



CCHHAAPPTTEERR  11  

- 36 - 

insertion in the resulting palladium alkyl complex generates the ketone end group. The 

resulting Pd-acyl species are able to be incorporated in the propagation step. Palladium 

hydrides can be generated by different possible reactions in the polymerization media,[69] like 

the watergas shift reaction, Wacker-type oxidation of olefin, β-hydrogen elimination from a 

Pd methoxide, from ß-hydride elimination after olefin insertion (Figure 1.15), or by the 

termination after CO insertion by alcoholysis (Figure 1.14). 

 

Figure 1.11. Initiation mechanism responsible of ketone chain end groups. 
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1.2.3.2. Propagation mechanism 

Propagation of the polymer chain occurs as result of two alternating migratory insertion 

processes. One of them is the CO insertion into a palladium-alkyl bond. In the second one, the 

olefin inserts into a palladium-acyl bond (Figure 1.12). 

The first process mentioned is a well-known rapid and reversible reaction.[70] In comparison, 

olefin insertion in the palladium-acyl bond is thought to be sensibly slower and irreversible. 

In fact, olefin insertion is the rate-determining step of the whole polymerization 

mechanism.[71] 
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Figure 1.12. Alternating CO and olefin insertions in the propagation step. 

Pd

L

L O
Pn

R'

Pd

L

L O

O

Pn

R'

CO
Pd

L

L O
Pn+1

R'

CO +

R'

R'HC CH2

 

 

1.2.3.3. Effect of bidentate ligands 

At this point, the above-commented significant effect on chemoselectivity observed by 

exchanging monodentate for bidentate ligands (section 1.2.3) can be explained. The most 

obvious difference between them is that two monodentate ligands can coordinate to the metal 

in a cis or trans fashions, whereas for bidentate ligands only cis configuration is possible. 

Both, insertion of olefin in a Pd-acyl bond and insertion of CO in a Pd-alkyl bond, can only 

occur if cis fashion is adopted. When monodentate phosphines are used, both Pd-alkyl and 

Pd-acyl species prefer for steric reasons trans orientation of the phosphine ligands, and to 

avoid the situation of a Pd-P bond trans to a Pd-C bond. For these reasons, it is postulated that 

immediately after insertion, isomerization placing the Pd-acyl trans to the vacant position 

happens.[72] This slows down further monomer insertions. Therefore, the palladium acyl will 

eventually terminate by alcoholysis of the Pd-acyl bond to give methyl propionate. To the 

contrary, if bidentate ligands are used, the starting (or growing) polymer chain and the vacant 

position are always cis to each other, which is the most favorable position for fast consecutive 

insertion reactions. 

 

1.2.3.4. Reasons for the perfect alternation 

The mentioned perfect alternation of the two different insertion steps can be understood 

considering thermodynamic and kinetic factors. Studies with model compounds demonstrate 
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that double CO insertion is not possible because it is an energetically “uphill” process.[73] To 

the contrary, double olefin insertion is thermodynamically favored. In fact, the same type of 

palladium catalysts efficiently dimerize ethene to butenes,[74] or even polymerize ethene to 

high molecular weight polyethylene.[75] Nevertheless, in the presence of CO, double olefin 

insertion errors are not found, even at low carbon monoxide concentration. Differences on 

insertion barriers and coordination affinities of the two monomers were given as a first 

explanation of this fact. The insertion of CO into a Pd-alkyl bond is much more facile than the 

insertion of olefin.[67,76] More importantly, the competition for the vacant site, after olefin 

insertion, is strongly dominated by CO. This more probable coordination of CO guarantees 

that in most of the cases, CO is the next monomer inserted after olefin. After CO insertion, a 

new CO molecule occupies again the vacant cis-site. This time, due to the hindered double 

CO insertion, the system waits until the new CO is replaced by one olefin molecule, which 

inserts. Kinetic studies in the ethene-CO copolymerization reaction revealed that, under 

typical conditions, one double ethylene insertion happens only after every ~ 105 CO insertions 

into the Pd-alkyl bond.[67] Nevertheless, this fact alone is not enough to explain the complete 

absence of double olefin insertion in all cases. 

A second contribution to the absence of olefin mis-insertions was proposed. After every 1-

olefin insertion, the growing polymer chain acts as a chelating ligand by means of the oxygen 

atom from the β-carbonyl moiety (Figure 1.12). The situation is favorable due to the high 

stability of 5-membered ring chelates. This structure was detected through spectroscopic 

methods,[76] and it was even possible to isolate crystals from model compounds which enabled 

the analysis of their chemical structure (Figure 1.13).[70,77]  
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Figure 1.13. Schematic ORTEP drawing for 
Pd[CH2CH(CH3)C(=O)CH3]-[(R,S)-BINAPHOS] 

(hydrogen atoms are omitted).[77] 

 

 

Chelate formation opposes insertion of the next monomer by blocking the fourth coordination 

site at palladium. Because of the smaller size and greater binding ability of CO, it is thought 

that the chelate can “only” be opened by CO coordination (and not by olefin) to generate a 

six-member metallacycle after CO insertion. As the latter chelate is less stable, ethene could 

now be able to open the cycle, and propagation is continued after olefin insertion. Recent 

studies of gas-phase ethene-CO copolymerization show that this olefin insertion only takes 

place if it is assisted previously by CO coordination (and opening of the chain chelate).[78] 

 

1.2.3.5. Chain transfer mechanisms 

Three different reaction pathways were proposed to be able to interrupt polyketone chain 

growth to produce at the same time palladium complexes that can be introduced in the 

catalytic cycle. These are protolysis, alcoholysis and ß-hydride elimination. 
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Protolysis and alcoholysis are prevailing in the ethene-CO copolymerization, whereas ß-

hydride elimination is less important. Both are consequence of reactions with the alcohol 

activator (Figure 1.14). The end groups formed are indistinguishable from the ones generated 

in the initiation step (section 1.2.3.1). 

 

Figure 1.14. Polymerization chain transfer mechanisms by protolysis and alcoholysis. 
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Chain transfer by ß-hydride elimination is not very frequent in the case of ethene-CO 

copolymerization reactions in the presence of alcohol activators. Its low relative rate in this 

case is explained by the formation of the five-member ring metallacycle formed after ethene 

insertion (Figure 1.15). Nevertheless, ß-hydride elimination is the main chain transfer process 

if longer olefins or styrene are polymerized,[52] or if the ECO synthesis is performed in aprotic 

solvents and in absence of -OH containing activators. 

 

Figure 1.15. Chain transfer mechanism by ß-hydride elimination. 
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1.2.3.6. Dormant catalyst sites 

Catalytic species can be transformed into temporarily or permanent inactive “dead” species. If 

this happens, considerable polymerization productivity is lost. In the reducing media used for 

the polyketone synthesis, containing the reductant CO, alkenes and nucleophiles, the 

possibility of irreversible reduction of the metallic center is considerably high. Species 

generated are Pd(0)-metal or L2Pd(0)-complexes. Furthermore, if zerovalent palladium is 

present simultaneously with palladium hydrides, stable dimers can be formed, either bridged 

or not.[69,79] Both zerovalent species or dimers can be re-activated by treatment with an 

adequate oxidizing agent. This explains the higher productivity observed in the ethene-CO 

copolymerization when p-benzoquinone is added to the reaction.[52] 
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2.1. INTRODUCTION 

2.1.1. Polymer chemical modifications 

Chemical modification is an important technique for the preparation of functional polymers.[1] 

It has been extensively used industrially with the aim to adjust polymer properties to the 

various technical applications.[2] Different chemical modification processes made it possible 

to prepare new classes of structures which cannot be generated by direct polymerization of 

monomers, owing to their unavailability, instability or unreactivity.[2] 

Reagents can be directed towards either the polymer backbone or the side chains. While the 

chemical modification approach seems attractive for its apparent simplicity, its application 

needs to overcome major drawbacks: 

- Polymer purification after chemical modification turns out to be, in most of the 

cases, difficult and industrially not desirable. 

- The reactions used must be highly quantitative. Side-reactions afford unwished 

functional groups which remain attached to the polymer structure. Degradation as 

well as cross-linking should be avoided. Hence, mild conditions are advised. 

- The reactive centers along the polymer chain, due to the different possible 

chemical or spatial environment, present different reactivity among them, and from 

their single molecule analogues. In addition, rate constants of reactions can 

decrease as the degree of substitution increases, hindering complete conversion. 

Full reaction is thus rarely obtained, and the distribution of the formed groups on 

the polymer matrix is often not uniform. 
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- The chemical and physical nature of the polymer can gradually change during the 

process, thus producing gradient materials. 

Despite these negative aspects, a large number of polymer chemical modifications find 

commercial application. It is worth mentioning here about excellent examples that illustrate 

the importance of this technique: 

- Functionalization of commercially available polystyrene. PS matrix is the most 

widely used carrier for functional groups. These groups are commonly bonded to 

the polymer by aromatic electrophilic substitution on the phenyl rings (e. g. Figure 

2.1). Applications include the production of soluble or insoluble ion-exchange 

polymers, modified membranes, or polymeric supports for catalysts.[3] 

 

Figure 2.1. Example of chemical modification by aromatic substitution in PS. 
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- Crosslinking of elastomers. Crosslinking or “vulcanization” is a requirement to 

provide certain elastomers rapid and enough recover from deformations. It can be 

achieved by using sulfur, peroxides, other reagents or radiation (Figure 2.2). The 

crosslinked materials are normally based on 1,3-dienes, including 1,4-polyisoprene 
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(synthetic and natural), 1,4-poly(1,3-butadiene), ethylene-propylene-diene 

terpolymer (EPDM), 1,3-butadiene copolymers with styrene (SBR) and 

acrylonitrile (nitrile rubber or NBR), and isobutylene-isoprene copolymer (BR).[4] 

 

Figure 2.2. Vulcanization of 1,4-polyisoprene with sulfur. 

 

 

- Reactions on cellulose. Cellulose obtained from cotton short fibers and wood 

cannot be directly transformed into useful products. The use of various chemical 

reactions to impart its processability allows its use in large quantities for fiber and 

plastics applications. These reactions include xanthation (also known as 

dissolution, Figure 2.3) and esterification or etherification to form xanthates and 

nitrate esters or carboxymethyl ethers of cellulose, respectively.[5] 
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Figure 2.3. Example of chemical modification of cellulose. Xanthation reaction. 
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2.1.2. Chemical modification of polyketones 

Polyketones carry carbonyl groups as part of their backbone. Typical chemical reactions 

applied to ketone single molecules could provide a simple tool able to modify polyketones to 

extend the portfolio of new materials. In fact, in the same communication where Brubaker et 

al.[6] reported the first example of carbon monoxide incorporated into a polyolefinic chain 

(radical initiated), he reported simultaneously on several derivatization reactions directed to 

the carbonyl groups. The great industrial and academic interest led to a vast number of 

derivatives, many appearing in the patent literature. For example, transformation of ketone 

groups into e. g. furans,[7] pyrroles,[8] thiophenes,[7] oximes,[6,9] cyanohydrins,[6] acetals,[10] 

hemiacetals,[11] amines,[12] α-hydroxy-phosphonic acids,[13] methylenes,[14] thiols[15] and 

amides[16] was previously reported (Figure 2.4). The conversion by reduction to polyalcohols 

is discussed in more detail in section 2.1.3. 

Some of these, when performed selectively on the material surface, can be used to improve 

material properties like tribology, paintability and conductivity.[17] Special importance should 

be addressed to the polyketone crosslinking (curing) technology, developed by Shell® for 

commercialization under the trade name CARILITETM.[18] Such materials are based on low 

molecular weight ECO reacted with a range of multifunctional reagents (crosslinkers) like 

diamines (Figure 2.5). They were designed to find application in coatings, composites and 

adhesives. 
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Figure 2.4. Scheme of some reported polyketone modifications. 
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Figure 2.5. CARILITETM crosslinking chemistry. 
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2.1.3. Chemical reduction of polyketones. Motivation 

The conversion of the carbonyl to carbohydroxyl groups by chemical reduction seems to be 

one of the easiest modification reactions applicable to polyketones. Indeed, references dealing 

with this process have been appearing since the early stages of the synthesis of CO-containing 

polymers, in both scientific and patent literature.[6,7,19,20,21,22] In spite of that, there is clearly a 

leak of description of the material properties of the polymers obtained so far, particularly if 

the new version of elastic high molecular weight alternating polyketones is considered.[23] 

The motivation for the work reported in this chapter was to examine how the different 

properties of the high Mw alternating polyketones can be modulated by simple carbonyl 

reduction. Three different classes of materials were selected for this study, (1-hexene)-CO 

(HxCO), propene-CO (PCO) copolymers and (ethene-propene)-CO terpolymers (EPCO). 

Properties like thermal stability, glass transition process, polarity or mechanical behavior 

were investigated. 
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2.2. EXPERIMENTAL PART 

2.2.1. Materials 

Reagent grade chemicals were used as received unless stated otherwise. All dried reagents 

were stored under argon and handled by using standard Schlenk techniques. 

[Bis(diphenylphosphino)propanePd(NCCH3)2][BF4]2 (1) was prepared according to a 

literature procedure.[24] Dichloromethane was purchased from Fluka (B&J Brand), dried under 

reflux over CaH2 and distilled prior to use. 1-Hexene from Merck was dried under reflux over 

LiAlH4, distilled and stored over freshly activated molecular sieves (4Å). Glycerol 

(anhydrous) was purchased from Fluka, filtered as 1:1 mixture with dried CH2Cl2 through a 

column of aluminum oxide, followed by complete evaporation of CH2Cl2 in vacuum, and 

stored over freshly activated molecular sieves (4Å). Dried methanol from Merck was stored 

over freshly activated molecular sieves (4Å) prior to use. Sodium borohydride (NaBH4) was 

purchased from Lancaster and used as delivered. The ethylene, propylene and carbon 

monoxide gases, used as monomers for polymerization, were provided by BASF AG 

Ludwigshafen, and used without further purification. 

In order to ensure that the amount of water remaining in the thin polymer film samples for 

infrared analysis were not superior to 1 wt.-%, the films were prepared from polymer 

solutions in solvent mixtures with 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) by slow solvent 

evaporation, then dried under vacuum at 120°C for at least 24h. 

 

2.2.2. Copolymerization of propene and carbon monoxide 

77.4 mmol of (1) and 0.23 mL of glycerol were placed in a 250 mL or 300 mL stainless steel 

autoclave (Carl Roth® model II) equipped with a glass inlay and a gas entrainment impeller. 
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Then, 150 mL CH2Cl2 were added, and under effective stirring, approximately 40 g of 

propene was condensed into the autoclave. After this point, 50 bar carbon monoxide were 

added. This pressure and the polymerization temperature of 25 °C were kept constant over the 

entire polymerization period. After 48 h, the reaction was quenched by venting off the gases, 

and the polymerization mixture was extracted with an equal volume of water. The organic 

phase was filtered through a short silica column (Merck silica 60 (63-200 mm)), followed by 

precipitation of the polymer in cold methanol. A film of pure polymer (PCO) was obtained 

from CH2Cl2-solution, after solvent evaporation and drying in vacuum for at least 24 h at 70 

°C. 

The process afforded 7.55 g of polymeric material, with Mw = 2.7 105 g/mol and a PDI = 1.6. 

1H- and 13C-NMR resonances, as well as the data from elemental analysis were coincident 

with the reported values for completely alternating PCO structure.[25] The quantity of head-tail 

sequences calculated from 13C-NMR prevailed in 70 % over head-head and head-tail 

sequences, indicating regio-irregularity. In addition, NMR resonances were broad signals, 

indication of stereo-irregular polymer. The occurrence of spiroketal structures was discarded 

from the NMR and IR analyses of the sample. Tg was found at 18.7 °C, and Tm at 19.5 °C. 

 

2.2.3. Copolymerization of 1-hexene and carbon monoxide 

An autoclave, similar to the one used for the preparation of propene-CO copolymers was 

employed. Amounts of 51.6 mmol of (1) and 0.15 mL glycerol were placed in the autoclave, 

followed by the addition of 120 mL of 1-hexene. Then, carbon monoxide was added to 80 

bar, and the polymerization temperature adjusted to 25 °C. The reaction was quenched after 

72 h by venting off the gases. The unreacted olefin was removed by evaporation. The product 

was dissolved in CH2Cl2 and passed through a short silica gel column. A film of the pure 
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polymeric material HxCO was obtained by slow evaporation of the solvent and drying in 

vacuum at 100 °C for at least 24 h. 

A yield of 1.66 g of (1-hexene)-CO copolymer was isolated, with Mw = 7.8·104 g/mol and 

PDI = 1.2. The results from NMR and elemental analysis were congruent with a perfectly 

alternating HxCO structure.[26] A 60 % excess of head-tail sequences over head-head and 

head-tail sequences was calculated from 13C-NMR. The broadness of the NMR resonances is 

indication of stereo-irregular arrangements. Occurrence of spiroketal formation was discarded 

from the NMR and IR spectroscopic analyses. Tg was found at 2.3 °C, and no melting 

transition was detected. 

 

2.2.4. “Pulse feeding” terpolymerization of ethene, propene and carbon monoxide 

The description of the synthesis and characterization of this family of materials was reported 

previously.[27] In a 1 L stainless steel Parr® autoclave, equipped with a gas entrainment 

impeller, 500 mL of CH2Cl2, 129 mmol of (1) and 0.6 mL of methanol were placed. 

Afterwards, approximately 400 g of propene were condensed into the autoclave under 

efficient stirring. Carbon monoxide was then added to 60 bar. This pressure and the 

polymerization temperature of 21 °C were kept constant during the entire polymerization 

time. Ethene was intermittently pulsed into the reaction at a pressure of 67 bar, using a 

magnetic valve which opened for 10 s every 2 h in the EPCO1 run, and for 4 s every 2 h in 

EPCO2 run (Table 2.1). After 21 h, the reaction was quenched by venting off the gases, and 

an identical method to the one described for PCO copolymers was used to isolate a film of the 

pure polymeric EPCO material. The composition of the products was calculated from 

elemental analysis. Occurrence of spiroketal formation was discarded from NMR and IR 

spectroscopic analyses. 
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Table 2.1. Results from (ethene-propene)-CO “pulse feed” terpolymerizations. 
Series Yield Mw a) PDI a) ECO b) Tg c) Tm c) 

 (g) (105 g/mol)  (mol-%) (°C) (°C) 

EPCO1 16.2 1.6 1.7 45 16.2 53.6 

EPCO2 14.5 2.6 2.0 34 9.5 44.7 

a) average values measured by GPC (relative to polystyrene). 
b) molar ethene incorporation calculated from elemental analysis. 
c) obtained by DSC. 

 

2.2.5. Reduction procedure 

In the PCO and HxCO copolymers, the polyketone source material was dissolved in a mixture 

of THF:MeOH (10:1), in a concentration of 21 g/L. In the case of EPCO terpolymers, more 

diluted solutions of 11 g/L were prepared (THF:MeOH = 30:1). The solution was cooled 

down to 0 °C, and the corresponding calculated amount of NaBH4 was slowly added. After 

complete addition, the reaction mixture was still stirred for 1 more hour before a same volume 

of saturated aqueous NaCl was added to quench the reactions, and stirred for 30 min. The 

resulting mixture was completely precipitated with three times its volume of water. The 

polymeric products were filtered off, completely dissolved in THF or MeOH (depending on 

the reduction degree), filtered through a short silica column and precipitated with diisopropyl 

ether (low reduction degrees) or acetone (high reduction degrees). The polymers obtained 

were then dried at 120 °C in vacuum for at least 24 h. 

 

2.3. RESULTS AND DISCUSSION 

Three series of polyketone reductions were performed. Selected source materials were high 

molecular weight HxCO, PCO and EPCO. 
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2.3.1. Selection of an adequate reductant system 

For a selective and reproducible conversion, the choice of the reducing agent as well as the 

reaction conditions should be made with some caution. They must ideally fulfill the following 

prerequisites: 

- Complete conversion of carbonyl to carbohydroxyl groups should be achievable. 

- The degree of conversion to polyalcohol should be selectable. 

- Must be able to react under mild conditions, thus avoiding unwished polymer 

degradation or crosslinking.  

Borohydrides are well-known reactants for reducing ketones to alcohols. It was reported that 

highly selective reduction of carbonyl containing compounds under mild conditions can be 

realized by using NaBH4 in an ice cold THF:MeOH solvent mixture.[28] 

The reaction of the source polyketone with different amounts of NaBH4 in THF:MeOH media 

was performed as described in the experimental section (Table 2.2). The solubility of the 

polymers in the reaction media is decreased as the reduction advances. In some cases, the 

formation of a jelly precipitate is observed, more notably for the EPCO terpolymers with high 

ratios of BH4
-. 
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Table 2.2. Polyketone reduction.a) 

Entry b) Weight polyketone Weight NaBH4 
Molar ratio 

BH4
-/R2CO c) 

 (g) (g)  

PCOH20 1.37 0.15 0.20 

PCOH40 1.29 0.28 0.40 

PCOH60 1.22 0.41 0.60 

PCOH80 1.24 0.55 0.80 

PCOH100 1.23 0.81 1.20 

HxCOH25 0.45 0.038 0.25 

HxCOH50 0.44 0.077 0.50 

HxCOH100 0.45 0.184 1.20 

EPCO1H5 2.00 0.06 0.05 

EPCO1H10 2.04 0.13 0.10 

EPCO1H15 2.05 0.20 0.16 

EPCO1H25 2.01 0.31 0.25 

EPCO1H50 2.09 0.65 0.50 

EPCO1H75 2.02 0.93 0.75 

EPCO1H100 1.93 1.20 1.01 

a) for further details see experimental part. 
b) assigned according to the polymer composition (EPCO1H: reduced (ethene-propene)-

CO EPCO1 terpolymer; PCOH: reduced propene-CO copolymer; HxCOH: reduced (1-
hexene)-CO copolymer) and the BH4

-/R2CO mol-% ratio. 
c) Estimated as the initial molar ratio between NaBH4 and carbonyl groups in the source 

polymer. 

 

2.3.2. Discarding crosslinking or degradation 

The results from GPC of the samples discard polymer degradation or irreversible crosslinking 

(Table 2.3). Degradation would decrease the average chain length, broadening at the same 

time the PDI by the appearance of a shoulder GPC-peak to lower Mw. On the other hand, 

intermolecular crosslinking would increase the values of Mw and widen the PDI. The 

similarity between the measured Mw and PDI of the source polyketones and the produced 

polymers after reduction (Table 2.3), lead us to exclude the occurrence of both unwished 
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processes resulting from polymer modification. This fact can be extended to the entire range 

of reduction degrees as indicated by the HxCOH series. 

 

Table 2.3. GPC results comparison between polyketone source and reduced materials. a) 

Entry Mw source b) PDI source b) Mw c) PDI c) 

 (105 g/mol)  (105 g/mol)  

PCOH20 2.7 1.6 2.9 1.5 

PCOH40 2.7 1.6 2.9 1.65 

HxCOH25 0.78 1.2 0.80 1.35 

HxCOH50 0.78 1.2 0.87 1.33 

HxCOH100 0.78 1.2 0.88 1.32 

EPCO1H5 1.6 1.72 1.9 1.98 

EPCO1H10 1.6 1.72 1.0 2.09 

EPCO1H15 1.6 1.72 1.4 2.01 

a) average values measured by GPC (relative to polystyrene). For further details see 
experimental part. 

b) polyketone polymer. 
c) reduced material. 

 

2.3.3. Effect of reduction on thermal stability. Presence of adsorbed water 

The material thermal stability could also be affected by reduction, by facilitating degradation 

processes via intramolecular or intermolecular condensation reactions.[29] Thermogravimetric 

analysis on the source and modified samples, however, shows that conversion to polyalcohol 

does not enhance degradation processes (e. g. Figure 2.6 for PCOH series). A clear trend for 

the decomposition temperatures can not be found. Degradation starts around 300-350 °C for 

most of the samples (Table 2.4). They lose half of their initial weight in a range from 380 °C 

to 450 °C. 
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Figure 2.6. Thermogravimetric analysis of the PCOH-series. 

 

 

 

Table 2.4. Decomposition temperatures.a) 

Entry T (5%) b) T (50%) c)  Entry T (5%) b) T (50%) c) Entry T (5%) b) T (50%) c)

 (°C) (°C)   (°C) (°C)    

PCO 326 390  EPCO1 368 406 HxCO 360 406 

PCOH20 351 408  EPCO1H5 308 400 HxCOH25 322 387 

PCOH40 370 425  EPCO1H10 319 408 HxCOH50 283 386 

PCOH60 380 448  EPCO1H15 317 407 HxCOH100 337 412 

PCOH80 392 425  EPCO1H25 353 419    

PCOH100 318 434  EPCO1H50 389 429    

    EPCO1H75 388 427    

    EPCO1H100 388 430    

a) for further details see experimental part. 
b) temperature at which the sample have lost 5% of its initial weight, as calculated from TGA. 
c) temperature at which the sample have lost 50% of its initial weight, as calculated from TGA. 
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After drying the samples at 90 °C for 24 h, still considerable amounts of a volatile component 

(up to 20 wt.-%, Figure 2.7) were found in the series EPCOH and PCOH, but not in HxCOH. 

If the drying temperature is 120 °C, the fraction of this component is reduced to 1-2 wt.-% 

(Figure 2.6). Since an aqueous NaCl solution was used for hydrolysis of the OH-groups after 

the reduction sequence, it is likely that the volatile component is physically adsorbed water 

(standard average 1-2 wt.-% contents of water have been reported for ECO).[29b] This is 

supported by the temperature at which it evolves (∼ 100-120°C). For the HxCOH-series, 

possibly as a consequence of the lower material hydrophilicity, such water adsorption is not 

found. 

 

Figure 2.7. Thermogravimetric analyses for the PCOH- and ECOH-series dried in vacuum at 90°C for 24h. 

 

 

2.3.4. NMR analysis 

Unfortunately, NMR analysis of the reduced polymer products turned out to be difficult. 

Always broad signals and low resolution of the spectra avoid clear elucidation. A large 

number of diastereoisomers (new stereogenic centers are non-stereoselectively created from 

every CO-group, in addition to the already existing chiral methine-carbon atoms), the 
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presence of water (especially in the reduced structures), hydrogen-bonding interactions, and 

the occurrence of cyclization (see below) give plausible reasons for this complexity. In the 

simplest case, when all the carbonyl groups are converted to carbohydroxyl groups, only a 

rough assignment of the 13C-NMR resonances may be proposed (Figure 2.8). The three 

groups of resonances due to the carbonyl carbon, centered around 210 ppm, completely 

disappear in the PCOH100 spectrum, simultaneously raising a new set of resonances at 68-84 

ppm representing the created CH-OH group. The same distribution of head and tail sequences 

of the source PCO, is also found in the polyalcohol PCOH100. The resonances corresponding 

to the side-chain methyl groups as well as the methylene groups in the main chain, are 

relatively widened in the polyalcohol product (12-19 ppm), in comparison to those from the 

polyketone. This is probably due to the higher number of diastereoisomers. 

 

2.3.5. FT-IR spectroscopy. Selectivity of BH4
- reagent 

FT-IR analysis confirmed the selective gradual conversion of carbonyl into carbohydroxyl 

groups by the progressive decrease of the C=O stretching absorption at 1706 cm-1 (νC=O) and 

the simultaneous increase of a broad band corresponding to O–H stretching resonances in the 

range of 3700-3100 cm-1 (νO-H) (Figure 2.9).[30] The broadness of the O–H stretching band is 

result of hydrogen-bonding interactions in the solid state.[31] 
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Figure 2.8. 13C-NMR comparison of PCO (upper, C6D6) and PCOH100 (lower, CD3OD). 

 

 

 

Figure 2.9. FT-IR spectra for PCOH series. 

 

 

The appearance of a new C-O-C band in some samples at 841 cm-1 (which corresponds to a 

broad set of resonances in NMR-13C spectra in the range 105-130 ppm) indicates the 

formation of cyclic structures (3- or 4-methyl substituted 2,5-tetrahydrofurandiyl and 2-
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hydroxy-2,5-tetrahydrofurandiyl sequences) which were observed before for similar polymers 

(Figure 2.10).[21] These segments exist in equilibrium with their open forms and are preferred 

in solvent mixtures that lead to strong hydrogen interactions, like HFIP:CH2Cl2 or HFIP:THF 

(HFIP: 1,1,1,3,3,3-hexafluorisopropanol). The linear structure in the solid polymer can be 

preserved by precipitation or solvent evaporation. Once this is known, treatment of the 

samples with HFIP was carried out as a previous step for the following FT-IR analysis and 

calculations. 

The concentration of present CO groups can be followed by FT-IR by the area “ACO” of the 

band νC=O at 1600-1750 cm-1 (after complete opening of the cyclic sequences, see 

experimental part). The area “AOH” from the band νO-H at 3700-3100 cm-1 (after abstraction of 

the intense band at 2800-3000 cm-1, assigned to CH2 asymmetrical stretching resonances), 

represents the total number of carbohydroxyl groups. Both values ACO and AOH are dependent 

on the thickness of the sample film. In order to minimize this thickness influence, we used the 

ACO/AOH values calculated for the samples versus the different initial BH4
-/R2CO ratios. 

These values can be employed as an approximation to compare the ability of NaBH4 to reduce 

the three different series of polyketones (Table 2.5 and Figure 2.11).[30] 

 

Figure 2.10. Possible mechanism for the formation of cyclic sequences on PCOH-series. 
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Table 2.5 and Figure 2.11. Values and profile of the ratio between the carbonyl area and the hydroxyl area from 
FT-IR analysis, referred to the initial molar BH4

-/R2CO ratio. 

Entry BH4
-/R2CO a) ACO AOH ACO/AOH 

 mol-%    
PCOH20 0.20 27.7 98.0 0.28 
PCOH40 0.40 3.29 70.1 0.047 
PCOH60 0.60 0.53 50.9 0.010 
PCOH80 0.80 0.12 54.8 0.0021 

PCOH100 1.20 0.26 156 0.0017 
HxCOH25 0.25 35.2 7.26 4.8 
HxCOH50 0.50 26.9 20.3 1.3 

HxCOH100 1.20 4.8 191 0.025 
EPCO1H5 0.05 102 16.1 6.3 

EPCO1H10 0.10 124 91.4 1.4 
EPCO1H15 0.16 50.6 166 0.31 
EPCO1H25 0.25 15.5 293 0.053 
EPCO1H50 0.50 0.52 267 0.0019 
EPCO1H75 0.75 0.71 699 0.0010 
EPCO1H100 1.01 0.71 611 0.0012 

0,0 0,2 0,4 0,6 0,8 1,0 1,2
-1
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Molar ratio BH4
-/R2CO

a) see note b) in Table 2.2. 

 

The ACO/AOH values, for the same initial BH4
-/R2CO ratio, increase for the different series in 

the following sequence: EPCO1H < PCOH << HxCOH. This indicates that the conversion of 

carbonyl to carbohydroxyl groups is less favored for (1-hexene)-CO copolymers. The results 

are in agreement with a picture where, due to steric and/or polarity reasons, long aliphatic side 

chains would prevent the reducing anions BH4
- from reaching the carbonyl groups. For the 

EPCO1H and PCOH series, complete conversion to polyalcohol is indeed confirmed by FT-

IR when around 60 % equivalents of NaBH4 are used (reduction of up to four mol of carbonyl 

compounds, by one mol of NaBH4 has previously been observed). For the HxCOH series, 

even after using 20 % equivalents excess of NaBH4, the IR νC=O band can still be clearly seen. 
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2.3.6. Influence on polymer polarity 

In order to compare the effect of increased concentrations of hydrophilic hydroxy groups on 

the polymer polarity, water contact angle (θ) measurements were performed on the surface of 

spin-coated thin polymer films. For the PCOH series (Figure 2.12), as the BH4
-/R2CO ratio is 

increased, a clear decline of the contact angle of the water-drop on the polymer surface is 

found. This is due to the expected enlarged hydrophilicity. The values range from 85° for the 

source polyketone to approximately 75° when complete conversion is achieved. A different 

picture is found for the HxCOH series. Values very close to 100° are obtained, nearly 

independent on the degree of reduction. Such values are coincident with the previously 

reported ones for (1-hexene)-CO copolymer.[26] To explain this finding, we suggest that self-

organization of the polymer in layers with different polarity occurs. During spin-casting of the 

polymer over a glass plate, the hydrophilic groups likely tend to orientate towards the polar 

glass surface. As a consequence, the aliphatic chains are expected to orient in the opposite 

direction. Thus, a layer-like organization might provide a hydrophobic character to the outer 

surface, independent on the degree of reduction. 

 

Figure 2.12. Water drop contact angle (θ) measurements for PCOH and HxCOH polymers. 
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2.3.7. The glass transition process 

One of the major findings of the present study is the easy and precise control of the Tg values 

provided by the degree of reduction (Figure 2.13), ranging from 17 °C to 75 °C, for example, 

in PCOH-series. Only a well-defined glass transition process takes place for each individual 

product, with randomly distributed R2CH-OH groups. A nearly linear increase of Tg is found 

for the EPCO1H- and PCOH-series at low BH4
-/R2CO ratios. For the PCOH and EPCO1H, 

after addition of a defined amount of NaBH4, the glass transition is not longer incremented 

(Figure 2.13), reaching maximum values of ~ 75 °C for PCOH, and ~ 70 °C for EPCO1H. 

These limits correspond to the complete conversion to polyalcohols. The Tg values for 

EPCO1H are lower than those of PCOH, probably due to disorder caused by the incorporation 

of ethene in the chains. The upper Tg limit for the polyalcohol formed from PCO (75-80 °C) 

can directly be compared with the reported Tg for poly(vinyl alcohol) (85 °C).[32] If significant 

amounts of water (15-20 wt.-%) remain in the material (Figure 2.13 PCOH b), the shape of 

the glass transition temperatures evolution is similar, but the values are lowered by 25-30 °C. 

In the HxCOH series, since the complete conversion to polyalcohol is not achieved, an upper 

Tg limit is not reached. A continuous increase of Tg over the entire range is obtained, which is 

more pronounced at low BH4
-/R2CO ratios. 
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Figure 2.13. Evolution of the Tg values for the EPCO1H, HxCOH and PCOH series ( a) 1-2 wt.-%, b) 15-20 wt.-
% water). 
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A molecular explanation for the raised Tg values as the reduction degree increased in the three 

series can be given. With the conversion of R2CO groups to R2CH-OH, new intra- and 

intermolecular hydrogen-bond interactions appear. They progressively compact the structure 

and reduce the free volume around the chains available to interchange their conformations. 

This effect reduces their mobility and shifts up the temperature necessary for the transition to 

the rubber-like state. 
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2.3.8. Mechanical properties of partially reduced EPCO 

The control on the Tg is of importance for the partially reduced EPCO poly(ketone-co-

alcohol)s. The source-EPCO-terpolymers were found to show an elastic behavior similar to 

chemically crosslinked natural rubbers.[27] The material elasticity arises from phase-separated 

morphologies. As suggested from X-ray,[33] AFM,[34,27] dielectric relaxation[35] and 

viscoelastic measurements,[36] hard microcrystalline E-CO-rich segments are distributed 

within a softer amorphous statistical EPCO matrix. These crystalline areas serve as physical 

crosslinkers, providing elasticity to the material. If the ethene content declines, the glass 

transition temperature increases from 5 °C to 20 °C. Tg can easily be modified, without loss of 

the elasticity, by varying the degree of reduction. With this target, EPCO2 was synthesized 

(see experimental part) and reacted with low amounts of NaBH4 (Table 2.6). 

If the source-terpolymer EPCO2 (Figure 2.14) is stretched at room temperature, the sample is 

above its Tg, and the strain-stress curve typical for this kind of terpolymers is obtained.[27] 

This curve shows a relatively long elastic plateau followed by a sharp increase of the force 

required for further deformation. 

 

Table 2.6. EPCO2 reduction.a) 

Entry Weight 
EPCO2 

Weight
NaBH4

Molar ratio
BH4

-/R2CO Mw
b) PDI b) Tg

c) Tm
c) 

 (g) (g)  (105 g/mol)  (°C) (°C) 

EPCO2H5 4.73 0.13 0.04 2.3 2.2 23.5 n.d.d) 

EPCO2H10 4.88 0.27 0.09 1.8 2.1 25.8 n.d.d) 

a) for further details see experimental part. 
b) average values measured by GPC (relative to polystyrene). 
c) obtained by DSC. 
d) not detected. 
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Figure 2.14. Strain-stress curves for terpolymers EPCO2, EPCO2H5 and EPCO2H10 at 20 °C. 

 

 

At room temperature, reduced materials EPCO2H5 and EPCO2H10 are strengthened, 

compared to the source-terpolymers (Figure 2.14). This reinforcement is indicated by the 

increase of the maximum stress from 21.3 MPa (EPCO2) to about 27.5 MPa (EPCO2H5). 

The shift in the maximum stress is also accompanied by a change in the stretching profile at 

20 °C. Sample EPCO2H5, compared with the source EPCO2, shows a significant higher force 

needed at the beginning of the deformation, followed by a range where the stress values 

increase homogeneously, until the point of break is reached at λ ≈ 5.6. The maximum stress is 

found at this point of break (27.5 MPa). Although the curve still shows a profile typical for 

elastic materials, the yield point λ = 1.1 indicates a partial thermoplastic deformation. In the 

case of EPCO2H10, a typical thermoplastic performance can be observed. Maximum stress is 

reached at λ = 1.1, followed by a plateau of constant stress, which evidences polymer 

yielding. Around the point of failure, the stress increases again due to strain hardening. The 

maximum elongation, in this case, is reduced to a value of λ ≈ 4.2. These variations in stress-

strain curves are a consequence of the different proximity of room temperature to the Tg of the 
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materials. Whereas the source polymer EPCO2 at 20 °C is already in its rubber state, the 

reduced samples EPCOH5 and EPCOH10 are still found in their glassy form. 

 

Table 2.7. Mechanical data for EPCO and reduced terpolymers. a) 

Sample λfail,RT
b) σ fail,RT

 b) λfail,HT
 b) σ fail,HT

 b) Recovery c) 

1st cycle 
Recovery c)

2nd cycle 

  (Mpa)  (MPa) (%) (%) 

EPCO2 6.8 21.3     

EPCO2H5 5.6 27.5 9.3 d) 0.8 d) 87.5 d) 82.5 d) 

EPCO2H10 4.2 25.4 6.9 e) 5.2 e) 95 e) 92.5 e) 

a) for further details see experimental part 
b) RT = room temperature, HT = high temperature 
c) after elongation up to λ= 5 
d) measured at 50 °C 
e) measured at 60 °C 

 

If stress-strain curves are measured well over the glass transition temperature (50 °C for 

EPCO2H5 and 60 °C for EPCO2H10, Figure 2.15, Table 2.7), the materials exhibit different 

profiles relative to the those at 20 °C. Curves resembling the elastic deformation of the source 

terpolymer are obtained, but the elastic plateaus are not flat. An increase in the force, as the 

elongation goes on, is necessary. Additionally, the maximum elongation is increased by a 

factor of up to 165 %. The sustained stress is augmented for higher reduction degrees, with 

values of stress at failure of 0.8 MPa (EPCO2H5), and 5.5 MPa (EPCO2H10). 
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Figure 2.15. Strain-stress curves for EPCO2H5 (50 °C) and 
EPCO2H10 (60 °C). 

 

 

In order to check the material elasticity, two hysteresis cycles (up to elongation λ = 5) were 

performed on EPCO2H5 and EPCO2H10 polymer strips at temperatures well over their glass 

transition points (Figure 2.16, Table 2.7). The materials show excellent recovery with a set at 

about 90 % for both polymers after the first and second elongation. The sample with higher 

reduction gave the best set value (about 95 %). 

 

Figure 2.16. Hysteresis cycles up to λ = 5 for EPCO2H5 (50 °C) and EPCO2H10 (60 °C). 
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2.3.9. “Shape memory” thermoplastic elastomers 

The mechanical behavior described for the reduced terpolymers makes them interesting shape 

memory thermoplastic elastomers. These materials can be molded (or “programmed”) into a 

“parent” shape by casting or solvent evaporation. When the temperature is over Tg, the 

materials are soft and elastic and they tend to recover their parent shape. A second 

“temporary” form can be easily adopted by elastic deformation over Tg, and this shape hold 

by cooling under Tg. The recovery of the parent shape starts spontaneously as soon as the 

temperature reaches again the Tg (Figure 2.17). Glass transition temperature control on a 

broad range, which is a consequence of the here described reduction process, allows to apply 

this shape memory effect on polymers resulting from simple monomers and without changing 

the overlaying material chemistry. 

 

Figure 2.17. Schematic demonstration of the molecular mechanism of the thermally 
induced shape-memory effect (Ttrans=transition temperature).[38] 
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2.3.10. Spontaneous relaxation experiment 

With the aim to demonstrate the shape-memory effect, the following experiment was carried 

out. Samples of EPCO2H5 and EPCO2H10 polymers were cut into thin strips of approx. 40 

mm (parent shape). They were then manually stretched (loading) at 50°C to double of their 

initial size. Once the temperature is 20°C, the new length was hold (Figure 2.18).  

 

Figure 2.18. Initial (parent) and stretched (temporary) forms of 
EPCO2H5 and EPCO2H10 polymer strips. 

EPCO2H5
Tg 27°C

 

EPCO2H10
Tg 36°C

 

 

The stretched samples were then clamped on a spring balance and a fix anchor. The samples 

were slowly warmed and the temperature registered with a thermocouple. 

The result of the experiment is shown in the sequence on Figure 2.19. As soon as the 

temperature approached the corresponding material Tg, the polymer strips slowly started to 

shrink. In the pictures can be clearly seen how the temperature at which the movement starts 

depends on the reduction degree. This movement was accelerated as the temperature 

increased. At the end of the experiment the spring balance was released and the strips 

completely recovered the original 40 mm-long shape. 
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Figure 2.19. Sequence of the spontaneous recovery of the parent form for EPCO2H5 and EPCO2H10. 

   

   

 

2.4. CONCLUSION 

The reduction of the polyketone carbonyl functionalities by means of NaBH4 in THF:MeOH 

media is an efficient method for the partial or complete conversion into the corresponding 

poly(ketone-co-alcohol)s. This chemical treatment provides a simple tool for tailoring 

material properties like glass transition, polarity and mechanical behavior. Unwished side 

reactions like crosslinking or degradation are not produced. The achieved good control on the 

degree of conversion places the reduction reaction as possible first step for a subsequent 

carbohydroxyl derivatization. 

Due to their unique performance, shape memory materials are at the moment on the edge of 

commercialization for medical applications like catheters, bone casts, prosthetics, self-dilating 

introducers, or stents.[37] In the recent years, there has been an increasing interest on shape 

memory thermoplastic polymers relative to their metal alloys competitors. This is due to their 

more easily adjustable transition temperature, faster programming and superior maximum 

EEPPCCOO22HH55  EEPPCCOO22HH55 EEPPCCOO22HH55 

EEPPCCOO22HH1100  EEPPCCOO22HH1100 EEPPCCOO22HH1100 



CCHHAAPPTTEERR  22  

- 77 - 

deformation, without overlooking their lower price (Figure 2.20).[38] The range of 

temperatures for the shape transition, in the here described EPCOH materials, covers the 

human body temperature. Furthermore, they showed good elastic recovery behavior. These 

facts, together with the proved biocompatibility of polyketones,[39] make the EPCOH 

promisingly price-competitive and easy-to-synthesize shape memory thermoplastic 

elastomers, which could be exploitable for medical applications and beyond. 

 

Figure 2.20. Shape-memory polymer converts from a temporary shape (top) to its parent shape (bottom) in 45 
seconds at 65 ºC (taken from ref. 38). 
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3.1. INTRODUCTION 

3.1.1. Polyketone block-copolymers 

Previous end-group analysis of the copolymers produced from CO and ethene, and by 

extension also to other 1-olefins, established that among other functionalities, ester end-

groups are generally generated. Their concentration depends on which polymerization 

initiation and chain-transfer pathways are dominant.[1,2,3] Their formation is rationalized 

primordially as a result of either alcoholysis on the propagating metal center (Scheme I in 

Figure 3.1), or from the initiation of a new chain after chain-transfer via protolysis (Scheme II 

in Figure 3.1). In both pathways, the alcohol initiator plays a major role. 

 

Figure 3.1. Formation of ester chain-end groups in ethene-CO copolymerization. 

[L2Pd(CH2CH2C(O)P)]++ [L2Pd(OR)]+ROH + CH3CH2C(O)P

Scheme I[L2Pd(C(O)CH2CH2C(O)P)]+ + ROH [L2PdH]+ RO-C(O)CH2CH2C(O)P+

Scheme II

chain-transfer

chain-transfer

[L2Pd(OR)]+ + CO [L2Pd(C(O)OR)]+
initiation

 

The incorporation of the alkoxide group from the activator to the chains allows polyketone 

functionalization. By selecting the appropriate alcohol activator, polyketone chains bearing 

different ester end-groups can be straightforwardly prepared. Nevertheless, if single 

molecules are in this way attached to the polymer, the low concentration of end-groups in 

high Mw polymers makes their influence on microstructure and material properties negligible. 
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To the contrary, the use of polymeric alcohols as activators is more attractive. In this case, the 

high Mw of the alkoxy residue counteracts its low concentration. The formation of block 

polymers composed of polyketone (alternating propene-CO copolymer) and different 

polyalcohols like poly(ethyleneglycol) and poly(vinylalcohol) was previously reported by our 

group.[4] 

 

3.1.2. Motivation 

This work is done in collaboration with the group of Prof. M. Bochmann in Norwich (UK). 

The team in Norwich is able to produce novel low Mw polypropylene, primordially atactic or 

isotactic, which carries –OH end-groups. 

 

Figure 3.2. Targeted polypropylene-block-polyketone polymeric structure. 

O

O

O

O

O

 

 

We describe here the synthesis of poly(propene-b-(propene-CO)) polymers (Figure 3.2). With 

this purpose, the above-mentioned functionalization via end-groups will be tested. The block-

polymers produced in this manner would possess unprecedented compositions. Polymers 

typically arising from different catalysis chemistries, in this case early transition metal and 

late transition metal precursors, would be joined by means of chain end modifications. 
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3.2. EXPERIMENTAL PART 

3.2.1. Materials 

The description of the materials used is identical to the one reported already in Chapter 4, 

Section 4.2.1. The –OH end-group functionalized polypropylenes employed as activators 

were prepared by the group of Prof. Bochmann in Norwich, as part of a research 

collaboration. Basically, primordially atactic or isotactic polypropylenes were produced by 

coordination polymerization, using an appropriate early transition metal catalyst. The chains 

were synthesized with low Mw and exclusively with one unsaturated vinyl end-group 

functionality. Then, double bond was selectively oxidized to alcohol in a subsequent chemical 

process.[5] 

Preparative GPC samples: Five separated times, 40 mg of the raw polymerization product 

PCOaPP (see Table 3.1) were injected to the preparative GPC (see annex), at a flow rate of 

1,0 mL(min)-1. High molecular weight fractions eluting between 22-27 min were collected. 

From these fractions, the polymer was isolated by evaporation of the solvent and drying under 

vacuum at 70°C for 24h. 

 

3.2.2. Polymerization of propene and CO using -OH functionalized polypropene 

as activator 

In a 300 mL stainless steel autoclave (Carl Roth® model II) were placed 51,6 µmol of (1) and 

the corresponding amount (see Table 3.1) of the –OH end-group functionalized 

polypropylene. Afterwards, 120 mL of CH2Cl2 were added. Under efficient stirring, 

approximately 40 g of propene was condensed before 50 bar of carbon monoxide was 
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pressurized up to the autoclave. This pressure and the polymerization temperature of 25 °C 

were kept constant over the entire polymerization time. After 72 h, the reaction was quenched 

by venting off the gases. The solvent was partially removed and the product precipitated in 

cold methanol. The polymer was dried under vacuum at 70 °C for at least 24 h. 

 

3.3. RESULTS AND DISCUSSION 

Low molecular weight atactic or isotactic polypropylene, carrying –OH end-group 

functionalities, are examined as activators of the catalyst-precursor 1 for the synthesis of 

alternating propene-CO (Table 3.1). In both cases, 1,4-polyketone polymers are formed. If the 

high Mw peak corresponding to polyketone is calculated separately, Mw and PDI values are 

close to those obtained with commonly used activators (e. g., methanol).[6] However, the 

productivity of the system is notably reduced. This accounts for the lower activation 

efficiency of these long chain alcohols, in which the accessibility to the –OH functionality 

might be limited. Furthermore, the optimal –OH/Pd molar ratio of ~ 120 found when using 

MeOH as activator could not be reached as a consequence of the low concentration of 

hydroxy groups in PP-OH materials. 
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Table 3.1. Results from propene-CO polymerizations. 

Reference Activator 
PP-OH a) 

Amount 
PP-OH 

Mw 
PP-OH b) 

PDI 
PP-OH b) 

Amount
product c)

Mw 
product b) 

PDI 
product b) 

  (g) (105 g/mol)  (g) (105 g/mol)  

aPP-PCO aPP-OH 0.57 1.6e3 2.1 1.27 1.8e5 – 2.6e3 c) 2.2 – 1.1 c)

iPP-PCO iPP-OH 0.80 5.1e3 2.5 1.21 1.3e5 4.4 

a) aPP-OH = -OH end-group functionalized primordially atactic polypropylene, iPP-OH = -
OH end-group functionalized primordially isotactic polypropylene. 

b) average values measured by GPC (relative to polystyrene). 
c) raw product, as obtained after polymerization, presents two separated GPC peaks. They are 

calculated separately. 

 

The raw product iPP-PCO is only partly soluble in chloroform, allowing the separation of two 

parts by filtration. NMR analysis of the CHCl3-insoluble fraction in THF confirms that it is 

mainly composed of unreacted iPP-OH. In spite of this first solvent fractionation, the CHCl3-

soluble part still shows a bimodal GPC-chromatogram (Figure 3.3). These peaks are 

composed mainly of the formed polyketone polymer with Mw ~ 1e5, overlapping with a lower 

Mw shoulder that can be safely assigned to the residual unreacted iPP-OH. The characteristic 

resonances from low regio- and stereo-irregular PCO, in addition to the ones corresponding to 

the isotactic polypropylene, can be found in the 13C-NMR spectrum of iPP-PCO (Figure 3.4). 

The complete removal of the unreacted iPP-OH by further solvent fractionations could not be 

achieved. 

In contrast, the atactic homologue aPP-PCO can be completely dissolved in common organic 

solvents like CH2Cl2 or THF. The GPC chromatogram of the raw material shows two well 

separated unimodal peaks (Figure 3.5). One corresponds to Mw ~ 2.6e3, assignable to the 

unreacted aPP-OH, and the other one appearing at Mw ~ 1.8e5 arises from the PCO-peak. 13C-

NMR analysis of the raw sample confirms the mixture of PCO and aPP-OH polymers. The 
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characteristic resonances arising from PCO appear in combination with the bands 

corresponding to atactic polypropylene (Figure 3.6). 

 

Figure 3.3. GPC chromatogram of the CHCl3-soluble fraction of iPP-PCO (in THF). 

 

 

Figure 3.4. 13C-NMR spectrum of the CHCl3-soluble fraction of iPP-PCO (in CDCl3). 
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Figure 3.5. GPC chromatogram from aPP-PCO (in THF). 

 

 

Figure 3.6. 13C-NMR spectrum of aPP-PCO (in CDCl3). 
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These results confirm the applicability of PP-OH polymers to activate catalyst precursor 1 for 

the synthesis of propene-CO copolymers. Nevertheless, an evidence for the covalent bonds 

between the two blocks is still to be given. The low concentration of the block connecting 

ester functionalities makes it difficult to detect them by means of NMR-spectroscopy or other 

methods. 

An alternative technique is explored. As mentioned before, the raw product aPP-PCO has in 

the GPC chromatogram two well separated peaks. Hence, a separation of the polymer-mixture 

based on the different chain length by means of preparative GPC is viable. A narrow fraction 

of the polyketone peak, eluting first between the start and the maximum of the peak, is 

separately collected. As expected, the 13C-NMR spectrum of this high Mw material is mainly 

composed of alternating propene-CO (Figure 3.7). In addition to these resonances, the peaks 

arising from atactic polypropylene are found. The low concentration of these peaks is due to 

the much lower Mw of PP when compared with PCO. The presence of polypropylene in this 

fraction can be explained if the polymers are covalently bonded. 

 

3.4. CONCLUSION 

The synthesis of novel propylene-block-polyketone materials is successfully achieved. For 

this purpose, the knowledge about the reaction mechanism for chain initiation and termination 

turned out to be crucial. Furthermore, the applicability of preparative GPC for the 

fractionation and analysis of polymer mixtures is shown. 

On the novel materials reported here, the length of the polyolefin blocks may be varied by 

using PP-OH activators with different molecular weights. The alternating propene-CO block 

length could also be modified by varying the polymerization time or the catalyst employed.[4] 
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Combination of different polyolefins with 1,4-polyketones (with different side-chains length) 

is possible. These new materials may offer a range of unique properties. Remarkable is their 

potential as compatibilizers for mixtures of polyolefin-polyketone polymers.[7] Such blends 

are otherwise primordially immiscible.[8] They are targeted either to modify properties from 

non-polar polyalkenes (for instance, gas permeability, heat resistance or adhesion), or from 

polyketones (like price or processability).[9] 

 

Figure 3.7. Portion of the 13C-NMR spectrum from the high Mw fraction of aPP-PCO. 

 

 



CCHHAAPPTTEERR  33  

- 91 - 

3.5. REFERENCES IN THIS CHAPTER 

                                                 

[1] E. Drent, P. H. M. Budzelaar, Chem. Rev. 1996, 86, 663. 

[2] C. Bianchini, A. Meli, Coord. Chem. Rev. 2002, 225, 35. 

[3] A. Sen, “Catalytic Synthesis of Alkene-Carbon Monoxide Copolymers and Cooligomers”, 1st edition, Kluwer 

Academic Publishers, Dordrecht, 2003. 

[4] A. Mücke, B. Rieger, Macromolecules 2002, 35, 2865. 

[5] Further details from the synthesis and characterization of –OH functionalized polypropylene fall out of the 

aim of this report, and will be discussed in a manuscript in preparation. 

[6] A. S. Abu-Surrah, R. Wursche, G. Eckert, W. Pechhold, B. Rieger, Macromolecules, 1996, 29, 4806. 

[7] Block copolymers are commonly used as polymer blends compatibilizers. M. Chanda, S. K. Roy, “Plastics 

Technology Handbook: Industrial Polymers”, 3rd edition, Marcel Dekker, Inc., New York, 1998. 

[8] X. Lu, K. Y. Lim, F. Y. Lim, L. Liu, S. Wong, J. Zhao, Plastics, Rubbers and Composites 2002, 31, 147. 

[9] E. Marklund, U. W. Gedde, M. S. Hedenqvist, G. Wiberg, Polymer 2001, 42, 3153. 



 



 

 

CCHHAAPPTTEERR  44  

SSYYNNTTHHEESSIISS  OOFF  11,,44--PPOOLLYYKKEETTOONNEE  CCOOPPOOLLYYMMEERRSS  

FFRROOMM  LLOONNGG  LLIINNEEAARR  11--OOLLEEFFIINNSS  



CCHHAAPPTTEERR  44  

- 94 - 

4.1. INTRODUCTION 

4.1.1. Commercial aspects and applications of the polymerization of long linear α-

olefins 

Long linear α-olefins (LAO) are nowadays predominantly produced from the oligomerization 

of ethylene, preferred to the wax cracking classical routes (Figure 4.1).[1] The worldwide 

production by year-end 2003 was about 2.5 million tons per year, being Shell, BP, Chevron-

Phillips and Sasol in this order the main producers.[2] LAO are very versatile intermediates 

and building blocks for the chemical industry. The main applications are as comonomers for 

polyethylene (C4-C10) and feedstocks for surfactants (C12-C20) and plasticizers (C6-C10) 

(Figure 4.2). 

Homo- or oligomerization of LAO are only occasionally employed industrially. Poly-α-

olefins (PAO) or synthetic hydrocarbons (SHC) from C8, C10 and C12 find application as 

synthetic lubricants. On the other hand, the demand for 1-hexene and 1-octene as co-

monomers in HDPE and LLDPE production is rapidly growing with 10-14%/year (data from 

year 2000). Longer chain length α-olefins for similar uses are also seeing a strong growth 

(6%/year).[3] 

4.1.2. Polymerization of long linear α-olefins with CO 

Studies on 1,4-polyketone materials have been so far dominantly focused on ECO system.[4] 

The current well-known commercial ECO materials are semi-crystalline thermoplastics with 

unique properties, like excellent mechanical and chemical resistance. In spite of that, 

materials arising from the copolymerization of CO with olefins other than ethene have only 

been sporadically a matter of scientific reports (with the exception of styrene and propene). 
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Figure 4.1. Linear α-olefins capacities by ethylene oligomerization (in 1992).[1] 
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Figure 4.2. Uses of long linear α-olefins (Stanford Research Institute).[1] 
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Our interest for the copolymerization of LAOs arises considering: 

a) that many properties of the polyketone materials, like glass transition or polarity, 

can be easily modulated by selecting the right olefin component,[5] 

b) the good industrial accessibility to the monomer species (see section 4.1.1), 
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c) that the combination of a polar back-bone with non-polar side-chains provides a 

situation where self-organization could occur, producing materials with 

separated phases of very different nature (interesting for applications like 

membranes),[6] 

d) that a deeper inspection of the material properties could lead to their use in 

sophisticated applications (similarly, homopolymers from linear high α-olefins 

found use as pipes, fittings, lubricants, adhesives or oil fluidity enhancers 

(Figure 4.2 and Figure 4.3)),[7] and 

e) that it would be the necessary first step for a further synthesis of terpolymers 

combining short/long olefins and CO (see chapter 6). 

However, most of the purposes need good productivity of high Mw polymers, requisite that 

the actual polyketone-producing systems could not satisfy for LAOs. 

 

Figure 4.3. Polybutene pipes and fittings. Pipes and shaped parts 
can be welded overlapping, without use of additives. 
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The production of high Mw PCO polymers was originally reported by our group.[8] This 

breakthrough was possible by using well-defined dicationic diaquapalladium complexes or by 

optimizing the amount of necessary cocatalyst (MeOH or water). When the Mw of the PCO 

exceeded 105 g/mol, the materials appeared to be thermoplastic elastomers resembling the 

behavior of vulcanized natural rubber (not observed for lower Mw). 

In spite of that, for most of the polyketone-producing systems, when tested in the 

copolymerization of higher linear 1-olefins with CO, only reduced activities and lower Mw (~ 

104 g/mol) polymers are attainable.[5,9,10,11,12,13,14] This has been postulated to be a result of 

both the lower coordination-insertion ability of such 1-olefins compared to ethene,[15] and of 

their possibility to undergo isomerization to internal olefins under the polymerization 

conditions applied.[16,17] Certain internal olefins can be copolymerized with CO, albeit at 

much reduced rates.[14] Just recently, Lindner et al.[18] synthesized highly regio-regular, high 

Mw (~ 105 g/mol) copolymers from (1-hexene)-CO and (1-tetradecene)-CO by using alkyl-

substituted diphosphine palladium catalysts under conditions similar to ours. 

 

4.1.3. Our approach to the copolymerization of long linear α-olefins with CO 

As mentioned above, the modification of the catalyst architecture lead, in one specific case, to 

complexes able to favor the production of high Mw 1,4-polyketones from long linear α-olefins 

at good yields.[18] 

Instead of this catalyst “fine-tuning”, an attractive different approach is the optimization of 

the polymerization conditions. It is based on the examination of the proposed catalysis 

mechanism. Such an alternative route presents the advantage that it can be adapted to different 
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families of catalytic precursors. In this way, characteristic catalyst stereo- or regio- selectivity 

does not need to be sacrificed in order to enhance Mw or activity. 

It has been observed previously in our group that both productivity and Mw of PCO are 

improved if the concentration of olefin is increased by performing the polymerization reaction 

in liquid propene.[19] 

This chapter deals with the application of the maximum concentration of the olefin monomer 

with the aim to produce the desired enhancement of Mw and monomer conversion. As 

explained later, emulsification of the cocatalyst in the monomer is necessary. Through the 

text, some derived mechanistic observations are discussed. As well, important material 

features like thermal or mechanical behavior of the novel polymers are described. 

 

4.2. EXPERIMENTAL PART 

4.2.1. Materials 

Reagent grade chemicals were used as received unless otherwise stated. All dried reagents 

were stored under argon and handled by using standard Schlenk techniques. Dichloromethane 

was purchased from Fluka (B&J Brand), dried under reflux over CaH2 and distilled prior to 

use. The monomers 1-pentene (Aldrich), 1-hexene (Merck), 1-octene (Acros Organics) and 1-

Decene (Alfa Aesar) were dried under reflux over LiAlH4, distilled and stored over freshly 

activated molecular sieves 4 Å. Ethylene glycol (EG) and diethylene glycol (DEG) from 

Fluka, were passed as 1:1 mixtures with dried CH2Cl2 through columns of aluminium oxide, 

evaporated the CH2Cl2 under vacuum afterwards, and stored over freshly activated molecular 

sieves 4 Å. Polyethylene glycol 1,000 (PEG1,000, Fluka) was diluted with dry toluene and 
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stirred under reflux over molecular sieves 4 Å for 48h, followed by removal of the toluene 

under vacuum. Anhydrous glycerol (Fluka), anhydrous hexylalcohol (Aldrich) and dried 

methanol (Merck) were stored over freshly activated molecular sieves (4 Å) prior to use. 

Propene-CO copolymer, used for comparison purposes during this report, was synthesized as 

described previously (see Section 2.2.2). Carbon monoxide, ethene and propene gases were 

provided by BASF AG Ludwigshafen and used without further purification. 

Prior to their analysis by DSC, the polymer samples were annealed at 90°C in vacuum for 

24h. 

 

4.2.2. Catalyst precursors 

[dpppPd(NCCH3)2][X]2 (dppp: 1,3-bis(diphenylphosphino)propane; X: BF4
- (1), SbF6

- (2), 

PF6
- (3), CF3CO2

- (TFA) (4) and p-toluenesulfonate (p-TS) (5)): This compounds were 

prepared from dpppPdCl2
[20] acetonitrile-solutions, by adding the corresponding commercial 

silver salt (AgX).[21] Diacetonitrile{1,3-bis[di[3,5-di(trifluormethyl)phenyl] 

phosphino]propane}palladium(II)ditetrafluoroborate (7), diacetonitrile{1-diphenylphosphino-

3-[di[3,5-di(trifluormethyl)phenyl]phosphino]propane}palladium(II) ditetrafluoroborate (8) 

and diacetonitrile{1-diphenylphosphino-3-[bis(3,5-dimethylphenyl)phosphino]propane} 

palladium(II) ditetrafluoroborate (9) were prepared as previously reported.[22] 

Synthesis of [dpppPd(Me)(NCCH3)] [B(Ar)4] (6) (Ar: 3,5-bis(trifloromethyl)phenyl): the 

preparation was adapted from a similar reported one.[23] NaBAr’4 (ABCR, 1.37g, 1.52 mmol) 

was dissolved in 2 mL acetonitrile and 30 mL CH2Cl2 and cooled to –78°C. A volume of 50 

mL of CH2Cl2-solution of dpppPd(Me)Cl[24] (0.831 g, 1.46 mmol) is added drop-wise and 

stirred for 10 h. After this time, the reaction is left to slowly reach room temperature. Then, 
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the solvents are completely removed. The product is dissolved in CH2Cl2 and canula-filtered, 

twice. The product thus obtained is a yellow-brown powder. 1H NMR (400 MHz, CDCl3): δ 

7.75-7.17 (m, 32H, arom.), δ 2.56-2.43 (m, 4H, -CH2P), δ 2.00-1.80 (m, 2H, -CH2-), δ 1.73 (s, 

3H, CH3-CN), δ 0.49 (dd, 3H, -CH3, JP1-H= 2.4 Hz, JP2-H= 7.2 Hz). 31P{1H} NMR (162 MHz, 

CDCl3): d 27.09 (d, 1P, JP-P=53.5), d -3.50 (d, 1P, JP-P=55.5). IR (CsI): ν (d, C≡N) = 2311.1 

cm-1. 

 

4.2.3. Copolymerization of long linear α-olefins with carbon monoxide 

Variations from the standard here described conditions are mentioned in the text when 

appropriate. Usually, 103.2 µmol of (1) was placed in a 250 mL or 300 mL stainless steel 

autoclave (Carl Roth® model II), together with the desired amount of the corresponding 

cocatalyst. The mixture was stirred until a homogeneous solution was formed. Afterwards, 

120 mL of 1-olefin (95 g of gas in the case of 1-butene) was placed in the autoclave, and 

under strong efficient stirring saturated with 20 bar carbon monoxide. This pressure and the 

polymerization temperature of 25 °C were kept constant over the entire polymerization 

period. After 24 hours, the gas was vented off and the unreacted 1-olefin was removed by 

vacuum-evaporation. The polymer was then dissolved in CH2Cl2, extracted with the same 

amount of water, and the organic phase was filtered through a short silica column (Merck 

silica 60 (63-200 µm)), followed by precipitation of the polymer in cold methanol. A film of 

pure polymer was obtained from CH2Cl2-solution, after solvent evaporation and drying in 

vacuum for 24 h at 90 °C. 

For 1H- and 13C-NMR analysis of the copolymers see section 4.3.4. 
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Exemplary elemental analysis of the copolymers: 

 

Calc. C 71.39 H 9.59 BuCO (C5H8O)n (84.12)n 

Found C 71.07 H 9.56 

Calc. C 73.43 H 10.27 PnCO (C6H10O)n (98.14)n 

Found C 73.01 H 10.38 

Calc. C 74.95 H 10.78 HxCO (C7H12O)n (112.17)n 

Found C 74.56 H 10.92 

Calc. C 77.09 H 11.50 OcCO (C9H16O)n (140.22)n 

Found C 77.03 H 11.52 

Calc. C 78.51 H 11.98 DcCO (C11H20O)n (168.28)n 

Found C 78.13 H 11.78 

 

4.3. RESULTS AND DISCUSSION 

4.3.1. Selection of the catalyst precursor 

For the preliminary exploration of the best conditions for the polymerization of long linear 1-

olefins we select (1) as catalyst precursor, mainly based on two ideas: a) the complex (1) has 

been widely employed for the synthesis of alternating polyketones, and the straightforward 

comparison with previous published polymerization results is feasible, and b) typically only 

low regio- and stereo- regular products are synthesized from (1). This low regularity seems to 

be the key-factor to favor, even in solution, linear polyketone conformations over the cyclic 

spiroketal ones (reported for other systems).[14,25,26] 
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4.3.2. Polymerization in liquid 1-hexene. Emulsification of cocatalyst 

Olefin insertion into the Pd-acyl bond is thought to be the rate determining step on the 

proposed chain-growth mechanism.[27] From the chain-propagation scheme (Figure 4.4), it 

may be suggested that an increase of the olefin concentration would countervail its inherent 

low reactivity. This fact would increase the number of propagation cycles, leading to 

augmented yields and polymerization degrees. This assumption was confirmed already by the 

synthesis of PCO in liquid propene (maximum concentration of olefin).[19]  

 

Figure 4.4. Proposed mechanism for copolymer chain-growth. Pol: growing chain, R: alkyl side-chain. 
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The copolymerization of 1-hexene and CO, with the liquid olefin as polymerization medium, 

does not produce the expected enhancement of Mw and yields if common activators, like 

methanol, are used (Table 1, entries 1-2).[5] And no better numbers are found if linear alcohols 

like 1-hexanol are used instead. These results could find an explanation in the poor solubility 

of the cationic catalyst in the nonpolar media, affording inefficient precursor activation. In 

addition, chain-transfer reactions produced by the alcoholic activator are favored in this 

medium (note that the propagating center is electrophilic). 
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Table 4.1. Results from (1-hexene)-CO copolymerizations. Variation of 
type and amount of cocatalyst. a) 

Entry Activator b) Vol. Activator Activity c) Mw 10-5 d) PDI d) HT e) 

  mL  g/mol  mol-% 

1 methanol 0.5 0.010 0.42 1.4 72 

2 methanol 2.0 0.28 0.24 1.4 66 

3 n-hexanol 1.7 0.089 0.13 1.5 69 

4 glycerol 0.3 0.20 1.1 1.5 64 

5 glycerol 2.0 0.20 0.89 1.5 68 

6 DEG 0.5 1.16 0.89 1.3 58 

7 DEG 1.0 1.88 0.96 1.5 - 

8 DEG 2.0 2.59 1.2 1.7 68 

9 DEG 4.0 2.34 0.97 1.4 - 

10 DEG 8.0 1.82 0.91 1.4 - 

11 EG 2.0 0.70 0.91 1.6 66 

12 f) PEG1,000 (2.4) g) 1.47 0.53 1.4 - 

a) for further details see experimental part.  
b) diethylene glycol (DEG), ethylene glycol (EG), polyethylene glycol 

1,000 (PEG1,000). 
c) kg polymer (mol Pd . h)-1. 
d) average values measured by GPC (relative to polystyrene). 
e) percentage of head to tail sequences, as calculated from the carbonyl 

peaks in inversed gated 13C NMR. 
f) T = 40°C, in order to liquefy the activator. 
g) grams of activator. 

 

A different picture arises if 1-hexene-immiscible activators, like glycerol or DEG are 

employed instead (Table 4.1, entries 4-12). Emulsions of such activators are formed by strong 

continuous stirring along the polymerization time. Whereas productivities are dependent on 

the activator formula (a maximum of 2.6 kg polymer [mol Pd.h]-1 is found for DEG), Mw 

values are significantly shifted up, being now comparable to the highest reported values.[18] 

Notably, in these experiments, the polymerization degrees are not significantly affected by the 
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nature of the activator (except entry 12 where T = 40 °C, see effect of temperature in section 

4.3.2.4). Also, the PDI is in all the cases low and within a narrow range (1.3-1.7). As expected 

when using the catalyst precursor 1, the products present low regio-regularity, with a ratio of 

HT sequences independent from the activator used. The level of this HT sequences is in the 

range of that found for PCO (HT ~ 66%), notwithstanding the theoretical higher sterical 

hindrance of 1-hexene relative to propene. 

 

4.3.2.1. Effect of the amount of activator 

The productivity of HxCO is dependent on the amount of DEG employed, reaching a 

maximum when 2 mL of DEG are used. To the contrary, extensive variation on the amount of 

DEG-activator has very little effect on Mw and PDI of the resulting polymers (Figure 4.5, 

Table 4.1 entries 6-10). Those results are in contrast to what was found for PCO, where Mw 

and PDI are highly sensitive to the ratio activator/Pd employed.[8] A feasible interpretation is 

not simple and suggestions are discussed later (section 4.3.2.7). 

 

4.3.2.2. Use of emulsifiers 

Hypothetically, improving the mass transfer of active species and/or monomers between the 

two phases formed would favor the production of polymer. With this target, the addition of 

commonly applied neutral and anionic emulsifiers is tested (Table 4.2). These would stabilize 

the emulsion, reduce the drop size, and thus, augment the interfacial area between polar and 

non-polar phases. 
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Figure 4.5. Copolymerization of (1-hexene)-CO. Effect of the variation of 
the amount of DEG-activator. 
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Table 4.2. Polymerization of 1-hexene and CO. Use of emulsifiers.a) 
Entry Emulsifier Amount of emulsifier Activity b) Mw 10-5 e) PDI e) 

  g  g/mol  

8 - - 2.59 1.2 1.7 

8a Brij®30 c) 0.5 1.81 1.0 1.5 

8b DDS d) 0.3 traces - - 

a) for further details see experimental part. 
b) kg polymer (mol Pd . h)-1. 
c) polyethylene glycol dodecyl monoether. 
d) dodecylsulfate sodium salt. 
e) average values measured by GPC (relative to polystyrene). 

 

In the case addition of neutral Brij®30 (polyethylene glycol dodecyl monoether), better results 

are not obtained. Slightly lower values of activity and similar Mw are found relative to entry 8 

(without emulsifier). 

The presence of anionic emulsifiers like DDS (dodecylsulfate sodium salt) suppresses 

copolymer production. DDS has been previously applied to stabilize water/toluene olefin/CO 
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emulsion-polymerizations using cationic Pd(II) catalysts.[12] The leak of activity in this case 

could be explained by the orientation of the emulsifier molecules in the interphase (Figure 

4.6). The polar sulfate-groups prefer to orientate towards the polar phase. This groups would 

retain the polar Pd(II) complex, probably obstructing its transference to the 1-hexene phase. 

 

Figure 4.6. Orientation of the anionic emulsifier DDS in the interface between 1-hexene 
and DEG. Comparison with toluene/water emulsion polymerization.[12] 

 

 

4.3.2.3. Time dependence 

The evolution of yield of the products during time is studied (Figure 4.7). Under the 

conditions from entry 8 (Table 4.1), (1-hexene)-CO copolymer is produced uniformly with 

constant average activities of 2.6 kg polymer (mol Pd × h)-1. 
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Figure 4.7. a) Evolution of yield in (1-hexene)-CO copolymerization reactions, and b) evolution of the area 
under the carbonyl stretching IR band (νC=O 1706cm-1) with time. 
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The reaction starts without a long activation period. This is confirmed by the straight line 

found for the time-dependence of yields, obtained by online in-situ ATR-IR monitoring of the 

area of the carbonyl IR stretching band at 1706 cm-1 (Figure 4.7). The absence of decay at 

long polymerization times indicates that catalyst decomposition does not take place, at least 

during the time-range up to 72 h (at 25°C). 

Some further mechanistic considerations can be proposed by the evolution with time of Mw 

and Mn values (Figure 4.8). During the first 6 hours, a vertiginous growth of the chains 

happens, incorporating an average of ~ 400 1-hexene-units per chain in this time. During this 

early stage, both Mw and Mn present very similar values and develop linearly, typical for 

living polymerization processes (PDI between 1.0 and 1.1). 

 

a) b) 
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Figure 4.8. Evolution of Mw and Mn in (1-hexene)-CO copolymerization 
reactions. 
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After this initial “living” period, chain-transfer reactions become more important, and the 

increment of molecular weights is consequently slowed down. Both Mw and Mn curves show 

asymptotic trends, with horizontal limiting values of 1.8e5 and 1.1e5 g/mol, respectively. An 

increase of Mn of only ~ 1.5e4 g/mol is achieved in the last 27 h. The PDI is progressively 

developed from 1.1 after 6 h up to 1.8 after 72 h. The most probable chain-transfer reaction 

occurring in this nonpolar medium is almost exclusively ß-hydride elimination.[27] The Pd-

hydride species formed after chain-transfer are reinserted into the catalytic cycle, as indicated 

by the yield dependence on time. 

 

4.3.2.4. Influence of carbon monoxide pressure and polymerization temperature 

The absolute CO pressure has only a marginal influence on the obtained results (Table 4.3 and 

Figure 4.9). When using the same conditions from entry 8, variation from 10 to 40 bars does 

not change Mw of the polymers, whereas it produces only a negligible shift in the activities. 
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From these findings can be deduced that CO concentration is not a rate limiting factor in these 

conditions. 

 

Table 4.3. and Figure 4.9. Results from (1-hexene)-CO copolymerizations. Variation of CO pressure.a) 

Entry CO 
pressure Activity b) Mw 10-5 c) PDI c)

 bar  g/mol  

13 10 2.12 1.2 1.4 

8 20 2.59 1.2 1.7 

14 40 2.34 1.3 1.4 

a) for further details see experimental part. 

b) kg polymer (mol Pd . h)-1. 

c) average values measured by GPC 
(relative to polystyrene standards). 0 10 20 30 40 50
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To the contrary, the polymerization temperature (Tp) turned out to be a crucial parameter 

(Table 4.4 and Figure 4.10). The best results are found when Tp is 25°C. Deviations of ~ 20°C 

from this temperature afforded the production of only traces of polymer, together with a 

severe drop in Mw. 

At 60°C, catalyst decomposition by Pd(II) reduction is visually confirmed (black palladium 

metal precipitates). In entry 19, 100 equivalents of p-benzoquinone are added, compound 

known to hinder the formation or re-activate Pd(0)-species.[27] Hence, a higher productivity up 

to 3.9 kg polymer [mol Pd . h]-1 of low Mw polymer (Mw ~ 6e3 g/mol) is obtained. At the 

same time, the molecular weight distribution is broadened to 5.3. These conditions (including 

p-benzoquinone addition) can be proposed as a method for the synthesis of 1,4-oligoketones 

at good yields from LAO’s, where the number of monomers incorporated is adjustable by the 

reaction temperature. 
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Table 4.4 and Figure 4.10. Results from (1-hexene)-CO polymerizations. Variation of polymerization 
temperature. a) 

     

Entry Temp. Activity b) Mw 10-5 c) PDI c)

 °C  g/mol  

15 0 0.04 0.26 1.2 

16 10 2.10 1.1 1.3 

17 40 1.90 0.41 1.9 

18 60 0.22 0.10 3.1 

19 d) 60 3.88 0.059 5.3 

a) for further details see experimental part.
b) kg polymer (mol Pd . h)-1. 
c) average values measured by GPC 

(relative to polystyrene standards). 
d) 0.30 g p-benzoquinone added. 
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4.3.2.5. Variation of the catalyst counter ion 

When the polymerization is performed in nonpolar media, the coordination ability of the 

catalyst counter ion plays a crucial role.[28] Catalysts bearing different counter ions are tested 

under the best (1-hexene)-CO copolymerization conditions (Table 4.5 and Figure 4.11). A 

reasonable explanation for the observations is not straightforward. It seems that the more 

coordinating counter ions like p-Ts, TFA and PF6
- are able to compete efficiently with olefin 

coordination, affording a decrease in both activity and Mw (entries 20, 21 and 22). The less 

coordinating [BF4]- remains the best choice. After these observations, it is surprising that the 

catalyst formed by the low coordinating [B(Ar)4]- does not give the expected better 

productivities or polymerization degrees. 
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Table 4.5. Results from (1-hexene)-CO 
copolymerization reaction. Influence of catalyst counter 

ion. a) 

Entry Counter ion b) Activity c) Mw 10-5 d) PDI d)

   g/mol  

20 p-Ts 0.008 0.015 1.6 

21 TFA 0.023 0.34 2.0 

22 PF6
- 0.20 0.13 2.8 

23 SbF6
- 1.35 0.75 1.6 

8 BF4
- 2.59 1.2 1.7 

24 e) [B(Ar)4]- 0.66 0.8 1.5 

a) for further details see experimental part. 
b) p-toluenesulfonate(p-TS), trifluoroacetate(TFA), 

tetrakis(3,5-bis(trifluoromethyl)phenyl)borate 
[B(Ar)4]-. 

c) kg polymer [mol Pd . h]-1. 
d) average values measured by GPC (relative to 

polystyrene). 
e) mono-methyl Pd(II) species [dpppPd(Me) 

(NCCH3)][B(Ar)4] are used. 

 

Figure 4.11. Results from (1-hexene)-CO copolymerizations. Influence of 
catalyst counter ion. a) 
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4.3.2.6. Effect of ligand architecture 

Recently, Rieger et al. published the synthesis of new symmetrically and non-symmetrically 

substituted bisphosphine ligands bearing partially fluorinated aromatic units, as well as their 

corresponding palladium(II) complexes.[22] These modifications of the ligand structure 

relative to 1,3-(diphenylphospino)propane lead, particularly with asymmetric -CF3 

substitution, to significant improvements in both Mw and activities in propene-CO 

copolymerization experiments. 

Selected members of this new family of Pd(II) complexes are tested (conditions from entry 8) 

(Figure 4.12). As reported for PCO, the symmetric -CF3 derivative (7) (ligand structure A) 

produces only traces of very low Mw polymer, confirming the hindrance of monomer 

coordination to this sterical overcrowded catalyst (more important considering the 1-hexene 

additional spatial requirement). On the contrary, the best results are achieved if the ligand is 

the asymmetric -CH3 derivative (9) (ligand structure D), giving the best activities of 3.5 kg 

polymer (mol Pd. h)-1 and Mw = 2.4e5 g/mol. Different from what was observed in PCO, the 

unsymmetrical -CF3 derivative (8) affords values only intermediate between the symmetrical -

CF3 (7) and the dppp catalysts (1) (Figure 4.12 A and C, respectively). In all cases, PDI 

values are in the range 1.4 - 1.7. Surprisingly, the regio-regularity of the products calculated 

from 13C-NMR is very similar, with the lowest 62% HT, and the highest 68% HT (found for 

structure B and C, respectively). A further rationalization of the influence of the ligand 

architecture on the polymerization results turns out to be not easy, and combinations of both 

electronic and sterical contributions are expected. 
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Figure 4.12. (1-Hexene)-CO copolymerization. Influence of the ligand on activities (bar) and Mw (line). 
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4.3.2.7. Postulation for the rationalization of the observed results 

The results of the polymerization of 1-hexene with CO in liquid monomer, as described 

above, supposes an unambiguous improvement of both Mw and productivities when the 

activator used is immiscible with the non-polar monomer (compared to miscible ones). As 

explanation for these findings, we want here to propose that initiation and propagation 

polymerization stages occur in separated liquid phases (Figure 4.13). 

The described ionic catalyst Pd(II) precursors are insoluble in the nonpolar monomer 

medium. In our postulation, those complexes are initially dissolved in the activator-phase, and 

in the presence of CO, the initiation step of the polymerization takes place. The initial 

alternating olefin-CO coordination-insertions happen already in the interphase between polar 

– non-polar media. After a determined number of 1-hexene insertions, the growing chain 

becomes soluble in the organic phase, transferring the propagating catalytic center to the 1-

olefin bulk. The extent of the interface area would here play a major role, probably 

differentiating the diverse immiscible activators and the amounts employed. 
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Subsequently, chain propagation proceeds in the monomer bulk, under the condition of a 

maximum olefin concentration at the catalytic center. 

 

Figure 4.13. Schematic representation of the autoclave content during reaction. 

 
 

As mentioned before (Section 4.3.2.3), polymerization occurs without catalyst decomposition 

at 25°C. The propagating cycle proceeds with continuous increment of molecular weights 

until chain-transfer takes place, most probably by ß-hydride elimination.[27] Pd(II)-hydride 

species are generated after this process, which can be incorporated to the propagation by 

subsequent olefin or CO insertion into the Pd-H bond. 
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Experimental facts supporting the hypothesis of separation of initiation and propagation 

reaction steps are: 

a) When using 1-hexene-miscible activators, only poor productivity of lower Mw 

polymers can be reached. 

b) The minor dependence of Mw and PDI on the amount of immiscible activator and on 

the activator nature and quantity. Since the propagation runs outside the polar drops, 

there is no possibility to induce chain-transfers due to the hydroxy functionalities. 

The best results are found when the polymerization is performed at 25°C. At lower 

temperatures, both mass transfer and propagation may be slowed down, with declined 

activities and Mw. At higher temperatures, simultaneously with the acceleration of mass 

transfer and propagation, β-hydride elimination and catalyst decomposition are favored. The 

appearance of considerable amounts of black Pd(0) is observed at 60°C, indicating that 

catalyst decomposition occurs. It is possible to partially avoid this decomposition, or 

reactivate dormant Pd(0) species by using p-benzoquinone. But chain-transfer is still rapid 

and only low Mw can be achieved. 

 

4.3.3. Generalization to the polymerization of other long linear α-olefin 

homologues with CO 

The best conditions found for the polymerization of (1-hexene)-CO are also investigated with 

other members of the family of long linear α-olefins (Table 4.6). A similar enhancement of 

Mw as for HxCO is found for all the studied olefins (C4, C5, C6, C8 and C10),. However, 

activities are lowered by up to 1.4 kg polymer (mol Pd . h)-1. It is worth mentioning here that 
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the Mw achieved for these polymers are the highest published. A trend to form higher region-

regular copolymers is not observed as the length of the 1-olefin is augmented, a fact that 

confirms the low 1,2- or 2,1-insertion preference of catalysts (1). 

 

Table 4.6. Results from (1-olefin)-CO copolymerizations.a) 

Entry α-olefin Activity b) Mw 10-5 c) PDI c) H-T d) 

   g/mol  mol-%

25 1-butene 1.4 1.0 1.3 67 

26 1-pentene 1.4 1.2 1.5 61 

27 1-octene 1.1 1.7 2.0 62 

28 1-decene 1.1 1.6 1.9 61 

a) for further details see experimental part. 
b) kg polymer (mol Pd . h)-1. 
c) average values measured by GPC (relative to 

polystyrene standards). 
d) percentage of head to tail sequences, as calculated from 

the carbonyl peaks in inversed gated 13C NMR. 

 

4.3.4. Properties of alt-α-olefin-CO copolymer materials 

The copolymers from long α-olefin and CO synthesized as described above are transparent, 

soft, and primordially amorphous materials. Rough 13C- and 1H-NMR resonance assignment 

can be made for all of them (Figure 4.14). In spite of the reported tendency of 1,4-polyketones 

from LAO to form spiroketal sequences,[14,25,26] only linear configurations are found for the 

materials synthesized here. Despite not giving details on the stereo-regularity, the broadness 

of the NMR resonances in chloroform also indicates a predominantly low stereo-regularity. 

Both low regio- and stereo-regularity are likely responsible for the stabilization of the linear 

configurations over the cyclic ones. 
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Figure 4.14. Exemplary 1H- and 13C-NMR from (α-olefin)-CO copolymers (CDCl3 as solvent). 
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4.3.4.1. Thermal properties 

When the number of carbons of the α-olefin is more than five, the (α-olefin)-CO copolymers 

are amorphous, showing exclusively one well-defined glass transition process (Figure 4.16). It 

is noteworthy to mention this main distinction from the previously reported copolymers with 

similar compositions and Mw. They did not appreciate any glass transition process, only a 

sharp melting peak was to be found.[18] The difference arises as a consequence of the lower 

regio-regularity. 

Comparing the different materials, the temperature for the glass transition process is 

dependent on the length of the side chain. This can be explained by the progressive hindered 

chain-packing and increased free volume as the olefin is extended (a similar effect is observed 

in polyacrylates).[29] The decay in the Tg for copolymers containing consecutively longer side-

chains is nearly perfectly linear from 2 to 8 carbon atoms (Table 4.7 and Figure 4.15). In this 

range, the decrease of glass transition temperature is of approx. 11°C per additional carbon 

atom in the side-chain.  
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Table 4.7. and Figure 4.15. Results from (1-olefin)-CO copolymerizations.a) 

Copolymer Tg Tm
 (1) Tm

 (2) Td (5%)b)

 °C °C °C  

PCO 25.8 50.6 99.0 326 

BuCO 25.4 52.6 100.4 346 

PnCO 14.8 23.1 - 371 

HxCO 1.4 - - 362 

OcCO -23.5 - - 334 

DcCO (-40.1)c) - - 360 

a) for further details see experimental part. 
b) temperature at which the sample have lost 5% of 

its initial weight, as calculated from TGA. 
c) estimated (value close to the lower scanning 

temperature). 
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The DSC profile of BuCO is analogous to the one obtained from PCO. There, besides the 

glass transition (~25°C), two melting points can be resolved (~50°C and ~100°C). The semi-

crystallinity of the PCO materials was previously described.[30] The similarity of the glass and 

melting temperatures as well as both melting areas lead us to suggest that PCO and BuCO 

may have similar crystal structures. Nevertheless, the values of enthalpy of fusion are small 

for both polymers, in the range between 5 and 7 J g-1. This low crystallinity makes it difficult 

to elucidate the crystal structure by means of WAXS. (1-Pentene)-CO shows an intermediate 

thermal profile where little crystallinity seems to be present, with a melting temperature very 

close to glass transition. A further confirmation of the semi-crystallinity of PnCO could not be 

given so far. 
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Figure 4.16. DSC profiles from the 1st scan for (α-olefin)-CO copolymers. PCO is 
included with comparison purposes. 

 

 

4.3.4.2. Mechanical behavior 

As consequence of the high chain mobility, resulting in low glass transition temperature, the 

copolymer materials formed from α-olefins with more than 6 carbon atoms are viscous 

liquids. At room temperature, DcCO and OcCO copolymers flow easily with an oily 

character. 

The stress-strain profile typical for soft amorphous materials can be measured (Figure 4.17) 

from PnCO. The contribution of the possible micro-crystallinity detected by DSC has only a 

marginal reinforcing effect. This material is stiffer than its C6 counterpart; the maximum 

stress (65 KPa) is increased relative to 22KPa found for HxCO (Figure 4.17). Nevertheless, 

the values of stress for both PnCO and HxCO are very low, and close to the resolution limit of 

the measurement. The stress-strain profile taken at room temperature from BuCO exhibits a 

curve similar to elastic materials, with initial stress of about 5 MPa, which might be due to the 
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crystallinity observed. Comparing it with the stress-strain profile from PCO, some differences 

are observable (Figure 4.17). The levels of stress at low deformations are higher for BuCO. 

The increment of the stress for PCO is more pronounced and after λ=3.5 they overcome those 

from BuCO. An exponential increase of σ at higher elongations is only observed for PCO but 

not for BuCO. Despite being the values of deformation at fracture similar (λfail (PCO) = 7.4 

and λfail (BuCO) = 6.6), the stress needed for BuCO is approximately half of that for PCO 

(σfail (PCO) = 36.5 MPa and σfail (BuCO) = 15.9 MPa). 

 

Figure 4.17. Stress-strain profiles for (α-olefin)-CO copolymers (note the change in the ordinates axis scale). 
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We reported previously that low regio- and stereo-regular PCO, at high Mw levels behaves as 

thermoplastic elastomer.[6,8] The elasticity is claimed to be a consequence of the physical 

crosslinking given by the hard microcrystalline-phase. This phase is homogeneously 

distributed among the soft amorphous matrix. Based on the DSC analysis of the polymers, 

BuCO and PCO seem to possess the same microstructure. Then, BuCO should behave 

similarly. The elasticity of BuCO is confirmed by stress-strain hysteresis cycles up to λ = 5 at 

room temperature and compared with those from PCO (Figure 4.18). Both profiles present a 
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similar shape. After any of the three cycles, spontaneous recovery of the deformation is 

observed for BuCO. Nevertheless, the irreversible deformation of BuCO (37%) is higher 

relative to PCO (17%). The decline of the force at λ = 5 for consecutive cycles is more 

pronounced for BuCO. Both facts indicate the lower recovery and elastic character of BuCO 

compared to PCO. 

 

Figure 4.18. Stress-strain hysteresis cycles at r.t. on PCO and BuCO copolymers. 1st cycle (compact line), 2nd 
cycle (dashed line) and 3rd cycle (pointed line). 
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4.4. CONCLUSION 

The reported results from the copolymerization of carbon monoxide with α-olefins, longer 

than propene, provide a further advance to the synthesis of corresponding polyketone 

materials.[31] High levels of Mw, analogous to the best ever reported, are now achievable from 

readily accessible [dpppPd(NCCH3)2](BF4)2. This is done by polymerization in the liquid α-

olefin monomer. Nevertheless, a careful choice of an immiscible activator is necessary to 
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make it successful. This is a further confirmation of the proposed polymerization mechanism, 

where the olefin insertion-coordination is proposed as the rate determining step. 

Even though it is not within the scope of this work, the polymerization conditions exemplified 

for [dpppPd(NCCH3)2](BF4)2 are not limited to this precursor. They could be applied as 

general conditions to most of the previously proposed catalyst complexes able to produce 

polyketones. Improvements of productivity and polymerization degrees could thus be 

achieved. 

Furthermore, this system opens a door to the synthesis of terpolymers from long linear 1-

olefins. The high concentration of the LAO would balance its leak of reactivity (see Chapter 

6). 

The materials obtained from LAOs with CO show unprecedented properties that differentiate 

them from those reported on polymers with similar compositions, due to the combination of 

high Mw and low regio- and stereo- regularity. Further studies are still necessary to confirm 

some of the findings explained here. Remarkable facts are the semi-crystallinity of BuCO 

(which provides elasticity to the material) as well as the melting transition observed for 

PnCO, in which new arrangement of polymer-chains to form crystals should be proposed. 

In addition to the chemical reduction explained in Chapter 2, the choice of the right olefin 

modifies polymer properties without changing the basic polymer chemistry. Polarity,[5] glass 

transition process and/or mechanical properties can be, in this way, tailored. 
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5.1. INTRODUCTION 

This chapter deals with the effect of some ether compounds, when present in propene-CO 

copolymerizations, under previously reported standard conditions. Up to a fourfold increased 

productivity is obtained in the best of the cases. 

 

Figure 5.1. Scheme of the tested azobenzene-containing ether compounds. 
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This activity enhancement is found by chance, while exploring the applicability as 

comonomers of ether compounds containing the azobenzene group (Figure 5.1). The position 

of the equilibrium of azobenzene cis and trans isomers depends on the frequency of the UV-

light applied (Figure 5.2).[1,2] Propene-CO polymers bearing azobenzene functions might thus 

theoretically possess photo-responsive properties.[3] Specially if difunctional azobezene is 

used crosslinking the structure, similarly to the Shell’s Carilite® technology (Section 2.1.2).[4] 

 

5.1.1. Motivation 

The copolymerization of CO with azobenzene containing ethers (Figure 5.1) was previously 

reported as well as their incorporation in terpolymers with (1-hexene)-CO.[5] Nevertheless, 

there is no communication so far about their terpolymerization with propene and CO. Neither 

did we find in the scientific literature any hint of a chemical explanation for the observed 
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activity enhancement.[6,7,8] In spite of the fact that a fourfold increment in activity could not be 

considered an amazing breakthrough, understanding its chemical nature may provide advice 

for further improvements. 

 

Figure 5.2. Isomerization equilibrium of azobenzene functionalities. 
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Within this chapter, the reason for the productivity increase in the presence of the above 

described ether compounds is discussed. Discernment among the following origins for 

incremented yield is given: a) modification of the catalytic site, b) enhancement of the 

propagation rate, or c) increment of the concentration of active sites. In addition, the 

participation of the different parts of the ether molecule, the vinyl functionality, length of the 

alkyl-chain or azobenzene or aromatic moieties will be evaluated. 
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5.2. EXPERIMENTAL PART 

5.2.1. Ether compounds 

5.2.1.1. Synthesis 

1-(p-(hex-5-enyloxy)phenyl)-2-phenyldiazene (E1, Hx-O-Azo), 1-(p-(but-3-enyloxy) 

phenyl)-2-phenyldiazene (E2, Bu-O-Azo), 1-(p-(hexyloxy)phenyl)-2-phenyldiazene (E3, 

Hxa-O-Azo) and 1-(hex-5-enyloxy)benzene (E4, Hx-O-Ph) were synthesized from the 

corresponding aromatic alcohol by reaction with an alkenyl or alkyl halide (Figure 5.3). 6-

methoxyhex-1-ene (E5, Hx-O-Me) was synthesized from hex-5-en-1-ol and methyl iodide 

following a reported method.[9] 

 

Figure 5.3. Synthesis of tested ether compounds 
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For the preparation of E1, 4-hydroxyazobenzene (Aldrich, 24.7 mmol) was dissolved in 200 

mL acetone together with 6-bromohex-1-ene (Fluka, 25.3 mmol) and K2CO3 (VWR, 5g). The 

solution was stirred and refluxed for 72 h. After this time, the solution was filtered and the 

solvent evaporated. The excess of 6-bromohexe-1-ene was removed by heating under vacuum 

at 70ºC. The product was then dissolved in pentane and the solution filtered. The pure ether 

was obtained as a red powder after solvent removal, with a yield of 80 %. 

Preparation of E2 and E3 was identical to E1, except that hexyl iodide (Aldrich, 29.8 mmol) 

or 3-bromobut-1-ene (Acros, 32.2 mmol) were reacted respectively with 4-

hydroxyazobenzene (Aldrich, 24.7 mmol) instead of 6-bromohex-1-ene. Both products were 

isolated as red powders with yields of 83 % (E2) and 85 % (E3). 

Ether compound E4 was prepared with the same method, by reaction of phenol (Merck, 24.7 

mmol) and 6-bromohex-1-ene (37.0 mmol). The pure product was isolated, following a 

similar method to E1, as a red powder with a yield of 26%. 

 

5.2.1.2. Characterization 

Characterization of E1: 1H NMR (400 MHz, CDCl3): δ 7.92-7.83 (m, 4H, arom.), δ 7.52-7.39 

(m, 3H, arom.), δ 7.02-6.96 (m, 2H, arom.), δ 5.89-5.76 (m, 1H, -CH=), δ 5.08-4.93 (m, 2H, 

=CH2), δ 4.03 (t, 2H, -O-CH2-, 3JH-H=6.4 Hz), δ 2.17-2.09 (m, 2H, -CH2
*-CH=), δ 1.89-1.78 

(m, 2H, -O-CH2-CH2
*-), δ 1.63-1.53 (m, 2H, -CH2

*-CH2-CH=). 13C{1H} NMR (90 MHz, 

CDCl3): δ 161.6 (s, 1C, arom.), δ 152.8 (s, 1C, arom.), δ 146.8 (s, 1C, arom.), δ 138.4 (s, 1C, 

-CH=), δ 130.3 (s, 1C, arom.), δ 129.4 (s, 2C, arom.), δ 124.7 (s, 2C, arom.), δ 122.5 (s, 2C, 

arom.), δ 114.8 (s, 1C, =CH2), δ 114.7 (s, 2C, arom.), δ 68.1 (s, 1C, -O-CH2-), δ 33.4 (s, 1C, -

CH2
*-CH=), δ 28.6 (s, 1C, -O-CH2-CH2

*-), δ 25.3 (s, 1C, -CH2
*-CH2-CH=). EA – C18H20N2O 
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(280.4 g/mol): calcd. C 77.11 %, H 7.19 %, N 9.99 %, found C 77.06 %, H 7.23 %, N 10.06 

%. 

Characterization of E2: 1H NMR (400 MHz, CDCl3): δ 7.91-7.80 (m, 4H, arom.), δ 7.49-7.36 

(m, 3H, arom.), δ 6.99-6.93 (m, 2H, arom.), δ 3.98 (t, 2H, -O-CH2-, 3JH-H=6.6 Hz), δ 1.82-

1.73 (m, 2H, -O-CH2-CH2
*-), δ 1.49-1.38 (m, 2H, -CH2

*-CH3), δ 1.38-1.26 (m, 4H, -CH2
*-

CH2
*-CH2-CH3), δ 0.93-0.83 (t, 3H, -CH3, 3JH-H=7.1 Hz). 13C{1H} NMR (90 MHz, CDCl3): δ 

161.7 (s, 1C, arom.), δ 152.8 (s, 1C, arom.), δ 146.8 (s, 1C, arom.), δ 130.3 (s, 1C, arom.), δ 

129.0 (s, 2C, arom.), δ 124.7 (s, 2C, arom.), δ 122.5 (s, 2C, arom.), δ 114.7 (s, 2C, arom.), δ 

68.4 (s, 1C, -O-CH2-), δ 31.6 (s, 1C, -CH2
*-CH2-CH3), δ 29.1 (s, 1C, -O-CH2-CH2

*-), δ 25.7 

(s, 1C, -CH2
*-CH2-CH2-O-), δ 22.6 (s, 1C, -CH2

*-CH3), δ 14.0 (s, 1C, -CH3). EA – C18H22N2O 

(280.4 g/mol): calcd. C 76.56 %, H 7.85 %, N 9.92 %, found C 76.57 %, H 7.82 %, N 9.98 %. 

Characterization of E3: 1H NMR (400 MHz, CDCl3): δ 7.90-7.76 (m, 4H, arom.), δ 7.48-7.33 

(m, 3H, arom.), δ 6.99-6.84 (m, 2H, arom.), δ 5.93-5.82 (m, 1H, -CH=), δ 5.19-5.06 (m, 2H, 

=CH2), δ 4.04 (t, 2H, -O-CH2-, 3JH-H=6.7 Hz), δ 2.57-2.50 (m, 2H, -CH2
*-CH=). 13C{1H} 

NMR (90 MHz, CDCl3): δ 161.4 (s, 1C, arom.), δ 152.8 (s, 1C, arom.), δ 147.0 (s, 1C, arom.), 

δ 134.1 (s, 1C, -CH=), δ 131.4 (s, 1C, arom.), δ 129.0 (s, 2C, arom.), δ 124.7 (s, 2C, arom.), δ 

122.5 (s, 2C, arom.), δ 117.3 (s, 1C, =CH2), δ 114.8 (s, 2C, arom.), δ 67.5 (s, 1C, -O-CH2-), δ 

33.5 (s, 1C, -CH2
*-CH=). EA – C16H16N2O (252.3 g/mol): calcd. C 76.16 %, H 6.39 %, N 

11.10 %, found C 76.10 %, H 6.43 %, N 11.06 %. 

Characterization of E4: 1H NMR (400 MHz, CDCl3): δ 7.30-7.23 (m, 2H, arom.), δ 6.95-6.83 

(m, 3H, arom.), δ 5.89-5.77 (m, 1H, -CH=), δ 5.08-4.95 (m, 2H, =CH2), δ 3.94 (t, 2H, -O-

CH2-, 3JH-H=6.4 Hz), δ 2.16-2.09 (m, 2H, -CH2
*-CH=), δ 1.84-1.75 (m, 2H, -O-CH2-CH2

*-), δ 

1.62-1.52 (m, 2H, -CH2
*-CH2-CH=). 13C{1H} NMR (90 MHz, CDCl3): δ 159.0 (s, 1C, arom.), 
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δ 138.4 (s, 1C, -CH=), δ 129.3 (s, 2C, arom.), δ 120.4 (s, 1C, arom.), δ 114.6 (s, 1C, =CH2), δ 

114.4 (s, 2C, arom.), δ 67.5 (s, 1C, -O-CH2-), δ 33.4 (s, 1C, -CH2
*-CH=), δ 28.7 (s, 1C, -O-

CH2-CH2
*-), δ 25.3 (s, 1C, -CH2

*-CH2-CH=). EA – C12H16O (176.2 g/mol): calcd. C 81.77 %, 

H 9.15 %, found C 81.75 %, H 9.23 %. 

 

5.2.2. Polymerization of propene and CO in the presence of ether compounds 

In a 300 mL stainless steel autoclave (Carl Roth® model II) 51,6 µmol of (1) and 0.25 mL 

methanol were placed. The corresponding amount of the selected ether compound (section 

5.2.1) and 120 mL of CH2Cl2 were added to the autoclave. Under efficient stirring, 

approximately 40 g of propene was condensed before 50 bar of carbon monoxide was added 

to the autoclave. This pressure and the polymerization temperature of 25 °C were kept 

constant over the entire polymerization time. The reaction was quenched by venting off the 

gases. The solvent was partially removed and the polymer precipitated in methanol. The 

remaining ether compound was soluble in methanol and could be separated from the polymer 

by several repeated precipitation processes. The polyketone was then dried under vacuum at 

70 °C for at least 24 h. 

 

5.3. RESULTS AND DISCUSSION 

After 24 h reaction time, yields in propene-CO polymerization are increased if the reaction is 

performed in the presence of E1 (Hx-O-Azo) (Table 5.1 and Figure 5.4). This enhancement is 

noticeable if the ratio ether/Pd is equal to or higher than 1. The maximal effect in these 

conditions is found when using 10 equivalents of ether (entry Es4, 6.7 kg polymer [mol Pd.h]-
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1). However, the differences are small. Molecular weights and molecular weight distributions 

remain within a narrow range. The “polymerizability” of this vinyl ester compound is not 

attractive and the highest incorporation achieved does not exceed 1 mol-%. 

 

Table 5.1. and Figure 5.4. Results from propene-CO copolymerizations in presence of E1 (Hx-O-Azo). a) 

Entry Ester/Pd Activity b) Mw
 c) PDI c)

 molar ratio  (105 g/mol)  

Es1 0 3.2 1.8 1.7 

Es2 0.5 3.0 1.6 1.8 

Es3 1.0 5.0 2.2 1.7 

Es4 10 6.7 1.9 1.8 

Es5 100 4.8 2.1 1.6 

a) polymerization time 24h. For further details see 
experimental part. 

b) kg Polymer.(mol Pd.h)-1. 
c) average values measured by GPC (relative to 

polystyrene). 
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In order to explore the origin of this enhancement, ester compounds with different chemical 

structures are tested (Table 5.2 and Figure 5.5). Although the results are not conclusive, some 

facts can be extracted. 

The best activities are found in the presence of ester compounds E1 and E2. Both molecules 

bear the azobenzene moiety. In these conditions, the existence of a vinyl double bond does 

not exert a significant influence. As already mentioned for E1, also in the presence of E2, Mw 

and PDI obtained while varying the amount of ether are not significantly modified. To the 

contrary, if the length of the carbon chain is reduced as for E3, productivities are sensibly 

declined, falling even under the values of the reference Es1. Short alkyl chain might favor 

backbiting of the oxygen atom to the palladium center. This would compete with monomer 
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coordination and therefore, it would slow down the polymerization reaction. In fact, 

copolymers from 3-buten-1-ol and CO cannot be synthesized employing Pd-catalysts ligated 

by dppp.[10] 

 

Table 5.2. Results from propene-CO copolymerizations in the presence of different ether 
compounds. a) 

Entry Ester Ester/Pd Activity b) Mw
 c) PDI c) 

  molar ratio  (105 g/mol)  

Es6 E2 (Hxa-O-Azo) 1.0 6.2 1.0 1.7 

Es7 E2 (Hxa-O-Azo) 10 5.3 2.1 1.6 

Es8 E2 (Hxa-O-Azo) 100 6.7 1.2 2.0 

Es9 E3 (Bu-O-Azo) 10 2.1 1.9 1.5 

Es10 E3 (Bu-O-Azo) 100 0 - - 

Es11 E4 (Hx-O-Ph) 1.0 3.7 1.2 2.0 

Es12 E4 (Hx-O-Ph) 10 3.6 1.6 1.7 

Es13 E4 (Hx-O-Ph) 100 1.1 0.9 1.7 

Es14 E5 (Hx-O-Me) 10 4.8 1.9 1.7 

Es15 E5 (Hx-O-Me) 100 0.1 0.4 2.3 

Es16 Azobenzene 10 3.5 1.9 1.7 

Es17 4-Hydroxyazobenzene 10 3.4 1.7 1.6 

a) polymerization time 24h. For further details see experimental part. 
b) kg Polymer.(mol Pd.h)-1. 
c) average values measured by GPC (relative to polystyrene). 

 

Ester compounds which do not possess the azobenzene moiety (e. g., E4 and E5) are unable to 

improve yields as observed for E1 and E2. In the case of E5, inhibition of the catalyst 

complex takes place at high ether/Pd ratios. 

From the results so far, it could be thought that the azobenzene moiety is responsible of the 

effect on polymerization rates. Comparative experiments are carried out in the presence of 10 

equivalents of azobenzene or 4-hydroxyazobenzene. The results show that these compounds 
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exert no influence on activity or molecular weight of the products (entries Es16 and Es17, 

Table 5.1) relative to the values of reference Es1. Thus, the azobenzene moiety is not by itself 

a yield enhancer. 

 

Figure 5.5. Activity results for propene-CO copolymerization in the presence of different ether compounds. 
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Evolution of yields with time is studied when adding 100 equivalents of E1 or E2 to the 

polymerization reaction (Figure 5.6). In the reference, when no ether is present, the yield 

increases homogenously during the reaction. On the other side, when E1 (Hx-O-Azo) or E2 

(Hxa-O-Azo) are added to the autoclave, the values of activity are markedly augmented with 

time. This enhancement is more important when the ester compound is E1, where a fourfold 

yield is reached. 
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Figure 5.6. Evolution of yields with polymerization time for propene-CO (a) 
without, b) E1 or c) E2 ether compounds. 
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The interaction between the ester compound and [bis(diphenylphosphino)propane 

Pd(NCCH3)2][BF4]2 1 can be studied by the changes in the 31P-NMR spectra from the 

coordinated diphosphino ligand (Figure 5.7). The spectrum of the pure complex 1 shows a 

singlet signal centered at 11.83 ppm (Figure 5.7 a). By addition of equimolecular amounts of 

E1 (Hx-O-Azo) or E2 (Hxa-O-Azo), the initial complex 1 still remains as the dominant 

species. In spite of that, new resonances arise between 12.1-11.8 ppm (doublet) and 3.4-2.6 

ppm (four signals) (Figure 5.7 b and c). The integration of these signals increases when the 

concentration of ether compounds is raised. These new peaks do not appear in the case of 1 + 

E4 (Hx-O-Ph) (Figure 5.7 d). In the presence of azobenzene compound, the spectrum shows 

peaks in the same range as for E1 and E2. But instead of four signals at 3.4-2.6 ppm, only a 

doublet is observed in the range of 3.4-3.2 ppm (Figure 5.7 e). 
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Figure 5.7. 31P-NMR from a) Pd-complex 1, b) + 1 eq. E1, c) + 1 eq. E2, d) + 1 eq. E4, e) + 1 eq. azobenzene in 
CDCl3 and f) + 1 eq. E1 in CD3CN. 

 

 

We suggest that the new peaks could be arising from the interaction of the azobenzene 

moieties with the palladium complex. It can be proposed that the electron pairs from the 

nitrogen atoms could coordinate to palladium replacing the NCCH3 ligands. As the ether 

compounds E1 and E2 are asymmetric, they can coordinate with any of the two different 

nitrogen atoms (Figure 5.8). That would produce two pairs of doublets for the two 

phosphorous atoms (cis and trans to the azobenzene moiety) of the diphosphino ligand. In this 

supposition, one of the doublets is not seen, probably coinciding with the resonance of the 

initial Pd-complex. However, this interaction does not displace completely the acetonitrile 
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ligands. In fact, if the spectrum is measured in CD3CN solvent, the azobenzene interaction is 

not observed (Figure 5.7 f). The higher concentration of acetonitrile is able to hinder 

coordination of the nitrogen atoms of the azobenzene moiety. That discards the influence of 

the azobenzene-Pd interaction on the activity enhancement, because as soon as carbon 

monoxide or propene are fed to the autoclave, the small amount of coordinated azobenzene 

will be replaced and the polymerization will take place normally. 

 

Figure 5.8. Possible coordination fashions of ester compounds E1 and E2 (Ø 
stays for phenyl groups). 
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5.4. CONCLUSION 

The effect of the presence of E1 and E2 ether compounds in the copolymerization of propene-

CO remains unresolved after the results presented here. Nevertheless, some conclusions can 

already be made and the origin of this effect may be proposed. 

A faster polymerization propagation step would produce higher activity and at the same time, 

higher Mw. The leak of influence of the addition of E1 or E2 on both Mw and PDI of the 

polymers discards this origin in this case. From the 31P-NMR studies, the initial formation of 

a more active catalyst precursor is as well rejected. On the other hand, the behavior of the 

activity values with polymerization time points towards another possibility. During 

polymerization, some not-activated precursor molecules and some catalyst-propagating 
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species become inactive by side reactions.[6] The main decomposition pathways lead to Pd(0) 

species. Activities would be raised if these species are reactivated by the mentioned ester 

compounds. An increase of the number of active species in solution produces an enhancement 

of activities. Ester compounds E1 or E2 would be responsible for the reactivation of these 

Pd(0) species with time. In any case, this cannot fully explain the differences observed 

between E1 and E2. 

Unfortunately, at the end of this report, no further experimental facts could be collected to 

give a more defined answer to this problem. 
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6.1. INTRODUCTION 

6.1.1. Alternating ethene-carbon monoxide copolymers 

From the number of citation in the scientific and patent literature, it is evident that ECO 

copolymer is the most significant exponent of the family of polyketones. Due to this, and to 

the references which will be made all along this chapter to its structure and properties, it 

seems appropriate to summarize here some characteristic features of this range of materials. 

In fact, terpolymers described in section 6.3.1 containing ethene, could be considered arising 

from modifications of the structure of the pure ECO copolymer. 

Commercial ECO is generally produced in a slurry polymerization process. Methanol is the 

preferred polymerization solvent for the starting components. ECO precipitates after the chain 

length rise above approx. 15-20 repeating units. The number of ligands employed in ECO 

copolymerization is large, but the preferred ones (e. g., by Shell®) are based on the 

bis(diphenylphosphino)propane structure, with some variations in order to improve 

productivities and polymer properties (Figure 6.1). The chosen ligand, palladium acetate and 

trifluoroacetic acid are mixed in a proper medium (e. g., acetone) in order to form the active 

catalyst. The polymerization starts when the catalyst solution is injected into the autoclave 

warmed up to ~ 90°C under a total pressure of 50 bar (25 bar ethene and 25 bar of CO). The 

reaction is allowed to run for some hours. The heating is then stopped, the reaction cooled, 

and the gases are carefully released. Then, at the end of the industrial process, the polymer is 

obtained by filtration, washing with methanol and drying.[1] 
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Figure 6.1. Aryldiphosphine ligands industrially preferred for ECO copolymerization. 
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These ECO copolymers are semi-crystalline materials, with crystallinity levels exceeding 

50% in the case of extended fibers.[3] The characteristic glass transition temperature of the 

amorphous phase is close to 15 °C, with a density of about 1.24 g/cm3. The material shows a 

relatively high melting transition at 257 °C.[2] This temperature is about 120 °C higher than 

the corresponding Tm of polyethylene. This is an effect of the rather strong dipolar 

interactions among the polymer chains, resulting from the regularly repeating polar ketone 

units.[3] 

Two orthorhombic crystalline structures are described in the literature for ECO polyketones, 

so-called α and β forms, with polymer chains in all-trans conformation traversing the crystal 

lattice, and a high packing density (Figure 6.2).[4] The conformation of the backbone was 

found to be identical for the two structures, and the distinction is attributed to a different 

orientation of the carbonyl group in the centered chain relative to the chains in the corners. 

The α form has a crystal density of 1.39 g/cm3, and it is thought to arise from a highly 

efficient lattice packing. The β form, on the other hand, due to a less efficient lattice packing, 

has a lower crystal density (1.26 g/cm3). Both α and β phase coexist in ECO copolymers. An 

endothermic transition at 100-125 °C is attributed to a solid phase change from the α to the β 



CCHHAAPPTTEERR  66  

- 146 - 

form. This transition is slowly reversible. Upon cooling the β form partly transforms into the 

α from again. The observed melting temperature for ECO at 250 - 260 °C corresponds to the 

Tm of the β phase. 

 

Figure 6.2. View of the α- and β-crystal structures of ECO (oxygen atoms are colored). 
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ECO polyketones, as result of the strong chain interactions, are insoluble in common organic 

solvents, and dissolve only in highly polar and acidic solvents like HFIP or m-cresol (high 

temperature). 

Despite the initial industrial interest for ECO, the major drawback of its difficult 

processability has to be overcome in order to make its commercialization possible. As a 

consequence of its low solubility, processing where polymer-solutions are employed is not 

preferred.[5] In addition, derived from its high melting temperature (250 - 260 °C), casting of 

the molten material happens always simultaneously with polymer decomposition. 
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6.1.2. Terpolymers of α-olefin, ethene and carbon monoxide 

The degree of crystallinity, Tm and Tg of ECO based materials can be influenced by 

introduction of small amounts of a third monomer like propene (EPCO) or a higher α-olefin 

(e. g., 1-hexene, 1-decene or 1-dodecene). For instance, EPCO terpolymers with 6 mol-% 

propene have Tm = 220 °C (~ 30 °C less than ECO, Figure 6.3), while incorporation of 4 mol-

% dodecene in ECO gives a terpolymer with Tm = 230 °C.[6] 

 

Figure 6.3. DSC scans (20 °C/min) of EPCO terpolymers as function of the propene composition.[4] 

 
 

These terpolymers, also known commercially as aliphatic polyketones (e. g., Shell’s Carilon 

thermoplastic), exhibit typical engineering thermoplastic characteristics such as high impact 

strength, heat distortion temperature and modulus, high resilience, and good wear abrasion 

behavior. They show resistance to a broad range of chemicals as well as to flame or gamma 

radiation. They constitute good barriers to small gases (such as oxygen) and automotive 

fuels.[7] Main disadvantages of these materials are the necessary processing temperature and 

the material cost. 
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Examples of terpolymers based on ECO the composition of α-olefin termonomers higher than 

12 mol-% are rare. This is an effect of the significant reactivity difference between ethene and 

the rest of α-olefins (estimated 100 times higher for ethene relative to propene). Higher 

termonomer incorporation is only achieved by the use of relative low initial ethene 

concentrations (from our group called as “pre-set” method).[8] Nevertheless, inhomogeneous 

compositions with no control on monomer distribution were produced. 

Further developments on EPCO terpolymers were reported by our group. By controlling the 

way in which ethene is fed to the autoclave, the polymer microstructure can be tailored.[9] Pre-

set ethene feeding produces ECO-EPCO-PCO tri-block terpolymers, with long block 

segments. If ethene is fed in a “pulsed” mode, multi-block samples with the arrangement -

ECO-EPCO-PCO-ECO-EPCO-PCO-, with short segment lengths, are obtained instead.[10] 

EPCO terpolymers with propene content above 50 wt.-% show thermoplastic elastic behavior. 

Variation of the polymer microstructure has a marked influence on the material properties 

(Figure 6.4).[10] Elasticity arises as consequence of phase-separated morphologies, with 

crystalline ECO segments, which act as physical crosslinkers.[11,12,13] 

 

6.1.3. Motivation 

As mentioned before, the main limitation of the incorporation of LAO-termonomers into the 

ethene-CO systems arises from the significant lower reactivity of long α-olefins relative to 

ethene. If standard conditions for the synthesis of ECO are employed, termonomer 

incorporation higher than 12 mol-% are not reported.[6,14] Also by applying other alternative 

polymerization conditions, there has not been any description of polymers containing higher 

LAO termonomer composition.[15,16] 
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Figure 6.4. Stress-strain curves comparison for PCO and EPCO 
with different micro-structures (PFP = pulse feed). 

 

 

The aim of the research described in this chapter is to implement a general method for the 

synthesis of terpolymers where, alternatively with CO, desired compositions of short and long 

α-olefins are included. This method should be able to produce any ratio of short / long 1-

olefins, independent of which ones are chosen. 

In Chapter 4 polymerization conditions able to produce copolymers from linear long α-olefins 

and CO with high Mw and activities were described. These conditions are extrapolated to the 

synthesis of terpolymers containing LAO, short 1-olefins and CO. The high concentration of 
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LAO is thought to countervail its inherent low reactivity, and thus to allow the synthesis of 

terpolymers with the whole range of long/short olefin ratios. 

After the results obtained by our group with EPCO (see previous Section 6.1.2), it is 

especially attractive the case of ethene containing terpolymers. The possibility to control the 

microstructure by the ethene-feeding mode provides tailored properties to the materials. The 

combination of these findings with the incorporation of long 1-olefins would further enlarge 

the number of members of this new family of polyketone materials. When the long 1-olefin 

substitutes propene in EPCO, the differences between soft and hard separated phases are 

expected to be even more pronounced. A clearer segregation of polar-nonpolar, hard-soft 

domains in the material, with its corresponding translation to the material properties, can be 

thus anticipated. 

 

6.2. EXPERIMENTAL PART 

6.2.1. Materials 

The description of materials employed is identical to that reported in Section 4.2.1 (Chapter 

4). 

Preparation of the samples for AFM analysis: 

The samples prepared for the analysis of the volume morphology (Section 6.3.1.5.a) are first 

stored as polymer films for at least 6 weeks and cut into 2x20 mm strips. These strips are cut 

using a Cryomicrotom at -60 °C or -30 °C, depending on the hardness of the material. The cut 

surface is then AFM analyzed in a period inferior to 4 hours after the preparation. 
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The samples used for the film analysis (Section 6.3.1.5.b) are dissolved in chloroform in three 

different concentrations, 5 mg/ml, 2.5 mg/ml and 1.25 mg/ml. The surface of the silicon plate 

substrates (1x1 cm) is cleaned with toluene, ethanol and H2SO4/H2O2. Then, a drop of each of 

the polymer solution is spin-coated on the silicon substrates at 100 rpm during 30 seconds. 

The spin-coated samples are stored at room temperature for at least 10 days before their 

analysis. 

 

6.2.2. Terpolymerization of 1-hexene, ethene and carbon monoxide (EHxCO) 

103,2 µmol of [dpppPd(NCCH3)2][BF4]2 (1) is placed in a 250 mL or 300 mL stainless steel 

autoclave (Carl Roth® model II), together with 2.0 mL of diethylene glycol as cocatalyst. The 

mixture is stirred until a homogeneous solution is formed. Afterwards, 120 mL of 1-hexene is 

placed in the autoclave and under strong efficient stirring pressurized up to 20 bar with carbon 

monoxide. At this point, small amounts of ethene can be added to the autoclave in two 

different feeding fashions: a) as a gas mixture with CO or b) as ethene pulses while the 

reaction is saturated with CO. The description of both methods follows. 

 

6.2.2.1. Ethene-CO feeding mixture 

Prior to the start of the polymerization, a mixture of ethene and carbon monoxide is prepared 

in a 800 mL gas chamber at a pressure of 70-80 bar. The mass-ratio of ethene and CO gases in 

the chamber is controlled by the master-slave method, by programming Bronkhorst® units 

(mass flow meter, magnetic valve and pressure meter). Monitoring of the correct mixture 

composition is made by connection to a computer with Genie® software (Advantech®) (Figure 

6.5).[17] 
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This preformed gas mixture is then continuously fed to the autoclave at a pressure of 26 bar. 

The polymerization temperature of 25 °C is kept constant over the entire polymerization 

period by using a tempered bad. 

 

Figure 6.5. Scheme of the E-CO gas feeding mixture system. 

 
 

The mass-ratio of the gas-mixture in the chamber controls the concentration of ethene in the 

autoclave. Gas-mixture compositions from 5 to 56 wt.-% are employed to produce a series of 

comparable terpolymers with increasing ethene content. 

 

6.2.2.2. Pulsed ethene feeding 

Carbon monoxide is initially pressurized up to 20 bar. Ethene is then added to the autoclave 

intermittently in a “pulse-feed” fashion (short gas pulses at 26 bar) [9]. The duration and 

frequency of the ethene pulses are controlled by programming Bronkhorst® units, and 
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monitored by their connection to a computer with Genie® software. The pressure between 

pulses is not allowed to drop under 20 bar by feeding extra CO. The concentration of ethene 

in the autoclave can be varied by adjusting the frequency and duration of the ethene pulses. 

The pulse-durations chosen are 2 or 5 seconds, whereas the time-intervals within pulses are 1, 

2 or 4 hours, depending on the experiment. The polymerization temperature of 25 °C is kept 

constant over the entire polymerization period by using a tempered bad. 

 

Figure 6.6. Scheme of the pulsed ethene feeding system. 

 
 

The work up of the polymer is identical for both polymerization techniques. After 24 hours, 

the gas is vented off and the unreacted 1-hexene is removed by vacuum-evaporation. The 

polymer is then dissolved in CH2Cl2, extracted with the same amount of water, and the 

organic phase is filtered through a short silica column (Merck silica 60 (63-200 µm)), 

followed by precipitation of the polymer in cold methanol. A film of pure polymer is obtained 
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from CH2Cl2-solution, after solvent evaporation and drying in vacuum for 24 h at 90 °C. 

When the ethene composition in the terpolymers exceeds 75 mol-%, these materials are 

insoluble in common organic solvents, and the purification is made by consecutive dissolution 

in HFIP and precipitation in cold methanol, followed by vacuum-drying at 90 ºC for 24 h. 

Long linear 1-olefins different to 1-hexene are also terpolymerized with CO and ethene. The 

synthesis of EOcCO and EDcCO terpolymers is identical to the pulse feed technique 

described above by substituting 1-hexene monomer by 1-octene or 1-decene respectively. 

 

6.2.3. Terpolymerization of 1-hexene, propene and carbon monoxide (PHxCO) 

103,2 µmol of [dpppPd(NCCH3)2][BF4]2 (1) is placed in a 250 mL or 300 mL stainless steel 

autoclave (Carl Roth® model II), together with 2.0 mL of DEG as cocatalyst. The mixture is 

stirred until a homogeneous solution is formed. Afterwards, 120 mL of 1-hexene are placed in 

the autoclave. The autoclave is weighed before propene is condensed at 8-10 bar during the 

appropriate time. The amount of propene in the autoclave at the beginning of reaction is 

calculated by weight-difference. The reaction starts by pressurizing CO up to 20 bar. Both CO 

pressure and polymerization temperature of 25 °C are maintained constant during the entire 

polymerization time. After 24 hours, the procedure for the polymer work up is identical to 

that described for EHxCO terpolymers. 
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6.3. RESULTS AND DISCUSSION 

6.3.1. Terpolymers of long α-olefins, ethene and carbon monoxide 

The synthesis of (1-hexene-ethene)-CO (EHxCO) polymers is given as an example of the 

general production of alternating (1-olefin)-CO terpolymers containing different ratios of 

ethene and long α-olefins (Figure 6.7). 

 

Figure 6.7. Scheme of (1-hexene-ethene)-CO (EHxCO) terpolymers. 
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6.3.1.1. Synthesis of (1-hexene-ethene)-CO terpolymers: EHxCO 

The optimal conditions described in Chapter 4 for the synthesis of high Mw (1-hexene)-CO 

are adapted for the production of EHxCO. Even though the concentration of 1-hexene is high, 

if ethene is initially fed prior to CO pressurization (also called “pre-set” feeding), this short 

olefin is almost only copolymerized with CO. The polymer precipitates immediately after the 

beginning of the reaction, affording only low yields and incorporation of 1-hexene not higher 

than 5 mol-%. 

In order to avoid this, ethene is fed in two different fashions; as a gas mixture with CO or 

intermittently pulsed during the polymerization time. 
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6.3.1.1.a) E-CO gas mixture feeding 

On the first method (Figure 6.8a), the autoclave is first saturated with 20 bar CO (PCO(initial)) 

and afterwards, a gas mixture of E-CO is fed to the autoclave at 26 bar. EHxCO incorporating 

the whole range of ethene/1-hexene compositions can be achieved by variation of the ratio of 

the feeding mixture (PEthene und PCO) (Table 6.1). If the gas mixture is fed without previous 

CO saturation of the autoclave, the high initial ethene concentration produces, also now, that 

polymeric product precipitation from the beginning of the reaction. Again, the terpolymer 

obtained in such a manner does not exceed 15 mol-% of 1-hexene incorporation. 

 

Figure 6.8. Schematic comparison of the gas feeding in a) E-CO gas-mixture and b) ethene pulse feeding. 
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The relation between the mass composition of the gas-mixture and the ethene incorporation in 

the terpolymer does not follow a linear dependence. Instead, a trend closer to an exponential 

increment is found (Figure 6.9). Polymers with ethene compositions over ~ 80 % are 

insoluble in 1-hexene and precipitate during polymerization. Plausibly, polymer solubility in 

1-hexene is enhanced as the composition of the long olefin component increases. Calculation 

of reactivity ratios turned out to be difficult, due to the complexity of the system. 
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Table 6.1. Synthesis of EHxCO terpolymers by feeding a gas mixture of ethene and CO.a) 

Entry E-CO mass-flow ratio Incorporation ethene b) Activity c) Mw 10-5 d) PDI d) %C : %H e) 

 wt.-% mol-%  g mol-1   

M1 5 2 2.0 1.1 1.6 74.63 : 10.79

M2 13 3 2.3 1.1 1.6 75.06 : 10.68

M3 20 8 2.3 1.2 1.7 74.52 : 10.62

M4 33 25 3.6 2.0 1.4 73.63 : 10.21

M5 43 46 3.4 2.1 1.4 72.05 : 9.73 

M6 50 71 8.7 4.0 1.7 69.60 : 8.96 

M7 56 88 7.3 - - 66.63 : 7.95 

a) for further details see experimental part. 
b) calculated from inversed gated 13C-NMR. 
c) kg polymer (mol Pd . h)-1. 
d) average values measured by GPC (relative to polystyrene standards). 
e) from elemental analysis. 

 

Figure 6.9. Ethene incorporation (13C-NMR-calculated) dependence on 
the composition of the feeding mixture. 
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Progressive increase of ethene gas concentration causes an increase of catalyst productivities, 

however, not in a linear manner (exception is entry M7, due to polymer precipitation). The 
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values of Mw are increased with the ethene composition. Nevertheless, if one takes into 

account the lower contribution of ethene to Mw relative to 1-hexene (molecular mass of 1-

hexene is three times that of ethene) the polymerization degrees are actually significantly 

increased. Polydispersity indexes are maintained within a narrow range of 1.4 – 1.7 

independent from the composition. 

 

6.3.1.1.b) Ethene pulse-feeding 

In the case of the ethene pulse-feeding method (Figure 6.8b), pure ethene is pulsed at 26 bar 

to the running polymerization reaction already saturated with 20 bar of CO, in periodic 

intervals of controlled duration. As in the gas-mixture feeding technique, the whole range of 

ethene/long 1-olefin molar compositions is achievable (Table 6.2). This time, terpolymer 

composition is controlled by variation of the ethene pulse duration and/or frequency. 

Logically, shorter frequencies and longer pulses produce higher incorporation of the short 

olefin component. The composition of the terpolymer produced by a combination of pulse 

frequency and duration can be predicted from Figure 6.10. 

The productivity of the system is increased together with ethene concentration (exception of 

P5, due to precipitation of the polymer). Simultaneous to that, molecular weights and more 

markedly, the polymerization degrees are as well incremented. These are higher relatively to 

the terpolymers synthesized by the gas-mixture method. In spite of the different feeding of 

ethene, the solubility limit for the terpolymers coincides with the ~ 80 mol-% ethene found by 

the first method. 
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Table 6.2. Synthesis of EHxCO terpolymers by ethene pulse-feeding technique.a) 

Entry Pulse duration Pulse frequency Incorporation ethene b) Activity c) Mw 10-5 d) PDI d) %C : %H e) 

 s h mol-%  g mol-1   

P1 5 4 67 5.2 3.2 1.6 70.01 : 9.01 

P2 2 4 12 3.4 2.1 1.9 73.80 : 10.30

P3 5 2 72 6.9 3.1 1.7 69.53 : 8.87 

P4 2 2 26 4.0 2.0 1.6 73.36 : 10.17

P5 5 1 87 6.7 - - 66.75 : 7.98 

P6 2 1 62 14.5 3.4 1.6 70.43 : 9.23 

a) for further details see experimental part. 
b) calculated from inversed gated 13C-NMR. 
c) kg polymer (mol Pd . h)-1. 
d) average values measured by GPC (relative to polystyrene standards). 

 

 

Figure 6.10. Ethene incorporation dependence on pulse duration and frequency. 
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The EHxCO terpolymers synthesized by both methods are transparent homogeneous materials 

of homogeneous architectures. They are soluble in solvents like CH2Cl2 or THF up to an 

ethene incorporation of ~ 80 mol-%. Beyond this composition, the polymers are white and 
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insoluble in most organic solvents (then soluble in HFIP). The composition has no effect on 

the decomposition temperature of the materials. In all cases, the temperature at which a 

polymer sample loses 5 wt.-% of its weight in a N2 atmosphere ranges 360 – 380 °C. 

 

6.3.1.2. NMR characterization of EHxCO terpolymers 

Standard 1D 1H-NMR of EHxCO terpolymers turned out not to be a helpful technique, due to 

the strong overlapping of the backbone-chain methylene and methine signals within 3.2 – 2.2 

ppm. More straightforward is the elucidation of the resonances from the 13C-NMR spectra. 

The characteristic signals corresponding to the atactic and regio-irregular HxCO units are 

observed.[18] Simultaneously, the band due to the methylene groups from the ethene inserted 

units appears at 36.7 – 35.0 ppm (Figure 6.12), with balanced intensities depending on the 

composition. 

Previous studies on EPCO terpolymers established that the ethene units distributed in the 

propene-CO chain produce two groups of resonances in the 13C-NMR, separated by approx. 

1.3 ppm.[9] The one appearing at lower chemical shift (~ 34.7 ppm) is due to the ethene units 

surrounded by at least one propene unit in head arrangement. The band appearing at higher 

chemical shift (~ 36.0 ppm) is assigned to the ethene units surrounded by two propene units in 

tail arrangement, or other ethene units.[19] In a different way, only a single band is observed in 

EHxCO for the inserted ethene units at 36.7 – 35.0 ppm, independent from the composition. 

For EHxCO the band produced by ethene isolated units overlaps with the one arising from 

ethene units surrounded by hexene units. This is corroborated by preliminary 2D NMR 

studies (not detailed in this document). For that reason, the estimation of the preference of 

ethene to be in a block arrangement in EHxCO is very difficult. A further observation, also 
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found in EPCO,[9] is that when the level of short olefin in the terpolymer raises, integration of 

carbonyl signal denotes the increase of the T-T sequences (217-214 ppm). Simultaneously, H-

H sequences (209-207 ppm) tend to disappear (ethene-CO units generate resonances close to 

those of tail arrangements). 

The intention of using two different ethene feeding fashions is to promote different 

microstructures in the terpolymers.[10] This means different ethene arrangement in the HxCO 

structure. When comparing the 13C-NMR for two terpolymers with similar compositions but 

prepared by the two different feeding methods, no differences in the structure of the ethene-

CO or hexene-CO 13C-NMR bands are found. A more sophisticated NMR study, which 

includes terpolymerization using 13CO, is under progress to try to elucidate the preferential 1-

hexene and ethene arrangements in both cases, and will be presented somewhere else. 

Figure 6.11. 13C-NMR comparison of terpolymers from entries M6 (up) and P3 (down). 
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Figure 6.12. 13C-NMR spectra from EHxCO terpolymers, a) entry M3 (8 mol-% E), b) entry M5 (46 mol-% E) 
and c) entry M6 (71 mol-% E). 

 
 

 

6.3.1.3. Thermal properties 

The thermal properties of the terpolymers are shown to be markedly sensitive to the 

short/long olefin ratio. 

All the samples have well-defined glass transition temperatures. These temperatures are 

located in a narrow range from 0 – 2 °C, independent from the ethene content (Figure 6.13). 

Melting behavior, however, is very dependent on the amount of short olefin. In Chapter 4, it 

was proven that (1-hexene)-CO sequences are not able to crystallize. The melting transitions 

observed in EHxCO are result of melting of ECO crystals. In the case of low incorporations 
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of ethene (< 20 %), the DSC profile is identical to the one obtained from pure HxCO 

copolymer without significant melting endotherm. The first appearance of an endothermic 

process at 20-27 °C, although small, is found when ethene incorporation is ≥26 mol-% 

(Figure 6.13, entry P4). This peak seems to be broadened and shifted towards higher 

temperatures (40 – 73 °C) as the short olefin content is increased, entry M5 (46 mol-% E) and 

entry 47 (62 mol-% E). 

 

Figure 6.13. DSC profiles from EHxCO terpolymers, entries a) HxCO, b) 
P2 (12 mol-% E), c) P4 (26 mol-% E), d) M5 (46 mol-% E), e) P6 (62 mol-

% E), f) P1 (67 mol-% E) and g) P3 (72 mol-% E).[20] 
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At higher incorporations of ethene, in addition to the mentioned processes, a second 

endothermic peak at 85 – 130 °C is found. This peak is well defined for entry P1 (67 mol-% 

E), with a melting enthalpy of 3.3 J g-1. A broader peak-shape is found for entry P3 (72 mol-

% E), but with higher melting enthalpy (9.1 J g-1) (Figure 6.13, Table 6.3). This is an 

indication of the increment of crystallinity with the ethene content, simultaneously with a 

broader distribution of crystal sizes. 



CCHHAAPPTTEERR  66  

- 164 - 

If the DSC profiles from two samples prepared by the two different ethene feeding methods 

are compared (entries M6 and P3), although the composition is similar, the crystallinity is 

higher for the pulse feed sample. This distinction arises only from the area of the peak at 85 – 

130 °C. This fact is a first indication of the different possible microstructures occurring on 

terpolymers synthesized by gas-mixture or pulse-feed methods. 

The exact crystal phase structure corresponding to the different endothermic processes could 

not be elucidated by WAXS X-ray studies. The reason is the low crystallinity present in the 

here discussed samples.[21] 

 

Table 6.3. DSC melting data from EHxCO terpolymers.a) 

Entry Incorporation ethene TM (1) ∆H (1) TM (2) ∆H (2) TM(3) ∆H (3) 

 mol-% °C J g-1 °C J g-1 °C J g-1 

M5 46 56 1.4 - - - - 

M6 71 51 4.4 91 3.6 - - 

M7 88 42 0.7 97 6.5 193 34.1 

P6 62 55 4.0 - - - - 

P1 67 52 8.5 116 3.3 - - 

P3 72 50 4.4 92 9.1 - - 

a) for further details see experimental part. 

 

When ethene incorporation is higher than 80 mol-%, the DSC profile can be directly 

compared to the one published for pure ECO. The typical endotherm due to the melting 

process of the ß-phase of ECO is observed at 192 – 220 °C (Figure 6.14) (the small peak at 

still higher temperatures is proposed to arise from the annealing of a part of the ß-crystals).[14] 

The broad peak appearing at around 100°C is assigned to the solid-solid transformation of 

ethene-CO crystals from the α-phase to the less dense β-phase. Remarkably, the melting 

process within 30 – 60 °C, also found in lower ethene incorporations, is still present. Such 
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peak is not reported in the literature for similar terpolymers, and its assignment should be 

subject to a deeper morphological study. 

 

Figure 6.14. DSC profile from entry M7 (88 mol-% ethene). 
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6.3.1.4. Mechanical performance 

EHxCO terpolymers with low content of ethene show fluidity at room temperature, and 

possess similar characteristics to the soft amorphous HxCO copolymers (Chapter 4). If the 

content of ethene is above 60 mol-%, the polymer becomes more solid. Since the glass 

transition temperature is not changed, this hardness is due to the progressive reinforcement 

produced by the ECO crystals (see also thermal behavior). The shape of the stress-strain 

profiles is the typical one found for elastomers, with long initial plateaus followed by a 

progressive increase of the stress needed for further elongation (Table 6.4. and Figure 6.15). 

For the series of polymers prepared by the pulse-feed method, the values of stress at fracture 

are lineally increased with the molar incorporation of ethene, at the same time that elongation 

at fracture is lineally decreased. Interestingly, the sample form entry M6, prepared by the gas-
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mixture method, despite having the same composition than P3, shows a different stress-strain 

profile. The value of stress at fracture is decreased to 25.6 MPa, keeping a similar elongation 

at fracture. This finds an explanation in the lower crystallinity calculated for M6 relative to 

P3, consequence of the two variations of ethene feeding. 

 

Table 6.4. and Figure 6.15. Stress-strain profiles from EHxCO. 
    

Entry Ethene λfail σfail 

 mol-%  MPa 

P3 72 5.8 53.8 

P1 67 6.0 35.0 

P6 62 6.5 16.3 

M6 71 5.5 25.9 
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As shown for EPCO terpolymers,[11,12,13] elasticity arises from the separated morphologies in 

the materials. The ethene-CO micro-crystalline hard phase is homogeneously distributed in 

the soft amorphous ethene-(1-hexene)-CO phase, and acts as physical crosslinking. This 

elasticity can be compared in the different materials by the ability to recover their initial 

length after a certain elongation. With this purpose, three hysteresis cycles are measured up to 

an elongation of λ = 5 (Figure 6.16). Ethene content have a critical influence on hysteresis 

cycles profiles. Terpolymers from entries P1 and P3 behave like standard elastomers and 

present a decrease in the stress at λ = 5 after every cycle (27% and 33% respectively in the 

third cycle). On the contrary, the sample P6 exhibits an increase of the stress at λ =5 for 

second and third cycles relative to the first one (13 %). This can be explained by stress-
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induced crystallization in sample P6 during the first cycle, which reinforces the structure. This 

effect is less pronounced for P1 and P3. The best elasticity is found for sample P6, and the 

remaining deformation after any of the cycles is increased for higher ethene compositions. 

High levels of crystallinity, consequence of high ethene content, produce extensive matrix 

crosslinking. This effect hinders, to some extent, the spontaneous relaxation of the soft phase 

after elongation, thus reducing the elasticity. 

As a further indication of the different material microstructures, divergent results from 

hysteresis cycles are obtained from samples with the same composition but prepared by the 

two different ethene-feed fashions. Sample M6 presents a better ability to recover the original 

shape after elongation compared to P3. 

 

Table 6.5. Synthesis of EHxCO terpolymers by ethene pulse-feeding technique.a) 

Entry Ethene Stress at λ = 5 Remaining deformation 

 mol-% MPa    

  1st cycle 2nd cycle 3rd cycle 1st cycle 2nd cycle 3rd cycle 

P6 62 3.23 3.67 3.65 18% 19% 19% 

P1 67 17.3 13.9 12.6 36% 38% 39% 

P3 72 38.7 28.7 25.9 53% 55% 56% 

M6 71 14.8 12.2 11.0 23% 25% 27% 

a) for further details see experimental part. 
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Figure 6.16. Stress-strain hysteresis cycles on EHxCO terpolymers, entries P6, P1, P3 and M6. 
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6.3.1.5. Atomic force microscopy analysis (AFM) 

Considering the reported EPCO precedent,[9,10] the microstructure of the EHxCO terpolymers 

is expected to be a result of the combination of two separated morphologies. Hard ethene rich 

areas would be spread among the softer 1-hexene rich matrix. When the ethene incorporation 

is enough, even crystalline regions would be found. 

To confirm this hypothesis, a study of the EHxCO microstructure was performed in 

collaboration with the Experimental Physics Department of the Ulm Universität.[21] The 

atomic force microscopy technique was applied here to discern the separated morphologies in 

the material constitution. The pictures shown here are phase-pictures. The different brightness 
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degrees on the pictures represent different material surface properties. Harder areas are 

depicted in brighter colors. 

Two different sample preparations are performed: a) polymer strips are cut at low temperature 

with a Cryomicrotom. The surface created with the cut is then examined. This analysis allows 

collecting 3D volume information from the material morphology, and the type of organization 

present in the matrix, and b) polymer sample solutions with different concentrations are spin-

coated over a Silicon substrate. Analysis of the polymer surface permits to find the 

arrangement of the different morphologies in a thin material film. The highlights found in this 

study are here presented. 

 

6.3.1.5.a) Morphologic volume arrangement of EHxCO 

The EHxCO terpolymers with lower ethene composition, P2 (12 mol-% E), P4 (26 mol-% E) 

and M4 (25 mol-% E) possess a microstructure dominated by the soft (dark) 1-hexene phase 

(Figure 6.17). In addition, small isolated bright points are homogeneously spread over the 

material. These dots are supposed to be accumulations of ethene rich segments. The diameter 

of these groups is 40-60 nm for sample P2 and 70-90nm for M4 (in the case of P4 it could not 

be determined). The size and amount of the points do not correlate with the ethene 

composition. This can be explained by the observation that the soft phase diffuses to the 

surface even at low temperatures, hiding partially the hard morphology. It should also be 

noted here the difficulties found to obtain the AFM pictures from the terpolymers with low 

ethene content. These problems are a consequence of the sticky nature of these materials, 

which hinders correct cantilever movement. 
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Figure 6.17. AFM phase pictures of a) P2 (12 mol-% E), b) M4 (25 mol-% E), c) P4 (26 mol-% E). Bright=hard. 

   

 

By going to higher ethene contents, it is interesting to see how another arrangement shows up 

together with the mentioned isolated points. This occurs in the materials synthesized by the 

gas mixture method, and it is especially visible in the samples M4 (25 mol-% E) and M5 (46 

mol-% E). This structure can be described as “clusters” of aggregated ethene rich areas which 

develop in wide ranges of approx. 200-300 nm (Figure 6.18). These big domains are 

apparently not further structured and have diverse sizes. It is important to mention that such 

clusters are not found in the terpolymers synthesized by the ethene pulse-feeding technique. 

Analysis of the terpolymers with the higher content of ethene provides further observation of 

hard and soft phase separation. On the samples synthesized by the pulse-feeding technique P6 

(62 mol-% E), P1 (67 mol-% E) and P3 (72 mol-% E), an evolution can be proposed (Figure 

6.19 a, b and c). As the ethene composition is increased, the dark areas are successively 

getting smaller. The images are covered by more regular hard fibers, reminding to a network. 

In fact, in sample P3 the image is covered extensively by hard segments, being now not easy 

to recognize the network anymore. But even here, the dark areas still denote the presence of a 

1-hexene rich separated phase. 

 

a) b) c)

0 2µm 0 2µm 0 2µm
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Figure 6.18. AFM phase pictures of a) M4 (25 mol-% E), b) M5 (46 mol-% E). 
Bright=hard. 

              

 

The information provided by the AFM experiments (Figure 6.19 a, b and c) can be used to 

explain the stress-strain profiles shown in section 6.3.1.4 from the materials synthesized by 

pulse-feed. As the ethene incorporation increases, the reinforcement of the structure is 

stronger, producing higher values of nominal stress. Simultaneously, the amount of soft 

matrix decreases, which is responsible of the material relaxation after strain. For this reason, 

the remaining irreversible deformation for the sample with higher ethene content (P3) is 

higher than for P1 and P6 successively. 

Comparison of terpolymers with the same composition, but produced by the two different 

described polymerization methods, indicates the formation of distinguishable microstructures 

(Figure 6.19 c and d). The sample M6 (71 mol-% E), produced by the gas mixture method, 

presents a less regular configuration. Simultaneously with bigger dark areas, the hard zones 

are simultaneously brighter. Again, correlation with the material stress-strain profiles can be 

made. The sample produced by the pulse-feed technique presents a more homogeneous 

distribution of the hard phase, and thus, a better material reinforcement. This produces a 

higher nominal stress. When the stress disappears, sample M6 has a better chance to relax due 

a) b)

0 10µm 0 5µm 
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to its wider soft areas. Therefore, sample M6 presents a better elasticity and a lower 

irreversible deformation after stress. 

 

Figure 6.19. AFM phase pictures of a) P6 (62 mol-% E), b) P1 (67 mol-% E), c) 
P3 (72 mol-% E), d) M6 (71 mol-% E). Bright=hard. 

         

         

 

In addition to the formations described so far, it is also remarkable the occurrence of bright 

spots in the samples with high ethene content. Their hardness is, in comparison, higher than 

the surrounding material. These structures are more clearly observed in samples P1 (67 mol-

% E) and P3 (72 mol-% E). These especially harder spots can be speculated to be arising from 

crystalline ethene rich areas. Anyway, there is not a clear evidence for this affirmation as the 

confirmation from the DSC results could not be given. 

a) b)

c) d)

0 2µm 0 2µm 

0 2µm 0 2µm 
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Figure 6.20. AFM phase pictures of a) P1 (67 mol-% E), b) P3 (72 mol-% E). 
Bright=hard. 

          

 

The different morphologies found for the different terpolymer compositions are summarized 

in Table 6.6. 

Table 6.6. Summary of AFM observations. 

Entry Ethene Morphology 

 mol-%  

P2 12 Separated hard dots spread along the soft phase. 

M4 25 Hard dots spread along the soft phase + hard phase clusters. 

P4 26 Separated hard dots spread along the soft phase. 

M5 46 Hard dots spread along the soft phase + hard phase clusters. 

P6 62 Irregular network. 

P1 67 Regular network + bright spots. 

M6 71 Overlapping of big hard phase clusters. No regularity. 

P3 72 Hard phase dominium + bright spots. Soft areas present. 

 

6.3.1.5.b) Spin-coated film morphology 

The three samples with higher ethene content P1 (67 mol-% E), P3 (72 mol-% E) and M6 (71 

mol-% E) are spin coated over a silicon substrate. These samples are prepared from polymer 

solutions with three different concentrations (5, 2.5 and 1.25 mg/ml). Higher concentration is 

a) b)

0 1µm 0 1µm 
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translated in the formation of thicker films. The microstructure formed is investigated by 

means of the AFM technique. 

With the decrease of the solution concentration, the picture obtained becomes clearer (Figure 

6.21). This is observed for the three materials examined, but more markedly the sample P1 

with the lowest ethene content. In fact, after the results obtained in Section 6.3.1.5a, the image 

acquired from P1 with 5 mg/ml is surprising, where separation of hard/soft phases can not 

anymore be recognized. This fact could be explained by the movement of the soft 1-hexene 

rich phase towards the surface, where the AFM image is acquired. This reorganization hinders 

the observation of the hard morphology. As the concentration of the solution is decreased, and 

the film thickness does as well, the amount of the soft phase to move to the surface is reduced. 

The phases appear better resolved for this reason. 

Even when the difference in composition among the three samples here reported is not large, 

the morphologies observed by AFM are clearly distinguishable (Figure 6.21). In all the cases, 

a microstructure resembling a network of bright threads on a dark background is formed. The 

lamellas are arranged in the bright thread-like formations. The width of the threads are 20-35 

nm, 15-35 nm and <10 nm for P1, M6 and P3 respectively. If the two pulse-feed samples P1 

and P3 are compared, the increase of ethene composition produces a decrease on the width of 

the threads together with a denser network. On the other hand, comparison of samples with 

similar ethene content P3 and M6 corroborates the generation of different microstructures by 

means of the feeding method. The pulse-feed produces denser, and more homogeneously 

distributed morphologies, whereas gas mixture technique creates structures with broader soft 

zones and longer hard threads (Figure 6.21). For the reasons above and in relation with the 

results from the mechanical characterization (Section 6.3.1.4), the reinforcement produced in 

P3 is higher, while the ability to recover the original shape after stress is superior for M6. 
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Figure 6.21. AFM phase pictures of spin-coated samples from solutions with different concentration. 
Bright=hard. 
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6.3.1.6. Synthesis of (1-octene-ethene)-CO and (1-decene-ethene)-CO terpolymers: EOcCO 

and EDcCO 

The material template found in EHxCO can be further applied varying the long 1-olefin 

component. This would modify characteristics of the soft matrix in the thermoplastic 

elastomers, like glass transition temperature or polarity. Thus, material mechanical response 

can be directly tuned without need of a post-polymerization process. 

To check the possibility of the synthesis of those materials, the above mentioned method is 

used when 1-octene or 1-decene is the long olefin component and ethene is adequately pulse-

fed. The results are presented in Table 6.7. It can be seen that the ethene incorporation can not 

directly be approximated from the case of EHxCO, due to the different “polymerizability” of 

the olefins. For the same combination of pulse duration and frequency, the ethene content on 

EOcCO and EDcCO terpolymers is relatively higher. This can be a consequence of the lower 

reactivity of 1-octene or 1-decene relative to 1-hexene. Interpretation of the NMR spectra 

from the latter terpolymers is analog to the one reported for EHxCO, except that instead of the 

typical (1-hexene)-CO bands, (1-octene)-CO or (1-decene)-CO bands are present. 

The different properties of these materials, when compared with EHxCO, are already shown 

in the polymer solubility. The product from entry P8, despite the high ethene content ~82 

mol-% (higher that the solubility limit in EHxCO) is soluble on common organic solvents like 

CH2Cl2 or THF. The materials are transparent and possess good elasticity (a two phase 

morphology with hard ECO microcrystals is expected). Further details on thermal properties 

or mechanical behavior are not given in this report. 
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Table 6.7. Synthesis of EOcCO and EDcCO terpolymers by ethene “pulse feed” technique. a) 

Entry α-olefin Pulse 
duration 

Pulse 
frequency

Incorporation
ethene b) Activity c) Mw 10-5 d) PDI d) %C : %H e) 

  s h mol-%  g mol-1   

P7 1-octene 2 2 43 1.8 3.5 2.1 74.94 : 10.40

P8 1-decene 5 2 82 1.6 3.4 2.3 70.02 : 8.96 

a) for further details see experimental part. 
b) calculated from inversed gated 13C-NMR. 
c) kg polymer (mol Pd . h)-1. 
d) average values measured by GPC (relative to polystyrene standards). 

 

6.3.2. Terpolymers of long α-olefins, propene and carbon monoxide 

The production of polyketone terpolymers, where two different olefins are incorporated, is 

attractive for monomer reactivity studies. But in addition, if the composition of these olefins 

is precisely controlled, it will provide a method to tune material mechanical and chemical 

properties to make them adequate for the desired application. In order to demonstrate a way 

for the synthesis of polyketone materials carrying any combination of long 1-olefins, (1-

hexene-propene)-CO terpolymers are synthesized (Figure 6.22). 

 

Figure 6.22. Scheme of (1-hexene-propene)-CO terpolymers (PHxCO) 

O

O
n m  
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6.3.2.1. Synthesis of (1-hexene-propene)-CO terpolymers: PHxCO 

Alt-olefin-CO terpolymers combining propene and 1-hexene can be readily prepared by 

adapting the best conditions described for the synthesis of HxCO in Chapter 4 (see 

experimental part). The ratio of incorporated propene can easily be selected by the amount of 

this olefin condensed in the autoclave at the beginning of the reaction (Table 6.8 and Figure 

6.23 a). 

 

Table 6.8. Terpolymerization of (1-hexene-propene)-CO. 

Entry Propene (feed) Propene (polymer) b) Activity c) Mw 10-5 d) PDI d) Tg
 e) 

 g mol-%  g/mol  °C 

PH1 10.0 27 2.9 1.4 1.5 5.3 

PH2 20.4 46 3.1 1.4 1.3 9.2 

PH3 26.7 56 2.1 1.3 1.3 12.0 

PH4 40.0 59 2.1 1.3 1.4 13.4 

PH5 56.0 74 2.6 4.0 1.5 14.2 

PH6 74.0 90 2.0 1.9 1.7 17.4 

a) for further details see experimental part. 
b) calculated from methyl areas in inversed gated 13C-NMR. 
c) kg polymer (mol Pd . h)-1. 
d) average values measured by GPC (relative to polystyrene standards). 
e) obtained by DSC. 

 

Reactivity ratios of both olefin monomers (rpropene and rhexene) can roughly be calculated from 

the initial monomer concentration in the feeding and the incorporated monomer to the 

polymer by using the linearized Fineman-Ross equation (due to the high conversion used, 

these values are only approximated) (Equation 7.1 and Figure 6.23 b).[22] The reactivity ratios 

calculated are rpropene = 0.7 and rhexene = 0.6. Neither of the monomers shows any tendency to 
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form block-like arrangements. Propene is more reactive and will insert more favorably, but 

the difference with 1-hexene is small. 

 

Figure 6.23. a) Propene incorporated relative to propene in feed, and b) representation of the linearized Fineman-
Ross equation. 
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Equation 7.1. Linearized Fineman-Ross equation 
(f=initial and F=incorporated molar ratio).[22] 
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6.3.2.2. NMR characterization of PHxCO terpolymers 

A detailed NMR study on PHxCO terpolymers is still in progress, in collaboration with the 

group of Prof. V. Busico in Naples. The results found so far which are relevant for 

polymerization and for material properties are reported in this section. The complete 

description of the NMR techniques used and the detailed way to the peak elucidation are 

beyond the aim of this work and would be presented elsewhere. 
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Before getting deeper in the description of the results from the terpolymers, some details of 

pure PCO should be described here to facilitate their understanding. For the regio- and stereo- 

irregular PCO copolymer, the 1H and 13C-NMR signals have been assigned on the basis of 2D 

NMR experiments.[19] The assignment of the signals found is made as depicted in Figure 6.24. 

It is important to remark how the occurrence of the three possible diad arrangements affects 

the spectra, multiplying the resonances arising from the same type of chemical groups 

(methyl, methylene and methine). Important for this study is that the methyl group in 

propylene units gives rise to different set of resonances. The –CH3 groups involved in H-T 

and T-T sequences appear at 1.05-0.95 ppm (1H-NMR) and 17.2-16.5 ppm (13C-NMR). In a 

different way, those -CH3 groups involved in H-H sequences are responsible of two separated 

bands: “Pr-CH3(HH)a” at 1.10-1.05 ppm (1H-NMR) and 17.8-17.4 ppm (13C-NMR), and “Pr-

CH3(HH)b” at 1.05-0.95 ppm (1H-NMR) and 17.2-16.5 ppm (13C-NMR) (Figure 6.26). 

When the PHxCO terpolymers are analyzed, in addition to the resonances arising from PCO, 

the signals corresponding to HxCO (Chapter 4) can be observed (Figure 6.25). By comparing 

the intensity of methyl signals in the 13C-NMR spectra, the ratio propene/1-hexene can be 

estimated (Table 6.8). As far as the regio-chemistry is concerned, the integration of carbonyl 

signals in the 13C-NMR spectra affords in the sample studied the ratio HH:HT:TT = 

21.5:57.0:21.5. This observation, together with the H-T ratios obtained for the series of high 

1-olefins (Chapter 4), proves that the steric demand of the olefin does not significantly affect 

the enchainment mode. On the other hand, when the incorporation of 1-hexene is augmented, 

the ratio Pr-CH3(HH)a / Pr-CH3(HH)b is increased (compare Figure 6.25 entries PH1 and 

PH5). It would mean that whereas the total amount of H-H sequences remains the same, and 

thus also the regiochemistry, a different stereochemistry is favored by incorporation of more 

steric demanding olefins.[23] 
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Figure 6.24. NMR assignment of the bands for regio- and stereo- irregular PCO in tetrachloroethane-1,2-d2. 
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Figure 6.25. 1H and 13C-NMR spectrum of a) PH1 (27 mol-% P) and b) PH5 (74 mol-% P) in CDCl3. 
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It is possible to go more into detail in the analysis of the 13C-NMR signal of methyl from 

propylene units. It can be seen that the signal corresponding to Pr-CH3(HH)a is the overlap of 

two contributions, indicated as Pr-CH3(HH)a’ and Pr-CH3(HH)a’’, resonating at 17.7 ppm 

and 17.5 ppm, respectively (Figure 6.26). The amount of Pr-CH3(HH)a’ increases with the 

amount of 1-hexene in the terpolymer. It would be then reasonable to assign the Pr-

CH3(HH)a’ resonance to a propene unit followed by a 1-hexene unit in a H-H enchainment 

mode (Figure 6.26). The deconvolution of these peaks indicates that the ratio Pr-CH3(HH)a’ : 

Pr-CH3(HH)a’’ is 1.00 : 0.61 for entry PH5, and 1.00 : 5.50 for entry PH1. For this 

enchainment mode, it can be calculated (by taking into account the statistical factor) that after 

one propene unit there will be 73 % P units and 27 % Hx units for entry PH5, and 24 % P 

units and 76 % Hx units for entry PH1. Within the experimental error, the probability for the 

a) a) 

b) b) 
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next inserted olefin after propene coincides with the olefin composition of the terpolymer in 

the sequence corresponding to the stereochemistry Pr-CH3(HH)a. There is no experimental 

evidence for any preferential arrangement PCO-PCO or PCO-HxCO, and the random 

sequencing seems to be the most probable monomer distribution. 

 

Figure 6.26. Propene-methyl region of 13C-NMR spectra of a) PCO, b) PH5 (74 mol-% P) and c) PH1 (27 mol-
% P) 
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6.3.2.3. Glass transition temperature of PHxCO terpolymers 

In general, the material properties of the PHxCO terpolymers, as a consequence of the random 

olefin distribution, will fall between those of the two limiting copolymers PCO and HxCO. 

These properties will be closer to either one or the other copolymer depending on the olefin 

monomer ratio. The thermal behavior illustrates this assertion. DSC profiles of all of them 

show a unique well-defined glass transition process, without detectable presence of melting 
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endotherms. As soon as 1-hexene is incorporated into the PCO polymers, these materials are 

not able to crystallize (in pure PCO two small melting endotherms are reported). The Tg 

values are linearly increased with the propene molar incorporation. An increment on the 1-

hexene content of 10 mol-% produce a drop in Tg of 1.7°C. 

 

Figure 6.27. Glass transition temperature dependence on the 
incorporation of propene in PHxCO terpolymers. 
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6.4. CONCLUSION 

In this chapter, a valid method for the production of 1,4-polyketone terpolymers containing 

linear 1-olefins is described. This method can be used for the synthesis of terpolymers 

carrying any selected combination of olefins, and allowing to control precisely the polymer 

composition. The excellent molecular weights achieved, together with the acceptable 

activities, allow us to propose the described method as a significant contribution to the 

previous knowledge about polymers carrying CO. 
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This is specially worth mentioning when ethene and a long olefin are combined in the 

terpolymer. On them, it is reported for the first time about the synthesis of the whole range of 

possible olefin monomer incorporations. For certain compositions, even thermoplastic 

elastomers can be synthesized in one step reaction from readily available monomers. The soft 

amorphous phase can be modified by selecting the right long olefin, tailoring in this way the 

material elasticity. 

As shown by the reported results from EHxCO, not only the composition, but also the 

microstructure can be modified by the way in which ethene is fed to the reaction. In this way, 

material mechanical properties, crucial for industrial applications, can be accurately tuned. 
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AANNNNEEXX  

AANNAALLYYTTIICCAALL  TTEECCHHNNIIQQUUEESS  EEMMPPLLOOYYEEDD  

 

 

• Polymer molecular weights (Mw) and molecular weight distributions (PDI) were measured 

in tetrahydrofuran by gel permeation chromatography (GPC), using a Styragel column and 

calibration relative to polystyrene standards. 

• Preparative GPC experiments were performed in chloroform using three 19x300 mm 

Water Ultrastyragel® columns (103 Å, 104 Å and 105 Å), with an attached Waters fraction 

collector. 

• Standard 1H-NMR and 13C-NMR spectra were recorded on a Bruker AMX 500 

spectrometer, using deuterated solvents. 

• Infrared spectra from thin solid polymer films were recorded on a Brucker FT-IR IFS 

113v (thickness < 1 mm). 

• ATR-IR in-situ measurements were made in a 250 mL Büchi reactor equipped with a 

ReactIR100TM (Mettler Toledo) able to work under high pressure conditions. 

ReactIR100TM is based on mid-infrared Fourier transform spectrometer with a silicon 

sensor (SiCompTM). 

• Elemental analyses were determined in the Microanalytical Laboratory of the University 

of Ulm. 



AANNAALLYYTTIICCAALL  TTEECCHHNNIIQQUUEESS  EEMMPPLLOOYYEEDD  

- 190 - 

• A detailed description of the AFM technique and equipment employed is given 

elsewhere.* AFM analysis is performed on a Dimension™ 3100 microscope, together with 

an Olympus silicon cantilever AC160TS (constant=33-57 N/m, resonance frequency=280-

340 kHz) and with the help of NanoScope III software. The measurement is performed at 

room temperature in tapping mode. The analysis is made on phase images. On them, the 

chosen color scale draws the harder areas brighter and the softer areas darker. 

• Contact angle measurements of water drops (bidistilled) on films of the polymers were 

measured by the sessile drop technique using a Goniometer G 40 Krüss, Hamburg, 

equipped with a video system, image processor and the software PDA 10. The films were 

prepared by spin casting from 1.0 wt.-% solutions of the polymers in the adequate solvent 

on grease-free glass slides at ambient temperature. The samples were kept under vacuum 

for 1 h before measurement. The angles of the drops were determined by using the tangent 

method 5 seconds after it is dropped. The values reported are the average of 25 

determinations. 

• A Perkin Elmer DSC 7 instrument was used for differential scanning calorimetry (DSC), 

running consecutive heating-cooling-heating scans at 10 °C/min. At least otherwise stated, 

melting temperatures Tm were determined from the first heating scan as the maximum of 

the transition peak, while the thermal glass transition temperatures Tg were determined as 

the inflection point on the second heating scan. 

• Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer TGS-2 system at a 

rate of 10 °C/min under N2 atmosphere. 

                                                 

* Sigrid Hennig, Diplomarbeit, 2004, Universtät Ulm. 
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• Stress-strain measurements were performed at 4 mm/min, using dog-bone shape samples 

with effective stretching dimensions of 5 x 10 mm on a commercial stretching device 

(Zwick 1445). To calculate the stress during deformation for each sample, the film 

thickness was determined using a micrometer screw. 
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ZZUUSSAAMMMMEENNFFAASSSSUUNNGG  

 

 

Ziel dieser Arbeit ist es, einen tieferen Einblick in das Gebiet der katalytischen, alternierenden 

Polymerisation von Olefinen und Kohlenstoffmonoxid zu bekommen. 

Wie man den Abschnitten der Einleitung entnehmen kann, wurden im Bereich der 

organometallischen Chemie der späten Übergangsmetalle große Anstrengungen 

unternommen, um eine ausgefeilte und optimierte Katalyse zur Olefin-CO Polymerisation zu 

entwickeln. Darüber hinaus wurden die Materialeigenschaften des handelsüblichen Ethen-CO 

und ähnlichen Derivaten weitgehend erforscht. 

Jedoch war nur eine kleinere Anzahl an Studien der Polymerisation von längeren Olefinen 

und den dabei gewonnenen Copolymeren gewidmet. In diesem Zusammenhang entschieden 

wir uns, die Co-und Terpolymerisation solcher längeren linearen Olefine zu untersuchen. Die 

Erfahrungen, welche unsere Gruppe vorab unter Verwendung von anderen Olefinen (z. B. 

Propen) gesammelt hatte, zeigten auf, dass, zum Beispiel, eine ausreichende Erhöhung des 

Mw zu neuartigen Eigenschaften dieser Co- und Terpolymerisate führte. 

Von anderer Perspektive und trotz der beträchtlichen Anzahl an Beispielen, in denen die post-

Polymerisations-Derivatisierung von Polyketonen erfolgreich beschrieben wurden, ist das 

Potential auf diesem Gebiet noch nicht ausgeschöpft. In der Tat wurde eine detaillierte Studie 

der Materialeigenschaften ebenfalls noch nicht durchgeführt. Aus diesem Grund entschieden 

wir uns dafür, in einer Seite die chemische Reduktion von Polyketonen (als einfachste 
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Polymerumwandlung) zu untersuchen, und anderseits die Funktionalität der endständigen 

Gruppen zur Bildung von Blockpolymeren zu nutzen. 

Beschreibung der Inhalte aller Kapitel: 

 

• Kapitel 1. Einführung in den Stand der Technik, in die Chemie und Bedeutung der 

Polyketone. Zusätzlich werden Details des Polymerisationsmechanismus gegeben, welche 

das Verständnis für die Resultate der folgenden Kapitel verbessern sollen. 

 

• Kapitel 2. Drei unterschiedliche Gruppen flexibler Polyketone (alternierendes Propen-CO 

„PCO“, (1-hexen)-CO „HxCO“ Copolymere und „pulse feed“ alternierende Olefin-CO 

Terpolymere aus Ethen und Propen „EPCO“) wurden mit dem Reduktionsmittel NaBH4 

behandelt in THF/MeOH Lösemittelgemisch. Es wurden partielle Reduktionen zu 

Poly[keton-co-alkohol]en, sowie die völlige Umlagerung zu Polyalkoholen erreicht. Die 

Abhängigkeit von Eigenschaften wie Glasübergangstemperatur, thermischer Zersetzung, 

Oberflächenspannung und der mechanischen Eigenschaften zum Reduktionsgrad wird 

beschrieben. Bei der partiellen Reduktion von elastischen EPCO Terpolymeren entstehen 

thermoplastische Elastomere mit „Formgedächtnis“. 

 

• Kapitel 3. Ein Weg zur Synthese neuartiger Blockpolymere, welche aus Propen-CO und 

Polypropylen Segmenten bestehen, wird vorgestellt. Die Blockstruktur wurde durch 

Verwendung eines makromolekularen Katalysators als Aktivierungsmittel erreicht.  
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• Kapitel 4. Dieses Kapitel handelt von der Synthese von Copolymeren aus weniger 

reaktiven, langen linearen 1-Olefinen und CO. Eine Methode zur Favorisierung der 

Kettenverlängerung wird vorgestellt. Die ist zusammengesetzt aus der Verwendung des 

Olefinmonomers als Lösungsmittel der Polymerisation und aus der Emulgierung eines 

sorgsam ausgewählten, nicht mit dem Monomer mischbaren, Aktivierungsmittels. Der 

Einfluss von Parametern wie Temperatur, CO-Druck, Menge des Aktivierungsmittels, 

Gegenion des Katalysators oder Ligandenbelegung wird beschrieben. Die Produkte 

besitzen eine Kombination eines hohen Mw und der stereo- und regio- Unregelmäßigkeit. 

Die verleiht den synthetisierten Copolymere ganz neue Eigenschaften, im Vergleich zu 

den in der  Literatur beschriebenen Polymeren mit identischer Zusammensetzung. 

 

• Kapitel 5. Die beobachteten Vorgänge unter den beschriebenen Standardbedingungen in 

der Copolymerisation von Propen-CO werden signifikant verbessert, wenn die Reaktion 

in Anwesenheit von Azobenzol-Gruppen beinhaltenden Ethern abläuft. Der Ursprung 

dieses Effektes wird ermittelt. 

 

• Kapitel 6. Ursprüngliche Verfahrensweisen für die Synthese von 1,4-Polyketon-

Terpolymere aus (1-hexen–ethen)-CO „EHxCO“ und (1-hexen–propen)-CO „PHxCO“ 

werden beschrieben. Für beide Arten von Terpolymeren wird der Weg zur Einstellung des 

gewünschten 1-Olefin Gehaltes erklärt. Diese Synthese wird als Beispiel vorgestellt, das 

auf die Herstellung von Terpolymeren mit jeglichem Paar von  1-Olefinen und mit 

jeglichem Gehalt der 1-Olefine im Polymer anzuwenden ist. Die EHxCO 

Monomerverteilung, Mikrostruktur und die thermischen und mechanischen Eigenschaften 
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werden ausgiebig charakterisiert. Für bestimmte Zusammensetzungen wird die Synthese 

zu thermoplastischen Elastomeren enthalten. Die Mikrostruktur der Materialien, und 

damit das mechanische Verhalten, lassen sich durch die Art der Zugabe von Ethen in die 

Reaktion verändern. Darüber hinaus wurde die Monomerverteilung von PHxCO 

Terpolymeren untersucht und deren thermische Eigenschaften werden erläutert. 

 

• Annex. Verwendete analytische Verfahren. 
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