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Zusammenfassung 

Seit den bahnbrechenden Entdeckungen von Ziegler und Natta in den 1950er-Jahren 

haben sich Polyolefine zu einem der wichtigsten Materialien unserer heutigen Zeit 

entwickelt. Deren Anwendungsgebiet reicht von sehr weichen Polymeren für 

Klebstoffe über Elastomere zu starren Hochleistungsmaterialien. Polyolefine finden 

sich in zahlreichen Bereichen, wie zum Beispiel Verpackungsmaterialien, 

Haushaltsprodukten, Textilien und Autoteilen. Die Entwicklung von „Single-Site“ 

Katalysatoren für die Herstellung von Polyolefinen ermöglichte eine noch präzisere 

Anpassung der Materialeigenschaften sowie die Darstellung von zuvor 

unerreichbaren Polymer-Architekturen. Die lebende Olefininsertionspolymerisation 

ist eine dieser bemerkenswerten Entwicklungen im Bereich der „Single-Site“ 

Polymerisationskatalyse. Durch die Abwesenheit von Kettentransfer- und 

Terminierungsreaktionen können sehr definierte und ultrahochmolekulare Polymere 

erzeugt werden. 

Wohldefinierte, eng verteilte Polymere sind insbesondere für die Untersuchung 

grundlegender physikalischer Eigenschaften, zum Beispiel durch 

Einzelmolekülfluoreszenzmikroskopie, nötig. Ultrahochmolekulares Polyethylen und 

insbesondere Ethylen-1-Olefin-Copolymer hingegen kann schon in kleinen Mengen zu 

einer dramatischen Verbesserung der mechanischen Eigenschaften von HDPE führen. 

Die Mischung muss jedoch direkt während der Polymerisation durch 

Reaktorblending erfolgen, da eine nachträgliche Vermischung unmöglich ist. 

Ein eleganter Weg zur Herstellung von Polyolefin Reaktorblends ist die Verwendung 

von Hybridkatalysatoren, die aus mindestens zwei verschiedenen immobilisierten 

„Single-Site“ Katalysatoren auf einem gemeinsamen Träger zusammengesetzt sind. 

Für die Darstellung von UHMWPE wurden der Enolatoimin-Titankomplex 1 und 

Phenoxyimin-Titankomplex 2 auf Silicapartikeln in Kombination mit MAO 

immobilisiert. Beide Katalysatoren waren in der Lage, Ethylen zu 

ultrahochmolekularem Polyethylen zu polymerisieren, wobei der lebende 

Polymerisationscharakter erhalten blieb. Mit dem auf Silica/MAO immobilisierten 

Komplex 1 wurden Ethylenpolymerisationsaktivitäten von bis zu 3,1 × 106 

g(polymer) mol(Ti)-1 h-1 und viskositätsmittlere Molekulargewichte Mv > 3 × 107 g 

mol-1 erzielt. 
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Um die Zugänglichkeit des Enolatoimin-Titankomplexes 1 zu verbessern wurde ein 

neuer Syntheseweg ausgehend von TiCl4 entwickelt. Dieser ermöglichte die einfache 

Darstellung von 10 g Komplex 1 in 52 % Ausbeute. 

Die beiden Katalysatorvorstufen für die lebende Polymerisation 1 und 2 wurden 

jeweils zusammen mit dem Eisenkomplex 3 auf einem gemeinsamen Träger 

immobilisiert, um Hybridkatalysatoren zu bilden. Die damit hergestellten 

Polyethylen-Reaktorblends bestehen zum größten Teil aus einer linearen HDPE-

Matrix, die von dem Eisenkatalysator gebildet wurde, während die lebenden 

Polymerisationskatalysatoren die verstärkende UHMWPE-Phase erzeugten. 

Zugprüfungen an spritzgegossenen Prüfkörpern aus den Reaktorblends und HDPE-

Vergleichsmustern ergaben eine deutlich höhere Bruchfestigkeit der Reaktorblends. 

Diese lässt sich auf die Ausbildung einer Shish-Kebab-Morphologie zurückführen, die 

durch den UHMWPE-Anteil während des Spritzgussprozesses initiiert wurde. Diese 

Ergebnisse zeigen, dass die lebende Insertionspolymerisation für die Erzeugung von 

UHMWPE mit Molekulargewichten Mv > 107 g mol-1 eingesetzt werden kann, um die 

mechanische Belastbarkeit von Reaktorblends zu erhöhen. 

Die größte Stärke der lebenden Polymerisation liegt in der Darstellung 

wohldefinierter Polymere mit engen Molekulargewichtsverteilungen. Im Falle der 

lebenden Olefininsertionspolymerisation ist das aktive Metallzentrum  idealerweise 

permanent an das Polymerkettenende gebunden. Dadurch bieten sich verschiedene 

Möglichkeiten zur Funktionalisierung des Kettenendes. Derartige Polymere sind 

insbesondere für die Einzelmolekülfluoreszenzmikroskopie von Interesse, wenn ein 

Fluoreszenzfarbstoff kovalent an das Kettenende angebunden werden soll. 

Der Enolatoimin-Titankomplex 1 wurde für die Darstellung Hydroxyl-

kettenendfunktionalisierter Polyolefine mit engen Molekulargewichtsverteilungen 

eingesetzt. Dazu wurden zwei unterschiedliche Verfahren zur Funktionalisierung 

verwendet. Zum einen die Zugabe Trimethylsilyl(TMS)-geschützter Alkenole zur 

Polymerisationsmischung am Ende der Polymerisation und zum anderen die 

Oxidation des an das Metallzentrum gebundenen Kettenendes mit Sauerstoff. 

Insbesondere die zweite Methode ermöglichte die Darstellung wohldefinierter 

Hydroxyl-funktionalisierter Polyolefine mit engen Molekulargewichtsverteilungen 

(Mw/Mn 1,04) und Funktionalisierungsgraden bis zu 78 %. 
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Für die Anbindung von Fluoreszenzfarbstoffen an die Hydroxyl-funktionalisierten 

Polyolefine wurden verschiedene Carbonsäure-funktionalisierten Perylen- und 

Terrylendiimide synthetisiert. Diese wurden anschließend entweder durch vorherige 

Aktivierung mit Thionylchlorid oder säurekatalysierte Veresterung kovalent an die 

Polymere gebunden. Ein vollständiger Umsatz der Hydroxyl-Gruppen konnte mit der 

säurekatalysierten Veresterung bei hohen Polymer- und Farbstoffkonzentrationen 

erzielt werden. Die kovalente Anbindung der Farbstoffe an die funktionalisierten 

Polyolefine wurde mittels 1D-TOCSY und DOSY NMR-Spektroskopie sowie 

Perylendiimid-markiertem 1-Octadecanol als Vergleichssubstanz nachgewiesen. 

Des Weiteren wurden auch deuterierte Polyethylene und Ethylen-Copolymere durch 

lebende Insertionspolymerisation mit dem Enolatoimin-Titankomplex 1 dargestellt. 

Als Ergänzung zur lebenden Insertionspolymerisation wurde die ringöffnende 

Olefinmetathesepolymerisation (ROMP) als alternativer Weg zu farbstoffmarkierten 

Polymeren untersucht. Üblicherweise wird der Benzylidenligand der für die ROMP 

eingesetzten Rutheniumcarbenkomplexe während des Initiierungsschritts als 

Endgruppe in die wachsende Polymerkette eingebaut. Durch die Modifizierung des 

Benzylidenliganden können somit gezielt funktionelle Gruppen in das Polymer 

eingebracht werden. Hierfür eigenen sich insbesondere die Hoveyda-Grubbs-

Komplexe. Für die Synthese farbstoffmarkierter Polymere wurden zwei 

Perylendiimid- (27, 30) und ein Terrylendiimid-markierter (33) 

Rutheniumcarbenkomplex dargestellt. Außerdem wurde ein zweikerniger 

Perylendiimid-markierter Rutheniumcarbenkomplex (36) synthetisiert. 

Interessanterweise wird die Fluoreszenz der Farbstoffe durch die Anbindung an das 

Ruthenium-Metallzentrum ausgelöscht und durch Abspaltung wiederhergestellt. 

Dieses Verhalten wurde ausgenutzt, um die Initiierungskinetik der 

Rutheniumkomplexe bei niedrigen Konzentrationen fluoreszenzspektroskopisch zu 

untersuchen. 

Der zweikernige Perylendiimid-markierte Rutheniumcarbenkomplex 36 wurde für 

die Polymerisation von Cycloocten eingesetzt, um in der Kettenmitte 

farbstoffmarkierte Polymere darzustellen. Durch anschließende Hydrierung wurden 

farbstoffmarkierte Polyethylene erhalten, die jedoch aufgrund der langsamen 

Initiierungsgeschwindigkeit des Rutheniumkomplexes eine etwas breite 

Molekulargewichtverteilung aufwiesen (Mw/Mn 2,44; Mn 43500 g mol-1). 
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Ein lebender Polymerisationscharakter konnte mit den farbstoffmarkierten Hoveyda-

Grubbs-Komplexen durch den Einsatz des unreaktiven endo-N-

Cyclohexylnorbornenimids als Monomer erreicht werden. Für die Synthese von an 

beiden Kettenenden farbstoffmarkierten Polymeren wurden Enolether-

funktionalisierte Perylen- und Terrylendiimide dargestellt. Diese wurden am Ende 

der Polymerisation zugegeben um das zweite Kettenende mit einem Farbstoff zu 

terminieren. Auf diese Weise wurden Polymere synthetisiert, die an beiden 

Kettenenden mit unterschiedlichen Fluoreszenzfarbstoffen funktionalisiert wurden. 

Die hier dargestellten Fluoreszenzfarbstoff-markierten Polymere können für die 

Einzelmolekülfluoreszenzmikroskopie eingesetzt werden. Diese Methode hat sich zu 

einem mächtigen Werkzeug für die Untersuchung von polymeren Materialien 

entwickelt. Allerdings stellt der begrenzte Temperaturbereich eine Einschränkung 

bei der Untersuchung gängiger Polymere dar. Eine weitere Hürde liegt in der 

Photostabilität der eingesetzten Farbstoffe bei hohen Temperaturen. Um diese 

Einschränkungen zu überwinden, wurde ein beheizbarer Probenhalter entwickelt, 

der die Durchführung von Experimenten unter Inertgasatmosphäre ermöglicht. 

Um die Eignung der Einzelmolekülfluoreszenzmikroskopie bei hohen Temperaturen 

für die Charakterisierung von heterogenen Polymerproben zu bestätigen, wurden 

Diffusionsprozesse in Styrol-Butadien-Styrol-Triblockcopolymeren untersucht, die 

eine Zylindermorphologie ausbilden. In Proben mit aus der Polybutadienphase 

gebildeten Zylindern konnte bei Temperaturen unterhalb der 

Glasübergangstemperatur der Polystyrolmatrix eine eingeschränkte Diffusion freier 

Perylendiimidmoleküle innerhalb der Zylinder beobachtet werden. Durch eine 

Erhöhung der Temperatur auf über 100 °C wurde diese Barriere aufgehoben. Neben 

freien Farbstoffmolekülen wurde auch die Diffusion eines Perylendiimid-markierten 

statistischen Ethylen-1-Buten-Copolymers untersucht. 

Als zweites Beispiel für die Anwendung von farbstoffmarkierten Polyolefinen in der 

Einzelmolekülfluoreszenzmikroskopie bei hohen Temperaturen wurde das 

Mischungsverhalten von Blends aus linearem Polyethylen und einem Ethylen-

Propylen-Copolymer beobachtet. Durch den Einsatz eines Perylendiimid-markierten 

Polyethylens konnte die Polyethylenphase sowohl in der konventionellen 

Fluoreszenzmikroskopie als auch in der Einzelmolekülfluoreszenzmikroskopie 

sichtbar gemacht werden. Die Fokusstabilität während der 
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einzelmolekülfluoreszenzmikroskopischen Untersuchungen bei hohen Temperaturen 

war jedoch nicht hoch genug, um die Beobachtung von Mischungs- und 

Entmischungsprozessen über ausreichend lange Zeiträume zu ermöglichen. 
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Abbreviations 

Ac  acetyl 

AFM  atomic force microscopy 

Ar  aryl 

ATR  attenuated total reflection 

BHT  2,6-di-tert-butyl-4-methylphenol 
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COD  1,5-cyclooctadiene 

COSY  correlation spectroscopy 
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DOSY  diffusion ordered spectroscopy 
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1 General Introduction 

Polyolefins, namely polyethylene and polypropylene, are one of the most important 

materials in our daily life. Their success started in the 1930s with the development of 

the free radical ethylene polymerization process at Imperial Chemical Industries 

(ICI). A high pressure of >1000 bar and a temperature around 200 °C is required here 

to produce branched amorphous low density polyethylene (LDPE).1 The discovery of 

olefin insertion polymerization catalysts based on titanium halides and aluminum 

alkyls by Ziegler2 and Natta3 and a chromium oxide catalyst by Hogan and Banks at 

Phillips Petroleum4 in the 1950s was the major breakthrough for polyolefin 

production. These catalysts polymerize olefins to linear polymers under mild 

conditions and thus paved the way for the energy efficient production of versatile 

polymeric materials. At the end of their lifecycle, polyolefins can be easily used 

further to produce energy or small molecule hydrocarbons by thermal degradation. 

This renders polyolefins one of the most environmentally friendly polymeric 

materials.5 

In 2009, polyolefin production was a 110 million tons per year market. This breaks 

down into 44 million tons per year of polypropylenes and 67 million tons per year of 

polyethylenes, including high density (HDPE), linear low density (LLDPE) and low 

density polyethylene (LDPE).6 Apart from LDPE, which is prepared by radical 

polymerization at high pressure and temperature, all these polymers are produced by 

catalytic olefin insertion polymerization. This is one of the largest industrial 

applications of catalysis. Mostly these polymers are produced by Ziegler-Natta 

catalysis with heterogeneous multi-site catalysts generated from simple titanium 

compounds such as TiCl4, activators, 'donors', and a support like MgCl2, but there is 

also a growing market for single-site polyolefins, which exhibit more defined 

microstructures, controlled molecular weight distributions, and superior mechanical 

properties and clarity. In 2009, a quarter (ca. 5 mio tons) of the worldwide LLDPE 

production was based on single-site catalysts. Another 3 million tons of HDPE and ca. 

1 million tons of PP resins were produced by single-site catalyst technology.7 These 

single-site catalysts are often metallocenes, but during the last two decades an 

increasing number of polymerization processes employing post- or non-metallocene 

catalysts have been commercialized. 
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Polyolefins with various structures and very different properties can be obtained 

from a few monomers like ethylene, propylene and 1-olefins by selection of an 

appropriate catalyst. Their applications range from very soft polymers for adhesives 

to elastomers to rigid high-performance materials. The utilization of single-site 

catalysts allows for a precise tailoring of the material properties by controlling the 

molecular weight distribution, branching degree and comonomer distribution. 

Especially, post-metallocenes offer a broad spectrum of fascinating catalytic features, 

which enable the generation of completely new materials as demonstrated by the 

living insertion polymerization at ambient temperatures, the chain shuttling 

polymerization process or supported hybrid catalysts (vide infra). 

Achieving a living character for a given polymerization reaction has been a 

fundamental desire of synthetic polymer chemistry. For anionic polymerization, this 

was achieved early on.8 Controlled radical polymerizations arose from the seminal 

work of Rizzardo,9 Matyjaszewski10 and others. A significant advance of recent years 

was the elaboration of these methods to practically useful procedures.11 A similar 

picture applies to catalytic insertion polymerization. Catalytic polymerizations that 

display living characteristics at low temperatures have been known for a long time, 

but procedures that allow working at room temperature or even higher and operate 

with high rates have emerged only more recently. Practical utilizations – for 

laboratory purposes or on an industrial scale – are limited so far, the chain-shuttling 

process (Chapter 1.1.3) being one example. This thesis explores the scope of living 

insertion polymerization to introduce defined ultra-high molecular weight portions in 

polyethylenes, and to generate fluorescence labeled model compounds. The latter are 

a key to developing single molecule fluorescence microscopy as a novel tool for 

materials science. 

 

1.1 Post-Metallocene Catalyzed Olefin Polymerization 

Catalytic insertion polymerization of olefins is one of the most widely studied 

synthetic reactions. In terms of a mechanistic understanding and a rational design of 

catalysts, the finding that ansa-metallocenes can allow for a control of polypropylene 

tacticity in the 1980s marked a milestone.12  This sparked intense research by 

numerous academic and industrial laboratories in metallocene catalysts.13 In the 

1990s, this interest expanded to catalysis by well-defined metal complexes with other 
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ligand motifs, also summarized as 'post-metallocenes'. An early prominent example 

was provided by half-sandwich cyclopentadienyl-amide titanium catalysts for 

ethylene/1-olefin copolymerization. This development was further augmented by 

findings of cationic late transition metal olefin polymerization catalysts. 

Consequently, a large scope of coordination compounds and organometallic species 

across the periodic table were studied. The breadth of these investigations was 

documented by comprehensive reviews.14-17  

Usually, the early transition metal catalysts and also several late transition metal 

catalysts possess a cationic actives species in olefin polymerization, which has to be 

generated from the catalyst precursor with an activator. Most frequently 

methylaluminoxane (MAO) is used, but also boron based activators are well-

established.18,19 

 

1.1.1 Phenoxyimine Catalysts 

A class of olefin polymerization catalysts, which is closely related to the development 

of living insertion polymerization catalysts and the chain shuttling polymerization 

(vide infra) process are the phenoxyimine catalysts.  

In 1995, Floriani and coworkers reported a salicylaldiminato type zirconium complex, 

but with very low activity in ethylene polymerization.20 Fujita and coworkers at 

Mitsui Chemicals further investigated phenoxyimine group 4 transition metal 

complexes for olefin polymerization (also termed FI catalysts from the Japanese 

pronunciation “Fenokishi-Imin”).21-23 The variation of the substituents on the ligand 

framework yielded a versatile class of olefin polymerization catalysts with the general 

structure shown in Figure 1-1. The complexes are usually synthesized by reaction of 

the deprotonated Schiff base ligands, which are prepared by condensation of a 

salicylaldehyde with an amine, with MCl4 (M = Ti, Zr, Hf). Most of these complexes 

exhibit a C2 symmetric cis-X/cis-N/trans-O geometry.21,23,24 

 

 

Figure 1-1. General structure of phenoxyimine complexes. 
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The substituents on the phenoxy-group as well as the imine moiety (R1 to R6) have a 

strong impact on catalyst activities as well as polymer molecular weights in ethylene 

polymerization. For some of these substituents a clear structure-properties 

relationship could be observed. For R2 in general steric bulk is beneficial for activity 

and molecular weights. Higher steric bulk at R1 leads to higher molecular weights but 

lower activity. Electron donating substituents (e.g. OMe) at R4 improve the 

temperature stability of the catalyst.21,24,25 

Group 4 salicylaldiminato complexes possess very high ethylene polymerization 

activities upon activation with MAO. With an activity of 4.3 × 109 g(polymer) 

mol(Zr)-1 h-1 complex I (Figure 1-2) is one of the most active ethylene polymerization 

catalysts at room temperature. This extraordinary high activity was further improved 

by the more temperature stable complex II at the industrially more relevant 

temperature of 75 °C (7.2 × 109 g(polymer) mol(Zr)-1 h-1).24 

 

 

Figure 1-2. Chemical structures of phenoxyimine complexes I and II. 

 

A living polymerization catalyst was developed by Fujita and Coates independently by 

introduction of fluorine substituents to the aniline component of the ligand (Table 

1-1).26,27 Various substitution patterns were investigated, but only ortho fluorinated 

complexes perform living olefin polymerization. Fluorination on other positions only 

leads to higher activities due to their electron withdrawing nature. The reason for this 

living behavior is not fully understood and subject to controversial discussions (vide 

infra).28 

Yu and Mecking reported an ortho fluorinated enolatoimine titanium complex, which 

is less reactive than the phenoxyimine complex, allowing an even more controlled 

living polymerization of ethylene at temperatures up to 75 °C.29 This catalyst provides 

access to polyethylenes with an extremely narrow molecular weight distribution, e.g. 

Mw/Mn 1.01 at Mn 3 × 105 g mol-1.  



General Introduction 

5 
 

Table 1-1. Ethylene polymerization with fluorinated phenoxyimine catalysts.21 

 

Ar     
activity [106 g(polymer) mol(Ti)-1 h-1)] 18.1 0.8 44.6 3.2 

Mn [103 g mol-1] 424 64 98 1281 

Mw/Mn 1.13 1.05 1.99 2.55 

Polymerization conditions: 1 bar ethylene, 25 °C, 1-5 min (Ar = Ph: 50 °C, 30 min). 

 

Not only ethylene, but also propylene is polymerized by these ortho-fluorine 

substituted phenoxyimine catalysts in a living fashion.27 This living behavior, found 

for various monomers, provides access to a wide variety of well-defined olefin block 

copolymers.21,30 

Surprisingly, most group 4 phenoxyimine complexes polymerize propylene in a 

syndiospecific mode by 2,1-insertion, even though they are C2 symmetric. This 

selectivity is even more pronounced for the fluorinated catalysts.27b A Δ/Λ site 

isomerization after each insertion step was proposed by Cavallo and coworkers to 

lead to this chain-end controlled stereoselectivity.31,32 Activation with 

iBu3Al/[Ph3C][B(C6F5)4] can turn the stereoselectivity to a highly isotactic fashion, 

which is believed to result from the reduction of the imine moieties to the 

corresponding aluminum coordinated amines.24,33,34 Further, phenoxyimine 

complexes bearing bulky R6 substituents are able of polymerizing propylene 

isospecifically.35 

Kol and coworkers investigated the structurally related group 4 salan complexes 

(Figure 1-3) for the polymerization of 1-olefins, such as propylene and 1-hexene. Due 

to their fixed geometry these C2 symmetric cis-X/cis-N/trans-O complexes produce 

highly isotactic polymers if steric bulk is present in the ortho position of the phenolic 

oxygen atom. The tert-butyl substituted zirconium complex III yields poly(1-hexene) 

with an isotacticity of >95%, however, at a relatively low activity (1.8 × 104 

g(polymer) mol(Zr)-1 h-1).36 By replacing the bulky alkyl groups with iodine 

substituents and using a smaller metal center in complex IV, isotactic high molecular 

weight poly(1-hexene) and polypropylene could be obtained at high activities.37 

Salalen titanium complexes possessing a rigid aminomethylpyrrolidine backbone (V) 

were even able to polymerize propylene to isotactic polypropylene with an 

isotacticity of [mmmm] > 99.6% and a melting point of 170 °C. This is suggested to be 

the highest melting point for nascent polypropylene ever observed.38 
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Usually, bisligated MAO activated phenoxyimine catalysts possess low comonomer 

incorporation ratios in the case of higher 1-olefins. However, iBu3Al/[Ph3C][B(C6F5)4] 

activation can lead to higher comonomer incorporation.24,39,40 Also monoligated 

phenoxyimine complexes possessing an additional donor have higher reactivities 

toward 1-olefins, because they are less sterically crowded.41,42 

 

 

Figure 1-3. Structures of zirconium and titanium salan and salalen complexes. 

 

For industrial slurry or gas-phase polymerization processes, a heterogenization of 

single-site catalysts is desirable. This is generally a challenge, as often catalyst 

activities (per metal center) and also selectivities are compromised. Usually MgCl2 or 

SiO2 are used as supports in combination with an activator, such as MAO or 

alkylaluminum compounds in combination with borates.43 Fujita and coworkers 

employed MgCl2/R’nAl(OR)3-n as a support for phenoxyimine catalysts, which was 

prepared by reaction of the MgCl2/ROH adduct with AlR’3 (R = 2-ethylhexyl; R’ = iBu, 

Et). This support also functions as an activator and activities comparable to the MAO 

activated catalysts were achieved. For supported Ti phenoxyimine complexes narrow 

molecular weight distributions were obtained in ethylene polymerization and even 

the living character of the fluorinated catalysts was retained in propylene 

polymerization. Supported zirconium phenoxyimine catalysts yielded spherical ultra-

high molecular weight polyethylene particles with high bulk densities (0.50 g mL-1).44 

Group 4 phenoxyimine complexes might be used for example for the preparation of 

end-functionalized polyethylene45 or ultrafine ultra-high molecular weight 

polyethylene particles.46 Further, phenoxyimine catalysts are applied in the chain 

shuttling polymerization process for the production of olefin block copolymers (vide 

infra). 
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Rastogi and coworkers employed the living polymerization catalyst 2 for the 

preparation of disentangled ultra-high molecular weight polyethylenes 

(UHMWPEs).47 UHMWPE has excellent mechanical properties, which are related to its 

high entanglement density, but this also complicates processing due to the high melt 

viscosity. In the final shaped part a high degree of entanglements is advantageous for 

mechanical properties, but for processing a low degree of entanglement is beneficial. 

To achieve this, the polymerization was carried out at low temperatures under high 

dilution conditions, so that crystallization is faster than chain growth and 

entanglement between growing chains is suppressed. If the nascent disentangled 

polymer powder is melt processed entanglements are formed, which again 

complicate processing, but if the polymer is preheated to a temperature some degrees 

below the melting point, entanglement formation starts in the amorphous regions. 

This leads to a polymer consisting of disentangled domains in an entangled matrix, 

which still possesses a low plateau modulus and a significantly enlarged modulus 

build-up time. In this way melt processing of UHMWPE is facilitated and final 

entanglement density in the injection molded part can be increased by heating to high 

temperature for a certain time.48,49 Further, disentangled UHMWPE can be used for 

the preparation of films which can be stretched biaxially without the use of solvents 

to obtain a highly ordered crystalline UHMWPE film with high modulus and 

strength.47 

Besides the aforementioned studies of olefin polymerization, phenoxyimine type 

catalysts are also employed in the selective trimerization of ethylene to 1-hexene. 

Fujita and coworkers developed monoligated complexes bearing a pendant donor, 

which oligomerize ethylene with high activities to 1-hexene. The MAO activated 

complex VI produces 1-hexene with a selectivity of 92 % and an activity of 3.2 × 108 

g(1-hexene) mol(Ti)-1 h-1 at 50 bar ethylene pressure and 30 °C, which is two orders 

of magnitude higher than for common chromium catalysts under similar conditions. 

The selectivity is explained by a mechanism involving a TiII center to which two 

ethylene molecules are oxidatively added by formation of a metallacyclopentane 

species. This inserts one further ethylene molecule followed by a β-H 

elimination/reductive elimination step to form 1-hexene and TiII. The involved TiII 

species is supposed to be generated from the bismethlyated cationic catalyst 

precursor by insertion of ethylene into both metal-alkyl bonds and consecutive β-H 

elimination/reductive elimination (Figure 1-4).50 Bercaw and coworkers conducted 
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further mechanistic studies on a more defined catalyst system by methylation of VI 

with MeMgBr and activation with B(C6F5)3. These studies indicate that initiation is 

much slower than oligomerization and that the involved TiII species is generated by 

olefin insertion into one of the Ti-Me bonds followed by β-H elimination and 

reductive elimination of methane, which was evidenced by deuteration 

experiments.51 Very recently further mechanistic investigations on the reaction 

intermediates by NMR and EPR spectroscopy were reported by Talsi and 

coworkers.52 Press releases by Mitsui Chemicals indicate that this catalyst technology 

is used in a 30000 t/a 1-hexene plant, which started production in 2011.53 

 

 

Figure 1-4. Proposed mechanism for ethylene trimerization using phenoxyimine 

catalysts. 

 

1.1.2 Living Olefin Polymerization with ortho-Fluorinated Catalysts 

Living polymerization requires the virtually complete suppression of chain-transfer 

and termination reactions in combination with a simultaneous growth of all polymer 

chains. This can be achieved for some olefin polymerization catalysts at temperatures 

well below 0 °C to suppress chain transfer reactions, such as β-hydrogen elimination. 

However, most of these procedures suffer from low activities, are restricted to 

specific monomers or require short polymerization times, and are thus not widely 

applicable.54 The development of fluorinated titanium based polymerization catalysts 

enabled the living polymerization of a broad range of olefins at ambient temperature 

and even above.26-29 The fluorine substituents are believed to be the key to this robust 

living insertion polymerization. A close proximity of the fluorine atoms to the active 

site is necessary in order to suppress termination reactions. For this reason 

fluorinated enolatoimine and phenoxyimine complexes such as 1 and 2 (Figure 1-5) 
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only possess living polymerization characteristics, when fluorine substituents are 

located in the ortho positions. For living ethylene polymerization with a 

phenoxyimine catalyst even one ortho-fluorine substituent per ligand is sufficient.26a 

Coates and coworkers demonstrated that living propylene polymerization can also be 

achieved, when only one ligand exhibits ortho-fluorine substituents in a heteroligated 

phenoxyimine titanium complex.55 Fluorinated phenoxyimine and enolatoimine 

zirconium complexes do not catalyze living olefin polymerization.56,57 

 

 

Figure 1-5. Structures of living insertion polymerization catalyst precursors 1 and 2. 

 

The mechanism how these ortho-fluorine substituents inhibit chain-transfer 

reactions is still not clear and subject to debate. Based on DFT calculations, Fujita and 

coworkers proposed a hydrogen bond between the fluorine substituents of complex 2 

and the β-hydrogen atoms of the polymer chain, preventing β-hydrogen transfer to 

the titanium.26a A weak repulsive interaction between the o-F atoms and the growing 

polymer chain was suggested by Talarico and coworkers to suppress termination 

reactions in the living polymerization of propylene with an ortho fluorinated 

phenoxyimine catalyst.58 

 

 

Figure 1-6. Reaction of complexes 1 and VII with 13C enriched MAO and 13C-ethylene. 

 

Bryliakov et al. investigated the MAO generated cation of complex 1 and its chain 

carrying species by NMR spectroscopy and found evidence for a noncovalent 

interaction of the o-F moieties with the metal center, which is supposed to suppress 
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termination reactions.59,60 The fluorinated complex 1 as well as its non-fluorinated 

analog VII were reacted with 13C enriched MAO to generate the cationic 

polymerization active titanium methyl species (Figure 1-6).  

Both cationic methyl complexes exhibit a C2 symmetry and the rotation of the 

fluorinated phenyl groups is locked out, as indicated by two signals in the 19F NMR 

spectrum. A coupling of one of the aromatic fluorine substituents to the carbon atom 

of the titanium bound methyl group was evidenced by selective decoupling NMR 

experiments (Figure 1-7). Interestingly, no fluorine coupling to the methyl protons 

was observed, which indicates an interaction of the fluorine atoms with the titanium 

center to be the origin of the JCF coupling of 7 Hz.59 

 

 

Figure 1-7. 1H and 19F NMR spectra (left) and 13C NMR spectra decoupled from 

various nuclei (right) of the cationic titanium methyl complex formed by reaction of 

complex 1 and 13C-MAO.59 

 

The cationic titanium methyl complexes formed from 1 and VII were further reacted 

with 13C-ethylene to generate a chain-carrying titanium species (Figure 1-6). The α- 

and β-methylene groups of the polymer chain exhibit a diastereotopic splitting in the 

1H NMR spectrum, due to the chirality of the titanium complex. Usually, the 

diastereotopic splitting decreases with increasing distance from the stereocenter.61 

The ortho-fluorinated species shows the expected behavior, but the non-fluorinated 

chain-carrying species behaves in the opposite way. The diastereotopic splitting of 

the β-methylene protons is larger than of the α-methylene group. This indicates a 

close proximity of the β-methylene group to the titanium center. The 13C chemical 

shifts of the ß-carbon atoms corroborate this conclusion. The β-carbon resonance of 

the non-fluorinated species is downfield shifted by 5.9 ppm to 34.6 ppm compared to 
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28.7 ppm for the fluorinated complex, because it is located close to the electron 

deficient metal center (Figure 1-8).60 

 

 

Figure 1-8. 1H-13C HSQC NMR spectra (toluene-d8/o-difluorobenzene, -45 °C) of the 

chain-carrying titanium species generated from reaction of the 13C-MAO activated 

complexes 1 (left) and VII (right) by reaction with 13C-ethylene.60 

 

The ortho-fluorine substituents in the cationic titanium alkyl complex generated from 

1 shield the metal center from close contact to the β-methylene group by a 

noncovalent interaction with the titanium atom. In this way β-hydrogen elimination is 

inhibited. Without ortho-fluorine substituents the polymer chain bends to a 

conformation with close proximity of the β-methylene group to the electron-deficient 

titanium center. As a result weak β-agostic interactions might be established, which 

ultimately results in β-hydrogen elimination. 

 

1.1.3 Chain-Shuttling and Chain-Transfer Polymerization 

The production of well-defined polymers by living polymerization is limited by the 

fact, that only one polymer chain per initiator or active metal center is formed. 

Therefore, this process is commercially unviable for expensive transition metal 
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catalysts. The chain-shuttling and chain-transfer polymerization processes overcome 

this limitation for the large scale production of block copolymers and well-defined 

polyolefins. 

 

 

Figure 1-9. Chain shuttling polymerization process affording multiblock copolymers. 

 

Block copolymers are an interesting class of materials, which find application for 

example as thermoplastic elastomers. In these materials the elasticity of amorphous, 

low Tg polymers can be combined with the strength of crystalline polymers. 

Commonly, block copolymers are prepared by living polymerization with sequential 

addition of the monomers. However, the chain-shuttling polymerization process 

developed by Arriola and coworkers at Dow represents an alternative route to olefin 

block copolymers (OBCs). In this solution polymerization process the growing 

polymer chain is transferred reversibly with a chain transfer agent such as ZnEt2 

between a catalyst that does not incorporate comonomer significantly (e.g. a 

phenoxyimine Zr complex), and a catalyst with a high propensity for comonomer 

incorporation (e.g. a pyridyl-amido Hf complex). This yields multiblock copolymers 

with highly crystalline polyethylene and amorphous poly(ethylene-co-1-olefin) 

blocks (Figure 1-9). As this polymerization system is not stoichiometric but catalytic 

in terms of polymer chains produced per metal center, commercially profitable 

polymer quantities can be produced with relatively low catalyst loadings.62,63 Dow 

and Mitsui Chemicals entered a joint research agreement for the development of 

catalyst systems for the chain shuttling polymerization process in 2006.64 The 

multiblock copolymers, which are marketed as INFUSETM OBC by Dow, can be used 

for flexible parts fabricated by injection molding such as soft touch grips. Another 

application is for example the fabrication of flexible films for diapers. Very recently, 

Dow announced a new block copolymer product (termed INTUNETM) on the basis of 
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ethylene and propylene. These polymers are supposed to allow an efficient 

compounding of polypropylene with various nonpolar and polar polymers such as 

polyethylene, polyolefin elastomers, ethylene/vinyl alcohol copolymers and 

polyamides.65 

By using multifunctional chain transfer agents, the chain shuttling concept was 

further expanded to the synthesis of telechelic polymers and blockcopolymers, which 

can be employed as ingredients for coatings, sealants, adhesives, and rocket fuel 

binder.66,45 In this context also a double chain shuttling process is mentioned, for 

which the cheaper and less pyrophoric aluminum alkyls can be employed as 

surrogates. As chain transfer to aluminum is not as efficient as to zinc, small amounts 

of zinc alkyl compounds are used to catalyze the chain transfer from the transition 

metal to the aluminum compound.66a 

 

 

Figure 1-10. Structures of the indenyl-amido complex VIII, oxygen chelated complex 

IX, imino-amido complex X and acetamidinate complex XI. 

 

Besides phenoxyimine zirconium and pyridyl-amido hafnium complexes, additional 

post-metallocenes are referred to in the context of the chain shuttling polymerization 

process. These complexes include a broad variety of constrained geometry catalysts 

such as complex VIII, diamido-amine coordinated hafnium complexes similar to 

complex XIII (vide infra), the oxygen chelated complex IX and imino-amido 

complexes such as X (Figure 1-10).63,66 Imino-amido catalysts can be employed in the 

chain-shuttling process instead of the phenoxyimine catalyst, to produce the hard 

block of the multiblock copolymer. The octene incorporation of these catalysts is 

slightly higher than of the phenoxyimine complex and can be adjusted by variation of 
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substituents and the metal center, thus allowing for a fine tuning of the properties of 

the hard block.67 

Another approach toward large scale production of precisely defined polyolefins with 

very narrow molecular weight distributions is the catalyzed chain growth (CCG) or 

catalytic chain transfer polymerization (CCTP).68 In this process the polymer chain is 

transferred reversibly from the catalytically active metal center to a surrogate, 

typically a zinc or main group metal alkyl compound, with the chain transfer rate 

being faster than the chain growth rate. This leads to a simultaneous growth of all 

polymer chains and thus narrow molecular weight distributions. The number of 

polymer chains is not stoichiometric in the costly catalyst, but in the much cheaper 

chain transfer agent. The metal containing end-groups of these polymers can be 

further converted to a great variety of functional groups. Various metals, including 

late and early transition metals and lanthanides, were employed as catalysts. Group 4 

cyclopentadienyl acetamidinate complexes (XI) in combination with chain transfer 

agents were utilized by Sita and coworkers for the synthesis of various well defined, 

end-functionalized polyolefins.69 With this catalyst system ethylene/1-hexene 

multiblock copolymers can be prepared by dynamic counterion exchange of a tightly 

([MeB(C6F5)3]-) and a weakly ([B(C6F5)4]-) binding borate anion, which leads to a 

modulation of the 1-olefin enchainment rate.70 In order to reduce the amount of zinc 

alkyl compounds a ternary chain transfer system with aluminum alkyls as major 

component can be employed.71 

 

1.1.4 Late Transition Metal Polymerization Catalysts and Hybrid 

Catalysts 

In 1995, Brookhart and coworkers reported that cationic NiII(diimine) and 

PdII(diimine) complexes polymerize ethylene to a high molecular weight, highly 

branched material (Figure 1-11).72 This is due to a 'chain walking'73 of the catalysts 

along the growing chain by a series of β-hydride elimination and reinsertion events, 

without loss of the growing chain from the metal site. Chain transfer is suppressed by 

bulky substituents of the diimine ligand, which block the axial coordination sites for 

incoming monomer (Figure 1-12). The active catalyst can be generated from the 

dihalide complexes like [(diimine)NiBr2] with MAO. For PdII-catalyzed 

polymerization, typically isolated methyl complexes [(diimine)PdMe(L)]+Y- or stable 
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six-membered chelates resulting from insertion of acrylate into (in situ-generated) 

Pd-Me species are employed. Catalyst activities amount to several 108 g(polymer) 

mol(Ni)-1 h-1 and 105 g(polymer) mol(Pd)-1 h-1, respectively. 

  

 

Figure 1-11. Ethylene polymerization by cationic NiII and PdII diimine catalysts. 

 

The PdII catalysts provide high molecular weight (Mn >105 g mol-1), highly branched 

amorphous materials with ca. 100 branches per 1000 carbon atoms. The branching 

pattern contains methyl, ethyl, propyl and higher branches and even branches on 

branches, that is a hyperbranched structure.72,74 Remarkably, these catalysts allowed 

for the first insertion copolymerization of polar vinyl monomers, most prominently 

acrylates, with ethylene or 1-olefins.75 Polymerization rates decrease with increasing 

acrylate incorporation, due to chelating coordination of acrylate-based repeat units to 

the metal center which reversibly blocks binding sites for further chain growth. 

 

 

Figure 1-12. Mechanism of branch formation with cationic NiII and PdII diimine 

catalysts.72 
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With NiII catalysts the degree of branching depends on the diimine substitution 

pattern, polymerization temperature, and ethylene concentration.76 By comparison to 

the PdII-based polymerizations, the polyethylenes formed with NiII diimines are 

rather dominated by methyl branches, in this sense there is an analogy to ethylene-

propylene-copolymers. Note that the cationic Ni(diimine) catalysts have been 

reported to copolymerize ethylene with acrylate to a linear polymer in a slow 

reaction.77 

Terphenyl-substituted diimines (R = phenyl or substituted phenyl in Figure 1-11) 

provide more temperature stable NiII catalysts, which have a significant lifetime at 

typical polymerization process temperatures of 80 °C. At the same time, the degree of 

branching is reduced toward a linear microstructure, however.76,78,79 Molecular 

weights can be influenced by the addition of hydrogen for these catalysts. As for 

related neutral salicylaldiminato NiII complexes,80 remote substituents particularly in 

the 3’,5’-position of the N-terphenyl motif can enhance branching of ethylene 

homopolymers.81 The synthetically elegant cyclophane motif also provides relatively 

temperature-stable NiII catalysts which polymerize ethylene to high molecular 

weight, highly branched polymers with relatively narrow molecular weight 

distributions as low as Mw/Mn 1.23 (at 50 °C polymerization temperature).82 

Supported versions of the Ni(diimine) catalysts have been reported, employing silica 

mostly, and studied in slurry as well as gas phase polymerization.83-89 

 

 

Figure 1-13. Iron catalyst precursor for linear ethylene polymerization. 

 

Initiated by the aforementioned findings structurally related iron catalysts (Figure 

1-13) were reported by Brookhart and coworkers, Gibson et al. and A. Bennett of 

DuPont.90-93 A cross-licensing agreement was later announced between DuPont and 

BP Chemicals.94 The iron catalysts polymerize ethylene with high rates (up to 

3.3 × 108 g(polymer) mol(Fe)-1 h-1) to strictly linear polymer of typically Mn ~5 × 104 

g mol-1. Molecular weight distributions are typically rather broad due to chain 

transfer to aluminum cocatalyst. Iron pyridyl-diimine complexes with less bulky 
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N-aryl substituents (R = H in Figure 1-13) oligomerize ethylene very selectively to 

linear 1-olefins with high rates exceeding those reported for the neutral κ2-P,O-

coordinated NiII catalysts used on a large scale in the Shell Higher Olefin Process 

(SHOP).95 A high selectivity for ethylene over 1-olefins is also a specific feature of the 

iron-based ethylene polymerization catalysts, 1-olefins are typically not incorporated. 

Reactor blends with hybrid catalysts containing these late transition metal centers in 

combination with early transition metal insertion polymerization catalysts - 

metallocenes, post-metallocenes or classical Ziegler catalysts - have been 

developed.83,96-98 Polymerization in the presence of ethylene and a 1-olefin like 

butene or 1-hexene yields a linear medium molecular weight homo-polyethylene as a 

matrix, intimately mixed with a high molecular weight copolymer that enhances 

mechanical properties, like impact strength at low temperatures or stress crack 

resistance. 

In this context it is worth noting, that bimodal polyethylene resins based on hybrid 

catalyst technology have also been established with other catalyst systems, based 

only on early transition metal catalysts. Diamido-amine complexes, which were 

developed from diamido complexes, are relevant for the industrial production of 

bimodal polyethylene.  

 

 

Figure 1-14. Structures of diamido, diamido-amine and oxadiazol complexes. 

 

Group 4 complexes bearing diamide ligands have been studied for olefin 

polymerization, due to their higher electrophilicity compared to other complexes. 

McConville and coworkers synthesized titanium diamide complexes 

[(ArN(CH2)3NAr)TiR2] (Ar = 2,6-iPr2C6H3, 2,6-Me2C6H3; R = Cl, Me, Bn) for the 

polymerization of 1-hexene with activities up to 3.5 × 108 g(polymer) mol(Ti)-1 h-1 for 

complex XII (Figure 1-14) activated with MAO.99 Upon B(C6F5)3 activation of the 
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titanium methyl complex XII, 1-hexene polymerization at room temperature 

proceeds in a living fashion, as the major chain termination pathway, namely chain 

transfer to aluminum, is eliminated.100 The zirconium analogs did not display 

significant olefin polymerization capabilities. However, due to the high lewis acidity 

of the coordinatively unsaturated cationic metal center, the polymerization activity of 

these catalysts is highly sensitive toward solvent and activator choice. Toluene 

readily coordinates to the activated catalysts and thus decreases the activity.99 

In order to make these catalysts more stable, Schrock and coworkers developed 

diamide ligands possessing an additional amine donor in the ligand backbone. The 

complex [((MesNCH2CH2)2NR)ZrMe2] (Mes = mesityl; R = Me, H) activated with 

[Ph3C][B(C6F5)4] was used for 1-hexene polymerization.101 The cationic 

polymerization active complexes undergo CH activation of the ortho methyl group of 

the mesityl substituents as a major deactivation pathway.102 Slurry ethylene/1-

hexene copolymerization with [((MesNCH2CH2)2NH)ZrMe2] supported on silica/MAO 

yields copolymer with an activity of 3 × 107 g(polymer) mol(Zr)-1 h-1.103 Patents by 

Univation Technologies LLC indicate that, diamido complexes of the type 

[((Me5C6NCH2CH2)2NH)ZrBn2] XIII are used in combination with metallocenes such 

as [nPrCp(Me4C5H)ZrCl2] for the production of bimodal HDPE resins (marketed as 

PRODIGYTM) in their UnipolTM process.104,105 In this process the two catalyst 

precursors are immobilized together on one support material, such as silica, in order 

to produce a bimodal PE reactor blend in a single fluidized bed gas phase reactor.106 

The metallocene catalyst, which has a high H2 response, produces the low molecular 

weight (~5-35 × 103 g mol-1) part and the diamido complex the high molecular weight 

fraction (~4-7 × 105 g mol-1). These bimodal PE resins are for example well suited for 

long-lasting pressure pipe (PE 100 standard) applications. For a better controllability 

of the multimodal PE composition an oxadiazol containing complex XIV, exhibiting 

essentially no hydrogen response, was described. In this way the molecular weight of 

one component of the polymer blend stays constant, independent of the hydrogen 

partial pressure, whereas the molecular weights of the other components can be 

adjusted.107 
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1.1.5 Supported Single-Site Catalysts 

The preparation of supported hybrid catalysts requires the immobilization of the 

metal complexes on a carrier material. Commonly, porous silica particles are used in 

combination with MAO as support material for single-site catalysts. Residual hydroxyl 

groups on the silica particle surface lead to a covalent binding of MAO to the silica and 

the MAO activated cationic catalyst is then immobilized by electrostatic interactions. 

Other procedures involve the covalent binding of the complex to the support material 

by for example siloxane groups bound to the ligand. In this way catalyst leaching can 

be reduced, but a higher synthetic effort is required.43  

There are several methods for supporting single-site catalysts on silica in 

combination with MAO. These are either based on first immobilizing MAO on silica 

followed by the catalyst precursor or adding a solution of the catalyst precursor in 

MAO solution to the silica particles. The second method guarantees an efficient 

activation of all metal centers, but can also promote side reactions of the catalyst 

precursor with the aluminum alkyl compounds. Both procedures can be carried out 

by either dispersing the silica particles in a solvent (e.g. toluene) or by the incipient 

wetness method. For the latter method the amount of liquids (MAO/catalyst solution) 

that are added to the silica is reduced to the pore volume of the silica particles. This 

causes that the immobilization process is not driven by diffusion, but the 

MAO/catalyst solution is directed into the pores by capillary forces, which in some 

cases leads to better results.43 

 

1.2 Single-Molecule Fluorescence Microscopy 

The Nobel Prize in Chemistry 2014 was awarded to Eric Betzig, Stefan Hell, and 

William E. Moerner for the development of super-resolution microscopy, a technique, 

which is based on the detection of single fluorophores.108 Single-molecule 

fluorescence microscopy is a very powerful technique, which allows the investigation 

of translational and rotational motion on a molecular level. This technique was 

initially developed in the field of biological sciences and has been employed 

extensively for studying complex biological processes.109,110 The power to reveal 

dynamic processes, which are indistinguishable in ensemble measurements due to 

averaging over a large number of molecules is an unique feature of this method. 

Instead of an average value a distribution of values is gained, which can offer new 
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insights. For this reason single-molecule fluorescence microscopy is increasingly used 

for the investigation of topics related to polymer science and materials science in 

general.111,112 

An indispensable part for single-molecule fluorescence microscopy is the 

fluorophore, which has to fulfill several requirements. A high fluorescence quantum 

yield (Φf) and a high absorption coefficient (ε) are essential to obtain a good signal-to-

noise ratio. In general, the lower limit of the product Φf × ε, at the applied excitation 

wavelength, is set at 20000 M-1 cm-1. Single fluorescent dye molecules show a typical 

behavior, such as blinking and abrupt photobleaching (Figure 1-15), which is not 

observed in ensemble measurements. The photobleaching is the limiting factor for 

the available observation time of a sample. Thus, highly photostable dyes are 

desirable.111 

 

 

Figure 1-15. Typical fluorescence intensity timetrace of a single dye molecule. 

 

The basic requirements to dye molecules for single-molecule fluorescence 

microscopy in biological systems and polymeric materials are similar, but for their 

application in polymers a different solubility and chemical reactivity is required. 

Investigations on biological systems are usually conducted in an aqueous 

environment at physiological temperatures and dye labeling is conducted with highly 

selective reactions under mild conditions. Polymer samples are often apolar and dye 

labeling is commonly performed by polymer-analog reactions, which frequently 

involve high temperatures to dissolve the polymer. In addition, relevant thermal 

transitions of many polymeric materials are around or above 100 °C, which requires 

high sample temperatures during measurement. Due to their excellent photophysical 

properties and chemical stability rylene diimide dyes are well suited to fulfill these 

prerequisites. In particular, perylene and terrylene diimides (Figure 1-16) are 

amongst the best suited dyes for single-molecule fluorescence experiments. In 
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addition, the imide moieties allow for facile derivatization and therefore the 

incorporation of functional groups to the dye.113 

 

 

Figure 1-16. Chemical structures of perylene diimide (left) and terrylene diimide 

(right). 

 

For the imaging of single fluorophores, there are two major methods, confocal and 

wide field microscopy. Confocal microscopy has the advantage of a higher resolution 

in z-direction and a high signal to noise ratio, but due to the sample scanning 

approach the temporal resolution is lower and the technical effort is high. Wide-field 

microscopy is the method of choice for the simultaneous observation of several single 

dye molecules with a high temporal and spatial resolution. A laser beam is employed 

as excitation light source, which is directed by a dichroic mirror through the objective 

to illuminates an area (typically 40 µm in diameter) of the sample on the microscope. 

The emission light of the fluorescent dye molecules in the excited area is collected by 

the same objective and passed though the dichroic mirror to a single photon detecting 

CCD camera (Figure 1-17). Reflected excitation light and Rayleigh scattering are 

removed from the detection path by the dichroic mirror and usually also additional 

filters. With modern electron multiplying CCD cameras a time resolution of more than 

50 frames per second is possible, which allows the tracking of single dye molecules 

with diffusion coefficients up to 10-11 m2 s-1. Commonly, video clips of the sample are 

recorded, which show the motion of many single dye molecules in parallel. These 

videos can be analyzed by single particle tracking routines to obtain information on 

the diffusion behavior of the dye molecules (Figure 1-17).111,114 

The fluorescent dye molecules are observed as diffraction limited spots with 

diameters of ca. 300 nm. This resolution is given by the Rayleigh criterion and 

depends on the wavelength of the light and the numerical aperture of the objective. 

The numerical aperture is a measure for the light collection efficiency of an objective. 

To maximize this efficiency, an immersion medium such as oil is usually employed in 

between the objective lens and the sample. A resolution below the diffraction limit 
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can be achieved for the localization of dye molecules by fitting a gauss profile to the 

detected spots. The maximum of the gauss profile reflects the position of the 

fluorophore.  

 

 

Figure 1-17. Schematic illustration of a wide-field fluorescence microscope and the 

resulting video data after single particle tracking. 

 

The motion of polymer chains can be monitored by attaching a fluorescent dye to the 

polymer chain. Various pathways to well-defined dye labeled polymers have been 

reported in literature.115 However, these are almost exclusively prepared by free-

radical or ionic polymerization techniques and a few by olefin metathesis. Dye labeled 

polyolefins are rarely described. Unselectively dye-labeled polyolefins were prepared 

by grafting maleic anhydride to the polymer followed by reaction with an amine 

functionalized dye.116 Also olefin metathesis was employed for the synthesis of 

unspecifically dye labeled polyolefins by copolymerization of a dye functionalized 

monomer followed by hydrogenation of the double bonds.117 Low molecular weight 

chain-end dye labeled polyethylene was prepared by catalytic chain transfer 

polymerization.118 

To date, single-molecule fluorescence experiments on dye-labeled polymers were 

mainly conducted in low viscosity samples, such as polymer solutions or low 

molecular weight polymer melts at ambient temperature in order to study molecular 

motion.119 Experiments on glassy samples at ambient temperature focused on the 
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investigation of dye orientation and rotation.120 Moerner and coworkers prepared 

perylene diimide center- and end-labeled polyisoprenes and polybutadienes by living 

free-radical polymerization initiated by mono- or bisnitroxide functionalized 

perylene diimides. These were studied in various amorphous polymer matrices with 

respect to their rotational motion.121 No clear differences between center- and end-

labeled polymers could be detected. Translational motion of the dye labeled polymer 

chains was not observed during these experiments as they were conducted at 

ambient temperature. 

For the investigation of polymer chain diffusion by single-molecule fluorescence 

microscopy temperatures of above 100 °C are desirable. There are only few examples 

of single-molecule imaging at elevated temperatures and these do not involve 

temperatures higher than 65 °C.122 The temperature limiting factor in these studies is 

the application of an oil immersion objective, which is heated to the same 

temperature as the sample. To avoid irreversible damage of the highly sensitive 

microscope objective higher temperatures may not be applied. The utilization of 

indium tin oxide (ITO) coated glass slides, which can be resistively heated, in 

combination with an air objective proved to be suitable for single-molecule 

fluorescence microscopy at temperatures up to >150 °C.123 
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2 Scope of the Thesis 

Polyolefins are one of the most important and versatile materials in this day and age. 

The development of single-site catalysts for polyolefin production opened up 

unprecedented possibilities for microstructure control and, thus, enabled the precise 

design of materials properties. Even living olefin insertion polymerization was 

facilitated by fluorine substituted titanium complexes. The absence of chain transfer 

reactions allows for a maximum degree of control over polymer chain growth and 

therefore the generation of well-defined, narrow dispersed and ultra-high molecular 

weight polymers. 

Already small amounts of ultra-high molecular weight polyethylene can significantly 

improve the mechanical properties of polyolefin resins. Introducing a defined portion 

of very high molecular weight polymer into a HDPE matrix is a challenge, however. 

Therefore, the application of supported living polymerization catalysts for the 

synthesis of ultra-high molecular weight polyethylene with molecular weights ≥107 g 

mol-1 and their use in hybrid catalysts for reactor blends was investigated (Chapter 

3). 

Well-defined polyolefins with narrow molecular weight distributions are ideal model 

compounds to gain a better understanding of structure-property relationships. For 

the investigation of processes on a molecular level, single-molecule fluorescence 

microscopy is an emerging technique. To apply this method to polyolefins, synthesis 

routes to chain-end fluorescent dye labeled polyolefins by living insertion 

polymerization were developed (Chapter 4). 

In addition, ring opening metathesis polymerization was evaluated as an alternative 

route to chain-end, mid-chain and heterotelechelic fluorescent dye labeled polymers 

(Chapter 5). 

An extension of single molecule fluorescence microscopy to materials science 

requires that these techniques can be performed in the regime where thermal 

transitions of relevant polymeric materials occur, at much higher than physiological 

temperatures for which methods are established. In order to perform single-molecule 

fluorescence microscopy at high temperatures a heating stage based on ITO coated 

glass slides was further improved. Model systems were investigated to demonstrate 

the suitability of high temperature single-molecule fluorescence microscopy for the 

investigation of polyolefins (Chapter 6). 
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3 UHMWPE Reactor Blends 

3.1 Introduction 

Polyethylene exhibits a broad spectrum of material properties, which is largely 

dominated by its molecular weight distribution as well as branching degree and 

distribution, usually resulting from the incorporation of 1-olefin comonomers. 

Various molecular weight fractions contribute in different ways to the material 

properties of the polymer. Low molecular weight fractions (<103 g mol-1) lead to a 

reduced impact strength, migration and smell during extrusion and are thus 

unfavorable. Polyethylene chains with a molecular weight in the range of about 103 – 

104 g mol-1 improve the processability of the polymer, due to a lowered melt viscosity. 

The fast and regular crystallization of these polymer chains improves the modulus 

and due to their fast relaxation the degree of non-relaxed polymer chains after 

crystallization is low. The fraction around 104 – 105 g mol-1 usually represents the 

matrix of the polyethylene. High molecular weight polymer chains with molecular 

weights of 105 – 106 g mol-1 increase the mechanical strength of the material, due to 

their high entanglement density. Molecules with an even higher molecular weight of 

>106 g mol-1 improve the melt strength, which is essential for blow molding 

applications (Figure 3-1).124 

 

 

Figure 3-1. Influence of various molecular weight fractions on the properties of 

polyethylenes with monomodal (dashed) and bimodal (solid) molecular weight 

distribution.124 
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When the ultra-high molecular weight fraction contains a small amount of 1-olefin 

comonomer, these very long polymer chains are partly located in the amorphous 

layer and can thus act as tie molecules, which physically link the lower molecular 

weight crystallites (Figure 3-2). In this way polymer alloys consisting of medium 

molecular weight crystalline lamellae, which are connected by amorphous high 

molecular weight copolymer regions, are formed. These polymers possess 

outstanding mechanical properties, toughness and extraordinary fatigue life.5,125  

 

 

Figure 3-2. Tie molecules in polyethylene with bimodal molecular weight 

distribution and reverse comonomer distribution. 

 

Usually, for common olefin polymerization catalysts the number of short chain 

branches, i.e. the comonomer content, decreases with increasing polymer molecular 

weight. In order to obtain a reverse comonomer distribution, which means, that the 

comonomer is preferentially located in the high molecular weight fraction, either a 

reactor cascade or hybrid catalysts can be employed.125-127 In the reactor cascade 

polymerization process, at least two polymerization reactors are operated at different 

polymerization conditions to produce a reactor blend by sequential formation of the 

HDPE component and the high molecular weight copolymer component. This kind of 

process is, however, connected to a high technical effort. The application of supported 

hybrid catalysts enables the synthesis of these polymers in conventional slurry or gas 

phase olefin polymerization reactors. Hybrid catalysts are formed by co-supporting 

two or more catalysts (ideally single-site catalysts) on one carrier material. This is 

commonly realized by immobilization of the catalyst precursors on silica particles in 

combination with MAO.43 
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Figure 3-3. Catalyst precursors for living olefin polymerization (1, 2) and linear 

polyethylene synthesis (3). 

 

For the production of bimodal polyethylene with reverse comonomer distribution 

with hybrid catalysts, two different catalyst centers are required. An ethylene 

polymerization catalyst that does not incorporate 1-olefins is mandatory for the 

formation of the linear HDPE fraction in the presence of 1-olefin comonomers. The 

bisiminopyridine iron(II) complex 3 (Figure 3-3) is well suited to fit this requirement, 

as it exclusively polymerizes ethylene upon MAO activation with a very high activity 

to linear polyethylene, while 1-olefins are not incorporated.91,92,128 The preparation of 

ultra-high molecular weight ethylene/1-olefin copolymers is challenging, when 

molecular weights ≥107 g mol-1 are desired. For many catalysts the polymer 

molecular weights decrease with increasing 1-olefin enchainment. One possibility to 

overcome this issue is to employ living olefin polymerization catalysts. In this case the 

molecular weight is independent of the polymer composition and can be controlled 

by the polymerization time. Phenoxyimine (2) and enolatoimine (1) titanium 

complexes (Figure 3-3) bearing fluorine substituents in the ortho positions of the 

phenylic imine moiety are well known for their living olefin polymerization 

characteristics.26-29 Thus, these were selected as catalyst precursors for the 

preparation of UHMWPE in hybrid catalysts. In some cases the one chain per active 

metal center limitation of living insertion polymerization is an issue (especially for 

the preparation of low molecular weight polymers), as large amounts of expensive 

transition metal complexes are required. However, for the preparation of polymers 

with very high molecular weights (≥107 g mol-1) the polymer yields are on an 

industrially viable level. 

The characterization of such high molecular weight polymers is challenging. With 

increasing molecular weights not only the probability for polymer chain degradation 

in solution increases, but also solubility becomes an issue. GPC measurements require 

special sample preparation procedures, columns with a large particle size and a low 
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flow rate to avoid chain degradation.129 For pure UHMWPE samples it can be 

impossible to dissolve them at concentrations required for GPC. However, capillary 

viscosimetry can be used for UHMWPE characterization. The measurement of the 

intrinsic viscosity according to the Martin equation in decaline at 135 °C is well 

established for UHMWPE molecular weight determination.130,131 

   lg(ηred) = lg(IV) + K × c × IV 

In this relationship ηred is the reduced viscosity in dL g-1, IV the intrinsic viscosity in 

dL g-1, K is a material dependent constant, which is 0.139 for polyethylene and c is the 

polymer concentration at 135 °C in g dL-1. This method is based on the viscosity 

measurement of the polymer solution at a single concentration. The reduced viscosity 

is calculated according to the following equation from the times a certain volume of 

the polymer solution and neat solvent as a reference point take to pass the capillary. 

        

             

             
  

 
 

Here, tpoly and tsolv are the flow times of the polymer solution and the pure solvent, 

respectively. Furthermore, tH is the Hagenbach-Couette term for kinetic energy 

correction.  

The viscosity averaged molecular weight Mv of the polymer can be calculated with the 

Margolies equation.131 

   Mv = 5.37 × 104 × IV1.49 g mol-1 

 

3.2 Results and Discussion 

3.2.1 Catalyst Synthesis 

For the synthesis of UHMWPE by living olefin polymerization mainly the fluorinated 

enolatoimine titanium complex 1 was used. It stands out in retaining living 

characteristics, as evidenced by a narrow molecular weight distribution, at typical 

temperatures of industrial processes (~80 °C), and at the same time also affording 

very high molecular weights.29 To enable the simple preparation of 1 in large 

quantities the synthesis procedure was optimized. 

The ortho fluorinated ketoenamine 4 is usually prepared by an acid catalyzed 

condensation reaction of 2,6-difluoroaniline with 1,1,1-trifluoro-2,4-pentanedione in 

the presence of molecular sieves under reflux in toluene for 24 h.29 An elegant route 
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to ketoenamines is the reaction of the neat aniline and diketone under microwave 

irradiation for 3-5 min at 130 °C.132 This route is also suitable for the preparation of 

the ortho difluorinated ketoenamine 4 in good yields. After cooling to room 

temperature a biphasic mixture was obtained, from which the water phase was 

removed. The oily product phase crystallized over time and could be further purified 

by recrystallization. The microwave irradiation is, however, not necessarily required. 

Heating to 130 °C for 1 h in a pressure tight reaction vessel afforded the desired 

product in 66 % yield on a 22 g scale (Figure 3-4). Further upscaling should be easily 

possible by this route. 

 

 

Figure 3-4. Synthesis of the ortho difluorinated ketoenamine 4. 

 

The usual procedure for the synthesis of enolatoimine titanium dichloride complexes, 

which is the reaction of the deprotonated ligand with TiCl4,133 does not lead to the 

formation of clean product in the case of the fluorinated ligand 4. Thus, a two-step 

synthesis was developed by Yu et al. starting from [Ti(NMe2)2Cl2] (Figure 3-5).29 In 

this procedure, first an amido-chloro titanium complex is formed, which is converted 

to the dichloride complex 1 in a second step by reaction with BCl3. Best results were 

obtained, when this second reaction step was conducted in NMR tubes, which directly 

lead to the formation of single crystalline material. Side products, that precipitate as 

fine powders during the reaction can be removed easily by washing with toluene. 

However, this method is not viable for the preparation of large quantities of catalyst 

precursor. Thus, the synthesis was carried out as an one pot reaction and some 

seeding crystals of complex 1 were added before the addition of BCl3 to avoid oiling 

out of the product. This procedure yielded complex 1 as a microcrystalline solid, but 

it was not possible to remove all impurities by repeated washing of the product. 

Traces of impurities remained in the product, which, however, did not disturb the 

polymerization. It was also possible to generate [Ti(NMe2)2Cl2] in situ by mixing 

equimolar amounts of TiCl4 and Ti(NMe2)4 before the addition of the ketoenamine. 
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Figure 3-5. Reported synthesis of the ortho difluorinated enolatoimine titanium 

complex 1.29 

 

This optimization allows the preparation of larger quantities of 1, but the procedure 

is still relatively complex and the required Ti(NMe2)4 is very expensive compared to 

TiCl4. Therefore, a procedure, which employs TiCl4 as titanium source was developed. 

For the preparation of phenoxyimine titanium complexes a procedure was reported, 

which is based on the addition of the ligand to TiCl4 in the presence of an amine base 

(e.g. NEt3).134 This method was adapted to the preparation of complex 1. 

 

        

Figure 3-6. Synthesis of complex 1 with TiCl4/nOct3N. 

 

The fluorinated enolatoimine titanium complex 1 has a low solubility in toluene, 

which leads to an immediate precipitation during synthesis. Therefore, the 

ammonium salt of the employed amine base needs to be soluble in toluene, in order 

to facilitate the separation of the product. This could be realized by using nOct3N as a 

base. The fluorinated enolatoimine complex 1 was prepared by addition of the 

ketoenamine 4 dissolved in toluene to a TiCl4 solution. Subsequently, nOct3N in 

heptane and a few seeding crystals were added, which resulted in the precipitation of 

the product complex 1 as a microcrystalline solid in 56 % yield (Figure 3-6). Heptane 

was used as solvent to reduce the solubility of the product, and thus enhance the 

yield. However, the solution was still colored, indicating further quantities of 

dissolved product. Preliminary experiments to recover more material resulted in 
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impure product. In the above described way large quantities of the fluorinated 

enolatoimine titanium complex 1 can be prepared, which can be easily separated by 

filtration. An upscaling of this procedure to afford 10 g of complex 1 in 52 % isolated 

yield was possible. In addition, the microcrystalline product dissolved more readily 

than the single crystalline complex obtained from the previous route. 

 

 

Figure 3-7. Synthesis of the pentafluorinated enolatoimine titanium complex 7. 

 

In the case of fluorinated phenoxyimine titanium complexes, additional fluorine 

substituents on the aromatic imine moiety enhanced the olefin polymerization 

activity of the complex. This leads to an about 20 times higher ethylene 

polymerization activity of the pentafluorinated catalyst compared to the ortho 

difluorinated complex.21 To investigate, if this is also true for enolatoimine complexes, 

an enolatoimine titanium complex 7 possessing a pentafluorinated phenylic imine 

moiety was synthesized. 

 

Figure 3-8. ORTEP plot of the oxygen bridged binuclear titanium complex 6b 

obtained by crystallization of 6a. Left: fragment; right: complete molecule. 
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The pentafluorinated ketoenamine 5 was synthesized in analogy to the difluorinated 

analogue using 2,3,4,5,6-pentafluoroaniline. The enolatoimine titanium dichloride 

complex 7 was prepared from [Ti(NMe2)2Cl2] and subsequent chlorination with BCl3 

(Figure 3-7). From the amido-chloro complex 6a, which was obtained after the first 

reaction step, a crystal suitable for single crystal x-ray diffraction could be grown. 

Instead of the expected complex, a binuclear oxygen bridged complex 6b with a Ti-O-

Ti angle of 179° was obtained (Figure 3-8). This binuclear complex was formed most 

likely due to traces of water in the crystallization medium. 

The 19F NMR spectrum of the amido-chloro complex 6a exhibits ten individual 

resonances in the region of -141 to -165 ppm for the phenylic fluorine substituents, 

due to a locked conformation of the phenyl moieties. The two signals at -147.6 and 

-149.5 ppm, corresponding to ortho fluorine atoms of the two different phenyl 

moieties, possess a doublet splitting with an unusual coupling constant of 8JFF = 81 Hz 

(Figure 3-9). This is a result of a “through space” coupling of the two fluorine atoms, 

due to their spatial proximity. The crystal structure of the oxygen bridged binuclear 

titanium complex (Figure 3-8) possesses a distance of the two ortho fluorine atoms 

on the opposite side to the bridging oxygen atom of the complex of 2.9 Å, which is in 

the range where “through space” fluorine-fluorine couplings can be observed.135 

 

 

Figure 3-9. 19F and 19F-gCOSY NMR spectra (376 MHz, C6D6, 25 °C) of complex 6a. 
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The chlorination of the amido-chloro complex 6a with BCl3 resulted in the 

precipitation of an orange solid, which indicates the formation of the desired complex 

7. This is, however, almost insoluble in any apolar solvent, even in CH2Cl2 only traces 

could be dissolved. Therefore, NMR spectra are dominated by a well soluble 

decomposition product, namely the free ligand. However, a set of signals could be 

assigned to the target compound 7. Due to the low solubility of complex 7, even in the 

presence of MAO, it was not suitable as catalyst precursor for olefin polymerization. 

 

3.2.2 Ethylene Polymerization with MgCl2 Supported Catalysts 

MgCl2 is the most common support material for heterogeneous Ziegler catalysts, and 

could be a promising alternative to the well-established silica supports for single-site 

catalysts. In contrast to silica, MgCl2 supports can also act as activators, when 

prepared by reaction of the MgCl2∙(2-ethylhexanol)6 adduct with six equivalents of 

iBu3Al (Figure 3-10), and thus the use of expensive MAO can be avoided. In this way 

particles of MgCl2/iBunAl(OCH2CHEtBu)3-n are formed and the residual aluminum 

alkyl compounds are able to alkylate the catalyst precursor. This type of support 

material was used by Fujita and coworkers for supporting phenoxyimine titanium 

and zirconium complexes with promising results.44 Therefore, 

MgCl2/iBunAl(OCH2CHEtBu)3-n particles were prepared according to this procedure 

and employed as a support material for the fluorinated enolatoimine and 

phenoxyimine titanium complexes 1 and 2. 

 

 

Figure 3-10. Preparation of MgCl2/iBunAl(OCH2CHEtBu)3-n support particles. 

 

In literature either three or six equivalents of 2-ethylhexanol are used for the 

preparation of the MgCl2 alcohol adduct.44 Both methods were investigated, but with 

only three equivalents of alcohol no homogeneous solution could be obtained. Thus, 

all experiments were carried out with MgCl2∙(2-ethylhexanol)6 in decane, which was 

prepared by first dissolving anhydrous MgCl2 in six equivalents of 2-ethylhexanol at 

130 °C followed by the addition of decane. MgCl2 particles were prepared freshly 

before each polymerization experiment by slow addition of six equivalents of iBu3Al 
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to the MgCl2 alcohol adduct. The MgCl2 particles formed were used without further 

washing steps for the immobilization of the polymerization catalyst precursors 1 and 

2 (cf. Figure 3-3). 

When the catalyst supporting was performed in situ by addition of the catalyst 

precursor solution to the polymerization reactor containing the MgCl2 particles in 

toluene, as described in patent literature,44b only very low ethylene polymerization 

activities could be obtained with both titanium complexes 1 and 2 at 50 °C and 2 bar 

ethylene pressure (Table 3-1, entries 1, 2). This is presumably a result of a low 

activation efficiency under these relatively diluted conditions. Better results were 

achieved by mixing the catalyst precursor with the MgCl2 support material in a small 

solvent volume. This resulted in an ethylene polymerization activity of 1.1 × 105 

g(polymer) mol(Ti)-1 h-1 (Table 3-1, entry 3), which is still significantly lower than for 

the homogenous polymerization with the MAO activated catalyst or the SiO2/MAO 

supported catalyst (vide infra). The polymer particles formed possess an almost 

spherical shape with a diameter of about 500 µm as determined by SEM and light 

microscopy (Figure 3-11). However, this is highly sensitive to the exact preparation 

conditions of the MgCl2 particles, which were not well defined for these 

investigations. 

 

Table 3-1. Ethylene polymerization with MgCl2 supported catalysts.a 

entry 
catalyst 

(µmol) 

p 

[bar] 

T 

[°C] 

t 

[min] 

yield 

[g] 
activityb 

IVc 

[dL g-1] 

Mv
d 

[g mol-1] 

Tm
e 

[°C] 

1f 1 (8) 2 50 60 0.11 14 - - 134/137 

2f 2 (5) 2 50 240 0.21 11 - - 139/139 

3g 1 (8) 2 50 120 1.71 107 32 9 × 106 141/137 

4g 1 (9) 4 50 90 1.03 76 - - 145/140 

5g 1 (11) 4 25 120 2.31 108 31 9 × 106 147/140 
a Polymerization conditions: 250 mL toluene, 1 mmol MgCl2∙(2-ethylhexanol)6, 6 mmol iBu3Al. b 103 

g(polymer) mol(Ti)-1 h-1. c Intrinsic viscosity determined according to Martin (log(vred) = log(IV) + K × c 

× IV; K = 0.139) in decaline at 135 °C (~0.05 mg mL-1 polymer, 5 g L-1 Irganox 1076). d Viscosity 

averaged molecular weight calculated by the Margolies equation (Mv = 5.37 × 104 × IV1.49). e Melting 

point determined by DSC (10 K min-1), 1st and 2nd heating cycle. f In situ immobilized catalyst. g Catalyst 

supported on MgCl2 before addition to the reactor (additional 0.5 mmol iBu3Al as scavenger in the 

reactor).  

 

An increase of the ethylene pressure to 4 bar at a polymerization temperature of 

50 °C resulted in a lower activity due to rapid coagulation of the polymer particles, 

which were sticking to the stirrer already after a few minutes (Table 3-1, entry 4). At 

25 °C and 4 bar this effect was reduced, but still after some time all polymer stuck to 
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the stirrer, which resulted in the same activity as at 50 °C and 2 bar (Table 3-1, entry 

5). These observations indicate that higher activities might be achieved at higher 

ethylene pressures when the issue of polymer coagulation during polymerization can 

be circumvented. 

The viscosity averaged molecular weights of the polyethylenes obtained from the two 

polymerization experiments at 50 °C/2 bar and 25 °C/4 bar amount to 9 × 106 g mol-1 

in both cases (Table 3-1, entry 3, 5). This means that the number of active metals 

centers should be similar for both conditions as the polymerization activity and time 

were equivalent. 

 

 

Figure 3-11. Light micrograph (left) and SEM image (right) of polyethylene particles 

formed by polymerization with a MgCl2 supported catalyst (Table 3-1, entry 3). 

 

Due to the relatively low polymerization activity of the MgCl2 supported catalyst, this 

support material was not considered for further investigations on UHMWPE 

synthesis and hybrid catalysts for reactor blends. 

 

3.2.3 UHMWPE Synthesis with Silica Supported Catalysts 

Silica particles are the most popular and versatile support material for single-site 

catalysts.43 In combination with MAO most transition metal complexes, which possess 

a cationic active species can be easily supported on silica. Also for the preparation of 

supported hybrid catalysts, the application of silica particles in combination with 

MAO is well established.126 There are various methods for the preparation of 

supported catalysts, which either require dissolving the catalyst precursor in MAO 

solution or applying silica pretreated with MAO. 

In order to investigate if the fluorinated enolatoimine and phenoxyimine titanium 

complexes 1 and 2 are suitable for being supported on silica, first attempts were 
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performed in combination with dry MAO (dMAO). For this purpose the MAO solution 

is evaporated to dryness to remove as much free AlMe3 as possible, since this is 

known to undergo side reactions with enolatoimine titanium complexes, e.g. ligand 

transfer to aluminum.59 For the preparation of the supported catalyst, calcined silica 

was dispersed in toluene and stirred with a small amount of dMAO, to scavenge 

potential catalyst inhibitors. Subsequently, the catalyst precursor was dissolved in a 

dMAO solution and added to the silica suspension. The immobilized catalyst was 

washed with toluene and directly used for polymerization (Figure 3-12a). 

 

 

Figure 3-12. Preparation of silica supported catalysts (incipient wetness approach 

used in procedures b to d). 

 

When the ethylene polymerization with the dMAO/SiO2 supported catalyst 1 in 

toluene as polymerization medium was carried out at a low ethylene pressure of 1.1 

bar and 25 °C, the activity was much lower than in the homogeneous case (Table 3-2, 

entry 2). By increasing the pressure to 4 bar, the activity increased to 5.7 × 105 

g(polymer) mol(Ti)-1 h-1, which is similar to the homogeneous polymerization (Table 

3-2, entry 3 vs. 1). The polymer particles formed are spherical and resemble the 

shape of the silica support particles but with increased size (Figure 3-13). The activity 

could be increased further to 7.6 × 105 g(polymer) mol(Ti)-1 h-1 by raising the 

ethylene pressure to 9 bar (Table 3-2, entry 4). At an elevated polymerization 

temperature of 50 °C and 4 bar ethylene the activity dropped by half, most likely 

because the polymer entirely stuck to the stirrer already after a few minutes of 

polymerization, thus hampering ethylene mass transport to the catalyst (Table 3-2, 

entry 5). 
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In order to reduce swelling of the polyethylene during polymerization, and thus avoid 

reactor fouling, heptane was used as a polymerization medium instead of toluene. 

This is also advantageous in terms of applying industrially more relevant 

polymerization conditions. The ethylene polymerization activities of the dMAO/SiO2 

supported complex 1 in heptane at 25 °C and 4 bar as well as 9 bar ethylene pressure 

are similar to the polymerization in toluene. The viscosity averaged molecular 

weights Mv calculated from intrinsic viscosity measurements of these samples are 8 × 

106 g mol-1 at 4 bar and 1.5 h and 2.6 × 107 g mol-1 at 9 bar and 3 h, respectively 

(Table 3-2, entries 6, 8). The molecular weight Mv of the polymer obtained at 4 bar 

and 1.5 h is similar to the one of the sample generated by homogeneous 

polymerization (Table 3-2, entry 1). This indicates that the living character of the 

polymerization is retained with the supported catalyst. Also higher ethylene 

pressures seem to be beneficial for reaching very high molecular weights within a 

reasonable reaction time. An increase of the polymerization temperature to 50 °C at 4 

bar ethylene pressure did not result in such a high activity loss as in the case of 

toluene as polymerization medium and the polymer did not stick to the stirrer (Table 

3-2, entry 7). 

 

Table 3-2. Ethylene polymerization with dMAO/SiO2 supported catalysts.a 

entry 
catalyst 

(µmol) 

p 

[bar] 

T 

[°C] 

t 

[h] 

yield 

[g] 
activityb 

IVc 

[dL g-1] 

Mv
d 

[106 g mol-1] 

Tm
e 

[°C] 

1f 1 (11) 4 25 1.5 10.68 647 28 8 144/136 

2g 1 (15) 1.1 25 2 2.25 58 - - 139/132 

3g 1 (13) 4 25 3 22.55 565 - - 142/131 

4g 1 (11) 9 25 3 25.61 761 - - 144/134 

5g 1 (12) 4 50 1 4.29 316 - - 144/134 

6h 1 (12) 4 25 1.5 12.28 654 29 8 143/133 

7h 1 (12) 4 50 1.5 8.11 423 - - 143/134 

8h 1 (13) 9 25 3 30.2 762 64 26 147/136 

9g 2 (8) 4 25 2 18.45 1122 - - 148/137 
a Polymerization conditions: 500 mg SiO2 (XPO2326), 200 mg MAO (entry 1: 300 mg), 0.5 mmol iBu3Al, 

200 mL solvent (entry 4, 8: 400 mL). b 103 g(polymer) mol(Ti)-1 h-1. c Intrinsic viscosity determined 

according to Martin (log(vred) = log(IV) + K × c × IV; K = 0.139) in decaline at 135 °C (~0.05 mg mL-1 

polymer, 5 g L-1 Irganox 1076). d Viscosity averaged molecular weight calculated by the Margolies 

equation (Mv = 5.37 × 104 × IV1.49). e Melting point determined by DSC (10 K min-1), 1st and 2nd heating 

cycle. f Polymerization in toluene solution without SiO2 and iBu3Al. g Slurry polymerization in toluene. 
h Slurry polymerization in heptane. 

 

Further evidence for a controlled chain growth with the supported catalyst is 

provided by GPC measurements. Molecular weight distributions determined by GPC 

only show a slight increase in Mw/Mn of the polymer prepared by the supported 
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catalyst (Mn 9.2 × 105 g mol-1, Mw/Mn 1.32; Table 3-2, entry 6) compared to the 

solution polymerized material (Mn 1.3 × 106 g mol-1, Mw/Mn 1.17; Table 3-2, entry 1). 

In addition, these results demonstrate, that the viscosity averaged molecular weights 

Mv calculated by the Margolies equation are overestimated compared to GPC results. 

However, for molecular weight determination of UHMWPE samples the measurement 

of intrinsic viscosities according to Martin and Mv calculation with the Margolies is 

well established.130,131 Further, molecular weights of UHMWPE samples determined 

by GPC might be reduced due to chain scission.129 This shows that the viscosity 

averaged molecular weights Mv should not be considered as absolute values, but are 

well suited to compare various samples. 

The fluorinated phenoxyimine titanium complex 2 was also supported with 

dMAO/SiO2 and employed for ethylene polymerization in toluene at 4 bar ethylene 

pressure and 25 °C. As in the case of homogeneous polymerization, the activity of the 

dMAO/SiO2 supported phenoxyimine catalyst 2 (1.1 × 106 g(polymer) mol(Ti)-1 h-1) is 

higher than that of the supported enolatoimine catalyst 1 (Table 3-2, entry 9). 

However, it is significantly lower than the reported activity.26a 

The catalyst supporting studies with dMAO/SiO2 showed that fluorinated 

enolatoimine and phenoxyimine titanium complexes can be successfully immobilized 

on silica particles and the living polymerization behavior of these catalysts is 

retained. They are also well suited for the preparation of UHMWPE with very high 

molecular weights of Mv ≥ 107 g mol-1. However, application of dMAO on larger scales 

is difficult. Thus, the catalyst immobilization procedure was further optimized by 

directly employing a commercially available 30 wt.% MAO solution in toluene. 

 

 

Figure 3-13. SEM images of silica support particles (XPO2326, left) and polyethylene 

particles (Table 3-2, entry 3, right). 
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Various methods for the preparation of silica supported catalysts with the 30 wt.% 

MAO solution were studied employing the incipient wetness approach (Table 3-3). 

The simplest method is to dissolve the catalyst precursor in an amount of the MAO 

solution, which equals the pore volume of the support material used, and add this 

solution to the silica particles (Figure 3-12b). When complex 1 was dissolved in the 

MAO solution at room temperature before supporting on silica at 0 °C, a relatively 

poor ethylene polymerization activity of 3.2 × 105 g(polymer) mol(Ti)-1 h-1 was 

observed (Table 3-3, entry 1). This is most likely related to side reactions of the 

catalyst precursor with residual AlMe3 in the MAO solution. The polymerization 

activity could be improved by dissolving the catalyst precursor in the MAO solution at 

0 °C and washing the supported catalyst with heptane followed by drying in vacuum 

before use (Figure 3-12c). This resulted in an increased activity of 4.9 × 105 

g(polymer) mol(Ti)-1 h-1 at a polymerization temperature of 25 °C, which dropped 

only slightly at 70 °C (Table 3-3, entries 2, 3). Ultra-high molecular weight polymers 

around Mv 107 g mol-1 were obtained under these conditions, with the molecular 

weight of the polymer obtained at 70 °C being somewhat lower than at 25 °C.  

 

Table 3-3. Optimization of incipient wetness catalyst supporting conditions.a 

entry methodb 
catalyst 

(µmol) 

T 

[°C] 

t 

[h] 

yield 

[g] 
activityc 

IVd 

[dL g-1] 

Mv
e 

[106 g mol-1] 

Tm
f 

[°C] 

1 b 1 (15) 25 1.5 7.70 324 - - 145/135 

2 c 1 (10) 25 2 10.27 488 39 13 144/135 

3 c 1 (10) 70 2 9.42 446 28 8 144/137 

4 d 1 (11) 25 6 38.40 573 58 23 145/133 

5 b 2 (6) 25 8 28.31 609 - - 148/137 

6 d 2 (8) 25 7.5 67.71 1118 57 22 147/136 

7 c 3 (0.7) 25 1 3.52 4960 5 0.6 138/136 

8 c 3 (0.3) 70 1 7.97 28400 - - 137/135 

9g c 3 (0.07) 70 0.5 8.08 231000 - - 139/138 
a Polymerization conditions: 200 mL heptane (entry 9: 100 mL), 4 bar ethylene pressure, 0.5 mmol 

iBu3Al (entry 9: 0.25 mmol), ~500 mg SiO2 (entries 7-9: ~20 mg SiO2). b Catalyst supporting procedure 

according to Figure 3-12 (entry 1: catalyst precursor dissolved at room temperature; entry 5: catalyst 

precursor dissolved at 0 °C in 23 wt.% MAO solution). c 103 g(polymer) mol(M)-1 h-1. d Intrinsic 

viscosity determined according to Martin (log(vred) = log(IV) + K × c × IV; K = 0.139) in decaline at 135 

°C (~0.05 mg mL-1 polymer, 5 g L-1 Irganox 1076). e Viscosity averaged molecular weight calculated by 

the Margolies equation (Mv = 5.37 × 104 × IV1.49). f Melting point determined by DSC (10 K min-1), 1st 

and 2nd heating cycle. g Polymerization at 20 bar ethylene pressure. 

 

Best results were achieved, however, when the catalyst precursor was not in direct 

contact to the initial MAO solution. This was achieved by first immobilizing the MAO 

on the silica support followed by treatment of the SiO2/MAO with a solution of the 



Results and Discussion 

42 
 

catalyst precursor (Figure 3-12d). This method afforded polyethylene with a 

molecular weight of Mv 2.0 × 107 g mol-1 at an activity of 5.7 × 105 g(polymer) 

mol(Ti)-1 h-1 at 25 °C, 4 bar ethylene pressure and 6 h polymerization time (Table 3-3, 

entry 4). The comparison of the polymerization activities over time calculated from 

ethylene massflow data recorded during polymerization reveals that the catalyst 

prepared according to this method performs similar to the dMAO/SiO2 supported 

catalyst (Figure 3-14).  

 

 

Figure 3-14. Polymerization activity over time calculated from massflow data for 

ethylene polymerization at 25 °C and 4 bar with the silica supported complex 1. 

 

The dependence of polymerization activity of the phenoxyimine complex 2 on the 

supporting conditions follows the same trend as the enolatoimine complex 1. By 

using silica supported MAO instead of dissolving the catalyst precursor in an MAO 

solution, the activity was almost doubled to 1.1 × 106 g(polymer) mol(Ti)-1 h-1 (Table 

3-3, entry 6 vs. 5). A molecular weight of Mv 2.2 × 107 g mol-1 was achieved after 7.5 h 

of polymerization. Regarding the polymerization activity, this value seems to be 

somewhat low when compared to the polymers obtained with complex 1. This might 

originate from a higher number of active sites for complex 2 or termination reactions 

after some time. Another issue might be the accurate measurement of intrinsic 

viscosities in this molecular weight range (vide infra). 

In addition to the living polymerization catalysts also a catalyst for the production of 

linear HDPE is required for the desired hybrid catalysts. The bisiminopyridine 

iron(II) complex 3 is well suited for this purpose and appropriate supporting 
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conditions had to be implemented for this complex. The complex is insoluble without 

the addition of MAO. Thus, the complex was dissolved in 30 wt.% MAO solution, 

which was then added to the silica particles (Figure 3-12c). At 25 °C and 4 bar 

ethylene pressure the supported iron catalyst produces polyethylene with a 

molecular weight of Mv 6 × 105 g mol-1 at an activity of 5 × 106 g(polymer) mol(Fe)-1 

h-1 (Table 3-3, entry 7). An elevated polymerization temperature of 70 °C resulted in a 

significant increase of the activity to 2.8 × 107 g(polymer) mol(Fe)-1 h-1 (Table 3-3, 

entry 8), which could be further enhanced to 2.3 × 108 g(polymer) mol(Fe)-1 h-1 by 

also raising the ethylene pressure to 20 bar (Table 3-3, entry 9). 

For further investigations and the preparation of UHMWPE with viscosity averaged 

molecular weights Mv ≥107 g mol-1 supporting complex 1 on SiO2 pretreated with 

MAO was the preferred procedure (Figure 3-12, method d). To prove the living 

character of the supported polymerization catalyst, the polymerization time was 

varied from 0.5 h to 3 h at 25 °C and 4 bar ethylene pressure (Table 3-4, entries 1-3). 

This resulted in an increase of the polymer molecular weights from Mv 5 × 106 g mol-1 

to 9 × 106 g mol-1, which is expected in the case of a living polymerization. Also the 

melting points of the nascent polymers increased from 143 °C to 147 °C. 

As outlined above, a higher ethylene pressure enables the preparation of UHMWPE 

with extraordinary high molecular weights within shorter reaction times (Table 3-2, 

entry 8). Thus, the influence of the ethylene pressure on the polymerization activity 

as well as polymer molecular weight was investigated. For this purpose, ethylene 

polymerization was carried out at 10, 20 and 40 bar and a temperature of 25 °C. 

When the polymerizations were conducted for 1 h, the resulting polymers exhibited 

intrinsic viscosities of 32, 52 and 72 dL g-1, respectively, which correspond to 

molecular weights of Mv 107, 1.9 × 107 and 3.1 × 107 g mol-1. The polymerization 

activities also increased with the ethylene pressure from 1.2 × 106 g(polymer) 

mol(Ti)-1 h-1 at 10 bar to 2.0 × 106 and 3.1 × 106 g(polymer) mol(Ti)-1 h-1 at 20 and 

40 bar, respectively (Table 3-4, entries 4, 5, 6). This is in good agreement with the 

molecular weight increase and evidences a controlled fashion of the polymerization. 

For a polymerization time of 3 h the activities increased in a similar way with the 

ethylene pressure from 0.9 × 106 to 2.5 × 106 g(polymer) mol(Ti)-1 h-1 (Table 3-4, 

entries 7-9). For these samples intrinsic viscosities of around 60 dL g-1 at the most 

were determined. When compared to the polymerization experiments, which were 

conducted for 1 h, these values should be significantly higher. However, it seems to be 
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difficult to accurately determine intrinsic viscosities, which are significantly higher 

than 60 dL g-1, due to solubility issues and an increasing probability for chain scission 

during sample preparation. 

 

Table 3-4. UHWMPE synthesis with the SiO2/MAO supported catalyst 1.a 

entry 
catalyst 1 

[µmol] 

p 

[bar] 

T 

[°C] 

t 

[h] 

yield 

[g] 
activityb 

IVc 

[dL g-1] 

Mv
d 

[106 g mol-1] 

Tm
e 

[°C] 

1 2 4 25 0.5 0.56 460 20 5 143/136 

2 12 4 25 2 14.51 580 29 8 146/135 

3 2 4 25 3 2.02 320 30 9 147/137 

4 2 10 25 1 2.55 1220 32 10 147/137 

5 2 20 25 1 4.13 2020 52 19 147/137 

6 2 40 25 1 6.30 3100 72 31 148/137 

7 2 10 25 3 5.58 900 61 24 145/135 

8 2 20 25 3 8.21 1350 48 17 147/136 

9 2 40 25 3 14.95 2480 63 26 147/136 

10 2 20 70 2.5 4.12 800 37 12 147/137 
a Polymerization conditions: 100 mL heptane (entries 1-3: 200 mL), 0.25 mmol iBu3Al (entries 1-3: 0.5 

mmol), 100 mg supported catalyst 1 (20 µmol(Ti) g(catalyst)-1, Al/Ti ~300) (entry 3: 500 mg 

SiO2/MAO). b 103 g(polymer) mol(Ti)-1 h-1. c Intrinsic viscosity determined according to Martin 

(log(vred) = log(IV) + K × c × IV; K = 0.139) in decaline at 135 °C (~0.05 mg mL-1 polymer, 5 g L-1 

Irganox 1076). d Viscosity averaged molecular weight calculated by the Margolies equation (Mv = 5.37 

× 104 × IV1.49). e Melting point determined by DSC (10 K min-1), 1st and 2nd heating cycle. 

 

As the optimum polymerization conditions of the bisiminopyridine iron (II) complex 

3, which will be used in combination with the living polymerization catalyst, are at 

70 °C and at least 20 bar ethylene pressure, these conditions were also applied to 

ethylene polymerization with complex 1. At 4 bar ethylene pressure, the temperature 

increase did not have a large impact on the polymerization behavior (Table 3-3, entry 

3). At 20 bar this resulted in a decrease of the activity to 8 × 105 g(polymer) 

mol(Ti)-1 h-1 and molecular weight to Mv 1.2 × 107 g mol-1, which, however, can be 

mainly attributed to an agglomeration of the polymer particles, which were entirely 

sticking to the stirrer (Table 3-4, entry 10). For the supported iron complex 3 this 

was not an issue. 

In the DSC measurements, all samples exhibited the typical thermal characteristics of 

ultra-high molecular weight polyethylene.136 Melting points of 145-147 °C and 

crystallinities around 80 % were determined from the first heating cycle. These 

values decreased significantly in the second heating cycle to melting points of 

135-137 °C and crystallinities around 50 % (Figure 3-24). 
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Table 3-5. Ethylene/1-hexene copolymerization with silica supported catalysts.a 

entry 
catalyst 

(µmol) 

p 

[bar] 

T 

[°C] 

t 

[h] 

1-hexene 

[mol L-1] 

yield 

[g] 
activityb 

hexene 

incorp.c 

[wt.%] 

Tm
d 

[°C] 

χe 

[%] 

1 1 (2) 4 25 0.5 0.1 0.45 350 2.1 135/123 50/32 

2 1 (2) 4 25 0.5 0.2 0.48 380 3.8 129/117 51/28 

3 1 (2) 4 25 0.5 0.4 0.58 480 7.7 125/114 42/25 

4 1 (2) 4 70 0.5 0.1 0.30 200 6.0 127/121 41/26 

5 1 (2) 20 70 0.5 0.5 1.66 1560 2.1 135/124 61/46 

6 3 (0.7) 4 25 1 0.4 3.06 4300 - 138/136 71/77 

7 3 (0.07) 20 70 0.5 0.5 2.66 75700 - 137/135 77/86 
a Polymerization conditions: 200 mL heptane (entries 5, 7: 100 mL), 0.5 mmol iBu3Al (entries 5, 7: 0.25 

mmol), 100 mg supported catalyst (20 µmol(Ti) g(catalyst)-1, Al/Ti ~300, method d) (entries 6, 7: 5-50 

mg supported catalyst, 14 µmol(Fe) g(catalyst)-1, Al/Fe ~ 400). b 103 g(polymer) mol(M)-1 h-1. c Degree 

of 1-hexene incorporation determined by 1H NMR (entry 5: 13C) spectroscopy. d Melting point 

determined by DSC (10 K min-1), 1st and 2nd heating cycle. e Polymer crystallinity determined by DSC 

(10 K min-1), 1st and 2nd heating cycle. 

 

In the final hybrid catalysts, the living polymerization catalyst 1 should incorporate 1-

hexene to some extent, whereas the iron catalyst 3 should not, to produce linear high 

density polyethylene. Both supported catalysts were thus investigated in the 

ethylene/1-hexene copolymerization (Table 3-5). At 25 °C and 4 bar ethylene 

pressure concentrations of 0.1 to 0.4 mol L-1 1-hexene were added to the ethylene 

polymerization with the silica supported complex 1, which did not affect the 

polymerization activity to a large extent (Table 3-5, entries 1-3). The degree of 1-

hexene incorporation into the polymer chain ranged from 2 wt.% up to 8 wt.%. As 

expected, the copolymer crystallinities and melting points decreased with increasing 

comonomer content down to 114 °C at 8 wt.% incorporated 1-hexene (Table 3-5, 

entry 3). This copolymer exhibits a molecular weight of Mn 7.3 × 105 g mol-1 with a 

narrow molecular weight distribution of Mw/Mn 1.53, indicating a controlled 

polymerization behavior of the supported catalyst also in the ethylene/1-olefin 

copolymerization (Figure 3-25). The DSC measurement of this copolymer reveals a 

rather broad melting range with several melting peaks, possibly this is due to an 

inhomogeneous comonomer distribution (Figure 3-15). When the polymerization 

temperature was increased to 70 °C with a 1-hexene concentration of 0.1 mol L-1 a 

copolymer exhibiting a slightly lower 1-hexene content of 6 wt.% and similar melting 

point in the first heating cycle was obtained, but with more defined and narrow 

melting peaks (Table 3-5, entry 4). This indicates that an elevated polymerization 

temperature is required to guarantee an unhindered diffusion of the comonomer to 
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the active metal center during the entire polymerization duration and, thus, a 

homogeneous comonomer distribution. 

Polymerization at 20 bar and 70 °C requires a higher 1-hexene concentration of 0.5 

mol L-1 in order to incorporate viable amounts of comonomer into the polymer. Under 

these condition 2.1 wt.% 1-hexene were incorporated at an activity of 1.6 × 106 

g(polymer) mol(Ti)-1 h-1 (Table 3-5, entry 5). 

The silica supported iron catalyst 3 did not incorporated significant amounts of 1-

hexene at 4 bar/25 °C as well as 20 bar/70 °C and 1-hexene concentrations of 0.4-0.5 

mol L-1, which is obvious from the polymer melting points of 135-136 °C (Table 3-5, 

entries 6, 7). However, the polymerization activity at 20 bar and 70 °C was decreased 

to 7.6 × 107 g(polymer) mol(Fe)-1 h-1 due to the presence of 1-hexene. 

 

 

Figure 3-15. DSC diagram (10 K min-1) of ethylene/1-hexene copolymers obtained at 

polymerization temperatures of 25 °C and 70 °C (Table 3-5, entries 3, 4). 

 

The addition of hydrogen gas to the polymerization reaction is a well-established 

method for the adjustment of polymer molecular weights. Hydrogen acts as a chain 

transfer agent by formation of a saturated chain-end and a metal hydride species, 

which can start the growth of a new polymer chain. Metallocene catalysts often 

exhibit a high response toward chain-transfer with hydrogen and, thus, only small 

hydrogen partial pressures are required. Post-metallocene catalysts possess very 

different capabilities to undergo chain-transfer reactions with hydrogen depending 

on their molecular structure. Even catalysts that do not undergo chain-transfer to 

hydrogen are known. The hydrogen response of the supported catalysts 1 and 3 in 

ethylene polymerization was investigated at various polymerization conditions 

(Table 3-6). 
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Table 3-6. Ethylene polymerization in presence of hydrogen.a 

entry 
catalyst 

(µmol) 

pb 

[bar] 

pH2
c 

[bar] 

T 

[°C] 

t 

[h] 

yield 

[g] 
activityd 

Mn
e 

[g mol-1] 
Mw/Mn

e 
Tm

f 

[°C] 

1 1 (2) 10 1 25 0.5 0.98 880 1.1 × 106  1.48 145/139 

2 1 (2) 18 5 70 0.5 0.54 440 4.6 × 104 18.1 138/139 

3 3 (0.07) 20 0 70 0.5 8.08 231000 1.2 × 104 12.4 139/138 

4 3 (0.7) 10 1 25 0.5 9.92 28200 1.8 × 104 7.6 138/137 

5 3 (0.42) 18 5 70 0.5 24.84 118100 1.2 × 104 8.8 135/134 
a Polymerization conditions: 500 mL heptane (entry 3: 100 mL), 1.0 mmol iBu3Al (entry 3: 0.25 mmol), 

5-100 mg supported catalyst (1: 20 µmol(Ti) g(catalyst)-1, Al/Ti ~300, method d; 3: 14 µmol(Fe) 

g(catalyst)-1, Al/Fe ~ 400). b Total pressure. c Hydrogen partial pressure. d 103 g(polymer) mol(M)-1 h-1. 
e Determined by GPC in 1,2,4-trichlorobenzene at 160 °C. f Melting point determined by DSC (10 K 

min-1), 1st and 2nd heating cycle. 

 

The living polymerization characteristics of the silica supported complex 1 were 

investigated at a hydrogen partial pressure of 1 bar with a total pressure of 10 bar at 

25 °C (Table 3-6, entry 1) by drawing several samples after various times. A polymer 

with a molecular weight of Mn 1.1 × 106 g mol-1 and a relatively narrow molecular 

weight distribution of Mw/Mn 1.48 was obtained after 30 minutes of polymerization. 

The calculated activity is a little bit lower than without hydrogen, but this could also 

be related to the drawing of several samples from the reactor during polymerization. 

The molecular weight distributions of these samples show a steady increase of the 

polymer molecular weight over time, which might indicate a living polymerization 

behavior (Figure 3-16). However, molecular weights are relatively low, which might 

be a result of the limited suitability of GPC for measuring UHMWPE samples, but 

could also be related to chain transfer with hydrogen. 

 

 

Figure 3-16. GPC molecular weight distributions from ethylene polymerization at 10 

bar/25 °C in the presence of 1 bar hydrogen after various times (Table 3-6, entry 1). 
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A higher hydrogen partial pressure of 5 bar and a total pressure of 18 bar at 70 °C 

resulted in the formation of mainly low molecular weight polymer (Mn 4.6 × 104 g 

mol-1) with a very broad molecular weight distribution of Mw/Mn 18.1 (Table 3-6, 

entry 2). 

The iron catalyst 3 did not possess a significant hydrogen response (Table 3-6, entries 

3-5). Even at 5 bar hydrogen partial pressure, the molecular weight was not 

drastically reduced. However, the molecular weight distribution is somewhat 

narrower, which means that the high molecular weight fraction is reduced. Due to 

this low hydrogen response, the application of hydrogen to tailor the molecular 

weight distributions of reactor blends produced by 1/3 hybrid catalysts is not useful. 

 

3.2.4 UHMWPE/HDPE Reactor Blends 

Bimodal UHMWPE/HDPE reactor blends were generated by co-supporting the living 

polymerization catalysts 1 or 2 together with the linear polyethylene producing iron 

catalyst 3. The main part of the resulting polymer should consist of linear medium 

molecular weight HDPE, which is formed by complex 3, and the minor fraction should 

be UHMWPE with extraordinary high molecular weight, optionally containing a small 

amount of 1-hexene, formed by the titanium complexes 1 or 2. For the preparation of 

hybrid catalysts it is necessary to support two or more different catalysts on a single 

carrier, which can be an issue due to potentially unfavorable interactions of the 

complexes. 

Two different methods were investigated for the combined immobilization of the 

catalyst precursors on the silica particles: The addition of a mixture of both 

complexes dissolved in MAO solution to the support material and the sequential 

addition of the two complexes (Figure 3-17). 

 

 

Figure 3-17. Supporting conditions for the preparation of hybrid catalysts (incipient 

wetness approach used in all steps). 
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When complexes 1 and 3 were mixed and dissolved together in MAO solution before 

supporting on silica (Figure 3-17a) a significant loss in ethylene polymerization 

activity to 6 × 105 g(polymer) mol(M)-1 h-1 was observed compared to polymerization 

with complex 3 alone (Table 3-7, entry 4 vs. 1). For the supported mixture of 

complexes 2 and 3, this activity loss was less pronounced, which might be a result of 

the lower Ti/Fe ratio (Table 3-7, entry 5). These experiments suggest that the 

enolatoimine titanium complex 1 as well as the phenoxyimine titanium complex 2 

undergo detrimental interactions with the bisiminopyridine iron complex 3 in MAO 

solution. Thus, the co-supporting procedure was optimized in a way that the 

complexes do not come in contact in solution and the titanium complexes are not 

dissolved in MAO solution. To realize this, first the iron complex 3 dissolved in MAO 

solution was supported on the silica particles according to the incipient wetness 

method. After removal of the solvent a solution of the titanium complex in toluene 

was added to the supported iron complex to prepare the hybrid catalyst (Figure 

3-17b). 

 

Table 3-7. UHMWPE/HDPE reactor blends from hybrid catalysts.a 

entry 
Fe cat. 3 

[µmol] 

Ti cat. 

(µmol) 

p 

[bar] 

T 

[°C] 

t 

[h] 

yield 

[g] 
activityb 

Mn
c 

[g mol-1] 
Mw/Mn

c 
Tm

d 

[°C] 

1 0.81 - 4 25 3 25.23 10177 6.7 × 104 5.86 141/140 

2 0.35 - 20 70 2 62.2 88830 2.7 × 104 26.9 142/138 

3e 0.28 - 20 70 3 39.75 47290 3.6 × 104 20.4 142/138 

4f 8.1 1 (10) 4 25 3 33.86 600 6.5 × 104 6.37 140/138 

5f 8.1 2 (2.6) 4 25 0.8 33.96 3760 3.4 × 104 7.01 136/136 

6 0.8 1 (1.5) 4 25 6 32.08 2280 1.1 × 105 6.31 140/137 

7 0.8 2 (1.3) 4 25 3 29.43 4570 4.2 × 104 10.3 140/136 

8 1.7 1 (2.2) 4 25 4 24.23 1550 - - 140/136 

9 0.34 1 (0.43) 4 70 1 6.42 8310 - - 140/139 

10e 0.5 1 (0.65) 20 70 2 120.13 52220 - - 140/136 

11e,g 0.5 1 (0.65) 20 70 2.5 83.20 28890 - - 140/138 

12e 0.07 1 (0.86) 20 70 2 33.19 17820 - - 140/138 

13e 0.1 1 (1.3) 20 70 3 29.25 6950 1.0 × 104 52.7 143/141 

14e 0.034 2 (0.8) 20 70 2 9.23 5520 - - 142/139 

15h 0.17 1 (2.2) 20 70 3 33.92 4850 - - 140/139 
a Polymerization conditions: 500 mL heptane (entries 1, 5, 7-9: 200 mL, entry 4, 6: 300 mL), 1 mmol 

iBu3Al (entries 1, 4-9: 0.5 mmol), 25-500 mg supported catalyst (based on supported iron catalysts: 14 

µmol(Fe) g(catalyst)-1, Al/Fe ~ 400 or 1.6 µmol(Fe) g(catalyst)-1, Al/Fe ~3500). b 103 g(polymer) 

mol(M)-1 h-1. c Determined by GPC in 1,2,4-trichlorobenzene at 160 °C (entries 2, 3, 13: 135 °C). 
d Melting point determined by DSC (10 K min-1), 1st and 2nd heating cycle. e Samples were taken from 

the reactor after various times during polymerization. f Both complexes were dissolved together in 

MAO solution. g Polymerization in presence of 0.5 M 1-hexene. h Polymerization in presence of 1.0 M 

1-hexene. 
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With the stepwise catalyst supporting approach of complexes 1 and 3 a significantly 

higher activity of 2.3 × 106 g(polymer) mol(M)-1 h-1 was achieved at 25 °C and 4 bar 

over a polymerization time of 6 h (Table 3-7, entry 6). The polymerization activity of 

the 2/3 hybrid catalyst is higher than of the 1/3 hybrid catalyst for both supporting 

techniques and a slight increase of the polymerization activity was observed by 

employing the stepwise catalyst supporting approach (Table 3-7, entry 7). The 

polymerization activities could be further improved by increasing the temperature 

and pressure to 70 °C and 20 bar, respectively (Table 3-7, entries 10-15). However, 

this activity gain is largely dominated by the iron catalyst 3, which exhibits a strongly 

enhanced activity under these conditions (Table 3-7, entry 2 vs. 1). To compensate 

the high activity of the iron catalyst an excess of the titanium complexes was used 

(Table 3-7, entries 12-15). Polymerization in the presence of 0.5-1.0 M 1-hexene 

results in a lower activity (Table 3-7, entries 11, 15). Although the iron catalyst 3 does 

not incorporate 1-olefins, its activity is decreased by the presence of 1-hexene (vide 

supra). 

 

 

Figure 3-18. GPC-LS (0.6 mL min-1 flow rate, MALLS detection) molecular weight 

distributions and light scattering mean square radii of UHMWPE/HDPE reactor 

blends obtained from 1/3 hybrid catalysts after various polymerization durations 

(Table 3-7, entries 2, 11, 12). 

 

Due to the extraordinary high molecular weight of the UHMWPE fraction in the final 

reactor blends, analysis of these materials by GPC is challenging. Standard GPC 

measurements of reactor blends formed at 25 °C and 4 bar with 1/3 and 2/3 hybrid 

catalysts did not give molecular weight distributions different from the reference 

polyethylene prepared by complex 3 alone, although tensile tests indicate the 
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presence of UHMWPE in these blends (vide infra). GPC measurement under standard 

conditions might lead to degradation of the UHMWPE chains and, thus, they are not 

detected. Therefore, samples were taken after various times from the reactor during 

the polymerization reaction (Table 3-7, entries 3, 10-14). At the beginning of the 

polymerization, the molecular weight of the UHMWPE fraction in these samples is 

still in a range, which can be measured by GPC. 

During ethylene polymerization at 20 bar and 70 °C in the presence of 0.5 M 1-hexene 

with a 1/3 hybrid catalyst (Ti/Fe = 1.3) samples were taken after 10, 20 and 30 

minutes (Table 3-7, entry 11). GPC-LS measurements with 17 angle MALLS detection 

of these samples were conducted by D. Lilge at Basell at a reduced flow rate of 0.6 mL 

min-1 in order to reduce shear degradation of ultra-high molecular weight polymer 

chains. The resulting molecular weight distributions exhibit a small ultra-high 

molecular weight shoulder, which increases with time (Figure 3-18). However, due to 

the low Ti/Fe ratio it is not clear if this is formed by the titanium or the iron catalyst, 

which also produces UHMWPE to some extent. Interestingly, the deviation of the 

mean square radii from a linear behavior in the ultra-high molecular weight fraction 

of the samples after 10 and 20 minutes indicates the presence long chain branches, 

which decrease over time.  

 

 

Figure 3-19. GPC molecular weight distributions of a UHMWPE/HDPE reactor blend 

(left) formed by polymerization with a 1/3 hybrid catalyst (Table 3-7, entry 13) and a 

reference polyethylene (right) formed by complex 3 (Table 3-7, entry 3) after various 

polymerization times. 

 

To increase the amount of UHMWPE, a 1/3 hybrid catalyst with a Ti/Fe ratio of 12.7 

was employed and samples were drawn from the polymerization after 10, 20 and 30 

minutes (Table 3-7, entry 12). In these samples a more pronounced ultra-high 
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molecular weight fraction was observed, which increases with time (Figure 3-18). 

However, no clear shift toward higher masses over time could be observed and the 

reference HDPE sample prepared by the supported iron catalyst 3 (Table 3-7, entry 

2) exhibits a similar molecular weight distribution after 2 h of polymerization. 

Therefore, samples were taken from a polymerization with a 1/3 hybrid catalyst 

(Ti/Fe = 12.7) as well as a supported iron catalyst 3 after same time intervals up to 3 

h (Table 3-7, entries 3, 13). This allows for the direct comparison of the temporal 

evolution of both catalyst systems, and thus gives information on the composition of 

the reactor blend (Figure 3-19). The evolution of both molecular weight distributions 

is similar and the polymer produced by the iron catalyst actually exhibits a larger 

ultra-high molecular weight fraction than the reactorblend. However, the tensile 

properties of the reactor blend are superior (vide infra). Direct comparison of the 

molecular weight distributions, especially the ultra-high molecular weight tail, of both 

catalyst systems in the first 60 min of polymerization reveals the evolution of a small 

ultra-high molecular weight fraction in the reactorblend (Figure 3-26). The molecular 

weight of this fraction increases over 45 min and the peak disappears after 60 min. 

This might indicate that after 60 min the molecular weight of this fraction was too 

high to be reliably detected by GPC. Either solubility or chain degradation during 

sample preparation and measurement can be an issue. 

 

Table 3-8. Tensile properties of UHMWPE/HDPE reactor blends.a 

entryb 
Ti cat. 

(Ti/Fe) 

p 

[bar] 

T 

[°C] 

t 

[h] 

__injection molded__  ____melt pressed____ 

E 

[MPa] 

σB 

[MPa] 

εtB 

[%] 

σy 

[MPa] 

σB 

[MPa] 

εtB 

[%] 

1 - (0) 4 25 3 1800 42 5.0 28 39 658 

2 - (0) 20 70 2 2010 56 6.2 28 46 717 

3 - (0) 20 70 3 1620 39 5.8 - - - 

6 1 (1.9) 4 25 6 2040 50 4.4 29 31 310 

7 2 (1.6) 4 25 3 2450 80 6.0 29 41 487 

10 1 (1.3) 20 70 2 2050 54 4.9 29 48 764 

11c 1 (1.3) 20 70 2.5 1960 54 5.9 29 46 743 

12 1 (12.7) 20 70 2 2330 75 6.6 31 36 432 

13 1 (12.7) 20 70 3 1980 65 10.1 - - - 

15d 1 (12.7) 20 70 3 1780 58 12.1 - - - 
a Mechanical properties from tensile tests of injection molded specimens (Tmelt = 200 °C, Tmold = 75 °C, 

700 bar injection pressure) and melt pressed films (0.3-0.4 mm thickness) formed from the injection 

molded specimens after fracture. Average values from 4-8 samples. Polymers were stabilized with 0.2 

wt.% Irganox 1076 and 0.2 wt.% Irgaphos 168. E: Young modulus, σB: stress at break, εtB: strain at 

break, σy: stress at yield. Entries 3, 13, 15 were measured under different conditions than the other 

samples. b Entry numbers according to Table 3-7. c Polymerization in presence of 0.5 M 1-hexene. d 

Polymerization in presence of 1.0 M 1-hexene. 
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For an UHMWPE/HDPE reactor blend formed by a 2/3 hybrid catalyst with a high 

Ti/Fe ratio of 23.5 at 70 °C and 20 bar (Table 3-7, entry 14) a bimodal molecular 

weight distribution was observed by GPC after 5, 10 and 15 minutes (Figure 3-27). 

However, the UHMWPE peak does not shift to higher molecular weights with time, 

which might be due to the application of standard measurement conditions in this 

case (1 mL min-1 flow rate). 

 

 

Figure 3-20. Stress-strain curves of injection molded specimens of UHMWPE/HDPE 

reactor blends (Table 3-8) and polarized light micrograph of a 30 µm thick microtome 

cut of an UHMWPE/HDPE specimen after break (Table 3-8, entry 12). 

 

The mechanical properties of the UHMWPE/HDPE reactor blends were investigated 

by tensile tests on injection molded specimens and melt pressed films, which were 

formed from the injection molded samples after break (Table 3-8). All injection 

molded samples fractured at relatively small strain values of 4-12 % without reaching 

a yield point (Figure 3-20, left). In the case of the polymers formed at 25 °C and 4 bar 

(Table 3-8, entries 1, 6, 7) the UHMWPE/HDPE reactor blends exhibit higher stress at 

break values and Young moduli, than the HDPE reference sample formed by the iron 

catalyst. Especially the reactor blend obtained from the 2/3 hybrid catalyst, exhibits a 

significantly higher Young modulus E of 2.5 GPa and stress at break σB of 80 MPa than 

the reference polymer (E = 1.8 GPa, σB = 42 MPa). At 20 bar and 70 °C the activity 

difference between the iron complex 3 and the titanium complex 1 is so large, that at 

a Ti/Fe ratio of 1.3 no difference in the tensile properties of the UHMWPE/HDPE 

reactor blends and the reference HDPE could be observed (Table 3-8, entries 2, 10, 

11). When the Ti/Fe ratio was increased to 12.3 a significant improvement of the 

Young modulus to E = 2.3 GPa and the stress at break σB to 75 MPa could be achieved 

(Table 3-8, entry 12). The incorporation of 1-hexene into the UHMWPE fraction led to 
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a slight decrease of the Young modulus and stress at break (Table 3-8, entry 15 vs. 

13). 

 

 

Figure 3-21. Scanning electron micrographs of the outer surface (left) and the core 

(right) of an injection molded specimen (Table 3-8, entry 12) after treatment with hot 

xylene. 

 

The high strength of the injection molded samples can be attributed to the formation 

of an anisotropic crystal structure, which is formed by flow induced crystallization 

during the injection molding process. The ultra-high molecular weight polymer 

chains, which are to some extent also present in the reference polymer samples, are 

stretched by the shear forces during processing. If crystallization occurs before 

relaxation of the polymer chains, which is the case for the applied processing 

conditions, extended chain crystals are formed by the UHMWPE fraction. These act as 

crystallization nuclei for the formation of folded lamellar crystals, which leads to the 

formation of a shish kebab structure with extraordinary strength.137 The lamellar 

crystals oriented perpendicular to the flow direction can be visualized by scanning 

electron microscopy after removal of amorphous material between the lamellae in 

hot xylene (Figure 3-21, left). All injection molded specimens exhibited this shish 

kebab morphology, which reduces their ductility but improves their strength. The 

fracture of the specimens during tensile testing resulted in the separation of the outer 

layer and the core of the specimen at the crack (Figure 3-20, right). This core/layer 

morphology indicates, that the highly oriented, high strength shish kebab structure is 

mainly located in the outer layer of the specimen, which crystallizes first during 

processing. DSC measurements on the core and the shell material of an injection 

molded UHMWPE/HDPE specimen revealed a shoulder toward high temperatures 

>145 °C in the melting peak of the first heating cycle of the specimen shell, which is 
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not present in the core material (Figure 3-28). This indicates the presence of 

extended chain crystals in the outer layer, but not in the core of the specimen. 

Scanning electron microscopy on an injection molded specimen, from which a 1 mm 

thick layer was removed by a blade to expose the core of the sample, revealed a 

mostly random orientation of the crystal lamellae (Figure 3-21, right). 

To investigate the tensile properties of the polyethylene blends, which are not 

dominated by the shish kebab crystal morphology induced by injection molding, the 

injection molded specimens after fracture were converted to 0.3-0.4 mm thick films 

by melt pressing. These films exhibit an isotropic crystal morphology and their tensile 

properties are thus not governed by the processing conditions. All samples exhibit a 

similar yield point at σy 28-31 MPa and εy 7-9 %. The two reference HDPE samples as 

well as the two UHMWPE/HDPE reactor blends containing very low amounts of 

UHMWPE possess a high ductility with strain at break values εtB of 660-760 % (Table 

3-8, entries 1,2,10,11). For the two reactor blends formed at 25 °C and 4 bar and the 

reactor blend formed at 70 °C and 20 bar with a hybrid catalyst possessing a high 

Ti/Fe ratio of 12.3 the stress at break values εtB are significantly reduced to 310-490 

% (Table 3-8, entries 6,7,12). The ultra-high molecular weight fractions in these 

reactor blends lead to the onset of strain hardening at lower strain values and to an 

earlier break compared to the reference HDPE (Figure 3-22).138  

 

 

Figure 3-22. Stress-strain curves of melt pressed films (Table 3-8). 
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3.3 Conclusive Summary 

Ultra-high molecular weight polyethylene (UHMWPE) is a high performance material 

with extraordinary strength, toughness and abrasion resistance, which is a result of 

the high number of entanglements. These, however, complicate processing and 

restrict its application to areas, which justify more expensive manufacturing 

processes. However, as a component in easily processable injection or blow molding 

resins UHMWPE can dramatically enhance the mechanical strength of the formed 

parts. The UHMWPE fraction has to be generated directly in the resin during the 

polymerization process because melt compounding of UHMWPE is not possible, due 

to its high melt viscosity. To achieve this, supported hybrid catalysts based on single-

site catalysts offer a good control over the resin composition. The application of a 

catalyst, which is capable of living olefin polymerization allows for the generation of 

UHMWPE with very high molecular weights subject to the polymerization time. 

Therefore, the living olefin polymerization catalyst precursors 1 and 2 were studied 

as supported catalysts for the preparation of UHMWPE and as hybrid catalysts in 

combination with the iron bisiminopyridine complex 3. The synthesis of the 

fluorinated enolatoimine complex 1 was improved to facilitate upscaling, which was 

demonstrated on a 10 g scale. 

 

 

Figure 3-23. Catalyst precursors for living olefin polymerization (1, 2) and linear 

polyethylene synthesis (3). 

 

Living olefin polymerization with complexes 1 and 2 is usually conducted in solution 

with MAO activation. For their application in hybrid catalysts immobilization on a 

support material is required. Two support materials were investigated, 

MgCl2/iBunAl(OCH2CHEtBu)3-n, which does not require costly MAO, and silica 

particles in combination with MAO. The MgCl2 based support material afforded active 

catalysts and the living polymerization behavior was retained, but the activities were 

low. With complex 1 supported on silica/MAO an ethylene polymerization activity of 
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up to 3.1 × 106 g(polymer) mol(Ti)-1 h-1 and viscosity average molecular weights Mv 

up to >3 × 107 g mol-1 were achieved. Incorporation of small amounts of 1-hexene into 

the UHMWPE was possible under conditions, where the iron catalyst 3 did not 

incorporate 1-hexene. The phenoxyimine complex 2 exhibited a similar behavior. 

Supported hybrid catalysts of the titanium complexes 1 or 2 and the iron complex 3 

were prepared by consecutive addition of 3/MAO and 1 or 2, respectively, to the 

silica support. Due to the large activity difference between the iron complex 3 and the 

titanium complexes a high titanium to iron ratio was required in the hybrid catalysts 

to prepare reactor blends with a notable amount of UHMWPE. Characterization of the 

reactor blends by GPC did not give clear results. This might be due to the very high 

molecular weight of the UHMWPE fraction, which is difficult to detect by GPC. Tensile 

tests on injection molded specimens and melt pressed films revealed a higher 

mechanical strength of the reactor blends compared to polymers prepared by 

complex 3 alone. Especially, the injection molded specimens exhibited an 

extraordinary strength due to the formation of shish kebab morphology by the 

shearing forces during the injection molding process. 
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3.4 Experimental Section 

3.4.1 Materials and General Considerations 

Unless otherwise noted, all manipulations of air sensitive compounds were carried 

out under an inert gas atmosphere using standard glovebox or Schlenk techniques. All 

glassware was dried under vacuum before use. Toluene and benzene were distilled 

from sodium. Heptane (GPR Rectapur, VWR) and 1-hexene (97 %, Aldrich) were 

distilled from CaH2. [Ti(NMe2)2Cl2] was prepared by comproportionation from TiCl4 

and [Ti(NMe2)4],139 which were purchased from Aldrich. 1,1,1-Trifluoro-2,4-

pentanedione (99 %) and 2,3,4,5,6-pentafluoroaniline (99 %) were purchased from 

ABCR, 2,6-difluoroaniline from Apollo Scientific, and BCl3 (1 M in toluene), tri-iso-

butylaluminum (1 M in toluene and 1 M in hexane), 2-ethylhexanol (≥99.6 %), MgCl2 

(anhydrous, ≥98 %), octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate 

(99 %, Irganox 1076), tris(2,4-di-tert-butylphenyl)phosphite (98 %, Irgafos 168), 

decaline (mixture of cis + trans, reagent grade, 98 %),  and decane (anhydrous, 

≥99 %) from Aldrich. Tri-n-octylamine (98 %) was purchased from Acros, degassed 

and dried over molecular sieves (4 Å) before use. Methylaluminoxane (10 wt.% MAO 

in toluene, AXION 1310) was kindly donated by Chemtura, evaporated to dryness 

(dMAO) in vacuum before use, to remove free AlMe3 and stored as a white solid at 

-30 °C in a glovebox. Methylaluminoxane (30 wt.% MAO in toluene, AXION 1330, 

Chemtura) and calcined silica catalyst support140 (XPO2326, Grace, pore volume 

1.54 mL g-1) were supplied by Basell Polyolefine GmbH. Ethylene was purchased from 

Air Liquide (N35), Westfalen (3.5) and Gerling Holz & Co (3.5) and used without 

further purification. Hydrogen (5.0) was purchased from Air Liquide. Toluene for 

polymerizations was distilled from sodium and passed through columns of Al2O3 and 

R3-11 (BASF) before it was used as a polymerization medium. Bis[N-(3-tert-

butylsalicylidene)-2,3,4,5,6-pentafluoroanilinato]titanium(IV) dichloride (2)26a and 

2,6-bis-[1-(2,6-dimethylphenylimino)ethyl]pyridine iron(II) dichloride (3)91 were 

prepared according to literature procedures.  

NMR spectra were recorded on a Varian Unity INOVA 400, a Bruker Avance III 400 or 

a Bruker Avance III 600 spectrometer. 1H and 13C chemical shifts were referenced to 

the solvent signal. NMR spectra of polymers were recorded on a Varian Unity INOVA 

400 spectrometer at 130 °C in 1,1,2,2-tetrachloroethane-d2. For the measurement of 

polymer 13C spectra 1 mg mL-1 Cr(acac)3 was added to the sample. All chemical shifts 
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are given in ppm. All couping constants J are given in Hz. Multiplicities are given as 

follows (or combinations thereof): s: singlet, d: doublet, t: triplet, q: quartet, hept: 

heptet, m: multiplet, br: broad. 

Differential scanning calorimetry (DSC) was performed on a Netzsch Phoenix 204 F1 

at a heating/cooling rate of 10 K min-1. Polymer crystallinities were calculated based 

on a melt enthalpy of 293 J g-1 for 100% crystalline polyethylene.  

Gel permeation chromatography (GPC) was carried out in 1,2,4-trichlorobenzene at 

160 °C at a flow rate of 1 mL min-1 on a Polymer Laboratories PL-GPC 220 instrument 

equipped with three PLgel Olexis columns with differential refractive index, viscosity 

and light scattering (15° and 90°) detectors. Molecular weights were calculated by the 

triple detection method of the Cirrus GPC multi detector software. Detector 

calibration was performed with a narrow polystyrene standard (Mp 205000 g mol-1, 

Mn 191200 g mol-1, Mw/Mn 1.05, IV 0.709 dL g-1). GPC measurements with 17-angle 

MALLS detection were carried out in the laboratory of Dr. Dieter Lilge at Basell 

Polyolefine GmbH in 1,2,4-trichlorobenzene at 135 °C and a flow rate of 0.6 mL min-1 

on a PL-GPC 220 instrument equipped with three Showdex UT 806 and one UT 807 

column. A refractive index detector and a Wyatt DAWN EOS 17 angle light scattering 

detector were employed. 

Molecular weight determination by viscosimetry was performed on a Lauda PVS 1 

viscosimetry system in a Proline PV15 thermostat with an Ubbelohde type I capillary 

(SI analytics) at 135 °C in decaline with 5 g L-1 Irganox 1076 as stabilizer. Usually 

5 mg of UHMWPE sample were dissolved in 100 mL of decaline (5 g L-1 Irganox 1076) 

at 160-170 °C for 6 h with very slow stirring. The polymer solution was poured into 

the Ubbelohde capillary with a preheated glass funnel. The intrinsic viscosity was 

calculated by the Martin equation (log(vred) = log(IV) + K × c × IV; vred: reduced 

viscosity in dL g-1, IV: intrinsic viscosity in dL g-1, K = 0.139, c: polymer concentration 

at 135 °C in g dL-1). Some samples were additionally measured under the same 

conditions in the laboratory of Dr. Volker Dolle at Basell Polyolefine GmbH with 

essentially the same results (Table 3-2, entry 8; Table 3-3, entries 4, 6). 

Ethylene polymerization up to 4 bar was carried out in a 500 mL glass reactor (Büchi 

Ecoclave) and up to 20 bar in a 1 L stainless steel reactor with sapphire glass 

windows and a bottom valve to draw samples during polymerization (Büchi 

Ecoclave). The reactor was equipped with a mechanical stirrer and a heating/cooling 

jacket, which was connected to a thermostat. For polymerizations up to 9 bar the 
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ethylene pressure was controlled by a Bronkhorst massflow control unit consisting of 

two massflow sensors (EL-FLOW select F-111CM, 150 mLn min-1 and 500 mLn min-1) 

and a pressure sensor (EL-PRESS select P-502CM) with a control valve. 

Polymerizations at pressures up to 40 bar were carried out in a 200 mL stainless steel 

reactor (Büchi miniclave drive) equipped with a mechanical stirrer and a 

heating/cooling jacket. 

Dog-bone shaped injection molded specimens (75 × 12.5 × 2 mm3, ISO 527-2, type 

5A) for tensile tests were formed with a Thermo Scientific Haake MiniJet II. 

Processing was performed at a melt temperature of 200 °C, a mold temperature of 

75 °C and a pressure of 700 bar for 4 s and 400 bar for 3 s. Polymers were stabilized 

with 0.2 wt.% Irganox 1076 and 0.2 wt.% Irgafos 168 prior to processing. This was 

introduced by addition of a solution of the stabilizers in 10 mL acetone to 30 g of 

polymer powder, mixing with a spatula. After homogenous mixing the solvent was 

evaporated in vacuum under stirring to obtain the stabilized polymer powder. 

Tensile tests on the injection molded specimens and melt pressed films were 

performed in the laboratory of Dr. Hans-Frieder Enderle at Basell Polyolefine GmbH. 

The measurements were carried out on a Zwick tensile testing machine equipped 

with a KAF-TC 1 kN force sensor at a testing speed of 20 mm min-1. The Young 

modulus was determined at a testing speed of 10 mm min-1. After fracture, the 

injection molded specimens were melt pressed to 0.3-0.4 mm thick films according to 

ISO 1872-2 and tensile testing was repeated on these isotropic samples. Some 

injection molded specimens (Table 3-8, entries 3, 13, 15) were measured in our 

laboratory on a Zwick Retroline equipped with a Xforce HP 1 kN force sensor and a 

makroXtens extensometer. 

Scanning electron microscopy was performed on a Zeiss Neon 40 EsB at an 

acceleration voltage of 1-3.5 kV. Samples were sputter coated with a thin gold layer 

before measurement. 

Single crystal x-ray diffraction analysis was performed at 100 K on a STOE IPDS-II 

diffractometer equipped with a graphite-monochromated radiation source (Mo-Kα, 

λ = 0.71073 Å) and an image plate detection system. Crystals were mounted on a fine 

glass fiber with silicone grease. The selection, integration and averaging procedure of 

the measured reflex intensities, the determination of the unit cell dimensions and a 

least-square fit of the 2θ values as well as data reduction, LP-correction and space 

group determination were performed using the X-Area software package provided 
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with the diffractometer.141 A semiempirical absorption correction was performed. 

The structures were solved by direct- or heavy atom methods (SHELXS-97), 

completed with difference Fourier syntheses, and refined with full-matrix least-

squares using SHELXL-97 minimizing ω(F02-Fc2)2.142 Following anisotropic refinement 

of all non-H atoms, ideal hydrogen positions were usually calculated in an isotropic-

riding model. Weighted R factor (wR2) and the goodness of fit are based on F2. All 

scattering factors and anomalous dispersion factors are provided by the SHELXL-97 

program. Thermal ellipsoid representations were created with ORTEP-3.143 

 

3.4.2 Synthesis of Complexes 

 

4-(2,6-Difluorophenylamino)-1,1,1-trifluoropent-3-en-2-one (4).29 1,1,1-

Trifluoro-2,4-pentanedione (4.24 g, 27.5 mmol) and 2,6-difluoroanline (3.23 g, 25 

mmol) were heated under nitrogen atmosphere in a closed 8 mL screw cap vial to 

130 °C for 1 h. After cooling to room temperature the formed water phase was 

removed and residual reactants and water were removed in vacuum. Crystallization 

from EtOH yielded 4.05 g of white crystals (61 % yield). 

Upscaling: 1,1,1-Trifluoro-2,4-pentanedione (21.19 g, 137.5 mmol) and 2,6-

difluoroanline (16.19 g, 125 mmol) were mixed in a Schlenk tube under a nitrogen 

atmosphere. The mixture was equally distributed to six 8 mL screw cap vials under 

nitrogen atmosphere and stirred at 130 °C for 1 h. After cooling to room temperature 

the formed water phase was removed and the organic phases were combined in a 

250 mL round bottom flask. Residual water and reactants were removed in vacuum. 

The product was crystallized twice from 30-50 mL ethanol at -30 °C to afford 21.82 g 

of a crystalline solid (66 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 11.89 (s, 1H, NH), 7.33 (tt, J = 8.5, 6.1 Hz, 1H, 

phenylic H para to NH), 7.03 (dd, J = 8.5, 7.5 Hz, 2H, phenylic H meta to NH), 5.66 (s, 

1H, vinylic H), 2.02 (t, J = 1.1 Hz, 3H, CH3). 
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13C NMR (101 MHz, CDCl3, 25 °C) δ 178.05 (q, J = 33.7 Hz), 169.48 (s), 158.05 (dd, J = 

251.9, 3.6 Hz), 129.50 (t, J = 9.7 Hz), 117.40 (q, J = 288.5 Hz), 114.84 (t, J = 16.2 Hz), 

112.50 – 112.19 (m), 91.77 (q, J = 1.3 Hz), 19.81 (t, J = 2.5 Hz). 

19F NMR (376 MHz, CDCl3, 25 °C) δ -76.94 (s, 3F, CF3), -117.91 (s, 2F, aromatic F). 

 

 

Enolatoimine titanium dichloride complex 1. [Ti(NMe2)2Cl2] route:29 4-(2,6-

Difluorophenylamino)-1,1,1-trifluoropent-3-en-2-one 4 (265 mg, 1.0 mmol) was 

dissolved in 1.5 mL of toluene and [Ti(NMe2)2Cl2] (103 mg, 0.5 mmol) was dissolved 

in 4 mL of toluene. Both solutions were cooled to 0 °C, and subsequently the 

ketoenamine solution was added slowly to the stirred [Ti(NMe2)2Cl2] solution. The 

reaction mixture was stirred at room temperature for 1.5 h. The ammonium salt 

formed was filtered off with a PTFE membrane syringe filter and the filtrate was 

cooled to -30 °C. Seeding crystals of previously prepared complex 1 were added and a 

1 M BCl3 solution in toluene (0.5 mL, 0.5 mmol) was added under stirring. The 

reaction mixture was left without stirring at room temperature for 3 h, which 

resulted in the formation of red crystals. The crystalline red product was isolated by 

centrifugation and washed with toluene twice followed by washing with pentane. The 

product was dried in vacuum to afford 240 mg of product (74 % yield). 

TiCl4/Ti(NMe2)4 route: TiCl4 (47 mg, 0.25 mmol) and Ti(NMe2)4 (56 mg, 0.25 mmol) 

were each dissolved in 2.5 mL of toluene and both solutions were mixed and stirred 

for 30 min at room temperature. 4-(2,6-Difluorophenylamino)-1,1,1-trifluoropent-3-

en-2-one 4 (265 mg, 1.0 mmol) was dissolved in 1 mL of toluene and both solutions 

were cooled to 0 °C. The ketoenamine solution was added dropwise to the titanium 

compounds solution and the mixture was stirred at room temperature for 1.5 h. The 

ammonium salt formed was filtered off with a PTFE membrane syringe filter and the 

filtrate was cooled to -30 °C. Seeding crystals of previously prepared complex 1 were 

added and a 1 M BCl3 solution in toluene (0.5 mL, 0.5 mmol) was added under 

stirring. The reaction mixture was left without stirring at room temperature for 24 h, 

which resulted in the formation of red crystals. The crystalline red product was 
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isolated by centrifugation and washed with toluene twice followed by washing with 

pentane. The product was dried in vacuum to afford 226 mg of product (70 % yield). 

 

 

Enolatoimine titanium dichloride complex 1 from TiCl4/nOct3N. 4-(2,6-

Difluorophenylamino)-1,1,1-trifluoropent-3-en-2-one 4 (1.06 g, 4.0 mmol) was 

dissolved in 3 mL of toluene and added over a period of 2 min to a solution of TiCl4 

(380 mg, 2.0 mmol) in 1.5 mL of toluene. The reaction mixture became turbid during 

the addition of the ketoenamine. Tri-n-octylamine (1.344 g, 3.8 mmol) dissolved in 

5 mL of heptane was added to the stirred reaction over a period of 5 min. The mixture 

became clear after the addition of a small quantity of amine. At this point seeding 

crystals of previously prepared complex 1 were added. Before complete addition of 

the amine, an orange solid started to precipitate. After complete addition the reaction 

mixture was left without stirring for 10 min at room temperature. The precipitate 

was centrifuged off and washed with 1 mL toluene/pentane (1:1) and three times 

with pentane. The product was dried in vacuum to yield 720 mg of a bright orange 

solid (56 % yield). 

Upscaling: TiCl4 (5.69 g, 30 mmol) was dissolved in a 300 ml Schlenk tube under a 

nitrogen atmosphere in 23 mL of toluene. A solution of 4-(2,6-difluorophenylamino)-

1,1,1-trifluoropent-3-en-2-one 4 (15.91 g, 60 mmol) in 45 mL of toluene was added 

over 10 min under stirring at room temperature, which resulted in the precipitation 

of a red solid. Subsequently, a solution of nOct3N (20.16 g, 57 mmol) in 75 mL of 

heptane was added over a period of 15 min. During the addition the red solid 

dissolved followed by the precipitation of a red solid. After complete addition the 

reaction mixture was stirred for 15 min. The precipitate was isolated by filtration 

with a glass frit, washed with 20 mL of toluene/heptane (1:1), 10 mL heptane and 

15 mL pentane, and dried in vacuum to afford 10.0 g of an orange solid (52 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 7.29 (m, 2H, phenylic H meta to N), 7.04 (t, J = 8.9 

Hz, 2H, phenylic H para to N), 6.94 (m, 2H, phenylic H meta to N), 6.15 (br, 2H, vinylic 

H), 2.00 (s, 6H, CH3). 
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19F NMR (376 MHz, CD2Cl2, 25 °C) δ -73.41 (br, 6F, CF3), -115.74 (s, 2F, aromatic F), 

-118.29 (br, 2F, aromatic F). 

This data agrees with the reported data of the compound.29 

 

 

4-(2,3,4,5,6-Pentafluorophenylamino)-1,1,1-trifluoropent-3-en-2-one (5). 1,1,1-

Trifluoro-2,4-pentanedione (344 mg, 2.23 mmol) and 2,3,4,5,6-pentafluoroaniline 

(372 mg, 2.03 mmol) were heated in a closed 8 mL screw cap vial under nitrogen 

atmosphere to 130 °C for 45 min. After cooling to room temperature the formed 

water and residual starting material were removed from the crystalline solid in 

vacuum. Recrystallization from EtOH yielded 353 mg of a white solid (55 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 11.79 (s, 1H, NH), 5.73 (s, 1H, vinyl H), 2.04 (t, J = 

1.1 Hz, 3H, CH3). 

19F NMR (376 MHz, CDCl3, 25 °C) δ -77.18 (s, 3F, CF3), -145.04 (m, 2F, phenyl F ortho 

to N), -153.12 (t, J = 21.5 Hz, 1F, phenyl F para to N), -160.39 (m, 2F, phenyl F meta to 

N). 

 

 

Enolatoimine titanium dimethylamido chloro complex 6a. 4-(2,3,4,5,6-

Pentafluorophenylamino)-1,1,1-trifluoropent-3-en-2-one 5 (100 mg, 0.313 mmol) 

dissolved in 1 mL of benzene and [Ti(NMe2)2Cl2] (32 mg, 0.157 mmol) dissolved in 

2 mL of benzene were cooled to 5 °C. The ketoenamine solution was added dropwise 

to the titanium precursor solution. The reaction mixture was stirred for 2 h at room 

temperature. The ammonium salt formed was filtered off with a PTFE membrane 

syringe filter and the solvent was sublimated in vacuum to yield a green solid which 

was used without further purification. 
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Single crystals for x-ray crystallography were grown by layering a benzene solution of 

6a in a NMR tube with pentane. Most likely due to traces of water in the solvent 

crystals of complex 6b were obtained, which were suitable for crystal structure 

determination. 

1H NMR (400 MHz, C6D6, 25 °C) δ 5.69 (s, 1H, vinyl H), 5.54 (s, 1H, vinyl H), 3.29 (s, 

6H, N(CH3)2), 1.13 (s, 3H, CH3), 0.98 (s, 3H, CH3). 

19F NMR (376 MHz, C6D6, 25 °C) δ -73.38 (s, 3F, CF3), -74.37 (s, 3F, CF3), -141.02 (ddd, 

J = 23, 7, 3 Hz, 1F, Ar1F ortho to N), -147.57 (dddd, J = 81, 23, 6, 3 Hz, 1F, Ar2F ortho to 

N), -149.50 (ddd, J = 81, 23, 6 Hz, 1F, Ar1F ortho to N), -150.14 (ddd, J = 23, 6, 3 Hz, 1F, 

Ar2F ortho to N), -157.36 (dd, J = 22, 22 Hz, 1F, Ar2F para to N), -159.22 (ddd, J = 22, 

22, 1 Hz, 1F, Ar1F para to N), -160.80 (ddd, J = 23, 22, 6 Hz, 1F, Ar1F meta to N), -

162.60 (dddd, J = 23, 22, 6, 2 Hz, 1F, Ar2F meta to N), -162.96 (ddd, J = 23, 22, 6 Hz, 1F, 

Ar2F meta to N), -164.77 (dddd, J = 23, 22, 7, 2 Hz, 1F, Ar1F meta to N). 

 

Crystallographic data of complex 6b. 

CCDC Number 1444764 

Empirical formula C44H16Cl2F32N4O5Ti2 

Formula weight 1455.31 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P2/c 

Unit cell dimensions a = 15.1063(15) Å    α = 90.00° 

b= 11.8530(7) Å       β = 118.495(7)° 

c= 15.7772(14) Å     γ = 90.00° 

Volume 2482.8(4) Å3 

Z 2 

Density (calculated) 1.947 g cm-3 

Absorption coefficient 0.603 mm-1 

F(000) 1428 

Crystal size 0.300 × 0.200 × 0.200 mm3 

Theta range for data collection 1.53 to 25.73° 

Index ranges -18≤h≤18, -14≤k≤14, -19≤l≤19 

Reflections collected 31748 

Independent reflections 4719 [R(int) = 0.1501] 

Completeness to theta 99.1 % 

Absorption correction integration 

Max. and min. transmission 0.9191 and 0.8238 

Refinement method full-matrix least-squares on F2 

Data / restraints / parameters 4719 / 0 / 404 

Goodness-of-fit on F2 1.056 

Final R indices [I>2sigma(I)] R1 = 0.0662 wR2 = 0.1425 

R indices (all data) R1 = 0.1114 wR2 = 0.1613 

Largest diff. peak and hole 0.38 and -0.70 e.Å-3 
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Enolatoimine titanium dichloride complex 7. 4-(2,3,4,5,6-

Pentafluorophenylamino)-1,1,1-trifluoropent-3-en-2-one 5 (150 mg, 0.47 mmol) was 

dissolved in 3 mL of toluene and [Ti(NMe2)2Cl2] (49 mg, 0.235 mmol) was dissolved 

in 3 mL of toluene. Both solution were cooled to 0 °C, and subsequently the 

ketoenamine solution was added slowly to the stirred [Ti(NMe2)2Cl2] solution. The 

reaction mixture was stirred at room temperature for 1.5 h. The ammonium salt 

formed was filtered off with a PTFE membrane syringe filter and the filtrate was 

cooled to -30 °C. Seeding crystals of previously prepared complex 7 were added and a 

1 M BCl3 solution in toluene (0.235 mL, 0.235 mmol) was added under stirring. The 

reaction mixture was left without stirring at room temperature for 24 h, which 

resulted in the formation of red crystals. The crystalline red product was isolated by 

centrifugation and washed with toluene twice followed by washing with pentane. The 

product was dried in vacuum to afford 75 mg of product (43 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 6.35 (s, 2H, vinylic H), 2.11 (s, 6H, CH3). 

19F NMR (376 MHz, CD2Cl2, 25 °C) δ -74.19 (br, 6F, CF3), -142.81 (m, 2F, aromatic F), 

-147.07 (br, 2F, aromatic F), -155.86 (m, 2F, aromatic F), -161.10 (very broad 

multiplet, 2F, aromatic F), -162.68 (m, 2F, aromatic F). 

 

3.4.3 Ethylene Polymerization with MgCl2 Supported Catalysts 

MgCl2∙(2-ethylhexanol)6. Anhydrous MgCl2 (1.19 g, 12.5 mmol) was added under an 

argon atmosphere to a stirred 50 mL Schlenk tube containing 2-ethylhexanol (9.77 g, 

75 mmol). The mixture was heated to 130 °C and stirred at this temperature for 1 h 

until all solid had dissolved. Subsequently, 12 mL of decane were added and the 

mixture was stirred for additional 30 minutes at 130 °C to obtain a homogeneous 

solution, which was cooled to room temperature and used as is for the preparation of 

MgCl2 particles. 
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Ethylene polymerization with in situ supported catalysts. MgCl2∙(2-

ethylhexanol)6 solution in decane (2 mL, ~1 mmol) was diluted with toluene to a 

volume of ~10 mL and 6 mL iBu3Al solution (1 M in toluene, 6 mmol) was added 

dropwise under stirring at room temperature over a period of 2 min. After complete 

addition a turbid particle dispersion was obtained, which was stirred at room 

temperature for 1 h. 

Ethylene polymerization was carried out in an argon purged 500 mL glass reactor 

(Büchi Ecoclave) equipped with a heating/cooling jacket, a mechanical stirrer, a 

massflow controller and a pressure burette. Toluene (200 mL) and the MgCl2 

particles were saturated at 50 °C with 1.8 bar ethylene. The catalyst precursor was 

dissolved in 10 mL of toluene, added to the polymerization reactor and the ethylene 

pressure was increased to 2 bar. The polymerization was carried out under constant 

ethylene pressure and continuous ethylene massflow. After the desired 

polymerization time the pressure was released, the reaction was quenched by the 

addition of EtOH and the polymerization mixture was poured into MeOH/HCl. The 

polymer was filtered off, washed with MeOH and dried at 50 °C in a vacuum oven. 

 

Ethylene polymerization with MgCl2 supported catalysts. MgCl2∙(2-ethylhexanol)6 

solution in decane (2 mL, ~1 mmol) was diluted with toluene to a volume of ~10 mL 

and 6 mL iBu3Al solution (1 M in toluene, 6 mmol) was added dropwise under stirring 

at room temperature over a period of 2 min. After complete addition a turbid particle 

dispersion was obtained, which was stirred at room temperature for 1 h. The catalyst 

precursor dissolved in 5 mL of toluene was added slowly to the MgCl2 particle 

dispersion and the mixture was stirred for 5 min before the polymerization was 

initiated. 

Ethylene polymerization was carried out in an argon purged 500 mL glass reactor 

(Büchi Ecoclave). Toluene (200 mL) and 0.5 mL iBu3Al (1 M in toluene) were 

saturated at the desired polymerization temperature with 1 bar ethylene. The 

supported catalyst was added to the polymerization reactor and the ethylene 

pressure was increased to the desired polymerization pressure. The polymerization 

was carried out under constant ethylene pressure and continuous ethylene massflow. 

After the desired polymerization time the pressure was released, the reaction was 

quenched by the addition of EtOH and the polymerization mixture was poured into 
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MeOH/HCl. The polymer was filtered off, washed with MeOH and dried at 50 °C in a 

vacuum oven. 

 

3.4.4 Silica Supported Catalysts 

dMAO/SiO2 supported catalyst. Silica support particles (500 mg) were dispersed in 

5 mL of toluene and a solution of 50 mg dMAO in 1 mL of toluene was added while 

stirring at room temperature. After 1 h of stirring at room temperature a solution of 

150 mg dMAO in 1.5 mL toluene was added to the desired amount of catalyst 

precursor in 3.5 mL toluene and the mixture was shaken until all solids had dissolved. 

The catalyst solution was added to the silica dispersion and the mixture was stirred 

for 5 min. The stirrer was stopped to sediment the supported catalyst and the 

supernatant was removed. The catalyst particles were washed with 5 mL toluene. 

Before addition to the polymerization reactor the supported catalyst was dispersed in 

5 mL toluene or washed with 5 mL heptane followed by dispersing in 5 mL heptane 

depending on the polymerization medium. 

 

Incipient wetness supported catalyst from catalyst precursor/MAO solution. 

The desired amount of catalyst precursor was dissolved in 1.62 mL(MAO solution) 

g(silica support)-1 (1.05 × pore volume of silica) at 0 °C. The catalyst solution was 

added dropwise to the silica support under stirring at 0 °C. After complete addition, 

the supported catalyst was stirred for an additional hour at 0 °C. The supported 

catalyst was either dispersed in ~10 mL polymerization medium and used directly 

for polymerization or washed with heptane and dried in vacuum prior to use. 

 

Preparation of MAO/SiO2. Silica supported MAO was prepared by dropwise addition 

of 1.62 mL g(silica)-1 of a 30 wt.% MAO solution to the silica support material at 0 °C 

under stirring. After complete addition the silica supported MAO was warmed to 

room temperature and stirred for 2 h. Removal of solvent in vacuum yielded the 

MAO/SiO2 particles, which were used for the preparation of supported catalysts. 

 

Incipient wetness supported catalyst from MAO/SiO2. The desired amount of 

catalyst precursor was dissolved in 1 mL toluene per g(MAO/SiO2). If required the 

mixture was heated to dissolve all solids. The catalyst precursor solution was added 
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dropwise to the MAO/SiO2 at 0 °C under stirring. After complete addition, the 

supported catalyst was stirred for 1 h at 0 °C. The supported catalyst was either 

dispersed in ~10 mL polymerization medium and used directly for polymerization or 

washed with heptane and dried in vacuum prior to use. 

 

Hybrid catalysts from direct mixing of both catalyst precursors. The desired 

amount of both catalyst precursors was dissolved in 1.62 mL(MAO solution) g(silica 

support)-1 (1.05 × pore volume of silica) at 0 °C. The catalyst solution was added 

dropwise to the silica support under stirring at 0 °C. After complete addition, the 

supported catalyst was stirred for an additional hour at 0 °C. The supported catalyst 

was dispersed in ~10 mL polymerization medium and used directly for 

polymerization. 

 

Hybrid catalysts by sequential addition. First the iron catalyst precursor 3 was 

supported on silica according to the incipient wetness procedure employing a catalyst 

precursor/MAO solution and the supported catalyst was washed with heptane and 

dried in vacuum. The desired amount of titanium catalyst precursor was dissolved in 

1 mL toluene per g(supported catalyst). If required the mixture was heated to 

dissolve all solids. The catalyst precursor solution was added dropwise to the 

supported iron catalyst at 0 °C under stirring. After complete addition, the supported 

catalyst was stirred for 1 h at 0 °C. The supported catalyst was washed with heptane 

and dried in vacuum prior to use. 

 

General polymerization procedure. Polymerization medium, iBu3Al and 1-hexene, 

if required, were saturated at the desired polymerization temperature with 1-3 bar 

ethylene. The pressure was released after saturation of the polymerization medium 

and the supported catalyst was added to the polymerization reactor with a syringe in 

an inert gas stream.  The ethylene pressure was increased to the desired 

polymerization pressure and the polymerization was carried out under constant 

pressure and continuous ethylene massflow. In some cases samples were drawn from 

the reaction during polymerization by a valve at the bottom of the reactor. After the 

desired polymerization time the pressure was released, the reaction was quenched by 

the addition of EtOH and the polymerization mixture was poured into MeOH/HCl or 
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EtOH/HCl. The polymer was filtered off, washed with MeOH or EtOH and dried at 50 

°C in a vacuum oven. 

 

Polymerization in the presence of hydrogen. Heptane and iBu3Al were saturated 

at the desired polymerization temperature with 1-3 bar ethylene. The pressure was 

released after saturation of the polymerization medium and the supported catalyst 

was added to the polymerization reactor.  The reactor was pressurized with 5 bar (10 

bar) of ethylene, followed by increasing the pressure to 6 bar (15 bar) with hydrogen 

and again with ethylene to the final polymerization pressure of 10 bar (18 bar). The 

polymerization was carried out under constant pressure and continuous ethylene 

massflow. In some cases samples were drawn from the reaction during 

polymerization by a valve at the bottom of the reactor. After the desired 

polymerization time the pressure was released, the reaction was quenched by the 

addition of EtOH and the polymerization mixture was poured into EtOH/HCl. The 

polymer was filtered off, washed with EtOH and dried at 50 °C in a vacuum oven. 

 

3.5 Additional Figures 

 

Figure 3-24. DSC diagram (10 K min-1) of a representative UHMWPE sample (Table 

3-4, entry 9) formed by living ethylene polymerization with the silica supported 

complex 1. 
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Figure 3-25. GPC molecular weight distribution (Mn 7.3 × 105 g mol-1, Mw/Mn 1.53) of 

an ethylene/1-hexene copolymer (Table 3-5, entry 3) formed by the silica supported 

complex 1. 

 

 

Figure 3-26. GPC molecular weight distributions of an UHMWPE/HDPE reactor blend 

(solid lines) formed by polymerization with a 1/3 hybrid catalyst (Table 3-7, entry 

13) and a reference polyethylene (dashed lines) formed by complex 3 (Table 3-7, 

entry 3) after various polymerization times. 
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Figure 3-27. GPC molecular weight distributions of UHMWPE/HDPE reactor blends 

formed by polymerization with a 2/3 hybrid catalyst after various times (Table 3-7, 

entry 14). 

 

 

Figure 3-28. DSC diagram (10 K min-1) of the outer layer (shell) and the core of an 

injection molded specimen of an UHMWPE/HDPE reactor blend (Table 3-8, entry 12). 
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4 Functionalized and Dye-Labeled Polyolefins 

4.1 Introduction 

Polyolefins are the most important class of polymeric materials. Especially 

polyethylene exhibits a great versatility and finds application in various areas 

reaching from soft elastomeric materials to rigid high-performance materials. This 

broad spectrum of different properties is directly related to its microstructure, 

comonomer content, degree of branching, molecular weight distribution, 

entanglement density, crystallinity and morphology.5,124,125 The influence of these 

parameters on the materials properties were studied intensely, but the investigation 

of the polymer behavior on a molecular level is still challenging. An emerging 

technique for the investigation of polymeric materials is single molecule fluorescence 

microscopy.111 This method allows for the observation of multiple individual 

fluorescent dye molecules at the same time and their translational and rotational 

motion with a high spatial and temporal resolution. Dye molecules suitable for this 

technique need to possess a high absorption cross section, high fluorescence quantum 

yield, high photostability, and for the investigation of polyolefin materials above their 

melting point also a high thermal stability. A class of fluorophores which exhibit a 

good performance in all these areas are the rylene diimide dyes, particularly the 

perylene diimides and the terrylene diimides.113 When such a fluorophore is 

covalently linked to a polymer chain, the translational motion of this polymer chain 

can be followed by single molecule fluorescence microscopy. To realize this, chain-

end functionalized polymers are required, which in addition should possess a well-

defined structure and a narrow molecular weight distribution with adjustable 

molecular weight.  

Up to now, a widely-used method for the preparation polyethylenes with narrow 

molecular weight distributions and functional groups on the chain-ends is the anionic 

polymerization of butadiene and subsequent hydrogenation. This leads, however, to 

the formation of a significant amount of ethyl branches, due to 1,2-enchainment of 

butadiene.144 Thus, the preparation of perfectly linear polyethylene is not possible. In 

contrast, the living insertion polymerization of olefins at room temperature, which 

was developed during the last decade, is well suited for the preparation of well 

defined, linear, narrow dispersed polyolefins.26,29 One the most efficient catalysts for 
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this reaction is the enolatoimine titanium complex 1 (Figure 1-5) bearing fluorine 

substituents in ortho position of the imine bound phenyl moiety.29 It is able to 

polymerize ethylene to linear polyethylene in a very controlled fashion with very 

narrow molecular weight distributions. The molecular weights of the polymers 

obtained can be adjusted by the polymerization time, due to the living fashion of the 

reaction. The fact that the titanium center stays bound to the polymer chain-end all 

the time, also in the absence of monomer, should enable the introduction of 

functional groups to the chain-end. These can be generated either by insertion of a 

functionalized monomer at the end of the polymerization or by other reactions of the 

titanium bound polymer chain-end, e.g. oxidation. As functional monomers protected 

α,ω-alkenols can be used, as demonstrated by Makio et al. by application of 

trimethylsilyl (TMS) protected 10-undecenol in the living ethylene polymerization 

with a fluorinated phenoxyimine titanium complex.145 Aluminum alkyl protected 10-

undecenol and allylalcohol were also copolymerized with ethylene by metallocene 

catalysts.146,147 A second approach to end-functionalization is the oxidation of the 

titanium bound alkyl moiety (polymer chain). It is well known, that metal alkyl 

compounds can be oxidized to alcohols with suitable oxidation agents. Also for 

zirconium and titanium alkyl compounds oxidation with oxygen can lead to the 

formation of the corresponding metal coordinated alcoholates, which are converted 

to alcohols by an acidic workup.148 Very recently, Busico and coworkers reported the 

oxidation of polymer-chain ends bound to a salan zirconium complex by quenching 

propylene polymerization with oxygen for the determination of the number of active 

sites.149 

Various approaches to covalently link fluorescent dye molecules to functionalized 

polymer chains in a post-polymerization modification reaction have been reported.115 

For the dye labeling of hydroxyl functionalized polymers the covalent binding of 

carboxylic acid functionalized dyes by an ester moiety is evident. 

Thus, carboxylic acid functionalized perylene and terrylene diimides were 

synthesized and linked to hydroxyl chain-end functionalized polyolefins, which were 

prepared by living insertion polymerization. Various approaches for polymer chain-

end functionalization and covalent dye labeling were investigated. 
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4.2 Results and Discussion 

4.2.1 Hydroxyl Chain-End Functionalized Polyolefins 

In order to prepare fluorescent dye labeled polyolefins, in a first step polyolefins 

bearing a reactive functional group on the polymer chain-end were synthesized. For 

this purpose the ortho fluorinated enolatoimine titanium complex 1 in combination 

with dMAO was used as a catalyst for the living insertion polymerization of ethylene 

and 1-olefins. As an anchoring point for the dye label, hydroxyl groups were 

introduced on the polymer chain-end by means of in situ functionalization reactions. 

This was achieved either by the addition of a functional monomer at the end or 

beginning of the polymerization reaction or by oxidation of the titanium bound 

polymer chain subsequent to polymerization. 

 

 

Figure 4-1. Synthesis of hydroxyl functionalized polyethylene with TMS-alkenols. 

 

For the functional monomer based approach, trimethylsiliyl (TMS) protected 10-

undecenol and allylalcohol were employed to afford hydroxyl functionalized 

polymers. Ethylene was first polymerized with the MAO activated complex 1 followed 

by the removal of excess ethylene in vacuum and the addition of the TMS-alkenol 

(Figure 4-1a). The TMS protecting group is subsequently cleaved during the acidic 

workup of the polymer. Note that the insertion chain growth of 1-olefins is much 

slower than for ethylene. This should favor the first insertion of (functionalized) 1-

olefin into the reactive Ti-polyethenyl chain over subsequent insertions in terms of 

rate, such that a monofunctionalization could be viable. 
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Table 4-1. Synthesis of hydroxyl functionalized polyolefins by TMS-alkenols.a 

entry functional monomer methodb 
t 

[min] 

yield 

[mg] 

Mn
c 

[g mol-1] 
Mw/Mn

c 
OH per 

chaind 

1 TMS-undecenol (50 eq) quencher 1 145 17600 1.69 7 

2 TMS-undecenol (5 eq) quencher 0.75 167 43900 1.07 3.3 

3 TMS-undecenol (5 eq) quencher 2 243 71000 1.07 1.9 

4 TMS-allylalcohol (10 eq) quencher 1 77 51100 1.08 1.1 

5 TMS-undecenol (1.5 eq) initiator 1.5 67 26300 1.01 4.7 

6 TMS-undecenol (0.9 eq) initiator 1.75 71 30600 1.01 2.8 

7e TMS-undecenol (175 eq) PE-b-aPP-co-U 1.5/90 264 56100 1.22 8 
a Polymerization conditions: 10 µmol complex 1, 300 mg dry MAO, 250 mL toluene, 25 °C, reactor filled 

with argon at ambient pressure + 1 bar ethylene partial pressure (entry 1: 0.5 bar). b quencher: TMS-

alkenol mixed with a small quantity of MAO was added after removal of ethylene and the reaction was 

stirred for 30 min (entry 1, 4: no additional MAO). initiator: catalyst, MAO and TMS-alkenol were 

stirred in the reactor 30 min before the addition of ethylene. c Determined by GPC in 1,2,4-

trichlorobenzene at 160 °C by triple detection. d Average number of hydroxyl groups per polymer 

chain calculated from GPC molecular weights and 1H NMR spectra. e Polymerization of 1 bar ethylene 

for 1.5 min followed by copolymerization of 1.5 bar propylene and 175 eq. TMS-undecenol (+ 55 mg 

dry MAO) for 90 min. Propylene content in the polymer: 18 mol-%. 

 

When 50 equivalents of TMS-undecenol were used, polyethylene with a relatively 

broad molecular weight distribution of Mw/Mn 1.69 was obtained (Table 4-1, entry 1). 

The incorporation of the undecenol monomer into the polymer chain is indicated by 

the appearance of a triplet at 3.69 ppm in the 1H NMR spectrum corresponding to the 

methylene unit adjacent to the hydroxyl group and the absence of olefinic signals (cf. 

Figure 4-23). By integration of the CH2OH resonance a number of seven hydroxyl 

groups per polymer chain was calculated based on the GPC molecular weight of Mn 

17600 g mol-1. This results from the copolymerization of residual ethylene with the 

TMS-undecenol, which was confirmed by the typical signal set for ethylene/1-olefin 

copolymers in the 13C NMR spectrum of the polymer (Figure 4-22). To avoid the 

formation of this poly(ethylene-co-undecenol) block the ethylene needs to be 

removed rigorously from the reaction mixture, which is difficult within a relatively 

short timescale. This is, however, desirable to maintain a good control over the 

polymer molecular weight. Therefore the amount of TMS-undecenol was reduced to 

five equivalents in order to lower the number of hydroxyl groups per chain and the 

TMS-undecenol was mixed with a small amount of MAO before the addition to 

scavenge impurities (Table 4-1, entries 2, 3). This resulted in the formation of 

hydroxyl functionalized polyethylenes with very narrow molecular weight 

distributions of Mw/Mn 1.07. However, the number of hydroxyl groups per polymer 

chain was still in the range of 2-3. In order to reduce this value, the more bulky 

functional olefin TMS-allylalcohol was added at the end of the polymerization. Even 
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with ten equivalents of TMS-allylalcohol an average number of hydroxyl groups per 

polymer chain of 1.1 with a narrow molecular weight distribution of Mw/Mn 1.08 was 

achieved (Table 4-1, entry 4). 

Not only the terminal chain-end, but also the initiating polymer chain-end was 

functionalized with TMS-undecenol according to the method of Makio et al., which in 

principle enables the synthesis of telechelic polymers (Figure 4-1b).145 For this 

purpose, the catalyst precursor 1, MAO and 0.9 – 1.5 equivalents of TMS-undecenol 

were reacted before the addition of ethylene to the reactor. This procedure yielded 

hydroxyl functionalized polyethylenes with very narrow molecular weight 

distributions of Mw/Mn 1.01, however, the number of hydroxyl groups per chain is 

relatively high (3 to 5), which means that the hydroxyl groups are not exclusively 

incorporated on the initiating chain end, but probably also all over the polymer chain 

(Table 4-1, entries 5, 6). Thus, the selective functionalization of the initiating chain-

end was not reliably possible. 

Apart from the introduction of chain-end functionalities, TMS-undecenol could also 

be randomly incorporated into the atactic polypropylene block of an 

ethylene/propylene diblock copolymer. This was realized by first polymerizing 

ethylene, which was subsequently removed in vacuum, followed by the addition of 

propylene and TMS-undecenol. A narrow dispersed block copolymer (Mn 

56100 g mol-1, Mw/Mn 1.22) with a propylene content of 18 mol-% and an average of 

8 hydroxyl groups per polymer chain located in the polypropylene block was 

obtained (Table 4-1, entry 7). 

 

 

Figure 4-2. Synthesis of hydroxyl end-functionalized polyethylene by oxidation. 

 

To overcome the issue of multiple functional groups per polymer chain by 

copolymerization of the functional monomer with residual olefins a second strategy 

for the chain-end functionalization was employed. Instead of the insertion of 

functional group bearing olefins, the chain-end was functionalized by the addition of 
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oxygen to the polymerization reactor. This should lead to an instantaneous inhibition 

of the polymerization and the oxidation of the titanium bound polymer chain-end to 

an alcoholate, which is converted to a hydroxyl group during the acidic workup. This 

has the advantage that only one functional group per polymer chain is generated and 

the polymerization is stopped directly upon the addition of oxygen to the reactor, 

thus, ensuring very narrow molecular weight distributions. 

 

Table 4-2. Synthesis of hydroxyl end-functionalized polyolefins by oxidation.a 

entry 
complex 1 

[µmol] 
productb 

P 

[bar] 

t 

[min] 

yield 

[mg] 

Mn
c 

[g mol-1] 
Mw/Mn

c 
funct. degreed 

[%] 

1 18 PE-OH 0.5 0.5 113 16500 1.09 46 

2 18 PE-OH 0.5 0.75 128 19300 1.04 50 

3 15 PE-OH 1 1 320 45500 1.06 47 

4 11 PE-OH 1 3 367 90500 1.10 60 

5 12 PE-OH 1 4 633 116700 1.10 58 

6e 10 PE-OH 1 1 170 51700 1.04 60 

7f 20 P(E-co-B)-OH 1+1.5 0.5 192 13300 1.13 78 

8f 15 P(E-co-B)-OH 1+1.5 1 330 25000 1.14 68 

9f,g 13 P(E-co-B)-OH 1+1.5 2 544 46100 1.18 60 

10h 10 P(E-b-aP)-OH 0.5/2 1/105 505 85600 1.69 50 
aPolymerization conditions: 250 mL toluene, 25 °C, reactor filled with argon at ambient pressure and 

monomer with above mentioned partial pressure was added on top, 300 mg dry MAO (entries 1, 2: 400 

mg). Dry air was bubbled through the polymerization mixture for 15 min (entries 3-5: 2 min). b E: 

ethylene, B: 1-butene, aP: atactic propylene. c Determined by GPC in 1,2,4-trichlorobenzene at 160 °C 

by triple detection (entries 7-9: linear calibration against PE standards). d Degree of hydroxyl chain-

end functionalization determined from GPC molecular weights and 1H NMR spectra. e Ethylene was 

removed before quenching by evacuation and purging with argon several times. f Ethylene/1-butene 

copolymerization with 1 bar 1-butene + 1.5 bar ethylene. 14 mol-% 1-butene incorporation 

determined by 1H NMR spectroscopy. g Reactor evacuated to 0.5 bar before quenching with oxygen. h 

Ethylene/propylene block copolymer with 73 mol-% propylene. 

 

For the synthesis of hydroxyl chain-end functionalized polyolefins, first ethylene was 

polymerized with the MAO activated complex 1 at 25 °C. After the desired 

polymerization time the ethylene pressure was released from the reactor and dry air 

was bubbled through the reaction mixture. This leads to an oxidation of the titanium 

bound polymer chain-end to an alcohol (Figure 4-2). Various experiments with 

different polymerization times from 0.5-4 min were conducted to produce well-

defined narrow distributed linear polyethylenes with molecular weights ranging from 

Mn 16500 to 116700 g mol-1 (Table 4-2, entries 1-5). The narrow molecular weight 

distributions of Mw/Mn 1.04-1.10 show, that the polymerization reaction is rapidly 

quenched on the addition of air to the reactor. However, a small shoulder toward 

higher molecular weights is observed (Figure 4-24, left), which might originate from a 
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delayed quenching of polymer chain-ends inside precipitated polymer particles. 

When the excess ethylene was removed in vacuum before the addition of oxygen to 

the reactor (Table 4-2, entry 6), this shoulder was not observed (Figure 4-24, right). A 

degree of hydroxyl chain-end functionalization of 46-60 % was determined by 

combination of GPC molecular weights and 1H NMR spectroscopy. 

The 1H NMR spectra of the hydroxyl end-functionalized polyethylenes exhibit a 

characteristic resonance at 3.68 ppm, which corresponds to the methylene group next 

to the hydroxyl group. The signal is split into a triplet by coupling to the methylene 

group at 1.63 ppm. The assignment is supported by comparison to the 1H and gCOSY 

NMR spectra of 1-octadecanol recorded under the same conditions (Figure 4-3). 

In contrast to reported procedures toward well-defined chain-end functionalized 

polyethylenes,68,145 the method described here allows the generation of molecular 

weights significantly higher than 104 g mol-1. Especially, chain transfer 

polymerization to narrow dispersed polyethylenes is limited to low molecular 

weights <104 g mol-1.68 

 

 

Figure 4-3. 1H and gCOSY NMR spectra (400 MHz, C2D2Cl4, 130 °C) of hydroxyl end-

functionalized polyethylene (Table 4-2, entry 1) and 1-octadecanol. 

 

The chain-end functionalization by oxidation was also successful in the case of 

ethylene/1-butene copolymers. These were prepared by first saturating the 

polymerization medium with 1 bar of 1-butene followed by raising the pressure to 

2.5 bar with ethylene before the addition of MAO and catalyst precursor 1. It is not 

possible to completely remove the monomers from the polymerization mixture 
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before quenching the polymerization with oxygen, due to the very high solubility of 1-

butene in toluene also at low pressures. Ethylene is removed first, which leads to the 

formation of gradient or block copolymers. Thus, oxygen was added to the 

polymerization mixture directly after release of the pressure. Hydroxyl end-

functionalized ethylene/1-butene copolymers with a butene content of 14 mol-% and 

molecular weights of Mn 13300-46100 g mol-1 with narrow molecular weight 

distributions of Mw/Mn 1.13-1.18 were prepared by variation of the polymerization 

time from 30 seconds to 2 minutes (Table 4-2, entries 7-9). 

 

 

Figure 4-4. 1H NMR spectra (400 MHz, C2D2Cl4, 130 °C) of a hydroxyl end-

functionalized ethylene/1-butene copolymer (Table 4-2, entry 8), 2-ethylhexanol and 

1-octadecanol. 

 

A degree of hydroxyl chain-end functionalization of 60-80 % was calculated from the 

1H NMR spectra of these copolymers in combination with GPC molecular weights. Due 

to the utilization of two different monomers, the formation of various endgroups is 

possible. Two types of hydroxyl endgroups were observed in the 1H NMR spectra of 

these copolymers, which could be identified by comparison to model compounds 

(Figure 4-4). The triplet at 3.68 ppm corresponds to the methylene group next to the 

hydroxyl group of a linear polyethylene endgroup. The doublet at 3.60 ppm is 

assigned to the methylene group of an hydroxyl endgroup formed by oxidation of a 

butene 1,2-inserted species. This indicates that 1-butene is enchained by 1,2-

insertion in the copolymerization with ethylene. In 1-olefin homopolymerization with 

related phenoxyimine complexes, 2,1-insertion is predominating, but 1-olefin 

insertion subsequent to ethylene insertion occurs with a 1,2-regioselectivity.21 



Functionalized and Dye-Labeled Polyolefins 

81 
 

Compared to the butene content of the copolymer, the amount of endgroups formed 

from the butene inserted species is much too high. This can either be addressed to a 

higher 1-butene/ethylene ratio after release of pressure or a lower reactivity of the 

butene inserted species toward olefin insertion, which leads to a higher concentration 

of this ‘dormant species’. When the polymerization mixture was subjected to vacuum 

for a short time before quenching with oxygen, exclusively branched alcohol 

endgroups were observed (Table 4-2, entry 9). 

By sequential polymerization of ethylene and propylene followed by quenching with 

air, also the preparation of a hydroxyl end-functionalized ethylene/propylene diblock 

copolymer was possible (Table 4-2, entry 10). The block copolymer exhibits a 

molecular weight of Mn 85600 g mol-1 with a somewhat broad molecular weight 

distribution of Mw/Mn 1.69, which originates from a high molecular weight tailing. 

This might be a result of aggregate formation of the block copolymer during GPC 

measurement. The nature of the end-group could, however, not be clearly determined 

by NMR spectroscopy, due to the high molecular weight and the complexity of atactic 

polypropylene endgroup resonances. Assuming a methine proton adjacent to the 

hydroxyl group a degree of functionalization of 50 % was calculated. 

 

4.2.2 Synthesis of Functional Dye Labels 

Perylene and terrylene diimides are highly fluorescent and photostable dyes, which 

are well suited for the application in single molecule fluorescence microscopy. They 

can be prepared by multistep synthesis from readily available starting materials and 

via the imide moiety a large variety of reactive functional groups can be 

introduced.113 The preparation of monofunctionalized perylene and terrylene diimide 

dyes requires the synthesis of the corresponding monoanhydrides, which can be 

converted to the functionalized dyes by reaction with various amines or anilines. 

The perylene diimides were prepared starting with a condensation reaction of 

tetrachloroperylene dianhydride 8 with 2,6-diisopropylaniline followed by the 

substitution of the chlorine atoms with 4-(1,1,3,3-tetramethylbutyl)-phenol.150,151 The 

introduction of these bulky substituents in the bay positions of the dye enhance its 

solubility, reduce aggregation and shift the absorption maximum to ca. 580 nm. To 

facilitate the introduction of a functional group to the perylene diimide, one of the 

imide moieties was cleaved under basic conditions to afford the perylene imide 
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anhydride 11.152 As a sideproduct also the bisanhydride 12 was formed, which was 

also collected and used for the synthesis of a binuclear dye labeled metathesis 

catalyst (see section 5.2.1). The monoanhydride compound 11 can be reacted with a 

broad range of anilines and amines to introduce various functional groups. For the 

dye labeling of hydroxyl functionalized polyolefins a carboxylic acid bearing perylene 

diimide 13 was synthesized by a condensation reaction of the perylene imide 

anhydride 11 with 4-(4-aminophenyl)butyric acid in propionic acid (Figure 4-5). 

 

 

Figure 4-5. Synthesis of the carboxylic acid functionalized perylene diimide dye 13. 

 

The preparation of functionalized terrylene diimide dyes, requires the buildup of the 

terrylene diimide core structure 16, as this is not readily available (Figure 4-6). For 

this purpose, the perylene imide 15 was synthesized by reaction of perylene 

dianhydride with 2,6-diisopropylaniline in the presence of Zn(OAc)2 and N,N-

dibutylethanolamin in quinoline at 210 °C,153 which was then reacted with the 

corresponding naphthalimide 14 and tBuONa in DBN and diglyme to form the poorly 

soluble, dark blue terrylene diimide 16.154,155 Bromination in the bay positions with 

bromine in a biphasic CHCl3/H2O mixture152 followed by substitution of the bromine 

atoms with 4-(1,1,3,3-tetramethylbutyl)-phenol afforded the dark green, well soluble 
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fluorescent dye 18 in 81 % yield.154 For the introduction of a reactive functional 

group, one of the imide moieties was cleaved under basic conditions to yield the 

terrylene imide anhydride 19,156 which was used as starting material for the 

synthesis of functionalized terrylene diimides. 

 

 

Figure 4-6. Synthesis of the terrylene imide anhydride 19. 

 

A carboxylic acid functionalized terrylene diimide dye 20 was synthesized in a similar 

way as the corresponding perylene diimide 13 (Figure 4-7). However, the terrylene 

imide anhydride 19 seems to be less reactive than the perylene imide anhydride 

under these conditions, as even for long reaction times (40 h) no full conversion could 

be achieved. For the perylene imide anhydride 11 full conversion was reached 

already after ca. 2 h. 

In addition to the carboxylic acid bearing dye 20 also an azide functionalized 

terrylene diimide 22 was synthesized, which can be used for dye labeling by the 

copper catalyzed azide alkyne cycloaddition reaction (Figure 4-8). In the first step the 

terrylene imide anhydride 19 was converted to a bromine substituted terrylene 

diimide 21 by condensation with 4-bromo-2,6-diisopropylaniline. The azide group 
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was introduced by a Cu(I)/diamine catalyzed Ullmann-type coupling reaction with 

NaN3. This reaction requires very polar solvents such as EtOH/H2O mixtures.157 As 

terrylene diimides are not soluble in such solvents and the reaction does not proceed 

in nonpolar solvents, the solvent mixture had to be optimized. With a mixture of 

toluene/EtOH/H20 (10:5:1) a satisfactory conversion to the azide functionalized 

terrylene diimide 22 could be achieved. 

 

Figure 4-7. Synthesis of the carboxylic acid functionalized terrylene diimide 20. 

 

The optical properties of the carboxylic acid functionalized perylene diimide 13 and 

terrylene diimide 20 were analyzed by absorption and fluorescence spectroscopy 

(Figure 4-9). The perylene diimide 13 exhibits an absorption maximum at 579 nm 

with an absorption coefficient of 46200 M-1 cm-1, a fluorescence quantum yield of 94 

% and a fluorescence intensity maximum at 609 nm in toluene solution. In heptane, 

which better resembles apolar polyolefins, the fluorescence intensity maximum is 

shifted to 595 nm and the quantum yield is decreased to 86 %. The carboxylic acid 

functionalized terrylene diimide 20 exhibits an absorption maximum at 674 nm with 

an absorption coefficient of 102900 M-1 cm-1, a fluorescence quantum yield of 61 % 

and a fluorescence intensity maximum at 705 nm in toluene solution. When the TDI 

dye 20 was dissolved in heptane the fluorescence quantum yield dropped to 34 % 

and the fluorescence intensity maximum shifted to 682 nm. 

For single molecule fluorescence applications the terrylene diimide has the advantage 

of a longer absorption wavelength and higher absorption cross section compared to 

the perylene diimide dye, which allows for a more efficient excitation with less 

background emission. However, the lower fluorescence quantum yield, especially in 

an apolar aliphatic surrounding can reduce the sensitivity gain. 
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Figure 4-8. Synthesis of the azide functionalized terrylene diimide 22. 

 

Apart from dye labeling of functionalized polyolefins pursued here, the carboxylic 

acid bearing terrylene diimide 20 was employed by Dill et al. for the synthesis of a 

photocleavable PDI-TDI dyad.158 

 

 

Figure 4-9. Absorption (dashed lines) and fluorescence spectra (solid lines) of the 

carboxylic acid functionalized perylene diimide 13 (λexc = 550 nm) and terrylene 

diimide 20 (λexc = 660 nm) in toluene. 

 

4.2.3 Dye-Labeled Polyolefins 

The hydroxyl chain-end functionalized polyolefins were covalently labeled with the 

carboxylic acid functionalized rylene diimide dyes by formation of ester groups. Two 

different approaches were employed for the esterification of the chain-end 

functionalized polymers with the dye molecules. 
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In the first approach the carboxylic acid was activated by reaction with thionyl 

chloride to from a carboxylic acid chloride functionalized dye. This was then reacted 

with the hydroxyl chain-end functionalized polyethylene in presence of NEt3 at 105 °C 

for 18 h (Figure 4-10). 

 

 

Figure 4-10. Synthesis of dye labeled polyethylene from acid chloride. 

 

A hydroxyl end-functionalized polyethylene with 7 OH-groups per chain on average 

and a molecular weight of Mn 17600 g mol-1 prepared from TMS-undecenol (Table 

4-1, entry 1) was reacted with the perylene diimide 23 according to this procedure. 

The covalent binding of the dye to the polymer was evidence by NMR spectroscopy 

and a comparative experiment in which a non-functionalized linear polyethylene was 

exposed to the dye under the same reaction conditions (Figure 4-11). After workup, 

which removes the free dye, a dark red perylene diimide labeled polyethylene was 

obtained. The non-functionalized polymer was recovered almost white with a light 

pink color, which demonstrates that no dye is bound to the polymer (Figure 4-11, 

insert). 

According to 1H NMR spectroscopy, about 60 % of the hydroxyl functionalities were 

converted to dye labeled ester moieties, which corresponds to an average number of 

4 perylene diimide dye molecules per polymer chain. The 1H NMR spectrum exhibits 

the typical set of signals for the perylene diimide in addition to the polyethylene 

signals. The resonances were assigned by 1D-TOCSY NMR spectra, which give good 

signal to noise ratios for the small endgroup signals within reasonable measurement 

times (Figure 4-11). In these spectra always one signal is selectively excited and the 

spectrum shows signals of protons belonging to the same spin system. In this way the 

two resonances at 4.47 ppm and 2.78 ppm could be assigned to methylene groups of 

the perylene diimide. The signal at 2.78 ppm is overlapping with the isopropyl 

methine proton resonance (free dye 23: δ 2.67 ppm in CD2Cl2 at 25 °C), which is 
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indicated by the appearance of a doublet at 1.19 ppm upon excitation at 2.78 ppm. 

The signal of the methylene group next to the hydroxyl group is shifted from 3.68 

ppm to 4.13 ppm by the ester formation. Both resonances possess couplings to 

signals in the region of 1.6-1.7 ppm.  

 

 

Figure 4-11. 1H and 1D-TOCSY (40 ms mixing time) NMR spectra (400 MHz, C2D2Cl4, 

130 °C) of perylene diimide labeled polyethylene prepared from PE-OH (Table 4-1, 

entry 1) and perylene diimide 23 activated with SOCl2. Insert: Photograph of dye-

labeled polyethylene (right) and comparative experiment with non-functionalized PE 

(left). 

 

When hydroxyl functionalized polyethylenes with higher molecular weights ≥5 × 104 

g mol-1 and less than two hydroxyl groups per polymer chain (Table 4-1, entry 3 and 

Table 4-2, entry 6) were reacted with the perylene diimide 23 under similar 

conditions, only about 25 % of the hydroxyl moieties were dye labeled. This can be 

attributed to the lower functional group concentration in the reaction mixture. 

The second method, which was used for the covalent binding of dye molecules to 

hydroxyl functionalized polyolefins, is the acid catalyzed esterification (Figure 4-12). 

The functionalized polymer and the dye were heated in the presence of para-toluene 

sulfonic acid (pTsOH) in a small amount of toluene to 110 °C for 23 h. To achieve high 

conversions, the amount of solvent was reduced to a minimum. A polymer 

concentration of about 40 mg mL-1 was used instead of 5 mg mL-1 as used in previous 

experiments. After the reaction the polymer was dissolved and precipitated several 

times to remove excess dye molecules. 
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Figure 4-12. Synthesis of perylene diimide labeled polyethylene by acid catalyzed 

esterification. 

 

A hydroxyl functionalized polyethylene with a molecular weight of Mn 16500 g mol-1 

and a chain-end functionalization degree of 50 % (Table 4-2, entry 1) was reacted 

with a 30-fold excess of the perylene diimide 13. This resulted in full conversion of 

the polymer bound hydroxyl groups to dye labeled ester moieties and a bright red 

polymer was obtained (Figure 4-13). The application of only a 15-fold excess of dye 

still resulted in 85 % conversion. When an unfunctionalized polyethylene was reacted 

under the same conditions a slightly pink polymer was obtained, which indicates that 

only traces of dye remained in the polymer. 

 

 

Figure 4-13. 1H NMR spectra (400 MHz, C2D2Cl4, 130 °C) of perylene diimide labeled 

polyethylene (top) and octadecanol (bottom) prepared by acid catalyzed 

esterification of PE-OH (Table 4-2, entry 1) and 1-octadecanol, respectively. Insert: 

Photograph of dye-labeled polyethylene (left) and comparative experiment with non-

functionalized PE (right). 
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The covalent binding of the perylene diimide dye 13 to the polymer was evidenced by 

1H NMR spectroscopy (Figure 4-13). For the assignment of the resonances a model 

compound was synthesized by esterification of 1-octadecanol with the perylene 

diimide 13, which was fully characterized by 2D NMR techniques. The complete 

conversion of all hydroxyl chain-ends to ester groups is indicated by the absence of 

the characteristic triplet of the CH2OH group at 3.68 ppm. Instead, a triplet at 4.15 

ppm corresponding to the methylene group next to the ester oxygen atom is present. 

The three methylene groups next to the ester moiety of the dye-linker resonate at 

2.80 ppm, 2.42 ppm and 2.07 ppm. In addition the characteristic set of aromatic and 

aliphatic signals of the perylene diimide dye is present. 

Further evidence for the covalent binding of the perylene diimide to the polymer 

chain could be provided by DOSY NMR spectroscopy (Figure 4-25). The polymer and 

the dye resonances exhibit the same diffusion coefficients, which proves the dye to be 

attached to the polymer chain. The diffusion coefficients of small molecules, such as 

solvent, can be clearly distinguished from the macromolecule. 

Also a hydroxyl end-functionalized polyethylene with a higher molecular weight of Mn 

45500 g mol-1 (Table 4-2, entry 3) could be labeled with the perylene diimide 13 

under similar reaction conditions with full conversion of all PE-OH endgroups. 

Identical molecular weight distributions were obtained by GPC before and after dye 

labeling, which confirms that no undesired chain degradation or coupling occurred 

during the esterification reaction (Figure 4-26). 

The acid catalyzed dye labeling approach could also be applied to hydroxyl end-

functionalized ethylene/1-butene copolymers. A copolymer with a butene content of 

14 mol-%, a molecular weight of Mn 13300 g mol-1 and a degree of functionalization of 

80 % (Table 4-2, entry 7) was reacted with 4.3 eq. of the perylene diimide 13. 

According to the 1H NMR spectrum about 65 % of the hydroxyl end-groups were 

converted to dye labeled ester moieties (Figure 4-14). Both types of end-groups 

present in the copolymer were converted to esters. The methylene groups adjacent to 

the ester oxygen atom resonate in the range of 4.18-4.05 ppm in the 1H NMR 

spectrum. The molecular weight distributions of the copolymer before and after dye 

labeling are identical, thus confirming that no chain degradation or coupling occurred 

during the esterification reaction (Figure 4-27). 
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Figure 4-14. 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of perylene diimide 

labeled ethylene/1-butene copolymer prepared by acid catalyzed esterification of 

P(E-co-B)-OH (Table 4-2, entry 7). 

 

Apart from perylene diimide bearing polyolefins, also terrylene diimide labeled 

polyethylene was prepared. The application of various dyes enables for instance the 

observation of two different polymers at the same time by two color fluorescence 

microscopy. Thus, the capability for covalent attachment of various dyes with 

different optical properties is desirable. 

The carboxylic acid functionalized terrylene diimide dye 20 was attached to a 

hydroxyl end-functionalized polyethylene with a molecular weight of Mn 16500 

g mol-1 (Table 4-2, entry 1) by acid catalyzed esterification in the same way as 

mentioned above. A 10-fold excess of the dye, with respect to the hydroxyl end-

groups, was used, which resulted in the conversion of 25 % of the hydroxyl groups to 

dye bearing ester moieties (Figure 4-28). 

 

4.2.4 Alkyne-Functionalized Polyethylenes 

The copolymerization of ethylene and norbornene with enolatoimine titanium 

complexes is well known in literature.133,159 Li and coworkers even copolymerized 

ethylene with hydroxyl or alkyne functionalized norbornene derivatives.160,161 

Especially the norbornenes bearing an acetylene group are well suited for further 

modifications of the polymer by the highly efficient copper catalyzed azide alkyne 

cycloaddition (CuAAC) reaction.162 
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In order to prepare alkyne functionalized ethylene/norbornene copolymers an 

acetylene functionalized norbornene 24 was synthesized according to a modified 

literature procedure161 by reaction of propargylbromide with 

5-norbornenemethanol, which was deprotonated with NaH (Figure 4-15). 

 

 

Figure 4-15. Synthesis of the acetylene functionalized norbornene monomer 24. 

 

The acetylene functionalized norbornene monomer 24 was employed in 

copolymerization with ethylene catalyzed by the living insertion polymerization 

catalyst 1/dMAO (Table 4-3). At 25 °C and 1 bar ethylene pressure the 

polymerization activity decreased dramatically from 3.3 × 105 g(polymer) mol(Ti)-1 

h-1 to 3.7 × 104 g(polymer) mol(Ti)-1 h-1 with increasing comonomer concentration up 

to 6.2 mmol L-1 (Table 4-3, entries 1-3). At a comonomer concentration of 23 mmol 

L-1 the polymerization was even completely inhibited (Table 4-3, entry 4). The 

molecular weight of the copolymers is in the same range as for the ethylene 

homopolymer prepared under similar conditions, but the molecular weight 

distribution of Mw/Mn 1.45 indicates a less controlled polymerization. The low 

polymerization activity, thus, seems to originate from a lower number of active sites 

rather than a reduced polymerization rate. The incorporation of the norbornene 

monomer was evidenced by 1H NMR spectroscopy by the presence of characteristic 

signals of the norbornene repeat unit and the absence of olefinic signals (Figure 

4-16). The degree of norbornene incorporation increased with the comonomer 

concentration up to 0.6 mol-% at 6.2 mmol L-1. A higher norbornene content of 1.25 

mol-% in the copolymer could be achieved by reducing the ethylene partial pressure 

to 0.4 bar, which, however, resulted in a very low polymerization activity and broad 

molecular weight distribution of Mw/Mn 3.2 (Table 4-3, entry 5). The copolymers’ 

melting points decreased with increasing comonomer content down to 123 °C with 

1.25 mol-% norbornene incorporated. 
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Table 4-3. Copolymerization of ethylene and alkyne functionalized norbornene 24.a 

entry 
comonomerb 

[mmol L-1] 

t 

[min] 

yield 

[mg] 
activityc 

Mn
d 

[g mol-1] 
Mw/Mn

d 
incorp.e 

[mol-%] 

Tm
f 

[°C] 

1 - 10 557 334 130400 1.03 - 143/138 

2 2.1 11 193 117 145100 1.45 0.12 139/133 

3 6.2 12 66 37 n.d. n.d. 0.6 132/127 

4 23.0 10 0 - - - - - 

5g 4.9 120 32 2 17500 3.20 1.25 126/123 

6h 6.2 11 379 230 88400 1.99 0.25 137/131 
a Polymerization conditions: 9 µmol complex 1 (entries 1, 4: 10 µmol), 1000 eq. dry MAO (entry 1: 

500 eq., entries 4, 5: 2000 eq.), 150 mL toluene, 25 °C, reactor filled with argon at ambient pressure + 

1 bar ethylene partial pressure. b Concentration of the acetylene functionalized norbornene 24. c 103 

g(polymer) mol(Ti)-1 h-1. d Determined by GPC in 1,2,4-trichlorobenzene at 160 °C by triple detection 

(entry 5: linear calibration against PE standards). e Degree of comonomer incorporation determined by 
1H NMR spectroscopy. f Melting point determined by DSC (10 K min-1), 1st and 2nd heating cycle. g 

Ethylene partial pressure of 0.4 bar without ethylene massflow. h The catalyst precursor was activated 

with additional 200 eq. of dry MAO before the addition to the reactor. 

 

It turned out that the deactivating effect of the acetylene functionalized norbornene 

results from detrimental interactions with the titanium complex before or during 

activation with MAO. When the catalyst precursor was activated with MAO before the 

addition to the reactor and exposure to the comonomer instead of adding the catalyst 

precursor to a solution of MAO, comonomer and ethylene, a significantly higher 

activity of 2.3 × 105 g(polymer) mol(Ti)-1 h-1 was achieved (Table 4-3, entry 6). This is 

almost as high as for ethylene homopolymerization, however, the molecular weight 

distribution is still broad (Mw/Mn 2.0). 

 

 

Figure 4-16. 1H NMR spectrum (600 MHz, C2D2Cl4, 115 °C) of an 

ethylene/norbornene (24) copolymer (Table 4-3, entry 3). 
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For the preparation of amphiphilic polyethylenes, which can be used for the 

generation of self-stabilizing polyethylene nanoparticles,163 block copolymers of 

polyethylene and an ethylene/functionalized norbornene copolymer block were 

prepared, to which PEG-azides can be grafted by the CuAAC click reaction. For this 

purpose first ethylene was polymerized at 1 bar and 25 °C followed by the reduction 

of the ethylene partial pressure to 0.2 bar and the addition of the acetylene 

functionalized norbornene comonomer. Two block copolymers were prepared with 

varying polyethylene block lengths (Table 4-4). Ethylene polymerization for 1 minute 

followed by ethylene/norbornene copolymerization with a functionalized 

norbornene (24) concentration of 7 mmol L-1 for 30 minutes afforded a block 

copolymer with a molecular weight of Mn 5.6 × 104 g mol-1 and a narrow molecular 

weight distribution of Mw/Mn 1.25 (Table 4-4, entry 1). An average number of 5.7 

acetylene groups per polymer chain was determined by 1H NMR spectroscopy. When 

the molecular weight of the polyethylene block was increased, a lower degree of 

norbornene incorporation (3.4 acetylene groups per polymer chain) was achieved, 

although a higher concentration of norbornene 24 (21 mmol L-1) was employed 

(Table 4-4, entry 2). This is most likely a result of a hindered diffusion of the 

norbornene monomer to the catalytically active site in the solid polymer where the 

polymerization is occurring. 

 

Table 4-4. Blockcopolymers of ethylene and functionalized norbornene 24.a 

entry 
tPE 

[min] 

tcopoly 

[min] 

comonomerb 

[mmol L-1] 

yield 

[mg] 

Mn
c 

[g mol-1] 
Mw/Mn

c 
acetylene 

per chaind 

Tm
e 

[°C] 

1 1 30 6.7 374 55700 1.25 5.7 138/134 

2 5 30 20.7 392 106800 1.31 3.4 143/138 
a Polymerization conditions: 19 µmol complex 1 (entry 2: 9 µmol), 600 mg dry MAO + 300 mg dry MAO 

added with the comonomer (entry 2: 600 mg), 150 mL toluene, 25 °C, reactor filled with argon at 

ambient pressure + 1 bar ethylene pressure. The ethylene partial pressure was reduced to 0.2 bar 

without continuous massflow for the preparation of the copolymer block. b Concentration of acetylene 

functionalized norbornene 24. c Determined by GPC in 1,2,4-trichlorobenzene at 160 °C by triple 

detection. d Number of acetylene groups per polymer chain determined from GPC molecular weights 

and 1H NMR spectra. e Melting point determined by DSC (10 K min-1), 1st and 2nd heating cycle. 

 

The acetylene groups in the copolymer block were used for the covalent attachment 

of polyethyleneglycol (PEG) by the CuAAC click reaction. Usually this reaction is 

conducted in polar solvents, which are not well suited to dissolve polyethylene. By 

employing a combination of CuBr and pentamethyldiethylenetriamine (PMDETA) as 

catalyst, the reaction can be carried out in toluene.161 
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Figure 4-17. Synthesis of PEG grafted block copolymers. 

 

The alkyne containing block copolymer was reacted with azide chain-end 

functionalized PEG in the presence of CuBr/PMDETA in toluene at 105 °C for 2 hours 

(Figure 4-17). After several washing steps the pure PEG grafted block copolymer was 

obtained. Complete conversion of all acetylene moieties to PEG bearing triazoles is 

evidenced by 1H NMR spectroscopy (Figure 4-18). The signal of the propargyl 

methylene group at 4.18 ppm as well as the resonance of the acetylene proton at 2.44 

ppm completely disappeared. The signal of the propargyl methylene group is shifted 

to 4.64 ppm by triazole formation and the triazole proton resonates at 7.66 ppm. The 

big resonance at 3.68 ppm corresponds to the PEG backbone and the two triplets at 

4.55 ppm and 3.94 ppm are assigned to the methylene groups bound to the triazole 

nitrogen atom and the one adjacent to this, respectively. 

 

 

Figure 4-18. 1H NMR spectrum (400 MHz, C2D2Cl4, 100 °C) of a PEG grafted block 

copolymer prepared from an alkyne functionalized block copolymer (Table 4-4, entry 

1) and PEG2k-N3 (Mn 2000 g mol-1). 

 

In addition to the PEG also a fluorescent dye was “clicked” to the block copolymer to 

form a dye labeled PEG grafted block copolymer. This was performed by first adding a 
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small amount of the azide functionalized terrylene diimide dye 22 to the block 

copolymer in the presence of CuBr/PMDETA followed by the addition of excess 

PEG-N3 after a certain reaction time (Figure 4-19).  

 

 

Figure 4-19. Synthesis of a terrylene diimide (TDI) labeled PEG grafted block 

copolymer. 

 

Full conversion of the acetylene groups to triazole moieties was evidenced by NMR 

spectroscopy. The 1H NMR spectrum exhibits, besides the polymer backbone signals, 

a set of signals corresponding to the terrylene diimide (TDI) and the resonances of 

the grafted PEG, as already observed for the previously prepared PEG grafted block 

copolymer (Figure 4-20). The terrylene diimide dye contributes its typical resonances 

of the aromatic core structure to the spectrum. The proton of the triazole moiety 

linked to the TDI resonates at 7.98 ppm and the ether methylene group next to the 

triazole at 4.77 ppm. A molar PEG/TDI ratio of 6.4/1 was determined by integration 

of the resonances of the ether methylene groups next to the triazoles. 

These PEG grafted ethylene block copolymers can be used for the formation of self-

stabilizing polyethylene nanoparticles.163 However, due to the high molecular weight 

of the polyethylene block and its low solubility, the formation of nanoparticles by 

commonly employed dispersion techniques is difficult. Various approaches to form 

nanoparticles from the PEG grafter ethylene block copolymers were investigated, but 

no stable dispersions could be obtained. All reported examples of nanoparticles from 

polyethylene-PEG conjugates employ low molecular weight polyethylenes (Mn ~ 103 

g mol-1), which seems to be the limiting factor.163 
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Figure 4-20. 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of a TDI labeled PEG 

grafted block copolymer prepared from an alkyne functionalized block copolymer 

(Table 4-4, entry 1) and PEG10k-N3 (Mn 10000 g mol-1). 

 

4.2.5 Synthesis of Deuterated Polyethylenes 

Deuterated polymers are mainly studied in the context of polymer dynamics or 

polymer miscibility. Especially for small angle neutron scattering (SANS) experiments 

deuterated polymers allow for the generation of a contrast, when mixed with 

protonated polymers.164 Due to the large relative mass difference between hydrogen 

and deuterium, a significant isotopic effect can be observed. This can lead to 

differences in polymer melting points of several degrees or even an immiscibility of 

the deuterated and protonated polymers at sufficiently high molecular weights.165,166 

Established methods for the preparation of well-defined deuterated polyethylenes 

are mainly based on the anionic polymerization of butadiene followed by deuteration 

with D2, which only leads to partially deuterated polyethylene in the case of normal 

butadiene.167 Perdeuterated polyethylene can be obtained by employing deuterated 

butadiene. However, it is not possible to prepare perfectly linear polyethylenes, 

copolymers or block copolymers of protonated and deuterated polyethylene on this 

route. For this purpose and also for a straightforward one-step synthesis of well-

defined deuterated polyethylenes the living insertion polymerization of ethylene-d4 

is the method of choice. 

As ethylene-d4 is very expensive, the normal polymerization conditions under 

continuous ethylene massflow are not suitable for ethylene-d4 polymerization, 
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because relatively large quantities of excess ethylene are released from the reactor 

after quenching the polymerization. Thus the total pressure was reduced to 1.0 bar 

with an ethylene partial pressure of 0.3-0.8 bar, to decrease the amount of ethylene in 

the reactor atmosphere as well as in the solvent. In addition, the polymerization was 

conducted under continuous ethylene massflow only at the beginning and residual 

ethylene was consumed in part by subsequent polymerization without ethylene feed. 

These changes in the polymerization conditions were first investigated with normal 

ethylene before applying to ethylene-d4 (Table 4-5). 

The somewhat reduced ethylene concentration did not have any disadvantageous 

influence on the living polymerization behavior of the MAO activated complex 1. 

Polyethylene with narrow molecular weight distributions of Mw/Mn 1.01-1.05 was 

obtained (Table 4-5, entries 1, 2). For polymerization without continuous ethylene 

feed the polymerization medium was saturated with ethylene and the catalyst was 

added after stopping the ethylene feed. This resulted in a decrease of the reactor 

pressure from 1.0 bar to 0.3 bar over a polymerization time of 1 h and molecular 

weight of Mn 1.8 × 105 g mol-1 with Mw/Mn 1.1, which is similar to the result of 

ethylene polymerization for 11 minutes at constant ethylene pressure (Table 4-5, 

entry 3 vs. 2). 

 

Table 4-5. Synthesis of deuterated polyethylenes.a 

entry 
catalyst 

[µmol] 
ethylene 

tb 

[min] 

yield 

[g] 

C2D4
c 

[mol-%] 

Mn
d 

[g mol-1] 
Mw/Mn

d 
Tm

e 

[°C] 

Tc
e 

[°C] 

1 10 H 3/0 0.29 0 41100 1.01 143/140 118 

2 12 H 11/0 0.97 0 161300 1.05 144/140 114 

3 10 H 0/60 0.92 0 183000 1.10 144/138 118 

4 28 D 1/2 0.53 100 67200 1.01 139/134 110 

5 12 D 10/10 2.18 100 531700 1.08 138/133 110 

6f 10 H-co-D 0/10 0.37 53 148300 1.18 141/138 110 

7g 1 H-b-D 180+60/300 0.99 29 3100000 1.23 145/136 114 
a Polymerization conditions: catalyst precursor 1, 300 mg dry MAO (entry 4: 750 mg, entry 7: 600 mg), 

150 mL toluene, 25 °C, 0.8 bar ethylene partial pressure, 1.0 bar total pressure. b Polymerization time 

with ethylene feed/without ethylene feed. c Ethylene-d4 content determined by IR spectroscopy. d 

Determined by GPC in 1,2,4-trichlorobenzene at 160 °C by triple detection. e Melting point and 

crystallization temperature determined by DSC (10 K min-1), 1st and 2nd heating cycle. f 

Ethylene/ethylene-d4 copolymerization with 0.4 bar ethylene-d4 and 0.4 bar ethylene partial 

pressures, 1 bar total pressure. g Block copolymerization with 1 bar ethylene for 3 h followed by 

ethylene-d4 at a partial pressure of 0.3 bar for 6 h. 

 

Two deuterated polyethylene samples were prepared by polymerization with 

continuous ethylene-d4 feed for one or ten minutes, respectively, followed by two or 
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ten minutes of reaction time, respectively, without. Well-defined deuterated 

polyethylenes with molecular weights of Mn 6.7 × 104 g mol-1 and 5.3 × 105 g mol-1, 

respectively, and narrow molecular weight distributions of Mw/Mn 1.01 and 1.08, 

respectively, were obtained (Table 4-5, entries 4, 5). The melting points of 133-134 °C 

for the deuterated polyethylene samples as well as the crystallization temperatures of 

110 °C are significantly lower than of normal linear polyethylene. The crystal 

structures of all deuterated homo- and copolymers are identical to normal linear H-

polyethylene according to WAXS data (Figure 4-29). 

A statistical copolymer of ethylene and ethylene-d4 was prepared by polymerization 

in toluene, which was saturated with approximately equivalent amounts of ethylene 

and ethylene-d4. The resulting polymer exhibits a deuterium content of 53 mol-% and 

a molecular weight of Mn 1.48 × 105 g mol-1 with Mw/Mn 1.18 (Table 4-5, entry 6). The 

melting point of 138 °C resembles the one of normal linear H-polyethylene, but the 

crystallization temperature of 110 °C is the same as for entirely deuterated 

polyethylene. The 13C NMR spectrum exhibits four resonances, two singlets 

corresponding to CH2 groups and two overlapping quintets of CD2 carbon atoms 

possessing a deuterium coupling (Figure 4-30). The singlet at 29.3 ppm corresponds 

to CH2 groups next to CH2 groups and the singlet at 29.1 ppm to CH2 groups next to a 

CD2 group. The quintet at 28.3 ppm results from CD2 groups next to a CH2 group and 

the quintet at 28.1 ppm is assigned to CD2 groups next to CD2 groups. The integrals do 

not fit the deuterium content determined by IR spectroscopy, due to the very slow 

relaxation of the CD2 carbon atoms. 

The deuterium content of the copolymers was determined by IR spectroscopy. 

Polyethylene possesses three characteristic absorptions at 2915/2848 cm-1, 

1472 cm-1 and 717 cm-1. In the deuterated polyethylene these absorptions are 

significantly shifted to lower wavenumbers of 2192/2088 cm-1, 1092 cm-1 and the 

third absorption is shifted outside of the measurement range (Figure 4-21). The 

deuterium content of the copolymers was calculated by integration of the absorption 

peaks of the CH2 stretching vibrations (3000-2750 cm-1) and the CD2 stretching 

vibrations (2350-2000 cm-1). For calibration an equimolar mixture (based on 

repeating units) of protonated and deuterated polyethylene was prepared by solution 

blending. The IR spectrum of the blend is a superposition of the spectra of the pure 

compounds with the absorption of the CH2 stretching vibration being more intensive 

than the CD2 vibration by a factor of 1.15 (Figure 4-21). 
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Figure 4-21. IR spectra of polyethylene (PE), deuterated polyethylene (dPE) and an 

equimolar mixture of both (PE/dPE). 

 

A diblock copolymer of ethylene and ethylene-d4 with ultra-high molecular weight 

was prepared by sequential polymerization of the two monomers for an overall 

polymerization time of 9 h (Table 4-5, entry 7). According to GPC the molecular 

weight of the resulting block copolymer amounts to Mn 3.1 × 106 g mol-1 with a 

narrow molecular weight distribution of Mw/Mn 1.23. The melting point and 

crystallization temperature are similar to linear polyethylene. A deuterium content of 

29 mol-% was determined by IR spectroscopy (Figure 4-31). The 13C NMR spectrum 

of the block copolymer exhibits two resonances, a singlet at 29.4 ppm corresponding 

to the CH2 carbon atoms and a quintet at 28.1 ppm, which can be assigned to the CD2 

carbon atoms (Figure 4-32). No signals typical for a statistical copolymer were 

observed. For the same reason as for the statistical copolymer, the integrals deviate 

from the expected values. 

The ethylene/ethylene-d4 diblock copolymer was employed by Reiter and coworkers 

for the generation of single crystals from dilute xylene solutions according to the self-

seeding approach. The annealing behavior of these crystals at temperatures below 

the melting point was investigated by atomic force microscopy (AFM). These studies 

revealed the formation of dendritic structures, which allow for conclusions on the 

crystal formation process.168 
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4.3 Conclusive Summary 

For the investigation of polymers by single-molecule fluorescence microscopy the 

covalent attachment of a fluorescent dye to the polymer chain is desirable. In this way 

the motion of the polymer chain can be followed. Further, well-defined polymers with 

narrow molecular weight distributions are beneficial to simplify the system. Living 

insertion polymerization is the method of choice for the synthesis of well-defined 

selectively dye-labeled polyolefins. For the covalent binding of a dye to the polymer 

chain-end a two-step procedure was chosen. First a hydroxyl end-functionalized 

polymer was prepared, which was subsequently esterified with a carboxylic acid 

bearing dye. 

Hydroxyl end-functionalized polyethylenes were synthesized by terminating the 

polymer-chain with trimethylsilyl protected alkenols after ethylene polymerization 

with complex 1/MAO. In the case of TMS-undecenol, this resulted in the formation of 

an ethylene/undecenol copolymer block, due to residual ethylene in the 

polymerization mixture. For this reason, multiple hydroxyl groups were incorporated 

into the polymer chain-end on average. By application of the less reactive TMS-

allylalcohol the number of hydroxyl groups could be reduced to afford polyethylene 

with a narrow molecular weight distribution (Mw/Mn 1.08) and about one hydroxyl 

group per polymer chain. 

A precisely controlled chain-end functionalization was achieved by quenching the 

polymerization with oxygen. This resulted in oxidation of the titanium bound chain-

end and therefore in the formation of a hydroxyl end-group. Well-defined 

polyethylenes with Mn 1.7 × 104 to 1.2 × 105 g mol-1 and narrow molecular weight 

distributions down to Mw/Mn 1.04 with a chain-end functionalization degree of 60 % 

were obtained. In addition, ethylene/1-butene copolymers were prepared with up to 

78 % of the polymer chains being hydroxyl functionalized. All polymers were 

characterized by GPC and NMR spectroscopy. 

As these polymers are intended to be used as probes for single-molecule fluorescence 

microscopy, the incomplete hydroxyl functionalization is not an issue. In the end, the 

dye labeled polymers will be diluted by a large excess of unfunctionalized polymers 

for such experiments. 

For dye labeling of the hydroxyl group modified polymers, rylene diimide dyes 

functionalized with a single carboxylic acid group were prepared. A perylene diimide 

label was synthesized in four steps and the analogous terrylene diimide in seven 
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steps. In addition, also an azide functionalized terrylene diimide was synthesized, 

which can be linked to alkyne moieties by copper catalyzed azide alkyne 

cycloaddition reaction. 

The carboxylic acid bearing rylene diimide dyes were attached to the hydroxyl chain-

end functionalized polyolefins by esterification. This was performed by either first 

activating the carboxylic acid with thionyl chloride or by acid catalyzed esterification. 

Best results were achieved by acid catalysis at high polymer and dye concentrations. 

The polymer bound hydroxyl groups could be converted quantitatively to dye labeled 

ester moieties. The covalent binding of the dye to the polymer was evidenced by 1D-

TOCSY and DOSY NMR spectroscopy and comparison to dye labeled 1-octadecanol as 

a reference compound. In this fashion, unprecedented dye labeled samples of strictly 

linear polyethylene with extremely narrow molecular weight distributions and Mn in 

the range of 1.7 × 104 to 4.6 × 104 g mol-1 and dye labeled functional end-groups 

exclusively were obtained. The rylene diimide labeled polyolefins were used for 

single molecule fluorescence imaging at high temperatures (vide infra, Chapter 6). 

Another route to functionalized polyethylene by living copolymerization of ethylene 

and a norbornene monomer bearing an acetylene group with complex 1/MAO was 

investigated. Only low amounts of norbornene could be incorporated because high 

comonomer concentrations negatively impacted the polymerization activity as well 

as the living polymerization characteristics. Block copolymers of a polyethylene and 

an ethylene/norbornene copolymer block were prepared with up to about six 

acetylene moieties per polymer chain. These block copolymers were further 

converted to amphiphilic polymers by grafting polyethylene glycol (PEG) to the 

copolymer block. PEG-azides were covalently linked to the acetylene groups by 

copper catalyzed azide alkyne cycloaddition reaction. Also, a dye labeled amphiphilic 

ethylene block copolymer was prepared by first reacting the alkyne functionalized 

block copolymer with a small amount of a terrylene diimide azide followed by 

reaction of the residual alkyne moieties with PEG-azide. 

The scope of living olefin insertion polymerization with the ortho-fluorinated 

enolatoimine titanium complex 1 as catalyst precursor was expanded to the 

polymerization of perdeuterated ethylene. The living polymerization characteristics 

were perfectly retained and also living copolymerization of protonated ethylene and 

ethylene-d4 was possible. The melting points of the perdeuterated polyethylenes 

were 4-7 °C lower than of normal H-polyethylene. An ultra-high molecular weight (Mn 
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3.1 × 106 g mol-1; Mw/Mn 1.23) ethylene/ethylene-d4 diblock copolymer with a 

deuterium content of 29 mol-% was prepared by sequential polymerization of 

ethylene and ethylene-d4. Single crystals grown from dilute xylene solution of this 

block copolymer were studied by Reiter and coworkers.168 
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4.4 Experimental Section 

4.4.1 Materials and General Considerations 

Unless otherwise noted, all manipulations of air sensitive compounds were carried 

out under an inert gas atmosphere using standard glovebox or Schlenk techniques. All 

glassware was dried under vacuum before use. Toluene and benzene were distilled 

from sodium. N-Methyl-2-pyrolidone (NMP, 99.5 %, anhydrous) and 

allyloxytrimethylsilane (TMS-allylalcohol, 98 %) were purchased from Sigma-Aldrich. 

1,6,7,12-Tetrachloroperylene-3,4,9,10-tetracarboxylic diimide (8) was prepared 

according to literature from perylene-3,4,9,19-tetracarboxylic dianhydride (97 %), 

which was purchased from Sigma-Aldrich.169 The carboxylic acid functionalized 

perylene diimide 23,123 TMS-undecenol145 and PEG-azides170 were prepared 

according to reported procedures. Titanium complex 1 was prepared as described in 

section 3. Methylaluminoxane (10 wt.% MAO in toluene, AXION 1310) was kindly 

donated by Chemtura, evaporated to dryness (dMAO) in vacuum before use, to 

remove free AlMe3 and stored as a white solid at -30 °C in a glovebox. Ethylene was 

purchased from Air Liquide (N35 grade), Westfalen (3.5) and Gerling Holz & Co (3.5) 

and used without further purification. Propylene (3.5) and 1-butene (2.6) were 

purchased from Gerling Holz & Co. Ethylene-d4 (99 % D) was purchased from Sigma-

Aldrich. Toluene for polymerizations was distilled from sodium and passed through 

columns of Al2O3 and R3-11 (BASF) before it was used as a polymerization medium. 

Olefin polymerization was carried out in a 250 mL or 500 mL glass reactor (Büchi 

Ecoclave). The reactor was equipped with a mechanical stirrer and a heating/cooling 

jacket, which was connected to a thermostat. The monomer pressure was controlled 

by a Bronkhorst massflow control unit consisting of two massflow sensors (EL-FLOW 

select F-111CM, 150 mLn min-1 and 500 mLn min-1) and a pressure sensor (EL-PRESS 

select P-502CM) with a control valve. 

NMR spectra were recorded on a Varian Unity INOVA 400, a Bruker Avance III 400 or 

a Bruker Avance III 600 spectrometer. 1H and 13C chemical shifts were referenced to 

the solvent signal. NMR spectra of polymers were recorded on a Varian Unity INOVA 

400 spectrometer at 130 °C in 1,1,2,2-tetrachloroethane-d2. For the measurement of 

polymer 13C spectra 1 mg mL-1 Cr(acac)3 was added to the sample. All chemical shifts 

are given in ppm. All couping constants J are given in Hz. Multiplicities are given as 
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follows (or combinations thereof): s: singlet, d: doublet, t: triplet, q: quartet, hept: 

heptet, m: multiplet, br: broad. 

Infrared (IR) spectra were recorded on a PerkinElmer Spectrum 100 instrument with 

an ATR unit. 

Fluorescence spectra and quantum yields were measured on a Hamamatsu Absolute 

PL Quantum Yield Measurement System C9920-02 CCD spectrometer equipped with 

an additional cuvette holder (qpod 2e, Quantum Northwest). 

Absorption spectra were recorded on a Varian Cary 50 spectrometer. 

Differential scanning calorimetry (DSC) was performed on a Netzsch Phoenix 204 F1 

at a heating/cooling rate of 10 K min-1. Polymer crystallinities were calculated based 

on a melt enthalpy of 293 J g-1 for 100% crystalline polyethylene.  

Gel permeation chromatography (GPC) was carried out in 1,2,4-trichlorobenzene at 

160 °C at a flow rate of 1 mL min-1 on a Polymer Laboratories PL-GPC 220 instrument 

equipped with three PLgel Olexis columns with differential refractive index, viscosity 

and light scattering (15° and 90°) detectors. Molecular weights were calculated by the 

triple detection method of the Cirrus GPC multi detector software or by linear 

calibration against narrow polyethylene standards. Detector calibration for triple 

detection was performed with a narrow polystyrene standard (Mp 205000 g mol-1, Mn 

191200 g mol-1, Mw/Mn 1.05, IV 0.709 dL g-1). 

 

4.4.2 Synthesis of Hydroxyl End-Functionalized Polyolefins 

General polymerization procedure. Ethylene polymerization was carried out in an 

inert gas purged 500 mL glass reactor equipped with a heating/cooling jacket, 

mechanical stirrer, pressure burette and massflow controller. Toluene (150 mL) was 

saturated at 25 °C with ethylene at the desired polymerization pressure. Dry MAO 

(300 mg, 5 mmol) was dissolved in 2-3 mL of toluene and injected into the reactor by 

a pressure burette together with ~50 mL of toluene. Subsequently, a solution of the 

catalyst precursor 1 (6.4 mg, 10 µmol) in ~5 of mL of toluene together with ~50 mL 

of toluene was injected to initiate the polymerization. The polymerization was carried 

out under continuous ethylene massflow at constant pressure. After the desired 

polymerization time the ethylene feed was stopped, ethanol was injected to quench 

the polymerization and the pressure was released. The polymerization mixture was 

poured into MeOH/conc. HCl. (ca. 100:1 v/v) and the mixture was shaken for at least 
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1 h. The polymer was filtered off with a nylon membrane filter, washed with 

methanol and dried in a vacuum oven at 50 °C. 

 

End-functionalization by quenching with TMS-alkenols. Ethylene was 

polymerized as described above. After the desired polymerization time the ethylene 

feed was stopped and the pressure was released into vacuum. Residual ethylene was 

removed by several cycles of applying vacuum followed by purging with inert gas. 

Subsequently, a solution of the TMS-alkenol in toluene, optionally mixed with a small 

amount of MAO, was injected and the reaction was stirred for 30 min. The 

polymerization was quenched by addition of ethanol and workup was performed as 

described above. 

 

End-functionalization by initiation with TMS-undecenol. A solution of dry MAO 

(300 mg, 5 mmol) in ~50 mL of toluene mixed with TMS-undecenol was injected to 

the reactor, which contained 150 mL toluene. A solution of the catalyst precursor 1 

(6.4 mg, 10 µmol) in ~50 mL of toluene was added and the mixture was stirred at 

25 °C for 30 min. Subsequently, the reactor was pressurized with ethylene. After the 

desired polymerization time ethanol was added to quench the reaction and workup 

was performed as described above. 

 

Synthesis of poly[ethylene-b-(propylene-co-undecenol)]. Ethylene was 

polymerized as described above at 1 bar ethylene pressure with catalyst precursor 1 

(6.4 mg, 10 µmol) and dry MAO (300 mg, 5 mmol). After 1.5 min the ethylene feed 

was stopped and the pressure was released into vacuum. Residual ethylene was 

removed by several cycles of applying vacuum followed by purging with argon. 

Subsequently, polymerization was continued at 1.5 bar propylene pressure. During 

pressurization with propylene a solution of TMS-undecenol (425 mg, 1.75 mmol) and 

dry MAO (55 mg, 0.95 mmol) in toluene was injected. After 1.5 h of polymerization 

the reaction was quenched by addition of ethanol and workup was performed as 

described above. 

 

End-functionalized polyethylene by quenching with air. Ethylene was 

polymerized as described above. After the desired polymerization time the ethylene 

feed was stopped and the pressure was released or ethylene was removed by several 
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cycles of applying vacuum followed by purging with inert gas. Subsequently, 

compressed air, which was passed through a column filled with molecular sieves 

(4 Å), was bubbled through the polymerization mixture for a certain period of time. 

Ethanol was added to the mixture and workup was performed as described above. 

 

End-functionalized ethylene/1-butene copolymers by quenching with air. 

Toluene (150 mL) was saturated at 25 °C with 1 bar 1-butene followed by switching 

the continuous massflow controller to 2.5 bar ethylene pressure (1.5 bar ethylene 

partial pressure). Solutions of dry MAO and catalyst precursor 1 in ~100 mL toluene 

were added to initiate the polymerization. After the desired polymerization time the 

ethylene feed was stopped and the pressure was released or monomer was removed 

in part by evacuation of the reactor to 0.5 bar for a few seconds. Subsequently, 

compressed air, which was passed through a column filled with molecular sieves 

(4 Å), was bubbled through the polymerization mixture for 15 min. Ethanol was 

added to the mixture and workup was performed as described above. 

 

Synthesis of poly(ethylene-b-propylene)-OH. Ethylene was polymerized at 25 °C 

and 0.5 bar for 1 min as described above. The ethylene feed was stopped and the 

pressure was released into vacuum. Residual ethylene was removed by several cycles 

of applying vacuum followed by purging with argon. Subsequently, polymerization 

was continued at 2.0 bar propylene pressure for 105 min. The propylene feed was 

stopped, the pressure released and residual propylene was removed by several cycles 

of applying vacuum followed by purging with argon. Subsequently, compressed air, 

which was passed through a column filled with molecular sieves (4 Å), was bubbled 

through the polymerization mixture for 15 min. Ethanol was added to the mixture 

and workup was performed as described above. 
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4.4.3 Perylene and Terrylene Diimide Synthesis 

 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetrachloroperylene-3,4,9,10-

tetracarboxylic diimide (9).150 1,6,7,12-Tetrachloroperylene-3,4,9,10-

tetracarboxylic diimide 8 (4.0 g, 7.54 mmol) and 2,6-diisopropylaniline (5.4 g, 

30.2 mmol) in 250 mL propionic acid were refluxed under an argon atmosphere for 

24 h. After cooling to room temperature the reaction mixture was poured on 500 mL 

H20, the precipitate was filtered off and washed with H2O and MeOH/H2O. The crude 

product was dissolved in CH2Cl2, dried over MgSO4 and the solvent was evaporated in 

vacuum. Column chromatography on silica gel with CH2Cl2 as eluent afforded 6.3 g of 

a red-orange solid (98 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.78 (s, 4H, perylene H), 7.55 (t, J = 7.8 Hz, 2H, 

phenyl H para to N), 7.39 (d, J = 7.8 Hz, 4H, phenyl H meta to N), 2.76 (hept, J = 6.8 Hz, 

4H, ArCHMe2), 1.17 (d, J = 6.9 Hz, 12H, ArCH(CH3)2), 1.16 (d, J = 6.9 Hz, 12H, 

ArCH(CH3)2). 

 

 

N,N‘-Bis(2,6-diisopropylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethylbutyl)-

phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (10).151 N,N’-Bis(2,6-

diisopropylphenyl)-1,6,7,12-tetrachloroperylene-3,4,9,10-tetracarboxylic diimide 9 

(8.25 g, 9.7 mmol), 4-(1,1,3,3-tetramethylbutyl)phenol (16.0 g, 77.6 mmol) and K2CO3 

(7.6 g, 55.3 mmol) were heated under an argon atmosphere in 200 mL of NMP to 

90 °C for 20 h. After cooling to room temperature the reaction mixture was poured 
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into 500 mL diluted HCl/MeOH (2:3). The precipitate was filtered off, washed with 

diluted HCl/MeOH (2:3) and dried in vacuum. Column chromatography on silica gel 

with CH2Cl2 as eluent yielded 10.0 g of a dark red solid (67 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.12 (s, 4H, perylene H), 7.46 (t, J = 7.8 Hz, 2H, 

phenyl H para to N), 7.35 (d, J = 8.7 Hz, 8H, phenyl H meta to O), 7.30 (d, J = 7.8 Hz, 4H, 

phenyl H meta to N), 6.94 (d, J = 8.7 Hz, 8H, phenyl H ortho to O), 2.69 (hept, J = 6.9 

Hz, 4H, ArCHMe2), 1.74 (s, 8H, CH2CMe3), 1.37 (s, 24H, ArC(CH3)2), 1.08 (d, J = 6.9 Hz, 

24H, ArCH(CH3)2), 0.75 (s, 36H, C(CH3)3). 

 

 

N-(2,6-Diisopropylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethylbutyl)-

phenoxy]-perylenetetracarboxylic-3,4-anhydride-9,10-imide (11).152 N,N‘-

Bis(2,6-diisopropylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethylbutyl)phenoxy]-

perylene-3,4,9,10-tetracarboxylic diimide 10 (0.87 g, 0.57 mmol), KOH (0.95 g, 

17 mmol) and KF (0.99 g, 17 mmol) were dissolved in 16 mL 2-methyl-2-butanol in a 

50 mL Schlenk tube, which was purged with argon. The reaction mixture was heated 

to 80 °C for 66 h in the closed Schlenk tube. The reaction was cooled to 50 °C and 

20 mL 50 % acetic acid was added followed by stirring at 80 °C for 2 h. After cooling 

to room temperature the reaction mixture was poured on 100 mL H2O, the precipitate 

was filtered off, washed with 100 mL hot water and dried in vacuum. Column 

chromatography on silica gel with CH2Cl2/hexane (1:1) as eluent afforded 290 mg of a 

dark red solid (37 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.12 (s, 2H, perylene H), 8.11 (s, 2H, perylene H), 

7.47 (t, J = 7.8 Hz, 1H, phenyl H para to N), 7.37 (d, J = 8.7 Hz, 4H, phenyl H meta to O), 

7.34 (d, J = 8.7 Hz, 4H, phenyl H meta to O), 7.31 (d, J = 7.8 Hz, 2H, phenyl H meta to 

N), 6.95 (d, J = 8.7 Hz, 4H, phenyl H ortho to O), 6.94 (d, J = 8.7 Hz, 4H, phenyl H ortho 

to O), 2.69 (hept, J = 6.8 Hz, 2H, ArCHMe2), 1.78 (s, 4H, CH2CMe3), 1.75 (s, 4H, 

CH2CMe3), 1.40 (s, 12H, ArC(CH3)2), 1.38 (s, 12H, ArC(CH3)2), 1.09 (d, J = 6.8 Hz, 12H, 

ArCH(CH3)2), 0.81 (s, 18H, C(CH3)3), 0.76 (s, 18H, C(CH3)3). 
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N-(2,6-Diisopropylphenyl)-N‘-[4-(3-carboxypropyl)phenyl]-1,6,7,12-tetra[4-

(1,1,3,3-tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide 

(13). Perylene monoanhydride 11 (100 mg, 0.073 mmol) and 4-(4-

aminophenyl)butyric acid (161 mg, 0.9 mmol) were dissolved in 3 mL propionic acid 

followed by purging with argon. The mixture was heated to 140 °C for 2 h. After 

cooling to room temperature, H2O was added and the product was extracted with 

CH2Cl2. The combined organic phases were washed twice with H2O, dried over MgSO4 

and the solvent was evaporated in vacuum. Column chromatography on silica gel with 

CH2Cl2 as eluent until the first fraction was collected followed by CH2Cl2/EtOAc (9:1) 

to elute the product yielded 84 mg of a dark red solid (75 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 10.16 (br, 1H, COOH), 8.16 (s, 4H, perylene H), 

7.49 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 7.39 (d, J = 8.3 Hz, 2H, phenyl H meta to 

CH2), 7.36 (m, 8H, phenyl H meta to O), 7.33 (d, J = 7.8 Hz, 2H, phenyl H ortho to iPr), 

7.21 (d, J = 8.3 Hz, 2H, phenyl H ortho to CH2), 6.96 (m, 8H, phenyl H ortho to O), 2.79 

(t, J = 8.10, 2H, ArCH2), 2.73 (hept, J = 6.9 Hz, 2H, ArCHMe2), 2.47 (t, J = 7.3 Hz, 2H, 

CH2COOH), 2.05 (m, 2H, CH2CH2COOH), 1.77 (s, 4H, CH2CMe3), 1.76 (s, 4H, CH2CMe3), 

1.39 (s, 24H, ArC(CH3)2), 1.12 (d, J = 6.9 Hz, 12H, ArCH(CH3)2), 0.79 (s, 18H, C(CH3)3), 

0.78 (s, 18H, C(CH3)3). 

UV/Vis (toluene): λmax (ε) 579 nm (46200 M-1 cm-1), 538 nm (28150 M-1 cm-1). 

Fluorescence (toluene, λexc = 550 nm): λmax 609 nm, QY = 94 %. 
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N-(2,6-Diisopropylphenyl)-1,8-naphthalimide (14). Naphthalic anhydride (20.0 g, 

0.1 mol) and 2,6-diisopropylaniline (35.5 g, 0.2 mol) were dissolved in 300 mL 

propionic acid and heated to reflux for 6 h. After cooling to room temperature the 

product crystallized overnight. The crystalline solid was filtered off, washed with 

MeOH and dried in vacuum to yield 29.5 g of off-white crystals (83 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 8.67 (dd, J = 7.3, 1.1 Hz, 2H, naphthalene H ortho to 

CO), 8.30 (dd, J = 8.3, 1.1 Hz, 2H, naphthalene H para to CO), 7.81 (dd, J = 8.3, 7.3 Hz, 

2H, naphthalene H meta to CO), 7.47 (t, J = 7.7 Hz, 1H, phenyl H para to N), 7.33 (d, J = 

7.7 Hz, 2H, phenyl H meta to N), 2.75 (hept, J = 6.9 Hz, 2H, ArCHMe2), 1.16 (d, J = 6.9 

Hz, 12H, ArCH(CH3)2). 

 

 

N-(2,6-Diisopropylphenyl)-perylene-3,4-carboxyl imide (15).153 2,6-

Diisopropylaniline (58 mL, 0.3 mol), 2-(dibutylamino)ethanol (24 mL, 0.12 mol) and 

150 mL quinoline were mixed in a 500 mL Schlenk flask. Perylene-3,4,9,10-

tetracarboxylic dianhydride (40.0 g, 0.1 mol) and Zn(OAc)2 (35.0 g, 0.18 mol) were 

added to the mixture under stirring. The flask was equipped with a distillation head 

and purged with argon. The reaction mixture was heated to 210 °C for 36 h, during 

which time some water was distilled off. After cooling to room temperature the 

mixture was diluted with 500 mL EtOH, to precipitate the product. The solid was 

filtered off and washed with EtOH until the filtrate became light orange. Subsequently 

the crude product was stirred in hot diluted H2SO4, filtered off, and washed with 

diluted H2SO4 and H2O. After drying in vacuum 34.6 g of a red solid were obtained 

(72 % yield). 
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1H NMR (400 MHz, CDCl3, 25 °C) δ 8.62 (d, J = 8.0 Hz, 2H, perylene H), 8.42 (d, J = 8.0 

Hz, 2H, perylene H), 8.40 (d, J = 8.0 Hz, 2H, perylene H), 7.88 (d, J = 8.0 Hz, 2H, 

perylene H), 7.61 (dd, J = 8.0 Hz, 2H, perylene H), 7.46 (t, J = 7.8 Hz, 1H, phenyl H para 

to N), 7.33 (d, J = 7.8 Hz, 2H, phenyl H meta to N), 2.76 (hept, J = 6.9 Hz, 2H, ArCHMe2), 

1.17 (d, J = 6.9 Hz, 12H, ArCH(CH3)2). 

 

 

N,N‘-Di(2,6-diisopropylphenyl)terrylene-3,4,11,12-tetracarboxy diimide 

(16).154 N-(2,6-Diisopropylphenyl)-perylene-3,4-carboxylic imide 15 (2.0 g, 

4.15 mmol), N-(2,6-diisopropylphenyl)-1,8-napthalimide 14 (5.93 g, 16.6 mmol) and 

tBuONa (8.0 g, 83 mmol) were mixed in a 50 mL Schlenk tube under an argon 

atmosphere. 12.5 mL 1,5-diazabicyclo[4.3.0]non-5-ene and 10.4 mL diethyleneglycol 

dimethylether were added and the mixture was heated to 135 °C for 3 h. After cooling 

to room temperature the mixture was poured into 150 mL H2O and the resulting 

precipitate was filtered off and washed with EtOH. The dark solid was dissolved in 

hot CHCl3 and the hot solution was passed through a glass frit to remove insoluble 

impurities. After cooling to room temperature, EtOH was added until a precipitate 

formed. The blue solid was filtered off and the filtrate was concentrated and further 

product was precipitated from the CHCl3/EtOH solution to yield 850 mg of a dark 

blue solid (25 % yield).  

1H NMR (400 MHz, C2D2Cl4, 25 °C) δ 8.75 (s, 4H, terrylene H), 8.74 (d, J = 8.2 Hz, 4H, 

terrylene H), 8.67 (d, J = 8.2 Hz, 4H, terrylene H), 7.50 (t, J = 7.8 Hz, 2H, phenyl H para 

to N), 7.35 (d, J = 7.8 Hz, 4H, phenyl H meta to N), 2.75 (hept, J = 6.8 Hz, 4H, ArCHMe2), 

1.19 (d, J = 6.8 Hz, 24H, ArCH(CH3)2). 
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N,N‘-Di(2,6-diisopropylphenyl)-1,6,9,14-tetrabromoterrylene-3,4,11,12-

tetracarboxy diimide (17).152 Terrylene diimide 16 (2.0 g, 2.4 mmol) was dissolved 

in 50 mL CHCl3 at 60 °C for 10 min. The solution was cooled to 40 °C and 100 mL H2O 

and Br2 (12.3 g, 77 mmol) were added. The reaction mixture was stirred at 40 °C for 

22 h under the exclusion of light. After cooling to room temperature an aqueous 

Na2SO3 solution was added to remove the excess bromine. The organic phase was 

separated, dried over MgSO4 and the solvent was evaporated in vacuum. Column 

chromatography on silica gel with CH2Cl2 as eluent afforded 2.3 g of a dark blue solid 

(84 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.50 (s, 4H, terrylene core H), 8.97 (s, 4H, 

terrylene edge H), 7.54 (t, J = 7.8 Hz, 2H, phenyl H para to N), 7.38 (d, J = 7.8 Hz, 4H, 

phenyl H meta to N), 2.76 (hept, J = 6.9 Hz, 4H, ArCHMe2), 1.18 (d, J = 6.9 Hz, 24H, 

ArCH(CH3)2). 

 

 

N,N‘-Di(2,6-diisopropylphenyl)-1,6,9,14-tetra[4-(1,1,3,3-tetramethylbutyl)-

phenoxy]terrylene-3,4,11,12-tetracarboxy diimide (18).154 Terrylene diimide 17 

(4.1 g, 3.56 mmol), 4-(1,1,3,3-tetramethylbutyl)-phenol (5.88 g, 28.5 mmol) and 

K2CO3 (2.76 g, 20 mmol) were dissolved in 250 mL anhydrous NMP under an argon 

atmosphere. The mixture was stirred at 90 °C for 22 h. After cooling to room 
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temperature the reaction mixture was poured into 500 mL diluted HCl and the 

precipitate was filtered off and washed with water and MeOH/H2O (3:2). The crude 

product was dissolved in CH2Cl2, dried over MgSO4 and the solvent was evaporated in 

vacuum. Column chromatography on silica gel with CH2Cl2 as eluent yielded 5.63 g of 

the dark green product as the first fraction (96 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.54 (s, 4H, terrylene core H), 8.21 (s, 4H, 

terrylene edge H), 7.47 (t,  J = 7.8 Hz, 2H, phenyl H para to N), 7.46 (d, J = 8.8 Hz, 8H, 

phenyl H meta to O), 7.31 (d, J = 7.8 Hz, 4H, phenyl H meta to N), 7.13 (d, J = 8.8 Hz, 

8H, phenyl H ortho to O), 2.69 (hept, J = 6.8 Hz, 4H, ArCHMe2), 1.75 (s, 8H, CH2CMe3), 

1.39 (s, 24H, ArC(CH3)2), 1.10 (d, J = 6.8 Hz, 24H, ArCH(CH3)2), 0.73 (s, 36H, C(CH3)3). 

 

 

N-(2,6-Diisopropylphenyl)-1,6,9,14-tetra[4-(1,1,3,3-tetramethylbutyl)-

phenoxy]terrylenetetracarboxylic-3,4-anhydride-11,12-imide (19).156 Terrylene 

diimide 18 (5.1 g, 3.1 mmol) was dissolved at 60 °C in 250 mL tert-butanol and the 

solution was purged with argon. KOH (5.22 g, 93 mmol) and KF (5.4 g, 93 mmol) were 

added and the mixture was heated to 80 °C for 15 h in a closed Schlenk flask. 

Subsequently, ~100 mL 70 % AcOH was added and the mixture was stirred at 80 °C 

for another 2 h. After cooling to room temperature the reaction mixture was poured 

on 400 mL water. The precipitate was filtered off, washed with water and dissolved in 

toluene. The solution was washed twice with 100 mL diluted HCl, two times with 

100 mL water, dried over MgSO4 and evaporated in vacuum. Column chromatography 

on silica gel with toluene as eluent yielded 1.5 g of a dark green solid as the first 

intensive fraction (32 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.47 (d, J = 9.1 Hz, 2H, terrylene core H), 9.43 (d, J 

= 9.1 Hz, 2H, terrylene core H), 8.15 (s, 2H, terrylene edge H), 8.01 (s, 2H, terrylene 

edge H), 7.47 (d, J = 8.7 Hz, 4H, phenyl H meta to O), 7.46 (t, J = 7.8 Hz, 1H, phenyl H 

para to N), 7.45 (d, J = 8.7 Hz, 4H, phenyl H meta to O), 7.31 (d, J = 7.8 Hz, 2H, phenyl H 
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meta to N), 7.13 (d, J = 8.7 Hz, 4H, phenyl H ortho to O), 7.08 (d, J = 8.7 Hz, 4H, phenyl 

H ortho to O), 2.74 (hept, J = 6.8 Hz, 2H, ArCHMe2), 1.78 (s, 4H, CH2CMe3), 1.76 (s, 4H, 

CH2CMe3), 1.41 (s, 12H, ArC(CH3)2), 1.40 (s, 12H, ArC(CH3)2), 1.09 (d, J = 6.8 Hz, 12H, 

ArCH(CH3)2), 0.78 (s, 18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

 

 

N-(2,6-Diisopropylphenyl)-N‘-[4-(3-carboxypropyl)phenyl]-1,6,9,14-tetra[4-

(1,1,3,3-tetramethylbutyl)phenoxy]terrylene-3,4,11,12-tetracarboxy diimide 

(20). Terrylene monoanhydride 19 (150 mg, 0.1 mmol) and 4-(4-

aminophenyl)butyric acid (221 mg, 1.0 mmol) dissolved in 5 mL propionic acid were 

heated in a 8 mL screw cap vial under argon atmosphere to 140 °C for 40 h. After 

cooling to room temperature H2O and toluene were added to the reaction mixture. 

The toluene phase was repeatedly washed with diluted HCl and H2O and 

subsequently dried over MgSO4. After evaporation of the solvent the crude product 

was purified by column chromatography on silica gel with CH2Cl2 as eluent until 

residual starting material was recovered as the first fraction. Subsequent elution with 

CH2Cl2/EtOAc (3:1) yielded 100 mg of the dark green product (60 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.43 (d, J = 9.1 Hz, 2H, terrylene core H), 9.39 (d, J 

= 9.1 Hz, 2H, terrylene core H), 8.18 (s, 2H, terrylene edge H), 8.06 (s, 2H, terrylene 

edge H), 7.47 (t, J = 7.9 Hz, 1H, phenyl H meta to iPr), 7.45 (d,  J = 8.7 Hz, 4H, phenyl H 

meta to O), 7.43 (d, J = 8.7 Hz, 4H, phenyl H meta to O), 7.35 (d, J = 8.3 Hz, 2H, phenyl 

H meta to CH2), 7.31 (d, J = 7.9 Hz, 2H, phenyl H ortho to iPr), 7.19 (d, J = 8.3 Hz, 2H, 

phenyl H ortho to CH2), 7.10 (d, J = 8.7 Hz, 4H, phenyl H ortho to O), 7.08 (d, J = 8.7 Hz, 

4H, phenyl H ortho to O), 2.78 (t, J = 7.2 Hz, 2H, CH2CH2CH2COOH), 2.73 (hept, J = 6.8 

Hz, 2H, ArCHMe2), 2.46 (t, J = 7.4 Hz, 2H, CH2CH2CH2COOH), 2.04 (m, 2H, 

CH2CH2CH2COOH), 1.78 (br, 8H, CH2CMe3), 1.42 (s, 12H, ArC(CH3)2), 1.41 (s, 12H, 
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ArC(CH3)2), 1.07 (d, J = 6.8 Hz, 12H, ArCH(CH3)2), 0.79 (s, 18H, C(CH3)3), 0.77 (s, 18H, 

C(CH3)3). 

UV/Vis (toluene): λmax (ε) 674 nm (102900 M-1 cm-1), 618 nm (51800 M-1 cm-1). 

Fluorescence (toluene, λexc = 660 nm): λmax 705 nm, QY = 61 %. 

 

 

4-Bromo-2,6-diisopropylaniline.171 2,6-Diisopropylaniline (4.7 g, 26.5 mmol) was 

dissolved in 200 mL CH2Cl2 and a solution of tetrabutylammonium tribromide (12.8 g, 

26.5 mmol) in 200 mL CH2Cl2 was added at room temperature. After stirring for 1 h at 

room temperature, the solvent was evaporated in vacuum and the residue was 

dissolved in 250 mL Et2O. The solution was washed with 200 mL 0.5 M NaOH, two 

times with 100 mL H2O and dried over MgSO4. Evaporation of the solvent yielded 

6.5 g of a light yellow oil, which was used without further purification (96 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 7.16 (s, 2H, aromatic H), 3.76 (br, 2H, NH2), 2.91 

(hept, J = 6.8 Hz, 2H, CHMe2), 1.29 (d, J = 6.8 Hz, 12H, CH(CH3)2). 

13C NMR (101 MHz, CDCl3) δ 139.41, 134.65, 125.81, 111.17, 28.10, 22.32. 

 

 

N-(2,6-Diisopropylphenyl)-N‘-(4-bromo-2,6-diisopropylphenyl)-1,6,9,14-

tetra[4-(1,1,3,3-tetramethylbutyl)phenoxy]terrylene-3,4,11,12-tetracarboxy 

diimide (21). Terrylene monoanhydride 19 (150 mg, 100 µmol) and 4-bromo-2,6-

diisopropylaniline (230 mg, 0.9 mmol) were dissolved in 3 mL propionic acid in a 

8 mL screw cap vial and heated to 140 °C for 20 h. After cooling to room temperature 

the reaction mixture was poured on water and extracted with CH2Cl2. The organic 

phase was washed twice with H2O, two times with diluted HCl and again with H2O. 

The solution was dried over MgSO4 and the solvent was evaporated in vacuum. The 
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product was isolated by column chromatography on silica gel with CH2Cl2/pentane 

(1:1) as eluent, dissolved in toluene and washed repeatedly with 3 M HCl and H2O to 

remove residual free aniline. The product solution was dried over MgSO4 and the 

solvent was evaporated to yield 84 mg of the dark green product (49 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.55 (s, 4H, terrylene core H), 8.22 (s, 2H, 

terrylene edge H), 8.22 (s, 2H, terrylene edge H), 7.48 (t, J = 7.8 Hz, 1H, phenyl H meta 

to iPr), 7.47 (d, J = 8.8 Hz, 8H, phenyl H meta to O), 7.44 (s, 2H, phenyl H ortho to Br), 

7.32 (d, J = 7.8 Hz, 2H, phenyl H ortho to iPr), 7.13 (d, J = 8.8 Hz, 4H, phenyl H ortho to 

O), 7.13 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 2.71 (hept, J = 6.9 Hz, 2H, ArCHMe2), 

2.69 (hept, J = 6.9 Hz, 2H, ArBrCHMe2), 1.77 (s, 8H, CH2CMe3), 1.41 (s, 24H, 

ArC(CH3)2), 1.11 (d, J = 6.9 Hz, 12H, ArCH(CH3)2), 1.10 (d, J = 6.9 Hz, 12H, 

BrArCH(CH3)2), 0.75 (s, 36H, C(CH3)3). 

 

 

N-(2,6-Diisopropylphenyl)-N‘-(4-azido-2,6-diisopropylphenyl)-1,6,9,14-tetra[4-

(1,1,3,3-tetramethylbutyl)phenoxy]terrylene-3,4,11,12-tetracarboxy diimide 

(22).157 Terrylene diimide 21 (40 mg, 23 µmol), NaN3 (20 mg, 0.31 mmol), CuI (6 mg, 

32 µmol), N,N’-dimethylethylenediamine (10 mg, 0.11 mmol) and sodium ascobate 

(3 mg, 15 µmol) were dissolved in 3 mL toluene/EtOH/H2O (10:5:1) in a 8 mL screw 

cap vial under nitrogen atmosphere. The reaction mixture was stirred at 100 °C for 

3 h. After cooling to room temperature water was added and the organic phase was 

washed two times with water, dried over MgSO4 and the solvent was evaporated in 

vacuum. Column chromatography on silica gel with CH2Cl2/pentane (1:1) as eluent 

afforded 22 mg of a dark green solid as the second fraction (56 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.55 (s, 4H, terrylene core H), 8.21 (s, 2H, 

terrylene edge H), 8.21 (s, 2H, terrylene edge H), 7.47 (t, J = 7.8 Hz, 1H, phenyl H meta 

to iPr), 7.46 (d, J = 8.8 Hz, 8H, phenyl H meta to O), 7.31 (d, J = 7.8 Hz, 2H, phenyl H 
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ortho to iPr), 7.13 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 7.12 (d, J = 8.8 Hz, 4H, 

phenyl H ortho to O), 6.96 (s, 2H, phenyl H ortho to N3), 2.69 (hept, J = 6.8 Hz, 4H, 

ArCHMe2), 1.75 (s, 8H, CH2CMe3), 1.40 (s, 24H, ArC(CH3)2), 1.10 (d, J = 6.8 Hz, 24H, 

ArCH(CH3)2), 0.74 (s, 36H, C(CH3)3). 

 

4.4.4 Synthesis of Dye-Labeled Polyolefins 

Dye labeling with acid chloride. Perylene diimide 23 (20 mg, 14 µmol) was 

dissolved in 1 mL of toluene and 0.25 mL SOCl2 was added. The mixture was stirred 

for 75 min at 70 °C followed by the evaporation of all volatiles. Hydoxyl end-

functionalized polyethylene (20 mg) was dissolved in 4 mL toluene at 110 °C in a 

8 mL screw cap vial. The freshly prepared perylene diimide acid chloride was 

dissolved in 1 mL of toluene and added to the polyethylene solution. Subsequently, 

0.1 mL Et3N was added. The reaction mixture was stirred for 18 h at 105 °C. After 

cooling to room temperature the precipitated polymer was isolated by centrifugation. 

The polymer was repeatedly redissolved in toluene at 110 °C, precipitated by cooling 

to room temperature and isolated by centrifugation until the supernatant was 

colorless. Finally, the polymer was dissolved in toluene at 110 °C, precipitated by 

addition of methanol, isolated by centrifugation and dried in vacuum. 

 

Dye labeling by acid catalyzed esterification. Carboxylic acid functionalized dye 

(4-30 eq. with respect to hydroxyl end-groups), hydroxyl end-functionalized polymer 

and a catalytic amount of para-toluenesulfonic acid were dissolved at 110 °C in a 

8 mL screw cap vial under nitrogen atmosphere in toluene at a polymer 

concentration of 50-100 mg mL-1. The mixture was heated without stirring to 110 °C 

for 23 h. Subsequently, the solution was diluted by addition of toluene and the 

polymer was precipitated by addition of methanol followed by centrifugation. The 

polymer was repeatedly redissolved in toluene at 110 °C, precipitated by addition of 

methanol and isolated by centrifugation until the supernatant was colorless. Finally, 

the polymer was washed with methanol and dried in vacuum. 
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C18H37-PDI. Perylene diimide 13 (8 mg, 5 µmol), 1-octadecanol (20 mg, 74 µmol) and 

a catalytic amount of para-toluenesulfonic acid were dissolved in a 8 mL screw cap 

vial in 0.5 mL toluene. The solution was stirred at 110 °C for 18 h. After cooling to 

room temperature the solvent was evaporated in vacuum and the product was 

purified by column chromatography on silica gel with CH2Cl2 as eluent. 

 

4.4.5 Alkyne Functionalized Polyethylenes 

 

5-Norbornene-2-methyl propargyl ether (24).161 5-Norbornen-2-methanol (5.0 g, 

40.3 mmol) was dissolved in 50 mL abs. THF and cooled to 0 °C. NaH (1.45 g, 

60.5 mmol) was added and the reaction mixture was stirred for 1 h at 0 °C and 1 h at 

room temperature. After cooling again to 0 °C, 7 mL of a 80 wt.% propargylbromid 

solution in toluene (63 mmol) was added. The reaction mixture was stirred at room 

temperature overnight followed by the addition of 100 mL water. The mixture was 

extracted with Et2O, the organic phase was dried over MgSO4 and the solvent was 

evaporated in vacuum. The crude product was purified by vacuum distillation at 

34 °C followed by column chromatography on silica gel with petrol ether/EtOAc 

(10:1) as eluent to afford 3.32 g of a colorless oil (50 % yield). 

NMR data agrees with reported data.161 

 

Ethylene/5-norbornene-2-methyl propargyl ether copolymerization. Toluene 

(150 mL) was saturated at 25 °C with ethylene at the desired pressure in a 250 mL 

glass reactor. Dry MAO was dissolved in toluene, mixed with the 5-norbornene-2-

methyl propargyl ether 24 and injected into the reactor. A solution of the catalyst 
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precursor 1 in toluene was subsequently injected into the reactor and polymerization 

was carried out under continuous ethylene massflow at constant pressure, if not 

stated otherwise. After the desired polymerization time the reaction was quenched by 

the addition of EtOH and the polymerization mixture was poured into EtOH/HCl. The 

mixture was shaken for 30 minutes. The polymer was filtered off, washed with EtOH 

and acetone and dried in a vacuum oven at 50 °C. 

 

Preparation of block copolymers. Toluene (150 mL) was saturated at 25 °C with 

1 bar ethylene in a 250 mL glass reactor. Dry MAO (600 mg) was dissolved in toluene 

and injected into the reactor followed by the addition of a solution of the catalyst 

precursor 1 in toluene to initiate the polymerization. The polymerization was carried 

out under continuous ethylene massflow at constant pressure. After the desired 

polymerization time for the pure polyethylene block the ethylene feed was stopped, 

the ethylene partial pressure was reduced to 0.2 bar and a mixture of 5-norbornene-

2-methyl propargyl ether 24 and MAO dissolved in toluene was added to the reaction. 

After 30 minutes the reaction was quenched by the addition of EtOH and the 

polymerization mixture was poured into EtOH/HCl. The mixture was shaken for 

30 minutes. The polymer was filtered off, washed with EtOH and acetone and dried in 

a vacuum oven at 50 °C. 

 

Preparation of PEG grafted block copolymer by CuACC. The acetylene 

functionalized block copolymer (Table 4-4, entry 1, 30 mg), PEG2k-N3 (30 mg), CuBr 

(10 mg, 70 µmol) and PMDETA (12 mg, 70 µmol) were dissolved 3 mL toluene in an 

8 mL screw cap vial under nitrogen atmosphere. The mixture was stirred at 105 °C 

for 2 h during which it turned green. After cooling to room temperature MeOH was 

added to precipitate the polymer and the vial was subjected to centrifugation. The 

polymer was washed repeatedly with MeOH, EtOH, acetone, diluted aqueous NH3 and 

water until a colorless product was obtained. The product was dried in vacuum to 

afford 27 mg of the PEG grafted block copolymer. 

 

Preparation of TDI labeled PEG grafted block copolymer by CuACC. The 

acetylene functionalized block copolymer (Table 4-4, entry 1, 50 mg), terrylene 

diimide 22 (1.7 mg, 1 µmol), CuBr (5 mg, 35 µmol) and PMDETA (6 mg, 35 µmol) 

were dissolved 3 mL toluene in an 8 mL screw cap vial under nitrogen atmosphere. 
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The mixture was stirred at 110 °C for 1 h followed by the addition of PEG10k-N3 (150 

mg) dissolved in 1 mL toluene. The reaction mixture was stirred for additional 2 h at 

110 °C. After cooling to room temperature MeOH was added to precipitate the 

polymer and the vial was subjected to centrifugation. The polymer was three times 

redissolved in toluene, precipitated with MeOH and centrifuged. The product was 

washed sequentially with MeOH, acetone, MeOH, diluted aqueous NH3, water and 

again MeOH. Drying in vacuum afforded 16 mg of green TDI labeled PEG grafted block 

copolymer. 

 

4.4.6 Deuterated Polyethylenes 

Ethylene-d4 polymerization. Ethylene-d4 homopolymerization was carried out in 

an argon purged 250 mL glass reactor (Büchi Ecoclave) equipped with a 

heating/cooling jacket, a mechanical stirrer and a massflow controller. Toluene 

(150 mL) was saturated under stirring at 25 °C with ethylene-d4 at atmospheric 

pressure by first evacuating the reactor to 0.2 bar followed  by backfill with ethylene-

d4. Subsequently, solutions of dry MAO and catalyst precursor 1, each in 25 mL 

toluene, were added to the reactor by a pressure burette to initiate the 

polymerization with continuous ethylene-d4 massflow at atmospheric pressure. After 

the desired time the ethylene-d4 feed was closed and the polymerization was allowed 

to proceed for additional period during which the pressure decreased. The 

polymerization was quenched by addition of EtOH and the reaction mixture was 

poured into MeOH/conc. HCl. The polymer was filtered off, washed with MeOH and 

dried at 50 °C in vacuum. 

 

Ethylene/ethylene-d4 copolymerization. Copolymerization was carried out in an 

argon purged 250 mL glass reactor (Büchi Ecoclave) equipped with a heating/cooling 

jacket, a mechanical stirrer and a massflow controller. The reactor filled with 150 mL 

toluene was evacuated to 0.2 bar and saturated under stirring at 25 °C with ethylene-

d4 at 0.6 bar. After saturation the monomer feed was switched to ethylene at 1.0 bar 

until saturation of the solvent had occured. Subsequently, the ethylene feed was 

stopped and solutions of dry MAO (300 mg, 5 mmol) and catalyst precursor 1 (6.4 mg, 

10 µmol), each in 25 mL toluene, were added to the reactor to initiate the 

polymerization. After 10 min the polymerization was quenched by addition of EtOH 
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and the reaction mixture was poured into MeOH/conc. HCl. The polymer was filtered 

off, washed with MeOH and dried at 50 °C in vacuum. 

 

Ethylene/ethylene-d4 diblock copolymer synthesis. Diblock copolymer synthesis 

was carried out in an argon purged 500 mL glass reactor with a bottom valve (Büchi 

Ecoclave) equipped with a heating/cooling jacket, a mechanical stirrer and a 

massflow controller. Toluene (250 mL) was saturated under stirring at 25 °C with 

ethylene at atmospheric pressure after evacuation to 0.2 bar. Subsequently, solutions 

of dry MAO (610 mg) and catalyst precursor 1 (1 µmol), each in 25 mL toluene, were 

added to the reactor by a pressure burette to initiate the polymerization with 

continuous ethylene massflow at atmospheric pressure. After 3 h the ethylene was 

removed by repeatedly evacuating and purging the reactor with argon. The second 

block was grown by reducing the pressure in the reactor to 0.7 bar followed by 

backfilling with ethylene-d4 to atmospheric pressure and saturating the 

polymerization mixture. After 1 h the ethylene-d4 feed was stopped and the 

polymerization was allowed to proceed for additional 5 h during which the pressure 

decreased to 0.9 bar. The polymerization was quenched by addition of EtOH and the 

reaction mixture was poured into MeOH/conc. HCl. The polymer was filtered off, 

washed with MeOH and dried at 50 °C in vacuum. 

 

4.5 Additional Figures 

 

Figure 4-22. 13C {1H} NMR spectrum (101 MHz, C2D2Cl4, 130 °C) of polyethylene 

functionalized with TMS-undecenol (Table 4-1, entry 1). 
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Figure 4-23. 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of polyethylene 

functionalized with TMS-undecenol (Table 4-1, entry 3). 

 

 

Figure 4-24. GPC molecular weight distributions (1,2,4-trichlorobenzene, 160 °C, 

triple detection) of hydroxyl end-functionalized polyethylenes (Table 4-2, left: entry 

3, right: entry 6). 
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Figure 4-25. 1H-DOSY NMR spectrum (600 MHz, C2D2Cl4, 100 °C) of perylene diimide 

13 labeled polyethylene prepared by acid catalyzed esterification of PE-OH (Table 

4-2, entry 1). 

 

 

Figure 4-26. GPC molecular weight distributions (1,2,4-trichlorobenzene, 160 °C, 

linear calibration against PE standards) of a hydroxyl end-functionalized 

polyethylene (Table 4-2, entry 3) before and after acid catalyzed dye labeling with 

perylene diimide 13 (PDI). 
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Figure 4-27. GPC molecular weight distributions (1,2,4-trichlorobenzene, 160 °C, 

linear calibration against PE standards) of a hydroxyl end-functionalized 

ethylene/1-butene copolymer (Table 4-2, entry 7) before and after acid catalyzed dye 

labeling with perylene diimide 13 (PDI). 

 

 

Figure 4-28. 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of terrylene diimide 

labeled polyethylene. 
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Figure 4-29. WAXS diffractograms of deuterated polyethylenes (Table 4-5, entries 2, 

5, 6, 7). 

 

 

Figure 4-30. 13C{1H} NMR spectrum (101 MHz, C2D2Cl4, 130 °C) of poly(E-co-dE) 

(Table 4-5, entry 6). 
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Figure 4-31. IR spectrum of poly(ethylene-b-ethylene-d4) (Table 4-5, entry 7). 

 

 

Figure 4-32. 13C{1H} NMR spectrum (101 MHz, C2D2Cl4, 130 °C) of poly(E-b-dE) 

(Table 4-5, entry 7). 
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5 Dye Labeled Polymers from Olefin Metathesis 

5.1 Introduction 

Olefin metathesis is a powerful tool in organic chemistry as well as polymer synthesis. 

Formally the carbon-carbon double bonds of two olefins are split up and reconnected 

in a different fashion. This reaction involves a metal carbene complex, which is 

usually based on ruthenium, molybdenum or tungsten. The very active molybdenum 

and tungsten based Schrock carbene complexes are usually more sensitive to polar 

groups, whereas the ruthenium carbene complexes developed by Grubbs and 

coworkers are tolerant toward polar functionalities and some even to air (Figure 

5-1).172 

 

Figure 5-1. Structures of common olefin metathesis catalysts. 

 

The reaction involves a metal-alkylidene species, which forms a four membered 

metallacycle upon a [2+2] cycloaddition reaction with olefins. After subsequent 

cycloreversion the original alkylidene moiety is transferred to the newly formed 

olefin and one part of the original olefin resembles the new alkylidene species (Figure 

5-2).172,173 If cyclic olefins are subjected to this reaction, the cycle is opened and a 

growing polymer chain is formed, of which one chain-end is bound to the metal 

center. The initially coordinated alkylidene moiety represents one of the polymer 

end-groups. 

 

Figure 5-2. Mechanism of olefin metathesis with acyclic and cyclic olefins. 
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This ring opening metathesis polymerization (ROMP) can be used for the preparation 

of a vast diversity of polymers.174 For their preparation mainly ruthenium based 

Grubbs catalysts are used, due to their functional group tolerance, robustness and 

versatility. Almost all cyclic olefins, which possess some ring strain, ranging from 

cyclic alkenes to norbornene derivatives, can be polymerized by ROMP. 

When chain-transfer reactions can be ruled out, backbiting on the polymer chain is 

negligible, and initiation of the metathesis catalyst is sufficiently fast even living 

polymerization is possible.175 For Hoveyda-Grubbs and Grubbs 2nd generation 

catalysts this is usually not the case, due to slow initation and fast chain propagation. 

The application of the fast initiating Grubbs 3rd generation catalyst, however, allows 

for the living polymerization of highly reactive norbornene derivatives.176 By 

depression of the already low polymerization rate of the Grubbs 1st generation 

catalyst by addition of a large excess of PPh3 also the living polymerization of the very 

reactive trans-cyclooctene is possible.177 The excess of phosphine slows down the 

polymerization rate with respect to the initiation rate, thus leading to an initiation 

rate to chain propagation rate ratio, which allows for living polymerization.178 The 

obtained polymers can be hydrogenated to yield narrow dispersed well-defined 

polyethylenes. 

As the benzylidene ligand of the ruthenium complex is incorporated as chain-end into 

the growing polymer chain (Figure 5-2), a possibility to end-group modification is 

given by functionalization of the metathesis initiator complex.179 A few functionalized 

Grubbs type ruthenium carbene complexes have been reported for polymer chain-

end modification in living polymerization.180 Even fluorescent dyes were covalently 

linked to the benzylidene ligand.181 Especially for Hoveyda-Grubbs type complexes a 

large variety of derivatives bearing functional groups on the benzylidene moiety have 

been reported, due to their robust synthetic accessibility and chemical stability.182 

These are often related to tailoring the catalyst properties. For instance Grela and 

coworkers reported that the slow initiation rate of the Hoveyda-Grubbs 2nd 

generation catalyst can be enhanced by introduction of an electron withdrawing nitro 

group in para position to the chelating ether moiety.183 The coordination strength of 

the ether moiety is reduced in this electron deficient ligand and thus the initiation 

rate is enhanced. During the course of our work (section 5.2), Plenio and coworkers 

reported a Hoveyda-Grubbs type complex, which is labeled with a dansyl dye at the 

benzylidene moiety.184 The fluorescence of the dye is quenched, when bound to the 
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ruthenium center and restored upon release by initiation of the catalyst. This feature 

was used to demonstrate by fluorescence spectroscopy that the release-return 

mechanism, which was postulated for Hoveyda-Grubbs complexes, is not existent. 

This finding is, however, still subject to controversial debate.185 The fact that 

fluorescent dyes are often quenched by transition metal complexes was also utilized 

for the investigation of other metathesis reactions by fluorescence spectroscopy.186 

The dansyl dye used in the studies of Plenio et al. is, however, not a very good 

fluorophore in terms of extinction coefficient and brightness and thus, not well suited 

as label for single molecule fluorescence techniques. 

Another method for end-functionalization of the polymer chain is quenching the 

polymerization reaction with a functionalized olefin. Usually symmetrically 

substituted or cyclic functionalized olefins are employed. 179,187,188 In the case of cyclic 

olefins a sacrificial synthesis route is followed by using cyclic carbonates to build a 

second polymer block, which is degraded by an acidic workup to leave a hydroxyl 

end-functionalized polymer. However, in these cases the ruthenium center can 

initiate the growth of further polymer chains after the quenching reaction, which can 

be detrimental for the synthesis of well-defined polymers. This issue can be 

circumvented by the application of enolethers. Ruthenium based metathesis catalysts 

react irreversibly with enolethers to Fischer type carbene complexes (Figure 5-3), 

which are usually inactive for olefin metathesis.189 This reaction can be either used to 

terminate the polymer chain before complete monomer conversion or for the 

introduction of an end-group, as the R2 substituted part of the enolether is 

transferred to the ruthenium bound polymer chain. 

 

 

Figure 5-3. Reaction of Grubbs type ruthenium carbene complexes with enolethers. 

 

Various approaches toward end-functionalized polymers by quenching the 

polymerization with enolethers have been reported.179 Also fluorescent dyes were 

attached to polymer chain-ends, however, this was not performed in a single 

quenching reaction with a dye functionalized enolether, but in a two step 

reaction.190,191 
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As Hoveyda-Grubbs type complexes offer the broadest scope for structural 

modification, this catalyst structure was selected for the synthesis of various perylene 

diimide and terrylene diimide labeled olefin metathesis initiators. These were 

investigated with respect to the synthesis of fluorescent dye labeled polymers by 

ROMP and their initiation kinetics by means of fluorescence spectroscopy. Further, 

heterotelechelic dye-labeled polymers were synthesized by employing a dye labeled 

metathesis initiator in combination with an enolether functionalized dye. In this way 

polymers comprising a FRET pair were accessible within a single reaction procedure. 

The application of the synthetically elaborate rylene diimide dyes in all these studies 

allowed for the generation of dye labeled polymers, which are practically useful for 

single-molecule fluorescence techniques. 

 

5.2 Results and Discussion 

5.2.1 Synthesis of Dye-Labeled Olefin Metathesis Catalysts 

For the incorporation of a fluorescent dye label into an olefin metathesis catalyst, 

Hoveyda-Grubbs type ruthenium complexes of the second generation are well suited. 

These complexes possess an extraordinary high stability and can even be purified by 

column chromatography under ambient conditions. The covalent linkage of rylene 

diimides to the chelating benzylidene ligand was achieved by an amine moiety in para 

position to the ether group. For this purpose 3-bromo-4-isopropoxyaniline was 

synthesized in three steps starting from 4-nitrophenol according to modified 

literature procedures (Figure 5-4).192,182c 

 

 

Figure 5-4. Synthesis of 3-bromo-4-isopropoxyaniline. 

 

4-Nitrophenol was brominated in ortho position to the hydroxyl group with NBS and 

chlorosulfonic acid in acetonitrile followed by the alkylation of the hydroxyl group 

with 2-iodopropane. In the last step the nitro group was reduced with tin in 3 M HCl 

to afford the desired aniline in an overall yield of 25 %. 
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Figure 5-5. Synthesis of the isopropoxystyrene functionalized perylene diimide 26. 

 

The 3-bromo-4-isopropoxyaniline was reacted with the perylene monoanhydride 11 

to form the perylene diimide 25 in 87 % yield (Figure 5-5). The isopropoxystyrene 

functionalized perylene diimide 26 was subsequently prepared in 89 % yield by a 

Stille coupling reaction with tributylvinylstannane.  

 

 

Figure 5-6. Synthesis of the perylene diimide labeled Hoveyda-Grubbs 2nd generation 

catalyst 27. 

 

The perylene diimide labeled Hoveyda-Grubbs 2nd generation type catalyst was 

prepared by a ligand exchange reaction on the Grubbs 2nd generation catalyst 

according to the standard literature protocol.182a The isopropoxystyrene 

functionalized dye 26 was reacted with one equivalent of the Grubbs 2nd generation 

catalyst precursor in presence of CuCl as a phosphine scavenger at 40 °C (Figure 5-6). 

The progress of the reaction can be monitored by the fluorescence of the reaction 

mixture. The fluorescence of the perylene diimide dye is quenched upon binding to 

the ruthenium center and thus the reaction is complete when no fluorescence can be 

observed anymore. The complex was purified by column chromatography under 

ambient conditions. However, the complex should not be kept in solution under air 

for longer than necessary, due to slow decomposition, which is associated with an 
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increasing fluorescence intensity. Also prolonged storage as a solid under air leads to 

slow decomposition. 

 

 

Figure 5-7. 1H NMR spectrum (400 MHz, CD2Cl2, 25 °C) of the perylene diimide 

labeled ruthenium carbene complex 27. 

 

In the 1H NMR spectrum of the perylene diimide labeled Hoveyda-Grubbs 2nd 

generation type complex 27 a characteristic signal for the benzylidene proton of the 

ether chelated complex at 16.60 ppm is observed. The Grubbs 2nd generation complex 

starting material exhibits a chemical shift of 19.10 ppm for the benzylidene proton. 

The resonance of the isopropylether methine proton is shifted from 4.63 ppm in the 

free dye to 4.92 ppm in the ruthenium complex (Figure 5-7). 

 

Figure 5-8. Synthesis of the isopropoxystyrene functionalized perylene diimide 29 

possessing an aliphatic linker. 

 

To investigate, whether the fluorescence of the dye is only quenched, when it is 

directly linked to the ruthenium center, or if this also occurs through space, a dye 
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labeled complex possessing an aliphatic linker between the benzylidene ligand and 

the perylene diimide moiety was synthesized. 

Starting from the perylene monoanhydride 11 a carboxylic acid functionalized dye 28 

was prepared by condensation with 6-aminohexanoic acid. This was linked to 

4-isopropoxy-3-vinylaniline in a second step by activation of the carboxylic acid with 

carbonyldiimidazol (CDI) followed by the formation of the amide 29 (Figure 5-8). 

The Hoveyda-Grubbs 2nd generation type complex 30 was prepared according to the 

same procedure as the dye labeled complex 27 by reaction of dye 29 with Grubbs 2nd 

generation catalyst in the presence of CuCl at 40 °C (Figure 5-9). The desired complex 

30 was obtained in 79 % yield after purification by column chromatography. The 

formation of the chelated benzylidene complex was evidenced by 1H NMR 

spectroscopy. The characteristic resonance for the benzylidene proton of the 

Hoveyda-Grubbs 2nd generation type complex is observed at 16.39 ppm. The signal of 

the isopropoxy methine proton is shifted from 4.46 ppm in the free dye to 4.81 ppm 

in the chelated ruthenium complex. The fluorescence of the perylene diimide dye is 

efficiently quenched by the ruthenium center, also in the case of this complex, which 

exhibits an aliphatic spacer between the fluorophore and the metal center. Thus, no 

direct electronic contact between the dye and the ruthenium center is required to 

achieve an efficient quenching of the fluorescence. 

 

 

Figure 5-9. Synthesis of the perylene diimide labeled Hoveyda-Grubbs complex 30 

possessing an aliphatic linker. 

 

Quenching of fluorescence can occur by various mechanisms. The most important are 

intersystem crossing (e.g. induced by heavy atoms), electron-exchange, photoinduced 

electron transfer and resonance energy transfer to a non-fluorescent acceptor. Apart 

from the latter, all these mechanisms require a close contact or electronic 
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communication between the fluorophore and the quencher.193 As the perylene 

diimide fluorescence is also quenched, when the dye is linked with a spacer to the 

ruthenium complex a Förster resonance energy transfer (FRET) to the metal complex 

is the most likely mechanism. FRET is based on a through space dipolar interaction 

between a donor and an acceptor molecule, which leads to non-radiative energy 

transfer from the donor to the acceptor. The energy transfer efficiency E depends on 

the distance r between the donor and the acceptor and can be calculated according to 

the following equation. 

  
  
 

  
    

 

The Förster radius R0 is a characteristic parameter of the donor-acceptor pair, which 

indicates, at which distance half of the energy (E = 0.5) is transferred from the donor 

to the acceptor. This distance is dependent on the spectral overlap of the donor 

fluorescence spectrum FD(λ) with its area normalized to unity and the acceptor 

extinction coefficient εA(λ). Further, the fluorescence quantum yield QD of the donor, 

the refractive index n of the solvent and the orientational factor κ2 (κ2 = 2/3 for 

random orientation of donor and acceptor) are required to calculate the Förster 

radius R0 according to the following relationship.193 
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To enable an energy transfer by the Förster mechanism it is necessary that the donor 

fluorescence spectrum and the acceptor absorption spectrum overlap. In the case of 

the dye labeled ruthenium complexes, the spectra of the perylene diimide dye 26 and 

the parent Hoveyda-Grubbs 2nd generation complex were compared (Figure 5-35). 

The Hoveyda-Grubbs 2nd generation complex exhibits a very broad but weak 

absorption, which overlaps with the perylene diimide emission. A Förster radius R0 of 

~2.6 nm could be estimated based on these spectra. This means that over a distance 

of 1 nm more than 99 % of the energy is transferred to the acceptor and still >80 % at 

a distance of 2 nm. Thus, an efficient fluorescence quenching in the dye labeled 

ruthenium complexes by a FRET mechanism is feasible. For a terrylene diimide 

labeled ruthenium complex 33 (vide infra) a slightly lower Förster radius R0 of 

~2.3 nm was calculated (Figure 5-35), which is still sufficient for an efficient 

quenching of the dye fluorescence in the complex. A weak fluorescence of the 

complex solution could be assigned to residual free terrylene diimide dye 32 by 
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fluorescence lifetime measurements. The fluorescence lifetime of complex 33 in 

CH2Cl2 solution (1.7 ns) is similar to that of the free dye 32 (1.8 ns). 

In analogy to the perylene diimide labeled Hoveyda-Grubbs 2nd generation type 

complex 27 also a terrylene diimide labeled complex 33 was prepared (Figure 5-10). 

The isopropxystyrene functionalized terrylene diimide 32 was synthesized in two 

steps by condensation of the terrylene monoanhydride 19 with 3-bromo-4-

isopropoxyaniline followed by a Stille coupling with tributylvinylstannane. The 

ruthenium complex 33 was subsequently synthesized by a ligand exchange on the 

Grubbs 2nd generation complex in the presence of CuCl. The benzylidene proton 

resonates at 16.55 ppm and the isopropoxy methine proton is shifted from 4.62 ppm 

in the free terrylene diimide dye to 4.92 ppm in the chelated ruthenium complex 33. 

As mentioned above the fluorescence of the terrylene diimide is quenched efficiently 

by the ruthenium center and restored upon cleavage of the dye from the metal. 

 

 
Figure 5-10. Synthesis of the terrylene diimide labeled Hoveyda-Grubbs complex 33. 

 

In order to incorporate a perylene diimide dye into the center of a polymer chain 

formed by ROMP, a binuclear dye labeled metathesis initiator 36 was synthesized. 

The perylene diimide fluorophore acts as bridging element between two ruthenium 

centers, which can initiate chain growth on both ends of the dye molecule. When both 



Results and Discussion 

136 
 

polymer chains grow simultaneously the dye is incorporated into the center of the 

resulting polymer. 

 

 

Figure 5-11. Synthesis of the bis(isopropoxystyrene) modified perylene diimide 35. 

 

Starting from the perylene dianhydride 12, which was obtained as a side product in 

the synthesis of the perylene monoanhydride 11 (see section 4.2.2), a 

bis(isopropoxystyrene) functionalized perylene diimide 35 was synthesized in two 

steps (Figure 5-11). Condensation with 3-bromo-4-isopropoxyaniline followed by a 

Stille coupling with tributylvinylstannane yielded the functionalized perylene diimide 

35 in 55 % overall yield. 

 

 

Figure 5-12. Synthesis of the binuclear perylene diimide labeled Hoveyda-Grubbs 

type complex 36. 

 

The binuclear ruthenium complex 36 was synthesized according to the same 

procedure as the mononuclear complexes, but a slight excess of Grubbs 2nd 

generation complex of 1.04 equivalents per styrene unit was employed and a longer 

reaction time was required (Figure 5-12). As for the other dye labeled ruthenium 

complexes the fluorescence of the perylene diimide dye is quenched. Purification by 

column chromatography also yielded a second non-fluorescent fraction, which 

contained the mononuclear perylene diimide labeled complex. 
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The characteristic benzylidene protons resonate at 16.60 ppm in the 1H NMR 

spectrum. The signal of the methine protons of the isopropoxy groups is shifted from 

4.65 ppm in the free dye to 4.92 ppm upon formation of the chelate. 

The fluorescence of the dye is efficiently quenched in all rylene diimide labeled 

ruthenium carbene complexes. Upon cleavage of the ruthenium-benzylidene bond, 

e.g. by reaction with an olefin, the fluorescence is restored. All complexes are stable 

toward air on short term. Especially in solution an increasing fluorescence intensity is 

observed, when exposed to air for several hours. This indicates a decomposition of 

the complex by cleavage of the dye from the ruthenium center. 

The dye labeled complexes were employed for the investigation of the initiation 

kinetics of Hoveyda-Grubbs 2nd generation type complexes and for the preparation of 

dye labeled polymers by ROMP. 

 

5.2.2 Initiation Kinetics 

The efficient quenching of the perylene diimide fluorescence by the ruthenium center 

in the Hoveyda-Grubbs type complexes makes them perfectly suited for the 

investigation of metathesis catalyst initiation kinetics. During the initiation step, the 

chelating benzylidene ligand bearing the dye is released from the metal center and 

the fluorescence is restored. Due to the high absorption cross section and 

fluorescence quantum yield of the perylene diimide, the investigation of initiation 

kinetics under synthetically relevant low catalyst concentrations is possible. 

For the investigation of olefin metathesis initiation kinetics, the model reaction of the 

ruthenium complex with an enolether is well suited. Due to the irreversibility of this 

reaction and the deactivation of the catalyst for further olefin metathesis, pseudo first 

order kinetics can be applied when an excess of enolether is employed. 

The reaction of various enolethers with the perylene diimide labeled Hoveyda-Grubbs 

2nd generation type complex 27 was investigated by fluorescence spectroscopy. 

Multiple fluorescence spectra were recorded over time in a temperature controlled 

fluorescence spectrometer. As there is no change in the shape of the dye fluorescence 

peak, the peak intensities were plotted over time and normalized to the maximum 

intensity to represent the conversion of the ruthenium complex. 

Two vinyl ethers, ethyl vinyl ether and n-butyl vinyl ether, which are most frequently 

used for the investigation of olefin metathesis catalysts and one less reactive internal 
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enolether, 1-butenyl ethyl ether, were employed for the reaction with the dye labeled 

ruthenium complex 27. The direct comparison of the increase of fluorescence 

intensities over time under similar reaction conditions shows, that the two vinyl 

ethers possess the same reactivity at 25 °C in toluene solution (Figure 5-13, left). The 

half-life of the reaction under these conditions is t½ =53.0 s for the ethyl vinyl ether 

and t½ = 54.3 s for the butyl vinyl ether. The internal olefin of the butenyl ethyl ether 

reacts significantly slower with a half-life of t½ = 99.7 s. 

 

 

Figure 5-13. Fluorescence intensity at 619 nm over time for the reaction of the 

perylene diimide labeled ruthenium complex 27 (~2 × 10-5 M) with various 

enolethers (0.15 M) at 25 °C. 

 

The initiation reaction rate of the dye labeled ruthenium complex 27 is strongly 

dependent on the solvent. When the solvent was changed from toluene to methylene 

chloride, a significant reduction of the reaction rate was observed (Figure 5-13, right). 

In the case of the butyl vinyl ether the reaction half-life increased by a factor of four to 

t½ = 202 s and for the butenyl ethyl ether even to t½ = 642 s. 

To investigate the initiation kinetics of the dye labeled Hoveyda-Grubbs type complex 

in more detail, the reaction was carried out at various temperatures, substrates and 

solvents. For each substrate, the evolution of fluorescence over time was recorded at 

various temperatures in the range of 10 °C to 50 °C (Figure 5-14, left). The 

fluorescence intensity curves were normalized and fitted to the following pseudo first 

order rate law: 

[   ]  [  ]    (   
       ) 

The concentration of the free perylene diimide [PDI] is reflected by the fluorescence 

intensity. For Hoveyda-Grubbs type complexes an essentially linear dependence of 

kobs on the vinyl ether concentration was reported.194,195 Thus, the initiation rate 
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constant ki was calculated from the pseudo first order rate constant kobs by division by 

the substrate concentration. 

     
    

[         ]
 

The initiation rate constants ki, determined at various reaction temperatures, were 

applied to an Eyring plot for the calculation of the activation enthalpy ΔH‡ and 

entropy ΔS‡ (Figure 5-14, right). The activation enthalpy ΔH‡ was calculated from the 

slope and the activation entropy ΔS‡ from the intercept of the linear fit according to 

the following formulas: 
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For a better comparability of the different substrates and solvents, also the Gibbs 

energy of activation ΔG‡ at 25 °C was calculated by the Eyring-Polanyi equation from 

the initiation rate ki at 25 °C (Table 5-1). 

 

 

Figure 5-14. Increase of fluorescence intensity over time and pseudo first order fit 

for various temperatures (left) and Eyring plot (right) for the reaction of the perylene 

diimide labeled ruthenium complex 27 (1.9 × 10-5 M) with butyl vinyl ether (0.15 M) 

in toluene. 

 

The activation entropy ΔS‡ is negative for all investigated reactions with the perylene 

diimide labeled Hoveyda-Grubbs 2nd generation type complex 27. This is 

characteristic for Hoveyda-Grubbs type complexes, due to their associative initiation 

mechanism.194 The values of ΔS‡ range from -80 to -60 J mol-1 K-1 for the reactions 

with various enolethers (Table 5-1, entries 1-5). The corresponding activation 
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energies ΔH‡ are in the range of 56-65 kJ mol-1. These values are in the same range as 

the reported activation parameters for the reaction of the Hoveyda-Grubbs 2nd 

generation catalyst with butyl vinyl ether in toluene-d8 determined by 1H NMR 

spectroscopy (Table 5-1, entry 8).195 

 

Table 5-1. Activation parameters for the perylene diimide labeled complex 27.a 

entry substrate solvent 
ΔH‡ 

[kJ mol-1] 

ΔS‡ 

[J mol-1 K-1] 

ΔG‡ (25 °C) 

[kJ mol-1] 

1 EtOvinyl toluene 61.6 ± 1 -59 ± 2 79.1 ± 0.1 

2 nBuOvinyl toluene 57.8 ± 1 -71 ±3 79.1 ± 0.1 

3 nBuOvinyl CH2Cl2 60.4 ± 1 -74 ± 3 82.4 ± 0.1 

4 1-butenyl ethyl ether toluene 56.1 ± 1 -83 ± 4 80.6 ± 0.1 

5 1-butenyl ethyl ether CH2Cl2 64.9 ± 3 -68 ± 10 85.3 ± 0.2 

6 COD CH2Cl2 56.4 ± 2 -107 ± 8 88.3 ± 0.3 

7 30 + COD CH2Cl2 - - 87.5 ± 0.3 

8b HG2 + nBuOvinyl toluene-d8 63.6 ± 3 -79 ± 13 86.6 ± 0.1 

9b HG2 + nBuOvinyl CD2Cl2 57.3 ± 2 -105 ± 8 - 
a Activation enthalpies and entropies for various substrates were calculated from Eyring plots. The 

Gibbs free energies of activation were calculated by the Eyring-Polanyi equation from the initiation 

rates at 25 °C. Reaction conditions: 0.15 M substrate (entry 6: 0.5 M COD; entry 7: variation of 

substrate concentration from 0.2 – 1.0 M), 1.5 – 2 × 10-5 M complex 27 (entry 7: 1.5 × 10-5 M complex 

30; entries 8, 9: 5 × 10-3 M Hoveyda-Grubbs 2nd generation complex), λexc = 550 nm. b Literature data 

from reference 195. 

 

Direct comparison of the dye labeled ruthenium carbene complex 27 with the 

Hoveyda-Grubbs 2nd generation complex reveals, that the activation enthalpy for the 

reaction of the dye labeled complex with butyl vinyl ether in toluene as well as the 

free activation energy ΔG‡ at 25 °C are lower (Table 5-1, entry 2 vs. 8). This could be 

related to the electron withdrawing perylene diimide substituent on the chelating 

benzylidene ligand, which is known to enhance the initiation rate.183 

The reactivity of ethyl vinyl ether and butyl vinyl ether at 25 °C in toluene is identical 

within the experimental error, although the activation enthalpy for the ethyl vinyl 

ether is higher (Table 5-1, entry 1 vs. 2). The reaction with the sterically more 

demanding 1-butenyl ethyl ether in toluene exhibits a slightly lower activation 

enthalpy, than the reaction with butyl vinyl ether, but the more negative activation 

entropy leads to a lower reactivity at 25 °C (Table 5-1, entry 2 vs. 4). 

Changing the solvent from toluene to methylene chloride results in an increase of the 

activation enthalpies and Gibbs activation energies at 25 °C (Table 5-1, entries 3, 5). 

This is in contrast to reported data for the Hoveyda-Grubbs 2nd generation catalyst, 

for which the activation enthalpy decreases when changing the solvent from toluene 
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to methylene chloride (Table 5-1, entry 9). However, also in this case the reactivity at 

25 °C decreases, due to the significantly more negative activation entropy. 

In addition to enolethers, also the initiation kinetics for the reaction of the dye labeled 

complex 27 with 1,5-cyclooctadiene (COD) were studied. In this case more than one 

equivalent of the substrate with respect to ruthenium is consumed, which could 

hamper the application of pseudo first order kinetics. However, the low complex 

concentration and large excess of COD guaranteed a low conversion of COD during 

the experiment and, thus, still allowed the application of pseudo first order kinetics. 

The influence of a second process on the increase of the fluorescence intensity, which 

is the increasing distance between dye and metal center during chain growth, can be 

ruled out, due to the significantly higher chain growth than initiation rate. This means 

that there is no gradual decrease of the quenching efficiency after initiation, but an 

instant recovery of full fluorescence intensity on the timescale observed here.  The 

activation enthalpy for the initiation reaction of complex 27 with COD in methylene 

chloride is somewhat lower than for the enolethers under similar conditions, but the 

significantly lower activation entropy leads to slower reaction at 25 °C (Table 5-1, 

entry 6). The perylene diimide labeled ruthenium complex 30 with a linker between 

the dye and the benzylidene ligand is slightly more active under the same conditions 

(Table 5-1, entry 7). 

 

 

Figure 5-15. Increase of fluorescence intensity over time at various temperatures 

and pseudo first order fits for the reaction of the perylene diimide labeled ruthenium 

complex 27 (10-5 M) with endo-N-cyclohexylnorborneneimide (0.05 M) in toluene. 
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For the initiation reaction with the slowly polymerizing endo-N-

cyclohexylnorborneneimide (vide infra) the increase in fluorescence intensity does 

not fit well to a pseudo first order rate law (Figure 5-15). Please note that in Figure 

5-14 the fits almost entirely overlap with the data. Most likely due to very slow chain 

propagation rate the increase in fluorescence intensity does not solely reflect the 

initiation reaction. The distance between the fluorescent dye and the ruthenium 

center is increasing slowly, which leads to a slow decrease of the fluorescence 

quenching efficiency governed also by chain growth. 

 

5.2.3 Optimization of Polymerization Conditions 

The dye labeled Hoveyda-Grubbs 2nd generation type complexes are promising 

catalysts for the preparation of dye labeled polymers, as the dye bearing benzylidene 

ligand is incorporated into the polymer chain as an end-group. When for example 

cyclooctadiene (COD) was polymerized with the perylene diimide labeled ruthenium 

complex 27 a dark red polymer was obtained after work-up. The covalent binding of 

the fluorescent dye to the polymer was evidenced by GPC with combined differential 

refractive index and absorption detection at 550 nm (Figure 5-16). The molecular 

weight distributions from both detectors are largely overlaying, which demonstrates 

the covalent binding of the dye to the polymer chain. By refractive index detection a 

low molecular weight peak is observed, which is not present in absorption detection. 

This might be due to the presence of macrocycles. The sharp peak, which is observed 

by both detectors could originate from free dye molecules or dye labeled oligomers. 

The slight shift of the absorption detected molecular weight distribution to lower 

molecular weights is a result of the contribution of end-groups only instead of the 

entire polymer mass in RI detection. For higher molecular weights the endgroup to 

backbone ratio is low and so is the detected signal. 

As observed by GPC, the ROMP of COD under these conditions is far from a controlled 

polymerization. For the preparation of well-defined dye labeled polymers, 

polymerization conditions have to be found, which allow for a more controlled 

polymerization behavior. Scheinhardt et al. employed the perylene diimide labeled 

Hoveyda-Grubbs 2nd generation complex 27 for ROMP of the highly reactive trans-

cyclooctene in aqueous microemulsion. This yielded high molecular weight dye 
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labeled polymer (Mn ~2.5 × 106 g mol-1), but part of the polymer chains are 

presumable dye labeled by reaction of polymer with unreacted complex 27.196 

 

 

Figure 5-16. GPC molecular weight distributions from refractive index (RI) and 

absorption detection at 550 nm of polycyclooctadiene prepared with the perylene 

diimide labeled complex 27 (0.5 M COD in CH2Cl2, COD/Ru = 200). 

 

However, especially for the preparation of mid-chain labeled polymers with the 

binuclear perylene diimide labeled ROMP initiator 36 full initiation is mandatory. 

Inefficient activation would lead to the formation of mainly chain-end dye labeled 

instead of mid-chain labeled polymers. Thus, various approaches to reach full 

activation of Hoveyda-Grubbs 2nd generation type catalysts in the ROMP of cyclic 

alkenes were investigated. 

One possibility to enhance the initiation efficiency of Hoveyda-Grubbs 2nd generation 

type complexes could be their conversion to a more reactive species before addition 

of monomer. For this purpose a reagent is required, which does not entirely cleave 

the benzylidene ligand from the complex, so that the dye is still incorporated into the 

polymer chain-end. Further, not more than one reagent molecule should react with 

the ruthenium complex. It is known, that acrylates do not undergo self-metathesis,197 

which enables the alternating copolymerization of cyclobutene carbonyl derivatives 

with cyclohexene.198,199 Cyclobutenecarboxylic methyl ester (38) is a very reactive 

cyclic olefin, which does not undergo homopolymerization by ROMP. After the first 

ring opening metathesis step an enoic carbene complex is formed, which does not 

react further with acrylates, but instantly with other olefins. In order to investigate its 

suitability as activating reagent for ROMP, the cyclobutenecarboxylic methyl ester 38 
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was synthesized in two steps from ethyl 1-bromocyclobutanecarboxylate (Figure 

5-17) according to reported procedures.198,200 In the first step cyclobutenecarboxylic 

acid (37) was formed by an elimination reaction under basic conditions. Subsequent 

methylation with O-methyl-N,N’-diisopropylisourea yielded the 

cyclobutenecarboxylic methyl ester 38. 

 

 

Figure 5-17. Synthesis of cyclobutenecarboxylic methyl ester 38. 

 

In order to investigate the reactivity of the cyclobutenecarboxylic methyl ester 38 in 

olefin metathesis, NMR experiments were conducted with the Hoveyda-Grubbs 2nd 

generation catalyst. It was anticipated, that one substrate molecule is incorporated by 

ring opening metathesis to form compound 39 (Figure 5-18). However, even with a 

large excess of cyclobutenecarboxylic methyl ester virtually no conversion of the 

ruthenium complex was observed. Interestingly, upon addition of excess butyl vinyl 

ether to the reaction mixture instant conversion to the ring opening cross metathesis 

product 40 was observed, which demonstrates the high reactivity of the cyclobutene 

moiety.  

 

 

Figure 5-18. Reaction of Hoveyda-Grubbs 2nd generation catalyst with 

cyclobutenecarboxylic methyl ester 38. 

 

The reaction rates of olefin metathesis reactions with chelate forming substrates can 

be improved by the addition of Lewis acids (e.g. Ti(OiPr)4) to the reaction mixture.201 

Chelating coordination is weakened by the Lewis acid and olefin coordination to the 
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ruthenium center is facilitated. To investigate if this concept can also be applied for a 

more efficient chelate opening of Hoveyda-Grubbs type complexes various Lewis 

acids (Ti(OiPr)4, BF3·Et2O) were added in 2-10 fold excess to the polymerization of 

cyclooctene with the Hoveyda-Grubbs 2nd generation complex. However, in no case an 

improvement of the polymerization conditions was observed. 

Another approach toward a more controlled polymerization of cyclic olefins with 

Hoveyda-Grubbs type complexes is the addition of additional coordinating substances 

(which are otherwise unreactive) to the polymerization mixture. The addition of 

excess phosphine to the Grubbs 1st generation catalyst enables a controlled 

polymerization, which yields narrow dispersed polymers.177,178 The additional 

phosphine slows down the polymerization by occupying the free coordination site. It 

is, however, mandatory that the initiation rate is less impacted by the coordinating 

substance, otherwise a generally more sluggish but still uncontrolled reaction would 

result. The influence of excess PPh3 on the polymerization of cyclooctene with the 

Hoveyda-Grubbs 2nd generation catalyst was therefore investigated. 

In addition to the investigation of the influence of phosphine on the polymerization, 

also cyclohexene as a solvent for ROMP of cyclooctene was considered. The six-

membered ring of cyclohexene is a thermodynamic sink, thus, it does not undergo 

ring opening metathesis polymerization under common polymerization conditions.202 

When cyclohexene is used as solvent for ROMP, the concentration of olefin that is not 

incorporated into the polymer, but can coordinate is always high, also at high 

monomer conversions. This might lead to a reduced probability for side reaction, 

such as backbiting. The coordination of cyclohexene to the metal center should 

reduce the polymerization rate and, therefore, would lead to a higher initiation 

efficiency. 

The ROMP of cyclooctene with the Hoveyda-Grubbs 2nd generation catalyst was 

investigated by variation of the monomer to catalyst ratio from 100 to 1000. Polymer 

molecular weights were compared to the theoretical values and the linearity of the 

molecular weight increase was investigated. Toluene was used as a solvent, as this 

yielded highest initiation rates in the kinetic studies (vide supra). The 

polymerizations were conducted without additives, in the presence of 50 eq. PPh3 and 

in cyclohexene as a solvent (Figure 5-19). Without any additives the catalyst 

precursor was not completely initiated, which was obvious from the slightly green 

color of the polymerization mixture, but the monomer was consumed very rapidly 
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within seconds. The polymer molecular weights do not increase linearly with the 

monomer to catalyst ratio and are higher than the theoretical values. For monomer to 

catalyst ratios larger than 500 no significant further increase occurred. The 

polydispersity Mw/Mn of the molecular weight distributions increased with the 

monomer to catalyst ratio. These observations indicate an unfavorable ratio of the 

initiation rate to the chain propagation rate and the occurrence of chain transfer 

reactions, which leads to an uncontrolled polymerization with only a limited fraction 

of the ruthenium complex being active. 

By the addition of 50 eq. PPh3 to the polymerization mixture and conducting the 

reaction at 40 °C a more uniform polymerization behavior was observed. The 

apparent molecular weights, which nominally fit the theoretical values, increased 

linearly at constant Mw/Mn values of 1.7-1.8. Due to an overestimation of 

polycyclooctene molecular weights by GPC in THF at 40 °C against polystyrene 

standards, the obtained molecular weights are rather too low and polymerization 

with a monomer/catalyst ratio of less than 500 yielded bimodal molecular weight 

distributions. However, the molecular weights fit to the incomplete monomer 

conversion of 70-80 %, when complete catalyst initiation is assumed. 

 

 

Figure 5-19. Polymer molecular weights Mn (left) and Mw/Mn (right) determined by 

GPC (THF, 40 °C, PS standards) for the ROMP of cyclooctene with the Hoveyda-

Grubbs 2nd generation catalyst for 5 min (15 min for PPh3) under various 

polymerization conditions: in toluene without additives at 25 °C, in cyclohexene at 25 

°C and in toluene with 50 eq. PPh3 at 40 °C. The dashed line represents the theoretical 

molecular weights. 

 

The application of cyclohexene as solvent for the ROMP of cyclooctene resulted in a 

linear increase of molecular weights with the monomer to catalyst ratio and constant 

Mw/Mn values of 1.7-1.8. Considering the overestimation of the molecular weights by 
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GPC, they fit quite well to the theoretical values at high monomer to catalyst ratios. 

This indicates a full initiation of the catalyst precursor before complete consumption 

of the monomer. For these polymerizations the isolated polymer yields were 

commonly higher than the amount of monomer utilized. This indicates that although 

cyclohexene cannot be homopolymerized, the copolymerization with cyclooctene is 

possible to some extent. This is not an issue, as after hydrogenation (vide infra) to 

polyethylene identical polymer structures will result. 

Although the polydispersity Mw/Mn of the polycyclooctene could not be reduced to a 

truly narrow level by addition of further coordinating compounds to the 

polymerization mixture, the experimental results indicate, that complete initiation 

and a somewhat controlled polymerization with less termination reactions was 

achieved. The initiation rate is, however, still too slow for the generation of well-

defined polymers with narrow molecular weight distributions. 

The low reactivity of Hoveyda-Grubbs 2nd generation type complexes toward cleavage 

of the chelating benzylidene ligand combined with their high chain propagation rates 

represents a challenge for their application as initiators for controlled ROMP. 

Converting Hoveyda-Grubbs type complexes to more reactive species without 

entirely cleaving the benzylidene ligand was not successful. By addition of excess 

PPh3 or cyclohexene to the polymerization of cyclooctene, however, a controlled 

increase of molecular weights with the monomer to catalyst ratio and complete 

catalyst precursor initiation was achieved. The molecular weight distributions were 

still rather broad (Mw/Mn 1.7-1.8), which can be ascribed to the relatively slow 

initiation of the catalyst precursor during the polymerization reaction. 

 

5.2.4 Mid-Chain Dye-Labeled Polyethylene 

Most reported procedures toward dye-labeled polymers target their chain-ends, but 

only a few generating mid-chain dye-labeled polymers were described.115 For 

example bifunctional perylene diimide based initiators were employed for the 

preparation of well-defined mid-chain dye-labeled polymers by nitroxide mediated 

polymerization (NMP) and atom transfer radical polymerization (ATRP).120,121 A 

similar concept was followed by employing the binuclear perylene diimide labeled 

ruthenium complex 36 for ROMP of cyclooctene. 
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The polymerization conditions optimized to yield maximum initiation efficiencies 

were applied to the synthesis of mid-chain dye labeled polymers by ROMP of 

cyclooctene with the binuclear perylene diimide labeled Hoveyda-Grubbs type 

complex 36. Polymerizations were carried out in the presence of 50 eq. of PPh3 per 

metal center or in cyclohexene as a solvent to achieve maximum activation 

efficiencies, which is required for the incorporation of the perylene diimide dye in the 

center of the formed polymer chain (Table 5-2). Subsequently selected polymers 

were hydrogenated to form mid-chain dye-labeled polyethylene (Figure 5-20). 

 

 

Figure 5-20. Synthesis of mid-chain labeled polyethylene by ROMP with complex 36. 

 

For comparison cyclooctene was polymerized with complex 36 in toluene without 

any additives (Table 5-2, entry 1). As in previous experiments without any additives 

the monomer was consumed before significant amounts of the complex have been 

initiated, which is evidenced by the lack of substantial fluorescence in the 

polymerization mixture. Upon addition of ethyl vinyl ether to the reaction mixture 

after 15 min, a highly fluorescent solution was obtained. This indicates that only 

traces of complex 36 had induced chain growth on both ends of the perylene diimide 

moiety. 

ROMP in the presence of 50 eq. PPh3 per ruthenium center resulted in a more 

efficient catalyst initiation, which was evident from the formation of a highly 

fluorescent solution after 15 minutes of polymerization (Table 5-2, entry 2). Polymer 

molecular weights of 111500 g mol-1 and 80600 g mol-1 with molecular weight 

distributions of Mw/Mn 1.67 and 1.65, respectively, were obtained (Table 5-2, entries 

2 and 3).  
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Similar results were achieved by conducting the polymerization in cyclohexene as a 

solvent, the molecular weight distributions, however, were somewhat broader (Table 

5-2, entries 4 and 5). The polymerizations in cyclohexene proceeded with a higher 

rate, than in presence of PPh3, which was indicated by a faster increase of the 

viscosity. 

 

Table 5-2. Cyclooctene polymerization with the binuclear complex 36.a 

entry additive 
t 

[min] 

unsaturated hydrogenatedb 

Mn [g mol-1]c Mw/Mn
c Mn [g mol-1]d Mw/Mn

d 

1 - 15 180800 1.80 10100 4.28 

2 50 eq. PPh3 15 111500 1.67 10200 4.16 

3 50 eq. PPh3 15 80600 1.65 - - 

4 cyclohexene 10 101300 1.73 - - 

5e cyclohexene 10 115400 1.94 43500 2.44 
a Reaction conditions: 1.2-1.5 µmol complex 36, monomer/Ru = 500, 40 °C, 2 mL toluene (entries 4, 5: 

0.1 mL toluene + 2 mL cyclohexene). b Hydrogenation conditions: 40 bar H2, 110 °C, 38 h, 0.3 mol-% 

Grubbs 2nd generation catalyst reacted with excess ethyl vinyl ether. c Determined by GPC in THF at 

40 °C with refractive index detection against polystyrene standards. d Determined by GPC in 1,2,4-

trichlorobenzene at 160 °C and linear calibration against polyethylene standards. e Polymer was 

hydrogenated by residual ruthenium complex at 110 °C and 40 bar H2 for 20 h after quenching the 

polymerization with ethyl vinyl ether and addition of toluene. 

 

The incorporation of the fluorescent perylene diimide dye into the polymer chain was 

evidenced by GPC by combination of refractive index and absorption detection 

(Figure 5-21). Both detectors yield similar molecular weight distributions, which 

indicate that the dye is covalently linked to the polymer. The molecular weight 

distribution determined by absorption detection is shifted to lower molecular 

weights as observed previously (vide supra). The low molecular weight shoulder, 

which is absent in refractive index detection, might be a result of the overestimated 

intensity of low molecular weight dye labeled polymer chains. 

To investigate whether the perylene diimide is located in the center of the polymer 

chain, attempts to cleave the dye from the polymer chain by opening the imide 

moieties were conducted. This leads to a scission of the polymer chain at the location 

of the perylene diimide dye. Thus, conclusions on the position of the dye molecule can 

be drawn from changes in the molecular weight distribution after chain scission. 

Various reactions conditions (e.g. alkoxides, aqueous hydroxides) were investigated 

for the cleavage of the imide moieties. In most cases instant precipitation of the 

unsaturated polymer was observed, which was completely insoluble afterwards, 

indicating crosslinking of the double bonds. By reaction of dye labeled polymer (Table 
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5-2, entry 3) with excess hydrazine in 2-methyl-2-butanol the cleavage of the polymer 

chains from the dye could be achieved. The GPC molecular weight distribution shows 

a decrease of the peak molecular weight Mp from 112300 g mol-1 to 38900 g mol-1 and 

the formation of a small low molecular weight fraction (Figure 5-21). This indicates 

that the dye molecule is indeed largely located in the center of the polymer chain. 

Residual dye molecules bearing at least one polymer chain were observed by 

absorption detection, which means that the dye molecule was not entirely cleaved 

from the polymer. However, this experiment could not be applied to other polymers, 

due to crosslinking. 

 

 

Figure 5-21. GPC molecular weight distributions (determined at 40 °C in THF against 

polystyrene standards; refractive index and absorption detection) of mid-chain 

labeled polycyclooctene (Table 5-2, entry 3) before and after reaction with hydrazine 

in 2-methyl-2-butanol at 95 °C for 1 h. 

 

Attempts to cleave the perylene diimide from less sensitive hydrogenated polymers 

(vide infra) were unsuccessful, possibly due to a hydrophobic shielding of the 

perylene diimide by the polymer chains, which hampers the access of the polar 

nucleophilic reagent to the imide moieties. Additionally, polar solvents are required 

for saponification or transimidation reactions, which do not sufficiently dissolve the 

polyethylene. 

To convert the unsaturated polycyclooctenes to polyethylene, the polymers were 

hydrogenated at 40 bar H2 pressure by Grubbs 2nd generation complex, which was 

reacted with excess ethyl vinyl ether prior to use to inhibit further secondary 

metathesis reactions. In order to keep the formed polyethylene in solution the 
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reactions had to be carried out in toluene at 110 °C. For unknown reasons this yielded 

polyethylene with broad molecular weight distributions of Mw/Mn ~4 (Table 5-2, 

entries 1, 2). Instead of isolating the polycyclooctene and subsequently adding a 

hydrogenation catalyst, the polymer can also be hydrogenated directly after 

quenching the polymerization with ethyl vinyl ether in a tandem reaction. The 

residual ruthenium complex acts as hydrogenation catalyst. This procedure was 

applied to a polymer, which was prepared in cyclohexene as solvent (Table 5-2, entry 

5). Prior to hydrogenation toluene was added and the amount of cyclohexene was 

reduced by evaporation in vacuum. The unsaturated polymer exhibits a monomodal 

molecular weight distribution (Mn 115400 g mol-1, Mw/Mn 1.94) by refractive index 

detection, and absorption detection proves the covalent incorporation of the 

fluorescence dye into the polymer (Figure 5-22). By absorption detection an 

additional small low molecular weight peak was observed, which might correspond 

to free perylene diimide. After hydrogenation (degree of hydrogenation >99 % 

according to 1H NMR spectroscopy) the molecular weight decreased to 43500 g mol-1 

(vs. linear polyethylene standards), which is expected due to the overestimation of 

the polycyclooctene molecular weights against polystyrene standards. Further, a low 

molecular weight shoulder formed during hydrogenation, it’s origin remains unclear. 

 

 

Figure 5-22. GPC molecular weight distributions of unsaturated (determined at 40 °C 

in THF against polystyrene standards; refractive index and absorption detection) and 

hydrogenated (determined at 160 °C in 1,2,4-trichlorobenzene against polyethylene 

standards) mid-chain labeled polycyclooctene (Table 5-2, entry 5).  
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In principle, the binuclear perylene diimide labeled ruthenium complex 36 is suitable 

for the preparation of mid-chain labeled polyethylene. Due to the slow initiation, the 

molecular weight distributions are not perfectly narrow, but the results indicate that 

the fluorescent dye is located in the center area of the polymer chains. The somewhat 

broad molecular weight distributions might be an issue for the investigation of 

diffusion of these mid-chain labeled polyethylenes by single molecule fluorescence 

microscopy, especially when the results should be compared to well-defined chain-

end labeled polyethylene. However, applications that do not require perfectly defined 

polymers are possible, such as the investigation of polymer chain orientation in 

stretched polymer films. 

 

5.2.5 Heterotelechelic Dye Labeled Polynorborneneimides 

Ruthenium carbene complexes undergo an irreversible reaction with enolethers, 

which leads to the formation of metathesis inactive Fischer carbene complexes. Thus, 

enolethers are frequently used for quenching of ROMP reactions. When substituents 

are attached to the β-carbon atom of the alkene moiety, these are connected to the 

polymer chain, which was bound to the ruthenium center. This allows for chain-end 

functionalization of polymers produced by ROMP and thus the synthesis of 

heterotelechelic polymers, when also the initiating benzylidene ligand is 

functionalized. In this way polymers with different fluorescent dye molecules 

attached to the chain-ends can be prepared. When the distance between the chain-

ends is sufficiently short and the dyes are well chosen a Förster resonance energy 

transfer (FRET) from one dye to the other can occur. 

For the preparation of heterotelechelic polymers by ROMP it is, however, necessary 

that no chain-transfer or termination reactions occur. This prerequisite is difficult to 

fulfill when cyclic alkenes, such as cyclooctene, are used as monomers, due to the 

occurrence of side reactions at low monomer concentrations. These lead to 

backbiting, chain scrambling or, when the ringstrain of the monomer is too low, also 

to partial depolymerization. The ROMP of norbornene derivatives in contrast is 

irreversible due to their high ring strain. Also the probability of side reactions is low 

because of the pronounced sterical shielding of the alkene moieties in the polymer. 

Unmodified norbornene, however, possess such a high activity in ROMP that the 

polymerization is hard to control, especially when a slowly initiating catalyst 
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precursor is employed. Nornorneneimides, in contrast, allow for a more controlled 

polymerization behavior, which largely depends on their stereochemistry. The exo 

isomers are known to be significantly more reactive then the endo isomers. ROMP of 

the endo isomers is retarded due to sterical shielding of the metal center by the last 

enchained repeat unit.203 

The endo and exo isomers of N-phenylnorbornene imide (PhNBI) were prepared 

according to a modified literature procedure by a two-step condensation reaction of 

the endo- and exo-norbornene anhydrides, respectively, with aniline (Figure 5-23).204 

 

 

Figure 5-23. Synthesis of endo- and exo-N-phenylnorbornene imide. 

 

The reactivity of the endo- and exo-norbornene imides, respectively, in ROMP was 

investigated by 1H NMR spectroscopy in CD2Cl2 at 25 °C. Several spectra were 

recorded over time for each isomer and the conversion was calculated by integration. 

When 6000 eq. of PhNBI were reacted with the perylene diimide labeled ruthenium 

complex 27 the exo isomer reached almost full conversion already after 20 minutes 

whereas the conversion of the endo isomer was still below 10 % after two hours 

(Figure 5-24, left). For the reaction of 20 eq. exo-PhNBI with the Hoveyda-Grubbs 2nd 

generation catalyst, full conversion was already reached before recording the first 

spectrum and no conversion of the ruthenium complex to a chain-carrying species 

was detected. This means that the highly reactive exo-PhNBI was completely 

polymerized by only trace amounts of ruthenium, which are below the detection 

limit. 

In the case of endo-PhNBI the conversion of the norbornene imide as well as the 

Hoveyda-Grubbs 2nd generation complex could be followed over time by 1H NMR 

spectroscopy (Figure 5-24, right). Most of the norbornene imide was consumed after 

15 minutes with about 35 % of the ruthenium complex being active. In contrast to the 

exo isomer this offers a more promising route toward the controlled ROMP of 
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norbornene imides with Hoveyda-Grubbs type catalysts. The polymers obtained from 

PhNBI are, however, insoluble in THF, which hampers determination of the molecular 

weight distributions by GPC. 

 

 

Figure 5-24. Conversions over time determined by 1H NMR spectroscopy for the 

ROMP of N-phenylnorbornene imide. Left: Reaction of 6000 eq. exo- and endo-PhNBI 

(0.1 M), respectively, with the perylene diimide labeled complex 27 in CD2Cl2 at 25 °C. 

Right: Reaction of 20 eq. endo-PhNBI (0.1 M) with Hoveyda-Grubbs 2nd generation 

complex in CD2Cl2 at 25 °C. 

 

To enable the characterization of the prepared polymers by GPC, endo-N-

cyclohexylnorbornene imide (endo-CyNBI) was selected as a monomer for further 

polymerization experiments. The synthesis was carried out in analogy to the 

previously prepared norbornene imides in a two-step condensation reaction (Figure 

5-25). 

 

 

Figure 5-25. Synthesis of endo-N-cyclohexylnorbornene imide. 

 

The polymerization rate in ROMP of endo-CyNBI initiated with Hoveyda-Grubbs 2nd 

generation catalyst is similar to endo-PhNBI as determined by 1H NMR spectroscopy. 

According to GPC in THF at 40 °C against polystyrene standards, well defined narrow 

dispersed polymers (Mn 7200 g mol-1, Mw/Mn 1.14) can be obtained from ROMP of 

endo-CyNBI (Figure 5-36). 
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Figure 5-26. 1H NMR spectra (400 MHz, toluene-d8, 25 °C) of the ROMP of 20 eq. 

endo-CyNBI (0.08 M) with Hoveyda-Grubbs 2nd generation complex and subsequent 

reaction with 1 eq. 1-butenyl ethyl ether. 

 

In order to find conditions for the chain-end functionalization by enolethers, the 

ROMP of endo-CyNBI with the Hoveyda-Grubbs 2nd generation complex in toluene-d8 

and subsequent reaction with 1-butenyl ethyl ether was monitored by 1H NMR 

spectroscopy (Figure 5-26). Toluene-d8 was used as solvent a due to its beneficial 

effect on the initiation rate of Hoveyda-Grubbs complexes (vide supra) and 1-butenyl 

ethyl ether was selected because for polymer chain-end functionalization also 

internal enolethers are required. 

The Hoveyda-Grubbs 2nd generation complex was reacted with 20 eq. endo-CyNBI at 

25 °C, which resulted in full monomer conversion after about 10-15 minutes and no 

changes in the NMR spectrum were observed after this time (Figure 5-26). The 

conversion of the monomer could be monitored by the disappearance of the 

cyclohexyl methine proton signal at 3.95 ppm and the appearance of a new broad 

signal corresponding to this proton in the polymer at 4.13 ppm. The intensity of the 

benzylidene proton resonance of the initial ruthenium carbene complex at 16.60 ppm 

decreased and a new signal at 18.06 ppm rose. After full monomer conversion 60 % 

of the Hoveyda-Grubbs complex was initiated. To quench the polymerization reaction 
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1 eq. 1-butenyl ethyl ether was added after 1 h. This resulted in almost complete 

conversion of the ruthenium bound chain-end to the Fischer type carbene complex 

within 2 h, whereas the benzylidene proton signal of the residual Hoveyda-Grubbs 

complex stayed virtually unchanged. Two new resonances in about a one to one ratio 

appeared at 13.88 ppm and 13.35 ppm, which are assigned to the Fischer type 

carbene species. This demonstrates that the active chain-end is significantly more 

reactive than the chelated Hoveyda-Grubbs complex, which is not surprising due to 

the generally slow chelate opening, especially at low olefin concentrations. A similar 

experiment with endo-PhNBI in CD2Cl2 and 1.5 eq. n-butyl vinyl ether resulted in 

virtually complete conversion of the active chain-end within 5 min, which indicated a 

much higher reactivity of terminal vinyl ethers compared to the internal enolether. 

 

 

Figure 5-27. Synthesis of the enolether functionalized perylene diimide 42. 

 

For the preparation of heterotelechelic dye labeled polymers, fluorescent dye bearing 

enolethers were synthesized. An enolether functionalized perylene diimide dye 42 

was prepared in two steps starting from the perylene monoanhydride 11 (Figure 

5-27). In the first step an alkene functionality was introduced to the dye by a 

condensation reaction with 10-undeceneamine. The vinyl moiety was subsequently 

converted to an enolether by olefin cross metathesis with excess ethyl vinyl ether. 

Ruthenium based olefin metathesis catalysts are usually deactivated by enolethers, 

but Schrock type carbene complexes enable olefin metathesis on these substrates.205 

The reaction was carried out in benzene-d6 in a NMR tube to directly monitor the 

progress of the reaction. The reaction mixture did not change anymore already after a 

few minutes and the product was isolated after 30 minutes. Direct purification of the 

product was required after the reaction, otherwise cleavage of the ether and 

formation of an aldehyde was observed. After workup by column chromatography a 

E/Z isomeric mixture (E:Z ~ 1:1) of the enolether functionalized perylene diimide dye 

42 was obtained. 
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Figure 5-28. Synthesis of the enolether functionalized terrylene diimide 44. 

 

In addition, an enolether functionalized terrylene diimide 44 was prepared in analogy 

to the perylene diimide 42 by condensation of the terrylene monoanhydride 19 with 

10-undeceneamine followed by cross metathesis with ethyl vinyl ether (Figure 5-28). 

Again a E/Z isomeric mixture (E:Z ~ 1:1) of the desired product was obtained. The 1H 

NMR spectrum (Figure 5-29) of the enolether functionalized terrylene diimide 44 

exhibits the characteristic set of aromatic signals for the terrylene diimide structure. 

The olefinic protons of the E and Z isomers of the enolether moiety resonate in the 

range of 6.2-4.2 ppm with two sets of signals. Also for the ethyl group and the 

methylene unit adjacent to the olefin two sets of signals are present. 

 

 

Figure 5-29. 1H NMR spectrum (400 MHz, CD2Cl2, 25 °C) of the enolether 

functionalized terrylene diimide dye 44. 
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A heterotelechelic dye labeled polymer was synthesized by first polymerizing endo-

CyNBI with the perylene diimide labeled Hoveyda-Grubbs type complex 27. After 

complete monomer consumption one equivalent of the enolether functionalized 

terrylene diimide 44 was added to terminate the polymer chain-end with a terrylene 

diimide dye (Figure 5-30). The polymerization was carried out in a NMR tube in 

toluene-d8 to follow the progress of the reaction (Figure 5-31). 

 

 

Figure 5-30. Synthesis of heterotelechelic perylene diimide/terrylene diimide 

labeled poly(endo-CyNBI). 

 

The perylene diimide functionalized metathesis initiator 27 was reacted with 20 eq. 

endo-CyNBI, which was completely consumed after 20 minutes. The conversion was 

monitored by the disappearance of the cyclohexyl methine proton signal of the 

monomer at 3.95 ppm and the growing broad resonance at 4.13 ppm corresponding 

to the equivalent proton in the polymer. About 75 % of the ruthenium complex 27 

was converted to a chain carrying ruthenium carbene species, which resonates at 

18.05 ppm. After a reaction time of 1 h, the enolether functionalized terrylene diimide 

44 was added. The reaction rate of enolether 44 was significantly lower than of 

1-butenyl ethyl ether, which gave complete conversion within 2 h under similar 

conditions (vide supra). This might be attributed to the higher sterical bulk of dye 

labeled enolether. Over a period of 4.5 h about 70 % of the ruthenium coordinated 

chain-ends and around 30 % of the residual complex 27 had reacted. New resonances 

corresponding to the Fischer type carbene species appeared at 13.86 ppm and 

13.35 ppm. After 20 h full conversion of the chain-ends was achieved (Figure 5-31). 
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Figure 5-31. 1H NMR spectra (400 MHz, toluene-d8, 25 °C) of the ROMP of 20 eq. 

endo-CyNBI (0.085 M) with the perylene diimide labeled ruthenium carbene complex 

27 and subsequent reaction with the terrylene diimide functionalized enolether 44. 

 

The final dye labeled polymer was purified by several reprecipitation and washing 

steps to remove the dyad, which was formed by direct reaction of the enolether 

functionalized terrylene diimide 44 with the perylene diimide labeled ruthenium 

complex 27. The covalent binding of both dyes to the polymer was evidenced by GPC 

with combined refractive index and absorption detection. The polymer exhibits a 

molecular weight of Mn 14500 g mol-1 with a very narrow molecular weight 

distribution of Mw/Mn 1.10 according to GPC against polystyrene standards with 

refractive index detection (Figure 5-32). Due to the ridgid nature of the polymer the 

molecular weight is most likely overestimated. The molecular weight distribution 

possesses a high molecular weight shoulder, which corresponds to about twice the 

molecular weight of the main peak. Absorption detection at the absorption maximum 

of the perylene diimide dye (580 nm) yields an almost superimposable molecular 

weight distribution (Figure 5-32). When the detector was set to 672 nm, the 

absorption maximum of the terrylene diimide, the main peak of the molecular weight 

distribution is identical, but the high molecular weight shoulder is absent. This 

means, that all polymer chains are labeled with a perylene diimide dye at one chain-
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end originating from the initiator 27, but the high-molecular weight fraction does not 

contain terrylene diimide labels. The approximately double molecular weight of this 

fraction compared to the main peak might indicate a bimolecular deactivation 

mechanism of chain-carrying ruthenium species resulting in the coupling of two 

polymer chains.206 The relatively high ruthenium concentration employed in this 

reaction might enable this pathway. This would lead to a mixture of heterotelechelic 

polymer bearing one perylene diimide and one terrylene diimide dye on the chain-

ends and homotelechelic polymer substituted with perylene diimide molecules on 

both chain-ends. 

 

 

Figure 5-32. GPC molecular weight distributions of heterotelechelic perylene 

diimide/terrylene diimide labeled poly(endo-CyNBI) determined in THF at 40 °C 

against polystyrene standards by refractive index and absorption detection. 

 

The 1H NMR spectrum of the heterotelechelic dye labeled polymer (Figure 5-37) 

indicates a terrylene diimide functionalization degree of about 60-70 %, which is 

consistent with the above findings. In addition, the perylene diimide to terrylene 

diimide ratio was also calculated from the absorption spectrum of the polymer 

(Figure 5-33, left). For this purpose, the normalized absorption spectrum of the 

terrylene diimide dye was subtracted from the normalized polymer spectrum to yield 

the perylene diimide contribution. Considering the absorption coefficients of the two 

dyes, a terrylene diimide functionalization degree of 60 % was calculated from the 

spectra. 

The fluorescence spectrum of the polymer (Figure 5-33, right) indicates a Förster 

resonance energy transfer (FRET) from the perylene diimide to the terrylene diimide. 

This is evident from the direct comparison with a fluorescence spectrum of an 
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equimolar mixture of both dyes. The energy transfer efficiency appears to be 

moderate, but the result is impaired by the presence of non-terrylene diimide labeled 

polymer. A Förster radius R0 of 6.7 nm was calculated for this donor acceptor pair in 

toluene. In view of that, the energy transfer efficiency is relatively low, which suggests 

that the distance between the donor and acceptor is relatively high. This is in 

agreement with the rigid nature of the polymer. Unfortunately, a calculation of the 

end-to-end distance from the fluorescence spectrum is not possible, due to the 

fluorescent contaminations in the sample. 

 

 

Figure 5-33. Left: Normalized absorption spectra of toluene solutions of 

heterotelechelic perylene diimide/terrylene diimide labeled poly(endo-CyNBI), 

terrylene diimide 43 and difference of both (polymer - TDI). Right: Fluorescence 

spectra of the polymer and an equimolar mixture of perylene diimide 26 and 

terrylene diimide 43 in toluene (λexc = 550 nm). 

 

The FRET efficiency of the polymer exhibited a temperature dependence. Heating the 

polymer solution from 0 °C to 100 °C resulted in an increasing terrylene diimide 

fluorescence intensity (Figure 5-38), which might be the result of a higher polymer 

chain flexibility and, thus, a shorter end-to-end distance. 
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5.3 Conclusive Summary 

Ring-opening metathesis polymerization (ROMP) is a versatile tool for the 

preparation of functionalized polymers. Also the preparation of polyethylene by 

ROMP of cyclic alkenes and subsequent hydrogenation is well-established. The 

polymer chain-ends can be functionalized by modification of the benzylidene ligand 

of the ruthenium initiator. In order to prepare dye labeled polymers various rylene 

diimide functionalized Hoveyda-Grubbs 2nd generation type ruthenium complexes 

were prepared (Figure 5-34). 

 

 

Figure 5-34. Dye labeled ruthenium carbene complexes. 

 

Interestingly, the fluorescence of the dyes was quenched upon binding to the 

ruthenium center and restored on release. Most likely a Förster energy transfer 

mechanism from the dye to the ruthenium complex is responsible for the behavior. 

This feature was utilized for the investigation of initiation kinetics by fluorescence 

spectroscopy. Due to the very high sensitivity of this method kinetic studies at very 

low catalyst concentrations are possible. 

The Hoveyda-Grubbs type ether chelated benzylidene motif is beneficial for the 

stability of the catalyst precursor complex, but also leads to slow initiation rates, 
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which is problematic for a controlled polymerization process. Therefore, various 

reaction conditions and additives were studied to optimize the initiation rate to chain 

propagation rate ratio in the ROMP of cyclooctene. Full catalyst initiation and a 

somewhat controlled polymerization in terms of molecular weight distributions could 

be achieved by addition of an excess of PPh3 or using cyclohexene as a polymerization 

medium.  

A large variety of procedures toward dye labeled polymers are described in literature, 

but most of them target the chain-ends. Only few examples demonstrate the synthesis 

of mid-chain labeled polymers. For this reason the binuclear perylene diimide labeled 

Hoveyda-Grubbs type complex 36 was employed for the ROMP of cyclooctene, in 

order to synthesize mid-chain dye labeled polymers. Due to the low initiation rate of 

Hoveyda-Grubbs type metathesis catalysts and the high chain propagation rate of 

cyclooctene polymerization, excess PPh3 or cyclohexene were added to achieve a 

more controlled ROMP. The incorporation of the perylene diimide into the center of 

the polymer chain was evidenced by cleaving the dye from the polymer chains and a 

combination of refractive index and absorption detection GPC. The polycyclooctene 

could be hydrogenated to mid-chain labeled polyethylene. However, due to the slow 

initiation rate, the molecular weight distribution was somewhat broad (Mw/Mn 2.44). 

This might be an issue for the investigation of diffusion of these mid-chain labeled 

polyethylenes by single molecule fluorescence microscopy, especially when the 

results should be compared to well-defined chain-end labeled polyethylene. 

Applications that do not require perfectly defined polymers are possible, such as the 

investigation of polymer chain orientation in stretched polymer films. 

In order to realize living polymerization conditions with the dye labeled Hoveyda-

Grubbs type complexes despite the slow initiation, a very slowly polymerizing 

monomer was selected. The ROMP of endo-N-cyclohexylnorborneneimide (endo-

CyNBI) with Hoveyda-Grubbs 2nd generation catalyst afforded narrow dispersed 

polymer (Mn 7200 g mol-1, Mw/Mn 1.14). For the preparation of heterotelechelic dye 

labeled polymers by ROMP enolether functionalized perylene and terrylene diimides 

were synthesized as quenchers for the polymerization. A heterotelechelic perylene 

diimide/terrylene diimide labeled polynorborneneimide was synthesized by 

initiating the polymerization of endo-CyNBI with the perylene diimide labeled 

ruthenium carbene 27 followed by addition of the enolether functionalized terrylene 
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diimide 44. A Förster resonance energy transfer from the perylene diimide to the 

terrylene diimide was indicated by fluorescence spectroscopy. 

Hoveyda-Grubbs type ruthenium complexes are well suited for the preparation of dye 

labeled metathesis initiators, due to their good synthetic accessibility and stability, 

which allows purification by column chromatography. This high stability also is their 

major drawback, as initiation in the ROMP of cyclooctene is not fast enough to achieve 

living polymerization characteristics. However, less reactive monomers such as endo-

norborneneimides can be polymerized in a well-controlled fashion. It is also worth 

noting that the method developed here is well suited for the preparation of linear 

polyethylenes labeled with a stable, bright fluorescent dye at a chain end. These are 

well suited for studies were extremely narrow molecular weight distributions are not 

required, as further elaborated e.g. by B. Scheinhardt.196 
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5.4 Experimental Section 

5.4.1 Materials and General Considerations 

Unless noted otherwise, all manipulations of air sensitive compounds were carried 

out under an inert gas atmosphere using standard glovebox or Schlenk techniques. All 

glassware was dried under vacuum before use. Toluene and benzene were distilled 

from sodium. 1,5-Cyclooctadiene (≥99 %), cis-cyclooctene, Grubbs 2nd generation 

catalyst, Hoveyda-Grubbs 2nd generation catalyst, ethyl vinyl ether (99 %), butyl vinyl 

ether (98 %) and 1-butenyl ethyl ether (97 %) were purchased from Sigma-Aldrich. 

Cis-5-norbornene-exo-2,3-dicarboxylic anhydride (96 %) and cis-5-norbornene-endo-

2,3-dicarboxylic anhydride (97 %) were purchased from ABCR. Hydrogen (5.0) was 

purchased from Air Liquide. Cyclohexene was degassed in vacuum and dried over 

molecular sieves before use. For the preparation of the rylene anhydride dyes 11, 12 

and 19 see section 4. 10-Undecenamine207 and 4-isopropoxy-3-vinylaniline182c were 

prepared according to reported procedures. 

NMR spectra were recorded on a Varian Unity INOVA 400, a Bruker Avance III 400 or 

a Bruker Avance III 600 spectrometer. 1H and 13C chemical shifts were referenced to 

the solvent signal. NMR spectra of polymers were recorded on a Varian Unity INOVA 

400 spectrometer at 130 °C in 1,1,2,2-tetrachloroethane-d2. For the measurement of 

polymer 13C spectra 1 mg mL-1 Cr(acac)3 was added to the sample. All chemical shifts 

are given in ppm. All couping constants J are given in Hz. Multiplicities are given as 

follows (or combinations thereof): s: singlet, d: doublet, t: triplet, q: quartet, hept: 

heptet, m: multiplet, br: broad. 

Fluorescence spectra and quantum yields were measured on a Hamamatsu Absolute 

PL Quantum Yield Measurement System C9920-02 CCD spectrometer equipped with 

an additional cuvette holder (qpod 2e, Quantum Northwest). 

Absorption spectra were recorded on a Varian Cary 50 spectrometer. 

Fluorescence lifetimes were measured by time correlated single photon counting 

(TCSPC) with a fluorescence microscope employing a 635 nm pulsed diode laser 

(LDH-D-C-635, Picoquant) as excitation light source and a HydraHarp400 (Picoquant) 

detection system. TCSPC data was analyzed with Picoquant SymPhoTime. 

Gel permeation chromatography (GPC) on well soluble polymers was carried out in 

THF at 40 °C at a flow rate of 1 mL min-1 on a Polymer Laboratories PL-GPC 50 

instrument equipped with two PLgel 5 µm MIXED-C columns with differential 
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refractive index and UV-Vis absorption detectors against polystyrene standards. GPC 

on polyethylene samples was carried out in 1,2,4-trichlorobenzene at 160 °C at a flow 

rate of 1 mL min-1 on a Polymer Laboratories PL-GPC 220 instrument equipped with 

three PLgel Olexis columns with differential refractive index, viscosity and light 

scattering (15° and 90°) detectors. Molecular weights were calculated by linear 

calibration against polyethylene standards. 

 

5.4.2 Synthesis of Dye-Labeled Metathesis Initiators 

 

2-Bromo-4-nitrophenol.192 4-Nitrophenol (10.0 g, 72 mmol) was dissolved under 

argon atmosphere in 100 ml acetonitrile and cooled to -40 °C followed by the addition 

of chlorosulfonic acid (9.2 g, 79.2 mmol). After stirring for 10 min at -30 °C, 

N-bromosuccinimide (15.4 g, 86.4 mmol) was added in several portions. The reaction 

mixture was stirred for 30 min at -30 °C, warmed to room temperature and stirred 

for 3 days under the exclusion of light. Aqueous Na2SO3 solution was added to the 

reaction mixture, followed by extraction with 3 × 120 mL of Et2O. The combined 

organic phases were washed with H2O, dried over MgSO4 and the solvent was 

evaporated in vacuum, to yield a dark brown oil. Addition of EtOH resulted in the 

precipitation of succinimide, which was removed by filtration. After evaporation of 

the solvent, the product was purified by column chromatography on silica gel using 

hexane/EtOAc (1:1) as an eluent to yield 11.8 g of the desired product (75 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 8.43 (d, J = 2.6 Hz, 1H, H ortho to Br), 8.16 (dd, J = 

9.0, 2.6 Hz, 1H, H para to Br), 7.12 (d, J = 9.0 Hz, 1H, H ortho to O), 6.18 (s, 1H, OH). 

 

 

1-Bromo-2-isopropoxy-5-nitrobenzene.182c 2-Bromo-4-nitrophenol (10.0 g, 

45.9 mmol) and K2CO3 (12.69 g, 91.8 mmol) were dispersed in 150 mL acetone under 

an argon atmosphere. 2-Iodopropane (15.6 g, 91.8 mmol) was added and the reaction 

mixture was heated to reflux for 18 h. After cooling to room temperature and 
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filtration the solvent was evaporated in vacuum. Crystallization from EtOH afforded 

7.59 g of product (64 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 8.45 (d, J = 2.8 Hz, 1H, H ortho to Br), 8.17 (dd, J = 

9.1, 2.8 Hz, 1H, H para to Br), 6.93 (d, J = 9.1 Hz, 1H, H ortho to O), 4.71 (hept, J = 6.1 

Hz, 1H, OCH), 1.44 (d, J = 6.1 Hz, 6H, CH3). 

13C NMR (101 MHz, CDCl3, 25 °C) δ 159.91, 141.22, 129.49, 124.65, 113.09, 112.72, 

73.03, 21.94. 

 

 
3-Bromo-4-isopropoxyaniline.182c 1-Bromo-2-isopropoxy-5-nitrobenzene (5.0 g, 

10.2 mmol) was dispersed in 100 mL 3M HCl and granular tin (3.42 g, 28.8 mmol) 

was added. The reaction mixture was heated to reflux for 3.5 h. After cooling to room 

temperature the mixture was neutralized with Na2CO3 and extracted with EtOAc. The 

combined organic phases were dried over MgSO4 and the solvent was evaporated in 

vacuum. Column chromatography on silica gel with pentane/EtOAc (4:1) yielded 

2.34 g of a brown oil (53 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 6.90 (d, J = 2.8 Hz, 1H, H ortho to Br), 6.78 (d, J = 

8.6 Hz, 1H, H ortho to O), 6.56 (dd, J = 8.6, 2.8 Hz, 1H, H para to Br), 4.33 (hept, J = 6.1 

Hz, 1H, OCH), 3.47 (s, 2H, NH2), 1.32 (d, J = 6.1 Hz, 6H, CH3). 

13C NMR (101 MHz, CDCl3, 25 °C) δ 147.58, 141.91, 120.02, 119.90, 115.73, 115.17, 

74.00, 22.31. 

 
N-(2,6-Diisopropylphenyl)-N‘-(3-bromo-4-isopropoxyphenyl)-1,6,7,12-tetra[4-

(1,1,3,3-tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide 

(25). Perylene monoanhydride 11 (200 mg, 0.146 mmol) and 3-bromo-4-

isopropoxyaniline (370 mg, 1.61 mmol) were dissolved in 6 mL propionic acid in a 
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Schlenk tube, which was purged with argon. The mixture was heated to 140 °C for 

2.5 h, cooled to room temperature and H2O was added. The water phase was 

decanted from the precipitated sticky solid, which was subsequently dried in vacuum. 

Column chromatography on silica gel with CH2Cl2 as eluent yielded 200 mg of a dark 

red solid (87 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.12 (s, 2H, perylene H), 8.12 (s, 2H, perylene H), 

7.46 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 7.43 (d, J = 2.5 Hz, 1H, phenyl H ortho to 

Br), 7.33 (m, 8H, phenyl H meta to O), 7.30 (d, J = 7.8 Hz, 2H, phenyl H ortho to iPr), 

7.16 (dd, J = 8.8, 2.5 Hz, 1H, phenyl H para to Br), 7.04 (d, J = 8.8 Hz, 1H, phenyl H 

meta to Br), 6.92 (m, 8H, phenyl H ortho to O), 4.63 (hept, J = 6.1 Hz, 1H, OCHMe2), 

2.69 (hept, J = 6.8 Hz, 2H, ArCHMe2), 1.75 (s, 4H, CH2CMe3), 1.73 (s, 4H, CH2CMe3), 

1.41 (d, J = 6.1 Hz, 6H, OCH(CH3)2), 1.36 (br, 24H, ArC(CH3)2), 1.09 (d, J = 6.8 Hz, 12H, 

ArCH(CH3)2), 0.77 (s, 18H, C(CH3)3), 0.75 (s, 18H, C(CH3)3). 

 

 

N-(2,6-Diisopropylphenyl)-N‘-(4-isopropoxy-3-vinylphenyl)-1,6,7,12-tetra[4-

(1,1,3,3-tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide 

(26). Perylene diimide 25 (140 mg, 89 µmol), tributylvinylstannane (140 mg, 

443 µmol) and [Pd(PPh3)4] (62 mg, 54 µmol) were dissolved in 7 mL abs. toluene in a 

Schlenk tube under argon atmosphere. The mixture was heated for 20 h in a closed 

Schlenk tube to 110 °C.  After cooling to room temperature the solvent was 

evaporated in vacuum and the crude product was purified by column 

chromatography on silica gel with CH2Cl2/hexane (1:1) as eluent to yield 120 mg of a 

dark red solid (89 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.14 (s, 2H, perylene H), 8.13 (s, 2H, perylene H), 

7.47 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 7.34 (m, 8H, phenyl H meta to O), 7.34 (d, 

1H, phenyl H ortho to vinyl), 7.31 (d, J = 7.8 Hz, 2H, phenyl H ortho to iPr), 7.09 (dd, 

1H, phenyl H para to vinyl), 7.07 (dd, J = 17.7, 11.1 Hz, 1H, vinylic H germinal to Ph), 
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7.00 (d, 1H, phenyl H meta to vinyl), 6.94 (m, 8H, phenyl H ortho to O), 5.69 (dd, J = 

17.7, 1.4 Hz, 1H, vinylic H cis to Ph), 5.26 (dd, J = 11.1, 1.4 Hz, 1H, vinylic H trans to 

Ph), 4.63 (hept, J = 6.1 Hz, 1H, OCHMe2), 2.71 (hept, J = 6.8 Hz, 2H, ArCHMe2), 1.75 (s, 

4H, CH2CMe3), 1.74 (s, 4H, CH2CMe3), 1.40 (d, J = 6.1 Hz, 6H, OCH(CH3)2), 1.37 (br, 

24H, ArC(CH3)2), 1.10 (d, J = 6.8 Hz, 12H, ArCH(CH3)2), 0.77 (s, 18H, C(CH3)3), 0.76 (s, 

18H, C(CH3)3). 

 

 

Perylene diimide labeled ruthenium complex 27. Perylene diimide 26 (100 mg, 

65.4 µmol), Grubbs 2nd generation catalyst (56 mg, 65.4 µmol) and CuCl (6.5 mg, 

65.4 µmol) were dissolved under nitrogen atmosphere in 5 mL CH2Cl2. The reaction 

mixture was stirred for 1 h at 40 °C until no fluorescence was visible anymore. After 

cooling to room temperature, the reaction mixture was passed through a syringe 

filter and the solution was subjected to column chromatography on silica gel under 

air with CH2Cl2 as eluent. The dark red non-fluorescent second fraction afforded 

78 mg of the product (60 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 16.60 (s, 1H, carbene H), 8.12 (s, 4H, perylene H), 

7.46 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 7.43 (dd, J = 8.8, 2.5 Hz, 1H, phenyl H 

para to carbene), 7.34 (m, 8H, phenyl H meta to O), 7.30 (d, J = 7.8 Hz, 2H, phenyl H 

ortho to iPr), 7.03 (s, 4H, aromatic mesityl H), 6.94 (d, J = 8.8 Hz, 1H, phenyl H meta to 

carbene), 6.93 (m, 8H, phenyl H ortho to O), 6.83 (d, J = 2.5 Hz, 1H, phenyl H ortho to 

carbene), 4.92 (hept, J = 6.1 Hz, 1H, OCHMe2), 4.13 (s, 4H, NCH2CH2N), 2.69 (hept, J = 

6.8 Hz, 2H, ArCHMe2), 2.43 (br, 12H, mesityl CH3 ortho to N), 2.32 (s, 6H, mesityl CH3 

para to N), 1.74 (s, 8H, CH2CMe3), 1.36 (s, 24H, ArC(CH3)2), 1.27 (d, J = 6.1 Hz, 6H, 

OCH(CH3)2), 1.09 (d, J = 6.8 Hz, 12H, ArCH(CH3)2), 0.76 (s, 18H, C(CH3)3), 0.75 (s, 18H, 

C(CH3)3). 
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N-(2,6-Diisopropylphenyl)-N‘-(5-carboxypentyl)-1,6,7,12-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (28). 

Perylene monoanhydride 11 (199 mg, 146 µmol) and 6-aminohexanoic acid (193 mg, 

1.46 mmol) were dissolved in 6 mL propionic acid. The reaction mixture was heated 

to 140 °C for 2 h under an argon atmosphere. After cooling to room temperature 

water was added and the mixture was extracted three times with CH2Cl2. The 

combined organic phases were dried over MgSO4, the solvent was evaporated in 

vacuum and the product was purified by column chromatography on silica gel with 

CH2Cl2/EtOAc (10:1) as eluent to yield 160 mg of a dark red solid (74 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.10 (s, 2H, perylene H), 8.09 (s, 2H, perylene H), 

7.45 (t, J = 7.8 Hz, 1H, phenyl H para to N), 7.33 (m, 8H, phenyl H meta to O), 7.29 (d, J 

= 7.8 Hz, 2H, phenyl H meta to N), 6.91 (m, 8H, phenyl H ortho to O), 4.08 (t, J =7.4 Hz, 

2H, NCH2CH2), 2.67 (hept, J = 6.8 Hz, 2H, ArCHMe2), 2.33 (t, J = 7.7 Hz, 2H, 

CH2CH2COOH), 1.76 (s, 4H, CH2CMe3), 1.72 (s, 4H, CH2CMe3), 1.69 (m, 2H, NCH2CH2), 

1.67 (m, 2H, CH2CH2COOH), 1.43 (m, 2H, CH2CH2CH2CH2CH2), 1.38 (s, 12H, 

ArC(CH3)2), 1.35 (s, 12H, ArC(CH3)2), 1.07 (d, J = 6.8 Hz, 12H, ArCH(CH3)2), 0.79 (s, 

18H, C(CH3)3), 0.73 (s, 18H, C(CH3)3). 

 

 

Perylene diimide 29. Perylene diimide 28 (81 mg, 54 µmol) was dissolved in 5 mL 

abs. CH2Cl2 and N,N’-carbonyldiimidazol (10 mg, 59 µmol) was added. After stirring 
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for 30 min at room temperature a solution of 4-isopropoxy-3-vinylaniline (12 mg, 

54 µmol) in 1 mL CH2Cl2 was added dropwise. The reaction mixture was stirred at 

room temperature for 60 h. The solvent was evaporated in vacuum and the product 

was purified by column chromatography on silica gel with CH2Cl2/EtOAc (40:1) as 

eluent to afford 21 mg of a dark red solid (24 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.12 (s, 2H, perylene H), 8.10 (s, 2H, perylene H), 

7.51 (d, J = 2.5 Hz, 1H, phenyl H ortho to vinyl), 7.45 (t, J = 7.8 Hz, 1H, phenyl H meta 

to iPr), 7.34 (dd, J = 8.9 Hz, 2.5 Hz, 1H, phenyl H para to vinyl), 7.33 (m, 8H, phenyl H 

meta to O), 7.29 (d, J =7.8 Hz, 2H, phenyl H ortho to iPr), 7.16 (br, 1H, NH), 6.99 (dd, J 

= 17.8, 11.2 Hz, 1H, vinylic H geminal to Ph), 6.91 (m, 8H, phenyl H ortho to O), 6.82 

(d, J = 8.9 Hz, 1H, phenyl H meta to vinyl), 5.68 (dd, J = 17.8, 1.4 Hz, 1H, vinylic H cis to 

Ph), 5.21 (dd, J = 11.2, 1.4 Hz, 1H, vinylic H trans to Ph), 4.46 (hept, J = 6.1 Hz, 1H, 

OCHMe2), 4.10 (t, J = 7.4 Hz, 2H, NCH2CH2), 2.68 (hept, J = 6.8 Hz, 2H, ArCHMe2), 2.31 

(t, J = 7.5 Hz, 2H, CH2CH2CONH), 1.76 (s, 4H, CH2CMe3), 1.75 (m, 2H, CH2CH2CONH), 

1.73 (s, 4H, CH2CMe3), 1.72 (m, 2H, NCH2CH2), 1.46 (m, 2H, CH2CH2CH2CH2CH2), 1.38 

(s, 12H, ArC(CH3)2), 1.36 (s, 12H, ArC(CH3)2), 1.30 (d, J = 6.1 Hz, 6H, OCH(CH3)2), 1.08 

(d, J = 6.8 Hz, 12H, ArCH(CH3)2), 0.79 (s, 18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

 

 

Perylene diimide labeled ruthenium complex 30. Perylene diimide 29 (10 mg, 

6 µmol), Grubbs 2nd generation catalyst (5 mg, 6 µmol) and CuCl (0.6 mg, 6 µmol) 

were dissolved under nitrogen atmosphere in 1.5 mL CH2Cl2 and stirred for 1 h at 

40 °C. After cooling to room temperature the reaction mixture was passed through a 

syringe filter and the solution was subjected to column chromatography on silica gel 

under air with CH2Cl2/EtOAc (40:1) as eluent. After evaporation of the solvent the 

product was dissolved in a small amount of benzene which was removed 
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subsequently by sublimation. The fluffy product was washed with pentane to yield 

10 mg of a dark red solid (79 % yield). 

(400 MHz, CD2Cl2, 25 °C) δ 16.39 (s, 1H, carbene H), 8.12 (s, 2H, perylene H), 8.10 (s, 

2H, perylene H), 7.66 (dd, J =8.8, 2.4 Hz, 1H, phenyl H para to carbene), 7.45 (t, J = 7.8 

Hz, 1H, phenyl H meta to iPr), 7.33 (m, 8H, phenyl H meta to O), 7.29 (d, J = 7.8 Hz, 2H, 

phenyl H ortho to iPr), 7.12 (d, J = 2.4 Hz, 1H, phenyl H ortho to carbene), 7.11 (br, 1H, 

NH), 7.06 (s, 4H, mesityl H), 6.91 (m, 8H, phenyl H ortho to O), 6.73 (d, J = 8.8 Hz, 1H, 

phenyl H meta to carbene), 4.81 (hept, J = 6.1 Hz, 1H, OCHMe2), 4.27 (t, J = 6.7 Hz, 2H, 

NCH2CH2), 4.15 (s, 4H, NCH2CH2N), 2.68 (hept, J = 6.8 Hz, 2H, ArCHMe2), 2.43 (m, 12H, 

mesityl CH3 ortho to N), 2.40 (s, 6H, mesityl CH3 para to N), 2.31 (t, J = 7.4 Hz, 2H, 

CH2CH2CONH), 1.76 (s, 4H, CH2CMe3), 1.75 (m, 2H, CH2CH2COHN), 1.73 (s, 4H, 

CH2CMe3), 1.72 (m, 2H, NCH2CH2), 1.46 (m, 2H, CH2CH2CH2CH2CH2), 1.38 (s, 12H, 

ArC(CH3)2), 1.36 (s, 12H, ArC(CH3)2), 1.20 (d, J = 6.1 Hz, 6H, OCH(CH3)2), 1.07 (d, J = 

6.8 Hz, 12H, ArCH(CH3)2), 0.79 (s, 18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

 

 

N-(2,6-Diisopropylphenyl)-N‘-(3-bromo-4-isopropoxyphenyl)-1,6,9,14-tetra[4-

(1,1,3,3-tetramethylbutyl)phenoxy]terrylene-3,4,11,12-tetracarboxylic diimide 

(31). Terrylene monoanhydride 19 (80 mg, 54 µmol) and 3-bromo-4-

isopropoxyaniline (124 mg, 540 µmol) were dissolved in 4 mL propionic acid in an 

8 mL screw cap vial, which was purged with argon. The mixture was stirred for 22 h 

at 135 °C, cooled to room temperature and poured on water. The resulting mixture 

was extracted with CH2Cl2, the organic phase was dried over MgSO4 and the solvent 

was evaporated in vacuum. The residue was dissolved in toluene and washed 

repeatedly with diluted Na2CO3 solution, diluted HCl and water. The solution was 

dried over MgSO4 and evaporated in vacuum. Column chromatography on silica gel 

with CH2Cl2 as eluent yielded 26 mg of a dark green solid (28 % yield). 
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1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.46 (s, 4H, terrylene core H), 8.19 (s, 2H, 

terrylene edge H), 8.11 (s, 2H, terrylene edge H), 7.47 (t, J = 7.9 Hz, 1H, phenyl H meta 

to iPr), 7.44 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 7.43 (d, J = 8.8 Hz, 4H, phenyl H 

meta to O), 7.43 (d, J = 2.5 Hz, 1H, phenyl H ortho to Br), 7.31 (d, J = 7.9 Hz, 2H, phenyl 

H ortho to iPr), 7.18 (dd, J = 8.7, 2.5 Hz, 1H, phenyl H para to Br), 7.10 (d, J = 8.8 Hz, 

4H, phenyl H ortho to O), 7.08 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 7.03 (d, J = 8.7 

Hz, 1H, phenyl H meta to Br), 4.64 (hept, J = 6.1 Hz, 1H, ArOCHMe2), 2.70 (hept, J = 6.8 

Hz, 2H, ArCHMe2), 1.76 (s, 4H, CH2CMe3), 1.75 (s, 4H, CH2CMe3), 1.42 (d, J = 6.1 Hz, 6H, 

ArOCH(CH3)2), 1.40 (s, 12H, ArC(CH3)2), 1.39 (s, 12H, ArC(CH3)2), 1.08 (d, J = 6.8 Hz, 

12H, ArCH(CH3)2), 0.77 (s, 18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

 

 

N-(2,6-Diisopropylphenyl)-N‘-(4-isopropoxy-3-vinylphenyl)-1,6,9,14-tetra[4-

(1,1,3,3-tetramethylbutyl)phenoxy]terrylene-3,4,11,12-tetracarboxylic diimide 

(32). Terrylene diimide 31 (26 mg, 15 µmol) and tributylvinylstannane (24 mg, 

75 µmol) were dissolved in 2 mL toluene in a 10 mL Schlenk tube under an argon 

atmosphere. [Pd(PPh3)4] (15 mg, 13 µmol) was added and the reaction mixture was 

stirred at 110 °C in a closed Schlenk tube for 20 h. After cooling to room temperature 

the solvent was evaporated in vacuum followed by heating the residue to 70 °C under 

vacuum to evaporate volatile tin compounds. Column chromatography on silica gel 

with CH2Cl2/pentane (1:1) as eluent followed by CH2Cl2/pentane (2:1) yielded 20 mg 

of product as the first dark green fraction (81 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.49 (d, J = 9.1 Hz, 2H, terrylene core H), 9.47 (d, J 

= 9.1 Hz, 2H, terrylene core H), 8.19 (s, 2H, terrylene edge H), 8.14 (s, 2H, terrylene 

edge H), 7.46 (t, J = 7.9 Hz, 1H, phenyl H meta to iPr), 7.44 (d, J = 8.8 Hz, 4H, phenyl H 

meta to O), 7.43 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 7.35 (d, J = 2.5 Hz, 1H, phenyl 

H ortho to vinyl), 7.30 (d, J = 7.9 Hz, 2H, phenyl H ortho to iPr), 7.10 (d, J = 8.8 Hz, 4H, 
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phenyl H ortho to O), 7.09 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 7.09 (dd, J = 8.8, 2.5 

Hz, 1H, phenyl H para to vinyl), 7.05 (dd, J = 17.8, 11.3 Hz, 1H, vinyl H geminal to Ar), 

6.99 (d, J = 8.8 Hz, 1H, phenyl H meta to vinyl), 5.66 (dd, J = 17.8, 1.3 Hz, 1H, vinyl H 

cis to Ar), 5.23 (dd, J = 11.3, 1.3 Hz, 1H, vinyl H trans to Ar), 4.62 (hept, J = 6.1 Hz, 1H, 

ArOCHMe2), 2.70 (hept, J = 6.8 Hz, 2H, ArCHMe2), 1.76 (s, 4H, CH2CMe3), 1.75 (s, 4H, 

CH2CMe3), 1.40 (d, J = 6.1 Hz, 6H, ArOCH(CH3)2), 1.39 (br, 24H, ArC(CH3)2), 1.08 (d, J = 

6.8 Hz, 12H, ArCH(CH3)2), 0.76 (s, 18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

 

 
Terrylene diimide labeled ruthenium complex 33. Terrylene diimide 32 (10 mg, 

6.1 µmol), Grubbs 2nd generation catalyst (5.1 mg, 6.1 µmol) and CuCl (0.6 mg, 

6.1 µmol) were dissolved in 1 mL CH2Cl2 under nitrogen atmosphere in an 8 mL 

screw cap vial. The reaction mixture was stirred at 40 °C for 3 h. After cooling to room 

temperature the solution was subjected to column chromatography on silica gel with 

CH2Cl2 as eluent under ambient conditions. The second fraction yielded 8 mg of the 

dark green product (62 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 16.55 (s, 1H, carbene H), 9.53 (s, 4H, terrylene 

core H), 8.21 (s, 4H, terrylene edge H), 7.47 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 

7.46 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 7.45 (d, J = 8.8 Hz, 4H, phenyl H meta to 

O), 7.44 (dd, J = 8.8, 2.5 Hz, 1H, phenyl H para to carbene), 7.31 (d, J = 7.8 Hz, 2H, 

phenyl H ortho to iPr), 7.12 (d, J = 8.8 Hz, 8H, phenyl H ortho to O), 7.04 (s, 4H, 

aromatic mesityl H), 6.95 (d, J = 8.8 Hz, 1H, phenyl H meta to carbene), 6.85 (d, J = 2.5 

Hz, 1H, phenyl H ortho to carbene), 4.92 (hept, J = 6.1 Hz, 1H, ArOCHMe2), 4.13 (s, 4H, 

NCH2CH2N), 2.69 (hept, J = 6.9 Hz, 2H, ArCHMe2), 2.44 (s, 12H, mesityl CH3 ortho to 

N), 2.32 (s, 6H, mesityl CH3 para to N), 1.76 (s, 4H, CH2CMe3), 1.75 (s, 4H, CH2CMe3), 

1.39 (s, 24H, ArC(CH3)2), 1.28 (d, J = 6.1 Hz, 6H, ArOCH(CH3)2), 1.09 (d, J = 6.9 Hz, 12H, 

ArCH(CH3)2), 0.75 (s, 18H, C(CH3)3), 0.73 (s, 18H, C(CH3)3). 
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N,N‘-Di(3-bromo-4-isopropoxyphenyl)-1,6,7,12-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (34). 

Perylene dianhydride 12 (300 mg, 0.25 mmol) and 3-bromo-4-isopropoxyaniline 

(415 mg, 1.8 mmol) were dissolved in 8 mL propionic acid and purged with argon. 

The mixture was heated to 140 °C for 16 h. After cooling to room temperature the 

solution was mixed with toluene and washed with diluted Na2CO3 solution and two 

times with water. The organic phase was dried over MgSO4 and the solvent was 

evaporated in vacuum. Column chromatography on silica gel with a gradient of 

CH2Cl2/pentane (1:1) to CH2Cl2/pentane (2:1) as eluent afforded 276 mg of a dark red 

solid (68 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.12 (s, 4H, perylene H), 7.44 (d, J = 2.5 Hz, 2H, 

phenyl H ortho to Br), 7.32 (d, J = 8.7 Hz, 8H, phenyl H meta to O), 7.16 (dd, J = 8.8, 2.5 

Hz, 2H, phenyl H para to Br), 7.04 (d, J = 8.8 Hz, 2H, phenyl H meta to Br), 6.91 (d, J = 

8.7 Hz, 8H, phenyl H ortho to O), 4.64 (hept, J = 6.1 Hz, 2H, ArOCHMe2), 1.74 (s, 8H, 

CH2CMe3), 1.42 (d, J = 6.1 Hz, 12H, ArOCH(CH3)2), 1.36 (s, 24H, ArC(CH3)2), 0.76 (s, 

36H, C(CH3)3). 

 

 

N,N‘-Di(4-isopropoxy-3-vinylphenyl)-1,6,7,12-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (35). 

Perylene diimide 34 (276 mg, 0.17 mmol) and tributylvinylstannane (536 mg, 
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1.69 mmol) were dissolved in 15 mL toluene in a 25 mL Schlenk tube under an argon 

atmosphere. [Pd(PPh3)4] (90 mg, 78 µmol) was added and the reaction mixture was 

stirred at 110 °C in a closed Schlenk tube for 18 h. After cooling to room temperature 

the solvent was evaporated in vacuum. Column chromatography on silica gel with 

CH2Cl2/pentane (1:1) as eluent followed by CH2Cl2/pentane (2:1) yielded 208 mg of 

product as the first dark green fraction (81 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.15 (s, 4H, perylene H), 7.38 (d, J = 2.5 Hz, 2H, 

phenyl H ortho to vinyl), 7.35 (d, J = 8.7 Hz, 8H, phenyl H meta to O), 7.12 (dd, J = 8.8, 

2.5 Hz, 2H, phenyl H para to vinyl), 7.09 (dd, J = 17.6, 11.3 Hz, 2H, vinyl H germinal to 

Ar), 7.03 (d, J = 8.8 Hz, 2H, phenyl H meta to vinyl), 6.94 (d, J = 8.7 Hz, 8H, phenyl H 

ortho to O), 5.71 (d, J = 17.6 Hz, 2H, vinyl H cis to Ar), 5.27 (d, J = 11.3 Hz, 2H, vinyl H 

trans to Ar), 4.65 (hept, J = 6.1 Hz, 2H, ArOCHMe2), 1.77 (s, 8H, CH2CMe3), 1.43 (d, J = 

6.1 Hz, 12H, ArOCH(CH3)2), 1.39 (s, 24H, ArC(CH3)2), 0.80 (s, 36H, C(CH3)3). 

 

 

Perylene diimide labeled binuclear ruthenium complex 36. Perylene diimide 35 

(100 mg, 65 µmol), Grubbs 2nd generation catalyst (115 mg, 135 µmol) and CuCl 

(17 mg, 170 µmol) were mixed with 6 mL CH2Cl2 in an 8 mL screw cap vial under 

nitrogen atmosphere. The reaction mixture was heated to 40 °C for 5.5 h. After 

cooling to room temperature the solution was passed through a PTFE membrane 

filter and subjected to column chromatography on silica gel with CH2Cl2 as eluent 

under ambient conditions. After a fluorescent fraction (starting material) and a 

nonfluorescent second fraction (monosubstituted product) the eluent was changed to 

CH2Cl2/EtOAc (4:1) to yield 64 mg of the dark red product as the third, 

nonfluorescent fraction (40 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 16.60 (s, 2H, carbene H), 8.13 (s, 4H, perylene H), 

7.42 (dd, J = 8.8, 2.3 Hz, 2H, phenyl H para to carbene), 7.33 (d, J = 8.7 Hz, 8H, phenyl 

H meta to O), 7.03 (s, 8H, aromatic mesityl H), 6.94 (d, J = 8.8 Hz, 2H, phenyl H meta to 
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carbene), 6.93 (d, J = 8.7 Hz, 8H, phenyl H ortho to O), 6.84 (d, J = 2.3 Hz, 2H, phenyl H 

ortho to carbene), 4.92 (hept, J = 6.0 Hz, 2H, ArOCHMe2), 4.13 (s, 8H, NCH2CH2N), 2.44 

(s, 24H, mesityl CH3 ortho to N), 2.32 (s, 12H, mesityl CH3 para to N), 1.74 (s, 8H, 

CH2CMe3), 1.36 (s, 24H, ArC(CH3)2), 1.27 (d, J = 6.0 Hz, 12H, ArOCH(CH3)2), 0.76 (s, 

36H, C(CH3)3). 

 

5.4.3 Initiation Kinetics 

Temperature dependent fluorescence spectra for initiation kinetics were recorded on 

a Hamamatsu Absolute PL Quantum Yield Measurement System C9920-02 CCD 

spectrometer equipped with a temperature controlled and magnetically stirred 

cuvette holder (qpod 2e, Quantum Northwest) at an excitation wavelength of 550 nm. 

All measurements were conducted under inert gas atmosphere under stirring in 

quartz cuvettes closed with a PTFE coated silicone septum. The solution of the dye 

labeled metathesis initiator was brought to the anticipated temperature in the 

cuvette holder, followed by the addition of substrate. A fluorescence spectrum was 

recorded every second over the entire experiment. 

The solutions of the dye labeled metathesis initiator exhibited a weak fluorescence 

due to free dye impurities. The intensity of this fluorescence signal at 619 nm was 

determined each time before the addition of substrate, and was subtracted from the 

resulting fluorescence intensities considering the dilution by substrate addition. 

Initiation rates ki were calculated from a pseudo first order fit of the normalized 

fluorescence intensity increase over time, and division of the resulting kobs value by 

the substrate concentration. 

Activation energies and entropies were calculated from an Eyring plot. 

 

5.4.4 Optimization of Polymerization Conditions 

 

Cyclobut-1-enecarboxylic acid (37).198 Potassium hydroxide (6.0 g, 107 mmol) and 

90 mL toluene were heated to reflux in a 100 mL 3-neck flask, equipped with a reflux 

condenser and a dropping funnel, until the solid had largely dissolved. Ethyl 
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1-bromocyclobutanecarboxylate (5.0 g, 24.1 mmol) was added dropwise without 

heating. After half addition the reaction mixture was heated gently until an 

exothermic reaction started and the dropwise addition was continued. After complete 

addition, the reaction was heated to reflux for 15 min and subsequently cooled to 

room temperature. The reaction mixture was poured on 100 mL water and the 

phases were separated. The aqueous phase was washed twice with ~40 mL pentane 

followed by the addition of 6 M H2SO4 to adjust the pH to 2-3. The product was 

extracted from the aqueous phase with 2 × 50 mL Et2O followed by further 

acidification and extraction with 2 × 50 mL Et2O. The combined ether phases were 

dried over Na2SO4 and the solvent was evaporated in vacuum. The residue was mixed 

with ~50 mL pentane, which resulted in the separation of a yellow oil. The solution 

was decanted from the oil and cooled to -78 °C in an iso-propanol/dry ice bath for 1 h 

to crystallize the product. The formed crystalline solid was filtered off, washed with 

-78 °C cold pentane and dried in vacuum to afford 940 mg of white crystals (40 % 

yield). The product was stored at -20 °C under nitrogen to avoid decomposition. 

1H NMR (400 MHz, CDCl3, 25 °C) δ 10.89 (br, 1H, COOH), 6.94 (t, J = 1.3 Hz, 1H, olefinic 

H), 2.75 (t, J = 3.3 Hz, 2H, CH2CCOOH), 2.50 (td, J = 3.3, 1.3 Hz, 2H, CHCH2). 

 

 

Methyl cyclobut-1-enecarboxylate (38).200 Cyclobut-1-enecarboxylic acid (37) 

(400 mg, 4.08 mmol) was mixed with N,N’-diisopropyl-O-methylisourea (712 mg, 

4.5 mmol) in a 8 mL screw cap vial under nitrogen atmosphere. The mixture instantly 

became warm and viscous. After stirring for 1 h at room temperature the mixture was 

turbid and 1 mL dry Et2O was added, which resulted in the formation of a white 

precipitate. Additional 17 h of stirring at room temperature afforded a solid reaction 

mixture, which was further diluted with 5 mL Et2O and stirred for 2 h. The white solid 

was separated from the solution by centrifugation and washed two times with Et2O. 

The combined ether fractions were cooled to -20 °C and the solution was separated 

from the formed precipitate by decantation. The solution was evaporated in vacuum 

and 20 mL pentane were added to the residue, which resulted in the separation of an 

oil. The supernatant was decanted from the oil, passed through a plug of silica and the 
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solvent was evaporated in vacuum to yield 200 mg of a colorless liquid (44 % yield). 

The product was stored at -20 °C under nitrogen atmosphere to avoid decomposition. 

1H NMR (400 MHz, CDCl3, 25 °C) δ 6.77 (t, J = 1.1 Hz, 1H, olefinic H), 3.72 (s, 3H, CH3), 

2.73 (t, J = 3.2 Hz, 2H, CH2CCOOH), 2.47 (td, J = 3.2, 1.1 Hz, 2H, CHCH2). 

 

ROMP of 1,5-cyclooctadiene (COD) with complex 27. The perylene diimide labeled 

ruthenium complex 27 (5 mg, 2.5 µmol) was dissolved in 0.5 mL CH2Cl2 in a 8 mL 

screw cap vial under nitrogen atmosphere. Subsequently, 0.5 mL of a 1.0 M COD 

(0.5 mmol) solution in CH2Cl2 was added and the mixture was stirred at room 

temperature for 4 h. Ethyl vinyl ether was added to quench the catalyst and the 

polymer was precipitated by addition of methanol and a small amount of BHT. The 

supernatant solution was decanted from the sticky polymer, which was dried in 

vacuum. 

 

General procedure for ROMP of cyclooctene. In a 8 mL screw cap vial under 

nitrogen atmosphere, Hoveyda-Grubbs 2nd generation complex (2 mg, 3.2 µmol) and 

optionally PPh3 (42 mg, 160 µmol) were dissolved in either 2.1 mL of toluene, or 

0.1 mL toluene followed by the addition of 2 mL of cyclohexene. The solution of the 

complex was brought to the desired polymerization temperature and cyclooctene 

was injected rapidly. After the desired polymerization time an excess of ethyl vinyl 

ether and BHT were added. The polymer was precipitated by addition of methanol, 

isolated by centrifugation, washed with methanol and dried in vacuum. 

 

5.4.5 Synthesis of Mid-Chain Labeled Polyethylene 

General procedure from ROMP of cyclooctene with the binuclear complex 36. 

Complex 36 (3.5 mg, 1.42 µmol) and optionally PPh3 (37 mg, 142 µmol) were 

dissolved in a 8 mL screw cap vial under nitrogen atmosphere in 1.5 mL toluene or 

0.1 mL toluene followed by addition of 1.7 mL cyclohexene, respectively. The solution 

was heated to 40 °C and a solution of cyclooctene (156 mg, 1.42 µmol) in 0.3 mL 

toluene or cyclohexene, respectively, was added rapidly under stirring. After 

10-15 min of polymerization 0.2 mL ethyl vinyl ether and BHT were added and the 

solution was diluted with 2 mL toluene. The polymer was precipitated by addition of 

methanol and BHT. The mixture was centrifuged to isolate the polymer, which was 
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redissolved in toluene containing BHT, precipitated by addition of methanol and 

isolated by centrifugation. The polymer was washed with methanol containing BHT 

and dried in vacuum. 

 

Hydrogenation of mid-chain labeled polycyclooctene. The polymer was dissolved 

under inert gas atmosphere in toluene and a solution of Grubbs 2nd generation 

catalyst reacted with 175 eq. ethyl vinyl ether (0.3 mol-% Ru with respect to double 

bonds in the polymer) was added to end up with a polymer concentration of 10 mg 

mL-1. The solution was transferred to a magnetically stirred 20 mL stainless steel 

pressure reactor, pressurized with 40 bar H2 and heated to 110 °C. After 38 h the 

reactor was cooled to room temperature, depressurized and the reactor content was 

transferred to a 8 mL screw cap vial. Methanol was added, the polymer was isolated 

by centrifugation and washed with methanol. Subsequently, the polymer was 

redissolved in hot toluene, methanol was added and the polymer was isolated by 

centrifugation. The polymer was washed twice with methanol, once with Et2O and 

dried in vacuum. 

 

ROMP of cyclooctene and in situ hydrogenation with complex 36 in 

cyclohexene. Complex 36 (3.7 mg, 1.51 µmol) was dissolved in 0.1 mL toluene 

followed by the addition of 1.5 mL cyclohexene in a 10 mL Schlenk tube under inert 

gas atmosphere. The solution was heated to 40 °C and cyclooctene (166 mg, 

1.51 mmol) in 0.5 mL cyclohexene was added. After 10 min of polymerization 0.2 mL 

ethyl vinyl ether was added, stirred for 1 min and the reaction mixture was diluted 

with 2 mL toluene. Subsequently, ~1 mL of the solution was mixed with a small 

amount of BHT and the polymer was precipitated by addition of methanol, isolated by 

centrifugation, washed with methanol and dried in vacuum to yield 39 mg of a deep 

red polymer. The major part of the reaction mixture was concentrated in vacuum to 

half volume in order to largely remove the cyclohexene. Afterwards, 4 mL toluene 

was added and the mixture was transferred to a magnetically stirred 20 mL stainless 

steel pressure reactor, pressurized with 40 bar H2 and heated to 110 °C. After 20 h 

the reactor was cooled to room temperature, depressurized and the reactor content 

was transferred to a 8 mL screw cap vial. Methanol was added and the polymer was 

isolated by centrifugation. Subsequently, the polymer was redissolved in hot toluene, 
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precipitated by addition of methanol and isolated by centrifugation. The polymer was 

washed with methanol and dried in vacuum to afford 97 mg of a deep red solid. 

 

Cleavage of mid-chain labeled polycyclooctene with hydrazine. In a 8 mL screw 

cap vial 11 mg unsaturated polymer and 2 droplets of N2H4·H2O were heated under 

stirring to 95 °C in 4 mL 2-methyl-2-butanol for 1 h. After cooling to room 

temperature methanol and BHT were added, the polymer was isolated by 

centrifugation, washed with methanol and dried in vacuum. 

 

5.4.6 Synthesis of Heterotelechelic Dye-Labeled Polymers 

 

endo-N-Phenyl-5-norbornene-2,3-dicarboximide (endo-PhNBI).204 Cis-5-

norbornene-endo-2,3-dicarboxylic anhydride (7.0 g, 42.6 mmol) was dissolved in 

70 mL toluene and aniline (3.97 g, 42.6 mmol) was added. The reaction mixture was 

heated to 50 °C for 3 h, which lead to the formation of a white precipitate. After 

cooling to room temperature the solid was filtered off, washed with toluene and dried 

in vacuum to yield 10.8 g of the amic acid. The amic acid (10.8 g, 39.2 mmol), NaOAc 

(3.92 g, 47.8 mmol) and 27 mL Ac2O were mixed and heated to 90 °C for 6 h. During 

cooling to room temperature white crystals formed, which were collected by filtration 

and washed with H2O. Hydrolysis of Ac2O in the filtrate resulted in the precipitation of 

further product, which was filtered off, combined with the other crystals and dried in 

vacuum. Recrystallization from toluene yielded 6.65 g of a colorless crystalline solid 

(65 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 7.42 (m, 2H, phenyl H meta to N), 7.36 (m, 1H, 

phenyl H para to N), 7.13 (m, 2H, phenyl H ortho to N), 6.26 (t, J = 1.9 Hz, 2H, HC=CH), 

3.50 (m, 2H, CHCH=CHCH), 3.42 (m, 2H, CHCON), 1.78 (dt, J = 8.8, 1.7 Hz, 1H, bridge 

CHH), 1.61 (dt, J = 8.8, 1.4 Hz, 1H, bridge CHH). 

13C NMR (101 MHz, CDCl3, 25 °C) δ 176.94, 134.71, 131.94, 129.19, 128.70, 126.76, 

52.36, 45.90, 45.61. 
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exo-N-Phenyl-5-norbornene-2,3-dicarboximide (exo-PhNBI).204 Cis-5-

norbornene-exo-2,3-dicarboxylic anhydride (5.46 g, 33.3 mmol) was dissolved in 

70 mL toluene and aniline (3.1 g, 33.3 mmol) was added. The reaction mixture was 

heated to 50 °C for 3 h, which lead to the formation of a white precipitate. After 

cooling to room temperature the solid was filtered off, washed with toluene and dried 

in vacuum to yield 8.44 g of the amic acid. The amic acid (8.44 g, 30.7 mmol), NaOAc 

(3.07 g, 37.4 mmol) and 21 mL Ac2O were mixed and heated to 90 °C for 14 h. During 

cooling to room temperature white crystals formed, which were collected by filtration 

and washed with H2O. Hydrolysis of Ac2O in the filtrate resulted in the precipitation of 

further product, which was filtered off, combined with the other crystals and dried in 

vacuum. Recrystallization from toluene yielded 4.5 g of a colorless crystalline solid 

(57 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 7.46 (m, 2H, phenyl H meta to N), 7.39 (m, 1H, 

phenyl H para to N), 7.26 (m, 2H, phenyl H ortho to N), 6.34 (t, J = 1.9 Hz, 2H, HC=CH), 

3.40 (m, 2H, CHCH=CHCH), 2.85 (d, J = 1.3 Hz, 2H, CHCON), 1.61 (m, 1H, bridge CHH), 

1.49 (m, 1H, bridge CHH). 

13C NMR (101 MHz, CDCl3, 25 °C) δ 177.15, 138.14, 132.00, 129.30, 128.78, 126.50, 

48.02, 45.98, 43.10. 

 

 

endo-N-Cyclohexyl-5-norbornene-2,3-dicarboximide (endo-CyNBI).204,203a Cis-5-

norbornene-endo-2,3-dicarboxylic anhydride (5.0 g, 30.5 mmol) was dissolved in 

50 mL toluene at 50 °C. Cyclohexylamine (3.33 g, 33.6 mmol) was added to the 

solution, which resulted in the formation of a white precipitate. The reaction mixture 

was stirred for 2 h at 50 °C, cooled to room temperature and the white solid was 

filtered off, washed with toluene and dried in vacuum to yield 3.34 g of the amic acid.  

The amic acid (3.34 g, 12.7 mmol), NaOAc (1.27 g, 15.5 mmol) and 10 mL Ac2O were 

mixed and heated to 90 °C for 4.5 h. After cooling to room temperature 50 mL water 



Dye Labeled Polymers from Olefin Metathesis 

183 
 

were added and the mixture was stirred for 1h. The precipitated solid was filtered off 

and washed with water. The crude product was recrystallized from MeOH to yield 

1.57 g of colorless needles (21 % yield). 

1H NMR (400 MHz, CDCl3, 25 °C) δ 6.06 (t, J = 1.9 Hz, 2H, vinyl H), 3.77 (tt, J = 12.3, 3.9 

Hz, 1H, NCH), 3.34 (m, 2H, CHCH=CHCH), 3.14 (m, 2H, CHCON), 2.02 (m, 2H, 

NCHCHH), 1.74 (m, 2H, NCHCH2CHH), 1.67 (dt, J = 8.7, 1.7 Hz, 1H, bridge CHH), 1.58 

(m, 1H, NCHCH2CH2CHH), 1.48 (dt, J = 8.8, 1.5 Hz, 1H, bridge CHH), 1.42 (m, 2H, 

NCHCHH), 1.22 (m, 2H, NCHCH2CHH), 1.15 (m, 1H, NCHCH2CH2CHH). 

13C NMR (101 MHz, CDCl3, 25 °C) δ 178.09, 134.38, 52.04, 51.42, 45.30, 45.20, 28.88, 

25.91, 25.15. 

 

 

N-(2,6-Diisopropylphenyl)-N‘-(10-undecenyl)-1,6,7,12-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]-perylene-3,4,9,10-tetracarboxylic diimide (41). 

Perylene monoanhydride 11 (150 mg, 0.11 mmol) and 10-undecenamine (250 mg, 

1.48 mmol) were dissolved in 3 mL propionic acid and purged with argon. The 

reaction mixture was heated to 135 °C for 2 h, cooled to room temperature and 

poured into H2O. The mixture was extracted with CH2Cl2 and the organic phase was 

subsequently washed with H2O, diluted HCl and H2O. The organic phase was dried 

over MgSO4 and the solvent was evaporated in vacuum. Column chromatography on 

silica gel with CH2Cl2/hexane (1:1) as eluent yield 110 mg of a dark red solid as the 

first fraction (66 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.15 (s, 2H, perylene H), 8.14 (s, 2H, perylene H), 

7.48 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 7.37 (m, 8H, phenyl H meta to O), 7.33 (d, 

J = 7.8 Hz, 2H, phenyl H ortho to iPr), 6.95 (m, 8H, phenyl H ortho to O), 5.83 (ddt, J = 

16.9, 10.2, 6.7 Hz, 1H, vinyl H germinal to CH2), 5.00 (ddt, J = 16.9, 2.3, 1.7 Hz, 1H, 

vinyl H cis to CH2), 4.92 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H, vinyl H trans to CH2), 4.10 (t, J = 

7.5 Hz, 2H, NCH2), 2.73 (hept, J = 6.8 Hz, 2H, ArCHMe2), 2.05  (m, 2H, CH2CH=CH2), 

1.80 (s, 4H, CH2CMe3), 1.76 (s, 4H, CH2CMe3), 1.69 (m, 2H, NCH2CH2), 1.45 – 1.25 (m, 
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12H, (CH2)6), 1.42 (s, 12H, ArC(CH3)2), 1.39 (s, 12H, ArC(CH3)2), 1.12 (d, J = 6.8 Hz, 

12H, ArCH(CH3)2), 0.83 (s, 18H, C(CH3)3), 0.78 (s, 18H, C(CH3)3). 

 

 

Perylene diimide 42. Perylene diimide 41 (30 mg, 20 µmol) and 50 µL ethyl vinyl 

ether (purified by vacuum transfer) were dissolved in 1.3 mL benzene-d6 in a NMR 

tube under nitrogen atmosphere. Subsequently, Schrock catalyst [(OCMe(CF3)2)2(2,6-

iPr2PhN)Mo=CHCMe2Ph] (3 mg, 4 µmol) dissolved in 0.3 mL benzene-d6 was added to 

the NMR tube. The progress of the reaction was followed by NMR spectroscopy. After 

30 min at room temperature the solvent was evaporated. The product was isolated 

directly afterwards by column chromatography on silica gel with toluene as eluent, to 

yield 15 mg of the dark red E/Z isomeric (~1:1) product mixture as the second 

fraction (48 % yield). 

E isomer 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.10 (s, 2H, perylene H), 8.10 (s, 2H, perylene H), 

7.45 (t, J = 7.8 Hz, 1H, phenyl H para to N), 7.34 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 

7.32 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 7.29 (d, J = 7.8 Hz, 2H, phenyl H meta to 

N), 6.92 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 6.90 (d, J = 8.8 Hz, 4H, phenyl H ortho 

to O), 6.18 (d, J = 12.6 Hz, 1H, CHOEt), 4.72 (dt, J = 12.6, 7.3 Hz, 1H, CHCHOEt), 4.07 (t, 

J = 7.5 Hz, 2H, NCH2), 3.65 (q, J = 7.0 Hz, 2H, OCH2CH3), 2.68 (hept, J = 6.8 Hz, 2H, 

ArCHMe2), 1.86 (m, 2H, CH2CH=CHOEt), 1.77 (s, 4H, CH2CMe3), 1.73 (s, 4H, CH2CMe3), 

1.64 (m, 2H, NCH2CH2), 1.42 – 1.22 (m, 12H, (CH2)6), 1.39 (s, 12H, ArC(CH3)2), 1.36 (s, 

12H, ArC(CH3)2), 1.21(t, J = 7.0 Hz, 3H, OCH2CH3), 1.08 (d, J = 6.8 Hz, 12H, 

ArCH(CH3)2), 0.80 (s, 18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

Z isomer 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 8.10 (s, 2H, perylene H), 8.10 (s, 2H, perylene H), 

7.45 (t, J = 7.8 Hz, 1H, phenyl H para to N), 7.34 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 

7.32 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 7.29 (d, J = 7.8 Hz, 2H, phenyl H meta to 
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N), 6.92 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 6.90 (d, J = 8.8 Hz, 4H, phenyl H ortho 

to O), 5.90 (d, J = 6.4 Hz, 1H, CHOEt), 4.29 (dt, J = 7.2, 6.4 Hz, 1H, CHCHOEt), 4.07 (t, J = 

7.5 Hz, 2H, NCH2), 3.73 (q, J = 7.0 Hz, 2H, OCH2CH3), 2.68 (hept, J = 6.8 Hz, 2H, 

ArCHMe2), 2.01 (m, 2H, CH2CH=CHOEt), 1.77 (s, 4H, CH2CMe3), 1.73 (s, 4H, CH2CMe3), 

1.64 (m, 2H, NCH2CH2), 1.42 – 1.22 (m, 12H, (CH2)6), 1.39 (s, 12H, ArC(CH3)2), 1.36 (s, 

12H, ArC(CH3)2), 1.20 (t, J = 7.0 Hz, 3H, OCH2CH3), 1.08 (d, J = 6.8 Hz, 12H, 

ArCH(CH3)2), 0.80 (s, 18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

 

 

N-(2,6-Diisopropylphenyl)-N‘-(10-undecenyl)-1,6,9,14-tetra[4-(1,1,3,3-

tetramethylbutyl)phenoxy]terrylene-3,4,11,12-tetracarboxylic diimide (43). 

Terrylene monoanhydride 19 (200 mg, 0.134 mmol) and 10-undecenamine (160 mg, 

0.95 mmol) were dissolved in 10 mL propionic acid and purged with argon. The 

solution was stirred at 130 °C for 14 h. After cooling to room temperature water was 

added and the mixture was extracted with toluene. The toluene phase was washed 

repeatedly with water, diluted HCl, and water, dried over MgSO4 and the solvent was 

evaporated in vacuum. Column chromatography on silica gel with toluene as eluent 

yielded 103 mg of the dark green product as the first fraction (47 % yield). 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.35 (d, J = 9.1 Hz, 2H, terrylene core H), 9.33 (d, J 

= 9.1 Hz, 2H, terrylene core H), 8.15 (s, 2H, terrylene edge H), 7.93 (s, 2H, terrylene 

edge H), 7.49 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 7.48 (d, J = 8.8 Hz, 4H, phenyl H 

meta to O), 7.42 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 7.33 (d, J = 7.8 Hz, 2H, phenyl 

H ortho to iPr), 7.14 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 7.05 (d, J = 8.8 Hz, 4H, 

phenyl H ortho to O), 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H, vinyl H germinal to CH2), 

4.98 (ddt, J = 16.9, 2.3, 1.7 Hz, 1H, vinyl H cis to CH2), 4.91 (ddt, J = 10.2, 2.3, 1.2 Hz, 

1H, vinyl H trans to CH2), 3.92 (t, J = 7.4 Hz, 2H, NCH2), 2.78 (hept, J = 6.8 Hz, 2H, 

ArCHMe2), 2.03 (m, 2H, CH2CH=CH2), 1.79 (s, 4H, CH2CMe3), 1.78 (s, 4H, CH2CMe3), 

1.59 (m, 2H, NCH2CH2), 1.43 (s, 12H, ArC(CH3)2), 1.42 (s, 12H, ArC(CH3)2), 1.39 – 1.22 
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(m, 12H, (CH2)6), 1.12 (d, J = 6.8 Hz, 12H, ArCH(CH3)2), 0.81 (s, 18H, C(CH3)3), 0.77 (s, 

18H, C(CH3)3). 

 

 

Terrylene diimide 44. Terrylene diimide 43 (60 mg, 36.5 µmol) and ethyl vinyl 

ether (26 mg, 365 µmol, purified by vacuum transfer) were dissolved in 4 mL 

benzene under nitrogen atmosphere. Schrock catalyst [(OCMe(CF3)2)2(2,6-

iPr2PhN)Mo=CHCMe2Ph] (6 mg, 8 µmol) was added in two portions and the progress 

of the reaction was monitored by TLC. After 20 min at room temperature the reaction 

was quenched by addition of toluene p.a. under ambient conditions and the solvent 

was evaporated. The product was isolated directly afterwards by column 

chromatography on silica gel with toluene as eluent, to yield 27 mg of the dark green 

E/Z isomeric (~1:1) product mixture as the second fraction (44 % yield). 

E isomer 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.39 (d, J = 9.2 Hz, 2H, terrylene core H), 9.37 (d, J 

= 9.2 Hz, 2H, terrylene core H), 8.15 (s, 2H, terrylene edge H), 8.00 (s, 2H, terrylene 

edge H), 7.49 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 7.45 (d, J = 8.8 Hz, 4H, phenyl H 

meta to O), 7.42 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 7.31 (d, J = 7.8 Hz, 2H, phenyl 

H ortho to iPr), 7.12 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 7.05 (d, J = 8.8 Hz, 4H, 

phenyl H ortho to O), 6.18 (dt, J = 12.6, 1.3 Hz, 1H, CHOEt), 4.71 (dt, J = 12.6, 7.3 Hz, 

1H, CHCHOEt), 3.95 (t, J = 7.4 Hz, 1H, NCH2), 3.65 (q, J = 7.1 Hz, 2H, OCH2CH3), 2.73 

(hept, J = 6.8 Hz, 2H, ArCHMe2), 1.86 (m, 2H, CH2CH=CHOEt), 1.77 (s, 4H, CH2CMe3), 

1.75 (s, 4H, CH2CMe3), 1.59 (m, 2H, NCH2CH2), 1.40 (s, 24H, ArC(CH3)2), 1.33 – 1.22 

(m, 12H, (CH2)6), 1.20 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.09 (d, J = 6.8 Hz, 12H, 

ArCH(CH3)2), 0.78 (s, 18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

Z isomer 

1H NMR (400 MHz, CD2Cl2, 25 °C) δ 9.39 (d, J = 9.2 Hz, 2H, terrylene core H), 9.37 (d, J 

= 9.2 Hz, 2H, terrylene core H), 8.15 (s, 2H, terrylene edge H), 8.00 (s, 2H, terrylene 
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edge H), 7.49 (t, J = 7.8 Hz, 1H, phenyl H meta to iPr), 7.45 (d, J = 8.8 Hz, 4H, phenyl H 

meta to O), 7.42 (d, J = 8.8 Hz, 4H, phenyl H meta to O), 7.31 (d, J = 7.8 Hz, 2H, phenyl 

H ortho to iPr), 7.12 (d, J = 8.8 Hz, 4H, phenyl H ortho to O), 7.05 (d, J = 8.8 Hz, 4H, 

phenyl H ortho to O), 5.90 (dt, J = 6.3, 1.4 Hz, 1H, CHOEt), 4.29 (td, J = 7.3, 6.3 Hz, 1H, 

CHCHOEt), 3.95 (t, J = 7.4 Hz, 1H, NCH2), 3.73 (q, J = 7.1 Hz, 2H, OCH2CH3), 2.73 (hept, J 

= 6.8 Hz, 2H, ArCHMe2), 2.00 (m, 2H, CH2CH=CHOEt), 1.77 (s, 4H, CH2CMe3), 1.75 (s, 

4H, CH2CMe3), 1.59 (m, 2H, NCH2CH2), 1.40 (s, 24H, ArC(CH3)2), 1.33 – 1.22 (m, 12H, 

(CH2)6), 1.19 (t, J = 7.1 Hz, 3H, OCH2CH3), 1.09 (d, J = 6.8 Hz, 12H, ArCH(CH3)2), 0.78 (s, 

18H, C(CH3)3), 0.74 (s, 18H, C(CH3)3). 

 

General procedure for NMR spectroscopic reaction kinetics. All experiments 

involving ruthenium complexes were conducted under inert gas atmosphere in NMR 

tubes closed with a rubber septum. Either a solution of the ruthenium complex or of 

the monomer was placed in a NMR tube and a 1H NMR spectrum was measured. 

Subsequently, a monomer or ruthenium complex solution, respectively, was added by 

a syringe and spectra were recorded in defined time intervals. After full monomer 

conversion the experiment was stopped or, optionally, a solution of an enolether was 

injected and further spectra were recorded in defined time intervals until complete 

conversion of the ruthenium species of interest. 

 

ROMP of endo-CyNBI with Hoveyda-Grubbs 2nd generation catalyst. endo-CyNBI 

(200 mg, 0.82 mmol) was dissolved in 5 mL of toluene in a 8 mL screw cap vial under 

nitrogen atmosphere. A solution of Hoveyda-Grubbs 2nd generation catalyst (26 mg, 

41 µmol) in 1 mL toluene was added and the mixture was stirred at room 

temperature for 4 h. Subsequently, 0.1 mL ethyl vinyl ether was added and the 

reaction mixture was stirred for further 10 min. Methanol was added to precipitate 

the formed polymer, which was isolated by centrifugation and purified by several 

cycles of redissolution in toluene and precipitation in methanol. Finally, the polymer 

was washed with methanol and dried in vacuum. 

 

Synthesis of heterotelechelic perylene diimide/terrylene diimide labeled 

poly(endo-CyNBI). The reaction was conducted in a NMR tube sealed with a rubber 

septum under inert gas atmosphere and all reaction steps were monitored by NMR 

spectroscopy. endo-CyNBI (16 mg, 64 µmol) was dissolved in 0.5 mL toluene-d8 in a 
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NMR tube and a solution of the perylene diimide labeled ruthenium complex 27 

(6.4 mg, 3.2 µmol) in 0.25 mL toluene-d8 was added. After 1 h a solution of the 

enolether functionalized terrylene diimide 44 (4.3 mg, 2.6 µmol) in 0.25 mL toluene-

d8 was injected. After 4.5 h additional terrylene diimide 44 (1.5 mg, 0.9 µmol) 

dissolved in 0.1 mL toluene-d8 was added and the reaction was continued for further 

15.5 h. Subsequently, 50 µL n-butyl vinyl ether was added, the solution was 

transferred to a 8 mL screw cap vial, the polymer was precipitated by the addition of 

methanol and isolated by centrifugation. The polymer was purified by dissolving it 

several times in toluene followed by precipitation by addition of methanol or 

methanol/acetone mixtures. Finally, the polymer was washed with methanol and 

dried in vacuum (isolated yield: 11 mg). 

 

5.5 Additional Figures 

 

Figure 5-35. Absorption spectrum of Hoveyda-Grubbs 2nd generation complex (HG2) 

in CH2Cl2 and fluorescence spectra of perylene diimide 26 (PDI) and terrylene 

diimide 32 (TDI) in CH2Cl2. 
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Figure 5-36. GPC molecular weight distribution (Mn 7200 g mol-1, Mw/Mn 1.14) 

determined in THF at 40 °C against polystyrene standards of poly(endo-CyNBI) 

obtained by ROMP with Hoveyda-Grubbs 2nd generation catalyst in toluene at 25 °C 

for 4 h (endo-CyNBI/Ru = 20, [endo-CyNBI] = 0.136 M). 

 

 

Figure 5-37. 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of heterotelechelic perylene 

diimide/terrylene diimide labeled poly(endo-CyNBI). 
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Figure 5-38. Fluorescence spectra of heterotelechelic perylene diimide/terrylene 

diimide labeled poly(endo-CyNBI) in toluene at various temperatures (λexc = 550 nm). 
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6 High Temperature Single Molecule Fluorescence 

Microscopy 

6.1 Introduction 

Single molecule fluorescence microscopy in polymer science to date is usually 

conducted at temperatures around room temperature, although many important 

phenomena (e.g. glass transition, melting and crystallization) of relevant polymeric 

materials occur at significantly higher temperatures. A problem, which is 

encountered, is that common instrumentation for single molecule fluorescence 

microscopy is not suitable for investigations at high temperatures of 100 °C and 

above. As this technique was developed in the area of biological sciences 

investigations are usually conducted at temperatures below 40 °C, which also is the 

temperature to which commonly employed oil immersion objectives may be heated 

at maximum. The utilization of indium tin oxide (ITO) coated glass slides, which can 

be resistively heated, in combination with an air objective proved to be suitable for 

single-molecule fluorescence microscopy at temperatures up to >150 °C.123 With this 

temperature range the investigation of polyolefins by single-molecule fluorescence 

microscopy is possible. In this context an improvement of the observation time, 

which is limited by photobleaching especially at high temperatures, by excluding 

oxygen from the sample is desirable. 

The major strength of single molecule fluorescence microscopy is in the observation 

of heterogeneous systems. This was nicely demonstrated by imaging the motion of 

single dye molecules in mesoscopic silica channel structures.208-210 The dye molecules 

are confined to these structures and by tracking their diffusion the course of the 

channels could be visualized. Similar experiments were also reported on microporous 

coordination polymers211 and surfactant mesophases.212 A broad spectrum of 

mesoscopic structures is formed from block copolymers.213 Depending on their 

composition block copolymers can form various microphase separated structures, 

such as lamellae, spheres, cylinders or gyroid. A commonly employed method for the 

generation of these self-assembled morphologies in thin block copolymer films is the 

solvent vapor annealing technique.214 The block copolymer film is exposed to a 

solvent vapor atmosphere, which leads to a swelling of the polymer. This enhances 

the chain mobility and, thus, promotes the self-assembly process. Yorulmaz et al. 
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studied the diffusion of terrylene molecules in a poly(butadiene-b-ethyleneoxide) 

block copolymer film by single-molecule fluorescence imaging. Confined motion of 

the dye molecules in the amorphous polybutadiene channels embedded in a 

crystalline polyethyleneoxide matrix was observed. 215 More detailed investigations 

were conducted by Ito and coworkers on aligned cylinder structures of a 

poly(styrene-b-ethyleneoxide) block copolymer.216 

Poly(styrene-b-butadiene-b-styrene) triblock copolymers (SBS) are among the most 

widely studied block copolymers and find application for instance as thermoplastic 

elastomers.217 In thin films, SBS with a polystyrene content of around 30 wt.% usually 

forms polystyrene cylinders oriented parallel to the substrate surface.218,219 When the 

polystyrene content is higher, around 70 wt.%, polybutadiene cylinders embedded 

into a polystyrene matrix are formed.220 The glass transition temperature of the 

polybutadiene phase, which is usually located somewhere between -100 °C and 

-50 °C, is much lower than of the polystyrene fraction (~100 °C). Therefore, diffusion 

processes in the polybutadiene phase are reasonably fast at ambient temperature, 

whereas the glassy polystyrene acts as barrier. This makes SBS with a high 

polystyrene content well suited for the investigation of confined diffusion in polymer 

channels. By increasing the temperature above the glass transition of polystyrene a 

switching to a permeable matrix is possible. 

 

6.2 Results and Discussion 

6.2.1 Heating Stage Development 

To fulfill the requirements to a heating stage for the investigation of thin polymer 

films by single molecule fluorescence microscopy at high temperatures >100 °C is 

challenging. A major prerequisite is that the heat transfer to optical components has 

to be reduced to a minimum, otherwise these might be damaged. This issue has 

already been solved by employing a standard air objective instead of an oil immersion 

objective, which is usually used for single molecule fluorescence microscopy.123 This 

leads to a reduced sensitivity due to the reduced amount of photons being collected 

by air objectives, but the bright perylene diimide dyes are able to compensate this 

loss. The applied sample heating method is based on the resistive heating of a thin, 

transparent indium tin oxide (ITO) layer on the glass slide. The ITO layer is faced 
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toward the microscope objective and the polymer film is on top of the glass slide 

(Figure 6-1, left). In this way interactions of the dye molecules in the polymer film 

with the ITO layer can be ruled out. Another advantage is that, due to the low thermal 

emissivity of ITO (~0.2 compared to 0.8-0.9 for glass) the heat flow to the microscope 

objective can be reduced. The glass slide is heated by applying a voltage to the ITO 

layer (up to 10 V) and the temperature of the small spot directly above the 

microscope objective is measured contactless with an infrared thermometer. The 

thermometer is connected to a computer with a customized software, which controls 

the power supply. In this way, temperatures up to 160 °C with an accuracy of ±1 °C 

can be reached. Also rapid temperature changes are possible, due to the low heated 

mass.123 

 

Figure 6-1. Schematic operating mode of the heating stage (left) and photograph of 

the first generation sample holder (right). 

 

The sample holder of the first generation (Figure 6-1, right) consists of a copper 

ground plate and two copper contact clips. Electric insulation of the copper ground 

plate from the sample is ensured by two stripes of adhesive tape on the ground plate, 

in the position where the sample is mounted. For contacting the ITO coated glass slide 

it has to be wrapped with conductive copper tape. In this way a good electrical 

contact between the sample and the contact clips is established on the upper side of 

the glass slide. 

The timescale of single molecule fluorescence microscopy investigations is limited by 

the photostability of the employed fluorescent dyes. At high temperatures the rate of 

photobleaching can be significantly increased, especially in the presence of oxygen. 

Thus, a heating stage was developed, which forms a closed chamber around the 

sample to carry out measurements under inert gas atmosphere by purging with 
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nitrogen (Figure 6-2). The sample acts as a lid at the lower side of the chamber and 

the upper part is connected to the infrared thermometer by a flexible polyethylene 

tube. In this way the sample is encapsulated into the heating stage. The infrared 

thermometer is fixed to measure the temperature of a small spot directly above the 

objective lens (~1 mm diameter), while the heating stage can be moved. 

 

 

Figure 6-2. Sample holder for investigations under inert gas atmosphere. 
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It is important, that all parts of the sample holder, which are in direct contact to the 

ITO coated glass slide are electrically insulating to avoid short circuits. The material 

of choice for these parts was Torlon, a polyamide-imide, which exhibits an extremely 

high temperature resistance (up to 260 °C), rigidity and a very low coefficient of 

thermal expansion (40 ppm K-1). The dimensional stability at high temperatures is 

crucial to minimize focus drift. Also bending of the glass slide upon heating needs to 

be avoided. Thus, the sample is fixed all around with a clip made of Torlon instead of 

only at two edges. 

For contacting the ITO layer, two copper clips were employed. To establish a good 

electrical contact between the ITO and the copper a piece of conductive silicone 

elastomer, which is filled with nickel coated graphite particles, was applied. Thus, 

sticking adhesive copper tape to the glass slides is not required anymore. 

 

 

Figure 6-3. Photobleaching of perylene diimide dye molecules in a thin polyolefin 

film at 130 °C under air and nitrogen atmosphere at high laser intensity. 

 

To demonstrate the influence of oxygen on the photobleaching behavior of 

fluorescent dyes, a thin polyolefin film containing free perylene diimide dyes was 

investigated at 130 °C under air and nitrogen atmosphere. A relatively high laser 

intensity (~3 kW cm-2) was used to accelerate photobleaching. The average 

fluorescence intensity over time was calculated from the video files and normalized 

for better comparability (Figure 6-3). Under air atmosphere the fluorescence has 
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vanished virtually completely already after 45 seconds. In the absence of oxygen the 

photostability was significantly improved. About 13 % of the initial fluorescence 

intensity still remained, which is a factor of ten more than under air. This shows that 

the timescale of single molecule fluorescence microscopy at high temperatures can be 

improved by exclusion of oxygen, especially when the laser intensity is decreased. 

 

 

Figure 6-4. Temperature distribution (in °C) of the ITO coated glass slide in the 

copper sample holder of the first generation with and without microscope objective 

underneath. 

 

The heat distribution on the sample with both heating stages was determined with an 

infrared camera. For the copper sample holder, there is a strong heat gradient from 

the contacts to the center of the sample (Figure 6-4). This is expected for a resistively 

heated ITO coated glass slide. The cold stripes at the edges of the sample are the 

adhesive copper tape. When the microscope objective lens is in close proximity to the 

sample, heat is transferred to the objective. This results in an area with a relatively 

homogeneous heat distribution, but with significantly higher temperature regions 

around it. As the temperature is measured directly in the area of investigation, these 

heat gradients are not a big problem during measurement, but some areas of the 

sample might be “burned” at high temperatures. 

The new Torlon sample holder led to a similar heat distribution with the center of the 

sample being hottest (Figure 6-5). In the presence of the objective lens also a 

relatively homogeneously heated spot in the middle of the sample was formed. Due to 

the smaller sample surface, the area of hotspots around the observed spot is reduced. 
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Figure 6-5. Temperature distribution (in °C) of the ITO coated glass slide in the 

Torlon sample holder with and without microscope objective underneath. 

 

The development of a new sample holder, which enables single molecule fluorescence 

microscopy at high temperatures under inert gas atmosphere, improved the 

photostabiliy of fluorescent dyes. Thus, longer timescales can be targeted. In addition 

the area of hotspots was reduced, which might “burn” parts of the sample that are 

currently not in the focus. By the application of Torlon, which has a very low thermal 

expansion, focus drifts could be reduced. However, on long timescales refocusing 

might be necessary. Also upon fast heating defocusing can occur due to slight bending 

of the glass slide, which requires some time for relaxation.  

 

6.2.2 Diffusion in SBS Block Copolymer Films 

Poly(styrene-b-butadiene-b-styrene) triblock copolymers form cylindrical structures, 

when the two monomers are incorporated in about a 70:30 weight ratio, with the 

cylinders being the minor component. In thin films, these cylinders are oriented 

parallel to the substrate surface. The large glass transition temperature difference 

between polybutadiene and polystyrene limits diffusion processes to the 

polybutadiene phase as long as the temperature is below the glass transition 

temperature of the polystyrene fraction. SBS with a high polystyrene content, thus, 

can generate soft channels of polybutadiene in a temperature switchable polystyrene 

matrix. 

Single-molecule fluorescence microscopy was utilized to investigate the translational 

motion of perylene diimide dye (10) molecules in SBS films of various compositions. 

Two different SBS triblock copolymer were employed, one with 30 wt.% and one with 

72 wt.% polystyrene (PS) content. Microphase-separated films possessing cylinder 
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morphologies were prepared by solvent vapor annealing214 of thin SBS films in a 

toluene atmosphere at ambient temperature. 

The SBS triblock copolymer sample with the low polystyrene content of 30 wt.% was 

a commercially available thermoplastic elastomer with a molecular weight of Mw 

140000 g mol-1 and a degree of 1,2-butadiene enchainment of 9 %. The morphology 

of the solvent vapor annealed film was investigated by atomic force microscopy 

(AFM). In the phase image the bright cylinder structures were assigned to the hard 

polystyrene, which is embedded in a soft polybutadiene matrix represented as the 

dark areas (Figure 6-6). The cylinders possess a length of up to several micrometers 

and no macroscopic alignment. 

 

 

Figure 6-6. AFM height (left) and phase (right) images of a SBS film with 30 wt.% 

polystyrene content prepared by solvent vapor annealing. 

 

A very low quantity of perylene diimide 10 was introduced into the polymer film 

during sample preparation as a tracer molecule for single-molecule fluorescence 

microscopy. The microphase-separated SBS sample was investigated by single-

molecule fluorescence microscopy at various temperatures up to 60 °C. Already at 

room temperature significant motion of the dye molecules was observed. At 

temperatures higher than 60 °C diffusion was too fast for an accurate localization of 

the dye molecules. Single particle tracking of the dye molecules yielded trajectories, 

which largely reflect a random diffusion. However, in several trajectories segments of 

a directed diffusion were observed (Figure 6-7). This behavior is assigned to dye 

molecules temporarily moving in between two polystyrene cylinders (vide infra). 
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Figure 6-7. Trajectory of a single dye molecule (10) in SBS (30 wt.% PS) at 25 °C 

after various times. Scale bar: 2 µm. 

 

The second SBS sample, which was investigated, possesses a high polystyrene content 

of 72 wt.%, a molecular weight of Mn 53000 g mol-1 and a 1,2-butadiene enchainment 

degree of 7 %. The polystyrene fraction exhibits a glass transition temperature of 

88 °C and the polybutadiene of -49 °C. After toluene vapor annealing this SBS film 

exhibited a cylinder morphology with the cylinders being formed of polybutadiene, 

which was evidenced by AFM (Figure 6-8). Thus, the sample consisted of soft 

channels aligned parallel to the substrate surface, which are surrounded by a solid 

polystyrene matrix. 

 

 

Figure 6-8. AFM height (left) and phase (right) images of a SBS film with 72 wt.% 

polystyrene content prepared by solvent vapor annealing. 
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Single-molecule fluorescence microscopy on perylene diimide dye (10) molecules in 

the high polystyrene content SBS film was carried out in a temperature range from 

25 °C to 110 °C. At temperatures below the glass transition temperature of the 

polystyrene block most of the dye molecules were immobile, which is not surprising 

since polystyrene is the major component of the sample. Interestingly, the moving 

dye molecules were not diffusing freely, but their motion was confined to the 

polybutadiene channels. 

 

 

Figure 6-9. Trajectories of single dye molecules (10) in SBS (72 wt.% PS) at 40 °C 

(top) and 60 °C (bottom) after various times. Scale bar: 2 µm. 

 

At temperatures below the glass transition of the polystyrene phase the dye 

molecules followed the path of the polybutadiene cylinders and moved back and forth 

in these channels (Figure 6-9). The single-molecule trajectories thus represent the 
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shape of the polybutadiene phase. Cylinder structures with a length of up to 10 µm 

could be imaged in this way (Figure 6-9, bottom). 

 

 

Figure 6-10. Trajectories of single dye molecules (10) in SBS (72 wt.% PS) at 100 °C 

(top) and 110 °C (bottom) after various times. Scale bar: 2 µm. 

 

When the temperature was raised to 100 °C, which is a few degrees above the glass 

transition temperature of the polystyrene matrix, the dye motion was still confined to 

the polybutadiene cylinders (Figure 6-10, top). At 110 °C a completely different 

behavior was observed (Figure 6-10, bottom). The motion of the dye molecules was 

characterized by free diffusion in all directions and segments of confinement into the 

polybutadiene channels. 

The behavior of the perylene diimide molecules in the two SBS samples can be 

explained as follows. At temperatures below 100 °C only diffusion in the 
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polybutadiene phase is possible and the polystyrene blocks act as barrier. In the low 

polystyrene content SBS sample the dye molecules can diffuse in all directions in the 

continuous polybutadiene phase, but occasionally their motion is confined between 

the cylinders (Figure 6-11, top). This results in segments of temporarily ‘directed’ 

diffusion. 

 

 

Figure 6-11. Schematic drawing of block copolymer cylinder structures to illustrate 

the dye diffusion behavior in the different SBS samples. 

 

In the case of the SBS sample with a high polystyrene content the polybutadiene 

phase forms discontinuous cylinders. A dye molecule, which is located in a soft 

polybutadiene cylinder, cannot leave this at temperatures below the glass transition 

of polystyrene, as the solid polystyrene matrix acts as barrier. Dye molecules in the 

polystyrene phase are immobilized. Therefore, diffusion is only observed along the 

polybutadiene cylinders (Figure 6-11, middle). At temperatures slightly above the 

glass transition temperature of polystyrene, motion in the polystyrene phase is still 

very slow so that only motion in the polybutadiene cylinders was observed. When the 

temperature is increased further the polystyrene matrix becomes permeable. 

Diffusion in the polybutadiene phase is, however, significantly faster, which leads to a 

slow migration of the dye molecules between and a fast motion within the channels 
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(Figure 6-11, bottom). This behavior also indicates that the microphase-separated 

cylinder morphology was still present at 110 °C. 

To further quantify the confinement of dye diffusion in both SBS samples the 

trajectories were analyzed in more detail. For this purpose the angle of motion φ for 

each step in the trajectories was determined (Figure 6-12). The angle φ (-180° ≤ φ ≤ 

180°) was calculated from two vectors (v1, v2), which were defined by three 

successional points of the trajectory. A value of 0° for φ indicates that the dye moves 

in the same direction as in the last step. Positive angles φ are oriented counter 

clockwise. An angle φ of ±180° indicates movement in the opposite direction as in the 

last step. 

In addition to the angle φ also step length distributions were calculated from all 

trajectories. These cannot be easily converted to diffusion coefficients of the dye 

molecules, due to the heterogeneous diffusion behavior, but are a sufficient measure 

for comparing the two SBS samples at different temperatures. Immobile molecules 

were discarded for the whole analysis, as they would distort the result. 

 

 

Figure 6-12. Determination of the angle φ from single-molecule trajectories. 

 

The SBS sample with a low polystyrene content of 30 wt.% was investigated at 25 °C, 

40 °C and 60 °C. For each temperature 11-40 trajectories were considered yielding 

2700-5700 data points, which were used for the generation of histograms (Figure 

6-13). Due to the almost free diffusion of the dye molecules in this polymer, the angle 

distribution from -180° to 180° is relatively uniform. However, especially at elevated 

temperatures an accumulation around 0° is present. This supports the assumption of 

a temporarily ‘directed’ diffusion in between the polystyrene cylinders. The step 
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length distributions become broader and shift to higher values with increasing 

temperature. This is in accordance with the heterogeneity of the sample. 

 

 

Figure 6-13. Histograms of angles (left) and step length distributions (right; time lag 

100 ms) calculated from trajectories of perylene diimide molecules (10) in a SBS film 

with a polystyrene content of 30 wt.% at various temperatures. 

 

For the SBS sample with a high PS content of 72 wt.% only 4-12 trajectories were 

used for each temperature, yielding 400-1700 data points. This was a result of the 

high number of immobile dye molecules. Trajectories at 25 °C, 40 °C, 60 °C and 110 °C 

were analyzed (Figure 6-14). The angle histograms exhibit distinct maxima at 0° and 

±180°, which clearly reflect the confined diffusion in the polybutadiene channels. The 

dye motion at 110 °C was characterized by many changes of the direction (Figure 

6-10, bottom). Therefore, the maxima of the angle distribution are located at ±180°. 

There is also a small accumulation around 0°, but not as pronounced as below the 

glass transition temperature of polystyrene. Dye diffusion in the polybutadiene 

channels is much slower than in the continuous polybutadiene phase of the SBS film 

with a low polystyrene content. This might be a result of frequent contacts of the dye 

molecules with the polystyrene matrix, which slow down diffusion. 
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Figure 6-14. Histograms of angles (left) and step length distributions (right; time lag 

25 °C and 60 °C: 250 ms, 40 °C and 110 °C: 300 ms) calculated from trajectories of 

perylene diimide molecules (10) in a SBS film with a polystyrene content of 72 wt.% 

at various temperatures. 

 

In addition to free dye diffusion also the translational motion of a dye labeled 

polymer chain in a SBS film with a high polystyrene content was investigated. For this 

purpose a perylene diimide chain-end labeled random ethylene/1-butene copolymer 

(Mn 13300 g mol-1, Mw/Mn 1.13) with a butene content of 14 mol-% (see section 4.2.3) 

was employed. The amount of incorporated butene corresponds to a 1,2-butadiene 

enchainment degree of 25 % in a hydrogenated polybutadiene. Films were prepared 

from a solution containing both, dye labeled polymer and SBS. 

The diffusion of the dye labeled polymer chains was imaged by single molecule 

fluorescence microscopy and single molecule tracking at various temperatures. At 

temperatures below the glass transition of the polystyrene phase the dye labeled 

polymer chains were mostly immobile. Upon heating above 100 °C the copolymer 

molecules became mobile, and also kept some of their mobility during subsequent 

cooling below the glass transition temperature of polystyrene. Upon continued 

cooling, around 25 °C the dye labeled polymer chains became immobile again. 
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Therefore, measurements were started at the highest temperature and continued 

while decreasing the temperature. 

In contrast to the free dye molecules, the ethylene/1-butene copolymer diffusion is 

not entirely confined to the polybutadiene cylinders. The trajectories of the dye 

labeled polymer chains mainly appear like random motion trajectories, which, 

however, seem to follow a predetermined path (Figure 6-15). For some trajectories, 

this is quite obvious (Figure 6-15, top), but for others only segments seem to follow 

the cylinder structure (Figure 6-15, bottom). 

 

 

Figure 6-15. Trajectories of perylene diimide labeled ethylene/1-butene copolymers 

in a SBS film with a polystyrene content of 72 wt.% at 60 °C (top) and 80 °C (bottom) 

after various times. Scale bar: 2 µm. 

 

The trajectory angle distributions of this sample at various temperatures do not 

follow a clear trend, due to the ‘random’ motion of the dye labeled polymer chains 

along the polybutadiene cylinders (Figure 6-16, left). The step length distributions 
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indicate a heterogeneous diffusion at high temperatures (Figure 6-16, right). Overall, 

here this analysis method does not provide as clear results as in the case of free dye 

diffusion. 

 

 

Figure 6-16. Histograms of angles (left) and step length distributions (right; time lag 

300 ms) calculated from trajectories of perylene diimide labeled ethylene/1-butene 

copolymer molecules in a SBS film with a polystyrene content of 72 wt.% at various 

temperatures. 

 

The observed behavior cannot be attributed to a disordered block copolymer film. A 

free dye molecule impurity in the same observation area as a dye labeled polymer 

chain exhibited fast diffusion confined to a polybutadiene cylinder, which is also 

evident from the trajectory angles (Figure 6-17). This fluorophore was identified as 

free dye molecule due to its fast diffusion. The motion of the ethylene/1-butene 

copolymer is significantly slower and no preferred orientations are observed in the 

trajectory angle distribution. The close spatial proximity of the two molecules allows 

for the reasonable assumption that they both experience the same local morphology 

of the SBS matrix. 
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Figure 6-17. Trajectories of a perylene diimide labeled ethylene/1-butene copolymer 

(yellow) and a free dye molecule (green) in a SBS film with a polystyrene content of 

72 wt.% at 60 °C and the corresponding angle and step length distributions (time lag 

200 ms). Scale bar: 2 µm. 

 

A possible explanation for the diffusion behavior of the perylene diimide labeled 

ethylene/1-butene copolymer in this SBS matrix might be the composition of the 

sample. Polybutadiene exhibits an entanglement molecular weight Me of around 2000 

g mol-1.221 The molecular weight of the polybutadiene block is 15000 g mol-1 and, in 

addition, both block-ends are immobilized by connection to the polystyrene blocks 

such that the molecular weight can be considered as virtually infinite.222 Therefore, 

the polybutadiene phase is entangled and tracer polymer chain diffusion proceeds via 

reptation. For polystyrene, the entanglement molecular weight Me amounts to 16600 

g mol-1 and the two polystyrene blocks exhibit molecular weights of 19000 g mol-1 

each with one chain-end being fixed to the polybutadiene phase. Thus, there is at 

maximum one entanglement per polymer chain present and Rouse diffusion is the 

prevailing mechanism for tracer motion.221,223 

The cylinder spacing in the SBS film (72 wt.% PS) is approximately 30 nm, which 

means that the cylinders possess a diameter of about 18 nm and the distance between 

two cylinders amounts to 12 nm. During heating above 100 °C the polystyrene might 

mix somewhat with the polybutadiene phase, which could hinder glass formation 

upon cooling at elevated temperatures and thus enable tracer diffusion within the 

polystyrene matrix. Therefore, the dye labeled polymer chains are able to cross 

several polybutadiene cylinders. A similar behavior was also observed for free dye 

diffusion, when measurements were conducted after heating to temperatures above 
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100 °C (Figure 6-22). A higher degree of mobility and significant motion in between 

the polybutadiene cylinders was observed in this case. 

Despite its similarity to polybutadiene, the ethylene/1-butene copolymer can also 

penetrate the polystyrene phase. The miscibility of the ethylene/1-butene copolymer 

with polybutadiene is higher than with polystyrene, but most likely it can still mix 

with the polystyrene phase to some extent. This might be further enhanced by a slight 

incompatibility of the copolymer and polybutadiene, due to their different chemical 

structure.165a Therefore, the dye labeled copolymer might move in both phases along 

the cylinders, due to the preferred localization in the polybutadiene phase. 

At 110 °C, a dye labeled ethylene/1-butene copolymer chain was observed, which 

first diffused strictly confined to a polybutadiene cylinder, but then left the channel 

and moved freely in all directions (Figure 6-18, left). When plotting the trajectory 

length against the time, a clear increase of the slope is observed at the point where 

the polymer chain leaves the polybutadiene cylinder (Figure 6-18, right). This cannot 

be attributed to a detachment of the dye from the polymer chain, as free dye diffusion 

is significantly faster. This behavior demonstrates that the dye labeled ethylene/1-

butene copolymer can mix with both block copolymer phases at temperatures above 

the glass transition temperature of polystyrene. 

 

 

Figure 6-18. Trajectory of a perylene diimide labeled ethylene/1-butene copolymer 

molecule in a SBS film (72 wt.% PS) at 110 °C (left) and trajectory length vs. time 

diagram (right) of the copolymer and a free dye molecule trajectory. 
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6.2.3 Demixing of Polyolefin Blends 

Polymer blends can combine the favorable properties of different polymers in one 

material. The microphase morphology is a key parameter for the resulting materials 

properties.224 The phase separation of polymer blends was investigated extensively 

by various microscopy techniques, most commonly electron microscopy, but also 

fluorescence microscopy. For the latter case either dye molecules with a preferred 

solubility in one of the phases or dye labeled polymers were employed.225 

The heterogeneity of polymer blends makes single-molecule fluorescence microscopy 

a unique method for their study. As a model system an ethylene/propylene random 

copolymer (Mn 113000 g mol-1, Mw/Mn 1.02, 15 mol-% propylene) was solution 

blended with 10 wt.% polyethylene. For imaging the phase separated structure of the 

blend by conventional fluorescence microscopy a perylene diimide labeled 

polyethylene (Mn 17600 g mol-1, Mw/Mn 1.69; based on Table 4-1, entry 1) was 

employed exclusively as this polyethylene fraction. A film was prepared by 

spincoating from a hot polymer solution, which was subjected to fluorescence 

microscopy. Due to cooling of the polymer solution during the spincoating process 

the polyethylene partly separated from the blend by crystallization. Therefore, 

polyethylene crystals were distributed all over the polymer film, as clearly observed 

by fluorescence microcopy (Figure 6-23). 

 

 

Figure 6-19. Fluorescence micrographs of a blend of perylene diimide labeled 

polyethylene and an ethylene/propylene copolymer after slow cooling from 160 °C to 

room temperature. Scale bar: 100 µm. 

 

The dye labeled polymer blend film was heated to 160 °C until a largely uniform dye 

distribution was obtained in the melt. Subsequently, the sample was cooled slowly to 
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room temperature. Phase separation by crystallization resulted in the formation of 

needle like polyethylene crystals (Figure 6-19, left). Sample regions outside the area 

directly above the heating element in which the starting polyethylene crystals were 

not entirely dissolved exhibited a different morphology. The remaining polyethylene 

crystals acted as nuclei and a dendritic crystal morphology was formed (Figure 6-19, 

right). 

To perform single-molecule fluorescence microscopy on the polyolefin blend the 

perylene diimide labeled polyethylene was largely replaced by an unlabeled 

polyethylene (Mn 30600 g mol-1, Mw/Mn 1.01) so that only traces of dye were present. 

Also in this case a partial phase separation occurred during the spincoating process 

from hot toluene solution. This was evident from the accumulation of dye molecules 

in certain areas (Figure 6-20). The sample was investigated by single-molecule 

fluorescence microscopy while heating to various temperatures up to 160 °C. 

At temperatures below 130 °C virtually no dye motion was observed apart from some 

free dye molecule impurities. Slow motion of a few dye labeled polymer chains 

started at 130 °C. With increasing temperature the number of mobile dyes increased. 

However, a large number of dye molecules stayed immobile even at 160 °C. Single 

particle tracking of the moving polyethylene molecules was not reliably possible due 

to their crowding in the phase separated areas. For further investigation of mixing 

and demixing, measurements on significantly longer timescales (several hours) 

would be required. This was however not possible due to the limited focus stability 

over such long timescales at high temperatures. 

 

 

Figure 6-20. Single-molecule fluorescence micrographs of a PE/PEP (1:9) blend 

containing traces of perylene diimide labeled polyethylene at 90 °C (left), 130 °C 

(center) and 140 °C (right). Scale bar: 10 µm. 
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6.3 Conclusive Summary 

Single-molecule fluorescence microscopy has emerged as a useful tool for the 

investigation of polymeric materials. However, the limited temperature range still 

hampered the investigation of relevant processes in widely used synthetic polymers. 

A second hurdle is the photostability of the employed dyes at high temperatures. In 

order to overcome these limitations a previously developed heating stage based on 

the resistive heating of ITO coated glass slides was further improved to enable 

measurements under inert gas atmosphere. In this way the photostability of perylene 

diimide dyes at high temperatures could be improved. The sample holder was made 

of Torlon, a high performance polymer with a very low thermal expansion, to 

minimize focus drift. For short measurement durations of a few minutes good focus 

stability was achieved, but for longer timescales refocusing was necessary. 

To demonstrate the potential of high temperature single-molecule fluorescence 

microscopy for the investigation of heterogeneous polymer samples, diffusion 

processes in SBS triblock copolymers were investigated. Two SBS samples with 

polystyrene contents of 30 wt.% and 72 wt.%, respectively, were studied. Both 

polymers possessed a cylinder morphology with the cylinders being aligned parallel 

to the substrate surface. The cylinders were in both cases composed of the minor 

component. Diffusion of single perylene diimide dye molecules in microphase 

separated SBS films was investigated by single-molecule fluorescence microscopy. In 

the SBS film with the low polystyrene content the dye molecules diffused freely in the 

continuous polybutadiene phase, but occasionally they were trapped in between 

polystyrene cylinders and quickly moved along their course. This finding was further 

corroborated by trajectory angle analysis. 

Motion in the SBS film with a high polystyrene content was confined to the 

discontinuous polybutadiene cylinder phase, as long as the temperature was below 

the glass transition temperature of polystyrene. The single-molecule trajectories 

reflected the shape of the polybutadiene cylinders. This confined motion in channels 

was also evident from the trajectory angle distributions. When the temperature was 

increased above 100 °C the dye molecules were able to pass the polystyrene matrix 

but still quickly moved within the polybutadiene channels. Thus, a switching of the 

dye diffusion behavior by the temperature was possible. 

Apart from free dye diffusion, the translational motion of a perylene diimide labeled 

ethylene/1-butene random copolymer in a SBS film with a high polystyrene content 
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was studied. The diffusion behavior strongly differed from free dye molecules. There 

was no motion prior to heating above the glass transition temperature of polystyrene, 

but during cooling the mobility of the polymer chains was retained. The trajectories 

of the dye labeled polymer chains appeared like ‘random’ motion along the shape of 

the polybutadiene cylinders, whereas motion of free dye molecules in the same 

sample was confined to channel structures. 

As a second example for the application of dye labeled polyolefins in high 

temperature single-molecule fluorescence microscopy experiments, a polyolefin 

blend was investigated. The blend was composed of an ethylene/propylene 

copolymer and 10 wt.% linear polyethylene. The phase separation was first 

investigated by conventional fluorescence microscopy employing a blend containing 

only dye labeled polyethylene. In this way the formation of needle like polyethylene 

crystals was observed. For single-molecule fluorescence microscopy the dye labeled 

polymer was almost entirely substituted by unlabeled polyethylene. Areas of 

significantly increased dye concentration were observed. These were formed by 

phase separation due to polyethylene crystallization during the sample preparation 

process. Translational motion of the dye labeled polyethylene was observed at 

temperatures of 130 °C and above. Due to the crowding of the dye molecules no single 

particle tracking was possible. However, polymer blend mixing and demixing 

processes were too slow to be followed by single-molecule fluorescence microscopy. 

To avoid photobleaching on such long timescales, the time between two recorded 

frames has to be increased, which makes manual refocusing impossible. Thus, 

autofocus is required to perform high temperature single molecule fluorescence 

microscopy over sufficiently long observation times. 
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6.4 Experimental Section 

6.4.1 Single-Molecule Fluorescence Microscope Setup 

Single-molecule fluorescence imaging was carried out on a wide-field fluorescence 

microscope consisting of an inverted microscope (Leica DMI 6000b) equipped with a 

0.75 numerical aperture 63× air objective (Leica HI PLAN) and a back illuminated 

electron multiplying CCD camera with 512 × 512 pixels (Andor IXON+). For 

excitation, the 561 nm light of a continuous wave diode-pumped solid state laser 

(Cobolt Jive, 100 mW) was used. The intensity of the laser beam was adjusted with a 

neutral density filter wheel. In order to obtain a uniform illumination of the sample, 

the laser light was passed through a steel covered glass fiber (Optronis 

FVP500550590), which was continuously shaken by a vortexer (VWR Vortex VV3). In 

the microscope a dichroic mirror (zt561 RDC, AHF Analysentechnik) was employed 

for separation of fluorescence from excitation light. Residual excitation light in the 

detection path was removed by an additional bandpass filter (BrightLine HC 617/73, 

AHF Analysentechnik) before projecting the fluorescence light onto the CCD camera 

with two camera lenses (Nikon 28/2.8 and 85/2.0). Single molecule data was 

recorded with the Andor SOLIS CCD camera software. 

Excitation light intensity and illumination time of the camera (50-500 ms) were 

adjusted for each measurement to obtain an optimal signal-to-noise ratio and good 

resolution of single-molecule motion. A magnification of 85 nm/pixel for the 63× air 

objective was calculated from a measured magnification of 53.5 nm/pixel for a 100× 

oil immersion objective. 

For sample heating, a custom made heating stage consisting of aluminum and Torlon 

4203 was used (see section 6.2.1). The polymer film samples were coated on the glass 

side of ITO coated glass slides (SPI Supplies, 22 × 26 mm, 8-12 ohm/sq., thickness 

#1.5), which were contacted with a conductive silicone elastomer (filled with nickel 

coated graphite, SE-SNG-0010, Emc-Technik & Consulting GmbH) in the heating stage. 

Heating was performed by applying a voltage to the ITO layer with a computer 

controlled power supply with RS232 interface (Hubersoft), which allows the 

adjustment of the voltage from 0 to 10.2 V in 0.1 V steps. The temperature of a spot 

directly above the objective lens with a diameter of 0.9 mm was measured with an 

infrared thermometer with RS232 interface (Optris CT laser, 8-14 µm, CF1 lens). The 
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emissivity ε was set to 0.815 for all measurements. Temperature control was 

achieved by a customized software.123 

Single particle tracking on the video clips obtained by wide-field microscopy was 

performed by a tracking program written in MatLab by Dominik Wöll. Trajectories 

were analyzed by MatLab routines and Origin. 

 

6.4.2 Diffusion in SBS Films 

Materials and general considerations. The SBS triblock copolymer with a 

polystyrene content of 30 wt.% and a molecular weight Mw of 140000 g mol-1 was 

purchased from Aldrich. The SBS triblock copolymer (Mn 19-15-19 × 103 g mol-1, 

Mw/Mn 1.07) with a polystyrene content of 72 wt.% was purchased from Polymer 

Source Inc. (P8410-SBdS). Toluene (spectroscopic grade) for sample preparation was 

purchased from Aldrich. ITO coated glass slides were cleaned by ultrasonication in 

iso-propanol (spectroscopic grade), which was obtained from Aldrich. Perylene 

diimide 10 was prepared as described in section 4.2.2. The perylene diimide labeled 

ethylene/1-butene copolymer (Mn 13300 g mol-1, Mw/Mn 1.13, 14 mol-% 1-butene) 

was prepared by acid catalyzed esterification of a hydroxyl end-functionalized 

ethylene/1-butene copolymer (Table 4-2, entry 7) and perylene diimide 13 as 

described in section 4.2.3. 

Atomic force microscopy (AFM) was performed on a JPK NanoWizard instrument in 

intermittent contact mode using a silicon tip with a force constant of 40 N m-1 and a 

resonance frequency of about 300 kHz. Height and phase images were recorded 

simultaneously. 

 

Sample preparation. Microphase separated SBS films were prepared by the solvent 

vapor annealing technique. The SBS triblock copolymer was dissolved in 

spectroscopic grade toluene at a concentration of 5 mg mL-1 and a suitable quantity of 

perylene diimide 10 or perylene diimide labeled ethylene/1-butene copolymer was 

added. The glass slide for sample preparation was placed in a petri dish, which was 

located in a larger petri dish (Figure 6-21). About 0.5 mL toluene was added to the 

outer petri dish. One droplet of the SBS solution was placed in the center of the glass 

slide and the chamber was closed with a lid. The chamber was not completely tight so 
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that the toluene could evaporate slowly. The sample was left inside the chamber for 

2-3 days until all toluene had evaporated. 

 

 

Figure 6-21. Schematic drawing of the solvent vapor annealing setup. 

 

6.4.3 Demixing of Polyolefin Blends 

Materials and general considerations. The ethylene/propylene random copolymer 

(Mn 113000 g mol-1, Mw/Mn 1.02, 15 mol-% propylene) was prepared by 

copolymerization of 1 bar propylene and 1 bar ethylene with the MAO activated 

complex 1 for 5 min (for a general procedure see section 4). The perylene diimide 

labeled polyethylene (17600 g mol-1, Mw/Mn 1.69) was prepared by esterification of a 

hydroxyl chain-end functionalized polyethylene (Table 4-1, entry 1) with the acid 

chloride activated perylene diimide 23 as described in section 4.2.3. The unlabeled 

polyethylene (Mn 30600 g mol-1, Mw/Mn 1.01) was prepared as described in section 4. 

Perylene diimide 10 was prepared as described in section 4.2.2. Toluene 

(spectroscopic grade) for sample preparation was purchased from Aldrich. ITO 

coated glass slides were cleaned by ultrasonication in iso-propanol (spectroscopic 

grade), which was obtained from Aldrich. 

Polymer blend films were prepared by spincoating. A few drops of the hot polymer 

solution in toluene (5 mg mL-1, 105 °C) were deposited with a preheated Pasteur 

pipette on a preheated glass slide rotating at 2000 rpm. Residual solvent was 

subsequently removed from the polymer film in vacuum. 

 

Conventional fluorescence microscopy. The ethylene/propylene copolymer and 

10 wt.% perylene diimide labeled polyethylene were dissolved in toluene at 110 °C. A 

polymer film was prepared by spincoating as described above. The sample was 

placed in a hot stage (Linkam THMS 600) mounted on a microscope (Leica) with a Hg 

lamp as excitation light source. The sample was heated to 140 °C for 60 min followed 

by 160 °C for 30 min, cooled to 120 °C at a rate of 1 K min-1 and kept constant at this 
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temperature for 30 min. Subsequently, the sample was cooled at 10 K min-1 to 110 °C 

and maintained for 30 min followed by cooling to room temperature at 10 K min-1. 

 

Single-molecule fluorescence microscopy. The ethylene/propylene copolymer, 

unlabeled polyethylene and a nanomolar amount of perylene diimide labeled 

polyethylene were dissolved in toluene at 110 °C and a film was deposited onto an 

ITO coated glass slide by spincoating. The sample was subjected to single-molecule 

fluorescence microscopy at various temperatures as described above. 

 

6.5 Additional Figures 

 

Figure 6-22. Trajectories of perylene diimide molecules (10) in a SBS film (72 wt.% 

PS) at 50 °C after heating to 110 °C. Scale bar: 2µm. 

 

 

Figure 6-23. Fluorescence micrograph of a blend of perylene diimide labeled 

polyethylene (10 wt.%) and an ethylene/propylene copolymer directly after 

spincoating. 
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7 Summary 

Since the groundbreaking discoveries of Ziegler and Natta in the 1950s, polyolefins 

have emerged to one of the most important materials in our modern world. Their 

applications range from very soft polymers for adhesives to elastomers to rigid high 

performance materials. Polyolefins can be found in numerous areas including 

packaging materials, household products, textiles and automotive parts. The 

development of single-site catalysts for polyolefin production allowed for an even 

more precise tailoring of the polymer properties and the preparation of previously 

unattainable polymer chain architectures. Living olefin insertion polymerization is 

one of the remarkable developments in the context of single-site polymerization 

catalysis. Due to the absence of chain-transfer and termination reactions, well-defined 

and ultra-high molecular weight polymers can be prepared. 

Well-defined, narrow dispersed polymers are particularly required for the 

investigation of fundamental polymer physics, for instance by single-molecule 

fluorescence microscopy. Furthermore, small amounts of ultra-high molecular weight 

polyethylene and, especially, ethylene/1-olefin copolymers are able to substantially 

enhance the tensile properties of HDPE resins, when blended to these. This, however, 

has to occur directly during the polymerization process by reactor blending as post-

polymerization blending is impractical here. Reactor blends of linear HDPE and a 

small amount of ultra-high molecular weight polyethylene (molecular weight ~107 g 

mol-1), which contains a few percent of 1-olefins as comonomer are of particular 

interest, e.g. for blow molding resins. 

 

 

Figure 7-1. Catalyst precursors for living olefin polymerization (1, 2) and linear 

polyethylene synthesis (3). 

 

An elegant way for the preparation of polyolefin reactor blends is the application of 

hybrid catalysts based on at least two single-site catalysts supported on one carrier 
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material. The utilization of living insertion polymerization catalysts for the generation 

of an ultra-high molecular weight fraction has the advantage that polymer molecular 

weight can be adjusted by the polymerization time and is unaffected by 1-olefin 

comonomers. Therefore, two living insertion polymerization catalyst precursors, the 

enolatoimine titanium complex 1 and the phenoxyimine titanium complex 2 (Figure 

7-1), were studied with respect to their application as supported catalysts for 

UHMWPE synthesis. Further, hybrid catalysts in combination with bisiminopyridine 

iron complex 3, which is a precursor to catalysts forming linear polyethylene, were 

investigated. 

In order to improve the access to complex 1 a new synthesis route based on TiCl4 was 

developed. In this way a facile upscaling to afford 10 g of complex 1 in one step was 

possible. Further upscaling should also be possible via this new synthesis procedure. 

The catalyst precursors 1 and 2 were successfully employed for UHMWPE synthesis 

by supporting on silica in combination with MAO. The living polymerization 

characteristics were retained. Ethylene polymerization activities of up to 3.1 × 106 

g(polymer) mol(Ti)-1 h-1 were achieved with the silica/MAO supported complex 1 at 

40 bar. Polymer molecular weights of up to Mv > 3 × 107 g mol-1 were determined by 

viscosimetry. However, this was also the upper limit for an accurate molecular weight 

determination, which means that in some cases even higher values might have been 

achieved. Molecular weights as well as activities increased with the ethylene 

pressure. Up to ~8 wt.% 1-hexene were incorporated by catalyst based on 1 under 

conditions where the iron catalyst 3 did not incorporate comonomer. 

 

 

Figure 7-2. Scanning electron micrograph of a xylene etched injection molded 

UHMWPE/HDPE reactor blend specimen (left) and stress-strain curves of injection 

molded polyethylene reactor blend specimens prepared by hybrid catalysts (right). 
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The catalyst precursors 1 and 2, respectively, for living polymerization were 

combined with the iron complex 3 to form supported hybrid catalysts. The main part 

of the resulting polyethylene reactor blends, representing the linear high density 

polyethylene matrix, was formed by the iron complex 3, whereas the living 

polymerization catalysts formed the reinforcing UHMWPE fraction. Tensile tests on 

injection molded specimens of the reactor blends and reference HDPE samples 

formed by the supported catalyst 3 alone revealed a significantly enhanced 

mechanical strength of the reactor blends (Figure 7-2, right). The extraordinary 

strength originates from a shish kebab morphology, which is induced by the ultra-

high molecular weight polyethylene fraction during the injection molding process 

(Figure 7-2, left). The incorporation of small amounts of 1-hexene into the UHMWPE 

fraction slightly decreased the mechanical strength but improved the processability. 

This demonstrates that living insertion polymerization is suitable for the preparation 

of ultra-high molecular weight polyethylene with molecular weights up to Mv > 107 

g mol-1 to improve the mechanical strength of polyethylene reactor blends formed by 

hybrid catalysts. 

The generation of well-defined polymers with narrow molecular weight distribution 

is the major strength of living polymerization techniques. In the case of living olefin 

insertion polymerization the active metal center is ideally bound permanently to the 

polymer chain-end, which opens up pathways to chain-end functionalization. Well-

defined polymers are a requirement for the investigation of polymeric materials by 

single molecule fluorescence microscopy. To directly observe the motion of a single 

polymer chain, a fluorescent dye needs to be introduced covalently. 

 

 

Figure 7-3. Synthesis of hydroxyl end-functionalized polyethylene with TMS-alkenols 

or by oxidation. 

 

Hydroxyl chain-end functionalized polyolefins with narrow molecular weight 

distributions were prepared by living insertion polymerization with complex 1. The 

chain-end functionality was introduced by two approaches. A trimethylsilyl (TMS) 
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protected alkenol was added to the polymerization mixture after removal of residual 

ethylene monomer. Alternatively, hydroxyl end-groups were formed by oxidation of 

the titanium bound chain-end with oxygen (Figure 7-3). 

Termination of the polymer chain by TMS-undecenol resulted in the formation of an 

ethylene/undecenol copolymer block, due to residual ethylene in the polymerization 

mixture. For this reason, multiple hydroxyl groups were incorporated. By application 

of the more bulky TMS-allylalcohol the number of hydroxyl groups could be reduced 

to afford polyethylene with a narrow molecular weight distribution (Mw/Mn 1.08) and 

about one hydroxyl group per polymer chain on average. 

A more precise chain-end functionalization was achieved by the oxidation approach. 

Well-defined polyethylenes with narrow molecular weight distributions down to 

Mw/Mn 1.04 with a chain-end functionalization degree of 60 % were obtained. In 

addition, ethylene/1-butene copolymers were prepared with up to 78 % of the 

polymer chains being hydroxyl functionalized. All polymers were characterized by 

GPC and NMR spectroscopy. 

As these polymers are intended to be used as probes for single-molecule fluorescence 

microscopy, the incomplete hydroxyl functionalization is not an issue. In the end, the 

dye labeled polymers will be diluted by excess unfunctionalized polymers. 

 

 

Figure 7-4. Synthesis of dye-labeled polyethylene. 

 

For dye labeling of the hydroxyl group modified polymers, carboxylic acid 

functionalized perylene (13) and terrylene (20) diimide dyes were prepared in four 

and seven steps, respectively. The carboxylic acid bearing rylene diimide dyes were 

attached to the hydroxyl chain-end functionalized polyolefins by esterification 

(Figure 7-4). This was performed by either first activating the carboxylic acid with 
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thionyl chloride or by acid catalyzed esterification. Best results were achieved by acid 

catalysis at high polymer and dye concentrations. The polymer bound hydroxyl 

groups could be entirely converted to dye labeled ester moieties. The covalent 

binding of the dye to the polymer was evidenced unambiguously by 1D-TOCSY and 

DOSY NMR spectroscopy and by comparison to perylene diimide labeled 

1-octadecanol as a reference compound. The rylene diimide labeled polyolefins were 

used for single molecule fluorescence imaging at high temperatures (vide infra). 

Apart from dye labeling of polyolefins the carboxylic acid functionalized terrylene 

diimide 20 was used by Dill et al. for the preparation of a photocleavable PDI-TDI 

dyad. 

Besides hydroxyl- also alkyne-functionalized polyolefins were prepared by living 

copolymerization of a norbornene monomer bearing an acetylene group with 

ethylene catalyzed by complex 1/MAO. Block copolymers of a polyethylene and an 

ethylene/norbornene copolymer block were prepared with up to about six acetylene 

moieties per polymer chain. PEG-azides and a previously prepared azide 

functionalized terrylene diimide dye 22 were linked to the block copolymers by 

copper catalyzed azide alkyne cycloaddition reaction to from dye-labeled amphiphilic 

polymers. 

Further, the scope of living olefin insertion polymerization with the ortho-fluorinated 

enolatoimine titanium complex 1 was expanded to the polymerization of 

perdeuterated ethylene. The living polymerization characteristics were perfectly 

retained and also living copolymerization of protonated ethylene and ethylene-d4 

was possible. Strictly linear, narrow distributed deuterated polyethylenes were 

accessible for the first time. The melting points of the perdeuterated polyethylenes 

were 4-7 °C lower than of normal H-polyethylene. An ultra-high molecular weight 

ethylene/ethylene-d4 diblock copolymer with a deuterium content of 29 mol-% was 

prepared by sequential polymerization of ethylene and ethylene-d4. Single crystals 

grown from dilute xylene solution of this block copolymer were studied by Reiter and 

coworkers. 

In addition to living insertion polymerization, ring-opening metathesis 

polymerization (ROMP) was evaluated as an alternative route to dye labeled 

polymers. During initiation of ROMP the benzylidene ligand of commonly employed 

ruthenium carbene complexes is transferred to the growing polymer chain as an end-

group. From a synthetic point of view, particularly Hoveyda-Grubbs type complexes 
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are well suited to introduce modifications on the benzylidene moiety. In order to 

prepared chain-end dye-labeled polymers two perylene diimide labeled (27, 30) and 

one terrylene diimide labeled (33) ruthenium carbene complexes were prepared. 

Moreover, a binuclear perylene diimide labeled ruthenium carbene complex 36 was 

synthesized (Figure 7-5).  

 

 

Figure 7-5. Dye-labeled ruthenium carbene complexes. 

 

Interestingly, the fluorescence of the dyes was quenched upon binding to the 

ruthenium center and restored on release. Most likely a Förster energy transfer 

mechanism from the dye to the ruthenium complex is responsible for the behavior. 

This feature was utilized for the investigation of initiation kinetics by fluorescence 

spectroscopy. Due to the very high sensitivity of this method, kinetic studies at very 

low catalyst concentrations were possible. 

The binuclear perylene diimide labeled Hoveyda-Grubbs type complex 36 was 

employed for the ROMP of cyclooctene, in order to synthesize mid-chain dye labeled 

polymers. Due to the low initiation rate of Hoveyda-Grubbs type metathesis catalysts 

and the high chain propagation rate of cyclooctene polymerization, excess PPh3 or 

cyclohexene were added to achieve a more controlled ROMP. The incorporation of the 

perylene diimide into the center of the polymer chain was evidenced by cleaving the 

dye from the polymer chains with hydrazine and a combination of refractive index 

and absorption detection GPC (Figure 7-6). The polycyclooctene could be 
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hydrogenated to mid-chain labeled polyethylene in a one-pot reaction by employing 

residual ruthenium complex as hydrogenation catalyst. However, due to the slow 

initiation rate, the molecular weight distribution was somewhat broad (Mw/Mn 2.44, 

Mn 43500 g mol-1). This might be an issue for the investigation of diffusion of these 

mid-chain labeled polyethylenes by single molecule fluorescence microscopy, 

especially when the results should be compared to well-defined chain-end labeled 

polyethylene. Applications that do not require perfectly defined polymers are 

possible, such as the investigation of polymer chain orientation in polymer films. 

 

 

Figure 7-6. Synthesis of mid-chain labeled polyethylene by ROMP and GPC molecular 

weight distribution of the unsaturated polymer before and after cleavage of the 

perylene diimide dye by reaction with hydrazine. 

 

In order to realize living polymerization conditions with the dye labeled Hoveyda-

Grubbs type complexes despite the slow initiation, a very slowly polymerizing 

monomer was selected. The ROMP of endo-N-cyclohexylnorbornene imide (endo-

CyNBI) with Hoveyda-Grubbs 2nd generation catalyst afforded narrow dispersed 

polymer (Mn 7200 g mol-1, Mw/Mn 1.14). For the preparation of heterotelechelic dye 

labeled polymers by ROMP, enolether functionalized perylene (42) and terrylene 

(44) diimides were synthesized as quenchers for the polymerization. A 

heterotelechelic perylene diimide/terrylene diimide labeled poly(norbornene imide) 

was synthesized by initiating the polymerization of endo-CyNBI with the perylene 

diimide labeled ruthenium carbene complex 27 followed by addition of the enolether 

functionalized terrylene diimide 44. A terrylene diimide functionalization degree of 

60 % was determined by NMR and UV-Vis absorption spectroscopy. The covalent 

binding of both dyes to the polymer was evidenced by GPC with combined refractive 

index and absorption detection. A Förster resonance energy transfer from the 
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perylene diimide to the terrylene diimide was indicated by fluorescence spectroscopy 

(Figure 7-7). 

 

 

Figure 7-7. Fluorescence spectra of the heterotelechelic perylene diimide/terrylene 

diimide labeled poly(endo-CyNBI) and an equimolar mixture of perylene diimide and 

terrylene diimide (left) and GPC molecular weight distributions of the polymer by 

refractive index and absorption detection (right). 

 

The results above demonstrate that Hoveyda-Grubbs type ruthenium complexes are 

well suited for the preparation of dye labeled metathesis initiators, due to their good 

synthetic accessibility and stability. This high stability also is their major drawback, 

as initiation in the ROMP of cyclooctene is not fast enough to achieve living 

polymerization characteristics. However, less reactive monomers such as endo-

norbornene imides can be polymerized in a well-controlled fashion. 

 

 

Figure 7-8. Sample holder for high temperature single-molecule fluorescence 

microscopy under inert gas atmosphere and photobleaching of perylene diimide 

molecules in a polyolefin film at 130 °C under air and nitrogen atmosphere. 
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The fluorescent dye labeled polymers can be utilized for single-molecule fluorescence 

microscopy, which has emerged to a powerful tool for the investigation of polymeric 

samples. However, the limited temperature range still hampered the investigation of 

relevant processes in widely used synthetic polymers. A second hurdle is the 

photostability of the employed dyes at high temperatures. In order to overcome these 

limitations a previously developed heating stage based on the resistive heating of ITO 

coated glass slides was further improved. A new sample holder made of Torlon, which 

exhibits a very low degree of thermal expansion, was developed to enable 

measurements under inert gas atmosphere. In this way the photostability of perylene 

diimide dyes at high temperatures could be improved (Figure 7-8). A good focus 

stability at high temperatures was achieved for short measurement durations of a few 

minutes, but on longer timescales repeated refocusing was required. 

To demonstrate the potential of high temperature single-molecule fluorescence 

microscopy for the investigation of heterogeneous polymer samples, diffusion 

processes in cylinder forming styrene-butadiene-styrene (SBS) triblock copolymers 

were investigated as an example. Two SBS samples with polystyrene contents of 

30 wt.% and 72 wt.%, respectively, were studied. Diffusion of single perylene diimide 

dye molecules in microphase separated films was investigated, with the cylinders 

made up by the minor component being aligned in parallel to the substrate surface. 

In the SBS film with the low polystyrene content the dye molecules diffused freely in 

the continuous polybutadiene phase, but occasionally they were trapped in between 

polystyrene cylinders and quickly moved along their course. This finding was further 

corroborated by trajectory angle analysis. 

 

 

Figure 7-9. Representative trajectories of single perylene diimide molecules in a SBS 

(72 wt.% PS) film at 60 °C (left) and 110 °C (right) and corresponding trajectory angle 

distributions. Scale bar: 2 µm. 

 

Motion in the SBS film with a high polystyrene content was confined to the 

discontinuous polybutadiene cylinder phase, as long as the temperature was below 
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the glass transition temperature of polystyrene. The single-molecule trajectories 

reflected the shape of the polybutadiene cylinders. This confined motion in channels 

was also evident from the trajectory angle distributions. When the temperature was 

increased above 100 °C the dye molecules were able to pass through the polystyrene 

matrix but still moved quickly within the polybutadiene channels. Thus, a switching 

of the dye diffusion behavior by the temperature was possible (Figure 7-9). 

Apart from free dye diffusion also the translational motion of a perylene diimide 

labeled ethylene/1-butene copolymer in a SBS film with a high polystyrene content 

was studied. The diffusion behavior strongly differed from free dye molecules. There 

was no motion prior heating above the glass transition temperature of polystyrene, 

but during cooling the mobility of the polymer chains was retained. The trajectories 

of the dye labeled polymer chains appear like ‘random’ motion along the shape of the 

polybutadiene cylinders, whereas motion of free dye molecules in the same sample 

was confined to channel structures (Figure 7-10). 

 

 

Figure 7-10. Trajectory of a perylene diimide labeled ethylene/1-butene copolymer 

molecule in a SBS (72 wt.% PS) film at 60 °C (left) and trajectories of dye labeled 

copolymer (yellow) and free dye (green) in a SBS (72 wt.% PS) film at 60 °C with 

corresponding trajectory angle distributions (right). Scale bar: 2 µm. 

 

As a second example for the utility of dye labeled polyolefins in high temperature 

single-molecule fluorescence microscopy experiments, a polyolefin blend consisting 

of a random ethylene/propylene copolymer and 10 wt.% linear polyethylene was 

investigated. By employing perylene diimide labeled polyethylene the polymer blend 

phase separation could be imaged by conventional fluorescence microscopy. Also by 

single-molecule fluorescence microscopy a phase separated morphology was 

observed. Translational motion of the dye labeled polyethylene was observed at 
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temperatures of 130 °C and above. However, the phase separation process itself was 

too slow to be investigated by single-molecule fluorescence microscopy at high 

temperatures due to focus instabilities on long timescales. An implementation of 

rapid autofocus procedures in the setup developed might resolve this limitation. 
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