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ABSTRACT / ZUSAMMENFASSUNG 

Die Entdeckung und Entwicklung neuer Materialen hat die Geschichte der Menschheit seit 

jeher entscheidend geprägt. Das Streben nach immer neuen Innovationen führt zu stetig 

steigenden Anforderungen an die Materialeigenschaften. Nach dem Vorbild der Natur lassen sich 

durch die Organisation kleinster Bausteine in geordnete Strukturen völlig neue, funktionelle 

Materialien erzeugen. Die Möglichkeit des kontrollierten Aufbaus von Überstrukturen aus 

Nanopartikeln macht Letztere zu hervorragend geeigneten Kandidaten für dieses Forschungsfeld. 

Speziell die Verwendung von anisotropen Partikeln ermöglicht die Erzeugung einer Vielzahl 

komplexer Strukturen. Während für anorganische Partikel zahlreiche Herstellungsverfahren 

existieren um die unterschiedlichsten Formen zu erzeugen, ist nur wenig über die Synthese von 

anisotropen Partikeln aus Polymeren bekannt. Dies gilt insbesondere für konjugierte Polymere, 

welche aufgrund ihrer außergewöhnlichen Eigenschaften jedoch von besonderem Nutzen sind. Die 

Kombination aus exzellenten optischen und elektrischen Eigenschaften und den Vorteilen 

synthetischer Polymere, wie einfache Verarbeitbarkeit und geringe Kosten, ist der Grund für das 

stetig wachsende Interesse an dieser Polymerklasse. 

Im Rahmen dieser Arbeit wurde ein Syntheseweg zur gezielten Herstellung anisotroper, 

konjugierter Polymernanopartikel mittels Heterophasenpolymerisation entwickelt. Die Form eines 

Partikels wird dabei unmittelbar von dessen innerer Struktur bestimmt. Um einen genaueren 

Einblick über die Konformation individueller Polymerketten innerhalb eines anisotropen 

Nanopartikels zu erlangen, wurde Elektronenspinresonanz, genauer Doppel-Elektron-Elektron-

Resonanz, in Kombination mit ortsspezifischer Spinmarkierung angewandt. Im Hinblick auf die 

Herstellung neuer Materialien aus den synthetisierten konjugierten Polymernanopartikel wurde 

deren Assemblierungsverhalten untersucht. Speziell geordnete Strukturen, welche sich den 

anisotropen Charakter der Partikel zu Nutze machen, sind hierbei von besonderer Bedeutung. 

Die starren, unflexiblen Konformationen von konjugierten Polymeren erscheinen 

ausgezeichnet dafür geeignet, um die Partikelform zu beeinflussen. Polyfluoren ist bekannt für die 

Ausbildung verschiedener hochgeordneter Strukturen und wurde deshalb als Modellverbindung 

gewählt. Durch Optimierung der Suzuki-Miyaura Kupplungspolymerisation in Heterophase, mit 

der Zielsetzung der Synthese anisotroper Nanopartikel, konnten tatsächlich ellipsoide 

Polyfluorenpartikel mit hohem Aspektverhältnis und ausgesprochen hoher Formhomogenität 

hergestellt werden (Abbildung 1). Die Partikel weisen eine intensive, blaue Fluoreszenz auf, welche 

durch Einbau elektronenziehender Farbstoffe in das Rückgrat des Polymers zum längerwelligen, 
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roten Bereich des Spektrums verschoben werden konnte. Zudem erhöht sich die Quantenausbeute 

der Partikel dabei signifikant. Während bei geringen Farbstoffeinbaumengen die anisotrope Form 

sowie die Homogenität der Partikel erhalten bleibt, wurde für höhere Mengen, und 

dementsprechend größere Auswirkungen auf die interne Partikelstruktur, lediglich eine 

heterogene Verteilung von Partikelmorphologien und –größen erhalten. Demzufolge besteht 

offenkundig ein Zusammenhang zwischen der Partikelform und der Ordnung der Polymerketten 

innerhalb des Partikels. 

Um ein tieferes Verständnis für den Ursprung der anisotropen Partikelform zu erlangen, wurde 

die Struktur der Polymere innerhalb der Partikel genauer analysiert. Mittels Röntgenbeugung sowie 

Absorptions- und Emissionsspektroskopie wurde gezeigt, dass die konjugierten Polymerpartikel im 

Wesentlichen teilkristallin sind und zusätzlich amorphe Bereiche aufweisen. Des Weiteren wurde 

die Bildung der Partikel während der Heterophasenpolymerisation untersucht und ein möglicher 

Mechanismus ausgearbeitet. Unter Berücksichtigung der erlangten Erkenntnisse wird davon 

ausgegangen, dass sich die entstehenden Polymerketten im Verlauf der Partikelbildung anordnen, 

wodurch die anisotrope Partikelform begünstigt wird. 

 

Abbildung 1 Übersicht über die Herstellung anisotroper Polyfluorennanopartikel. Oben: Schematische 
Darstellung der Herstellung ellipsoider konjugierter Polymernanopartikel durch 
Heterophasenpolymerisation (links), resultierend in einer Reihe von Dispersionen mit unterschiedlichen 
Emissionsmaxima (Mitte), untersucht mittels TEM (rechts). Unten: Generelles Reaktionsschema der Suzuki-
Miyaura Kupplungspolymerisation, mit optionaler Comonomerzugabe. 

Mit dem Ziel eine noch genauere Aussage zu treffen, inwiefern die Konformation der im 

Partikel befindlichen Polymerketten die Partikelform beeinflusst, wurde eine Kombination aus 

maßgeschneiderter synthetischer Chemie sowie der Doppel-Elektron-Elektron-Resonanz Methode 

genutzt. Dazu sollten zunächst spinmarkierte Oligomerketten hergestellt werden, die daraufhin 

während der Heterophasenpolymerisation in die Partikel eingebaut werden sollten. In einem ersten 

Schritt wurden dazu mittels kontrollierter Suzuki-Miyaura Kupplungspolymerisation 
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Spinmarkierungen erfolgreich am Ende der Oligomerketten eingeführt. Durch anschließende 

Auftrennung durch semi-präparative Gelpermeationschromatographie konnten aus dem 

anfänglichen Oligomergemisch, einzelne doppelt spinmarkierte Oligomerketten nahezu 

vollständig isoliert werden. In einem alternativen Ansatz wurde zudem die stufenweise Synthese 

von kurzkettigen, ebenfalls doppelt spinmarkierten Oligomeren etabliert. Durch Kombination 

beider Methoden konnten somit Oligomere mit definierten Kettenlängen zwischen eins und neun 

erhalten werden. Die Doppel-Elektron-Elektron-Resonanz der erhaltenen spinmarkierten 

Oligomerketten wurde zunächst in Lösung gemessen, wobei die für starre konjugierte Oligomere 

zu erwartenden Abstände zwischen den beiden eingeführten Spins gefunden wurden. Es konnte 

gezeigt werden, dass sowohl reine Oligomere als auch Mischungen aus Oligomeren mit 

unterschiedlichen Kettenlängen mit dem Modell der wurmartigen Kette beschrieben werden 

können. Obwohl sich die Messungen innerhalb des Partikels als deutlich schwieriger 

herausstellten, konnte der Einbau spinmarkierter Dimere in die Partikel gezeigt werden. 

Elektronenspinresonanzmessungen ergaben denselben End-zu-End-Abstand wie im Fall der im 

Lösungsmittel gelösten Ketten. Weitere Experimente mit längerkettigen Vertretern könnten 

wichtige Erkenntnisse über die vorliegende Konformation liefern und zu einem umfassenden 

Verständnis der Partikelstruktur führen, welches den Einfluss der Kettenkonformation auf die 

Partikelform verdeutlicht. 

Während die innere Partikelordnung die Form und die Eigenschaften eines einzelnen Partikels 

bestimmt, beeinflusst die Ordnung von mehreren Partikeln zueinander maßgeblich die 

Eigenschaften eines aus diesen Bausteinen aufgebauten Materials. Aus diesem Grund wurden die 

Wechselwirkungen und das Assemblierungsverhalten der hergestellten anisotropen 

Polymerpartikel untersucht. Dabei bietet sich die Selbstassemblierung, bei der sich komplexe 

Strukturen spontan aus Nanopartikeln organisieren können, als vielversprechende Methode an. 

Bereits einfachste Ablagerungsexperimente konnten zeigen, dass auch die anisotropen 

Polyfluorennanopartikel sich nicht komplett zufällig verteilen, sondern vielmehr teilweise 

geordnete Strukturen bilden. Durch vertikale Deposition war es zudem möglich, hochgeordnete 

Bereiche zu erzeugen, in denen die Partikel alle nahezu dieselbe Orientierung aufwiesen. Die 

gerichteten Strukturen beschränkten sich jedoch auf kleine Teilbereiche und es gelang nicht diese 

über den gesamten Film auszudehnen. 
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Abbildung 2 Oberfläche eines mittels vertikaler Deposition erzeugten Partikelfilms, aufgenommen mit 
dem Rasterelektronenmikroskop. 

Zur Erzeugung vollständig geordneter Strukturen über das gesamte Substrat wurden deshalb 

auch Methoden in Betracht gezogen, die durch externe Kräfte die Partikel ausrichten. Demzufolge 

wurden die Partikel zunächst unter Anwendung elektrischer Felder orientiert und daraufhin 

abgelagert. Durch Polarisationsmikroskopie konnte gezeigt werden, dass mit dieser Methode in der 

Tat Partikelfilme hergestellt werden konnten, welche über eine langreichweitige Ordnung über das 

gesamte Substrat verfügen. Die Analyse der Filme unter dem Elektronenmikroskop ergab jedoch, 

dass keine ausgeprägte Nahordnung der Partikel vorliegt. Das angewendete elektrische Feld ist 

demnach nicht stark genug um die Umorientierung der Partikel aufgrund von aufkommenden 

Konvektionsströmen zu verhindern. Um die Rotationsdiffusion der anisotropen Partikel 

vollständig zu unterbinden wurde deshalb mit der Verwendung von strukturierten Substraten eine 

weitere Methode untersucht. Mittels Lithographie wurden dazu Linienstrukturen auf einem 

Siliziumwafer erzeugt. Die Breite der Linien lag dabei im Nanometerbereich und hatte die 

Dimension der kurzen Achse der ellipsoiden Polymerpartikel. In einem ersten Ansatz, bei dem die 

Linien hydrophil und die restlichen Bereiche hydrophob modifiziert wurden, zeigte sich jedoch, 

dass die verschiedenen Wechselwirkungskräfte nicht ausreichen um die Ablagerung der Partikel 

auf die erwünschten Bereiche zu beschränken. Eine vielversprechende Verbesserungsmöglichkeit 

wäre die Verstärkung der Wechselwirkungskräfte. In zukünftigen Untersuchungen könnte dies 

beispielweise durch die Verwendung von an der Oberfläche positiv geladenen Partikeln oder 

Substraten mit abwechselnd positiv und negativ geladenen Linienstrukturen erreicht werden.  

Zusammenfassend wurde eine verlässliche, robuste Methode für die direkte Synthese anisotroper, 

konjugierter Polymernanopartikel durch Heterophasenpolymerisation entwickelt. Die Emissions- 

und Farbeigenschaften der erhaltenen Dispersionen lassen sich dabei ohne Verlust der ellipsoiden 

Partikelform einstellen. Durch Einbau von spinmarkierten, konjugierten Oligomeren in die Partikel 

sollte deren interne Struktur mittels Elektronenspinresonanzmessungen untersucht werden. 

Während in dieser Arbeit bisher nur das Dimer in die anisotropen Partikel eingebaut wurde, wobei 
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sich der gemessene End-zu-End-Abstand nicht von dem in Lösung unterscheidet, sollte in 

zukünftigen Experimenten der Einbau längerkettiger Oligomere Rückschlüsse auf die 

Konformation im Partikel zulassen. Des Weiteren wurden erste Studien zur 

Assemblierungsverhalten der Partikel durchgeführt. Mittels Selbstassemblierung konnten zwar 

räumlich begrenzte, aber dennoch hochgeordnete Strukturen erzeugt werden. Durch externe 

Kräfte wurde versucht die Partikelordnung über das gesamte Substrat auszuweiten, wobei die 

Anordnung im elektrischen Feld sowie die Verwendung von vorstrukturierten Substraten die 

aussichtsvollsten Ergebnisse lieferten. 
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1 GENERA L IN TRODUCTION  

GENERAL INTRODUCTION 1 
New materials have been among the greatest achievements in the history of mankind. From 

the Stone Age to the Electronics Age, the development of materials has helped to expand the limits 

of human endeavor and progress. In the 21st century, ever new demands are pushing the frontiers 

of material properties even further to more extreme levels.1 One of the most intriguing findings of 

the last two decades was, that functional material properties not only arise from their chemical 

composition, but are also affected by their internal structure.2-3 Nature offers countless examples of 

materials whose excellent performance is based on ordered arrangements of different submicron 

phases.4-5 Comparable synthetically produced materials do not yet exist.6 For these reasons, the 

organization of small building blocks to complex superstructures is potentially one step along the 

path to advanced materials with unprecedented properties.7 

Appropriate fundamental units which provide the opportunity of controlled formation of 

superstructures are therefore of essential importance. Nanoparticles as small, organizable building 

blocks are excellently suited for this task. The character of the particles as well as the assembly 

process ultimately determines the internal structure and thus the properties of the final material.3 

In comparison to their well-studied spherical isotropic counterparts, particles with an anisotropic 

shape or surface chemistry will result in an enormously rich variety of mutual directional 

interactions and superstructures.8 The implications go beyond the formation of complex structures 

because both the individual particles as well as their assemblies can feature highly directional 

properties. Over the past two decades considerable interest has been focused on anisotropic 

particle synthesis, leading to a variety of building blocks of different shapes, compositions, patterns 

and functionalities.8 Different from inorganic nanocrystals, the accessibility of anisotropic polymer 
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nanoparticles remains largely unexplored. This applies in particular to conjugated polymer 

nanoparticles (CPNs) as an important class of materials. 

Since the broader awareness of the electrical conductivity of conjugated polymers, a huge 

scientific and industrial interest has developed.9-10 Over the last few decades this material class has 

complemented inorganic-based optoelectronic devices, not by exceeding the performance level of 

silicon-based technologies but by providing access to certain optoelectronic devices at far reduced 

costs and by enabling the fabrication of new challenging device functionalities, not attainable by 

conventional inorganic materials.11-12 Thus, it is not surprising that already in the 90s high-

efficiency, bright and colorful thin displays based on organic light-emitting devices (OLEDs) found 

their way in commercial production.13-14 Further research led to numerous applications ranging 

from light emitting devices, like OLEDs, organic solar cells or field effect transistors up to emerging 

molecular imaging methods.15-16 

Compared to the intense studies on the preparation of conjugated polymers and their 

properties in bulk or in thin films, nanoparticles of conjugated polymers have been relatively little 

addressed.9 In general, CPNs are accessible either by postpolymerization dispersion of previously 

prepared polymers or directly by polymerization in disperse heterophase systems. Whereas the 

synthesis of spherical CPNs is established,17-21 concepts to introduce and control shape anisotropy 

are missing, in particular on the nanometer scale. However, the usage of anisotropic CPNs as 

building blocks would combine the exceptional material properties of conjugated polymers with 

the immense potential of assembled superstructures formed by non-spherical particles. 

1.1 Anisotropic Nanoparticles of Conjugated Polymers  

1.1.1 Conjugated Polymer Nanoparticles 

Polymers have been traditionally used as insulators, commonly utilized for surrounding copper 

wires and manufacturing the outer structures of electrical appliances.22 However, in the late 1970s 

Alan J. Heeger, Alan MacDiarmid and Hideki Shirakawa discovered that the electrical conductivity 

of the conjugated polymer polyacetylene increases substantially upon doping (i.e. oxidation or 

reduction), reaching values comparable to the conductivity of copper.23 This sensational finding 

earned them the 2000 Nobel Prize in Chemistry and led to a huge scientific and industrial interest 

in conjugated conducting polymers.10, 24 Conjugated polymers are organic semiconductors, 

consisting of an alternating backbone of double and single bonds with delocalized π orbitals along 

the polymer chain (Chart 1.1).13 The combination of the excellent electrical and optical properties of 

semiconductors with the characteristics of synthetic polymers like the simple processability, the 
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low-cost production and the mechanical flexibility is the reason for a constantly increased interest 

in this polymer class. Applications ranging from light emitting diodes13, 25 over photovoltaics26 to 

chemical sensors27 are already established. Furthermore, the properties of conjugated polymers are 

well adjustable by variation of the applied monomer, either by replacing side groups with various 

functionalities or alteration of the monomer structure, resulting in entirely modified polymers. A 

further method for changing the polymer properties is the incorporation of comonomers, offering 

a large variety of possible combinations, consequently leading to numerous different conjugated 

polymers with diverse properties.  

Chart 1.1 Selected examples of conjugated homopolymers. R stands for alkyl or alkoxy moieties. 

 

A variety of methods have been developed to synthesize different conjugated polymers. Among 

them, a large part are oxidative coupling reactions. In the case of polyarylenes, the development of 

C-C cross-coupling reactions like the Suzuki-Miyaura coupling polymerization (SMCP) has greatly 

facilitated their synthesis.28 In general, the SMCP proceeds as a step growth type polycondensation, 

following either an AA/BB or an AB approach shown in Scheme 1.1. It is not without reason that 

more than 90% of all SMCPs are performed according to an AA/BB approach. Besides the much 

easier synthesis of symmetrical compounds, the use of two different monomers leads to an 

alternating polymer backbone. Just by variation of one monomer entire families of similar 

polyarylenes can be obtained, easily allowing for targeted alteration of the resulting polymer 

properties.  

Scheme 1.1 Schematic illustration of the AA/BB and AB type polycondensation. 

 

However, the less used AB approach offers the possibility of chain directionality, due to the 

repetitive head-to-tail incorporation. An additional advantage of the use of AB monomers is their 
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intrinsically correct stoichiometry, which is, according to the Carothers equation, required to 

achieve high molecular masses.29 Furthermore, for the use of AB monomers it is conceivable that 

the polymerization mechanism switches from step to chain growth, allowing for more control over 

the reaction.30 

Independent of the polymerization mechanism, the processability of the resulting conjugated 

polymers has to be taken into account at an early stage of the synthesis. Due to the rigid-rod 

character of conjugated polymers, allowing for strong π-π interaction, they are known for their low 

solubility in organic solvents. Therefore, early on, not only solutions of conjugated polymers but 

also CPN dispersions were studied.31-32 Besides the facilitated processability to electronic devices, 

CPNs themselves offer numerous desirable properties. Their easy synthesis, lower toxicity 

compared to inorganic nanoparticles, tunable properties and biocompatibility make them highly 

attractive for biological applications. 

 

Figure 1.1 Graphical representation of the number of publications cited in SciFinder® database on the 
issue of “polymer nanoparticles” during the period of 1990 to 2017. 

Nanoparticles are usually defined as solid, colloidal particles with sizes below 1000 nm.33 The 

properties of many conventional materials alter strongly when formed from nanoparticles, allowing 

for novel applications.34 Depending on the polymer properties, polymer nanoparticles affect large 

parts of current research, as indicated by the increasing number of publications on the issue of 

“polymer nanoparticles” since 1990 (Figure 1.1).35 In terms of CPNs most efforts have been directed 

to the field of nanomedicine.36 Due to their unique emission properties, they find application as 

drug delivery systems and bioimaging compounds.37-38 Additionally, the easy processability of 

particulate polymer dispersions makes them attractive for the preparation of conductive polymer 

films.39 In order to meet the requirements of specific applications the properties of polymer 

nanoparticles have to be optimized, accordingly. Therefore, it must be considered that the particle 
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properties, amongst other parameters, strongly depend on the particle formation. 

Basically, there are two possibilities to prepare CPNs, either from preformed polymers by 

postpolymerization dispersion17-18 or by direct polymerization in disperse heterophase systems.19-21 

Postpolymerization methods rely mostly on emulsion and reprecipitation techniques. In the former 

method, a solution of a polymer dissolved in a water immiscible organic solvent is injected into an 

aqueous solution of an appropriate surfactant. Upon application of high shear forces, for example 

by ultrasonication, the organic phase disperses into the water phase and forms a stable emulsion. 

The organic solvent is then evaporated to obtain a dispersion of CPNs in water, stabilized by the 

surfactant.17 By contrast, in the reprecipitation technique, the polymer is dissolved in a water 

miscible solvent and then the resulting solution is injected to an aqueous surfactant solution. The 

formation of nanoparticles is based on the fast aggregation of the polymer due to the significant 

change of solvent quality.40 Thus, the difference of both techniques lies primarily in the choice of 

the organic solvent.41-42 Both postpolymerization approaches allow for the use of commercially 

available polymers, do not require expertise in polymer synthesis and preformed polymers can be 

purified extensively after polymerization. A drawback of the postpolymerization approach, though, 

is the restriction to polymers soluble in organic solvents.  

Heterophase polymerization, on the other hand, enables a broader scope of nanoparticles in 

terms of size control and particle structure,9 since the polymer nanoparticles are directly formed 

during the polymerization in a dispersing medium, most commonly water, which acts as a 

nonsolvent for the polymer. Depending on the miscibility of the monomer with the dispersing 

medium two approaches can be distinguished, dispersion polymerization and emulsion 

polymerization (Figure 1.2). In dispersion polymerization the reaction mixture is initially 

homogeneous, as all of the reagents, including the monomer are soluble in the surrounding 

medium. During growth the polymer chains become insoluble and collapse. Thus, by nucleation of 

the polymer, stabilized particles form.43-44  

Emulsion polymerization refers to a polymerization in a reaction medium, commonly water, in 

which the monomer possesses a limited solubility and forms, by use of shear forces, a separate 

droplet phase. Polymerization either starts in micelles, created by excess surfactant, or in the 

dispersing medium, in which initiator or catalyst are dissolved. For the case of initiation of 

polymerization in the dispersing medium, chain growth decreases the solubility of the polymer, 

resulting in phase separation of the polymer from the solvent and finally particle nucleation. For 

both cases, the particles are stabilized by adsorption of added surfactant or by lyophilic moieties 

covalently incorporated into the polymer. Further polymerization occurs in these particles, driven 

by monomer diffusion from the monomer droplets through the aqueous phase. 
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Figure 1.2 Comparison of dispersion (left) and emulsion (right) polymerization. For emulsion 
polymerization, initiation of polymerization is also possible in the dispersing medium with subsequent phase 
separation (not shown for reasons of clarity). Red circles represent initiator, blue circles monomer units. 
Black circles with tails represent stabilizing surfactant. Dispersion polymerization starts from an initial 
homogenous phase. After initiation of polymerization, first soluble oligomers form, which precipitate above 
a certain chain length and coagulate into particle nuclei. Particles are then stabilized by surfactant adsorption 
and grow further. In emulsion polymerization large droplets of insoluble monomer are formed. A small 
amount of monomer diffuses through the medium to micelles, created by excess surfactant, and reacts with 
the initiator. Polymerization occurs, turning the micelles into polymer particles. 

Micro- and miniemulsion polymerizations are variants of emulsion polymerization. 

Microemulsion polymerization starts from a thermodynamically stable monomer microemulsion, 

forming spontaneously without the application of shear and provides access to particularly small 

nanoparticles. In miniemulsion polymerizations the monomer droplets are formed by strong shear 

forces and are kinetically stable over the course of the particle formation. Polymerization takes 

place in the droplets and ideally, every droplet is polymerized to a nanoparticle. Thus, the 

characteristics of the final particle dispersion can be controlled by the initial miniemulsion 

properties. Despite the differences, in all emulsion-based techniques the monomers are poorly 

soluble in the dispersion medium.9, 45  

All CPN preparation techniques have in common that, with very few exceptions,46-48 almost 

exclusively CPNs of spherical shape were obtained. Methods to prepare anisotropic CPNs are rare, 

although the enormous potential of anisotropic particles as building blocks with variable 

symmetries, possibly leading to completely new and unpredictable properties, is undoubted.49 

1.1.2 Anisotropic Polymer Particles 

Beyond the chemical composition, anisotropy in particles fundamentally influence their 

properties. Anisotropic particles possess one or multiple asymmetries in their geometric, 
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interfacial, compositional or physical properties. The great potential of possible asymmetries is 

reflected by countless literature-known anisotropic particles, which can be classified in different 

types, including asymmetrically shaped particles, patchy particles, compartmentalized particles 

(the last two are also referred as Janus particles) and particles with highly irregular architectures 

(Figure 1.3).50-51 Further, a distinction has to be made between spherically shaped particles with 

anisotropic properties and actual anisotropically shaped particles. In literature and also in this 

work, the term “anisotropic particle” is often related to the shape of the particles, whereas in fact 

anisotropically shaped particle or non-spherical particle is more accurate. For polymer particles, 

numerous examples exist, in which spherically shaped particles show anisotropic features, due to 

asymmetric surfaces or diverse compartments.52-53 Preparation of polymer particles with an 

asymmetric shape, by contrast, is nontrivial and under-explored. 

 
Figure 1.3 Schematic illustration of different types of anisotropic particles. 

Due to the low crystallinity and the tendency to minimize surface energy, organic nanoparticles 

usually form particles with a spherical shape. Known procedures to generate anisotropic polymer 

particles rely mainly on post-polymerization particle shaping, like electrified jetting,54 microcontact 

printing,55 emulsion drying,56 surface templating57, lithographic methods58-59 as well as mechanical 

stretching.44 Anisotropic CPNs, for instance, were prepared by heating of dry films containing 

spherical polymer particles to above the Tg and subsequent stretching of these films, leading to 

prolate ellipsoids.44 A drawback of all post-polymerization methods is the general limitation to 

micrometer-sized structures and/or the lack of scalability. 

Methods for the generation of non-spherically shaped nanoparticles directly in dispersion are 

mainly based on the use of block copolymers, which can self-assemble into micelles with a wide 

range of morphologies, such as spheres, cubes, cylinders, helices, toroids, rods, and 
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platelets.47, 52, 60-63 The polarity differences of the immiscible blocks lead to microphase separation, 

causing the anisotropic character of these particles. However, the requirement of additional 

polymer blocks, which strongly impact the properties and assembly, limits the application area of 

these particles. 

For polymer particles that show an intrinsic non-spherical shape, in particular on the 

nanometer scale, there are only a few examples. The direct generation of anisotropic polymer 

particles in dispersion utilizes, similar to inorganic nanocrystals, the crystalline character of 

polymer particles.64-65 Linear polyethylene, for instance, can form ideal nanocrystals, due to an 

unusually high degree of order, obtained by an immediate deposition of the growing chain on the 

crystal growth front.65 In some rare cases, also the liquid crystalline order of conjugated polymers 

is used to introduce directionality into the particles.46, 48 The direct synthesis of anisotropic 

particles, without the use of attached stabilizing blocks offers several important advantages, 

including scalability and simplicity of such a single-step method, as well as the accessibility of 

monodisperse, nanometer-scaled particles. The intrinsic order is the crucial factor to overcome the 

tendency to minimize surface energy. Thus, the anisotropic shape of polymer particles formed by 

this means is directly related to their internal structure. Gaining insight into the inner particle 

structure is therefore inevitable to comprehend and control particle anisotropy. 

1.2 Insight into the Internal Particle Structure 

1.2.1 Methods to Access Inner Particle Structure 

In order to investigate polymer structure a broad field of analytic methods is available. 

Crystallographic methods allow for the determination of molecular conformations and crystal 

structures in polymers.66 Several crystallographic methods have been established, including X-ray, 

electron and neutron diffraction techniques. Even three-dimensional order, originating from chain 

packing, can be identified using diffraction methods.67 NMR-spectroscopy has developed into an 

equally significant method for the analysis of polymer conformations. With solution NMR, solid 

state NMR and NMR imaging it is possible to face various required demands. The areas of activity 

include the determination of the chemical microstructure of polymers, in order to derive 

information on polymerization mechanisms, the investigation of motions of specific polymer 

segments via measurement of the nuclear relaxation times or the nuclear Overhauser effect, and 

the elucidation of the physical structure of polymers, e.g. polymer morphology, crystallinity and 

texture.68 

Additionally, diverse other techniques have been used extensively to study the polymer 
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structure and to provide complementary information, including spectroscopic methods like IR 

spectroscopy,69 Raman spectroscopy70 and UV-Vis spectroscopy.71 Via DSC polymer crystallinity can 

be determined,72 and GPC provides insight into molecular masses, molar mass distributions and 

chain lengths.73 The spatial configuration of the constitutive atoms or atomic groups for a given, 

fixed connectivity can reliably be resolved by these established methods.74 Often, one technique is 

not sufficient, but only the combination of various methods allow for the complete determination 

of the polymer structure. However, the established methods have only limited applicability for the 

conformation analysis within polymer nanoparticles. Either the spatial resolution is insufficient for 

polymer particles or they lack on comprehensible interpretation of complex systems as they are 

limited to very specific and often direction dependent parameters. 

On the size regime of several nanometers, appropriate methods to address this difficult task 

are Förster resonance energy transfer (FRET) and double electron-electron resonance (DEER), also 

referred to as pulsed electron double resonance (PELDOR). The fluorescence microscopy technique 

FRET is based on energy transfer between a donor and acceptor chromophore, depending on their 

distance.75 The method has proven to be a highly effective instrument for monitoring 

conformational changes in biomolecules76 and also for polymers in solution.77 With a measuring 

range of 1 to 10 nm, FRET is well suited for the investigation within small particles. This was 

demonstrated by Hu et al., who applied FRET to observe the thermo-induced collapse of 

poly(N-isopropylacrylamide) micelles.78 However, due to the reliance on successful fluorescence 

energy transfer, FRET is only of limited utility for self-emitting samples like conjugated polymers. 

Additionally, the generally large chromophores can disturb particle formation and therefore 

represent a particularly drastic interference. By contrast, in DEER experiments dipolar couplings 

between relatively small electron spin probes are examined. Compared to FRET with a distance 

dependency of 1/r6, DEER has a 1/r3 distance dependency and is thus more sensitive.79 Due to use of 

paramagnetic species, the technique is not affected by fluorescent material and consequently most 

suitable for the investigation of polymer conformations within CPNs. 

1.2.2 Electron Paramagnetic Resonance Methods to Access Inner 

Particle Structure 

Electron paramagnetic resonance (EPR) spectroscopy is a technique for studying paramagnetic 

species, e.g. unpaired electrons. The basic concepts of EPR are similar to those of NMR, but rather 

than spins of atomic nuclei, electron spins are excited using micro- instead of radio pulses and the 

EPR method features a distinctly higher sensitivity, due to larger Zeemann splitting. A disadvantage 

is that only a few naturally occurring, paramagnetic species exist, which can be detected by EPR 

spectroscopy. By well-considered incorporation of spin probes, this disadvantage can, however, also 
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become an advantage. 

The EPR based technique DEER can measure distance distributions between electron spins in 

the range of 1 to 16 nm,80 although accessing distances above 7 nm is a significant challenge and for 

non-deuterated, real-life systems the upper limit is actual 8 nm.81 The most widely used technique 

to measure the interspin distances is the four-pulse DEER experiment, which is in principle a pump-

probe experiment that selects, from all contributions to the EPR spectrum, dominantly the dipolar 

coupling between the two unpaired electrons (Figure 1.4). A four-pulse DEER sequence consists of 

a refocused primary Hahn echo sequence at the observer frequency with fixed interpulse delays and 

an inversion pulse at the pump frequency, which is applied at a variable time with respect to the 

first observer echo. The refocusing pulse in the observer frequency prevents distortion due to pulse 

overlaps, and makes a dead time free measurement possible. The two frequencies are separated 

such that they excite different parts of the spectrum. Whereas the pump frequency is placed at the 

intensity maximum in the center of the spectrum, the observer frequency is shifted to a separated 

intense frequency of the spectrum. If the spins excited by the two frequencies are dipole coupled, 

the echo amplitude varies with a modulation frequency that is proportional to the cubic inverse of 

the distance between the spins. The echo intensity is then recorded against the delay of the pump 

pulse t. From the primary DEER signal the distance distribution of the spins can be obtained by 

background correction and subsequent transformation by Tikhonov regularization.81-82 

 

Figure 1.4 Pulse sequence of the four-pulse DEER experiment. Delays 1 and 2 are kept fixed, while the 
delay t between the unobserved first primary echo (dotted line) and the pump pulse is varied. The variation 
of the integral echo intensity is recorded. Adapted with permission.81 

The DEER technique has been employed to obtain structural information in 

biomacromolecules82-84 and for conformation analysis of rod-like molecules in solution.85-88 The 

conformation of oligo(para-phenylene ethynylene)s was elucidated and it was shown that the 

supposed rigid rod character of conjugated polymers is imprecise for longer chain length.85 Only 

recently the method was also applied for the probing of chain conformations in polymer 

nanoparticles. It has been demonstrated that the polymer backbone is bendable and that even long 

polymer chains adapt to the spherical shape of small nanoparticles.89 These findings demonstrate 
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that the DEER method is highly suitable for the clarification of the polymer conformation, even in 

nanoparticles. 

As outlined, DEER-experiments require two spin probes. Usually nitroxide radicals are used, 

due to their high stability and exceptional EPR sensitivity. Regarding distance measurements in 

polymer samples, there is a need for a proper method to link those spin probes to the polymer. For 

this purpose, the controlled Suzuki-Miyaura coupling polymerization (cSMCP) is well suited, as it 

allows for the incorporation of functional groups at both chain ends. First discovered by Yokozawa 

et al., in this approach the polymer formation occurs in a chain growth manner, unlike the common 

Suzuki-Miyaura condensation polymerization.30 The polymerization is initiated by three-

coordinate aryl palladium(II) halide complexes. By use of functionalized aryl halides, a large scope 

of functional groups can be introduced.90-91 The polymerization proceeds by transmetallation of an 

AB-monomer to the metal center and subsequent reductive elimination forming a carbon-carbon 

bond. The following oxidative addition of the palladium into the carbon-halide bond closes the 

catalytic cycle. Decisive for the controlled chain growth character of this polymerization is the 

preferred intramolecular oxidative addition, based on π-coordination of the metal center to the 

conjugated chain, resulting in “chain walking” over the last incorporated monomer unit to the chain 

end rather than a detachment from this growing chain.92 The terminal end can be modified by 

addition of a functionalized boronic acid (ester) compound resulting in a hetero-difunctionalized 

polymer (Scheme 1.2).93 

Scheme 1.2 Controlled Suzuki-Miyaura coupling polymerization of AB-type monomers.  

 

Polymers obtainable by cSMCP show very narrow molar mass distributions, indicating the 

highly controlled character of the reaction.94 Furthermore, by appropriate choice of the monomer 

to initiator ratio, the method allows for precise adjustment of the average molar mass. This is of 

particular importance since DEER measurements are feasible only on a limited distance range. 
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With regard to the initiator, isolated defined metal complexes or in situ generated catalysts can be 

employed. The utilization of well-defined isolated complexes was reported first.30, 95 They can be 

purified after synthesis and a variety of functional groups is accessible.90 The use of in situ generated 

initiators, though, spares the often difficult isolation and purification process, allowing for the 

introduction of an even larger number of functionalities and results in very narrow molar mass 

distributions also.96 

1.3 Assembly of Anisotropic Nanoparticles  

1.3.1 Background 

The natural world offers numerous intriguing examples of materials whose excellent 

performance is based on ordered arrangements.4-5 The directional mechanical properties of nacre, 

for instance, arise from packing of anisotropic particles, more precise from layered aragonite 

(CaCO3) platelets.97-98 As a result of the highly ordered hierarchical structure, nacre exhibits a 

toughness, which by far exceeds what could be expected from the individual properties of its 

components.99 Another intriguing example is bone, which is a composite of organic collagen fibrils 

and inorganic hydroxyapatite platelets with the platelets aligned in parallel ensembles along the 

collagen axis. While the inner trabecular bone has a soft and light porous structure with multiple 

platelet ensemble orientations, the weight-bearing outer part is stiff, tough and dense with parallel 

platelet ensemble orientation.100 This shows that nature has already solved the challenge of 

exploiting the directionality of properties to furnish one and the same material with seemingly 

contradictory material properties.101 The recognition that anisotropic shape and interactions are 

powerful tools for engineering the assembly of particular targeted structures has brought further 

impetus to the field of particle assembly.8 In spite of intense activities in this area, similar elaborate 

design principles as used by nature cannot be applied for synthetically prepared anisotropic 

particles so far, because of a lack of fundamental and universal understanding of particle assembly.6 

Unlike spherical particles, which lack directional interactions and usually self-assemble into 

close-packed symmetries, the configuration space of possible arrangements for particles with an 

anisotropic shape is tremendously larger.102 Here, colloidal assembly is governed by the same 

thermodynamics that produces ordered equilibrium structures in molecular systems. Therefore, 

anisotropic particles ought to assemble into analogous morphologies as diverse as those of 

molecules.8 The simplest non-spherical shape, an uniaxial ellipsoid, has been extensively studied 

regarding its assembly behavior. As early as 1984, by means of Monte Carlo simulations, Frenkel et 

al. provided a tentative picture of the phase diagram of hard uniaxial ellipsoids of revolution, the 

well-known Frenkel-Mulder phase diagram (FMD),103 which was only recently revisited and further 
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developed by Odriozola using the replica exchange Monte Carlo method (Figure 1.5).104 

 

Figure 1.5 Phase diagram of uniaxial ellipsoids. The density φ is plotted against the aspect ratio, which 
is described by the ratio of the principal axes of the ellipsoid to each other, where 𝛔∥ refers to the axis parallel 
and 𝛔⊥  to the axis perpendicular to the rotation axis, respectively. The black solid line is the maximum 
achievable density. Cyan dashed lines and blue dashed lines are guides to the eye which join the fluid-solid 
and isotropic-nematic transitions, respectively. The cyan solid lines indicate fcc-SM2 transitions. Solid circles 
correspond to fluid-solid transitions, whereas open circles to isotropic-nematic transitions. Black plus 
symbols (isotropic-nematic) and asterisks (nematic-solid) are taken from the original FMD.105 The inserted 
snapshots are placed according to the phase diagram region. Particles are colored according to their 
orientations by setting red, blue, and green to given orthogonal directions, and using a linear combination 
for intermediate cases. For SM2 structures colors correspond to a binary population of orientations. The top 
left and top right panels, respectively, show different views of the same snapshot. Adapted with permission.104 
Copyright 2012, AIP Publishing. 

It basically consists of four phases, appearing at different regions of the density to aspect ratio 

plane: 1. solid (prolate/oblate fcc, face centered cubic or SM2, simple monoclinic with two 

orientations ), 2. plastic solid (constituted of orientationally disordered particles), 3. nematic fluid, 

4. isotropic fluid. Naturally, fluid and solid phases locate at low and high densities, respectively, 

and long range orientational correlations are favored for pronounced asymmetry, described by the 

ratio of σ∥ to σ⊥, where σ∥ refers to the axis parallel and σ⊥ to the axis perpendicular to the rotation 

axis. For increasing density and sufficiently asymmetric particles, the orientational order develops 

before the positional order. By contrast, for semi-spherical particles, the positional order appears 

at lower densities than the orientational order. Since this behavior is observed for both, oblates and 
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prolates, the phase diagram is highly symmetric around the spherical case.104 

For certain aspect ratios, when each ellipsoid has 14 touching neighbors, a remarkable 

maximum density of φ ≈ 0.7707 is reached, which even surpasses the densest packing of equal 

spheres (φ ≈ 0.7405).106 Notably, the crystal structure strongly depends on the aspect ratio, 

changing from fcc-like crystals for sphere-like shapes to SM2 crystals for highly anisotropic 

particles.107 The SM2 structure consists of a layered pattern, constituted by columns of aligned 

particles, with an angle different to zero between the principal axes of these particles clearly visible 

by the, for different angles differently colored, ellipsoids in the top left and top right panels of 

Figure 1.5. 

With regard to the particle order in thin films, the study of two-dimensional systems is of 

particular interest. Cuesta et al. reported a constant-pressure Monte Carlo simulation of a system 

of hard prolate ellipsoids of revolution with aspect ratios of ar = 2, 4 and 6.108 As for the three-

dimensional system, the results indicate four different phases, isotropic, nematic, plastic and 

solid.109 The degree of alignment greatly depends on the packing fraction η, which is in turn closely 

correlated to the aspect ratio. For an aspect ratio of ar = 6, the particles are strongly oriented in the 

solid phase, which is by far not as pronounced for ar = 2. For ellipsoids with ar = 4, already in the 

nematic phase the particles show areas of high order (Figure 1.6).  

 

Figure 1.6 Monte Carlo snapshots of a system of hard prolate ellipsoids of revolution, with aspect ratio 
of ar = 4, showing the isotropic phase (η=0.440), the unstable nematic (η=0.785), the stable nematic (η=0.761), 
and the solid phase (η=0.809). The two first pictures (isotropic and unstable nematic) were obtained by 
compressing the fluid whereas the two last pictures (stable nematic and solid) were obtained by expanding 
the solid. Notice the existence of domains in the unstable nematic phase. Adapted with permission.108 
Copyright 1990, APS. 
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In this case, two different nematic phases exist, an unstable (with respect to disclination 

unbinding) nematic and a stable nematic phase. Whereas for the unstable nematic phase only 

domains of ordered particles exist, the particles in the stable nematic phase clearly show a 

preferential direction over the entire film. 

The findings from the two- and three-dimensional phase transitions of ellipsoids of revolution 

suggest a strong tendency towards the formation of highly ordered structures. These simulations 

assume an ideal case of equilibrated perfectly monodisperse hard ellipsoids. This does not apply 

strictly for real-life experimental systems. 

1.3.2 Assembly Methods 

As outlined above, organization of particles into ordered assemblies has tremendous potential 

for the fabrication of complex structures and functional materials.7 Essentially, particle assembly is 

either driven by intrinsic interparticle interactions or by external control. Due to its simplicity, the 

most promising approach towards organized particles is via direct self-assembly methods. 

According to Whitesides and Grzybowski, self-assembly describes the autonomous organization of 

components into patterns or structures without human intervention.3 The components of a system 

spontaneously arrange themselves to form larger patterns, exclusively by thermodynamic 

constraints.110 Inter-particle interactions act as driving force for the self-organization of the building 

blocks into ordered structures.111 The arrangement of complex ordered structures, which form from 

nanoparticles, makes this method attractive. Fluid flows, however, cannot be avoided in real-life 

experiments and thus influence the assembly. Accordingly, in literature “direct self-assembly” is 

attributed to methods without intentional manipulation by external control. 

A simple conceivable method is drop casting, in which a drop of dispersion is placed on a solid 

substrate and self-assembly is induced by evaporation of the solvent. Here, the fluid-flow is utilized 

to direct the assembly of disordered particles into ordered superstructures. Anisotropically shaped 

particles can develop preferred orientations when subjected to a flow and the concurrent process 

of solvent evaporation leaves an ordered intact structure deposited on the substrate surface.112-113 

Further techniques for direct self-assembly, which were also applied to study the assembly behavior 

of anisotropic particles, include spin coating,114 dip coating,115 doctor blade coating116 and vertical 

deposition.117 In these approaches a global energy minimum is reached in a purely self-governing 

fashion. On the other hand, assembly methods with external control, also referred to as indirect 

self-assembly or directed self-assembly, are based on a system designed in a way forcing the 

particles to end up in a local desired energy minimum. Consequently, directed self-assembly allows 

for a larger variety of structures but requires a high level of control.118 The thermodynamic driving 

force leading to particle assembly may need to be modulated or directed, e.g. by means of the use 
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of template structures or external fields such as electric, magnetic and flow fields or combinations 

thereof.119 

Electric or magnetic fields are perfectly suitable for field-directed assembly and have emerged 

as key methods to control the orientation and assembly of anisotropic particles.120-122 By application 

of electromagnetic fields to particle dispersions the occurring mechanical forces cause a 

realignment along the direction of the field.123 These phenomena are not limited to charged 

particles or particles with a permanent dipole, but also dielectric particles respond in a variety of 

ways on external fields. Considering an anisotropically shaped, charge-neutral particle without a 

permanent dipole moment in an electric field, the temporarily generated dipole moment will be 

stable only when aligned to the direction of the electric field. Furthermore, the induced charges 

will lead to a torque, which reorients the particle parallel to the applied field (Figure 1.7). Depending 

on the field frequency the dipole disperses and alignment parallel to a different particle axis is 

possible.124-126 

 

Figure 1.7 Orientation of a non-spherical polarizable particle within an electric field.  

Via birefringence measurements the resulting ordered structures can be analyzed.122 Moreover, 

this field induced birefringence, for electric fields also referred to as Kerr and for magnetic fields as 

Cotton Mouton effect, can also be measured directly in particle dispersion.127 The so-called 

transient birefringence can be used as an elegant way to explore the most suitable parameters for 

particle alignment in an electric or magnetic field. Furthermore, it provides access to a number of 

relevant intrinsic properties, including particle rotation time, interparticle interactions and dipole 

moment.128 The measured birefringence signal is determined by the shape anisotropy of the 

particle, the presence of a slowly fluctuating electric dipole, originating from the surface charge 

distribution and the dissociated counterion cloud.129 

As mentioned before, also templated self-assembly is suitable to control the particle assembly. 

Here, interactions between the components and regular features in their environment determine 

the forming structures.3 Therefore, by the use of templates or prestructured substrates the particles 

are forced to align into the desired order. For instance, Mayer et al. demonstrated the arrangement 
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of monodisperse gold nanorods with high precision on wrinkled templates to form linear array-

type assemblies, enabling the fabrication of colloidal functional metasurfaces.130 In contrast to 

direct self-assembly methods, such template-assisted methods offer the advantage of arranging 

nanoparticles along a defined complex pattern, even without periodicity.131 

With regard to the exceptional optoelectronic properties of CPNs, their assembly is of 

particular interest. High electron mobilites have been achieved in semiconducting polymer films 

by one-dimensional alignment of highly planar conjugated polymers, demonstrating the impact of 

directed polymer chains.132-133 A comparable approach is conceivable for particle dispersions 

through orientation and alignment of anisotropic particles, to combine the benefits of dispersions 

with the enhanced electron mobility due to aligned polymer chains. Recently, the formation of a 

photonic structure was demonstrated by self-assembly of spherical CPNs into a colloidal crystal.44 

Due to the lack of reasonable methods for the generation of monodisperse, anisotropic CPNs, the 

assembly of such versatile building blocks has not been realized or studied despite its potential for 

the manufacturing of advanced materials. 
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2 SCOPE OF THE TH ESIS 

SCOPE OF THE THESIS 2 
Although it is well known that the properties of inorganic nanoparticles can be strongly 

affected by their shape, polymer nanoparticles with distinct non-spherical shapes remain largely 

unexplored, in particular when it comes to conjugated polymers. In spite of their exceptional 

properties, concepts to obtain anisotropic conjugated polymer nanoparticles are rare and mainly 

rely on post-polymerization shaping methods,44 limited to small scales and micrometer-sized 

structures. 

In this work, a synthetic route to anisotropic conjugated polymer nanoparticles directly in 

dispersion was evolved and further developed. For this purpose, the approach of heterophase 

polymerization was investigated, enabling the formation of an anisotropic particle shape along with 

the ongoing polymerization. Examination of the particle properties led to a deeper understanding 

of particle formation and the origin of anisotropy. The utility and scope of the method were probed 

by the incorporation of fluorescent dyes in the polymer backbone, simultaneously enabling control 

of the emission wavelength (Chapter 3). To understand the relationship between the anisotropic 

particle shape and its underlying internal molecular order, reliable information on the latter is 

indispensable. As a method of choice, electron paramagnetic resonance spectroscopy in 

combination with site-directed spin labeling was used to study how individual polymer chains 

adopt their conformation in the nanoparticles. For this purpose, methods for the targeted 

introduction of spin labels in the polymer chain were developed (Chapter 4). Towards the 

long-term aim of particle based functional materials, the particle interactions and their assembly 

behavior were examined. Especially, ordered structures which exploit the anisotropic character of 

the particles are of particular importance. Therefore, different techniques, ranging from self-

assembly to externally controlled methods were evaluated (Chapter 5). 
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3 ANISOTROPIC CONJUGATED PO LYMER NANOPAR TICLES VIA IN TERS EGMEN TAL CHAIN PACKING  

ANISOTROPIC CONJUGATED POLYMER 

NANOPARTICLES VIA INTERSEGMENTAL 

CHAIN PACKING 3 
3.1 Introduction 

The mere shape of nanoparticles has a tremendous impact on their properties. Gold nanorods 

are a well-known example for unique optical characteristics, originating from the asymmetry in 

non-spherical nanoparticles.134 Further known examples are shape dependent cellular 

internalization135 and the influence on electric conductivity.136 The discovery of shape-dependent 

properties of nanoparticles has prompted the development of a large variety of nanoscale structures 

in unusual shapes. Multiple chemical and physical methods have developed, enabling 

comprehension and control of the formation of particles with different sizes and shapes.49, 57, 137-139 

This applies mainly to inorganic nanoparticles, which are commonly synthesized by seed-mediated 

growth, in which anisotropy originates from the crystalline character.102, 140 By contrast, the 

accessibility of anisotropic polymer nanoparticles is underdeveloped, in particular when it comes 

to conjugated polymer nanoparticles (CPNs), as intriguing and promising material class. 

An elegant way to gain access to these highly versatile building blocks is given by a heterophase 

polymerization approach. By polymerization in a dispersing medium, which acts as a nonsolvent 

for the polymer, the nanoparticles are directly generated during the polymer synthesis. Using this 

method, also polymers entirely insoluble in any solvent are accessible as nanoparticles, which is of 

particular interest regarding the lack of solubility of many conjugated polymers. In principle, the 

heterophase polymerization can afford a broad scope of nanoparticles, especially with regard to 

size control and particle structure.9, 141 However, until now concepts to introduce and control shape 

anisotropy of CPNs directly in dispersion are missing, in particular on the nanometer scale. 
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Among various types of conjugated polymers, poly(9,9-dioctylfluorene) (PF8) has been 

extensively studied regarding its optical properties and rich polymorphisms.142-146 Due to the highly 

ordered crystalline α- and α’-phase as well as the mesomorphic β-phase, PF8 seems promising to 

investigate the influence of morphology control at the nanoparticle shape. Gaining control over the 

particle shape comes along with control over the arrangement of conjugated chains within the 

nanoparticles which is known to influence the electronic and optical properties of organic 

compounds.147-149 

The favorable photo- and electroluminescent properties of CPNs have been broadly studied. 

Applications comprise live cell imaging, biosensing and optoelectronics.9, 17-20 The ability to adjust 

their emission wavelengths is decisive here.150 By simple blending of nanoparticles with fluorescent 

dyes a manipulation of the emission wavelength of CPNs can be achieved.151-153 Another possible 

approach to tune the fluorescence emission is the covalent incorporation of dyes during 

polymerization which was shown to be beneficial, since it prevents microphase separation and leads 

to a more efficient energy transfer as well as a temporally constant higher quantum yield.19, 90 

Neither of these methods has been applied to anisotropic CPNs so far and therefore the impact on 

shape and homogeneity is unsettled. 

3.2 Results and Discussion 

3.2.1 Heterophase Polymerization to Anisotropic Conjugated 

Polymer Nanoparticles 

In heterophase polymerizations to conjugated polymer nanoparticles, we occasionally 

observed non-spherical particles in different protocols.19, 21, 154 In addition, Turner and coworkers 

obtained stable emulsions containing rod-like structures in heterophase polymerizations as well.46 

Based on these experiments we envisioned that heterophase polymerization allows for the targeted 

generation of anisotropic CPNs. 

Three main criteria were considered to affect particle shape, the surfactant, the type of mixing 

and the polymerization catalyst. The influence of the surfactant was hard to estimate, which is why 

Triton X-102, which produced most promising results so far, was chosen for the first experiments. 

For the generation of the desired small, highly monodisperse particles high shear forces are 

required. Therefore, two different approaches were investigated, rapid stirring with an overhead 

helix stirrer or ultrasonication for two minutes plus additional stirring with a magnetic stir bar. 

Furthermore, three catalysts were tested, the imidazole-based complex ([(NHC)PdCl2(TEA)]) 

developed by Turner and coworkers, tetrakis(triphenylphosphine)palladium(0) ([Pd(PPh3)4]) 
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commonly used for Suzuki-Miyaura coupling, as well as the two-coordinate bis(tri-tert-

butylphosphine)palladium(0) ([Pd(PtBu3)2]) catalyst precursor. To start the polymerization a xylene 

solution of stoichiometric amounts of the diboronic acid ester (M1), the dibromo-substituted 

monomer (M2) and the catalyst was injected into an aqueous solution, containing the surfactant 

Triton X-102 and the base tetraethylammonium hydroxide. By mixing the two phases using a helix 

stirrer or via ultrasonication an emulsion formed (Scheme 3.1). 

Scheme 3.1 General reaction scheme for Suzuki-Miyaura coupling polymerizations. 

 

By heterophase polymerization CPNs formed, which were analyzed concerning their particle 

shapes and sizes, using transmission electron microscopy (TEM). Indeed, for all experiments 

anisotropic particles were at least partially observed (Table 3.1, Figure 3.1). The imidazole-based 

catalyst generated relatively large rods with lengths about 200 nm. However, only a small amount 

of the obtained CPNs showed this rod-like shape, while spheres made up the majority of the sample. 

For the [Pd(PPh3)4]-system small amounts of rods were observed by TEM analysis but the 

dispersions contained mainly undefined species (helix stirrer) or spheres (ultrasonication) as also 

reported previously.20 Using [Pd(PtBu3)2] as a palladium source, much more uniform particles with 

a more ellipsoidal than rod-like shape were obtained, although in case of mixing with the helix 

stirrer high amounts of rods with varying proportions were also found. For all catalysts the particle 

homogeneity was higher for ultrasonication than for stirring with the helix stirrer and additionally, 

the stability of the formed dispersions was much higher for ultrasonication. Thus, ultrasonication 

in combination with the [Pd(PtBu3)2]-catalyst provided by far the best results concerning particle 

uniformity and produced CPNs with an unprecedented ellipsoidal shape. The particles are 

composed of PF8 with a high molecular mass of Mn = 31,800 g mol-1 and a dispersity of the molar 

mass distribution of ĐM = 2.46, next to a minor proportion of spherical particles (Table 3.1, entry 6). 
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Figure 3.1 Comparison of particle shapes by TEM of different heterophase Suzuki-Miyaura coupling 
polymerizations. Polymerizations were either stirred with a helix stirrer (a, b, c) or ultrasonicated (d, e, f). 
Three different precatalysts were tested, [(NHC)PdCl2(TEA)] (a, d), [Pd(PPh3)4] (b, e) and [Pd(PtBu3)2] (c, f). 

Table 3.1 Comparison of different heterophase Suzuki-Miyaura coupling polymerizations.a 

entry mixing method  catalyst 
Mn

b 

(kg mol-1) 
ĐM

 b shape 

1 helix stirrer [(NHC)PdCl2(TEA)] 7.2 1.3 big rods + small spheres 

2 helix stirrer [Pd(PPh3)4] 6.5 1.5 rods + undefined species 

3 helix stirrer [Pd(PtBu3)2] 13.0 1.8 small ellipsoids + rods 

4 ultrasonication [(NHC)PdCl2(TEA)] 5.4 2.5 big rods + small spheres 

5 ultrasonication [Pd(PPh3)4] 6.7 1.9 big spheres + small rods 

6 ultrasonication [Pd(PtBu3)2] 31.8 2.5 ellipsoids 

aReaction conditions: Monomers dissolved in 2 mL xylene, 5 wt% aqueous Triton X-102 solution, 1 equiv. 

tetraethylammonium hydroxide, 2 mol% catalyst, 48 h. bDetermined by GPC in THF at 40 °C vs. polystyrene 

standards. 

A closer investigation of the reaction can help to understand the highly disparate behavior of 

[Pd(PtBu3)2] and [Pd(PPh3)4]. [Pd(PtBu3)2] shows an increased reaction rate,155-156 compared to 

catalysis with [Pd(PPh3)4], which leads to a faster formation of the β-phase as evidenced by 

fluorescence emission spectroscopy (Figure 3.2). For the [Pd(PtBu3)2]-system the emission peak at 

416 nm, which corresponds to the glassy phase, was already low in intensity after one day and 

completely disappeared after four days of reaction time, while the observed main peaks at 438, 464 

and 496 nm, assignable to the β-phase, remained unchanged. In the case of the [Pd(PPh3)4]-system 



Results and Discussion 

25 

the proportion of the β-phase only increased slowly. After ten days it is still lower compared to the 

signal of the dispersion generated by use of [Pd(PtBu3)2] after just one day. The increased reaction 

rate as well as the fast formation of β-phase seems to be crucial for the formation of anisotropic, 

ellipsoidal CPNs. 

 

Figure 3.2 Emission spectra of dispersions polymerized with [Pd(PPh3)4] (black) or [Pd(PtBu3)2] (blue), 
after different reaction times. 

In the following, a wide range of parameters, including the nature of the monomers, the total 

reaction volume, the concentration of xylene, the type and concentration of surfactant and the 

reaction temperature were altered, to find optimal conditions for the preparation of anisotropic 

CPNs with high shape homogeneity (Table 3.2). Owing to the previous findings, in all experiments 

[Pd(PtBu3)2] was used as catalyst, the mixture was ultrasonicated and then the emulsion was stirred 

for 48 h at room temperature with a magnetic stir bar. As a measure of anisotropy and shape 

homogeneity of the obtained CPNs the mean values of length and aspect ratio (ar) as observed by 

TEM analysis were considered and the coefficient of variation v was determined in either case. 

Entry 1 in Table 3.2 is identical to entry 6 in Table 3.1 and serves as starting point for the following 

optimization. 
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Table 3.2 Heterophase Suzuki-Miyaura coupling polymerizations under different conditions to produce 
anisotropic CPNs.a 

entry monomers 
xylene 
(mL) 

T 
(°C) 

surfactant 
(wt%) 

V 
(mL) 

Mn
b 

(kg mol-1) 
ĐM

 b 

TEM 

length 
(nm)c/v 

ard/v 

1 M1 + M2 2 25 Triton X-102, (5) 50 31.8 2.5 46/0.20 2.3/0.26 

2 M3 2 25 Triton X-102, (5) 50 51.9 2.9 79/0.39 2.8/0.64 

3 M1 + M4 2 25 Triton X-102, (5) 50 34.1 2.3 68/0.14 2.6/0.17 

4 M1 + M2 2 25 Triton X-102, (5) 25 39.4 2.4 100/0.15 2.8/0.14 

5 M1 + M2 1 25 Triton X-102, (5) 25 41.2 2.6 112/0.12 3.6/0.13 

6 M1 + M2 4 25 Triton X-102, (5) 25 25.3 2.4 120/0.13 3.4/0.14 

7 M1 + M2 1 25 Triton X-100, (5) 25 34.9 2.7 97/0.33 2.0/0.57 

8 M1 + M2 1 25 Tween 80, (5) 25 5.6 1.9 48/0.30 1.3/0.15 

9 M1 + M2 2 25 Triton X-102, (2.5) 25 42.9 2.5 104/0.13 3.3/0.12 

10 M1 + M2 2 25 Triton X-102, (1.25) 25 43.7 2.4 104/0.20 3.0/0.23 

11 M1 + M2 1 5 Triton X-102, (5) 25 9.1 2.1 98/0.23 2.7/0.25 

12 M1 + M2 1 60 Triton X-102, (5) 25 10.9 4.6 112/0.20 2.6/0.19 

13e M1 + M2 1 25 Triton X-102, (5) 25 43.2 2.9 178/0.19 3.1/0.21 

aReaction conditions: Monomers dissolved in xylene, 5 wt% aqueous surfactant solution, 1 equiv. 

tetraethylammonium hydroxide, 2 mol% [Pd(PtBu3)2] catalyst, 48 h. bDetermined by GPC in THF at 40 °C vs. 

polystyrene standards. cMean value of length and dmean aspect ratio (ar) and coefficient of variation v in 

either case. eTwofold concentration of monomers, base and catalyst. 

First, the versatility of this approach was shown by the preparation of anisotropic CPNs not 

only based on the monomers M1 and M2 but also with the AB-monomer 2-(7-bromo-9,9-dioctyl-

9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane M3 (entry 2) as well as the combination of 

monomer M1 with the 5,5'-dibromo-2,2'-bithiophene M4 (entry 3) which led to the alternating 

copolymer poly(9,9-dioctylfluorene-alt-bithiophene) (cf. Appendix for TEM images and 

Annotations for monomer structures). 

Starting from the observations in entry 1, the sensitivity of shape and size distribution of the 

ellipsoidal shaped nanoparticles to changes in reaction conditions was studied. A significant 

improvement, especially concerning shape homogeneity of the obtained dispersions was achieved 

by a reduction of the total volume of the reaction mixture from 50 to 25 mL (entry 4), most likely 

as a result of the increased energy input per volume, since the ultrasonic device was kept at the 

same power level (Bandelin GM3200 with KE76 tip, operated at 120 W, 60% amplitude). The values 

for v improved from 0.20 (mean length) and 0.26 (mean ar) for entry 1 to 0.15 and 0.14 for entry 4. 

Further experiments concerning the amount of xylene (entries 4-6) showed that by using only 1 mL 

of xylene (entry 5) mainly one kind of particles with a well-defined ellipsoidal shape, a high aspect 
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ratio of ar = 3.6 and a very high shape homogeneity (vlength = 0.12 and var = 0.13) was formed. Size 

and shape of the nanoparticles were analyzed by TEM, cryo-TEM and SEM measurements 

(Figure 3.3). Cryo-TEM proved that the ellipsoidal nanoparticles indeed exist in dispersion and do 

not only form on the grid during the preparation of the TEM samples. Several independent 

repetitions of entry 5 confirmed the reproducibility and reliability of this method, especially with 

regard to size and shape homogeneity of the CPNs (Table 3.3). 

 

Figure 3.3 TEM (left), cryo-TEM (center) and SEM (right) image of anisotropic conjugated polymer 
nanoparticle dispersion (cf. Table 3.2, entry 5). 

Table 3.3 Heterophase Suzuki-Miyaura coupling polymerizations under optimized conditionsa to 
produce anisotropic CPNs. Results of repetitive independent experiments under identical conditions. 

entry Mn
b 

(kg mol-1) ĐM
 b 

TEM 

length (nm)c/v ard/v 

1e 41.2 2.6 112/0.12 3.6/0.13 

2 29.1 3.2 111/0.13 3.5/0.10 

3 21.0 2.9 122/0.11 3.1/0.13 

aReaction conditions: Monomers M1 and M2 dissolved in 1 mL xylene, 25 mL 5 wt% aqueous surfactant 

solution, 1 equiv. tetraethylammonium hydroxide; 2 mol% [Pd(PtBu3)2] catalyst, rt, 48 h. bDetermined by GPC 

in THF at 40 °C vs. polystyrene standards. cMean value of length and dmean aspect ratio (ar) and coefficient 

of variation v in either case. eEntry 1 corresponds to entry 5 of Table 3.2. 

Despite these satisfying results, the reaction conditions were further varied, in order to 

investigate their impact on the particle structure. The nature of the surfactant is found to be 

decisive. Attempts to stabilize the particles with standard ionic surfactants, like sodium dodecyl 

sulfate (SDS) or cetrimonium bromide (CTAB), resulted in unstable dispersions of exclusively 

spherical particles. The utilization of Triton X-100 instead of Triton X-102 (entry 7), with a slightly 

shorter PEG-chain (9-10 vs. 12-13 repeat units), still yields a small amount of ellipsoidal particles 

(ar = 2.0). A slightly more significant variation, using the nonionic surfactant Tween 80 with a linear 

alkyl lipophilic portion and four polyoxyethylene chains instead of the branched alkyl-aryl Tritons 

with one polyoxyethylene chain (entry 8) only gives spherical CPNs, as reflected by the low average 
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aspect ratio (ar = 1.3). Furthermore, the impact of the surfactant concentration was examined. The 

reduction of the amount of Triton X-102 (entries 9, 10) did not change the type or the homogeneity 

of shape significantly even though the dispersion of entry 10 appeared to be instable and some of 

the polymer precipitated after a few days. 

The procedure appears to be relatively insensitive to reaction temperature. The dispersions of 

entry 11 and 12, which were conducted at 5 °C and 60 °C, respectively, contained both primarily 

ellipsoidal CPNs. However, the molecular masses decreased significantly in both cases and at 60 °C 

the polymer partially precipitated. Additionally, the values for ar and v deteriorated (2.7 and 0.25 

for 11, 2.6 and 0.19 for 12). This can be accounted for by the less effective steric stabilization by PEGs 

at elevated temperature (the cloud point of 1 wt% actives aqueous solution of Triton X-102 is 

88 °C).157 Accordingly, the reaction proceeds ideally at ambient temperature. 

Remarkably, it was also possible to control the size of the ellipsoidal CPNs by using a twofold 

concentration of monomers, base and catalyst while conditions remain unaltered otherwise. The 

increased amount of reagents provided larger ellipsoids (entry 13, Figure 3.4), but at the expense of 

shape homogeneity (vlength = 0.19 and var = 0.21). 

 

Figure 3.4 TEM image of polymer dispersion using a twofold concentration of monomers, base and 
catalyst (cf. Table 3.2, entry 13). 

For the purpose of analysis and also for further applications like the investigation of the particle 

assembly behavior (cf. Chapter 5), the removal of excessive surfactant was examined. Usually the 

method of choice to remove common surfactants is dialysis19 but the very low critical micelle 

concentration of Triton X-102158 turned out to be problematic and therefore required the use of an 

alternative approach. 

One option was found to be provided by adsorption of Triton X-102 onto Bio-Beads™ SM-2, a 

nonpolar polystyrene adsorbent. Through simple mixing of the fifty-fold diluted dispersion with a 

distinct amount of the polystyrene adsorbent for a definite time, the amount of surfactant was 
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reduced significantly, as observed by the reduction of the absorption peak of Triton X-102 at 275 nm 

(Figure 3.5, left). The best result in terms of reduction of the amount of surfactant without 

adsorbing significant amounts of polymer nanoparticles was achieved by stirring for one hour with 

0.025 wt% Bio-Beads™. To verify that the adsorbed Triton X-102 not only stems from the surfactant 

layer on the CPNs but also from solution, tensiometric measurements were conducted. Upon 

stirring of the dispersion with the Bio-Beads™ the surface tension increases significantly from 

35 mN/m for the initial dispersion (comparable to a 1% solution of Triton X-102)157 to 44 mN/m, 

indicating the removal of free surfactant. However, the surfactant removal by use of Bio-Beads™ 

only works satisfying for diluted dispersions. For the original dispersion concentration the amount 

of Bio Beads™ must be increased leading to a more significant adsorption of the polymer particles, 

rendering this method unpractical. 

 

Figure 3.5 Absorption spectra of PF8 dispersion, after stirring with various amounts of Bio-Beads™ for 
one hour (left) and after precipitation and redispersion with ultrasound for 0, 1, 2 and 3 min (right). 

Another method pursued was the precipitation of the CPNs from the dispersion by addition of 

MeOH as a non-solvent and subsequent redispersion in pure water. Different redispersion 

techniques were tested, of which redispersion with ultrasound using a sonotrode proved to be the 

best, with regard to completeness of surfactant removal and maintaining of the particle shape 

homogeneity. Using this method, the amount of surfactant could be considerably reduced, even 

more than for the adsorption technique. Furthermore, the precipitation-redispersion approach 

allows for virtually complete removal of free surfactant, also for the undiluted dispersion with a 

solid content of 0.3 wt%. Different ultrasonication times for the redispersion step were examined. 

The application of one minute ultrasound turned out to be sufficient to redisperse the particles for 

the most part (Figure 3.5, right). Extended time is rather detrimental, due to the increase in 

temperature and the resulting coagulation of the particles. The redispersed CPNs feature the same 

size and shape as before the surfactant removal, as evidenced by TEM (cf. Appendix, Figure 7.41). 

Not only excessive surfactant, but also all other impurities, like residual base, can be separated by 
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precipitation and subsequent redispersion, which therefore offers an additional advantage 

compared to the adsorption of surfactant on Bio Beads™. 

3.2.2 Emission-Tuned Anisotropic Conjugated Polymer 

Nanoparticles 

The prepared anisotropic CPNs feature a bright fluorescence in the blue regime, due to the PF8 

backbone. An emission at higher wavelengths up to the deep red regime would be desirable. In 

biological imaging, for example, this results in less disturbing background fluorescence.159 Possible 

approaches to adjust the emission wavelength are the simple blending of nanoparticles with 

fluorescent dyes152-153, 160 or the covalent incorporation during the polymerization.19, 90 Here, the 

impact on shape and homogeneity are unknown. However, assuming an intersegmental packing 

within the particles being responsible for the ellipsoidal shape, a variation of the polymer backbone 

is expected to affect the anisotropic shape. 

Different copolymerizations with the electron withdrawing comonomers90, 161-164 M5, M6 and 

M7 (Chart 3.1) were conducted at the optimized conditions for the homopolymerization (Table 3.4). 

All three comonomers bear long alkyl chains which renders them soluble in the used organic 

solvent xylene. In addition, it is expected that these sidechains have an influence on the inter-chain 

order within the polymer particles. In a first approach the dithiophene-substituted N,S-heterocycle 

M5 was employed. The heterophase terpolymerizations of the boronic ester M1 with the dibromides 

M2 and M5 yielded dispersions with a varying content of M5 between 0.5 and 5 mol% while the 

content of M2 was simultaneously reduced (entries 2-5). 

Chart 3.1 Comonomers employed in Suzuki-Miyaura coupling polymerization. 

 

UV-Vis absorption spectra revealed the formation of β-phase (around 436 nm) in the 

nanoparticles of these dispersions as well as an absorption maximum around 405 nm (Figure 3.6-
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left), very similar to the UV-Vis spectrum of the dispersion of the homopolymer (entry 1). The 

absorbance of the fluorene-dye segments is observed as a broad shoulder that partially overlaps 

with the β-phase absorption, extends to around 600 nm and accounts for the reddish appearance 

of the dispersions (Figure 3.6-left insert). As expected, the absorption intensity between 450 nm to 

650 nm increases with increasing amount of incorporated dye. Similarly, the fluorescence emission 

spectra of the dispersions of entry 1-5 show an increasing emission in the red regime, 550 nm to 

850 nm, besides the well-known emission of the PF8 β-phase143, 165 (Figure 3.6-right). 

Table 3.4 Heterophase Suzuki-Miyaura coupling copolymerizations with different comonomers to 
generate emission-tuned anisotropic CPNs.a 

entry monomers 

comonomer 

ratio 

mol.% 

λabs 

(nm) 

λem 

(nm) 

φ 

(%) 
Mn

b 

(kg 
mol-1) 

ĐM
 b 

TEM 

length 
(nm)c/v ard/v 

1e M1 + M2 50 : 50 405 441 35 41.2 2.64 112/0.12 3.6/0.13 

2 M1 + M2 + M5 50 : 49.5 : 0.5 402 619 71 33.9 3.0 115/0.12 3.2/0.13 

3 M1 + M2 + M5 50 : 49 : 1 405 624 77 33.0 3.2 141/0.15 2.7/0.15 

4 M1 + M2 + M5 50 : 48 : 2 404 627 72 19.2 2.7 109/0.24 2.4/0.15 

5 M1 + M2 + M5 50 : 45 : 5 404 634 78 30.5 3.0 91/0.44 1.7/0.21 

6f M1 + M2 + M5* 50 : 50 : 0.5 405 567 77 33.3 3.1 116/0.12 3.0/0.13 

7 M1 + M2 + M6 50 : 49.5 : 0.5 404 572 70 32.0 3.3 109/0.13 3.2/0.12 

8 M1 + M2 + M7 50 : 49.5 : 0.5 404 441 + (603) 46 33.9 3.2 109/0.13 3.1/0.12 

aReaction conditions: Monomers dissolved in 1 mL xylene, 25 mL 5 wt% aqueous surfactant solution, 1 equiv. 

tetraethylammonium hydroxide; 2 mol% [Pd(PtBu3)2] catalyst, rt, 48 h. bDetermined by GPC in THF at 40 °C 

vs. polystyrene standards. cMean value of length and dmean aspect ratio (ar) and coefficient of variation v in 

either case. eEntry 1 corresponds to entry 5 of Table 3.2. fHomopolymerization with additional unreactive 4,7-

di-2-thienyl-2,1,3-benzothiadiazole (M5*). 

 

Figure 3.6 Absorption spectra (left) and emission spectra (right) of comonomer dispersions with a 
varying content of M5 between 0 and 5 mol%. The inserts show the appearance of the 100-fold diluted 
dispersions under daylight (left) and under UV-light (right). 
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Comparing the quantum yield of the homopolymer (35%), which is similar to values reported 

for PF8 CPNs prepared by other methods,154, 165 the copolymer nanoparticles feature much higher 

values above 70%. These high quantum yields of the copolymer nanoparticles remain virtually 

unchanged with increasing amount of incorporated dye. In contrast, the shape homogeneity 

diminished noticeably, resulting in a heterogeneous distribution of particle size and shape at high 

dye incorporation (Table 3.4, entries 2-5). However, for the dispersions of entry 2 and 3 with low 

incorporations of 0.5 and 1 mol%, respectively, well-defined ellipsoids were obtained, comparable 

to those of the homopolymer dispersion of entry 1 (Figure 3.7-a,b). At the same time, emission from 

the dye clearly dominates (Figure 3.7-right). 

 

Figure 3.7 TEM images of copolymer dispersions of the in Table 3.4 listed entries 2 (a), 5 (b), 7 (c) and 
8 (b). 

For comparison, a homopolymerization with the added unreactive analog of M5, 4,7-di(4-

hexyl-2-thienyl)-2,1,3-benzothiadiazole (M5*, cf. Appendix, Figure 7.32 and Annotations for 

chemical structure) was conducted (entry 6). The resulting CPNs with a physically blended dye also 

possessed an ellipsoidal shape (Appendix, Figure 7.44) and exhibit a high quantum yield of 77%. 

Over a period of several days the energy transfer from the polymer to the dye actually improved, 

causing a decrease of the emission of the polyfluorene and an increase of the dye emission with an 

emission maximum at 567 nm (Figure 3.8). At the same time the quantum yield remains at values 

above 70%. A possible explanation for this unexpected behavior could be a gradual diffusion of 

residual xylene out of the nanoparticles leading to a closer contact of the polymer and the dye and 

therefore an improved Förster energy transfer. 

To conclude, anisotropic CPNs of PF8 with additional dyes are accessible by copolymerization 

or simple blending of the nanoparticles with unreactive analoga without any adverse impact on the 

ellipsoidal shape. Further, an effective energy transfer between the fluorene and the dye units is 

possible in both approaches. Incorporation of the dye by covalent binding into the polymer is, 

however, clearly superior since there is an increased shift into the far-red due to the extended 

π system of the fluorene-dye segments compared to the free dye.166 

a b c d 
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Figure 3.8 Emission spectra of particle dispersion with non-covalently incorporated dye M5*, acquired 
at different reaction times. 

In order to demonstrate the general scope of this approach two further comonomers (M6, M7) 

were used to prepare dispersions with tuned emission spectra (entries 7 and 8). Whereas the UV-

Vis spectra do not reveal any major differences compared to the homopolymer dispersion, the 

fluorescence emission spectra are dominated by local emission maxima at 572 and 603 nm, 

respectively (Figure 3.9). TEM images again reveal well-shaped ellipsoidal CPNs (Figure 3.7-c,d). 

Consequently, all copolymer particles with a dye content of 0.5 mol% were still highly anisotropic 

(ar > 3) and homogenous (v ≤ 0.13). Remarkably, even the bulky perylendiimide comonomer did 

not disturb the formation of ellipsoidal CPNs, at least for a low incorporation of 0.5 mol%. In this 

context the question arises why and how an anisotropic particle shape is obtained (Chapter 3.2.3). 

       

Figure 3.9 Absorption spectra (left) and emission spectra (right) of dispersions from the in Table 3.4 
listed entries 1, 2, 7 and 8. 
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3.2.3 Mechanism of Particle Formation 

At this point, the origin of particle anisotropy remains unclear. Evidently, the polymerization 

procedure is critical, although anisotropic particles can be obtained reliably over a range for 

different parameters. By broad analogy to inorganic nanocrystals and polymer nanocrystals, an 

intermolecular packing was considered to be involved. 

PF8 has been extensively studied regarding its optical properties and rich polymorphisms and 

is known for its highly ordered crystalline α- and α’-phase as well as the mesomorphic β-

phase.142, 144, 146 From studies of the bulk phase behavior of PF8, it is known that external stimuli like 

thermal or vapor treatment can lead to phase transitions due to structural changes at the molecular 

level, that is modifications of the molecular packing like rearrangement of sidechains or a 

planarization of the aromatic backbone.142-143, 167 The dependency of the particle shape on the choice 

of catalyst (vide supra) already suggested that the chain conformation, more precisely the 

proportion of β-phase, has a tremendous impact on particle shape for the present system. It was 

assumed that the incorporation of comonomers in the polymer chain affects the molecular packing 

as well, resulting in an observable structural change, eventually influencing the particle shape. 

To investigate the influence of the incorporation of comonomers and the related alteration of 

the polymer backbone on the nanoparticle shape, PXRD studies were conducted on polymer 

precipitated from the dispersion by adding an excess of methanol (Figure 3.10). The precipitation 

apparently did not alter the structure of the nanoparticles since after redispersion of the 

precipitated CPNs their shape remained unchanged (vide infra). The diffractograms of the 

copolymers prepared by use of the monomers M1, M2 and M5 do not show any evidence for a 

structural modification in comparison to the homopolymer, neither for the copolymer with a low 

molar percentage of the comonomer M5, nor for the copolymer with a higher incorporation rate 

(Figure 3.10). However, the diffractograms of all polymers show two characteristic peaks centered 

around 2θ = 6.9° and 21.7°. By comparing these values to data obtained from PF8 films, these peaks 

can be assigned to crystalline domains composed of α’-phase, which possesses an oriented nature.142 

Additionally, the absorption and fluorescence emission spectra of the copolymer dispersions 

gave no indication for a significant modification by comonomer incorporation, but all show peaks 

which can be unambiguously assigned to the β-phase (Figure 3.6, Figure 3.8, Figure 3.9). It should 

also be emphasized that the CPNs are only semicrystalline, as obvious from the broad halo in all 

shown diffractograms.142 It can therefore be concluded that the CPNs appear to be composed of the 

α‘- and β-phase within a nematic matrix. Likewise, Kuehne and coworkers had observed similar 

phase behavior for semicrystalline, spherulite PF8 particles.144 It is assumed that these highly 

ordered phases contributes to a rigid conformation of the polyfluorene backbone and are therefore 
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at least partly responsible for the evolution of an anisotropic shape, as already observed for 

micrometer sized PF8 particles.146, 168 

 

Figure 3.10 X-ray powder diffractograms of the homopolymer (black) and the copolymers containing 
0.5 mol% M5 (grey) and 5 mol% M5 (blue). 

To further understand the formation of anisotropic particle shapes, a reaction mixture without 

catalyst was prepared. Ultrasonication for two minutes analogous to the already described 

heterophase polymerization protocol yielded a clear, colorless sample (note that when stirring with 

a magnetic stir bar without ultrasonication, no emulsification occurred and a two-phase system 

was formed). Other than in a polymerization experiment, where turbidity sets in shortly after 

emulsification (vide infra), the ultrasonicated emulsion without catalyst stays clear. This suggests, 

the ongoing polymerization already in its early stages alters the droplets or particles, respectively, 

with regard to its size. 

To gain more insight into the processes occurring after emulsification, the monomers were 

ultrasonicated separately in a water/base mixture forming two monomer emulsions, one of them 

additionally containing the catalyst. The two emulsions were mixed subsequently. Although no 

additional shear forces were applied, polymerization occurred. This observation shows that 

exchange of material occurs (like in a microemulsion169), rather than a preservation of the initial 

monomer droplets’ individual identity.  

During the optimization of the heterophase polymerization towards anisotropic CPNs (cf. 

Chapter 3.2.1), an additional approach was pursued, namely the controlled Suzuki-Miyaura 

coupling polymerization (cSMCP) in emulsion. The cSMCP occurs in a chain growth manner, 

unlike the common Suzuki-Miyaura condensation polymerization and further allows for the 

incorporation of functional groups at the chain ends. Note that these polymerizations were carried 
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out at an early state of the optimization process and therefore not under the final optimized 

conditions (cf. Experimental Section 3.4.4). In a first attempt a miniemulsion polymerization 

approach, similar to procedures established in the group,170 was performed. The AB-monomer M3, 

the initiator complex [tBu3PPd(Ph)Br] and hexadecane were dissolved in toluene, transferred to an 

aqueous solution of CsF, 18-crown-6 and SDS, ultrasonicated for 2 min and stirred under nitrogen 

gas at room temperature for 48 h. The resulting dispersion was analyzed by TEM, revealing 

spherical CPNs (Figure 3.11, top left). Analysis of the polymer properties by GPC and MALDI-TOF 

MS showed that although the polymer features a broad molar mass distribution (Mn = 8.5 kg/mol, 

ĐM = 1.9), the phenyl group was at least partially transferred from the initiator to the polymer chain 

(Figure 3.11, top right).  

 

Figure 3.11 TEM images (left) of CPN dispersions and MALDI-TOF MS (right) of the polymers obtained 
after cSMCP in emulsion when using [tBu3PPd(Ph)Br] (top) or [tBu3PPd(PhCh3)Br] (bottom) as initiator. F 
indicates the 9,9-dioctylfluorene repeat unit and index n refers to the number of repeat units. 

In a second attempt another initiator complex, namely [tBu3PPd(PhCH3)Br], was used and the 

parameters were already similar to the final conditions established for the generation of anisotropic 

CPNs by step-growth polycondensation. Accordingly, Triton X-102 was used as surfactant, 

tetraethylammonium hydroxide as base and xylene as organic solvent. After ultrasonication for two 

minutes the mixture was stirred under nitrogen gas at room temperature for 48 h. However, again 

exclusively spherical CPNs formed (Figure 3.11, bottom left). Although the molar mass distribution 
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(Mn = 13.7 kg/mol, ĐM = 2.6) was again broad, MALDI-TOF MS revealed that most of the polymer 

chains were end functionalized by the tolyl group from the initiator complex (Figure 3.11, bottom 

right). This demonstrates the controlled character of the reaction at least in the initial steps of the 

reaction and thus indicates for a chain growth mechanism. 

Based on these observations, the step-growth character of the polymerization is considered to 

be decisive for the formation of non-spherical, ellipsoidal particles in that intermediate oligomers 

(ca. decamers) are large enough to pack, yet mobile compared to the final polymer chain. The 

importance of the formation of small oligomers was already outlined by Kuehne and coworkers for 

spherical particles.171 For dispersion polymerizations they found that small oligomers form the 

initial nuclei causing clouding of the clear solution, before further coupling steps occur inside the 

particles, leading to a broad final molar mass distribution. Those findings demonstrate that the 

formation of intermediate oligomers is crucial for the particle formation process. 

Taking all findings into account, a preliminary mechanism of particle formation is suggested 

(Figure 3.12). First, during ultrasonication (two minutes) a clear emulsion forms, consisting of small 

monomer droplets (around 10-20 nm). Right after, driven by the starting polymerization, these 

droplets increase in size whereas their amount decreases, which is accompanied by a turbidity of 

the emulsion (Figure 3.12-A). Along with ongoing polymerization an alignment of the polymer 

chains occurs (Figure 3.12-B), resulting in the formation of CPNs with a more adapted, ellipsoidal 

shape. Over several hours the xylene that swells the nanoparticles is lost and anisotropic, blue 

fluorescent PF8 nanoparticles are obtained (Figure 3.12-C). As a result of the loss of the organic 

solvent the CPNs shrink and the polymer chains move closer together. This is also indicated by the 

higher percentage of β-phase and the improved energy transfer between free dye and polymer over 

time for the dispersion where dye M5* is just physically blended in the polymer particles. Obviously, 

the individual steps (namely polymerization chain growth, orientation, particle formation and 

xylene diffusion) do not occur stepwise and subsequently, but rather in a concerted fashion. 

 

Figure 3.12 Proposed pathway of nanoparticle formation. 

Note that this colloidal behavior is intermediate to the text book cases of an ideal miniemulsion 

polymerization (miniemulsification by shear, polymerization in droplets which preserve their 

identity) and a microemulsion polymerization (microemulsion is thermodynamically stable and 
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forms spontaneously, dynamic colloidal nature of the microemulsion).169, 172 Possibly, the initial 

state of the reaction mixture is an activated microemulsion. 

3.3 Summary and Conclusion 

Anisotropic conjugated polymer nanoparticles (CPNs) constitute a powerful tool for 

manufacturing new, nanostructured materials. For this reason, a method for direct access to 

ellipsoidal-shaped poly(9,9-dioctylfluorene) (PF8) particles with tunable emission wavelengths was 

developed (Figure 3.13). A heterophase polymerization approach was employed which is scalable 

and provides access to particles on the nanometer scale. By optimizing the polymerization 

procedure stable dispersions of ellipsoidal shaped conjugated polymer nanoparticles with particle 

lengths about 120 nm and aspect ratios of up to ar = 3.6 could be generated. It was shown that the 

protocol is highly reproducible concerning particle shape and dimensions. Excessive surfactant, 

which is needed for the stabilization of the CPNs during polymerization, as well as other impurities 

could easily be removed afterwards by precipitation of the particles and redispersion in neat water. 

The reaction volume and energy input, the type of surfactant as well as the choice of catalyst were 

identified as the most decisive parameters in terms of quantity, shape and homogeneity of the 

anisotropic CPNs. Noteworthy, the formation of anisotropic ellipsoidal particles is not limited to a 

narrow range or a very singular combination of parameters. Thus, the emission properties and color 

of the resulting aqueous dispersions can be tuned without loss of the anisotropic particle shape via 

incorporation of electron-withdrawing repeat units. 

 

Figure 3.13 Overview of the preparation of ellipsoidal-shaped PF8 nanoparticles. Top: Schematic 
illustration of the beginning of heterophase polymerization (left), resulting in a range of dispersions with 
varying emission maxima (center), comprising of ellipsoidal CPNs (right). Bottom: General reaction scheme 
for applied Suzuki-Miyaura coupling polymerization, with optional additional comonomer. 

In doing so, a range of dispersions with varying emission maxima from 440 nm for the 
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homopolymer up to 630 nm for the copolymer dispersion were obtained. As the absorption spectra 

of the prepared copolymer particle dispersions remained largely unaltered, leading to a large 

wavelength shift between absorption and emission maxima, these emission-tuned CPNs are 

attractive for applications like biological imaging, especially due to their exceptional high quantum 

yields up to ϕ = 78%. As expected, it could be shown that for higher dye incorporation and relating 

more pronounced structural modifications of the polymer backbone the anisotropic shape of the 

particles diminished. However, even the highly sterically demanding perylendiimide comonomer 

could be incorporated without loss of the ellipsoidal shape, at least for low incorporation rates. 

It was assumed that an internal order caused by the rigid character of the PF8 backbone is 

responsible for the anisotropic particle shape. Absorption and photoluminescence spectroscopy as 

well as powder X-ray diffraction confirmed the presence of the mesomorphic β-phase and the 

crystalline α‘-phase, respectively, underlining the semicrystalline character of the CPNs. Further, 

studies on the origin of particle anisotropy indicate that the development of anisotropy is induced 

by the ongoing polymerization most likely due to the formation of ordered domains. Therefore, a 

concerted mechanism in which anisotropic shape evolves from inter-chain packing that occurs 

along with progressing chain formation by polymerization is suggested. The step-growth character 

of the polymerization is considered to be decisive in that intermediate oligomers (ca. decamers) 

are large enough to pack, yet mobile compared to the final polymer chain. 

3.4 Experimental Section 

3.4.1 Materials and General Considerations 

Materials. Deionized water was distilled under a nitrogen atmosphere, xylene was distilled 

from sodium. Diethyl ether and THF were distilled from sodium/benzophenone ketyl under a 

nitrogen atmosphere. 2,2'-(9,9-Dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) (M1)173, 2,7-

dibromo-9,9-dioctylfluorene (M2)174-175 and 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (M3)176 were prepared according to reported procedures (cf. 

Experimental Section 3.4.2). Bis(tri-tert-butylphosphine)palladium(0)177, 4,7-bis(5-bromo-2-

thienyl)-2,1,3-benzothiadiazole (M5)163, 4,7-di-2-thienyl-2,1,3-benzothiadiazole (M5*)164, 3,6-bis(4-

bromophenyl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (M6)161 and N,N’-bis(4’-

bromophenyl)-1,6,7,12-tetra[4-(1,1,3,3-tetramethylbutyl)phenoxy]perylene-3,4,9,10-tetracarboxydi-

imide (M7)178 were already available in the group. Triton X-102, Triton X-100 and Tween 80 were 

purchased from Sigma Aldrich, now Merck. Tetraethylammonium hydroxide (20% in water) was 

purchased from Merck Millipore. 5,5′-Dibromo-2,2′-bithiophene (99.8%) (M4) was purchased from 

ABCR. Tetrakis(triphenylphosphine)palladium(0) was purchased from MCAT. The imidazole-
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based complex [(NHC)PdCl2(TEA)] was synthesized according to a reported procedure.179 

Methods. All manipulations of air and/or water sensitive compounds were carried out under 

inert atmosphere using standard glove box and Schlenk techniques. Glassware were dried at 80 °C 

for at least 24 h. Gel permeation chromatography was carried out on a Polymer Laboratories PL-

GPC 50 instrument with two PLgel 5 μm MIXED-C columns in THF at 50 °C with RI detection 

against polystyrene standards. In order to prepare THF solutions, the polymers were precipitated 

through addition of an excess of MeOH to the particle dispersion and isolated by centrifugation 

(Biofuge Primo centrifuge with a highconic rotor, 6,000 rpm, 10 minutes) and decantation of the 

supernatant. Purification was achieved by repeated (twice) dissolving of the precipitate in toluene, 

precipitation with MeOH and centrifugation. The polymer was dried under reduced pressure before 

dissolving in THF (2 mL) and the resultant solution was filtered through a 0.45 μm syringe filter. 

Absorption spectra were recorded on a Varian Cary 100 scan spectrometer. Emission spectra and 

quantum yields were measured using a Hamamatsu Absolute PL Quantum Yield Measurement 

System C9920-02 equipped with an integrating sphere. Transmission electron microscopy 

(TEM) images were obtained on a Zeiss Libra 120 instrument (acceleration voltage 120 kV). Carbon 

coated copper grids were used with a carbon thickness of 9 nm. Samples were not contrasted. The 

mean values of length and aspect ratio as well as of the coefficient of variation v were calculated 

from the measurement of 50 nanoparticles in each case. Outliers were determined via Grubb’s test 

with a significance level of 0.05 and removed. Probes for the cryo-TEM investigations were 

prepared by dipping a small amount of the dispersions on a holey carbon film. A thin meniscus 

forms over the holes and is rapidly frozen in liquid ethane to give a vitrified sample. The sample 

was cryo-transferred into the electron microscope and examined at a temperature around 90 K with 

minimum electron dose. Scanning electron microscopy images were obtained on a Zeiss Neon 

40 ESB instrument. Powder X-ray diffraction data were acquired on a Bruker D8 Advance. 

Tensiometric measurements were performed on a Krüss Process Tensiometer K100. As 

measuring element a Wilhelmy platinum plate was applied. Nuclear magnetic resonance spectra 

were recorded on a Varian Unity Inova 400 and on a Bruker Avance 400 spectrometer (1H: 400 MHz, 

13C: 101 MHz, 31P: 162 MHz). 1H NMR and 13C NMR chemical shifts were referenced to the residual 

signal of the deuterated solvent. Multiplicities are given as follows: s – singlet, d - doublet, t – triplet, 

q – quartet, quint – quintet and m – multiplet. 

3.4.2 Monomer Synthesis  

Synthesis of 2,7-Dibromofluorene174 
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To a solution of fluorene (56.5 g, 339.9 mmol) in 500 mL CHCl3, FeCl3 ∙ 6 H2O (1.4 g, 5.1 mmol) 

was added. The mixture was cooled to -10 °C and bromine (115.0 g, 719.9 mmol) was added dropwise 

over a period of 2 h with exclusion of light. The mixture was stirred for 3 h and allowed to warm to 

room temperature. Aqueous Na2S2O5 solution was added and the mixture was vigorously stirred for 

30 min until the brown color disappeared. The organic layer was separated and the water layer was 

extracted with CH2Cl2. The combined organic layers were washed with water, dried over MgSO4 

and the solvent was then removed under reduced pressure. The crude product was recrystallized 

from ethanol resulting white crystals with 94% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.62 (m, 2H, H3), 7.53 (d, 3JHH = 8.1 Hz, 2H, H1), 7.47 (m, 

2H, H2), 3.78 (s, 2H, H4) ppm. 

Synthesis of 2,7-Dibromo-9,9-dioctylfluorene (M2)175 

 

To a solution of 2,7-dibromofluorene (50 g, 154 mmol) in DMSO (250 mL), 

benzyltriethylammonium chloride (1.76 g, 7.71 mmol) was added. An aqueous NaOH solution 

(70 mL, 50 w%) was added and the resulting suspension was thoroughly degassed. 1-Bromooctane 

(71.5 g, 370 mmol) was added and the mixture was shaken overnight at a lab shaker at room 

temperature. After addition of diethyl ether (500 mL), the organic phase was separated, washed 

with water, 2 M HCl and brine and dried over MgSO4. The solvent was then removed under reduced 

pressure and the residue was recrystallized from ethanol resulting white crystals with 87% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.52 (d, 3JHH = 8.5 Hz, 2H, H3), 7.45 (m, 4H, H1-2), 1.95-

1.86 (m, 4H, H4), 1.27-1.00 (m, 20H, H6-10), 0.83 (t, 3JHH = 7.1 Hz, 6H, H11), 0.59 (m, 4H, H5) ppm. 

Synthesis of 2,2'-(9,9-Dioctyl-9H-fluorene-2,7-diyl)bis(1,3,2-dioxaborinane) (M1)173 

 

To a solution of 2,7-dibromo-9,9-dioctyl-9H-fluorene (10.0 g, 18.2 mmol) in 100 mL of 

anhydrous THF, n-BuLi (39.0 mL, 62.4 mmol, 1.6 M in hexane) was added dropwise over a period 

of 30 min at -78 °C. After stirring at this temperature for 120 min, tri-iso-propyl borate (16.5 mL, 

71.1 mmol) was added. The reaction mixture was brought to room temperature, stirred overnight 
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and then poured into crushed ice containing HCl (2 M) while stirring. The mixture was extracted 

with ether and the combined extracts were evaporated to give a white solid. Then, the mixture was 

refluxed with 1,3-propanediol (4 ml, 55.3 mmol) in toluene overnight. After cooling to ambient 

temperature, Et2O (200 mL) was added. The organic phase was separated and washed sequentially 

with brine and water and then dried over MgSO4. After removal of the solvent under reduced 

pressure, the crude product was recrystallized twice from ethanol affording white crystals with 54% 

yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.79-7.66 (m, 6H, H1-3), 4.20 (t, 3JHH = 5.4 Hz, 8H, H12), 

2.09 (quint, 3JHH = 5.4 Hz, 4H, H13), 2.03-1.94 (m, 4H, H4), 1.25-0.96 (m, 20H, H6-10), 0.82 (t, 3JHH = 

7.2 Hz, 6H, H11), 0.55 (m, 4H, H5) ppm. 

Synthesis of 2-(7-Bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (M3)176 

 

To a solution of 2,7-dibromo-9,9-dioctyl-9H-fluorene (20.0 g, 36.5 mmol) in 250 mL of 

anhydrous THF, n-BuLi (16.1 mL, 40.3 mmol, 2.5 M in hexane) was added dropwise over a period of 

30 min at -78 °C. After stirring at this temperature for 75 min, iso-propoxyboronic acid pinacol ester 

(8.9 mL, 43.8 mmol) was slowly added. The reaction mixture was brought to room temperature and 

was stirred overnight. After removing most of the solvent by evaporation, water (50 mL) and Et2O 

(100 mL) were added. The organic phase was separated and washed sequentially with brine and 

water and then dried over MgSO4. After removal of the solvent under reduced pressure, the crude 

product was recrystallized from ethanol resulting in a white solid with 79% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.81 (d, 3JHH = 7.6 Hz, 1H, H4), 7.73 (s, 1H, H3), 7.66 (d, 

3JHH = 7.6 Hz, 1H, H1), 7.57 (d, 3JHH = 7.9 Hz, 1H, H5), 7.46 (m, 2H, H2, H6), 2.06-1.88 (m, 4H, H7), 1.39 

(s, 12H, H15), 1.27-1.04 (m, 20H, H9-13), 0.82 (t, 3JHH = 7.1 Hz, 6H, H14), 0.59 (m, 4H, H8) ppm. 

3.4.3 Standard Procedure for Heterophase Polymerization 

In a 100 mL Schlenk tube, tetraethylammonium hydroxide solution (20% in water) (0.16 g, 

0.2 mmol) was added to an aqueous solution (25 mL) of Triton X-102 nonionic surfactant (1.25 g, 

5 wt% in deionized water). The mixture was sparged for 30 min with nitrogen gas under stirring 

with a stir bar. In a 25 mL Schlenk tube the monomers (0.1 mmol each) were dissolved in xylene 

(1 mL), the solution was degassed by two freeze-pump-thaw cycles, and transferred to another 
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25 mL Schlenk tube containing the catalyst precursor (2.1 mg, 4 μmol). The solution was again 

degassed by two freeze-pump-thaw cycles, and injected via a syringe into the aqueous 

surfactant/base solution and emulsified by an ultrasonotrode (Bandelin GM3200 with KE76 tip, 

operated at 120 W) for two minutes. The contents were stirred under nitrogen gas at room 

temperature for at least 48 h. 

3.4.4 Controlled Suzuki-Miyaura Emulsion Polymerization 

Miniemulsion Polymerization with [tBu3PPd(Ph)Br] as initiator complex 

In a 100 mL Schlenk tube, CsF (94.8 mg, 0.62 mmol) and 18-crown-6 (329.9 mg, 1.25 mmol) 

were added to an aqueous solution (25 mL) of SDS (250 mg, 0.87 mmol). The mixture was sparged 

for 30 min with nitrogen gas under stirring with a stir bar. In a 25 mL Schlenk tube the monomer 

M3 (93.0 mg, 0,16 mmol), hexadecane (38.7 mg, 0.17 mmol) and the initiator complex 

[tBu3PPd(Ph)Br] (4.7 mg, 0.01 mmol) were dissolved in toluene (1 mL) and the solution was 

degassed by three freeze-pump-thaw cycles. The solution was injected via a syringe into the 

aqueous surfactant/base solution and emulsified by an ultrasonotrode (Bandelin GM3200 with 

KE76 tip, operated at 120 W) for two minutes. The contents were stirred under nitrogen gas at room 

temperature for 48 h. 

Heterophase Polymerization with [tBu3PPd(PhCh3)Br] as initiator complex 

In a 100 mL Schlenk tube, tetraethylammonium hydroxide solution (20% in water) (249.6 mg, 

0.31 mmol) was added to an aqueous solution (30 mL) of Triton X-102 nonionic surfactant (1.95 g, 

5 wt% in deionized water). The mixture was sparged for 30 min with nitrogen gas under stirring 

with a stir bar. In a 25 mL Schlenk tube the monomer M3 (200.0 mg, 0,31 mmol) and the initiator 

complex [tBu3PPd(PhCH3)Br] (7.5 mg, 0.02 mmol) were dissolved in xylene (1 mL) and the solution 

was degassed by three freeze-pump-thaw cycles. The solution was injected via a syringe into the 

aqueous surfactant/base solution and emulsified by an ultrasonotrode (Bandelin GM3200 with 

KE76 tip, operated at 120 W) for two minutes. The contents were stirred under nitrogen gas at room 

temperature for 48 h. 
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4 INTER NAL PARTICL E STRUC TURE 

INTERNAL PARTICLE STRUCTURE 4 
4.1 Introduction 

In order to address the intriguing question of the origin of the anisotropic shape of conjugated 

polymer nanoparticles (CPNs), insight into the individual polymer chain behavior is required. This 

is rather challenging since analytical methods are limited for such an issue. Spatial resolution, short 

range (several nanometers) and virtual insensitivity to the chemical environment are required at 

the same time. In previous studies, double electron-electron resonance (DEER) experiments in 

nanoparticles demonstrated that oligomeric phenylene ethynylenes, usually considered as rigid 

rods, show unexpected chain bending to achieve the energetically most favorable spherical particle 

shape. This was observed from a drastically decreased interspin distance of end-labeled oligomer 

chains in particles compared to those in solution.89 In a similar manner observable conformational 

changes can provide insight into the inner-particle chain order of anisotropic CPNs. The DEER 

experiment relies on the dipole-dipole coupling between two spatially separated spins. In the range 

of 2 to 8 nm the strengths of the coupling is directly related to the spin-spin distance.180 

Thus, for the determination of the inner-particle chain behavior via DEER, spin labels, 

commonly nitroxide radicals, have to be introduced at the chain ends. One promising approach is 

the utilization of the controlled Suzuki-Miyaura coupling polymerization (cSMCP), enabling the 

direct attachment of nitroxide labels during the polymerization, as outlined in Chapter 1.2.2. 

However, although the molar mass distributions, of the polymers synthesized in this way, are very 

narrow (less than 1.1),94 still different chain lengths are present in the resulting product (a Poisson 

distribution is expected). DEER analysis of such a mixture of different chain lengths and 
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consequently different spin distances would be attractive and could provide answers to intriguing 

questions about the reaction mechanism. For exact determination of chain conformations within 

particles, however, discrete oligomer chains with only one distinct spin distance are less challenging 

and easier to interpret. 

For the preparation of doubly labeled, precise oligomers, two approaches offer themselves: 

either a post-polymerization separation of oligomer mixtures or the stepwise synthesis through 

multiple individual reaction steps. The challenge of separation lies in the distinction between nearly 

identical compounds, which only differ in their chain length. Nonetheless, only recently, a 

successful fractionation of discrete conjugated oligomers was reported, using automated flash 

chromatography.181 Furthermore, Shiraki et al. demonstrated the purification of oligofluorenes, 

distinguished by three repeat units, using recycling preparative GPC.182 The step-by-step synthesis 

of oligofluorenes has also been reported by repeated alternating Suzuki-Miyaura coupling and 

halogenation, respectively.182-184 Subsequent attachment of nitroxides offers a second option to 

doubly labeled, precise oligomers. Incorporation of the labeled oligomers into the particles would 

then allow for a direct observation of the present chain conformation and could therefore 

potentially lead to a profound understanding of the formation of anisotropic CPNs. 

4.2 Results and Discussion 

4.2.1 Synthesis of Spin-Labeled Conjugated Oligomers 

Due to the limitation of the DEER measurement range to ca. 8 nm, as well as the rigid character 

of conjugated polymers, only short oligomers can be investigated in solution. These oligomers were 

prepared using the controlled Suzuki-Miyaura coupling polymerization (cSMCP), both by use of 

isolated as well as in situ generated initiators. In order to prove the versatility of the method, three 

different types of conjugated polymers were prepared and subsequently analyzed via DEER, 

poly(9,9-dioctylfluorene) (PF8), poly(3-hexylthiophene) (P3HT) and poly(2,5-hexyloxy-p-

phenylene) (PPP). Besides their photophysical properties, they differ in their repeat unit length, 

0.39 nm for P3HT,185 0.43 nm for PPP186 and 0.83 nm for PF8.167 

In a first approach isolated initiators were applied. Their synthesis relies on an oxidative 

addition of an aryl halide to the bis(tri-tert-butylphosphine)palladium(0) precursor.90 In order to 

obtain TEMPO end functionalized oligomers two different aryl bromides were considered, a para-

substituted benzene (L1) and a bromine-substituted benzothiadiazole (L2), both linked to a 

TEMPO radical. L1 was prepared via Steglich esterification of 4-bromobenzyl alcohol and 4-

carboxy-TEMPO whereas L2 was synthesized in five steps starting from 2,1,3-benzothiadiazole (cf. 
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Experimental Section 4.4.2 and Appendix Chart 7.1). The oxidative addition of L1 and L2, 

respectively, to [Pd(PtBu3)2] was monitored via 31P NMR spectroscopy regarding their applicability 

for the initiator synthesis (Figure 4.1).  

 

Figure 4.1 31P NMR spectra recorded in benzene-d6 at room temperature after certain time intervals 
(bottom) and reaction scheme (top) of the oxidative addition of the TEMPO-labeled aryl bromides L1 (left) 
and L2 (right) to the bis(tri-tert-butylphosphine)palladium(0) precursor.  

The signal at 85 ppm arises from the starting material [Pd(PtBu3)2]. For L1, after 10 min reaction 

time at 70 °C two signals appear at 62 and 63 ppm. While the signal at 63 ppm is due to the released 

free tri-tert-butylphosphine, the signal at 62 ppm indicates the formation of the desired target 

complex. However, the TEMPO-labeled Pd initiator (I1) only forms slowly and in low yield. After 

60 min reaction time the peak intensity at 62 ppm does not increase anymore and by-products start 

to form, leading to signals at 89 and 91 ppm. Since other synthesis conditions failed to improve the 

yield of I1 and isolation of the catalyst was hardly possible, it becomes apparent that this system is 

not suited for the polymerization of labeled compounds. 

For this reason, further work focused on the benzothiadiazole unit, which should lead to an 

accelerated oxidative addition as already observed in our group for different compounds.170 For the 

reaction of L2 with [Pd(PtBu3)2], the initiator I2 (77 ppm) indeed forms faster with less by-product 

formation and is therefore more promising than I1 (Figure 4.1, right). To entirely prevent the 

formation of by-products, the synthesis of I2 was performed by stirring for only 90 min in benzene 

at room temperature. Subsequently the solvent was evaporated by freeze drying and washing of the 

solid with pentane. Since for DEER measurements two labels are required, a second TEMPO group 

had to be introduced at the end of the polymer chain. This was accomplished by the use of an 

appropriate end capper, a TEMPO-labeled 4-hydroxymethylphenylboronic acid pinacol ester Q1. 
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SMCP initiated by I2 and quenched by Q1 should therefore ideally result in doubly TEMPO-labeled 

polymers (Scheme 4.1). 

Scheme 4.1 Approach for the synthesis of doubly TEMPO-labeled conjugated polymers, 
consisting of the repeat units M, by initiation of the polymerization with the isolated initiator I2 
and quenching with the end capper Q1. 

 

Three different monomers were used for the polymerization initiated by I2, 2-(7-bromo-9,9-

dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (F8), 2-(5-bromo-4-

hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3HT) and 2-(4-bromo-2,5-

bis(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (HOP). Since DEER is limited to 

distances up to 8 nm, rather short oligomers were targeted and the monomer to initiator ratio 

adjusted accordingly (5 : 1 for F8, 10 : 1 for 3HT and 8 : 1 for HOP). In initial experiments only one 

of the labeled compounds (I2 or Q1) were used for polymerization to check if the incorporation is 

basically possible and does not disturb the reaction. The other chain end was functionalized using 

aryl compounds already known for their successful incorporation in cSMCP. EPR studies 

demonstrated that the TEMPO-labels were attached to the resulting polymer chain ends in all 

cases, even if MALDI-TOF MS measurements showed only small amounts of the intended labeled 

polymers (cf. Appendix, Figure 7.13 and Figure 7.14). Nevertheless, a polymerization of F8 to a 

doubly labeled PF8 was investigated. The cSMCP was initiated by 0.2 equiv. of I2 (vs. 1 equiv. of 

monomer) and quenched by the addition of 10 equiv. of Q1 (vs. 1 equiv. of initiator complex). 

Polymerization was conducted at 0 °C for 30 min. After addition of the end-capper, the solution 

was stirred for 1 h, followed by the addition of conc. HCl. The molecular mass of the obtained 

polymer is 4800 g/mol with a reasonable narrow molar mass distribution of ĐM = 1.33, as 

determined by GPC. End group analysis by MADLI-TOF MS revealed that the desired doubly 

labeled compound is present, but only to a very small amount whereas the main species are neither 

initiated by I2 nor quenched by Q1 (Figure 4.2). Consequently, the majority of polymer chains was 

not initiated by the isolated initiator I2 but rather by other Pd-species present. In order to achieve 

a more complete initiation using a TEMPO labeled compound, in situ systems were considered. 
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Figure 4.2 MALDI-TOF mass spectrum of PF8 obtained by initiating the polymerization with initiator 
I2 and quenching the polymerization by addition of Q1. The inset shows the MALDI-TOF MS signal of the 
doubly TEMPO-functionalized 4-mer as well as the corresponding calculated isotope pattern. 

In 2016, Hu and coworkers reported a new robust in situ generated initiator system, affording 

polymers with narrow PDIs and well-controlled functional end groups.96 The in situ system offers 

the advantage of avoiding the isolation and purification of ArPd(tBu3P)X complexes which has 

proven difficult for the TEMPO-substituted initiators. Hence, an in situ system, using the 

chloro[(tri-tert-butylphosphine)-2-(-aminobiphenyl)] palladium(II) complex (C1) as Pd(0) 

precursor was studied. For the introduction of functionalities aryl halides can again be used. The 

appropriate aryl halide is mixed with C1 for a definite initiation time before injecting the resulting 

initiation mixture rapidly to the monomer solution. Likewise to the polymerization using an 

isolated initiator, a second functionality can be introduced by the use of an appropriate end capper 

(Scheme 4.2). 

In order to optimize the reaction conditions, different parameters for the polymerization of F8 

to PF8 were investigated regarding their influence on molecular mass, molar mass distribution and 

end functionalization (Table 4.1). Since NMR is not well applicable to TEMPO labeled compounds, 

MALDI-TOF MS was used to determine the degree of chain end functionalization. For this purpose, 

the ratio of the most intense set of signals was evaluated, corresponding to one chain length but 

different end groups (Table 4.1, last column). Note that the intensities of MALDI not only depend 

on the laser power and the matrix crystallization conditions but also on sample preparation and 

differences in structures and chemical properties of the investigated species.187-188 Therefore, 

accurate quantification is difficult and depends on the samples studied. MALDI-TOF MS can thus 

only be used for a semi-quantitative determination of the degree of end group functionalization 
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(5% increments). 

Scheme 4.2 Approach to end functionalized conjugated polymers by initiation of the polymerization 
using the in situ system consisting of complex C1 and an aryl halide and quenching with an end capper. 

 

Table 4.1 Comparison of the poly(9,9-dioctylfluorene) properties synthesized by controlled Suzuki-
Miyaura coupling polymerization, using in situ generated initiators under varying conditions.a 

entry 
aryl 

bromide 

end 
capper 

initiation 
timeb 

reaction 
timec 

monomer 
to initiator 

ratiod 

Te 

(°C) 

Mn(NMR)f 

(kg mol-1) 

Mn(GPC)g 

(kg mol-1) 
ĐM

g 
end grouph 

I (%) Q (%) 

1 L3 Q2 40 60 10 0 15.0 16.6 1.70 85 15 

2 L3 Q2 40 30 10 0 6.0 7.4 1.26 95 45 

3 L3 Q2 60 30 10 0 7.5 11.5 1.35 100 50 

4 L3 Q2 80 30 10 0 6.4 8.1 1.28 95 25 

5 L4 Q3 40 20 5 0 - 3.7 1.38 55 15 

6 L3 Q4 40 20 5 0 - 5.8 1.16 70 65 

7 L4 Q4 40 20 5 0 - 3.6 1.16 65g 50 

8 L4 Q4 40 15 5 0 - 4.1 1.14 65g 55 

9 L4 Q4 40 10 5 0 - 3.9 1.12 55g 35 

10 L4 Q4 40 15 5 -20 - 5.5 1.14 60g 30 

11 L4 Q4 40 30 5 -20 - 7.6 1.18 70 g 30 

12 L4 Q4 40 15 20 0 - 13.6 1.28 65g 50 

13 L4 Q4 40 20 40 0 - 22.3 1.31 60g 10 

aStandard reaction conditions: Complex C1, K2CO3 (10 eq. vs. monomer) and aryl bromide are mixed in a THF-

water (10 to 1) mixture at room temperature, stirred for a certain time and rapidly injected to the monomer 

solution in THF. After polymerization the reaction is quenched by injection of a solution of the end capper 

(1.5 eq. vs. monomer) in THF and it is stirred overnight. bReaction time for formation of initiator. 
cPolymerization reaction time. dCorresponds to theoretical chain length. ePolymerization temperature. 
fDetermined by 1H NMR spectroscopy (end-group vs. backbone, assuming complete end functionalization). 
gDetermined by GPC in THF at 40 °C vs. polystyrene standards. hPercentage of end functionalization of 

initiation (I) and quenching (Q), semi-quantitatively determined by MALDI-TOF MS. gRemaining 

percentages are unknown species. 

First experiments were performed using 4-bromanisol (L3) as aryl halide and 2,6-dimethyl-4-

pyridineboronic acid pinacol ester (Q2) as end capper. These more easily accessible compounds 

were chosen due to their easy identification by 1H NMR spectroscopy by taking advantage of the 
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separated chemical shifts of their methyl groups. 

As a starting point an initiation time of 40 min, a polymerization reaction time of 60 min, a 

monomer to initiator ratio of 10 and a polymerization temperature of 0 °C were chosen (entry 1). 

The molecular mass determined by both 1H NMR and GPC is far too high compared to the applied 

monomer to initiator ratio and the dispersity of the molar mass distribution (ĐM = 1.7) is also too 

high for a controlled polymerization. Furthermore, MALDI-TOF MS revealed that the 

functionalization through the initiator worked well, but only a low amount of polymer chains were 

end capped with Q2. It was assumed that the polymerization reaction time is too long and indeed, 

halving of the time from 60 to 30 min resulted in much lower molecular masses, narrower molar 

mass distributions and a higher degree of functionalization through quenching (entry 2). In the 

following, the influence of the reaction time of the aryl bromide with the precursor complex C1 was 

examined leading to the conclusion that 40 min initiation time is sufficient (entries 2-4). 

To attach a spin-label at the polymer chain end, the aryl bromide was replaced by TEMPO-

labeled 4-brombenzoic acid (L4), prepared for this purpose. As end capper 4-(((tetrahydro-2H-

pyran-2-yl)oxy)methyl)phenylboronic acid pinacol ester (Q3) was selected, possessing a protected 

hydroxyl group which offers the potential to convert it to a spin-label after successful 

polymerization (entry 5). Due to the unpaired electron of the TEMPO radical, NMR-spectroscopy 

was not feasible, therefore the determination of molecular masses for all following samples relies 

exclusively on GPC, keeping in mind that GPC against polystyrene standards overestimates the true 

molecular masses.145 The monomer to initiator ratio was adjusted to 5, owing to the distance range 

of the envisioned DEER measurements and the polymerization time was simultaneously further 

reduced to 20 min. Indeed, the incorporation of the TEMPO group was possible, although several 

secondary components were formed according to MALDI-TOF MS (Appendix, Figure 7.15). 

In order to introduce the same spin-label at both ends of the polymer chain, the end capper 

Q4, a TEMPO-labeled 4-carboxyphenylboronic acid pinacol ester, was synthesized and applied in 

a polymerization with 4-bromoanisole (L3) as initiating aryl halide (entry 6). According to MALDI-

TOF MS the desired polymer was obtained as the major component, although a second species was 

observed, which could not be assigned (Appendix, Figure 7.16). In contrast to the TEMPO-labeled 

aryl halide, the use of L3 resulted in a significant higher molecular mass than expected, indicating 

a less controlled reaction. The end capper Q4 lead to a higher degree of functionalization. 

Therefore, the following experiments were all performed in the final system, able to functionalize 

both polymer chain ends by use of the TEMPO-labeled aryl bromide L4 and the end-capper Q4. 

MALDI-TOF MS confirmed the successful double labeling of the polymer chain, although 

several secondary components were also present (entry 7; Appendix, Figure 7.17). Note that the 
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remaining percentages in the last column of Table 4.1 are unidentified species and it is likely that 

they correspond to decomposition products of the doubly labeled polymer due to the ionization 

process during the MALDI-TOF measurement. Upon further decrease of the polymerization 

reaction time from 20 to 10 min the molar mass distribution stays narrow (entries 7-9). A 

polymerization time of 15 min turned out to be best with regard to narrow molar mass distribution 

and functionalization of the polymer chain ends (entry 8). To gain even more control over the 

polymerization rate, the polymerization temperature was decreased to -20 °C. However, no 

improvements were observed, but the degree of double functionalization changed for the worse, 

also for an increased polymerization time of 30 min (entries 10-11). Furthermore, the monomer to 

initiator ratio was increased to demonstrate the applicability of the polymerization conditions also 

for longer polymer chains (entries 12-13). A successful labeling was shown by MALDI-TOF MS 

(Appendix, Figure 7.18), although end functionalization was not quite as successful as for the 

shorter analogues and the molar mass distribution becomes broader. This broadening for longer 

chain lengths has been reported previously,95 and is most likely based on the increased occurrence 

of chain terminations and other side reactions. 

In a similar manner to the F8 monomer, the conditions for the polymerization to P3HT and 

PPP were optimized. On the basis of the monomer unit length, the optimal chain length for DEER 

measurements was selected (5 for PF8, 10 for P3HT and 8 for PPP). The optimization revealed nearly 

the same parameters for the polymerization of all three monomers. Potassium carbonate, labeled 

aryl halide L4 and complex C1 are stirred for 40 min at room temperature. Subsequently, the in situ 

generated initiator is injected into the monomer solution to start the polymerization. The 

polymerization itself is conducted at 0 °C for 15 min (30 min for PPP), before it is quenched by 

addition of the end capper Q4 (Scheme 4.3). 

The molecular masses of the resulting polymers and the dispersity of the molar mass 

distributions are listed in Table 4.2. As will be discussed in Chapter 4.2.2, in case of PF8 the 

molecular mass of 3.9 kg/mol fits to the value of a respective precise pentafluorene, demonstrating 

the exact adjustability of the polymer chain length. All polymers feature narrow molar mass 

distributions with values below 1.2, indicating the controlled character of the polymerizations. As 

described in literature, the molecular masses are overestimated by GPC against polystyrene 

standards, in this case by a factor between 1.7 and 1.9.145, 189-190 
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Scheme 4.3 Approach for the synthesis of doubly TEMPO-labeled conjugated polymers by initiation of 
the polymerization with the in situ system consisting of complex C1 and ligand L4 and quenching with Q4. 

 

Table 4.2 Polymer properties synthesized by controlled Suzuki-Miyaura coupling polymerization using 
in situ generated initiators under optimized conditions.a 

entry polymer 
theoretical 

chain lengthb 
Mn(theo)

c 
(kg mol-1) 

Mn(GPC)
d

 

(kg mol-1) 
ĐM

d λabs
e 

(nm) 

end groupf 

I (%) Q (%) 

1 PF8 5 ≙ 4.12 nm 2.5 3.9 1.13 377 70 60 

2 P3HT 10 ≙ 3.9 nm 2.2 3.7 1.18 431 95 70 

3g PPP 8 ≙ 3.4 nm 2.8 4.5 1.18 335 80 80 

aReaction conditions: Complex C1, K2CO3 (10 eq. vs. monomer) and aryl bromide L4 are mixed in a THF-water 

mixture at room temperature and rapidly injected to the monomer solution in THF. After 15 min 

polymerization the reaction is quenched by injection of a solution of the end capper Q4 in THF and it is 

stirred overnight. bTheoretical chain length adjusted by monomer to initiator ratio and corresponding 

calculated end-to-end distance of fully stretched polymer chain without end groups. cAverage theoretical 

molecular mass, calculated as the product of theoretical chain length and molecular mass of repeat unit plus 

molecular mass of TEMPO labeled end groups. dDetermined by GPC in THF at 40 °C vs. polystyrene 

standards. eAbsorption maximum. fPercentage of end functionalization of initiation (I) and quenching (Q), 

semi-quantitatively determined by MALDI-TOF MS. Remaining percentages are unidentified species. g3o min 

polymerization reaction time. 

Moreover, MALDI-TOF MS confirmed the successful incorporation of the TEMPO-labels 

(Figure 4.3). For all polymers the major species were identified as doubly labeled polymer chain, 

which was validated by the isotope patterns (Appendix; Figure 7.19, Figure 7.20 and Figure 7.21). 

Additionally observed species could not be identified, but probably correspond to decomposition 

products of doubly labeled oligomers, forming during the MALDI-TOF measurement. As expected, 

the higher the adjusted monomer to initiator ratio, the higher the number of observed repeat units, 

with the highest intensity approximately around the adjusted chain length. To examine the 

obtained mass spectra in more detail, the relative integrated intensities of the different chain 

lengths of the doubly labeled species were compared to the expected Poisson distribution 

(cf. Appendix, Figure 7.48 for PF8). The experimental data agrees well with a Poisson distribution 
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overall, even though a determined mean value λ of 6.5 is significantly higher than the adjusted 

chain length of 5. In detail, both the short as well as the long oligomers are slightly 

underrepresented. Whereas the low amount of the short oligomers can be explained by the 

purification of the oligomer mixture (precipitation with MeOH works better for longer oligomers), 

the underrepresentation or absence, respectively, of long oligomers is most likely related to the less 

successful ionization of the macromolecules. Here, the MALDI-TOF method reaches its limits, in 

that it is not fully quantitative. 

 

Figure 4.3 MALDI-TOF mass spectra of doubly labeled PF8 (bottom, black), P3HT (center, gray) and 
PPP (top, blue) obtained by initiating the polymerization with the in situ system consisting of complex C1 
and ligand L4 and quenching the polymerization by addition of Q4. 

In summary, using the in situ system, the synthesis of doubly TEMPO labeled conjugated 

polymers in a one-step approach was feasible, yielding oligomer chains with almost exclusively the 

desired end groups. Apart from the successful synthesis of these spin labeled oligomers, these 

findings additionally demonstrate the versatility and insensitivity of the cSMCP, as it is not affected 

by the presence of a radical. 

4.2.2 Preparation of Doubly Labeled Precise Oligomers 

Although the molar mass distributions of the polymers from Chapter 4.2.1 are very narrow, 

there are clearly various species of different chain lengths (cf. Figure 4.3). However, with regard to 

chain conformation analysis in particles, it is of particular interest to obtain doubly labeled 

oligomers with a precise number of repeat units (herein referred to as doubly labeled precise 

oligomers). In principle two strategies are conceivable, the separation of the above oligomer 

mixture from cSMCP or the step-by-step synthesis, both having their trade-offs. Obviously, the 

synthetic effort is considerably higher for the step-by-step synthesis, and increases the longer the 
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desired chain length. On the other hand, separation of polymer chains largely similar in their 

chemical composition and polarity appears rather difficult. For these reasons, both approaches 

were studied. As the CPNs prepared in this work consist of PF8, only the preparation of doubly 

labeled oligo-9,9-dioctylfluorenes (OF8s) was examined. 

Step-by-step synthesis of precisely doubly labeled oligomers. The synthesis of OF8s has 

been reported.182, 191-192 Due to the limited distance range of DEER measurements and the increasing 

synthetic effort with increasing chain length the oligomers up to the pentamer were synthesized. 

Starting from the mono- and dibromo-substituted fluorene monomers the brominated oligomers 

can be built up by repetitive cycles of alternating Suzuki-Miyaura coupling reaction and 

bromination. By each additional coupling two fluorene units are attached, leading to two paths, 

one for the even and one for the odd repeat unit number. Finally, Suzuki-Miyaura coupling is used 

to attach the spin labels to the brominated oligofluorenes (Figure 4.4). In the following the 

oligomers are abbreviated as X-Fn-X. The end groups are illustrated by X, corresponding to H, Br 

or T (TEMPO functionalized arylboronic acid ester). The chain length is represented by Fn, with n 

equal to 1-5.  

 

Figure 4.4 Synthetic pathway to precisely doubly TEMPO labeled oligomers. The oligomer chain is 
extended by sequences of Suzuki-Miyaura coupling (A) and bromination (B). Finally, the spin label is 
attached via Suzuki-Miyaura coupling (C). 

The hydrogen and bromine terminated oligofluorenes were obtained according to a reported 

procedure, as confirmed by 1H NMR spectroscopy (cf. Experimental Section 4.4.4 and Appendix, 

Figure 7.2) and MALDI-TOF MS analysis (Figure 4.5). For the bromine compounds, it was not 

possible to form the doubly brominated oligofluorenes exclusively since triple bromination occurs 

before all of the monobrominated compounds were consumed. However, the purity was considered 

to be sufficient to proceed. Furthermore, UV-Vis and fluorescence spectroscopy, as well as GPC 

analysis were carried out (Table 4.3 and Appendix, Figure 7.3, Figure 7.4 and Figure 7.8). 
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Table 4.3 Properties of hydrogen and bromine terminated oligo-9,9-dioctylfluorenes. 

entry oligomer Mtrue
a 

(g·mol-1) 
Mn

b 

(g·mol-1) 
Mw

b 

(g·mol-1) ĐM
 b factorc 

λabs
d 

(nm) 

λem
e 

(nm) 

1 H-F2-H 779 1030 1080 1.05 1.32 332 385 

2 H-F3-H 1168 1430 1450 1.02 1.22 352 416 

3 H-F4-H 1557 1960 1990 1.02 1.26 364 429 

4 H-F5-H 1945 2550 2630 1.03 1.31 370 434 

5 Br-F2-Br 937 970 980 1.01 1.04 336 392 

6 Br-F3-Br 1326 1480 1500 1.01 1.12 354 420 

7 Br-F4-Br 1714 2010 2050 1.02 1.17 363 414/430f 

8 Br-F5-Br 2103 2770 2890 1.04 1.32 369 420/435f 

aCalculated true molecular mass. bDetermined by GPC in THF at 40 °C vs. polystyrene standards. 

cOverestimation factor calculated over Mn(GPC)/Mtrue. dAbsorption maximum. eEmission maximum of 0-0-

transition. fAdditional second local emission maximum. 

 

 

Figure 4.5 MALDI-TOF mass spectra of hydrogen and bromine terminated oligomers. Existing species 
are assigned, desired main products are shown in bold, by-products in regular type and unknown species are 
marked with a question mark. 

As the actual molecular masses (Mtrue) of the oligomers are known, they can be compared to 

the number-average molecular mass (Mn) determined by GPC vs. polystyrene standards. The 

molecular masses of the oligomers are overestimated by a factor of up to 1.3, which is significantly 

below the reported value of 2.7 for the corresponding polymers.145 The GPC peaks are very narrow 

as expected, with a nominal dispersity between 1.01 and 1.05. The small deviations from the 
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theoretical value of 1.00 can be explained by band broadening due to diffusion inside the column. 

Generally, the excitation energy of π-conjugated polymers depends on the size of the π system and 

thereby on the number of repeat units.193-194 This also applies in this case, in which with increasing 

chain length the absorbance and emission maxima are red shifted, due to the extended π system. 

The obtained values further fit well to already reported values.192, 195 

To the bromine terminated oligomers the spin labels were attached, by Suzuki-Miyaura 

coupling reaction. In addition to the aforementioned di-, tri-, tetra- and pentamer, also the doubly 

labeled monomer was synthesized, using 2,7-dibromo-9,9-dioctylfluorene as a starting material. 

Due to the very similar chemical composition of the desired product and the potential by-products, 

purification of the spin labeled compounds turned out to be difficult by affinity chromatography. 

Here, semi-preparative GPC was employed to separate the desired GPC peak, corresponding to the 

doubly labeled oligomer (cf. Appendix, Figure 7.9 for T-F3-T). In all cases, the desired doubly spin 

labeled oligomers were obtained as main product, which was confirmed by MALDI-TOF MS 

(Figure 4.6). 

 

Figure 4.6 MALDI-TOF mass spectra of spin labeled oligomers. Known species are assigned, desired 
main products are shown in bold, by-products in regular type and unknown species are marked with a 
question mark. 

The ionization process in MALDI-TOF MS induced a characteristic cleavage of one or two 

oxygen atoms, respectively, of the TEMPO radical moiety, leading to two additional signals next to 

the desired compound. As a consequence of the triply brominated starting material, also triply 

labeled oligomers were obtained to a minor extent. These are particularly problematic since shorter 
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spin-spin distances could arise caused by the interaction between a chain end and the additional 

spin label within the oligomer chain (cf. Chapter 4.2.3). However, since the amount of these triply 

labeled oligomers was rather low, it was considered that the DEER measurements would not be 

disturbed too much by these. Furthermore, small amounts of singly labeled oligomers with either 

an additional hydrogen or an additional bromine end group were observed which do not complicate 

the DEER measurements. Other small signals could not be assigned, but were assumed as not 

disturbing as they potentially arise from the ionization process during the MALDI measurement. 

In summary, all doubly labeled oligomers were successfully synthesized in sufficient purity. 

GPC analysis revealed that the molecular masses of the purified oligomers are again 

overestimated by a factor between 1.20 and 1.53 (Table 4.4 and Appendix, Figure 7.10). Note that 

GPC fully separates the compounds with n = 1, 2, 3, 4 and 5. Remarkably, for all oligomers very 

narrow molar mass distributions were obtained with dispersity values between 1.01 and 1.02, 

underlining the high degree of purity obtainable using the step-by-step synthesis. To determine the 

optical properties of the labeled oligomers, UV-Vis and fluorescence spectra were recorded 

(Table 4.4, Figure 4.7 and Appendix, Figure 7.5).  

Table 4.4 Properties of TEMPO terminated oligo-9,9-dioctylfluorenes. 

entry oligomer Mtrue
a 

(g·mol-1) 
Mn

b 

(g·mol-1) 
Mw

b 

(g·mol-1) ĐM
 b factorc 

λabs
d 

(nm) 
λem

e 

(nm) 

1 T-F1-T 939 1130 1140 1.01 1.20 345 387 

2 T-F2-T 1328 2020 2050 1.01 1.52 362 409 

3 T-F3-T 1717 2440 2490 1.02 1.42 368 416 

4 T-F4-T 2105 3180 3240 1.02 1.51 374 415 

5 T-F5-T 2494 3820 3900 1.02 1.53 376 416 

aCalculated true molecular mass. bDetermined by GPC in THF at 40 °C vs. polystyrene standards. 
cOverestimation factor calculated over Mn(GPC)/Mtrue. dAbsorption maximum. eEmission maximum of 0-0-

transition. 

In comparison to the hydrogen and bromine terminated oligomers, the absorption band of the 

TEMPO labeled oligomers is red shifted for the same number of repeat units. Obviously, this is 

caused by the extended π system, owing to the two additional attached phenyl rings. For the same 

reason, the absorbance and emission maxima are again red shifted with increasing chain length. 

Additionally, an absorption band at 458 nm, characterized by several vibronic components, is 

observed for all labeled oligomers. These bands are associated to the n → π* transition of the 

nitroxide radical.194 Thus, on the one hand, this observation further confirms the successful 

attachment of the TEMPO end groups to the oligomer chain and, on the other hand, this underlines 

that the radical moiety remained unaltered after the Suzuki-Miyaura coupling reaction. 
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Figure 4.7 Absorbance spectra of TEMPO labeled oligo-9,9-dioctylfluorenes prepared via step-by-step 
synthesis as well as of 4-hydroxy-TEMPO for comparison, measured in CHCl3. 

Separation of precisely doubly labeled oligomers by semi-preparative gel permeation 

chromatography. Due to the identical end groups of all polymer chains, which also do not differ 

very strongly in polarity from the polymer backbone, separation by affinity methods is difficult. 

Semi-preparative GPC relies on molecular mass (as reflected by hydrodynamic radius) differences 

for separation and therefore provides an opportunity to address this difficult task.182 In particular 

for longer chain lengths this method is advantageous compared to a tedious step-by-step approach 

due to the low synthetic effort required. Therefore, the focus was on the separation of the longer 

polymer chains, which are more difficult to synthesize (n = 5-9). Polymerizations with different 

monomer to initiator ratios were performed, to ensure a sufficient amount of the desired chain 

length within the oligomer mixture. In the following this separation approach is exemplified in 

detail by the TEMPO labeled hexamer (T-F6-T). 

Due to the relatively high molecular mass of the repeat units, the GPC trace of a TEMPO labeled 

PF8 shows individual peaks for the different chain lengths (Figure 4.8, Appendix, Figure 7.12). This 

applies mainly for the use of an analytical column, but also is less pronounced observable for a 

semi-preparative column. Since the individual peaks were not clearly distinguishable, the outflux 

of the GPC column was collected in multiple fractions, with equally long time steps. 500 µL of a 

5 mg/mL concentrated polymer solution were injected into the semi-preparative column and a total 

of 9 mL in 18 different fractions was collected (collection from 8.5 min to 10 min or 51 mL to 60 mL 

of elution volume, respectively, at a flow rate of 6 mL/min, each fraction contains 0.5 mL). After 

this first separation step, the individual oligomer chains are not completely separated, as 

demonstrated by the MALDI-TOF mass spectra of all 18 fractions in comparison to the original 

oligomer mixture right after polymerization (Figure 4.9). 
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Figure 4.8 Raw data obtained by semi-preparative GPC analysis for oligomer mixture. Dashed lines show 
time slots, where fractions were collected. The insert shows respective raw data obtained with an analytical 
column. 

 

 

Figure 4.9 MALDI-TOF mass spectra of a TEMPO labeled oligomer mixture containing different chain 
lengths (n) and of 18 fractions of it separated by semi-preparative GPC. 
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Actually, the first three collected fractions show hardly any separation, possibly due to overload 

of the column. However, for all following fractions, one clearly observe a partial separation, the 

higher the fraction number, the lower the molecular mass and the better the separation. For further 

purification, selected fractions were separated a second time using the semi-preparative GPC. For 

example, to improve the separation of the hexamer T-F6-T, the fraction F10 was further separated 

in four parts. Although the separation in the resulting four fractions was slightly better, all of them 

contained, next to the desired hexamer, also still the penta- and heptamer in different amounts (cf. 

Appendix, Figure 7.22). This is consistent with the results of Shiraki et al., who were able to separate 

hydrogen terminated oligomers from each other, which differ by at least two monomer units.182 

Therefore, further separation steps were assumed to be less promising and simultaneously would 

reduce the oligomer yield. For this reason, the third fraction of the second separation with only 

minor amounts of other chain lengths was chosen for DEER measurements (Figure 4.10, cf. 

Chapter 4.2.3). 

 

Figure 4.10 MALDI-TOF mass spectra of TEMPO labeled oligomers separated by semi-preparative GPC. 

In a similar manner the penta-, hepta-, octa- and nonamer were obtained after two separation 

steps by the semi-preparative GPC. Obviously, the relative hydrodynamic radius differences, 

between two oligomers which differ only in one additional repeat unit are more pronounced the 

shorter the chain length, and therefore the smaller the whole molecule. Therefore, the separation 

of individual oligomers was even more challenging for longer chain lengths. Since the coupling 
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strength between two spins and thus the signal power is proportional to the spin-spin distance, 

residuals which cause longer distances in DEER measurements are less problematic. Therefore, 

oligomer fractions were chosen which mainly contain impurities with longer chain lengths than 

the desired one (Figure 4.10). 

Thus, the separation is less successful the longer the oligomer chains and especially the octa- 

and nonamer fractions rather have to be considered as mixture of oligomers of at least two different 

chain lengths than as individual oligomers. Nevertheless, the molar mass distributions are very 

narrow even though a little broader than for the step-by-step synthesized oligomers (Table 4.5 and 

Appendix, Figure 7.11). The overestimation factor for the separated pentamer is similar to the 

stepwise synthesized one (1.55 compared to 1.53), proving the comparability of both methods. With 

increasing chain length, also the overestimation factor increases, which is expected by comparison 

to literature values.145 For the octa- and nonamer the high overestimation can be further explained 

by the presence of chains with one additional monomer unit. The optical properties were again 

determined by UV-Vis and fluorescence spectroscopy (Table 4.5 and Appendix, Figure 7.6 and 

Figure 7.7). The absorption maxima are red shifted for longer oligomers but only marginally. The 

nonamer features an absorption maximum of 385 nm, which is already very close to the polymer 

absorption maximum at 388 nm. Compared to the step-by-step synthesized pentamer, the 

separated pentamer is slightly red shifted (376 nm to 379 nm), which is probably due to a 

superimposition with the small proportion of residual hexamer. With regard to the emission 

spectra, both pentamers feature the same emission maxima of 416 nm. For longer chain lengths 

also no further red shift is observable, indicating the effective conjugation length at which 

convergence for the optical properties is reached.193, 196 

Table 4.5 Properties of TEMPO labeled oligo-9,9-dioctylfluorenes separated by semi-preparative GPC. 

Entry oligomer Mtrue
a 

(g·mol-1) 
Mn

b 

(g·mol-1) 
Mw

b 

(g·mol-1) ĐM
 b factorc 

λabs
d 

(nm) 

λem
e 

(nm) 

1 T-F5-T 2494 3870 3980 1.03 1.55 379 416 

2 T-F6-T 2883 4720 4790 1.02 1.64 381 417 

3 T-F7-T 3271 5350 5460 1.02 1.64 383 416 

4 T-F8-T 3660 6720 6880 1.02 1.84 384 417 

5 T-F9-T 4048 7620 7840 1.03 1.88 385 417 

aCalculated true molecular mass. bDetermined by GPC in THF at 40 °C vs. polystyrene standards. 

cOverestimation factor calculated over Mn(GPC)/Mtrue. dAbsorption maximum. eEmission maximum of 0-0-

transition. 

In summary, the successful preparation of doubly TEMPO labeled oligomers was 

demonstrated. Two different approaches were examined, the step-by-step synthesis as well as the 
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separation of oligomer mixtures. Both methods experience problems with longer chain lengths due 

to difficulties in removing impurities. However, doubly labeled, precise oligomers were obtained, 

as confirmed by MALDI-TOF MS. GPC analysis of these single chain length samples is also 

instructive for an interpretation of the GPC data of samples with a distribution from one-pot 

polymerization (Chapter 4.2.1). For example, the nominal Mn from GPC of 3870 g/mol for the 

pentamer (overestimation factor 1.55) agrees well with the value of Mn 3900 g/mol found by GPC 

on a sample from cSMCP with a monomer to initiator ratio of 5. The narrow molar mass 

distributions indicate a high degree of purity, in terms of additional unwanted chain lengths. 

Moreover, UV-Vis and emission spectra show that with increasing chain length the absorbance and 

emission maxima are red shifted, as expected due to the extended π system. 

4.2.3 Electron Paramagnetic Resonance Experiments in Solution 

DEER experiments on the prepared doubly labeled oligomers were performed by Dennis 

Bücker. In order to study the chain behavior when freely mobile, first experiments were carried out 

in deuterated toluene solution. In case of the precise oligomers it was expected that with increasing 

chain lengths the measured distance distributions are shifted to longer distances, which was 

confirmed by the experimental results (Figure 4.11). Prolongation of the chain by an additional 

repeat unit results in the same increase of distance for the different oligomers studied. 

Furthermore, the distance distribution gets broader with increasing chain length, which can be 

explained by the greater flexibility of the oligomer backbone. This study focused on the labeled 

oligomers up to the hexamer only, as for their limited distances appropriate experimental 

conditions, to obtain high quality data, are easier to identify. 

The DEER traces were fitted with a worm-like chain (WLC) model, including a Gaussian 

broadening σ, originating from the label contribution. The WLC is used to describe the behavior of 

semi-flexible polymers and thus well suited for conjugated polymers.197 The label contribution was 

determined from the DEER measurement of the doubly labeled monomer. By assuming an 

absolutely rigid backbone, which is a reasonable assumption for the monomer, the broadening of 

the DEER signal arises exclusively out of the Gaussian broadening, due to the flexibility of the 

nitroxide labels and their linkers. Further, the signal broadening is influenced by a second 

contribution, namely the flexibility of the oligomer chain, which is characterized by the persistence 

length Lp. This parameter only depends on the nature of the repeat unit and the temperature. When 

choosing a completely rigid persistence length, a Gaussian broadening σ of 0.06 nm is obtained. 

With fixed Gaussian broadening an Lp of 14 nm is calculated. When keeping both values fix the 

contour lengths Ln for the different chain lengths can be calculated (Table 4.6). On average Ln 

increases with 0.822 nm for every additional repeat unit, which is in very good accordance to the 
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repeat unit length of 0.83 nm for the monomeric fluorene unit, as obtained from XRD 

measurements.167 

 

Figure 4.11 DEER distance measurements of T-Fn-T with n = 1, 2, 3, 4, 5 and 6 in deuterated toluene, 
recorded at 40 K in Q-band. Oligomers were either synthesized stepwise (Syn) or separated by semi-
preparative GPC (GPC). 

As can be seen in Table 4.6 and also in Figure 4.12, the contour length of the stepwise 

synthesized pentamer is almost equal to the by semi-preparative GPC separated pentamer, proving 

the comparability of the compounds obtained by both methods. However, in case of the stepwise 

synthesized oligomers, especially for the pentamer, additional distances were observed, which are 

smaller than the expected end-to-end distances. These signals are attributed to the aforementioned 

small amounts of triply labeled oligomers, which each have two additional spin-spin interactions 

between the additional, unwanted TEMPO-group and the both end labels (cf. Chapter 4.2.2). They 

clearly complicate the measurement, although the end-to-end distance is still well observed. In case 

of the separated oligomers exclusively the expected signals were observed, at least for the shorter 

oligomers. Therefore, and also due to the much lower synthetic effort, the separation via GPC is 

considered to be most suitable for the synthesis of the doubly labeled precise oligomers. 
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Table 4.6 Parameters of model based fit with WLC with fixed Gaussian broadening σ and fixed 
persistence length Lp. 

oligomer Ln
c [nm] Lp

d (fix) [nm] σe (fix) [nm] 

T-F1-T(Syn)
a 2.90 14 0.06 

T-F2-T(Syn)
a 3.73 14 0.06 

T-F3-T(Syn)
a 4.49 14 0.06 

T-F4-T(Syn)
a 5.31 14 0.06 

T-F5-T(Syn)
a 6.12 14 0.06 

T-F5-T(GPC)
b 6.13 14 0.06 

T-F6-T(GPC)
b 7.02 14 0.06 

aStepwise synthesized oligomers. bOligomers separated by GPC. Parameters of model based fit with WLC, 
ccontour length, dpersistence length, estandard deviation of additional Gaussian broadening in WLC. 

 

Figure 4.12 DEER distance measurements of T-F5-T in deuterated toluene for material synthesized 
stepwise (Syn, black), or separated by semi-preparative GPC (GPC, blue), recorded at 40 K at Q-band. 

DEER measurements of the oligofluorene mixture obtained by cSMCP yielded a broad distance 

distribution consisting of several individual peaks (Figure 4.13). These peaks can be assigned to the 

different chain lengths present in the mixture, with the pentamer as major component. As the 

cSMCP is assumed to follow a living polymerization mechanism, the chain length distribution 

should be describable by a Poisson distribution. EPR is a powerful tool to investigate this 

distribution. The advantage over other methods is that exclusively the doubly labeled and thus only 

the by cSMCP initiated and quenched oligomer chains are included.  

The Poisson distribution with a fitted λ-value of 5.4 fits pretty well to the frequencies of 

occurrence of the respective chain lengths, according to their weighting factors (Figure 4.14). Since 

an average chain length of 5 was adjusted by the monomer to initiator ratio (cf. Chapter 4.2.1), and 

it is expected that small amounts of the initiator either deteriorate or a not completely transferred 

to the monomer mixture, a resultant average chain length of 5.4 is reasonable. The 

underrepresentation of the short oligomers (mono- to trimer) can be explained by the purification 
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of the oligomer mixture. Precipitation of the oligomers with MeOH works obviously better for 

longer oligomers, whereas small oligomers stay at least partially in solution. Therefore, the short 

oligomers (mono- and dimer) are not taken into account in the fit of the Poisson distribution. For 

long oligomers and thus long distances in turn, the data quality in this measurements reaches its 

limits. In comparison to the fit of the Poisson distribution using MALDI-TOF measurements 

(cf. Chapter 4.2.2), the mean value λ (5.4 vs. 6.5) fits better to the adjusted chain length of 5. 

 

Figure 4.13 DEER distance measurement of oligofluorene mixture in deuterated toluene, recorded at 
40 K in Q-band. T-F3-T: 9.0 %, T-F4-T: 25.9 %, T-F5-T: 28.0%, T-F6-T: 24.2 % and T-F7-T: 12.9 % was found by 
model fit. 

 

Figure 4.14 Frequencies of occurrence of the respective chain lengths, according to their weighting 
factors (blue) and fitted Poisson distribution with a λ of 5.4 (black). 

Furthermore, the doubly labeled oligothiophene and oligophenylene mixtures were 

investigated via DEER. In contrast to the oligofluorene mixture the different chain lengths are not 

as well distinguishable (Appendix, Figure 7.26 and Figure 7.27). This is based on the significantly 

shorter repeat unit length of the 3HT (0.43 nm) and the HOT (0.39 nm) units compared to the F8 

monomer (0.83 nm). Note that data quality for the PPP measurement is low and therefore the 

resulting distance distribution is not reliable. 



Results and Discussion 

67 

4.2.4 Electron Paramagnetic Resonance Experiments in Particles 

For the preparation of nanoparticles for EPR studies, the same procedure as described in 

Chapter 3.2.1 was used. Additionally, a small amount of doubly labeled oligomers was added to the 

organic phase, which was then incorporated during polymerization in the interior of the forming 

particle. In order to estimate the necessary amount of labeled oligomers, knowledge of the particle 

concentration is essential. For this reason the particle concentration in dispersion was determined 

via nanoparticle tracking analysis (NTA) (Appendix, Figure 7.50). The obtained order of magnitude 

of concentration is 1012 particles/mL. This is in accordance to theoretical considerations on the basis 

of the particle volume (from TEM) and the obtained polymer amount. The mean particle size 

determined via NTA is 191 nm, whereas the most often measured size is 150 nm. The same 

dispersion was analyzed by TEM, revealing an average particle length of 146 nm and a particle width 

of 47 nm. Considering, that the rate of particle movement is related to a sphere equivalent 

hydrodynamic radius as calculated through the Stokes-Einstein equation and that it is only an 

approximation for an ellipsoid, the values fit fairly well. 

With the particle concentration in hand the amount of doubly labeled oligomer chains per 

particle was easily adjustable. In first experiments different amounts of the doubly labeled dimer 

were tested and the best results in terms of spin concentration were obtained for about 1200 doubly 

labeled dimers per nanoparticle. Notably, the ellipsoidal particle shape is retained (Appendix, 

Figure 7.45). In order to increase the spin concentration for the subsequent DEER measurements, 

the particle dispersion was freeze-dried after preparation and the resulting powder was transferred 

to the sample tube. 

The obtained distance distribution shows only small differences and the found contour length 

of Ln = 3.87 nm is only slightly longer than for the dimer in solution (3.73 nm, cf. Table 4.6). This 

nearly identical value in solution and in the solid, respectively, is expected since the backbone of 

the dimer is very short and rigid and therefore not easily to bend. The persistence length of 8.76 nm 

is shorter than for the dimer in solution, which can be explained by its temperature dependency as 

both surrounding matrices (PF8 vs. deuterated toluene) differ in their glass transition temperature 

and therefore cause small conformational changes. 

However, for longer oligomers it is expected that the conformation of the polymer chains inside 

the particle could influence the conformation of the incorporated doubly labeled oligomers. The 

successful incorporation of the dimer inside the particles and the suitability of the DEER technique 

to observe its conformation in particles are therefore first promising results on the way to the 

elucidation of the internal particle structure. 
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Figure 4.15 DEER distance measurements of T-F2-T in deuterated toluene (black) and inside a particle 
(blue), recorded at 40 K in Q-band. 

4.3 Summary and Conclusion 

The shape of a particle is obviously influenced by the inner-particle structure. To get an insight 

into the conformation of the polymer chains within an anisotropic conjugated polymer 

nanoparticle (CPN), double electron-electron resonance (DEER) was chosen, as method to measure 

distance distributions between electron spins in the range of 2 to 12 nm. For this purpose, first spin 

labels had to be introduced. Therefore, the controlled Suzuki-Miyaura coupling polymerization 

(cSMCP) was applied, which allows for targeted modification of the polymer end groups. Due to 

the small range of the DEER method, only short doubly labeled oligomers were of interest. 

Two types of initiators were used for the cSMCP, isolated as well as in situ generated complexes. 

Whereas, for the isolated complex no or only little amounts of doubly labeled oligomers were 

obtained, even for the more reactive benzothiadiazole-based aryl bromide, the in situ system 

worked well and produced doubly spin labeled conjugated oligomers from three different monomer 

units, 9,9-dioctylfluorene, 3-hexylthiophene and 2,5-hexyloxy-p-phenylene. All polymerizations 

proceeded in a rather controlled fashion as proven by the narrow molar mass distributions with a 

dispersity ĐM < 1.2. With regard to the structural elucidation in the ellipsoidal poly(9,9-

dioctylfluorene) (PF8) particles, the labeled oligofluorenes are of particular interest. Furthermore, 

the polymer chain distribution, which, even though small, still exists, complicates the 

measurements within the particle. Therefore, doubly-labeled precise oligomers with one to nine 

monomer units were successfully prepared, both by separation of the polymerized oligomer 

mixtures as well as by stepwise synthesis. 

The oligomeric mixtures as well as the precise oligomers were then first measured in deuterated 

toluene solution. For the doubly labeled precise mono- to hexamer the DEER traces showed the 

expected behavior, which is that with increasing chain length the measured spin-spin distance 
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increases and simultaneously the distribution gets broader due to the enhanced chain mobility. 

The measurement of the oligofluorene mixture yielded a broad distance distribution consisting of 

several individual peaks, which are assignable to the different chain lengths present in the mixture. 

It could further be shown that the measured DEER trace fits quite well to a Poisson distribution, as 

expected for a living polymerization. 

First measurements on the doubly labeled dimer incorporated in the anisotropic CPNs 

demonstrated the fundamental feasibility of the conformational analysis within the particles. 

Whereas for the short dimer no substantial differences of the distance distributions of the dissolved 

and the particle incorporated oligomer were found, it is expected that the incorporation of longer 

oligomers in the particles provide detailed information of the interior chain conformation. 

Furthermore, DEER studies during particle synthesis potentially allow for a profound 

understanding of the formation of anisotropy. 

4.4 Experimental Section 

4.4.1 Materials and General Considerations 

Materials. Deionized water was distilled under a nitrogen atmosphere and toluene and THF 

were distilled from sodium/benzophenone ketyl under a nitrogen atmosphere. 

3-Bromothiophene(97%), 1-bromooctane(98%), 1-bromohexane(99%), N-bromosuccinimide 

(99%), pinacol (98%), N,N’-dicoyclohexylcarbodiimide (99%) and tetra-n-butylammonium 

bromide (98%) were purchased from ABCR. CsF (99%) was purchased from Acros. [1,3-

Bis(diphenylphosphino)propane]dichloronickel(II), n–butyllithium in hexane solution, 4,4′-di-

tert-butyl-2,2′-dipyridyl (98%), tri-iso-propyl borate (98%) , 4-(dimethylamino)pyridine (98%), 

[1,1’-bis(diphenylphosphino)ferrocene]dichloropalladium(II) , bis(tri-tert-butylphosphine)-

palladium(0) and 18-crown-6 were purchased from Sigma Aldrich, now Merck. 

Tetrakis(triphenylphosphine)palladium(0) was purchased from MCAT. 2,5-Dibromobenzene-1,4-

diol19 (Dr. Johannes Huber) and bis(1,5-cyclooctadiene)diiridium(I) dichloride198 (Dr. Inigo 

Göttker gen. Schnetmann) were available in the group.  

Methods. All manipulations of air- and/or water sensitive compounds were carried out under 

inert atmosphere using standard glove box and Schlenk techniques. Glassware was dried at 80 °C 

for at least 24 h. Gel permeation chromatography was either carried out on a Polymer 

Laboratories PL-GPC 50 instrument with two PLgel 5 μm MIXED-C columns in THF at 50 °C with 

RI detection against polystyrene standards or on a SECcurity2 GPC System from Polymer Standards 

Service with a SDV Linear M 5 µm column with RI or UV-Vis detection against polystyrene 
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standards. The latter was also used for semi-preparative GPC analysis, using a PSS SDV column 

(300 x 20 mm, porosity: 1000 Å) in combination with a SECcurity2 fraction collector. Centrifugation 

was carried out on a Biofuge Primo centrifuge with a highconic rotor (6,000 rpm, 10 minutes). 

Absorption spectra were recorded on a Varian Cary 100 scan spectrometer. Emission spectra were 

measured using a Hamamatsu Absolute PL Quantum Yield Measurement System C9920-02. 

Nuclear magnetic resonance spectra were recorded on a Varian Unity Inova 400 and on a Bruker 

Avance 400 spectrometer (1H: 400 MHz, 13C: 101 MHz, 31P: 162 MHz). 1H NMR and 13C NMR chemical 

shifts were referenced to the residual signal of the deuterated solvent. Multiplicities are given as 

follows: s – singlet, d - doublet, t – triplet, q – quartet, quint – quintet and m – multiplet. Matrix-

assisted LASER desorption/ionization – time of flight spectroscopy was performed on a Bruker 

Microflex MALDI-TOF with either alpha-cyano-4-hydroxycinnamic acid (HCCA) or trans-2-[3-(4-

tert-butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) as matrix. Transmission 

electron microscopy images were obtained on a Zeiss Libra 120 instrument (acceleration voltage 

120 kV). Carbon coated copper grids were used with a carbon thickness of 9 nm. Nanoparticle 

tracking analysis was performed on a Malvern Nanosight LM 10 device by Christoph Penalver in 

the laboratories of the group of Prof. Dr. H. Cölfen. Double electron-electron resonance 

measurements were performed by Dennis Bücker in the laboratories of the group of Prof. Dr. M. 

Drescher and described in detail in Experimental Section 4.4.5. Density functional theory 

geometries of oligomers were performed at the GGA BP86 level199-200 with the Gaussian 09 

package.201 The 6-31G(d) basis set was applied to describe the electronic configuration on all main 

group atoms. All geometries were identified as minimum through frequency calculations. 

4.4.2 Monomer and Initiator Synthesis 

2,7-Dibromo-9,9-dioctylfluorene (Br-F1-Br)175 and 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (F8)176 were prepared according to reported procedures (cf. 

Experimental Section 3.4.2). 

Synthesis of 3-Hexylthiophene202 

 

To a degassed flask, containing magnesium (4.82 g, 198.4 mmol), anhydrous THF (50 mL) was 

added. A small amount of 1-bromohexane was added to start the Gringard reaction. The remaining 

1-bromohexane (31.64 g, 191.7 mmol) was dissolved in anhydrous THF (150 mL) and added dropwise 

at a rate that maintained a gentle reflux of the THF. After complete addition, the suspension was 
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stirred under nitrogen for two hours until all magnesium was reacted. The resulting solution was 

transferred to a dropping funnel and added dropwise to a solution of 3-bromothiophene (25 g, 

153.3 mmol) and [Ni(dppp)Cl2] (415 mg, 0.76 mmol) in THF at 0 °C. After stirring for 2 h, the 

reaction mixture was allowed to warm to room temperature and stirred under nitrogen for three 

days. Then, the reaction mixture was quenched by pouring into a mixture of HCl and ice water. 

After phase separation, the aqueous phase was extracted with Et2O and the combined organic 

phases were washed once with saturated NaHCO3 and three times with water. The organic phase 

was dried over MgSO4 and the solvent was removed under reduced pressure. The crude product 

was purified by distillation at 55 °C and 0.55 mbar, resulting in a colorless oil with 71% yield.  

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.23 (dd, 3JHH = 4.9 Hz, 4JHH = 2.9 Hz, 1H, H1), 6.98-6.89 

(m, 2H, H2-3), 2.63 (d, 3JHH = 7.9 Hz, 2H, H4), 1.63 (m, 2H, H5), 1.40-1.27 (m, 6H, H6-8), 0.90 (m, 3H, 

H9) ppm. 

Synthesis of 2-Bromo-3-hexylthiophene203 

 

NBS (14.2 g, 79.8 mmol) was added to a degassed solution of 3-hexylthiophene (13.4 g, 

79.8 mmol) in acetic acid (80 mL) with exclusion of light. After stirring under nitrogen overnight, 

the solution was poured into a mixture of Et2O and water (400 mL, 1:1 v/v). After phase separation, 

the aqueous phase was extracted with Et2O and the combined organic phases were washed with 

2 M NaOH until pH 6-7 was reached. After washing another two times with water, the solution was 

dried over MgSO4 and the solvent was removed under reduced pressure. The crude product was 

purified by distillation at 44 °C and 1.2 mbar, resulting in a colorless oil with 70% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.19 (d, 3JHH = 5.6 Hz, 1H, H1), 6.80 (d, 3JHH = 5.6 Hz, 1H, 

H2), 2.59 (t, 3JHH = 7.7 Hz, 2H, H3), 1.58-1.49 (m, 2H, H4), 1.40-1.26 (m, 6H, H5-7), 0.91 (t, 3JHH = 6.7 Hz, 

3H, H8) ppm. 

Synthesis of 2-(5-Bromo-4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(3HT)204 

 

2-Bromo-3-hexylthiophene (5.0 g, 20.2 mmol), bis(pinacolato)diboron (5.2 g, 20.4 mmol), 4,4′-
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di-tert-butyl-2,2′-dipyridyl (54 mg, 0.2 mmol) and [Ir(cod)Cl]2 (67 mg, 0.1 mmol) were dissolved in 

degassed THF and stirred 24 h at 65 °C. The solution was poured into water and Et2O was added. 

After phase separation, the aqueous phase was extracted with Et2O and the combined organic phase 

was washed with saturated NaHCO3 until pH 6-7 was reached. After washing with brine, the 

solution was dried over MgSO4 and the solvent was removed under reduced pressure. The crude 

product was purified by multiple distillations at 133 °C and 0.37 mbar, resulting in a colorless oil 

with 68% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.32 (s, 1H, H1), 2.56 (t, 3JHH = 7.8 Hz, 2H, H2), 1.58 (m, 

2H, H3), 1.33 (s, 12H, H8), 1.34-1.24 (m, 6H, H4-6), 0.91 (t, 3JHH = 6.9 Hz, 3H, H7) ppm. 

Synthesis of 1,4-Dibromo-2,5-bis(hexyloxy)benzene170 

 

2,5-Dibromobenzene-1,4-diol (25.0 g, 94 mmol) was dissolved in degassed ethanol (500 mL). 

After addition of KOH (21.1 g, 376 mmol), degassed 1-bromohexane was added dropwise and the 

mixture was stirred at 80 °C overnight. The solvent was removed under reduced pressure and the 

resulting colorless precipitate was dissolved in a mixture of diethyl ether and water (200 mL, 1:1 v/v). 

After phase separation, the aqueous phase was extracted with diethyl ether twice and the combined 

organic phases were evaporated. The residue was recrystallized from ethanol resulting in colorless 

crystals with 77% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.08 (s, 2H, H1), 3.94 (t, 3JHH = 6.5 Hz, 4H, H2), 1.80 (m, 

4H, H3), 1.48 (m, 4H, H4), 1.35 (m, 8H, H5-6), 0.91 (m, 6H, H7) ppm. 

Synthesis of 2-(4-Bromo-2,5-bis(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (HOP)170 

 

1,4-Dibromo-2,5-bis(hexyloxy)benzene (12.2 g, 28 mmol) was dissolved in dry THF (300 mL) 

and cooled to -78 °C. n-BuLi (20 mL, 1.6 M in hexane, 32.3 mmol) was added dropwise to the 

solution. The reaction mixture was stirred for 3 h at -78 °C, followed by the dropwise addition of 

triisopropyl borate (10.5 g, 56.1 mmol in 24 mL of THF). The reaction mixture was stirred overnight 

and was allowed to warm to room temperature. A 2 M HCl solution (100 mL) was added and the 

reaction mixture was stirred for 10 min. The aqueous phase was extracted three times with ethyl 

acetate. The combined organic phase was washed with brine and saturated NaHCO3 solution and 
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dried over MgSO4. After removal of the solvent, a yellowish oil was isolated and purified by column 

chromatography using a pentane/ethyl acetate mixture (8:1) as eluent yielding the desired 

intermediate product (45%). 

The latter was dissolved in a mixture of THF and toluene (100 mL, 1:1 v/v) and pinacol (1.66 g, 

14.0 mmol) was added. The solvents were removed under reduced pressure by a rotary evaporator 

(water bath temperature: 40 °C). A mixture of THF and toluene (100 mL, 1:1 v/v) was added again 

and removed another two times resulting in white crystals of the product with 100% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.15 (s, 1H, H1), 7.05 (s, 1H, H2), 3.99 (t, 3JHH = 6.6 Hz, 2H, 

H3), 3.89 (t, 3JHH = 6.4 Hz, 2H, H9), 1.78 (m, 4H, H4, H10), 1.55-1.45 (m, 4H, H5, H11), 1.34 (s, 12H, H15), 

1.37-1.30 (m, 8H, H6-7, H12-13), 0.91 (m, 6H, H8, H14) ppm. 

Synthesis of 4-Bromo-2,1,3-benzothiadiazole205 

 

In a 3-neck round bottom flask, 2,1,3-benzothiadiazole (3.0 g, 22.2 mmol) was dispersed in 

aqueous HBr (22.2 mL, 47 wt%) and heated up to 100 °C. Bromine (1.o4 ml, 22.2 mmol) was slowly 

added through a dropping funnel and the mixture was refluxed overnight. After addition of 30 mL 

of water, the mixture was neutralized with K2CO3 and the aqueous phase was extracted with CHCl3. 

After removal of the solvent, the product was purified by column chromatography using CH2Cl2 as 

eluent and recrystallization from ethanol resulting pale yellow crystals with 34% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.98 (dd, 3JHH = 8.8 Hz, 4JHH = 0.9 Hz, 1H, H3), 7.85 (dd, 

3JHH = 7.2 Hz, 4JHH = 0.9 Hz, 1H, H1), 7.48 (dd, 3JHH = 8.8 Hz, 3JHH = 7.2 Hz, 1H, H2) ppm. 

Synthesis of Methyl 2,1,3-benzothiadiazole-4-carboxylate170 

 

A 22 mL stainless steel pressure reactor with glass inlet was charged with 4-bromo-2,1,3-

benzothiadiazole (509.5 mg, 2.36 mmol) and was set under inert gas atmosphere. After addition of 

[Pd(dppf)Cl2] (173 mg, 0.23 mmol) dissolved in 8 mL of methanol and 0.64 mL of NEt3, the reactor 

was pressurized with CO (20 bar). The mixture was stirred at 120 °C for 16 h. The resulting red-

brown solid was dissolved in methanol and filtrated over silica. The solvent was removed under 

reduced pressure and the crude product was recrystallized from ethanol resulting in red-brown 

crystals with 46% yield. 
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1H NMR (400 MHz, CD3OD, 25 °C): δ = 8.41 (dd, 3JHH = 7.0 Hz, 4JHH = 1.1 Hz, 1H, H1), 8.31 (dd, 

3JHH = 8.8 Hz, 4JHH = 1.1 Hz, 1H, H2), 7.81 (dd, 3JHH = 8.8 Hz, 3JHH = 7.0 Hz, 1H, H3), 4.05 (s, 3H, H4) 

ppm. 

Synthesis of Methyl 7-bromo-2,1,3-benzothiadiazole-4-carboxylate170 

 

In a 8 mL vial, methyl 2,1,3-benzothiadiazole-4-carboxylate (331 mg, 1.71 mmol) was dissolved 

in H2SO4 (2 mL, 97% aq.) and heated to 60 °C. N-bromosuccinimide (304 mg, 1.7 mmol) was divided 

into two portions, one added immediately and one after 1 h of stirring. After stirring for another 

1.5 h the mixture was poured into an ice bath and stirred overnight. The resulting white precipitate 

was centrifuged and washed with water and n-pentane resulting in a white solid with 49% yield. 

1H NMR (400 MHz, DMSO-d6, 25 °C): δ = 8.24 (d, 3JHH = 7.7 Hz, 1H, H1), 8.17 (d, 3JHH = 7.7 Hz, 

1H, H2), 3.96 (s, 3H, H3) ppm. 

Synthesis of 7-Bromo-2,1,3-benzothiadiazole-4-carboxylic acid170 

 

Methyl 7-bromo-2,1,3-benzothiadiazole-4-carboxylate (171.3 mg, 0.63 mmol) was dissolved in 

THF (15 mL) and water (3 mL) and heated up to 50 °C. Then, KOH (84.5 mg, 1.50 mmol) was added 

and the mixture was stirred overnight. The mixture was neutralized with 2 M hydrochloric acid and 

extracted with CHCl3. The organic layers were combined and the solvent was removed under 

reduced pressure resulting in red-brown crystals with 76% yield. 

1H NMR (400 MHz, CD3OD, 25 °C): δ = 8.29 (d, 3JHH = 7.6 Hz, 1H, H1), 8.08 (d, 3JHH = 7.6 Hz, 1H, 

H2) ppm. 

Synthesis of TEMPO labeled 7-Bromo-2,1,3-benzothiadiazole-4-carboxylic acid (L2)89 

 

7-Bromo-2,1,3-benzothiadiazole-4-carboxylic acid (50 mg, 0.19 mmol), 4-Hydroxy-TEMPO 

(33.2 mg, 0.19 mmol), DCC (43.8 mg, 0.21 eq.) and DMAP (2.3 mg, 0.02 mmol) were dissolved in 

CH2Cl2, degassed and stirred for 72 h at room temperature. Water (20 mL) was added and the 

mixture was extracted with ethyl acetate. The combined organic layers were dried over MgSO4 and 
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the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography using a petroleum ether/ethyl acetate mixture (5:1) as eluent resulting in a red 

solid with 58% yield. 

HR-ESI-MS (m/z): 414.0482 [M+2H]+ (calc. 414.0487 [M+2H]+), deviation: 1.21 ppm. 

Elemental analysis calculated for C16H19BrN3O3S∙ (%): C, 46.50; H, 4.63; N, 10.17. Found: C, 

47.46; H, 4.94; N, 9.88. 

Synthesis of isolated initiator complex linked to TEMPO labeled 7-bromo-2,1,3-

benzothiadiazole-4-carboxylic acid (I2) 

 

In a glovebox, the TEMPO labeled 7-bromo-2,1,3-benzothiadiazole-4-carboxylic acid (91.7 mg, 

0.22 mmol) and [Pd(PtBu3)2] (126.7 mg, 0.24 mmol) were dissolved in benzene (3.5 mL) and stirred 

for 90 min at room temperature. The solvent was evaporated by freeze-drying and the obtained 

solid was washed three times with pentane, to afford a yellow solid with 87% yield. 

31P NMR (162 MHz, C6D6, 25 °C): δ = 76.6 (s) ppm. 

Synthesis of TEMPO labeled 4-Bromobenzyl alcohol (L1)89 

 

4-Bromobenzyl alcohol (28.1 mg, 0.15 mmol), 4-Carboxy-TEMPO (30.0 mg, 0.15 mmol), 

DCC (31.0 mg, 0.15 mmol) and DMAP (3.7 mg, 0.03 mmol) were dissolved in DCM (5 mL) and 

stirred overnight at room temperature. The formed precipitate (DCU) was filtered off and the 

solvent was removed under reduced pressure. The crude product was purified by column 

chromatography using a petroleum ether/ethyl acetate mixture (4:1), to afford a red solid with 72% 

yield.  

HR-ESI-MS (m/z): 370.0972 [M+2H]+ (calc. 370.1018 [M+2H]+), deviation: 12.43 ppm. 

Elemental analysis calculated for C17H23BrNO3
∙ (%): C, 55.29; H, 6.28; N, 3.79. Found: C, 55.43; 

H, 6.58; N, 3.80. 
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Synthesis of TEMPO labeled 4-(Hydroxymethyl)phenylboronic acid pinacol ester 

(Q1)89 

 

4-(Hydroxymethyl)phenylboronic acid pinacol ester (241 mg, 1.03 mmol), 4-Carboxy-TEMPO 

(241 mg, 1.03 mmol), DCC (234 mg, 1.13 mmol) and DMAP (12.6 mg, 0.10 mmol) were dissolved in 

DCM (15 mL) and stirred overnight at room temperature. Water (20 mL) was added and the 

reaction mixture was extracted with ethyl acetate. The combined organic layers were dried over 

MgSO4 and the solvent was removed under reduced pressure. The crude product was purified by 

column chromatography using a petroleum ether/ethyl acetate mixture (5:1), to afford a red solid 

with 39% yield.  

HR-ESI-MS (m/z): 418.2763 [M+2H]+ (calc. 418.2765 [M+2H]+), deviation: 0.48 ppm. 

Elemental analysis calculated for C23H35BNO5
∙ (%): C, 66.35; H, 8.47; N, 3.36. Found: C, 66.09; 

H, 8.76; N, 3.51. 

Synthesis of TEMPO labeled 4-Bromobenzoic acid (L4)89 

 

4-Brombenzoic acid (301.5 mg, 1.5 mmol), 4-hydroxy-TEMPO (258.4 mg, 1.5 mmol), DCC 

(340.4 mg, 1.65 mmol) and DMAP (36.7 mg, 0.3 mmol) were dissolved in DCM (20 mL) and stirred 

overnight at room temperature. Water (20 mL) was added and the reaction mixture was extracted 

with ethyl acetate. The combined organic layers were washed with brine and dried over MgSO4 and 

the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography using a petroleum ether/ethyl acetate mixture (4:1), to afford a red solid with 58% 

yield.  

HR-ESI-MS (m/z): 356.0874 [M+2H]+ (calc. 356.0861 [M+2H]+), deviation: 3.65 ppm.  

Elemental analysis calculated for C16H21BrNO3
∙ (%): C, 54.10; H, 5.96; N, 3.94. Found: C, 54.04; 

H, 5.77; N, 4.03. 
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Synthesis of TEMPO labeled 4-Carboxylphenylboronic acid pinacol ester (Q4)89 

 

4-Carboxylphenylboronic acid pinacol ester (3.72 g, 15.0 mmol), 4-Hydroxy-TEMPO (2.58 g, 

15.0 mmol), DCC (3.40 g, 16.5 mmol) and DMAP (0.38 g, 3.0 mmol) were dissolved in DCM (50 mL) 

and stirred overnight at room temperature. Water (20 mL) was added and the reaction mixture was 

extracted with ethyl acetate. The combined organic layers were washed with brine and dried over 

MgSO4 and the solvent was removed under reduced pressure. The crude product was purified by 

column chromatography (petroleum ether/ethyl acetate gradient from 8:1 to 2:1), resulting in an 

orange solid with 73% yield.  

HR-ESI-MS (m/z): 404.2600 [M+2H]+ (calc. 404.2608 [M+2H]+), deviation: 1.98 ppm.  

Elemental analysis calculated for C22H33BNO5
∙ (%): C, 65.68; H, 8.27; N, 3.48. Found: C, 65.73; 

H, 8.08; N, 3.63. 

4.4.3 Controlled Suzuki-Miyaura Coupling Polymerizations 

Polymerization with isolated initiators170 

The monomer (F8, 1 equiv.), CsF (4 equiv.) and 18-crown-6 (8 equiv.) were dissolved in a 

THF/water mixture (25:1 v/v, 20 mL per 0.1 mmol monomer). The respective initiator complex was 

dissolved in a small volume of THF and both solutions were carefully degassed by three freeze-

pump-thaw cycles. Polymerization was initiated by injection of the initiator solution into the 

monomer solution at the respective polymerization temperature. The polymerization was either 

quenched by the addition of concentrated HCl or by injection of an excess of the respective end-

capper solution. After stirring overnight at room temperature, brine was added and the polymer 

was extracted from the aqueous phase by CH2Cl2
 (3 x 20 mL). The organic layer was combined, 

washed with water and dried over MgSO4. The solvent was then removed under reduced pressure. 

For further purification, the crude product was dissolved in toluene, precipitated by addition of 

MeOH and centrifuged. After removal of the supernatant this procedure was repeated twice to yield 

the desired polymer.  

Polymerization with in situ generated initiators96 

The monomer (F8, 1 equiv.) was dissolved in THF (4 mL per 0.1 mmol monomer) and cooled to 

0 °C. The precatalyst (C1, x equiv., with 1/x corresponds to the desired polymer chain length) and 

the respective aryl bromide (1.6 times of x equiv.) were dissolved in a mixture of THF and an 
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aqueous 2M K2CO3 solution (1:1 v/v, 1 mL per 0.1 mmol monomer) and stirred at room temperature 

for 40 - 80 min to generate the initiator. The solution of the in situ generated initiator was quickly 

injected into the monomer solution and the resulting mixture was stirred for 15 - 60 min at 0 °C. 

The reaction was quenched by injection of an excess of the respective end-capper solution. After 

stirring overnight at room temperature, the polymer was extracted from the aqueous phase by 

CH2Cl2. The organic layer was combined, washed with brine and dried over MgSO4. The solvent 

was then removed under reduced pressure. For further purification, the crude product was 

dissolved in toluene, precipitated through addition of MeOH and centrifuged. After removal of the 

supernatant this procedure was repeated twice to yield the desired polymer.  

4.4.4 Stepwise Oligomer Synthesis 

The oligomers were successively synthesized starting from 2,7-dibromofluorene or 2-

bromofluorene. By alternate bromination and Suzuki-Miyaura coupling the doubly TEMPO labeled 

mono-, tri- and pentamer, starting from the dibrominated compound, or the di- and tetramer, 

starting from the monobrominated compound, were obtained. 

Synthesis of 2-Bromo-9,9-dioctyl-9H-fluorene (Br-F1-H)184 

 

A mixture of 2-bromofluorene (24.5 g, 100 mmol), 1-bromooctane (64.5 g, 334 mmol) and tetra-

n-butylammonium bromide (1.9 g, 6 mmol) in 200 mL of DMSO and 40 mL of aqueous NaOH 

(50 wt.%) was degassed by sparging nitrogen for 30 min and stirred at room temperature for 6 h. 

The mixture was poured in 600 mL of deionized water and extracted three times with CH2Cl2. The 

combined organic layers were washed with water, 2 M HCl and brine and dried over MgSO4. The 

solvent was removed under reduced pressure, followed by removal of excess 1-bromooctane by 

distillation under vacuum. The crude product was purified by column chromatography using 

n-hexane as eluent resulting in a light yellow oil with 96% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.66 (m, 1H, H4), 7.55 (dd, 3JHH = 7.2, 1.1 Hz, 1H, H3), 7.47-

7.42 (m, 2H, H1-2), 7.35-7.30 (m, 3H, H5-7), 1.92 (m, 4H, H8), 1.27-0.98 (m, 20H, H10-14), 0.81 (t, 3JHH = 

7.2 Hz, 6H, H15), 0.60 (m, 4H, H9) ppm. 
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Synthesis of 9,9-Dioctyl-9H-fluorene-2-boronic acid ((HO)2B-F1-H)184 

 

To a degassed solution of 2-bromo-9,9-dioctyl-9H-fluorene (40 g, 85 mmol) in 500 mL of 

anhydrous THF, a 2.5 M solution of n-BuLi in hexane (38 mL, 94 mmol) was added at -78 °C. The 

solution was stirred for 1 h and tri-iso-propyl borate (27 g, 144 mmol) was added with a syringe. The 

resulting mixture was once again allowed to warm to room temperature and stirred overnight. Then 

2 M HCl (400 mL) was added to the solution while maintaining it at room temperature for 1 h. The 

organic layer was separated and the water layer was extracted with 200 mL Et2O. The combined 

organic layers were washed twice with 200 mL of water and dried over MgSO4. The solvent was 

then removed under reduced pressure. The crude product was purified by column chromatography 

(gradient from n-hexane to n-hexane/ethyl acetate to ethyl acetate) resulting in a white powder 

with 49% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 8.31 (d, 3JHH = 7.6 Hz, 1H, H4), 8.23 (s, 1H, H3), 7.88 (d, 

3JHH = 7.6, 1H, H2), 7.80 (m, 1H, H1), 7.42-7.31 (m, 3H, H5-7), 2.17-1.99 (m, 4H, H8), 1.22-0.98 (m, 20H, 

H10-14), 0.77 (t, 3JHH = 7.1 Hz, 6H, H15), 0.69 (m, 4H, H9) ppm. 

General procedure for the Suzuki-Miyaura coupling reaction of the oligofluorenes182 

9,9-Dioctyl-9H-fluorene-2-boronic acid ((HO)2B-F1-H) and the bromine terminated 

compound were dissolved in toluene and degassed. A degassed, aqueous 2 M K2CO3 solution 

(15 equiv. K2CO3 per bromine substituent) was added and the mixture was again degassed. 

Tetrakis(triphenylphosphine)palladium(0) (0.02 equiv. per bromine substituent) dissolved in 

toluene was added. Then the reaction temperature was increased to 90 °C and the mixture was 

stirred overnight. The organic layer was separated, washed with water, dried over MgSO4 and the 

solvent was then removed under reduced pressure. 

General procedure for the bromination of the oligofluorenes 

To a mixture of the hydrogen terminated oligomer (1 equiv.) and FeCl3 (0.02 equiv.) in CHCl3, 

Br2 (2.1 equiv.) was added dropwise over 15 min at -10 °C. The mixture was stirred at room 

temperature until TLC confirmed complete conversion. Then aqueous Na2S2O5 solution was added 

and the mixture was vigorously stirred for 30 min until the brown color disappeared. The organic 

layer was separated and the water layer was extracted with CH2Cl2. The combined organic layers 

were washed with water, dried over MgSO4 and the solvent was then removed under reduced 
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pressure. 

Synthesis of 9,9,9',9'-Tetraoctyl-9H,9'H-2,2'-bifluorene (H-F2-H) 

 

The general procedure for the Suzuki-Miyaura coupling reaction of the oligofluorenes with 

(HO)2B-F1-H (7.7 g, 17.7 mmol) was followed using Br-F1-H (6.4 g, 13.6 mmol) as starting material. 

The crude product was purified by column chromatography using hexane as eluent resulting in a 

white solid with 81% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.78 (d, 3JHH = 7.8 Hz, 2H, H5), 7.73 (dd, 3JHH = 6.6, 1.0 Hz, 

2H, H4), 7.63 (dd, 3JHH = 7.8, 1.5 Hz, 2H, H6), 7.61 (m, 2H, H7), 7.39-7.28 (m, 6H, H1-3), 2.09-1.96 (m, 

8H, H8), 1.22-1.05 (m, 40H, H10-14), 0.81 (t, 3JHH = 7.0 Hz, 12H, H15), 0.71 (m, 8H, H9) ppm. 

Synthesis of 7,7'-Dibromo-9,9,9',9'-tetraoctyl-9H,9'H-2,2'-bifluorene (Br-F2-Br) 

 

The general procedure for the bromination of the oligofluorenes was followed using H-F2-H 

(8.6 g, 11.0 mmol) as the starting material. The crude product was purified by washing several times 

with ethanol resulting in a white solid with 96% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.74 (d, 3JHH = 7.9 Hz, 2H, H4), 7.62 (dd, 3JHH = 7.9, 1.6 Hz, 

2H, H5), 7.61-7.56 (m, 4H, H3, H6), 7.50-7.46 (m, 4H, H1-2), 2.00 (m, 8H, H7), 1.24-1.02 (m, 40H, H9-13), 

0.81 (t, 3JHH = 7.1 Hz, 12H, H14), 0.70 (m, 8H, H8) ppm. 

Synthesis of 9,9,9',9',9'',9''-Hexaoctyl-9H,9'H,9''H-2,2':7',2''-terfluorene (H-F3-H) 

 

The general procedure for the Suzuki-Miyaura coupling reaction of the oligofluorenes with 

(HO)2B-F1-H (6.7 g, 15.4 mmol) was followed using Br-F1-Br (3.0 g, 6.4 mmol) as the starting 

material. The crude product was purified by column chromatography using hexane as eluent 
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resulting in a white solid with 62% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.83-7.72 (m, 6H, H4-6), 7.69-7.62 (m, 8H, H7-10), 7.39-7.29 

(m, 6H, H1-3), 2.14-1.96 (m, 12H, H11), 1.24-1.03 (m, 60H, H13-17), 0.85-0.66 (m, 30H, H12, H18) ppm. 

Synthesis of 7,7''-Dibromo-9,9,9',9',9'',9''-hexaoctyl-9H,9'H,9''H-2,2':7',2''-terfluorene 

(Br-F3-Br) 

 

The general procedure for the bromination of the oligofluorenes was followed using H-F3-H 

(4.7 g, 4.0 mmol) as starting material. The crude product was purified by washing several times 

with ethanol and by recrystallization from acetone resulting in a white solid with 78% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.83-7.79 (d, 3JHH = 7.8 Hz, 2H, H4), 7.77-7.73 (d, 3JHH = 

7.8 Hz, 2H, H5), 7.68-7.57 (m, 10H, H3, H6-9), 7.51-7.45 (m, 4H, H1-2), 2.13-1.93 (m, 12H, H10), 1.27-1.03 

(m, 60H, H12-16), 0.87-0.65 (m, 30H, H11, H17) ppm. 

Synthesis of 9,9,9',9',9'',9'',9''',9'''-Octaoctyl-9H,9'H,9''H,9'''H-2,2':7',2'':7'',2'''-

quaterfluorene (H-F4-H) 

 

The general procedure for the Suzuki-Miyaura coupling reaction of the oligofluorenes with 

(HO)2B-F1-H (3.3 g, 7.7 mmol) was followed using Br-F2-Br (3.0 g, 3.2 mmol) as the starting 

material. The crude product was dissolved in toluene and precipitated through addition of MeOH. 

After centrifugation, the precipitate was recrystallized from acetone resulting in a light yellow solid 

with 58% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.85-7.62 (m, 20H, H4-13), 7.40-7.30 (m, 6H, H1-3), 2.16-

1.99 (m, 16H, H14), 1.25-1.03 (m, 80H, H16-20), 0.87-0.67 (m, 40H, H15, H21) ppm. 
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Synthesis of 7,7'''-Dibromo-9,9,9',9',9'',9'',9''',9'''-octaoctyl-9H,9'H,9''H,9'''H-

2,2':7',2'':7'',2'''-quaterfluorene (Br-F4-Br) 

 

The general procedure for the bromination of the oligofluorenes was followed using H-F4-H 

(334 mg, 0.22 mmol) as starting material. The crude product was dissolved in toluene and 

precipitated through addition of MeOH. After centrifugation, the precipitate was recrystallized 

from acetone resulting in a light yellow solid with 78% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.87-7.56 (m, 20H, H3-12), 7.52-7.46 (m, 4H, H1-2), 2.16-1.93 

(m, 16H, H13), 1.31-1.03 (m, 80H, H15-19), 0.91-0.63 (m, 40H, H14, H20) ppm. 

Synthesis of 9,9,9',9',9'',9'',9''',9''',9'''',9''''-Decaoctyl-9H,9'H,9''H,9'''H,9''''H-

2,2':7',2'':7'',2''':7''',2''''-quinquefluorene (H-F5-H) 

 

The general procedure for the Suzuki-Miyaura coupling reaction of the oligofluorenes with 

(HO)2B-F1-H (1.2 g, 2.7 mmol) was followed using Br-F3-Br (1.5 g, 1.1 mmol) as the starting material. 

The crude product was dissolved in toluene and precipitated through addition of MeOH. After 

centrifugation, the precipitate was recrystallized from acetone resulting in a light yellow solid with 

51% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.88-7.55 (m, 26H, H4-16), 7.41-7.28 (m, 6H, H1-3), 2.20-

1.96 (m, 20H, H17), 1.30-1.00 (m, 100H, H19-23), 0.91-0.64 (m, 50H, H18, H24) ppm. 
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Synthesis of 7,7''''-Dibromo-9,9,9',9',9'',9'',9''',9''',9'''',9''''-decaoctyl-9H,9'H,9''H,9'''H,9''''H-

2,2':7',2'':7'',2''':7''',2''''-quinquefluorene (Br-F5-Br) 

 

The general procedure for the bromination of the oligofluorenes was followed using H-F5-H 

(503 mg, 0.26 mmol) as starting material. The crude product was dissolved in toluene and 

precipitated through addition of MeOH. After centrifugation, the precipitate was recrystallized 

from acetone resulting in a light yellow solid with 83% yield. 

1H NMR (400 MHz, CDCl3, 25 °C): δ = 7.88-7.54 (m, 26H, H3-15), 7.52-7.46 (m, 4H, H1-2), 2.18-1.91 

(m, 20H, H16), 1.29-1.01 (m, 100H, H18-22z), 0.91-0.63 (m, 50H, H17, H23) ppm. 

General procedure for the TEMPO labeling of the oligofluorenes 

The bromine terminated oligomer (1 equiv.), the TEMPO-labeled 4-carboxyphenylboronic acid 

pinacol ester (2.1 equiv.) and K2CO3 (4.5 equiv.) were dissolved in a THF/water mixture (2 to 1 v/v, 

3 mL per 0.1 mmol oligomer) and degassed. Tetrakis(triphenylphosphine)palladium(0) 

(0.06 equiv.) dissolved in toluene was added. The reaction temperature was increased to 80 °C and 

the mixture was stirred until TLC confirmed complete conversion. The organic layer was separated 

and the water layer was extracted with CH2Cl2, washed with brine and dried over MgSO4. Removal 

of the solvent under reduced pressure yielded the crude product. Further purification was achieved 

by semi-preparative GPC. 

Synthesis of doubly TEMPO labeled monomer (T-F1-T)  

 

The general procedure for the TEMPO labeling of the oligofluorenes was followed using 

Br-F1-Br (262 mg, 0.48 mmol) as starting material. The crude product was purified by column 

chromatography using a hexane/ethyl acetate mixture (3 to 1) as eluent yielding a red solid (43%).  

MALDI-TOF MS: m/zcalc (C61H82N2O6) = 939.3; m/zfound = 940.7. 
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Synthesis of doubly TEMPO labeled dimer (T-F2-T) 

 

The general procedure for the TEMPO labeling of the oligofluorenes was followed using 

Br-F2-Br (469 mg, 0.50 mmol) as starting material. The crude product was purified by column 

chromatography (gradient from hexane to hexane/ethyl acetate to ethyl acetate) yielding a yellow 

solid (51%). Further purification was achieved by semi-preparative GPC. 

MALDI-TOF MS: m/zcalc (C90H122N2O6) = 1328.0; m/zfound = 1327.9. 

Synthesis of doubly TEMPO labeled trimer (T-F3-T) 

 

The general procedure for the TEMPO labeling of the oligofluorenes was followed using 

Br-F3-Br (331 mg, 0.25 mmol) as starting material. The crude product was dissolved in toluene, 

precipitated through addition of MeOH and centrifuged, yielding a yellow solid (70%). Further 

purification was achieved by semi-preparative GPC. 

MALDI-TOF MS: m/zcalc (C119H162N2O6) = 1716.6; m/zfound = 1717.6. 

Synthesis of doubly TEMPO labeled tetramer (T-F4-T) 

 

The general procedure for the TEMPO labeling of the oligofluorenes was followed using 

Br-F4-Br (115 mg, 0.067 mmol) as starting material. The crude product was dissolved in toluene, 

precipitated through addition of MeOH and centrifuged yielding a yellow solid (66%). Further 

purification was achieved by semi-preparative GPC. 

MALDI-TOF MS: m/zcalc (C148H202N2O6) = 2105.3; m/zfound = 2106.4. 
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Synthesis of doubly TEMPO labeled pentamer (T-F5-T) 

 

The general procedure for the TEMPO labeling of the oligofluorenes was followed using 

Br-F5-Br (150 mg, 0.071 mmol) as starting material. The crude product was dissolved in toluene, 

precipitated through addition of MeOH and centrifuged yielding a yellow solid (66%). Further 

purification was achieved by semi-preparative GPC. 

MALDI-TOF MS: m/zcalc (C177H242N2O6) = 2493.9; m/zfound = 2494.6. 

4.4.5 Double-Electron-Electron-Resonance Spectroscopy 

The DEER experiments were performed in Q-band using an Elexsys E580 spectrometer (Bruker 

Biospin) equipped with a 15 watt solid state microwave amplifier and a helium gas flow system 

(CF935, Oxford Instruments). The four-pulse, dead-time free DEER sequence is given by: πobs/2 – τ1 

– πobs – t – πpump – (τ1 + τ2 – t) – πobs – τ2 – echo. The echo amplitude is observed as a function of time 

t. The pump pulse (typically 28 ns corresponding to a π -pulse) was set to the maximum of the 

nitroxide spectrum and the observer pulse was set 54 MHz higher; π/2 and π pulses at observer 

frequency were of typically 18 ns and 36 ns length, respectively. The samples were typically 

measured at T = 40 K and 5000 µs Shot-Repetition-Time (SRT). 

Processing and distance distribution analysis of the DEER time trace was performed using the 

DeerAnalysis2018 software. The zero time was determined automatically by built-in DeerAnalysis-

routines to correct for τ ≈ t – 120 ns. The cutoff was optimized to avoid end artifacts due to overlap 

of excitation bandwidths. The background start was determined automatically by build-in 

DeerAnalysis-routines and were sanity checked manually. Afterwards, the distance distribution was 

extracted with model based fitting of the DEER time trace. The samples with the probe in solution 

were analyzed with the worm like chain (WLC) model with Gaussian broadening accounting for 

label flexibility. The latter was determined as the average of the individual independent fits of all 

DEER time traces and subsequently kept constant for determination of the persistence lengths for 

the individual data sets. For the particle sample, the particle dispersion was freeze-dried directly 

after preparation and the resulting powder was transferred to the sample tube. The ready-made 

particle samples were compressed into a 1 mm ID quartz tube. 
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 PARTICLE ASSEMBLY 

PARTICLE ASSEMBLY 5 
5.1 Introduction 

Colloidal matter exhibits unique collective behaviors beyond what occurs at single-

nanoparticle and atomic scales.206 By using colloidal particles as building blocks, new strategies are 

exploited to rationally organize them into complex structures for new functions and devices.3, 207 

Depending on the arrangement of the building blocks the final material can have considerably 

different properties.208 Consequently, for materials composed of anisotropic particles, it makes a 

huge difference if the particles are randomly distributed or aligned along one of their axes. Using 

anisotropic nanoparticles for the design of nanomaterials, tailored for specific applications, is 

therefore a promising research field. 

A wide range of different methods was developed to form ordered systems on a substrate. Most 

of them rely on direct self-assembly, where an order naturally evolves without influence from any 

imposed initial condition. Not only the final self-assembled particle based structures are important 

but even more so their transitional states.206 Solvent-immersed particle ensembles with typical soft 

matter behavior that occur intermittently before the final structure solidifies are of particular 

interest. These soft assembly structures are dynamic and partly reversible and therefore allow for a 

potential control of the superstructure of anisotropic particles and thus of tailoring collective 

physical properties. 
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For the purpose of direct self-assembly, a dispersion is applied to a substrate, followed by 

simple evaporation of the medium, inducing particle alignment. There are numerous evaporation 

driven self-assembly techniques, including drop casting,209 spin coating,114 dip coating,210 flow 

coating211 and vertical deposition,117 differing in the way the dispersion is applied. Considering 

scalability, self-assembly is the most feasible approach, however, it is limited by the processes and 

systems available and the control offered by nature. 

By contrast, in externally directed assembly methods, a system does not naturally evolve but is 

rather designed and fabricated to the desired state. In consequence, these directed assembly 

techniques provide control for a given process but are typically limited in scalability and are cost 

intensive. Common examples include templated assembly130 or field-directed assembly, such as 

electric and magnetic alignment.120-121 For instance, Furst and coworkers created oriented, 

micrometer-thick films of anisotropic titanium dioxide particles, using an electric field-directed 

assembly technique.122 

Additionally, combinations of direct self-assembly and externally directed assembly methods 

are conceivable. In such cases, a system is forced into initial constraints but can evolve naturally 

within these limits. Apparently, the distinction between direct self-assembly and directed assembly 

is not clear cut in literature. Here, it is important that convection flows, which are always present 

in both assembly methods, should not be confused with an additional, external force. A 

straightforward example using a combined method is the template-directed self-assembly of 

hexagonal metal plates into ordered arrays with predetermined sizes and shapes.212 Without the 

boundaries of the template, the hexagons self-assemble into internally well-ordered 

superstructures, which are however irregular in size and shape. In templated self-assembly, the 

hexagons tile the cavity enclosed by a circular template, defining the sizes and shapes of the 

resulting assemblies. By combining bottom-up nanoparticle growth techniques and nanoscale 

templates, the level of structural complexity can be drastically increased.213 

The use of CPNs as building blocks for the assembly into hierarchical structures is particularly 

attractive due to the exceptional properties of semiconducting polymers. Kuehne et al. showed that 

monodisperse, spherical CPNs readily self-assemble into photonic crystals that exhibit a 

pronounced photonic stop gap.44 The successful organization of anisotropic CPNs into a variety of 

complex, ordered superstructures could provide novel materials, with unpredictable, potentially 

directional properties. The targeted manufacture of such exceptional systems requires the complete 

comprehension of the assembly behavior, starting from the alignment of nanoparticles as the 

smallest building blocks, to their soft assemblies, up to the formation of highly ordered materials 

(Figure 5.1). 
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Figure 5.1 Increasing order during the formation of materials out of anisotropic particles. 

5.2 Results and Discussion 

5.2.1 Direct Self-Assembly Methods 

Due to the simplicity and scalability of the method, self-assembly is arguably the most 

promising approach for designing and controlling nanoparticle assemblies. A closer look on the 

orientation of the PF8 ellipsoids deposited on a TEM grid shows that the particles are not 

completely randomly distributed. By coloring of the particles depending on their orientation, the 

partially present particle alignment becomes even more apparent (Figure 5.2). These promising 

results further promote the suitability of self-assembly also for the anisotropic CPNs. Therefore, 

several direct self-assembly techniques, which were considered reasonable with respect to the 

existing system, were examined regarding their impact on the particle alignment. Since the 

preparation of TEM samples is closely related to the drop casting approach, this was the method of 

choice to start with.  

 

Figure 5.2 TEM image of PF8 dispersion (left) and illustrated orientation of the particles (right). 

Drop casting 

The least complex method to organize particles is the drop casting technique, also referred as 

evaporation induced self-assembly (EISA), in which a drop of the relevant dispersion is simply 

deposited on a solid substrate. Because of the smaller curvature radius at the contact line region, 
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evaporation of the solvent takes place faster there than in the center of the droplet. Due to an 

emerging capillary flow, the particles dispersed in the drying droplet will migrate to the outer edge 

of the drop and form a solid ring. This phenomenon is also known as coffee stain effect.214 Given 

the right circumstances the particles will self-assemble, forming macroscopic structures.214 In the 

present case a drop of the polymer dispersion is placed on freshly cleaned glass or silicon substrates. 

It is assumed that excessive surfactant alters the assembly behavior as well as the resulting 

properties. For this reason not only the original polymer dispersion as obtained from 

polymerization but also the redispersed sample, without excessive surfactant (cf. Chapter 3.2.1), 

were examined. Contact angle measurements revealed that the silicon surface and the original 

polymer dispersion show an angle of 30°, compared to 40° for the redispersed one. In consequence 

of the varied surface tension due to the different amount of surfactant, the drop behavior differs 

from each other and, consequently, also the effective flow fields.  

It turned out that the original dispersions were not well suited for the self-assembly 

experiments. For one thing, in contrast to the redispersed sample, the original dispersion did not 

form a regular ring after drying, but a deformed stain. Since the self-assembly predominantly takes 

place at the outer edge of a droplet, casting of redispersed dispersions is expected to be more 

promising.215 Additionally, the particles were extremely difficult to detect via SEM, due to charging 

of the sample (Appendix, Figure 7.46). The charging causes unusual effects such as abnormal 

contrast and image deformation and shift. These problems occurred for all samples on all surfaces 

and could not be overcome by sputtering a coating of gold or carbon on top of the particles. Even 

though the charging of the samples could be reduced, the contrast of the particles to the surface or 

other particles decreased drastically and no improvement in image quality was achieved. However, 

the charging was considerably smaller for the redispersed samples, leading to the reasonable 

assumption that the surfactant causes the charging and not the conductive polymer particles. Due 

to removal of excessive surfactant the image quality is significantly improved, although the particle 

surface is still covered with surfactant and charging could not be entirely prevented. Furthermore 

it is assumed that excessive surfactant alters the properties of the resulting film. All following 

assembly experiments were therefore performed with redispersed particle dispersions. 
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Figure 5.3 SEM images of the outer edge of a deposited CPN dispersion drop prepared using drop 
casting, at low magnification (left) and particle arrangement at high magnification (right). 

SEM images of first drop-casting experiments with redispersed particle dispersions clearly 

show the formation of rings of particles (Figure 5.3, left). Thus it appears that the receding front 

indeed causes evaporation-driven convective flows leading to particle migration to the contact 

line.216 Closing in on the particle arrangement, however, the particles show no directed orientation 

across larger areas (Figure 5.3, right). Nevertheless, a certain short range order is observable, similar 

as for the aforementioned TEM samples, where in some areas the particles are oriented in the same 

direction. The bright square in the center of the right SEM image in Figure 5.3 results from focusing 

in this area and the accompanying, aforementioned charging of the sample. 

Amongst others, one attempt to further investigate the assembly behavior and to possibly 

improve the alignment of the particles was made by heating of the dispersion close to the glass 

transition temperature of poly(9,9-dioctylfluorene). The underlying idea was to increase the 

mobility of the particles at higher temperatures and in this way allowing for a facilitated 

reorientation of them at the substrate surface. Unfortunately, SEM showed no improvements 

regarding particle alignment, but the particles merged together at these high temperatures 

(Figure 5.4, left). Furthermore, different particle concentrations were evaluated. Lower particle 

quantities are assumed to facilitate self-assembly since the number of particle collisions is reduced 

and therefore the particles have more time to orient, allowing for better alignment. Nevertheless, 

for unmodified silicon surfaces no significant changes depending on the particle concentrations 

could be identified. However, after hydrophobization of the surface via tridecafluoro-1,1,2,2-

tetrahydrooctyl-1-trichlorosilan (TFOCS) vapor, it is clearly observed that the particles align along 

the contact line at the outer edge of the deposited droplet (Figure 5.4, right). This behavior is known 

as convective assembly.217 Due to high evaporation rates near the contact line, the particle 

deposition orthogonal to the direction of meniscus withdrawal is promoted. Nevertheless, in the 

interior area of the dried droplet the particles show no preferred orientation, but are more or less 
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randomly distributed.  

 

Figure 5.4 SEM images of drop casted CPN dispersions. Heated sample (left) and outer edge of a 
deposited, diluted dispersion drop at a hydrophobic surface (right). Bright areas are due to charging of the 
sample. 

These findings suggest that the time available to orient is indeed a crucial parameter for the 

particles to align. In contrast to the untreated, hydrophilic silicon surface, the hydrophilic particles 

weakly interact with the hydrophobized surface and deposit slowly. This allows for repeated 

reorientation of the particles, leading to alignment along the contact line. By contrast, the following 

particles interact with the present, already deposited particles. This particle-particle interaction is 

again strong, leading to rapid, randomly distributed deposition, without the possibility of 

rearrangement. 

The control over the obtained deposits from drop casting is limited and discontinuous covering 

by the particles was observed. Moreover, the particles were deposited in varying numbers of layers. 

A continuous monolayer, however, would be desirable, since for one thing a monolayer is easier to 

examine with respect to the arrangement of the particles, and in addition the problem of charging 

was observed to increase for multiple layers. Moreover, considering an actual application for the 

particle assemblies, precise control over the film formation is indispensable. 

Spin coating 

An approved method to obtain monolayers of nanoparticles is given by spin coating.218 A drop 

of polymer dispersion is placed on the center of a substrate, which is either spinning at low speed 

or not spinning at all. The substrate is then rotated at high speed in order to spread the evaporated 

polymer dispersion by centrifugal force. Applying this process on the CPN dispersion it was 

unfeasible to get a continuous film of nanoparticles, but instead the surface was covered with small 

domains containing particle agglomerates surrounded by large areas with isolated particles 

(Figure 5.5, left and center). Concerning the alignment within the particle containing domains, it 
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is observed that the particles again orient lengthwise to the contact line and form regions in which 

quite a few particles have the same orientation. However, over a longer range the particles do not 

share a joint orientation (Figure 5.5). This was hardly surprising, since in spin coating the dispersion 

medium evaporates fast, not allowing for reversible soft assemblies. 

Attempts using higher particle concentrations or performing the spin coating process multiple 

times to obtain continuous films did not prove successful but again led to discontinuous films with 

additional regions of big particle aggregates or multiple layers. As expected, hydrophobization of 

the silicon surface was disadvantageous since the particle adsorption was lower and only a very 

small amount was deposited on the surface. 

 

Figure 5.5 SEM images of spin coated CPN dispersion. 

Dip coating 

The dip coating technique is a simple method, offering excellent control over the film 

thickness. A substrate is vertically immersed into a particle dispersion and is then withdrawn at a 

certain speed, producing uniform particle coatings, ideally self-assembled into ordered 

structures.219 Compared to spin coating, dip coating is often preferred due to its higher 

controllability and applicability to large scale preparation.220 An additional benefit of this method 

is that, under the right conditions, only the particles are deposited, regardless of any impurities in 

the dispersion like excess surfactant.221 Using this method for the CPN dispersion, it was challenging 

to produce continuous films. If the method is applied only once, again only particle domains were 

observed with large areas without any particles. However, by multiple repetitions using a 

hydrophilic silicon surface it was possible to prepare continuous films, mainly consisting of a 

monolayer (Figure 5.6, left). At high magnification, clearly some aligned domains are observable 

(Figure 5.6, right).  
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Figure 5.6 SEM images of dip coated CPN dispersion. 

Comparing these results with the Monte Carlo simulation of two-dimensional hard ellipsoids 

(cf. Chapter 1.3.1),108 the obtained particle film strongly resembles the nematic phase. With regard 

to the phase diagram,109 the transition to the solid phase and related to that a stronger orientation, 

would be accessible by an increased packing fraction. Heating or cooling of the dispersion during 

the drop casting experiment were considered as possible approaches to accomplish this goal. 

Unfortunately, the particles did not change their orientation and for higher temperature the 

particles merged together, as already observed for the samples obtained from drop casting. Further 

adjustments of the assembly process, like the use of hydrophobized surfaces or lower particle 

concentrations, failed to produce continuous films and additionally showed no improvement for 

particle alignment. Furthermore, a modified dip coating method was tested, which combines dip 

coating and drop casting. A drop is put on a substrate which is then fixed vertically. Due to the 

gravitational force during evaporation the particles are supposed to orient themselves.222 However, 

in case of the anisotropic CPNs no improved assembly behavior was observable, but again a 

discontinuous film formed (Appendix, Figure 7.47). Therefore, the presumably nematic phase with 

aligned particle domains remains to be the most ordered state obtained by dip coating in these 

studies. 

Doctor blade coating 

Doctor blade coating is related to dip coating, as it likewise gives a direction to the particle 

deposition. The technique is widely used to create highly uniform flat films over large areas.116 Here, 

an immobilized blade applies an unidirectional shear force to a dispersion which passes through a 

small gap between the blade and the substrate causing particle self-assembly on a large-scale.211, 223 

By optimization of the blade to substrate distance as well as the angle between them, doctor blade 

coating of the present CPN dispersions created large areas with particles, but also spots with 

multiple layers and completely uncovered parts (Figure 5.7). Apart from that, no particle alignment 
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was observed, regardless on which kind of surface the particles were deposited on. The significant 

differences to the results obtained by drop casting can be explained by the reduced influence of the 

evaporation rate on the particle orientation in case of doctor blade coating. For dip coating, the 

particles have time to orient while still in dispersion and are not forced to deposit on the substrate. 

By contrast, for the doctor blading approach, all particles which are placed on the substrate remain 

on the surface and ultimately deposit. The deposition is therefore completely independent of 

whether the particles are oriented or not. Moreover, the coating flow appears to be unable to align 

the particles, resulting in randomly distributed CPNs. Compared to simple drop casting, also the 

alignment along the contact line is less pronounced, probably due to the quick removal of the 

dispersion medium, leaving less time for the particle orientation. 

 

Figure 5.7 SEM images of doctor blade coated CPN dispersion. 

Vertical deposition 

Vertical deposition is a simple evaporation driven technique for the three-dimensional particle 

self-assembly on a substrate. As for the dip coating approach, the receding front determines the 

direction of deposition, but not by substrate withdrawal. Here, a substrate is placed in a vial, 

immersed in a particle dispersion and subjected to controlled solvent evaporation. At the substrate–

solvent–air interface a three phase contact line is formed. Due to the capillary flow generated to 

replenish the evaporated solvent the particles are transported to the contact line, thereby leaving a 

film deposit.224 The applicability of this method for anisotropic particle assemblies was previously 

shown using ellipsoidal hematite nanoparticles which formed three dimensional ordered arrays.225 

Vertical deposition of the CPN dispersions produced continuous films with different 

thicknesses depending on the immersion depth of the corresponding substrate section in the 

dispersion (Figure 5.8, left). On the edge of the deposited film the particles again seem to align as 

was the case for drop casted deposits, even though the orientation direction is partially lost with 

increasing distance to the directive contact line (Figure 5.8, center). Remarkably, also in the 
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continuous part of the film, large segments of strongly aligned particles were observed (Figure 5.8, 

right). 

 

Figure 5.8 SEM images of vertical deposited CPN dispersion. White arrows indicate direction of 
meniscus withdrawal. 

This strong particle orientation can be related to the moving contact line given by the nature 

of the vertical deposition method. This, in turn, generates strongly aligned particle assemblies 

parallel to this line, thus perpendicular to the receding front. In small film segments nearly all 

particles are aligned along the same direction axis as demonstrated by the FFT (clearly visible 

anisotropic shape) and the orientation distribution (Figure 5.9). By defining the direction of 

meniscus withdrawal as 0°, the particles show an orientation of around 90° which is in accordance 

with the retreating contact line (Figure 5.8).  

 

Figure 5.9 SEM image of a small area of a vertical deposited film of CPN dispersion (left) and 
corresponding orientation distribution of all the particles in the SEM image (right). White arrow indicates 
direction of meniscus withdrawal (0°). The insert shows the FFT of the SEM image. Different closed packing 
structures are highlighted and corresponding schematic structure are shown in similar color. 

The particle assembly shows a considerably higher alignment than for the dip coated film. 

Considering the Monte Carlo simulation for prolate ellipsoids of revolution (cf. Chapter 1.3.1),108 the 

present system can be compared to the solid phase, with an even higher packing fraction than the 
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nematic phase. A closer examination of the particle ordering revealed that the ellipsoids are at least 

partially arranged in different lattice structures, as highlighted for three types of hexagonal close 

packed particles in Figure 5.9. Since the overall interaction for these configurations are identical, 

the three lattice structures are equally favored.226 These promising results suggest that the contact 

line is indeed crucial for particle alignment and that this effect is not limited to the film edge but 

also applies to the continuous parts. 

Unfortunately, the alignment does not extend across the entire film, but is restricted to rather 

small areas. Variation of the deposition parameters like extended evaporation time, lower particle 

concentrations or the use of hydrophobized substrates could not help to further improve the 

alignment. Additionally, the reproducibility of the method was low, as the size of the areas in which 

the particles are aligned differed from sample to sample. Once again it was shown that it is basically 

possible to organize the particles into highly ordered assemblies, but without the opportunity to 

extend this order over the entire film. As already mentioned, the reason for this is probably the 

strong particle-particle interaction which does not allow for reorientation of the particles and 

especially has a stronger effect at thicker film regimes where particle deposition is influenced by 

already deposited particles. 

Gas phase diffusion deposition 

The previous findings suggest that the particles do not have enough time to align with each 

other due to the too strong particle-particle interactions. On the contrary, once they get closer, 

they stick together, not allowing for any reorientation. For that reason, a technique was sought 

where the particles assemble already in dispersion and then deposit on the surface. Applying the 

method of gas phase diffusion deposition, an inner vessel containing the dispersion as well as the 

substrate and an outer vessel containing a non-solvent share a common gas phase. Vaporization of 

the non-solvent results in agglomeration within the dispersion and ultimately in deposition of the 

particles on the substrate surface. By applying this method on the CPN dispersions with ethanol as 

the non-solvent, at room temperature, the formation of large aggregates, which partially were 

deposited on the substrate, was observed (Figure 5.10, left). However, the preceding particle 

agglomeration in dispersion does not appear to have any positive impact on particle alignment but 

the particles are randomly oriented (Figure 5.10, right). 
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Figure 5.10 SEM images of gas phase diffusion deposited CPN dispersion. 

In summary, the investigation of different direct self-assembly methods revealed that under 

appropriate conditions the particles indeed tend to organize themselves into ordered structures. 

Especially, the dip coating as well as the vertical deposition method resulted in large areas of highly 

ordered particle assemblies which are consistent with the Monte Carlo simulation for prolate 

ellipsoids of revolution, although the alignment does not extend across the entire film. Considering 

that the particles are not perfectly monodisperse and the dispersions still contain impurities 

hampering perfect alignment, this level of order of the particles is likely the limit for the direct self-

assembly methods. A more precise estimation of the expected ideal behavior of those real-life 

particles is not possible so far, as theoretical considerations and simulation approaches are based 

on perfect particle samples since the degrees of freedom for a real-life system exceed the current 

capabilities.  

5.2.2 Directed Assembly Using External Fields 

The methods based on direct self-assembly, as most straightforward approaches, provided 

insight into the fundamental assembly behavior, but do not yet produce completely long-range 

oriented films. Therefore, different techniques, additionally using external forces, were considered. 

The use of external fields allows for the orientation of particles, both in dispersion and during the 

deposition process. A distinction is generally made between electric and magnetic fields. 

Electric Fields 

Electric field-directed assembly was demonstrated to be a powerful method to orient 

anisotropic particles either in dispersion or during deposition.122, 227 The strength of the electric field 

is a crucial factor for the particle alignment and has to be adjusted depending on the particle 

properties. For this reason, the particle behavior in electric fields was first examined in dispersion, 

in order to subsequently transfer the insights gained to the deposition experiments. An optical 
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setup was used, allowing to directly monitor the alignment when applying an electric field. The 

particle orientation is measured indirectly, by determination of the occurring birefringence. This 

method is called transient electric birefringence (TEB) and relies on the Kerr effect, a special case 

of the general electro-optic effect, which describes the alteration of the optical properties of a 

medium under the influence of an external electric field.228 Birefringence occurs in media, which 

are asymmetrical concerning their dielectrical properties, and accordingly possess a direction 

dependent dielectricity constant ε and a direction dependent refraction index n. Using TEB, the 

stationary component of the birefringence Δn ( Δn = n∥ − n⊥ ) induced in the media by the 

application of an AC field is measured. The values n∥ and n⊥ define the refractive indices of the 

media along and perpendicular to the optical axis, respectively. For polarized light, birefringent 

media induce a phase shift, which is easily measurable with a photodiode. The phase shift Δϕ, in 

turn, is proportional to the birefringence Δn, and the length 𝐿 of the optical path and inversely 

proportional to the wavelength λ of the applied laser (Equation 5.1). 

Δn =
Δϕ ∙ λ

2𝜋 ∙ 𝐿
 5.1 

Non-spherical particles are optically anisotropic, because at least one axis possesses a different 

refractive index as the axis perpendicular to it. However, without application of an external field, 

the particle orientations are statistically distributed in the dispersion, rendering the whole system 

optically isotropic. Thus, in dispersions of anisotropic particles, Δn reflects the anisotropy of their 

orientational distribution, which in turn is related to the torque exerted on the particles by the 

electric field.229 The torque originates from a permanent or induced dipole moment of the particles, 

respectively, which orients according to the electric field and thus forces the particles to rotate. 

Through this alignment of the dispersed particles, the medium becomes optically anisotropic, as 

reflected by an observable birefringence. The birefringence is strongly related to the strength of the 

electric field, which is described by the Kerr effect. In the so called Kerr regime the birefringence Δn 

depends quadratically on the electric field 𝐸 (Equation 5.2). The stronger the electric field, the 

greater the deviation from the linear correlation, because the alignment and thus the birefringence 

reach a saturation state.230 This limit of the birefringence, corresponding to a highly oriented 

system, is desirable with regard to the envisaged particle deposition towards aligned particle films. 

Δn = λ ∙ K ∙ 𝐸2, with 𝐾 = Kerr constant 5.2 

Measurements on the ellipsoidal PF8 particle dispersions were performed on highly diluted 

dispersions with 109 particles per milliliter. An alternating electric field was applied consisting of 

two pulses with a pulse width of 50 ms. The pulses and the resulting photodiode signal were 

recorded using an external oscilloscope. In Figure 5.11, the pulse difference as well as the calculated 
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phase shift are plotted against the time for applied voltages of 15 V and 150 V. It can clearly be seen 

that by applying a voltage, the particles immediately start to orient according to the electric field 

and consequently a rising phase shift is observable. In accordance with this, the signal directly 

decreases at the end of the pulse. This decrease is based on the rotational diffusion and can 

therefore be described by an exponential function. According to the Stokes-Einstein equation for 

rotational diffusion the hydrodynamic radius of the particles can be calculated and amounts to 

215 nm. However, it must be taken into account that the particles are not completely monodisperse 

and that larger particles mainly contribute to this calculation. Analysis by TEM of the same particles 

revealed an average particle length of 146 nm and a particle width of 47 nm. The relatively high 

deviation of these values can be further explained by the approximations which are made for the 

calculations, namely the use of the Stokes-Einstein equation which is actually only valid for spheres 

as well as the neglect of any interactions of the particles with their environment. Moreover, the 

calculation is related to the hydrodynamic radius of the particles and therefore expected to give a 

greater value compared to the particle lengths determined by electron microscopy. Despite the 

deviation, both values are in the same order of magnitude, indicating that the phase shift indeed 

originates from the particle response. 

 

Figure 5.11 Pulse difference (black) and photodiode signal (blue) against time for an applied voltage of 
15 V (left) and 150 V (right). 

The sign of the recorded phase shift depends on the calibration and the setup. For this setup, 

the measurement of the CPN dispersion as well as the reference compound nitrobenzene produced 

a negative sign. Nitrobenzene features a positive birefringence and consequently the same accounts 

for the CPN dispersion.231 The signal shape differs from the expected behavior. Instead of a simple 

step function with a plateau during application of a voltage, additionally, unexplainable peaks are 

observed at the beginning and in the middle of the signal, i.e. directly after onset of the pulses. 

Whereas for an application of 15 V the peaks show higher phase shifts (Figure 5.11-left), the reverse 

case occurs for the second 150 V pulse (Figure 5.11-right). The latter could physically be accounted 
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for by a permanent dipole of the particles which would force them to reorient themselves along the 

reversed field. This is, however, not reasonable for nonpolar polymer particles and can also not 

explain the curve progression leading to an increased phase shift. A similar, peculiar behavior for 

the transient pattern of birefringence was observed by Watanabe and coworkers for solutions of 

the tobacco mosaic virus, which also has no inherent permanent dipole.232 They stated that the 

peculiar birefringence pattern evolves due to an apparent permanent dipole contribution, 

perpendicular to the long axis of the virus, which would also be conceivable for the CPN system. 

Although this behavior cannot be fully explained, the polymer nanoparticles undoubtedly orient 

themselves in an electric field. To determine the electric field strength required for complete 

alignment, high voltages were applied. If the phase shift does not further increase but stays 

constant, it can be assumed that no further alignment occurs. Unfortunately, due to evaporation of 

water which started at voltages equal to or larger than 50 V (cf. Appendix, Figure 7.49), it was not 

possible to reach this saturation state.  

In spite of the aforementioned problems, the observed alignment in the TEB measurements 

was regarded as promising for electric field-directed assembly experiments. Thus, two gold 

electrodes were deposited on a glass slide and connected to a voltage source. The CPN dispersion 

was then placed inside a spacer between the electrodes and voltage was applied and maintained 

until the solvent was evaporated. Different parameters were varied, including particle 

concentration, dispersion volume, applied voltage and frequency, distance between the electrodes 

and covering or not covering, respectively, of the dispersion drop in the spacer. The films were 

analyzed via polarized light microscopy (PLM) and SEM measurements. The best result in terms of 

orientation was obtained for an uncovered sample with 10 µL of a particle dispersion with a 

concentration of 1012 particles/mL (Figure 5.12). The electrode distance was 0.9 mm and a voltage 

of 112 V at a frequency of 10 kHz was applied.  

PLM clearly evidences that large, continuous areas of the film show the same birefringence, 

indicating an alignment of the particles (Figure 5.12, top left). Apparently, the CPNs form a kind of 

long-range order vertical to the applied electric field. In SEM images of the particles, however, an 

order is not clearly visible (Figure 5.12, bottom left). Nonetheless, the calculated orientation 

distribution of the particles clearly shows an alignment, at least to some extent (Figure 5.12, 

bottom right). Instead of full orientation of the particles parallel to the electrodes, equivalent to 0°, 

the long axis of the particles mainly deviate about ± 30° from full alignment. A possible reason for 

this is an insufficiently strong electric field. However, larger field strengths did not produce any 

better results, but led to very rapid evaporation of the solvent, due to the developing, strong 

currents. This in turn leads to evaporation-driven convective flows, forcing the particles to deposit 

along the edges of the forming droplets. Since the evaporation rate increases with increasing field 
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strength, two competing effects always influence the particle orientation. 

 

Figure 5.12 Electrically aligned particle film. PLM image (top left), SEM images of low magnified (top 
right) and high magnified (bottom left) film surface and particle orientation distribution (bottom right). 
White arrows indicate the direction of the alternating electric field, equivalent to an orientation of 90°. 

Moreover, the particle orientation inside the electric field is not optimal for a perfect alignment. 

An orientation perpendicular to the electrodes would be more favorable, because only one particle 

position would be possible. Considering the induced dipoles within a particle in the electric field, 

a particle perpendicular to the electrodes could rotate about its long axis, which for an ellipsoid of 

revolution would not make any difference concerning alignment. In contrast, for an alignment 

parallel to the electrodes, different particle positions are possible. Here, the ellipsoid can rotate 

freely about its short axis. In other words, the particles must not lie flat along the long axis on the 

surface but can also stand up vertically to the substrate or every case in between. In the end also 

the perpendicularly standing particles will lie down, hampering a uniform alignment. 

Magnetic Fields 

In consequence of the issues encountered using electric fields, alignment in magnetic fields 

was considered as potentially complementary method. The advantage of magnetic alignment is the 

avoidance of any heat development, allowing for slow evaporation of the solvent and in turn little 
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impact on the particle orientation. For this reason, first the alignment in dispersion was examined. 

Transient magnetic birefringence (TMB) was measured similarly to TEB by utilizing the Cotton-

Mouton effect, the magnetic analog of the Kerr effect. Thus the Cotton-Mouton effect describes the 

alteration of the optical properties of a medium under the influence of an external magnetic field. 

Therefore, the electrodes which generated the alternating electric field were replaced by a 

permanent magnet. Additionally, a Pockels cell was used to improve the signal-to-noise ratio.  

Indeed, a particle response to the magnetic field was observed, resulting in a phase shift 

of -119 nrad for a particle concentration of 1012 particles/mL (Figure 5.13). The observed oscillation 

at the beginning and the end of the signal is caused by the Pockels cell. Although the particle 

concentration is 1000 times higher than for the TEB measurements, unfortunately, the phase shift 

and thus the particle alignment was significant smaller (by about five magnitudes) in magnetic 

fields than in electric fields. This outcome, however, was not completely unexpected since the 

polymer particles do not possess any magnetic characteristics. For this reason, no attempt has been 

made to prepare aligned films using magnetic fields.  

 

Figure 5.13 Phase shift Δϕ in dependency of time when applying a magnetic field. Five times repeated 
for slightly different durations. Oscillation at the beginning and the end of the signal is caused by the Pockels 
cell. 

5.2.3 Directed Assembly Using Templates or Patterned 

Substrates 

Since direct self-assembly methods and external fields did not allow for the formation of 

strongly aligned films over the entire substrate, a method had to be found which forces the particles 

into the desired location and orientation. One possibility to confine particles to a defined location 

is the use of templates,233 whereas direct surface patterning of substrates offers a second option.131 

The advantage of templates is the reusability, whereas patterned substrates have to be prepared 
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anew for each individual experiment. Patterned substrates, however, allow for smaller structures 

than achievable by templated assembly. Both methods were examined for the applicability to CPN 

dispersions. 

Templates 

The use of templates for the arrangement of anisotropic particles has been repeatedly reported, 

allowing for patterning of macroscopic substrates.130, 233 In order to apply this method for the CPN 

dispersions, an elastomeric poly(dimethyl siloxane) (PDMS) stamp was prepared according to 

literature234 and used as template. In a first attempt, the PDMS template was designed with cavities 

of different sizes, ranging from 100 nm to 10 µm, and different shapes, including lines, drops, 

squares, triangles and circles (Experimental Section, Figure 5.18). A dispersion drop (10 µL) was 

placed on a substrate and then the PDMS stamp was pressed on it. Unfortunately, it was not 

possible to form the desired particle-based nanostructures as it was impossible to transfer the small 

structures of the template onto the substrate surface. Only the larger, µm-sized structures were 

obtained, yet also no complicated shapes (Figure 5.14-left). These observations can be explained by 

strong interactions between the particles and the elastomeric stamp, which leads to particle 

adhesion on the template and therefore impedes particle deposition in the prescribed tiny cavities 

as well as on the edges of the larger ones. Due to the much bigger scale of the cavities in comparison 

to the particle dimensions, no particle alignment was observable but the CPNs are randomly 

distributed within the borders of the template as well as at the edge of the PDMS stamp (Figure 5.14-

right). 

 

Figure 5.14 SEM images of a deposited CPN dispersion prepared using a PDMS stamp as template, at 
low (left) and high (right) magnification. 

Another possible reason for the difficulties concerning the small cavities are the elastic 

properties of the PDMS stamp. Small deformations of the template probably prevent that the 

particle dispersion fills the tiny cavities. Despite repeated attempts it was not possible to solve this 
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problem. Therefore, although the particles were restricted to the areas defined by the template and 

can be arranged along the edge of the template cavities, the desired particle alignment could not 

be observed using this technique. Another disadvantage of this method was the hardly adjustable 

particle layer thickness. For small particle concentrations, the particles only deposited at the edge 

of the template given shapes. Higher concentrations in turn were mainly an analytical problem. As 

mentioned before, for thick particle layers in SEM always charging issues occur, which do not allow 

to properly visualize the particles. 

Patterned substrates 

A simple way to confine the particles in defined locations is to create a pattern on the substrate. 

Due to the problems encountered with templated assembly, the use of patterned substrates was 

considered more suitable, since it allows for exact structuring of even small areas and for higher 

control over the particle layer thickness. A structure of at least two areas with divergent surface 

properties has to be prepared. If the differences in interaction with the particles in those areas are 

sufficiently distinct, the particles are forced to the areas of high affinity. In previous experiments 

(Chapter 5.2.1) it was found that the CPN interaction with the substrate is stronger for hydrophilic 

than for hydrophobic surfaces. For this reason, in a first approach, a hydrophilic silicon substrate 

was structured by electron beam lithography to generate a line pattern. Every second line was 

hydrophobized by treatment with TFOCS vapor. The dimensions of the patterned area were 

restricted to a 100 µm to 100 µm square. Then, the particle dispersion was drop casted on the 

patterned substrate and analyzed with SEM (Figure 5.15). Although the structuring worked well, 

the particles are not restricted exclusively to the hydrophilic lines (dark areas in Figure 5.15) but are 

also randomly distributed over the hydrophobic areas (bright areas in Figure 5.15). The line width 

of the hydrophilic areas was varied between 50 nm and 2 µm without improving the result. It 

appears that the constraint imposed by the difference in polarity is not strong enough to confine 

all particles on the hydrophilic lines. That is, the differences in particle-surface interactions are too 

small. 
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Figure 5.15 SEM images of a deposited CPN dispersion prepared using a patterned substrate, at low (left) 
and high (right) magnification. Dark lines indicate hydrophilic areas, bright lines indicate hydrophobic areas. 

5.3 Summary and Conclusion 

Towards their assembly to particle based materials, the fundamental assembly behavior of the 

novel, shape-anisotropic CPNs was studied here. 

In a first approach, the direct self-assembly was examined, using several techniques with the 

main purpose to obtain organized superstructures. The simple drop casting approach already 

allowed for some important conclusions. For one thing, a distinct tendency for the formation of 

small domains of oriented particles was recognized, as observed by TEM. Furthermore, it became 

apparent that under appropriate conditions the particles are able to align along the contact line of 

the evaporating drop. However, the alignment is not maintained in the interior of the deposit, but 

the particles lose their joint orientation. This observation can be accounted for by strong particle-

particle interactions, preventing the formation of soft assemblies. In case of deposition at the 

contact line, however, a particle only interacts with the substrate surface. If this interaction is small, 

for example for hydrophobized silicon surfaces, the particle is only weakly attached to the surface, 

can possibly be detached and therefore has extended time to reorient itself parallel to the contact 

line. 

On the basis of these findings, the vertical deposition approach was applied, as a method which 

is known capable to align anisotropic particles over large areas along its receding contact line. In 

fact, this technique turned out to be most promising in terms of continuous areas of direct self-

assembled, oriented particles. Parts of the obtained film resemble the solid phase of a two-

dimensional system of hard ellipsoids and additionally different closed packing structures could be 

identified. Furthermore, by means of the calculated orientation distribution, it became evident that 

the partially strong alignment is parallel to, and therefore most likely induced by the contact line. 
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However, the alignment did not extend over the entire substrate, but was restricted to small areas. 

Despite extensive efforts, it was not possible to create a film with uniform particle orientation. For 

this reason, also directed assembly approaches using external forces were taken into consideration. 

Electric fields were considered as a promising tool to control the alignment of the CPNs, since 

even for dielectric particles, the induced dipole moment will lead to an orientation along the 

direction of the field lines.123 Therefore, the alignment in dispersion was determined first, using 

transient electric birefringence measurements, demonstrating the response of the CPNs to the 

external field. Film formation was then accomplished between two gold electrodes on glass 

substrates. In the prepared films the particles indeed showed a joint overall orientation even for 

large areas, as confirmed by polarized light microscopy. However, it was not possible to align all 

particles perfectly parallel to each other. For most of the aligned film, an average orientation which 

deviates ± 30° from perfect alignment was observed. Although the particles are forced into one 

common direction, the electric field appears insufficiently strong to completely lock the rotational 

diffusion. Additionally, emerging strong convective flows, caused by fast water evaporation rates 

presumably hinder alignment, as they force the particles to align along the arising contact lines. 

Nevertheless, it can be noted that to some extent the CPNs can be aligned by electrical fields and 

that this alignment is maintained over the entire substrate. Similar studies with magnetic fields 

were not further pursued, as transient magnetic birefringence measurements showed significantly 

less pronounced orientation. 

A confinement of the CPNs to the desired location and orientation can help to overcome this 

issue and produce strongly aligned particle assemblies. A first attempt, using an elastomeric stamp, 

was unsuccessful, as the application of the CPN dispersion could not transfer the necessary tiny 

cavities of the template on the substrate. An alternating hydrophilic and hydrophobic pattern did 

not lead to the expected particle line structure as well, most likely due to insufficient distinction 

between the interactions with the different surface areas. One possibility for improvement could 

be the combination of charged surfaces with charged particles, increasing the attractive as well as 

the repulsive forces, ultimately improving the confinement of the particles at the respective lines. 

At this point a full particle alignment remains challenging, but the above findings are an 

encouraging guideline for further studies. 

5.4 Experimental Section 

5.4.1 General Considerations 

Various substrates were used for the experiments, including silicon wafers and different glass 
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substrates (object slide, coverslip, quartz glass, borosilicate glass, ITO or FTO coated glass). All 

substrates were cleaned before use by ultrasonication in a Hellmanex® III solution in deionized 

water, then washed with isopropanol and finally they were plasma cleaned. To obtain 

hydrophobized silicon wafers, they were treated with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-

trichlorosilan (TFOCS) vapor according to literature.234 The successful surface hydrophobization 

was controlled via contact angle measurements. The contact angle of 69° between the dispersion 

and the hydrophobized surface was considerably higher than the contact angle of 30° between the 

dispersion and the untreated silicon surface. The self-assembly methods were performed with 

different particle concentrations ranging from 108 to 1012 particles per milliliter. Scanning electron 

microscopy (SEM) measurements as well as electron-beam lithography were performed on a Zeiss 

CrossBeam 1540 ESB instrument, equipped with an Elphy Plus lithography system. High-resolution 

SEM images were acquired with an InLens detector at 3 kV. Polarized light microscopy (PLM) 

studies were carried out on a Zeiss Imager.M2m microscope equipped with EC Epiplan-Neofluar 

5x/10x/20x and LD Epiplan 50x objectives, a lambda plate, and a Zeiss AxioCam MRc 5 CCD camera 

for imaging. The calculation of the orientation distribution was performed using the OrientationJ 

Distribution plugin of the ImageJ software. 

5.4.2 Self-Assembly Methods 

For Drop Casting, a drop (1 to 100 µL) of CPN dispersion (temperature between 6 and 80 °C) 

was placed on a substrate, followed by evaporation of the dispersion medium at ambient pressure. 

For Spin Coating, the used module was a solar-semi ELS 200 BM. A dispersion drop (10 µL to 2 mL) 

was applied on the center of the substrate. Two techniques were distinguished, either the substrate 

was already spinning or it stood still. In either case the rotation speed was then increased in order 

to spread the dispersion drop by centrifugal force. Rotation speed was varied between 500 to 

10000 rpm and acceleration between 10 to 100 rpm/s. For Dip Coating, a custom-made device was 

used with a holding clamp for the substrate and a small engine for the down- and upward 

movement, controlled by a software. Residence times between 1 to 10 min were chosen and drawing 

speeds ranging from 0.3 to 2 mm/s were applied. The dipping angle was kept at 90°. For Doctor 

Blade Coating, the used device consists of a film applicator ZAA 2300 together with a ZUA 2000 

universal applicator from Zehntner Testing Instruments. A dispersion drop (2 to 500 µL) was placed 

on a substrate which is put on a movable stage. The stage is moved beneath a fixed blade with 

adjustable gap height, which spreads the dispersion over the substrate. A drawing speed between 1 

to 50 mm/s and a gap height between 5 to 50 µm were chosen. For Vertical Deposition, a substrate 

was placed in a vessel, filled with the CPN dispersion, in such a way that most of the substrate was 

covered. Temperatures between 30 to 70 °C were tested. For Gas Phase Diffusion Deposition, a 
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small vessel was put in a larger vessel. The inner vessel contained the substrate covered in the 

dispersion and the outer vessel was partially filled with methanol, a non-solvent for the particles. 

Time for deposition was varied between 1 to 10 days. 

5.4.3 External Fields 

For reasons of comparability, all experiments using external fields were performed with the 

same dispersion, containing particles with an average length of 146 nm and an average width of 

47 nm. The basic setup for the transient birefringence measurements was constructed by Moritz 

Schlöter from the group of Prof. Dr. em. G. Maret. Modification of the setup and the electric-field 

assisted assembly were also performed in cooperation with M. Schlöter. 

Transient electric birefringence 

The transient electric birefringence (TEB) setup consist of a helium-neon laser, two crossed 

Glan Thompson polarizers, which are rotated by 90° to each other, a Babinet-Soleil compensator, 

a photoelastic modulator, a Kerr Cell, containing the sample, a photodiode, a Lock-In amplifier and 

an oscilloscope (Figure 5.16). 

 

Figure 5.16 Schematic representation of the TEB setup. The red arrow represents the path of the laser 
beam, E represents the electric field and the black arrows of the polarizer and analyzer, respectively, show 
the polarization plane. 

The laser used has a wavelength of 632.8 nm. The Babinet-Soleil compensator allows for the 

continuous adjustment of the phase shift and was used to calibrate the laser intensity in the Kerr 

Cell. The photoelastic modulator is used to adjust the polarization of a light source and is necessary 

here to increase the otherwise low signal intensity. The Kerr Cell was custom-made by the 

workshops at the University of Konstanz and consists of a 10 mm standard glass cuvette in which a 

condenser is immersed, which simultaneously covers the cuvette. The signal is detected by the 

photodiode, amplified by the Lock-In amplifier and recorded with the oscilloscope. Due to the 

crossed polarizers, without applied electric field no signal is detected. If voltage is applied and the 

sample shows a Kerr effect, the polarized light is rotated and can pass the analyzer. The pulse 

sequence was programmed according to the requirements of the experiment and transferred to the 

setup via a switch box. Before each measurements the cuvette and the condenser were thoroughly 
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cleaned with Hellmanex® III solution, water and isopropanol and filled with the necessary sample 

volume of 0.5 mL. 

The setup was tested using nitrobenzene as a reference system. According to literature, the 

Kerr constant of nitrobenzene for a wavelength of 632.8 nm is 2.12∙10-12 m/V2.235 The measured Kerr 

constant was 2.04∙10-12 m/V2 and therefore deviates from the literature value by 4%. Despite of this 

deviation, the same order of magnitude is obtained and the setup was therefore considered as 

suitable for further measurements. To confirm that the detected signal actually originates from the 

anisotropic nanoparticles and is not caused by other contents, different systems, including 

ultrapure water, a surfactant solution and a dispersion containing spherical CPNs were examined. 

All these test systems did not show a significant birefringence. 

Electric-field assisted assembly 

For the electric field assisted assembly a substrate with two electrodes was required 

(Figure 5.17). Therefore, two gold electrodes were vapor coated (using a Tectra Mini Coater) onto a 

cleaned object slide in varying distances and connected to a voltage source. A spacer was attached 

to the object slide, allowing for an accurate positioning of the dispersion drop in the gap between 

the electrodes. A coverslip was optionally used to cover the dispersion. Different frequencies 

(10 – 50 kHz) and voltages (50 – 120 V), different electrode distances (400 – 2000 µm) as well as 

different particle concentrations (108 - 1012 particles per milliliter) and drop volumes (2 – 50 µL) 

were examined. 

 

Figure 5.17 Schematic drawing of setup for electric-field assisted assembly. 

Transient magnetic birefringence 

The transient magnetic birefringence (TMB) setup was similar to the setup for TEB 

measurements. Instead of the Kerr cell, however, a magnet was installed to allow for the application 

of magnetic fields. The sample was measured in a square glass capillary with an inner diameter of 

1 mm and a wall thickness of 0.2 mm purchased from VitroCOM Technical Glass. To seal the 

capillary a two component epoxy resin (UHU® PLUS) was used. Additionally, a Pockels Cell was 

used to minimize potential disruptive effects, e.g. caused by scattering, and to be independent from 

the light intensity. 
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5.4.4 Templates and Structured Substrates 

PDMS stamp 

The PDMS stamp was prepared similar to literature, using a silicon wafer as master.234 First, 

PMMA was spin coated on a cleaned silicon wafer and used as resist film. After appropriate design 

of a pattern, photolithography was performed using a Zeiss CrossBeam 1540XB equipped with an 

Elphy Plus pattern processor. The irradiated parts of the film were then removed by washing the 

master in a mixture of MIBK and isopropanol. Aluminum was then vapor deposited on the surface. 

The polymer film beneath the aluminum was removed with acetone so that the aluminum only 

remains at the desired pattern. Chemical-dry-plasma-etching with SF6 and oxygen and removal of 

the remaining aluminum with NaOH resulted in the desired master. TFOCS vapor was used to 

transform the surface of the master from hydrophilic to hydrophobic to prevent the cured PDMS 

from sticking to the master. To prepare the stamp, 10 parts of Sylgard 184 base and 1 part of the 

curing agent were mixed for 3 minutes and poured to a Petri dish, containing the master. To remove 

generated bubbles, the Petri dish was placed in a desiccator and vacuum was applied. The PDMS 

was cured at 70 °C for 6 h. The final PDMS stamp was cut out of the Petri dish (Figure 5.18). For the 

particle assembly, 1 to 2 µL of the polymer dispersion were placed on a substrate and the PDMS 

stamp was set on top and pressed down gently. The PDMS stamp was kept on the substrate until 

the dispersion was completely dried. 

 

Figure 5.18 From top left to bottom right: Light microscope images of the silicon master after treatment 
with MIBK/isopropanol mixture, vapor deposition of aluminum, chemical-dry-plasma-etching with SF6 and 
oxygen, treatment with NaOH, SEM image of the silicon master after treatment with NaOH and photography 
of the completed PDMS stamps. 

Electron Beam Lithography 

PMMA was spin coated on a cleaned silicon wafer and used as resist film. After appropriate 
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design of a pattern, photolithography was performed using a Zeiss CrossBeam 1540XB equipped 

with an Elphy Plus pattern processor. The irradiated parts of the film were then removed by 

washing the master in a mixture of MIBK (methyl isobutyl ketone) and isopropanol. TFOCS vapor 

was used to hydrophobize the silicon surface according to the applied pattern. The residual coating 

was then completely removed by ultrasonication of the substrate in acetone to obtain the 

structured substrate (Figure 5.19). For the particle assembly, 1 to 20 µL of the polymer dispersion 

were drop casted on the patterned silicon surface. 

 

Figure 5.19 Electron beam lithographically patterned substrate with three different line widths 500 nm 
(left), 1 µm (center) and 2 µm (right). 
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6 CONCLUSIVE SUMMARY 

CONCLUSIVE SUMMARY 6 
Taking nature as a model, entirely new materials can be potentially created on the basis of 

ordered arrangements of different submicron phases. Conjugated polymer nanoparticles (CPNs) 

are promising building blocks for functional materials, as they are known for their versatility in 

terms of tuning their properties, like conductivity and luminescence, and simultaneously offer the 

benefits of synthetic polymers, including simple processability and low cost. For anisotropic 

particles the variety of interactions and possible superstructures significantly increases compared 

to their spherical counterparts. However, to date, unlike for inorganic nanocrystals, concepts to 

introduce and control shape anisotropy in CPNs are rare, limited to micrometer-sized structures 

and lack scalability. A reliable route to generate anisotropic CPNs directly in dispersion is therefore 

requested. 

Due to its desirable luminescence properties and well-studied phase behavior with several 

highly ordered chain conformations, poly(9,9-dioctylfluorene) (PF8) was chosen as model 

compound for the direct generation of anisotropic CPNs through heterophase polymerization. 

Following this approach, Suzuki-Miyaura coupling polymerization (SMCP) of the respective 

monomers (A2 + B2) was applied. Towards the aim of obtaining non-spherical particles selectively, 

parameters anticipated to be relevant were explored, namely the nature of the monomers, the total 

reaction volume, the applied shear force, the amount of organic solvent and the type and 

concentration of surfactant. From this empirical study suitable conditions evolved for the 

heterophase polymerization to exclusively one kind of particles with a well-defined ellipsoidal 

shape, a high aspect ratio of 3.6 and a high shape homogeneity (Figure 6.1). Concerning the impact 

of reaction conditions, the type of surfactant as well as the choice of catalyst were found to be most 

decisive for obtaining anisotropic CPNs of high shape homogeneity. The anisotropic character of 
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the CPNs was confirmed by cryo-TEM, underlining its existence already in dispersion. Notably, 

independent repetitive experiments under identical conditions proved the reproducibility and 

reliability of this method. Furthermore, their robust redispersable nature allowed for a successful 

purification of the CPNs. Precipitation and subsequent redispersion turned out to be most suitable, 

as it allowed for easy separation for larger particle quantities, not only of the surfactant but also of 

all other impurities in the aqueous phase. 

 

Figure 6.1 Overview of the preparation of ellipsoidal-shaped PF8 nanoparticles. Top: Schematic 
illustration of the generation of ellipsoidal CPNs by heterophase polymerization (left), resulting in a range of 
dispersions with varying emission maxima (center), investigated via TEM (right). Bottom: General reaction 
scheme for Suzuki-Miyaura coupling polymerization, with optional additional comonomer. 

The prepared anisotropic CPNs feature an intense blue fluorescence, arising from the PF8 

backbone. By covalent incorporation of low amounts (less than 1%) of fluorescent dyes during the 

polymerization, the emission properties and color of the resulting aqueous dispersions could be 

tuned without loss of the anisotropic particle shape (Figure 6.1). Three different electron 

withdrawing comonomers were introduced, to which an energy transfer can occur. As a result, the 

quantum yields of the obtained copolymer dispersions significantly increased from 35% for the 

homopolymer dispersion to above 70%. Due to the emerging disorder in the polymer chain with 

increasing amount of incorporated dye, the shape homogeneity diminished noticeably, resulting in 

a heterogeneous distribution of particle size and shape. Thus, there is in fact a strong relation 

between backbone imperfections and shape homogeneity, indicating the significance of an internal 

order. 

To gain insights on the origin of anisotropic particle shapes, the inner structure of the CPNs 

was examined more closely. Powder X-ray diffraction studies of the PF8 nanoparticles revealed the 

presence of crystalline domains composed of α’-phase, which features an oriented nature. 

Additionally, the absorption and fluorescence emission spectra of the homo- and comonomer 

dispersions, respectively, all show peaks which can be unambiguously assigned to the highly 
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ordered, mesomorphic β-phase. The CPNs are therefore considered as semicrystalline with an 

amorphous portion, as obvious from the broad halo observable in the diffractograms. 

The heterophase polymerization was studied in detail to clarify the particle formation. Other 

than in a polymerization experiment, where turbidity sets in shortly after emulsification, an 

ultrasonicated emulsion without catalyst stays clear. This revealed that the ongoing polymerization 

already in its early stages alters the droplet or particle, respectively, with regard to its size, 

indicating the strong impact of the forming polymer chain on the particle morphology. The step-

growth character of the polymerization is considered to be decisive in that intermediate oligomers 

(ca. decamers) are large enough to pack, yet mobile compared to the final polymer chain. Indeed, 

chain growth controlled SMCP under otherwise similar conditions only yielded spherical 

nanoparticles. Moreover, it was shown that if the two monomers are separately emulsified, and 

subsequently combined, the reaction occurs without additional ultrasonication, clearly 

demonstrating a material exchange between droplets. Taking all findings into account, a 

mechanism for particle formation is suggested, in which anisotropic particle shape evolves from 

inter-chain packing that occurs along with progressing chain formation by polymerization 

(Figure 6.2). 

 

Figure 6.2 Proposed pathway for formation of anisotropic CPNs. 

Although these studies allow for an elaborated proposal of the potential pathway of particle 

formation, a comprehensive understanding how intra-particle molecular chain conformations 

determine particle shape is indispensable. As a means to obtain the desired knowledge, double 

electron-electron resonance (DEER) was applied. For this reason, the controlled Suzuki-Miyaura 

coupling polymerization (cSMCP) was exploited and refined, allowing for site-directed spin 

labeling of conjugated polymer chains. Two catalyst systems were investigated. An isolated initiator 

system was examined, which, however, only gave partially spin labeled PF8 chains. By contrast, 

with an in situ system, consisting of a Pd(0) catalyst precursor and a TEMPO labeled aryl halide 

doubly labeled polymer chains were obtained virtually exclusively (Figure 6.3). The successful 

incorporation of the nitroxide spin labels as end groups, which was also feasible for poly(3-

hexylthiophene) (P3HT) and poly(2,5-hexyloxy-p-phenylene) (PPP), demonstrated the versatility 

and robustness of the cSMCP. The controlled character of the reaction is reflected by the narrow 
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molar mass distributions (ĐM < 1.2) and additionally allowed for an exact adjustment of the chain 

length and thus of the interspin distance. This is of particular importance for DEER measurements, 

with a limited measuring range from 2 to 8 nm. 

 

Figure 6.3 MALDI-TOF mass spectra of doubly spin labeled PF8 (bottom, black), P3HT (center, gray) 
and PPP (top, blue) obtained by initiating the polymerization with the in situ system. 

In spite of the narrow Poisson-type molar mass distributions, the obtained oligomers are still 

mixtures of different chain lengths. While the ability to characterize such mixtures is of interest in 

its own right, a precise oligomer chain considerably simplifies the investigation of the polymer 

chain conformation within particles. For DEER measurements on the anisotropic PF8 

nanoparticles, the preparation of precise oligo-9,9-dioctylfluorenes (OF8) was therefore envisaged 

(Figure 6.4). 

Two different approaches were applied, their stepwise synthesis as well as the separation of the 

oligomer mixtures synthesized by cSMCP. In case of the stepwise synthesis, the synthetic effort and 

the formation of by-products significantly increase with increasing chain length. Therefore only 

short chain lengths (1 to 5) were prepared using this method. In order to obtain longer chain lengths 

(5 to 9) the oligomer mixture of different chain lengths was separated by a protocol established to 

this end, using semi-preparative gel permeation chromatography (GPC). Besides the reduced effort, 

the polymerization and subsequent separation approach offers the advantage of providing 

exclusively doubly labeled oligomer chains, whereas in the stepwise synthesis the intermediate 

bromination step partially generates a threefold functionalized oligomer backbone. On the other 

hand, the separation approach is not as chain length selective as the stepwise synthesis, since chains 

shorter or longer by one repeat unit could not be separated completely. This issue becomes relevant 

for longer chain lengths. The pentamer was prepared both ways, allowing for a closer comparison 

of these complimentary methods. The contour length of the stepwise synthesized pentamer is 

almost equal to the by semi-preparative GPC separated pentamer, proving the comparability of the 
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compounds. Longer oligomers than the nonamer were not targeted as the spin distance becomes 

increasingly difficult to observe by DEER. 

 

Figure 6.4 MALDI-TOF mass spectra of spin labeled oligomers. Unmarked, gray spectra are from 
oligomers obtained by step-by-step synthesis. Blue spectra (marked with an asterisk) are obtained from 
oligomers separated by semi-preparative GPC.  

The doubly labeled precise oligomers and the oligomer mixtures obtained from cSMCP were 

analyzed in solution using the DEER technique. As expected, the distance distributions of the 

precise oligomers are shifted to longer distances the longer the chain lengths of the examined 

oligomers. The measurement of the oligofluorene mixture yielded a broad distance distribution 

consisting of several individual peaks, which could be broken down to the different chain lengths 

present in the mixture. Further, it could be shown that the measured DEER trace fits quite well to 

a Poisson distribution of the respective oligomers, as expected for a living polymerization. 

Moreover, the successful incorporation of a doubly labeled precise dimer into the nanoparticles 

was demonstrated. DEER analysis revealed no substantial differences of the distance distribution 

compared to the dissolved dimer, but proved the principal feasibility of the conformational analysis 

of the oligomer chains inside the particles via electron paramagnetic resonance spectroscopy 

(Figure 6.5). Further studies using longer oligomers, also with regard to studies of the ongoing 

particle synthesis, are therefore regarded as very promising and potentially lead to a deeper 

understanding of the internal particle structure and the evolution of anisotropy. 
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Figure 6.5 DEER distance measurements of T-F2-T in deuterated toluene (black) and inside a particle 
(blue), recorded at 40 K in Q-band. 

Whereas the intra-particle order is decisive for the individual particle shape and properties, the 

inter-particle order tremendously impacts the properties of the materials based on these building 

blocks. Therefore, the interactions as well as the assembly behavior of the ellipsoidal CPNs were 

investigated. Due to their simplicity, direct self-assembly approaches offer themselves. Various 

methods were applied and examined regarding the self-organization to ordered superstructures. 

From transmission electron microscopy (TEM) images, it already became evident that the CPNs 

form small groups of ordered particles upon sample preparation by evaporation on the grid. When 

deposited on hydrophobic surfaces, the particles clearly align along the contact line of the drop. By 

contrast, for hydrophilic surfaces no alignment occurs. Presumably, a strong interaction with the 

equally hydrophilic particle surface hinders particle reorientation, indicating the relevance of 

intermediate formation of soft assemblies. By dip coating larger oriented particle domains were 

obtained. With regard to the phase diagram of a system of hard prolate ellipsoids, these domains 

were assigned to the nematic phase. 

An even higher order was observed for the vertical deposition of the CPN dispersion. In the 

obtained continuous film, the particles are strongly aligned over large areas, as illustrated by the 

orientation distribution of the particles, revealing an alignment parallel to the contact line 

(Figure 6.6). The highly aligned areas of the film correspond to the solid phase of the phase diagram 

of hard prolate ellipsoids, containing three different hexagonal close packed structures. 

Unfortunately, the alignment does not extend over the entire film, but especially at thicker film 

regimes the orientation is lost. These difficulties most likely arise from strong particle-particle 

interactions which prevent particle reorientation and therefore long-range ordered self-assembly 

in general. In order to facilitate complete alignment over the entire substrate, externally controlled 

assembly methods were considered. 
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Figure 6.6 SEM image of a vertical deposited film of a CPN dispersion (left) and corresponding 
orientation distribution of the particles (right). White arrow indicates the direction of meniscus withdrawal. 
The insert shows the FFT of the SEM image. Different closed packing structures are highlighted and 
corresponding schematic structures are shown in similar color. 

External fields are particularly well suited for field-directed assembly, as they allow for 

alignment of the particles prior to deposition. By transient birefringence measurements, it was 

shown that the anisotropic CPNs strongly respond to electric fields. For this reason, particle films 

were created in the presence of electric fields (Figure 6.7). Polarized light microscopy (PLM) indeed 

revealed a certain preferred orientation over the entire substrate. A clear short-range order, 

however, could not be observed in scanning electron microscopy (SEM). Nevertheless, the 

orientation distribution of the particles showed a preferred direction, with an average orientation, 

deviating ± 30° from perfect alignment. This indicates that the applied field is not strong enough to 

overcome reorientation due to emerging strong convective flows, which are caused by rapid 

evaporation of water. Since the current and in turn the evaporation rate increases with increasing 

field strength, these two effects influence the particle orientation and compete with each other. 

 

Figure 6.7 PLM image (left), SEM image (center) and particle orientation distribution (right) of an 
electrically aligned particle film. White arrows indicate the direction of the alternating electric field, 
equivalent to an orientation of 90°. 

As it was not feasible to completely lock the rotational diffusion using external fields, it was 
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envisaged to use even stronger constraints to force the particles into the desired location and 

orientation. In a first approach electron-beam lithography was used to generate thin hydrophilic 

lines on a hydrophobic area. However, the difference in interaction between the particles and the 

two different surface areas turned out to be too low to confine the particles on the hydrophilic lines. 

The combination of charged surfaces with charged particles, increasing the attractive as well as the 

repulsive forces, could improve the confinement of the particles at the respective lines, and thus 

should be subject of further investigations.  

In summary, a reliable, robust method was developed providing direct access to anisotropic 

conjugated polymer nanoparticles with an ellipsoidal shape via heterophase polymerization. The 

emission properties and color of the resulting aqueous dispersions could be tuned without loss of 

the anisotropic particle shape via incorporation of electron-withdrawing dyes. The combination of 

tailored synthetic chemistry with sophisticated EPR spectroscopy showed that EPR is a suitable tool 

to access the individual chain conformations of the polymer chains in solution, even for mixtures 

of different chain lengths, and particularly inside the nanoparticles. Whereas for short oligomers 

the measured end-to-end distances do not show any differences, as demonstrated for the doubly 

labeled precise dimer, the incorporation of longer oligomers in the particles will most likely lead to 

conformational changes, reflected in distance deviations, which can reveal and monitor the internal 

particle structure. Moreover, first studies on the assembly behavior were conducted, providing 

valuable information on the mechanism of particle orientation. Partially aligned particle structures 

could be obtained by both, self-assembly as well as externally directed assembly methods. Further 

investigations of intra- and inter-particle order should provide a comprehensive understanding and 

eventually enable the design of novel, particle-based materials with advanced, tailor-made 

properties. 
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7 APPENDIX 

APPENDIX 7 
7.1 Selected NMR Spectra 

 

Figure 7.1 1H NMR spectrum of poly(9,9-dioctylfluorene) obtained via heterophase polymerization. 
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Figure 7.2 1H NMR-spectra of hydrogen and bromine terminated oligomers. 

7.2 Selected UV-Vis and Emission Spectra 

 

Figure 7.3 Absorbance spectra of hydrogen and bromine terminated oligo-9,9-dioctylfluorenes as well 
as of the respective polymer for comparison, measured in CHCl3. 
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Figure 7.4 Emission spectra of hydrogen and bromine terminated oligo-9,9-dioctylfluorenes as well as 
of the respective polymer for comparison, measured in CHCl3. 

 

Figure 7.5 Emission spectra of TEMPO labeled oligo-9,9-dioctylfluorenes prepared via step-by-step 
synthesis, measured in CHCl3. 
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Figure 7.6 Absorbance spectra of TEMPO labeled oligo-9,9-dioctylfluorenes separated by semi-
preparative GPC, measured in CHCl3. 

 

 

Figure 7.7 Emission spectra of TEMPO labeled oligo-9,9-dioctylfluorenes separated by semi-preparative 
GPC, measured in CHCl3. 
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7.3 Selected GPC Traces 

 

Figure 7.8 GPC traces of hydrogen and bromine terminated oligo-9,9-dioctylfluorenes. 

 

Figure 7.9 GPC elution volume trace of T-F3-T obtained using a semi-preparative column. Fractions were 
collected between 57.5 to 61.0 min as indicated by the dashed grey lines. 
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Figure 7.10 GPC traces of TEMPO labeled oligo-9,9-dioctylfluorenes prepared via step-by-step synthesis. 

 

 

Figure 7.11 GPC traces of TEMPO labeled oligo-9,9-dioctylfluorenes, previously separated by semi-
preparative GPC. 
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Figure 7.12 GPC elution volume trace of TEMPO labeled poly(9,9-dioctylfluorene) obtained using an 
analytical (left) and a semi-preparative (right) column, respectively. 

 

7.4 Selected Mass Spectra 

 

Figure 7.13 MALDI-TOF mass spectra of monolabeled PF8 obtained either by initiation of the 
polymerization with the isolated initiator I2 (black) or by  quenching the polymerization by addition of Q1 
(blue). MALDI-TOF MS of polymer initiated with I2 was performed after cleavage of the ester-groups by 
treatment with potassium hydroxide. 
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Figure 7.14 MALDI-TOF mass spectra of P3HT (black) and PPP (blue) obtained by initiation of the 
polymerization with the isolated initiator I2. For the spectrum of PPP no labeled species could be detected. 

 

Figure 7.15 MALDI-TOF mass spectrum of labeled PF8 obtained by initiating the polymerization with 
the in situ system consisting of complex C1 and ligand L4 and quenching the polymerization by addition of 
Q3. Monomer to initiator ratio was adjusted to 5. Expected species are marked (cf. Table 4.1, entry 5). 
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Figure 7.16 MALDI-TOF mass spectrum of labeled PF8 obtained by initiating the polymerization with 
the in situ system consisting of complex C1 and ligand L3 and quenching the polymerization by addition of 
Q4. Monomer to initiator ratio was adjusted to 5. Expected species are marked (cf. Table 4.1, entry 6). 

 

Figure 7.17 MALDI-TOF mass spectrum of labeled PF8 obtained by initiating the polymerization with 
the in situ system consisting of complex C1 and ligand L4 and quenching the polymerization by addition of 
Q4. Monomer to initiator ratio was adjusted to 5. Expected species are marked (cf. Table 4.1, entry 7). 
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Figure 7.18 MALDI-TOF mass spectrum of labeled PF8 obtained by initiating the polymerization with 
the in situ system consisting of complex C1 and ligand L4 and quenching the polymerization by addition of 
Q4. Monomer to initiator ratio was adjusted to 20. Expected species are marked (cf. Table 4.1, entry 12). 

 

Figure 7.19 MALDI-TOF signal of the doubly TEMPO-functionalized PF8 6-mer as well as the 
corresponding calculated isotope pattern (cf. Table 4.2, entry 1). 



7. Appendix 

131 

 

Figure 7.20 MALDI-TOF signal of the doubly TEMPO-functionalized P3HT 9-mer as well as the 
corresponding calculated isotope pattern (cf. Table 4.2, entry 2). 

 

Figure 7.21 MALDI-TOF MS signal of the doubly TEMPO-functionalized PPP 6-mer as well as the 
corresponding calculated isotope pattern (cf. Table 4.2, entry 3). 
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Figure 7.22 MALDI-TOF mass spectra of the four different fractions of the second separation of the 
TEMPO labeled hexamer (T-F6-T) by semi-preparative GPC and fraction F10 from the first separation step. 

 

Figure 7.23 ESI mass spectra (black) and simulated data (blue) of TEMPO-labeled aryl bromide L4 
(bottom) and phenylboronic acid ester Q4 (top).
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7.5 Selected DEER Data 

 

Figure 7.24 DEER measurement for doubly labeled precise oligomers (T-Fn-T, n = 1-6) in deuterated 
toluene (cf. Figure 4.11). Normalized experimental DEER trace with DEERNet background fit (left). 
Background corrected form factor, modulation depth 29.0 % for T-F1-T(Syn), 13.5 % for T-F2-T(Syn), 6.2 % for T-
F3-T(Syn), 17.6 % for T-F4-T(Syn), 25.3 % for T-F5-T(Syn), 12.4 % for T-F5-T(GPC), 11.7 % for T-F6-T(GPC), with fit by 
WLC model (blue) (center). Dipolar spectrum obtained by Fourier transformation and corresponding fit for 
WLC model (blue) (left). 

 

Figure 7.25 DEER measurement for PF8 obtained by cSMCP in deuterated toluene. Normalized 
experimental DEER trace with DEERNet background fit (upper left). Background corrected form factor, 
modulation depth 17.6 %, with fit by WLC model (blue) (upper right). Dipolar spectrum obtained by Fourier 
transformation and corresponding fit for WLC model (blue) (lower left). Distance distribution obtained by 
WLC model (blue) (lower right). 
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Figure 7.26 DEER measurement for P3HT obtained by cSMCP in deuterated toluene. Normalized 
experimental DEER trace with DEERNet background fit (upper left). Background corrected form factor, 
modulation depth 17.7 %, with fit by Tikhonov regularization (blue) (upper right). Dipolar spectrum obtained 
by Fourier transformation and corresponding fit for Tikhonov regularization (blue) (lower left). Distance 
distribution obtained by Tikhonov regularization (blue) (lower right). 

 

 

Figure 7.27 DEER measurement for PPP obtained by cSMCP in deuterated toluene. Normalized 
experimental DEER trace with DEERNet background fit (upper left). Background corrected form factor, 
modulation depth 17.5 %, with fit by Tikhonov regularization (blue) (upper right). Dipolar spectrum obtained 
by Fourier transformation and corresponding fit for Tikhonov regularization (blue) (lower left). Distance 
distribution obtained by Tikhonov regularization (blue) (lower right). 
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Figure 7.28 DEER measurement for doubly labeled precise dimer (T-F2-T) in anisotropic CPNs. 
Normalized experimental DEER trace with DEERNet background fit (upper left). Background corrected form 
factor, modulation depth 5.4 %, with fit by WLC model (blue) (upper right). Dipolar spectrum obtained by 
Fourier transformation and corresponding fit for WLC model (blue) (lower left). Distance distribution 
obtained by WLC model (blue) (lower right). 
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7.6 Selected TEM Images

 

Figure 7.29 TEM image of CPN dispersion (cf. 
Table 3.2, entry 2). 

 

Figure 7.30 TEM image of CPN dispersion (cf. 
Table 3.2, entry 3). 

 

Figure 7.31 TEM image of CPN dispersion (cf. 
Table 3.2, entry 4). 

 

Figure 7.32 TEM image of CPN dispersion (cf. 
Table 3.2, entry 6). 

 

Figure 7.33 TEM image of CPN dispersion (cf. 
Table 3.2, entry 7). 

 

Figure 7.34 TEM image of CPN dispersion (cf. 
Table 3.2, entry 8). 
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Figure 7.35 TEM image of CPN dispersion (cf. 
Table 3.2, entry 9). 

 

Figure 7.36 TEM image of CPN dispersion (cf. 
Table 3.2, entry 10). 

 

Figure 7.37 TEM image of CPN dispersion (cf. 
Table 3.2, entry 11). 

 

Figure 7.38 TEM image of CPN dispersion (cf. 
Table 3.2, entry 12). 

 

Figure 7.39 TEM image of CPN dispersion (cf. 
Table 3.3, entry 2). 

 

Figure 7.40 TEM image of CPN dispersion 
(cf. Table 3.3, entry 3). 



7. Appendix 

138 

 

Figure 7.41 TEM image of redispersed PF8 
nanoparticles. 

 

Figure 7.42 TEM image of CPN dispersion (cf. 
Table 3.4, entry 3). 

 

Figure 7.43 TEM image of CPN dispersion (cf. 
Table 3.4, entry 4). 

 

Figure 7.44 TEM image of CPN dispersion 
(cf. Table 3.4, entry 6). 

 

Figure 7.45 TEM image of CPN dispersion 
with incorporated doubly labeled dimer T-F2-T. 
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7.7 Selected SEM Images 

 

Figure 7.46 SEM image of drop casted particle dispersion with excessive surfactant, illustrating the 
problem with charging. 

 

Figure 7.47 SEM image of dip coated particle dispersion, using a modified dip coating method. 
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7.8 Miscellaneous 

Chart 7.1 Synthesis of benzothiadiazole based initiator I2. 

 

 

 

 

Figure 7.48 Comparison of relative integrated intensities of a oligofluorenes mixture obtained by 
MALDI-TOF MS and the theoretical Poisson distribution for a λ-value of 6.5. 
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Figure 7.49 Strong bubbling due to water evaporation in TEB experiments at voltages equal to or larger 
than 50 V. 

 

Figure 7.50 Concentration and size distribution of anisotropic CPNs determined by PTM. Initial data 
are multiplied by the factor of dilution to demonstrate particle concentration in original dispersion. 
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