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Abstract / Zusammenfassung 

Konjugierte Polymere besitzen hervorragende Eigenschaften wie elektrische Leitfähigkeit, 

sowie Photo- und Elektrolumineszenz, auf Grund derer sie in den letzten Jahren zu einer unver-

zichtbaren und interessanten Materialklasse wurden. Dabei standen überwiegend die Synthese 

dieser Polymere und deren Eigenschaften in Lösung und als Film im Vordergrund, während 

Nanopartikel konjugierter Polymere erst seit kurzem Aufmerksamkeit auf sich ziehen. Die am 

häufigsten verwendete Technik zur Synthese sehr kleiner Partikel im Größenbereich kleiner 

100 nm, wie sie beispielsweise für Anwendungen in der Bildgebung biologischer Proben bevorzugt 

wird, ist die ‚Nanoprecipitation‘. Hierbei wird das hydrophobe, konjugierte Polymer in einem 

Wasser-mischbaren Lösungsmittel gelöst und in einen Überschuss Wasser injiziert wodurch sich 

Tensid-freie, hochverdünnte Dispersionen erhalten lassen. Die Größe der so erzeugten Partikel ist 

jedoch wenig kontrollierbar und der Mechanismus der kolloidalen Stabilisierung ist bisher nicht 

geklärt.  

Im Gegensatz dazu, ermöglicht die kovalente Verknüpfung des konjugierten Polymers mit einem 

hydrophilen Rest wie z.B. Polyethylenglykol, die Synthese von selbst-stabilisierten Nanopartikeln 

und bietet zudem zwei neue Einflussfaktoren zur Kontrolle von Partikelform und -größe. Einerseits 

die Blockcopolymerzusammensetzung, also das relative hydrophil-zu-hydrophob Blocklängen-

verhältnis, und andererseits die angewendete Mischtechnik. In dieser Arbeit wurden beide 

Einflussfaktoren untersucht, wobei nicht nur die erreichbaren Partikelgrößen und -formen im 

Vordergrund standen sondern auch die Untersuchung von Partikelbildungsmechanismus und 

Packungsverhalten der konjugierten Polymerketten.  

Zu diesem Zweck wurden zunächst über die Sonogashira-Kupplung in einem sequenziellen 

Aufbau monodisperse Arylenethinylenoligomere verschiedener Kettenlängen synthetisiert. 

Hierbei galt es synthetische Herausforderungen zu meistern um auch hochmolekulare Oligomere 

in monodisperser und defekt-freier Form erhalten zu können wie sie zur Untersuchung der 

Partikelbildungseigenschaften von Blockcopolymeren notwendig sind. Es wurde gezeigt, dass die 

Einführung von Ethylhexylgruppen an der Monomerseitenkette die Löslichkeit der Arylen-

ethinylenoligomere während der stufenweise Sonogashirakupplungssynthese so weit verbessert, 

dass die effiziente Aufreinigung selbst von hochmolekularen Oligomeren sehr gut möglich ist. 

Dadurch konnte im Falle von Oligophenylenethinylenen (OPE) die so zugängliche Kettenlänge 
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deutlich von bislang 12 auf nun 43 Wiederholeinheiten gesteigert werden. UV/VIS- und 

Fluoreszenzmessungen an den dargestellten Oligomeren belegen, dass die Konjugationslänge 

solcher Polymere bei Weitem länger ist als bisher durch theoretischen Berechnungen und durch 

Extrapolation der Daten kurzkettiger Oligomere angenommen. Durch den Einbau von 

Diketopyrrolopyrrol- und Perylenfarbstoffen war es des Weiteren möglich, die Emission der 

Oligomere und somit auch der im Folgenden synthetisierten Nanopartikel in den roten Bereich des 

sichtbaren Lichtspektrums zu verschieben.  

Die hergestellten monodispersen OPEs wurden anschließend an Polyethylenglykol (PEG) 

gekuppelt, wobei eine Kupplungsmethode gefunden werden musste die sowohl quantitative 

Umsätze, als auch den Erhalt der Monodispersität der eingesetzten Oligomere im resultierenden 

Blockcopolymer gewährleisten konnte. Der in dieser Arbeit verwendete stufenweise Aufbau bietet 

hierzu zwei reaktive Endgruppen die für eine weitere Funktionalisierung zur Verfügung stehen: 

eine Hydroxy- und eine Ethinylgruppe. Letztere wurde zur Synthese zweier Blockcopolymere mit 

dendritischem Polyglycerol via Sonogashira-Kupplung verwendet. Die Synthese einer 

‚Blockcopolymer-Bibliothek‘ mit verschiedenen hydrophil-zu-hydrophob Verhältnissen bei der 

sich die Monodispersität der eingesetzten Oligomere auch in den resultierenden Blockcopolymeren 

wiederspiegelt, war über DCC-Kupplung des Hydroxyls mit linearen PEG-Säuren möglich.  

Die so erzeugten monodispersen, amphiphilen Blockcopolymere wurden anschließend 

hinsichtlich ihrer Partikelbildungseigenschaften unter Verwendung dreier Mischtechniken 

untersucht: Mikrofluidisches Mischen, Nanoprecipitation und Selbstanordnung in Lösung. In 

Zusammenarbeit mit mehreren Arbeitsgruppen der physikalischen Chemie konnten zudem tiefere 

Einblicke sowohl in den Partikelbildungsmechanismus als auch in die Anordnung kettensteifer 

Polymere innerhalb von Nanopartikeln gewonnen werden. 

Wie eingangs erwähnt, stabilisiert kovalent gebundenes PEG bei einer Verringerung der 

Lösungsmittelqualität konjugierte Polymere zusätzlich und ermöglicht so langsames z.B. 

mikrofluidisches Mischen, was bereits anhand ähnlicher Blockcopolymere (mit breiteren Moleku-

largewichtsverteilungen) demonstriert wurde. Allgemein wurde bislang angenommen, dass beim 

mikrofluidischen Mischen die Partikel aus einer wässrigen, übersättigten Lösung des Blockco-

polymers gebildet werden. Im Gegensatz dazu, konnte in dieser Arbeit nun durch die Kombination 

von CARS Spektroskopie und von ortsaufgelösten Fluoreszenzmessungen gezeigt werden, dass 
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die Partikelbildung in den mikrofluidischen Kanälen in einem ähnlichen Zeitbereich liegt wie der 

Mischvorgang selbst. 

Der Einfluss der Blockcopolymerzusammensetzung auf Partikelform und -größe konnte durch 

die Verwendung der synthetisierten PEGylierten OPEs definierter Kettenlänge im Weiteren 

untersucht werden. Hierbei zeigte sich, dass durch schnelles Mischen in einer Nanoprecipitation 

sphärische Partikel zwischen 13 und 24 nm erhalten werden, wobei die Partikelgröße, bei 

hinreichend langem PEG, unabhängig von der Konzentration des Polymers in THF ist, sondern 

lediglich von der verwendeten OPE Kettenlänge bestimmt wird. Zudem wurde festgestellt, dass 

durch die Copräzipitation von PEGylierten, kurzkettigen OPEs mit rein hydrophoben OPEs, deren 

Kettenlänge oberhalb der Persistenzlänge (15,5 nm) liegt, Partikel < 10 nm erhalten werden 

können. Dies wirft Fragen auf hinsichtlich der Flexibilität der OPEs, welche gemeinhin als 

kettensteife Stäbchen angesehen werden. Die in dieser Arbeit durchgeführten EPR-Messungen 

zeigten sehr kurze Label-zu-Label Abstände von Spin-markierten OPE-Ketten in solchen Partikeln, 

die sich signifikant von denen in Lösung unterscheiden. Dies beweist, dass die Flexibilität der 

OPEs so groß ist, dass sie sich in die deutlich kürzeren bzw. kleineren Nanopartikel hineinkrümmen 

können.  

Sowohl beim mikrofluidischen Mischen als auch bei der Nanoprecipitation werden sphärische 

Nanopartikel erzeugt, deren Größe durch den vergleichsweise schnellen Mischvorgang kinetisch 

kontrolliert ist. Nicht-sphärische Partikel waren hingegen durch die Selbstanordnung der 

PEGylierten, monodispersen OPEs in Lösung zugänglich. Langsames Mischen von THF und 

Methanol führte zur Entstehung anisotroper Partikel, deren Breite von 5-14 nm dabei direkt die 

Kettenlänge des verwendeten monodispersen, konjugierten Blocks wiederspiegelte. Die kovalente 

Anbindung des PEGs und die damit verbundene verbesserte Stabilisierung des monodispersen 

OPEs sind hierbei essenziell um deren makroskopische Ausfällung sowohl im 

Lösungsmittelgemisch als auch beim Transfer in Wasser zu verhindern. 

Alles in allem wurde in dieser Arbeit durch die Präzipitation von amphiphilen 

Blockcopolymeren aus monodispersen, konjugierten Oligomeren mit Hilfe diverser 

Mischtechniken ein erfolgreiches Konzept vorgestellt um kontrolliert sowohl sphärische als auch 

anisotrope Partikel im schwer zugänglichen aber äußerst relevanten Größenbereich ≤ ca. 0.1 µm 

erzeugen zu können. 
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1 General Introduction 
Fluorescent nanoparticles have most recently attracted interest in the contexts of 

optoelectronics1, live cell imaging2 and biosensing. Their extraordinary fluorescence brightness 

and much higher fluorescence emission rates with respect to single dye molecules are beneficial 

for time resolved observations or intracellular studies. Furthermore, such nanoparticles can be 

surface-modified, allowing for tailored binding affinities towards various biological systems. 

Amongst different classes of fluorescent nanoparticles studied, π-conjugated polymer 

nanoparticles3,4 combine photoluminescence, high absorption coefficients and fluorescence 

quantum yields, and extraordinarily high non-linear optical absorption cross sections.3d,5 The latter 

makes them attractive candidates for biological deep tissue imaging with less damaging and deeper 

penetrating near infrared (NIR) excitation.3d By contrast to most inorganic quantum dots, they do 

not contain cytotoxic metals such as cadmium or lead, and they have been demonstrated to be non-

toxic in live cell imaging.3a,e,f  

 

Figure 1-1. Chemical structures of several conjugated polymers. 

Within the various types of conjugated polymers studied, polythiophenes, polyphenylenes, 

polyfluorenes, poly(arylene vinylene)s and poly(arylene ethynylene)s (Figure 1-1) are most 

prominent due to their electrooptical and photoluminescent properties, whereas polyanilines, 

polypyrroles and polyacetylenes are especially interesting in terms of their intrinsic conductivity. 

Furthermore, conjugated polymers are often referred as rod-like due to the general rigidity of the 

conjugated system. In this context, poly(phenylene ethynylene) stands out in that the repeat units 

are linear and thus linkages are particularly stiff.   

 

π

π
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1.1 Poly(arylene ethynylene)s 

Poly(arylene ethynylene)s are a class of conjugated polymers with an alternating repetition of 

aryl and alkyne units. They are either shape persistent, e.g. poly(phenylene ethynylenes), or show 

intramolecular formation of helices, e.g. poly(fluorene ethynylenes). Poly(arylene ethynylene)s are 

fluorescent and the optical properties are dominated by their conformation, which is influenced 

mainly by solid-state packing, solvent and temperature. The combination of various favorable 

properties like easy synthesis, that allows for introduction of biologically active ligands as well as 

a variety of different functionalities, and enhanced photostability, compared to poly(phenylene 

vinylene)s and polythiophenes, makes them an attractive class of conjugated polymers.6 

 

Scheme 1-1. Synthesis of poly(phenylene ethynylene)s by Pd-catalyzed Sonogashira reaction with possible defect 
structures. 

R

R

Mo(CO) 6

ArOH
-H3C CH3

R

R

H3C CH3
n

CH3H3C

 

Scheme 1-2. Synthesis of poly(phenylene ethynylene)s by alkyne metathesis. 

Poly(arylene ethynylene)s can either be synthesized by Pd-catalyzed Sonogashira-coupling of 

diethynylarenes and dihaloarenes (Scheme 1-1) or by acyclic diyne metathesis (Scheme 1-2). The 

latter route allows for the synthesis of high molecular weight polymers but functional groups are 

not well tolerated.7 Even though the Pd-catalyzed polymerization procedure often reaches only 

moderate molecular weights and suffers from an undefined nature of end groups due to 

dehalogenation and phosphonium salt formation, as well as intramolecular diyne-defect structures, 

it offers the advantage of a high functional group compatibility, making the synthesis of e.g. 

sulfonate-, ester-, peptide- and sugar-substituted polymers comparatively easy. Reaction conditions 

are sufficiently mild, that even azide-groups containing monomers can be introduced into PPEs.8  

Early attempts in the preparation of poly(phenylene ethynylene)s, (PPE)s, led to the formation 

of insoluble, low-molecular weight oligomers.9 Giesa et al. succeeded first to prepare soluble PPE 

derivatives.10 Long alkoxy side chains, attached to the PPE backbone, were expected to increase 
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the solubility of the polymers. The corresponding monomers are readily synthetically accessible 

by alkylation of dibromohydroquinone. However, the materials obtained had a deep red to brown 

color and still suffered from a low solubility, which in combination indicates crosslinking. Cross-

coupling can be regarded as general problem and can be circumvented by the utilization of 

diiodobenzene derivatives, enabling working at moderate temperatures, and low Pd-catalyst 

loadings. The addition of tetrahydrofuran as cosolvent besides the amine solvent, improves the 

solubility of the formed polymer and the activity of the catalyst, as shown e.g. in the works of 

Moroni et al..11 Nevertheless, the structural integrity of the polymer backbone is usually also 

questionable due to the inevitable formation of diyne defect structures. Thus, the preparation of 

high molecular weight polymers mostly requires a small excess of the diyne.12 

Furthermore, the polymers obtained by Sonogashira polymerization have rather broad molecular 

weight distributions (Mw/Mn > 2) since the Sonogashira Coupling reaction is a step growth 

polymerization. Investigations on chain-length dependent properties of PPEs, as well as potential 

applications e.g. as molecular wires in molecular scale electronics, however, require the utilization 

of monodisperse, defect-free PPEs. The synthesis of such compounds in a step-by-step build-up by 

Pd-catalyzed Sonogashira cross-coupling has been the subject of numerous reports.13 Herein, 

complex coupling strategies are involved, utilizing most commonly orthogonal acetylene 

protecting groups, one polar and one nonpolar, which makes this approach tedious. Solubility 

problems of higher oligomers and lacking possibility of chromatographic separation from 

byproducts restrict the accessible chain length to less than twelve repeat units.14 

 

1.2 Nanoparticles of Conjugated Polymers 

1.2.1 Nanoparticles from Purely Hydrophobic Conjugated Polymers 

Conjugated polymers inhibit a rigid chromophoric system which, unless substituted with 

appropriate side chains, makes them hardly soluble in common solvents and thus difficult to 

process. Alternatively, the conjugated polymer can be prepared in dispersion or emulsion 

polymerization, which was reported in the 1980s e.g. for the preparation of polyacetylenes.15 



General Introduction 
 

6 

A generation of conjugated polymers directly from emulsified monomer-droplets in a dispersing 

medium, that is a nonsolvent for the polymer, most commonly water, provides a broad scope of 

nanoparticles, accessible in a variety of sizes and structures. During classical free-radical emulsion 

polymerization, the monomer forms a separate droplet phase, while the initiator or catalyst is 

dissolved in water. Chain growth of the oligomer chain by addition of monomers, dissolved in low 

amounts in the dispersing medium, results in nucleation of hydrophobic particles, stabilized by 

adsorbed surfactant or hydrophilic moieties within the polymer. The droplets serve as reservoir 

from which the monomers diffuse through the water phase into the particles, where the further 

polymerization takes place. The utilization of the emulsion polymerization and similar methods 

like dispersion polymerization, mini- or microemulsion polymerization, has not only been applied 

for the synthesis of polyacetylene16, polypyrrole17 and polyaniline18 dispersions, but likewise for 

the preparation of conjugated polymers which are of interest due to their luminescent properties.  

Poly(arylene ethynylene) nanoparticles are accessible by Palladium-catalyzed Sonogashira 

cross-coupling in aqueous miniemulsion polymerization. The A2 + B2 step growth polymerization 

of 1,4-diethynyl-2,5-bis(hexyloxy)benzene and 1,4-dibromo-2,5-bis(2-ethylhexyloxy)benzene in 

aqueous sodium dodecyl (SDS) solution, by means of high shear, generated by ultrasound, afforded 

non-aggregated poly(phenylene ethynylene) nanoparticles with an average size of 80 nm.19 

Likewise, this method allows for the incorporation of fluorene units as well as pyrrolopyrrole and 

fluorenone dyes and thus for color-tuning of the emission properties.20 However, nanoparticles 

prepared by emulsification methods are stabilized with anionic surfactants like SDS, which are 

physically adsorbed onto the latex particle surface. Regarding live cell imaging this can cause 

problems of colloidal instability and toxicity. 

In addition to the aforementioned polymerization in disperse heterophase systems, post-

polymerization dispersion of separately prepared polymers is an alternative approach towards 

conjugated polymer nanoparticles. During such ‘secondary dispersions’, the polymer is dissolved 

in an organic solvent and is then dispersed in water. When a water-immiscible solvent is used, 

particle formation occurs when the solvent is removed from the emulsified solution droplets. In the 

so called ‘reprecipitation’ or ‘nanoprecipitation’ method, the polymer is dissolved in a water-

miscible solvent e.g. tetrahydrofuran, followed by the rapid injection into an excess of water. The 

sudden decrease in the solvent quality leads to the precipitation of the polymer in form of 

nanoparticles. Dispersions of poly(arylene vinylene)s and polyfluorenes with nanoparticle sizes 
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ranging between 5 and 50 nm were prepared successfully via this is method.5,21 Particle sizes can 

be varied by changes of the polymer in tetrahydrofuran concentration. Since no stabilizing agents 

are added and the polymer does not possess any hydrophilic moieties suitable for self-stabilization, 

the mechanism of colloidal stabilization remains unclear. Due to the high dilution, it must be 

considered, that even low amounts of impurities might be sufficient to provide steric or electrostatic 

stabilization, when adsorbed to the particle surface.  

The existence of small sized nanoparticles, derived from high molecular weight conjugated 

polymers, appears contradictive to the general concept of conjugated polymers being stiff and rod-

like, raising the intriguing question of the polymer chain conformation in such particles. The 

usually observed blue-shift in the absorption spectra of the conjugated polymer particles compared 

to the solution, indicates an overall decrease in the conjugation length, attributable to the bending 

or kinking of the polymer backbone.22 The red-shift in fluorescence can be correlated to an 

increased interactions between the chain segments, causing energy transfer to low-energy 

chromophores.23 It is suggested, that the polymer chains possess a collapsed conformation.  

The colloidal stability of conjugated polymer dispersions can be increased by generation of self-

stabilized nanoparticles from amphiphilic block copolymers. In view of possible applications in 

biological media the utilization of biocompatible hydrophilic moieties, such as poly(lactic acid) 

and poly(ethylene oxide), that do not show any toxicity in vivo or in vitro,24 is favorable. The 

covalent linkage of the coil-like, hydrophilic moieties and the rod-like, conjugated polymers yields 

so called coil-rod-coil block copolymers. In principle, they can be obtained either by sequential 

addition of different monomers in a living polymerization or by coupling of separately synthesized 

chain end functionalized homopolymers. Di- and multiblock copolymers with conjugated segments 

have been studied previously, yet their behavior in films had been of major interest, focusing on 

potential applications in supramolecular electronics.25 

 

1.2.2 Nanoparticles from Rod-Coil Block Copolymers with Conjugated 

Segments 

Rod-coil block copolymers, based on conjugated polymers have attracted strong interest in the 

past decade, opening up new ways to tune both the molecular assembly and (opto-)electronic 
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properties. Several classes of rod-coil molecules with π-conjugated rod blocks have been studied 

to this end, including polymeric or oligomeric polyquinolines,26-28 polythiophenes,29-31 

polyfluorenes,32,33 polyvinylenes,34 poly(phenylene ethynylene)s35 and poly(para-phenylene)s36. 

Syntheses of those rod-like polymers afford either low molecular weight oligomers, or polymers 

with rather broad molecular weight distributions which is not favorable since different hydrophilic-

to-hydrophobic ratios result in different supramolecular structures. The most prominent 

hydrophilic coil polymer block is poly ethylene oxide (PEO) but examples of amphiphilic rod-coil 

block copolymers from e. g. poly(acrylic acid)37 or poly(2-(dimethylamino)ethyl methacrylate)38 

are also described. Usage of stimuli-responsive coil segments enables a tailoring of supramolecular 

morphologies by variation of pH and temperature.39,40  

Numerous nanoscale morphologies such as lamellae, spheres, cylinders, vesicles, micro-porous 

structures and nanofibers have largely been obtained by self-assembly of conjugated amphiphilic 

rod-coil block copolymers in solution.41-43 The driving force to such morphologies is not only 

micro-phase separation of the immiscible blocks but also depends on the tendency of the rigid rods 

to aggregate. The π-π interaction between the conjugated rods can be seen as an additional 

structural control factor which distinctively differs from other types of rod-coil block copolymers 

such as polypeptides or protein-based polymers.  

Examples of aqueous dispersed nanoparticles prepared by rapid solvent mixing, so called 

nanoprecipitation, of amphiphilic rod-coil block copolymers with conjugated segments are rather 

rare.44,45 The usage of a PF-PEG block copolymers with a 4700 g/mol rod segment afforded 21 nm 

particles, whereas the nanoprecipitation of the block copolymer with a 4-fold longer PF-block 

resulted in 50 nm particles.45  

For the controlled precipitation of amphiphilic block copolymers, continuous mixing systems 

are beneficial and can be easily realized by utilization of so called microfluidic mixing devices. In 

this context, Farokhzad et al. presented the reproducible synthesis of nanoparticles from a 

poly(lactide-co-glycolide)-block-poly(ethylene glycol) diblock copolymer with good control over 

the particle size in 2008.46 Hydrodynamic flow focusing of the block copolymer dissolved in 

acetonitrile inside microfluidic channels allowed for continuous and controlled mixing, resulting 

in homogeneous nanoparticles (< 100 nm). This concept was extended for the synthesis of 

fluorescent polymer nanoparticles during my master thesis in 2010.47 Luminescent particles 
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between 40 and 90 nm with a well-defined surface chemistry that provides steric stabilization, were 

generated in a controlled and reproducible fashion via microfluidic mixing from linear block 

copolymers with a conjugated polymer block, namely poly(fluorene ethynylene) and hydrophilic, 

PEG blocks. These results were most promising regarding future investigations of the particle 

formation process, exploiting the combined benefits of the good fluorescent properties of the 

conjugated polymers and the continuous mixing procedure applied.   
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2 Scope of the Thesis 
Luminescent nanoparticles of conjugated polymers are finding increasing attention in the past 

few years. Particles with sizes in the regime smaller than ca. 100 nm are desirable in many 

instances, for example as bright and stable probes for biological imaging. Such particles are 

generated predominantly by post-polymerization ‘nanoprecipitation’ of hydrophobic conjugated 

polymers. The resulting dispersions are colloidal stable only at high dilution and sizes are not 

controllable.  

To address these issues, this thesis studied nanoparticle formation from amphiphilic block 

copolymers with a well-defined chain length of a conjugated molecular rigid block. As a 

prerequisite, a synthetic access to such defect-free molecules was developed. The issue of chain 

conformation in the nanoparticles was also addressed.  
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3 Sequential Build-up of Monodisperse Oligo(arylene 
ethynylene)s 

3.1 Introduction 

3.1.1  Coupling Strategies 

Conjugated polymers are of strong interest due to their possible applications in optoelectronic 

devices and bioimaging. Understanding their structures and chain-length related properties is of 

fundamental interest. Polymers with precisely defined chain length and chemical structure are 

therefore desirable for investigating these properties. However, synthesis of such precisely defined 

polymers by one-pot polymerization is not appropriate since the polymers obtained lack sufficient 

monodispersity. By a sequential build-up approach by Sonogashira coupling, as performed e.g. by 

Godt et al.48,49 for the synthesis of monodisperse oligo(p-phenylene ethynylene)s (OPEs) this can 

be realized. Such OPEs have been used as building blocks for molecular and supramolecular 

architectures.  In general they can be prepared by three synthetic routes (Scheme 3-1):  

a) Repeating unit by repeating unit approach 

b) Divergent-convergent Moore-Tour-route50 which employs the diethyltriazenyl group to 

mask an iodo substituent 

c) Divergent-convergent approach which makes use of the orthogonality of two alkyne 

protecting groups triisopropylsilyl (TIPS) and hydroxymethyl (HOM)   

 

Scheme 3-1. Synthetic routes to monodisperse oligo(phenylene ethynylene)s. 
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Under standard Sonogashira coupling conditions applied - [Pd(PPh3)2Cl2], CuI, piperidine, THF 

and room temperature - oxidative alkyne dimerization (Glaser coupling) is much faster than the 

alkynyl-aryl coupling. Therefore, alkyne dimerization will occur even in presence of traces of 

oxygen and can consequently not be suppressed completely. By the utilization of orthogonal 

protecting groups with different polarity the desired coupling product can be separated from the 

Glaser product by chromatographic separation, however, making the latter route rather tedious. 

 

3.1.2  Sonogashira Coupling 

In the construction of arylalkynes and conjugated alkynes, essential for e.g. natural products, 

pharmaceuticals and molecular organic materials, the palladium-catalyzed sp2-sp Sonogashira 

cross-coupling is indispensable.51  

 

Scheme 3-2. Sonogashira coupling reaction.51 

Aryl or alkenyl halides or triflates are reacted with terminal alkynes in basic media in either the 

presence or absence of a copper(I) cocatalyst (Scheme 3-2). Whereas the couplings of arylbromides 

require elevated temperatures of approximately 80 °C, the corresponding iodides react in 

quantitative yield already at room temperature. As a consequence, polymerization with aryliodides 

can be carried out under milder conditions, minimizing cross-linking reactions and the formation 

of defect structures.   

Details of the mechanism of the copper-cocatalyzed Sonogashira coupling are still under debate, 

but Scheme 3-3 shows the accepted general scheme. Most commonly, commercially available 

[(PPh3)2PdCl2] serves as a palladium source, which is catalytically inactive in its oxidized Pd(II) 

form. Transmetalation from the copper acetylide A generates the palladium catalyst precursor B. 

Reductive elimination of a butadiyne creates the catalytically active 14-electron Pd0L2 species C. 

Oxidative addition of the arylhalide, followed by transmetalation from another copper acetylide 
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gives intermediate E. Reductive elimination of the coupling product closes the catalytic cycle under 

regeneration of the active palladium species C.  

 

Scheme 3-3. Proposed mechanism of the copper-cocatalyzed Sonogashira coupling reaction.52 

It has to be noted, that already the initiation of the catalyst consumes some of the alkyne under 

formation of diyne defects. Utilization of Pd0 as a catalyst precursor and rigorous exclusion of 

oxygen should circumvent this problem, yet the formation of butadiyne defect structures is always 

observed nevertheless. The origin of the necessary oxidant is not clear.7  

Additionally, low amounts of oxygen, present in the Sonogashira coupling can lead to the 

formation of diyne defect structures by homocoupling of two copper acetylides by the so called 

Glaser-coupling reaction (Scheme 3-4).  

 

Scheme 3-4. Mechanism of the oxidative dimerization of terminal alkynes (B = amino ligand, X = Cl-, OAc-).53 

The catalyst system are amine complexes of copper-(I) salts, which are unavoidably present in 

the Sonogashira coupling reaction. The catalytically active species is copper-(II), which is reduced 
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to copper-(I) during oxidative coupling. Copper-(I) is reoxidized to copper-(II) by oxygen, but also 

serves as a reaction promoter, forming reactive π-complexes with the acetylene. 

 

3.2 Synthesis of Oligo(arylene ethynylene)s 

As already mentioned, the Sonogashira coupling procedure used for the step-by-step synthesis 

of oligo(phenylene ethynylene)s is challenging since even low amounts of oxygen in the reaction 

mixtures result in the formation of undesired side-products arising from oxidative alkyne-

dimerization. Utilization of orthogonal acetylene protection groups with different polarity, e.g. 

hydroxymethyl (HOM) as a polar and trimethylsilane (TMS) as an apolar protective group, is a 

prominent way to overcome this problem, yet it is associated with numerous synthesis steps. 

However, investigations on the particle formation properties of block copolymers with different 

hydrophilic-to-hydrophobic ratios require the utilization of high molecular weight conjugated 

oligomers. Therefore, pathways had to be found enabling the synthesis of monodisperse, high 

molecular weight oligomers by moderate synthetic efforts.   

Oligo(phenylene ethynylene)s 

In the first attempts to synthesize monodisperse OPEs, two equivalents of 3-(2,5-bis((2-

ethylhexyl)oxy)-4-iodophenyl)prop-2-yn-1-ol 2 were coupled to a diethynylene component via 

Sonogashira coupling, followed by deprotection with manganese dioxide (Scheme 3-5). 

 

Scheme 3-5. Synthetic route to monodisperse (phenylene ethynylene) oligomers. 

Sonogashira coupling reactions were performed in 2:1-mixtures of THF and piperidine at 40 °C 

overnight. Several freeze-pump-thaw-cycles were performed before and after addition of the 
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catalyst, to exclude oxygen which leads to Glaser coupling of two ethynylenes and therefore to 

higher molecular weights. This route allowed the successful synthesis of oligo(phenylene 

ethynylene) up to the nonamer.  

In this work, the use of a long, branched alkoxy side chain permits elimination of the nonpolar 

protecting group and reduces the amount of required synthesis steps. Ethyl hexyl groups provide 

enhanced solubility to allow for a chromatographic separation of the mono- and dihydroxymethyl 

compounds from Glaser coupling byproducts and hence for the synthesis of high molecular weight 

oligomers. 

In order to facilitate the synthesis of high molecular weight components, an alternative route to 

monodisperse OPEs was developed (Scheme 3-6). The nonamer could now be obtained by only 

five synthesis steps instead of eight on a multigram scale. Sonogashira coupling of one equivalent 

of a HOM-protected, mono-iodophenylene ethynylene to one equivalent of a 1,4-diethynylene 

component resulted in mono-alkyne oligomers which were coupled with a 1,4-diiodophenylene, 

followed by deprotection with manganese dioxide. By this route, the synthesis of defect-free higher 

oligomers like 21mers (on several hundred milligram scale) and even 43mers was possible.  

As a first step of the iterative procedure, Sonogashira coupling of p-diethynylbenzene 1 with 

two equivalents of 3-(2,5-bis((2-ethylhexyl)oxy)-4-iodophenyl)prop-2-yn-1-ol (2) yielded the 

diprotected trimer HO-OPE3-OH. The hydroxymethyl protective group can be removed readily 

with activated manganese dioxide and powdered potassium hydroxide in dry ethyl ether under 

exclusion of light. The obtained trimer OPE3 was coupled with 2, resulting in a mixture of the 

starting material, the desired monoprotected tetramer HO-OPE4 (~50 %) and the diprotected 

pentamer HO-OPE5-OH (~23 %). The polar hydroxymethyl group provides an excellent 

chromatographic separation behavior of the three components. Sonogashira coupling of 2 eq. of 

HO-OPE4 with 1,4-bis((2-ethylhexyl)oxy)-2,5-diiodobenzene (3) gives HO-OPE9-OH, followed 

by deprotection to yield OPE9. 
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Scheme 3-6. Synthetic route to monodisperse (phenylene ethynylene) oligomers. 

Repeating those three steps with OPE9 as a starting material gives HO-OPE10, HO-OPE21-OH, 

OPE21 and HO-OPE22. Due to an insufficient reaction time during the synthesis of HO-OPE21-

OH, Iodo-OPE11-OH was likewise obtained in 14 % yield. This side product is useful, however, 

as it can either be coupled with OPE9 or with OPE21, to afford HO-OPE31-OH and HO-OPE43-

OH.  

Since the reaction of OPEa (a = 3, 9) with 2 is unselective, the disubstituted products HO-OPEf-

OH (f = 5, 11) are also obtained. HO-OPE5-OH was deprotected, followed by Sonogashira 

coupling with 2, affording HO-OPE6 and HO-OPE7-OH. 

All compounds show excellent solubility in tetrahydrofuran, dichloromethane and diethyl ether 

and could be purified by column chromatography with pentane/ethyl acetate. The nonamer and 

higher oligomers can be further purified by precipitation in methanol. The molecular structures of 

the obtained oligomers were validated by 1H-NMR (see chapter 8.3.4), size exclusion 
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chromatography (GPC) and matrix-assisted laser desorption ionization time-of-flight (MALDI-

TOF) (see Chapter 3.5).  

During the coupling reaction of OPEa (a = 3, 6, 9) with one equivalent of 2, Glaser coupling 

byproducts (Scheme 3-7) could be observed in GPC measurements (Scheme 3-8) in notable 

amounts. HO-OPEa-OPEa and higher Glaser byproducts could be separated from HO-OPEa by 

repeated column chromatography. Assuming the absence of oxygen it might be possible that the 

Pd catalyst undergoes ethynyl-ethynyl-coupling after consumption of the iodoarylene. Utilization 

of 0.8 eq. of 2 and short reaction times increased the yield e.g. in case of HO-OPE4 from 34 % to 

49 %.  

 

Scheme 3-7. Formation of Glaser coupling byproducts. 

 

Scheme 3-8. GPC trace of a crude reaction mixture of HO-OPE4, showing the presence of Glaser coupling byproducts. 
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Oligo(fluorene ethynylene)s 

Oligo(fluorene ethynylene)s (OFE) up to the 21mer could be synthesized in analogy to the afore 

presented sequential build-up strategy (Scheme 3-9) and show comparably good solubility 

properties as the oligo(phenylene ethynylenes). The defect-free molecular structures of the 

obtained oligomers were validated by 1H-NMR (see chapter 8.3.4) and GPC (see chapter 3.4.2).   

 

Scheme 3-9. Synthetic route to monodisperse (fluorene ethynylene) oligomers. 

 

3.3 Dye Incorporated Oligomers 

Linear Dye Incorporated Oligomers 

The synthesis of the nonamer by coupling of HO-OPE4 and the diiodo-compound 3 (Figure 

3-6), can also be conducted with a dye molecule, substituted with two arylhalides, resulting in 

monodisperse dye-incorporated oligomers (Scheme 3-10). This was carried out with the perylene 

diimide54 9a and the DPP dye 10.  

Since dibromo-dyes were used, the reaction conditions for the Sonogashira coupling were 

changed slightly to a Pd(0) source and a mixture of toluene and iPr2NH. The bromoarylenes are 
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less reactive than iodoarylenes and the reaction temperature had to be increased to 90 °C, which 

promotes the formation of byproducts and the yields decreased to less than 40 %. 

 

Scheme 3-10. Synthesis of linear monodisperse oligomers with incorporated dye.  

 

Dye Cascade 

In principle, this step-by-step build-up approach can be used for the synthesis of an ‘intra-

molecule dye cascade’ (Scheme 3-11). Upon excitation, the energy could be transferred from an 

excited OPE ‘arm’ to the adjacent DPP dye and from there to a near-infrared emitting terrylene dye 

‘core’. In the first attempt for synthetic realization of such a star-shaped oligomer, a tetra-

ethynylene terrylene dye 11 was coupled with the dibromo-DPP dye 12. Under standard 

Sonogashira coupling conditions, a black, insoluble solid was obtained. It was assumed, that the 

solubility of the utilized side chains was not sufficient. 

For this reason, a HO-OPE4-DPP oligomer was synthesized, which was supposed to provide 

sufficient solubility. During the coupling reaction of HO-OPE4-DPP and 11, formation of a black, 

insoluble solid could be observed again. Since the neat terrylene dye is poorly soluble in common 

solvents, side reactions, promoted by the high temperature applied, might lead to the formation of 

even less soluble terrylene-dimers or higher terrylene oligomers. Since 11 is a tetra-functional 

component, even low amounts of side reactions per functional group are sufficient to prohibit the 

formation of considerable amounts of the desired product. Utilization of a tetra-iodo-terrylene or a 

solely mono- or difunctional terrylene might be a solution to overcome this problem.    
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Scheme 3-11. Attempted synthesis of an ‘intra-molecular dye cascade’. 

 

3.4 Analysis and Optical Properties 

3.4.1 Oligo(phenylene ethynylene)s 

The absence or extend of defects in the obtained oligomers cannot be verified by 1H-NMR 

spectroscopy since the defect structures, caused by Glaser coupling, do not possess any individual 

proton signals. MALDI-TOF measurements are an appropriate alternative, yet it cannot be ruled 

out, that higher oligomers, originating from Glaser coupling are harder to volatilize and thus are 

quantitatively underestimated or not visible at all. Since the desired products and their Glaser 

byproducts differ significantly in their molecular weight, size exclusion chromatography (GPC) as 

a size dependent separation technique is an appropriate method to quantify the amount of Glaser 

byproducts (Scheme 3-8) and their absence, respectively.  

Size exclusion chromatography (GPC) 

The monodisperse nature of the obtained oligomers, that is a precise molecular structure is 

evidenced by the low polydispersity indices (Mw/Mn = 1.01-1.03, Table 3-1), obtained in GPC 

measurements (Figure 3-1).   

Since the GPC is calibrated against polystyrene, a flexible, coil-like polymer, the molecular 

weights of the rigid, rod-like poly(arylene ethynylene)s are overestimated. From Figure 3-2, the 

deviation of the molecular weight determined by GPC from the true Mn of the obtained 

monodisperse oligo(phenylene ethynylene)s is evident. 
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Figure 3-1. GPC traces of the obtained HO-OPEm and HO-OPEm-OH. 
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Figure 3-2. Comparison of the theoretical molecular weights and molecular weights determined by GPC. 

For low molecular weight oligomers (Mn < 5000 g/mol), the deviation is relatively small. 

However, the deviation between theoretical and measured values amounts to 70 % for the 21mer 

already. The gap between the true and the GPC-derived Mn increases with higher molecular weight. 

Matrix-assisted laser desorption ionization – time of flight (MALDI-TOF) 

The MALDI spectra of the obtained oligomers also confirm their purity (see Appendix, Figure 

9-6 to Figure 9-18). Especially the outstanding resolution of the isotopic patterns is remarkable 
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(Figure 3-3). With increasing molecular weights, the quality of this resolution degrades. In 

consequence, only one rather broad signal is visible for the 21mer. However this clearly confirms 

the high purity of the compounds which is in particular remarkable in view of their high molecular 

weights. 

 

Figure 3-3. MALDI-TOF mass spectra of OPE3 (left), HO-OPE6 (center-left), HO-OPE10 (center-right) and HO-
OPE22 (right).  

The appearance of lower molecular weight signals for OPEm (m > 21) (Figure 3-3 right), that 

differ in their molecular weight by far less than one monomer unit, might originate from 

defragmentation caused by the high laser energy required for the measurement of high molecular 

weight oligomers.   

Optical Properties 

Solution absorption and emission spectra were recorded in tetrahydrofuran. With higher 

conjugation length, the absorption and emission maxima are distinctively red shifted (Figure 3-4).  
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Figure 3-4. Absorption (left) and emission spectra (right; λexc = 380 nm) of the obtained OPEm in tetrahydrofuran. 

Table 3-1. Polydispersity indices, solution absorption and emission maxima and fluorescence quantum yields of the 
obtained OPEs. 

OPEm Mw/Mn
a λabs [nm] λem [nm] QY 

HO-OPE3-OH 1.02 396 429 92 

HO-OPE5-OH 1.02 420 458 96 

HO-OPE7-OH 1.02 429 468 97 

HO-OPE9-OH 1.01 434 471 99 

HO-OPE10 1.03 439 473 97 

HO-OPE11-OH 1.05 441 473 96 

HO-OPE21-OH 1.01 450 475 98 

HO-OPE22 1.01 451 476 99 

HO-OPE31-OH 1.03 452 477 92 

HO-OPE43-OH 1.01 453 478 99 

a) Determined by GPC (refractive index detector, 40 °C, THF, vs. PS standard). 

Absorption and emission spectra (λexc = 380 nm) were recorded in tetrahydrofuran 

solution. 

The absorption maxima λabs in solution range between 396 and 453 nm. The emission maxima 

λem range between 429 and 478 nm with fluorescence quantum yields between 92 and 99 % (Table 

3-1). The rigid character of the OPEs makes intramolecular energy dissipation difficult.52 

Therefore, fluorescence quantum yields close to unity can be observed. The effective conjugation 

length (ELC), that is the saturation of the red-shift, is not reached before the 43mer (Figure 3-5). 

These experimental data exceed by far the values found in theoretical calculations55 and 

extrapolations from low molecular weight oligomers14 of 12-mer and 9-mer respectively.  
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Figure 3-5. λmax of the emission (black) and absorption (grey) spectra of the obtained OPEs. 

 

3.4.2 Oligo(fluorene ethynylene)s 

The monodisperse nature of the obtained oligo(fluorene ethynylene)s is shown in Figure 3-6 and 

Table 3-2. Molecular weight distribution from GPC ranges from 1.02 to 1.06. 

Table 3-2. Polydispersity indices, solution absorption and emission maxima and fluorescence quantum yields of the 
obtained OFEs. 

OFEm Mw/Mn
a λ1

abs [nm] λ2
abs [nm] λem [nm] QY 

HO-OFE3-OH 1.04 383 397 406 90 

HO-OFE4 1.04 385 402 413 97 

HO-OFE5-OH 1.02 387 404 417 89 

HO-OFE9-OH 1.02 389 408 421 97 

HO-OFE10 1.06 390 410 420 94 

HO-OFE21-OH 1.02 391 412 422 93 

a) Determined by GPC (refractive index detector, 40 °C, THF, vs. PS standard). 

Absorption and emission spectra (λexc = 360 nm) were recorded in THF. 
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Figure 3-6. GPC traces of the obtained HO-OFEm and HO-OFEm-OH. 

From the absorption spectra not only a red shift of the absorption maximum for higher oligomers 

is observable but likewise an inversion of the maximum position. The HO-OFE3-OH has an 

absorption maximum at 383 nm and a slight shoulder at 397 nm. The latter is increases in intensity 

with increasing oligomer chain length. For HO-OFE9-OH the second maximum is already more 

intense than the first and for HO-OFE21-OH the initial shoulder of the trimer has become the 

dominant band. For both absorption maxima, an increasing redshift is observable with increasing 

oligomer chain length. This redshift is also observable in the emission spectra where the emission 

maxima is located between 406 and 422 nm. All oligomers exhibit excellent quantum yields 

between 89 and 97 %.   
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Figure 3-7. Absorption (left) and emission spectra (right; λexc = 360 nm) of the obtained OFEm in tetrahydrofuran 
solution. 
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3.4.3 Oligomers with Incorporated Dye 
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Figure 3-8. Absorption (dotted lines) and emission spectra (solid lines; λexc = 380 nm) of HO-OPE4 (blue), DPP dye 
(lilac) and HO-OPE9-DPP-OH (red) in tetrahydrofuran solution.  

The absorption spectra of HO-OPE9-DPP-OH (Figure 3-8) shows two absorption maxima, one 

at 417 nm, originating from the OPE moiety, and one at 508 nm, originating from the DPP unit. 

Both maxima are red-shifted compared to the absorption maxima of the two individual components 

HO-OPE4 (404 nm) and DPP dye 10 (478 nm). Since the OPE emission and DPP absorption 

display a sufficient spectral overlap, energy transfer from the OPE to the dye occurs efficiently. 

The emission of the HO-OPE9-DPP-OH exclusively results from the DPP dye with its maximum at 

589 nm, which is red-shifted compared to the one of the non-substituted DPP dye (540 nm). The 

incorporation of a red emitting dye diminishes the fluorescence quantum yield of the nonamer to 

80 %, compared to the corresponding HO-OPE9-OH (99 %).  

In contrast to the DPP substituted oligomer, where the chromophoric system of the dye molecule 

is enlarged upon the coupling to the OPE, the diimide group of the perylene unit of the HO-OPE9-

Perylene-OH isolates the conjugated system of the dye from that of the OPE. Consequently, no red-

shift of the emission of HO-OPE9-Perylene-OH, compared to the free perylene dye at 571 nm, is 

observed (Figure 3-9).  Interestingly, the emission spectra of HO-OPE9-Perylene-OH exhibit a 

fluorescence quantum yield of only 5 %. It could be assumed that the energy is efficiently 

transferred onto the perylene but other substances like e.g. metal salts, present in the reaction 

mixture, are quenching the dye emission, as known in literature e.g. from gold nanoparticles 

quenching the fluorescence of MEH-PPV22. Washing of the oligomer with EDTA solution, as well 
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as application of a metal scavenger, in order to remove possibly coordinating palladium or copper 

residues did not improve the quantum yield, however.    
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Figure 3-9. Absorption (dotted lines) and emission spectra (solid lines, λexc = 380 nm) of HO-OPE4 (blue), perylene 
dye (lilac) and HO-OPE9-Perylene-OH (red) in tetrahydrofuran solution.  

 

3.5 Conclusive Summary 

Numerous existing reports address the synthesis of monodisperse oligo(arylene ethynylene)s in 

a step-by-step build-up by Pd-catalyzed Sonogashira cross-coupling. However, these syntheses are 

mostly based on the utilization of orthogonal acetylene protecting groups, one polar and one 

nonpolar, making this strategy tedious. Solubility problems of higher oligomers and the lack of an 

efficient chromatographic separation from Glaser coupling byproducts have restricted the 

accessible chain length to less than twelve repeat units so far. However, investigations on the 

particle formation properties of block copolymers with different hydrophilic-to-hydrophobic ratios, 

aimed for in this work, require the utilization of high molecular weight conjugated oligomers.  

In order to enhance the solubility of the OPEs and thus allow for better chromatographic 

purification and access to higher oligomers, a branched alkoxy side chain was introduced to the 

phenylene unit of the repeating unit. By utilization of 2-ethylhexyloxy side chains, indeed the 

solubility of the oligomers is sufficiently high to enable efficient product purification by column 

chromatography over silica. As a result, omitting the second, nonpolar protecting group is possible, 

reducing the required number of synthetic steps considerably. This allowed for the synthesis of 

high molecular weight phenylene ethynylene oligomers up to the 43mer and fluorene ethynylene 
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oligomers up to the 21mer, respectively. This chapter presented not only high molecular weight, 

defect-free oligo(arylene ethynylene)s with an unprecedented chain length and monodispersity but 

could show additionally that the effective conjugation length of OPEs is at least three times higher 

than commonly assumed. 

Furthermore, color-tuning of the emission profile is possible by introducing dye molecules into 

the oligomer chain, which was successfully conducted with a DPP and a perylene dye. The defect-

free and monodisperse nature of the obtained oligomers could be verified by GPC and MALDI-

TOF.  
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4 Synthesis of Block Copolymers 

For the synthesis of the amphiphilic di- and triblock copolymers with a conjugated polymer 

segment and linear, hydrophilic poly(ethylene glycol) blocks, three different coupling strategies 

were explored: azide-alkyne-Cycloaddition, Sonogashira coupling and DCC coupling (Scheme 

4-1). Requirements for a successful coupling reaction are quantitative conversion, mild reaction 

conditions and the absence of side reactions that would lead to a loss of the monodispersity. 

 
Scheme 4-1. Schematic overview over the different coupling strategies applied for the synthesis of monodisperse block 
copolymers from OPEm and poly(ethylene glycol).  

 

4.1 Block Copolymers by Azide-Alkyne-Cycloaddition 

 
Scheme 4-2. Synthesis of PEGn-OPEm-PEGn block copolymers by azide-alkyne-cycloaddition. 

In polymer chemistry, azide-alkyne-cycloaddition (Scheme 4-2), also referred to as ‘click-

reaction’, is a common method for post-polymerization modification of polymers.56 The copper-

(I) catalyzed reaction combines high efficiency with a high tolerance for functional groups and 

solvents, as well as moderate temperatures.57 The triazole formed is reasonably chemically inert 

against oxidation, reduction and hydrolysis. The catalytically active Cu(I) species can either be 

added directly in the form of copper(I) salts or is generated in situ by the reduction of copper(II) 

salts with sodium ascorbate or metallic copper. Besides the copper catalyst, the addition of 1-5 

equivalents of base, most commonly triethylamine or N,N-diisopropylethylamine (DIPEA), is 
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necessary in order to promote the formation of the copper(I)-acetylide species. Triazole ligands 

accelerate the reaction, complexating the copper(I) oxidation state.58 Moreover, tris-triazolyl 

ligands are supposed to inhibit the copper(II)-catalyzed Glaser coupling reaction.59 

The proposed mechanism (Scheme 4-3) for the azide-alkyne-cycloaddition relies on the 

formation of a π-complex between the copper(I) species and the terminal alkyne, lowering the pKa 

of the acetylene proton, followed by the exothermal formation of the copper-acetylide. After 

coordination of the copper-acetylide to the azide, the complex rearranges into a 6-membered 

metallocycle and further into the copper-metallated triazole. Protonation or reaction with other 

electrophiles releases the triazole and the ligated copper(I) species.  

 
Scheme 4-3. Plausible mechanisms for the Cu-(I) catalyzed reaction between organic azides and terminal alkynes 
(reprinted with permission from ref. [57]. Copyright 2010, American Chemical Society).  

The advantages of the azide-alkyne-cycloaddition and the fact that the OPEs, used as a starting 

material for the block copolymers, are already alkyne substituted and do not need further 

functionalization, favor this ‘click’-reaction for the synthesis of the desired PEG-OPE block 

copolymers.  

Since the phenylene ethynylene and fluorene ethynylene oligomers are hardly soluble in DMF 

or alcohols, the most commonly applied solvents for azide-alkyne-clicking, all reactions were 

performed in THF. Both catalyst systems, Cu(I) and CuSO4/sodium ascorbate  were applied. It was 
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found that fluorene ethynylenes can be reacted successfully with MeOPEGn-azides by addition of 

CuI at elevated temperatures of 40 °C. Phenylene ethynylenes required the application of the 

CuSO4/sodium ascorbate in situ system and higher temperatures (50-70 °C). The solubility of the 

catalyst system can be improved by adding 10 vol.-% of water. The addition of a base like 

diisopropylethylamine (DIPEA) was necessary in both cases. 

Successful ‘clicking’ can be monitored by 1H-NMR spectroscopy (Figure 4-1). The ethynyl 

signal at 3.31 ppm disappears and the outer phenylic protons are shifted to higher field at 7.07 and 

7.94 ppm. The generated triazole shows a singlet at 8.20 ppm.  

 
Figure 4-1. 1H-NMR spectra (400 MHz, 25 °C, CDCl3) of an OPE (top) and the resulting block copolymer from click-
reaction (bottom). Note that butadiine defects in OPEs do not possess protons enabling identification of the latter by 
1H-NMR spectroscopy.  

Since the ‘click’ reaction involves ethynylenes and the addition of copper salts, Glaser coupling 

of two ethynylenes is a side reaction leading to butadiine defects (Scheme 4-4) and therefore to 

higher molecular weights (Figure 4-2). The addition of tris(benzyltriazolyl-methyl)amine (TBTA), 

which is supposed to suppress the formation of copper(II) and thus Glaser coupling, did not lead 

to a significant decrease of homocoupling reaction products. Due to the amphiphilic nature of the 

obtained products, chromatographic separation of the desired triblock copolymers and their 
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PEGylated Glaser byproducts was not possible. The PEGylated compounds stick onto the silica 

and cannot be eluated even with highly polar solvents like dichloromethane and methanol.  
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Scheme 4-4. Byproduct formation in the synthesis of PEGn-OPEm-PEGn block copolymers by azide-alkyne-
cycloaddition. 

 
Figure 4-2. GPC trace of a block copolymer obtained by azide-alkyne-cycloaddition, showing the presence of 
PEGylated Glaser byproducts. 

Even though the azide-alkyne-cycloaddition has proven successful for the synthesis of PEG-

OFE block copolymers in terms of quantitative conversion and moderate reaction conditions, the 

coupling of PEG-azides and OPEs was only possible under harsher reaction conditions and longer 

reaction times. It was not possible to obtain the ‘click’ product without Glaser byproducts, since 

both reactions involve the formation of a copper acetylene complex and other similar intermediate 

products (compare Scheme 3-4 and Scheme 4-3).  

 

4.2 Block Copolymers by Sonogashira Coupling 

The Sonogashira cross-coupling approach was studied as an alternative for the coupling of 

alkyne terminated oligo(phenylene ethynylene)s with PEG-phenyliodides (Scheme 4-5), providing 

quantitative conversions under comparatively mild reaction conditions (Chapter 3). 
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Scheme 4-5. Synthesis of PEGn-OPEm-PEGn block copolymers by Sonogashira coupling. 

Successful coupling can be monitored by 1H-NMR spectroscopy (Figure 4-3). The ethynyl signal 

of the OPE at 3.31 ppm disappears and the phenylic protons of the PEG 13 are shifted from 

7.53 ppm to 7.45 ppm and from 6.69 ppm to 6.89 ppm. 

 

Figure 4-3. Comparison of 1H-NMR spectra (CDCl3, 400 MHz, 25 °C) of HO-OPE10 (blue), the resulting block 
copolymer (green) and MeOPEGn-phenyliodide 13 (red). 

Nevertheless, even after the repeated removal of oxygen by applying several freeze-pump-thaw 

cycles, Glaser coupling side reactions to higher oligomers could not be avoided (Figure 4-4). Since 

the PEGylated OPEs are hard to separate from free PEG, utilization of an excess of PEG was not 

considered.  
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Figure 4-4. GPC trace of a block copolymer obtained by Sonogashira coupling showing the presence of PEGylated 
Glaser coupling byproducts. 

 

4.3 Block Copolymers by DCC Coupling 

Since the amphiphilic block copolymers could not be obtained without a significant amount of 

Glaser byproduct, neither by azide-alkyne-cycloaddition, nor by Sonogashira coupling, an 

alternative pathway, avoiding unprotected ethynylenes was desired. Consequently, as an approach 

to monodisperse block copolymers, the HOM protecting group, utilized in the sequential build-up, 

was made use of. This alcohol-functionality can be coupled with MeOPEG-acids by DCC coupling 

(Scheme 4-6).  

 

Scheme 4-6. Synthesis of PEGn-OPEm-PEGn block copolymers by DCC coupling. 

The acid is activated in dichloromethane at 0 °C with N,N'-dicyclohexylcarbodiimide (DCC) 

and a catalytic amount of 4-dimethylaminopyridine (DMAP) followed by the addition of the 

hydroxyl functionalized oligomer. The amount of excessive PEG was kept low and the coupling 

reaction was performed with 1.1 equivalents of PEG-acid per hydroxyl unit. The reaction progress 

can be monitored by TLC and was usually completed within a few hours. From 1H-NMR 

spectroscopy the shift of the HOM-CH2-group from 4.53 to 4.96 ppm by esterification of the 
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alcohol is evident (Figure 4-5). The multiplet of the HOOC-CH2-group is also shifted to higher 

field by esterification from 2.65 to 2.74 ppm. 

 

Figure 4-5. Comparison of 1H-NMR spectra (CDCl3, 400 MHz, 25 °C) of MeOPEG750-COOH (blue), HO-OPE10 
(green) and the resulting block copolymer (red). 

Block copolymers with a rather short PEG chain could be purified by addition of methanol and 

sonication. Since PEG and DCC are soluble in methanol, the insoluble block copolymer can be 

isolated by centrifugation. If the block copolymer was also soluble in methanol, the solution was 

cooled with liquid nitrogen until the block copolymer precipitated. Some block copolymers could 

not be purified completely from free PEG, which is, however, negligible since it does not affect 

particle formation (see Appendix, Figure 9-2).  

By DCC coupling of HO-OPE10 and HO-OPEm-OH (m = 7, 9, 11, 21, 31, 43) with MeOPEGn-

COOH (Mn = 750, 2000, 5000 g/mol), amphiphilic block copolymers with different hydrophobic-

to-hydrophilic-ratios could be obtained. The molecular weight distribution of the conjugated 
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oligomers and the PEG block reflects in narrow molecular weight distribution retained in the block 

copolymers (Figure 4-6). 

 

Figure 4-6. GPC traces (refractive index detector, 40 °C, THF, vs. PS standard) and molecular weight distributions of 
the obtained PEG750-OPEm-PEG750 (A), PEG2000-OPEm-PEG2000 (B) and PEG5000-OPEm-PEG5000 (C) block 
copolymers. 

From the molecular weights obtained from GPC traces, a retarding effect of the PEG moiety is 

observable. Even though the PEG is successfully coupled to the OPE, apparent molecular weights 

do not increase. As outlined above, the molecular weights of the OPEs are usually overestimated 

up to 100 % by the GPC. This is illustrated here by the example of OPE21, with a molecular weight 

of 6986 g/mol. The apparent molecular weight obtained by GPC measurements amounts to 12 200 

g/mol, that is a deviation of R = 1.7. With increasing chain length of the attached PEG, this 

deviation (R) decreases. 
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Table 4-1. Molecular weights of the obtained PEGm-OPE21-PEGm block copolymers. 

 Mn (theo.) *103 g/mol Mn (GPC) *103 g/mol R 

OPE21 7.0 12.2 1.7 

PEG750-OPE21-PEG750 8.5 14.0 1.6 

PEG2000-OPE21-PEG2000 11.0 12.1 1.1 

PEG5000-OPE21-PEG5000 17.0 14.0 0.8 

(R = Mn (GPC) / Mn (theo.)) 

MALDI spectra could only be obtained for block copolymers with PEG750 attached (Figure 4-7, 

see Appendix Figure 9-19). One can see a peak pattern originating from the polydispersity of the 

PEG chain. The peak distance is 44 correlating to a CH2CH2O-unit.  

8800 9000 9200 9400 9600 9800

m/z  

Figure 4-7. MALDI spectra of the block copolymer PEG750-OPE21-PEG750. 

 

4.4 Dendron-OPE Block Copolymers 

Dendritic polyglycerol moieties are of strong interest for colloidal stabilization due to the 

multiple number of their hydrophilic OH-end groups and their possible applicability for further 

functionalization of particles prepared from dendronized block copolymers. Corresponding 

polyglycerols with a reactive focal group were kindly provided by Prof. Dr. Rainer Haag and co-

workers (FU Berlin). The direct coupling of the dendron-azide and oligo(phenylene ethynylene) 

via azide-alkyne-cycloaddition was found to be difficult, likely due to steric hindrance of the azide. 
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Long reaction times and comparatively harsh conditions were necessary, degrading the 

monodisperse nature of the initial OPE.  

Since the direct coupling reaction of the azide has proven unsatisfactory for the synthesis of 

monodisperse block copolymers, the usage of a linker molecule was necessary. In a first attempt, 

an OPE5 was acid-functionalized by coupling with 4-iodobenzoic acid (Scheme 4-7). However, 

the resulting diacid-oligomer displayed a very poor solubility after aqueous work-up. For this 

reason, an in situ approach was conducted with MeO-PEG750-NH2 as a model component. After 

successful Sonogashira coupling of OPE5 and 4-iodobenzoic acid, the crude reaction mixture was 

stirred with a metal scavenger in order to remove palladium and copper residues. The scavenger 

and amine salts were removed by filtration over a syringe filter. The DCC and 

hydroxybenzotriazole (HOBt) were added at 0 °C, followed by the addition of the PEG-amine. 

However, even after two days no conversion could be observed. The reactivity of the acid might 

be diminished as it is included in the conjugated system, preventing the further reaction with the 

DCC. 

Scheme 4-7. Attempted synthetic approach to a D-OPE5-D. 

In the second attempt, the azide-functionalized dendron was clicked to 4-iodophenylene 

acetylene. The resulting dendron was coupled by Sonogashira coupling to the OPE9 and the HO-

OPE10 (Scheme 4-8).  
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Scheme 4-8. Synthesis of block copolymers with OPEm and dendritic polyglycerol. 

Utilization of HO-OPE10 offers the advantage that the undesired Glaser side reaction leads to 

the formation of HO-OPE10-OPE10-OH butadiines that can be removed by precipitation of the 

reaction mixture in methanol. The purely hydrophobic byproduct precipitates, whereas the 

amphiphilic block copolymer remains in solution. Both block copolymers could be obtained in 

satisfactory purity, with only minor amounts of remaining Glaser byproducts (Figure 4-8).  
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Figure 4-8. GPC traces of D-OPE9-D and D-OPE10 with values of Mw/Mn. 

1H-NMR spectroscopy (Figure 4-9) shows the shift of the phenylic protons of the dendron 16 

from 7.83 and 7.68 ppm to 7.96 and 7.54 ppm. The multiplet of the triazol group is shifted from 

8.55 to 8.44 ppm. Furthermore the signal of the outer phenylic protons of the OPE at 6.97 ppm are 

shifted to 7.10 and 6.91 ppm.  
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Figure 4-9. Comparison of 1H-NMR spectra (400 MHz, 25 °C) of OPE9 (CDCl3, blue), dendron-phenyliodide 
(Methanol-d4, green) and the resulting block copolymer (THF-d8, red). 
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4.5 Conclusive Summary 

For the preparation of amphiphilic block copolymers from monodisperse oligo(phenylene 

ethynylene)s and poly(ethylene glycol), a coupling procedure was desired, combining mild reaction 

conditions, quantitative conversion and the absence of side reactions which may in particular lead 

to the loss of monodisperse character introduced with the initial OPE chains.  

Three different coupling procedures, namely azide-alkyne-cycloaddition, Sonogashira coupling 

and DCC coupling were studied. The first two methods, utilizing ethynylenes as a reactive group, 

lead inevitably to the formation of Glaser coupling byproducts which were difficult to separate 

from the desired block copolymer. Nevertheless, dendron functionalized OPE9 di- and OPE10 

triblock copolymers were obtained in satisfactory purity by Sonogashira coupling (Scheme 4-9). 

 

Scheme 4-9. Overview over the dendron functionalized OPE block copolymers synthesized by Sonogashira coupling. 

For the synthesis of a library of amphiphilic block copolymers from linear poly(ethylene glycol) 

and OPEm, where the monodispersity of the utilized oligomer is mirrored in the resulting block 

copolymer, DCC coupling proved favorable (Scheme 4-10). 

 

Scheme 4-10. Overview over the PEG-OPE block copolymers synthesized by DCC coupling. 
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5 Nanoparticles from Amphiphilic Poly(arylene ethynylene) 
Block Copolymers 

In the following, particle formation properties of amphiphilic conjugated block copolymers are 

investigated in three different mixing procedures: precipitation by microfluidic mixing of a 

polymer solution with water, rapid mixing by nanoprecipitation and self-assembly in different 

organic solvent mixtures.  

5.1 Microfluidic Mixing 

5.1.1 Introduction 

During my master thesis,47 a diblock copolymer (Mn(GPC) = 3.2 x 104 g/mol) PEG-PFEpoly has 

been synthesized by Sonogashira polymerization of  2,7-dibromo-9,9'-di(2-ethylhexyl)fluorene 

and 2,7-diethynyl-9,9'-di(2-ethylhexyl)fluorene with a slight excess of the latter, followed by 

quenching of this reaction with α-(4-bromo phenol)-ω-methoxy poly(ethylene glycol) (Mn = 2000 

g/mol). Since Sonogashira polymerization is a step-growth polymerization, the conjugated polymer 

has a broader molecular weight distribution (Mw/Mn = 2.1). 

By hydrodynamic flow focusing in a microfluidic device (Figure 5-1), stable dispersions of 

fluorescent nanoparticles with number average particle sizes between 40 and 90 nm could be 

obtained by varying the flow rate of the THF solution of PEG-PFEpoly between 0.5 and 1.2 µL/min 

at a water flow rate of 10 µL/min. At given conditions particle sizes are satisfactorily reproducible. 

A spherical shape of the particles was verified by transmission electron microscopy (Figure 5-1c).  

 

Figure 5-1. Overview over the mixing junction (a) of a microfluidic, flow focusing chip (b) for the preparation of 
conjugated polymer nanoparticles from PEG-PFEpoly (c). 
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Notably, when employing poly[9,9'-di(2-ethylhexyl)fluorene] without a poly(ethylene glycol) 

block rather than PEG-PFEpoly, macroscopic precipitation of the polymer occurred and no 

nanoparticle dispersion was obtained. Complete precipitation was also observed for a physical 

mixture of PFEpoly with α-(4-bromophenol)-ω-methoxy poly(ethylene glycol). Covalent binding 

of the hydrophilic sterically stabilizing moieties appears to be essential for providing colloidal 

stability in the system studied. This might be expected, but it is notable in view of the various 

claims of preparation of stable aqueous dispersions of neat hydrophobic conjugated polymers in 

the absence of any amphiphilics or other stabilizers.  

Microfluidic mixing is not only appropriate for the controllable and reproducible synthesis of 

luminescent particles. The mixing process is also slow enough to enable time- and spatially-

resolved observations, as outlined in the following chapter. 

 

5.1.2 Spatially Resolved Fluorescence Spectroscopy 

Due to different average conjugation length and energy transfer to lower-energy chromophores, 

fluorescence emission spectra of conjugated polymer nanoparticles are commonly distinctively 

red-shifted by comparison to polymer solutions in organic solvents. This results in a change of 

fluorescence from blue to green upon particle formation (Figure 5-2). Consequently, the particle 

formation process can be monitored by illumination of the mixing junction with UV light. Whereas 

the emission color of the tetrahydrofuran stream changes from blue to green within the first 200 µm 

when a flow velocity of 0.6 µL/min is applied (Figure 5-2b), it takes approximately the threefold 

distance when a flow velocity of 1 µL/min is applied (Figure 5-2c).   
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Figure 5-2. a) Schematic representation of nanoparticle formation from PEG-PFEpoly. Particle formation causes a red 
shift of fluorescence from blue to green (λexc = 390 nm). Fluorescence image of the mixing zone at a b) THF flow rate 
= 0.6 µL/min and c) THF flow rate = 1.0 µL/min (water flow rate 10 µL/min, corresponding to 12 ms/mm).  d) 
Emission spectra of PEG-PFEpoly in THF (blue), in dispersion (green) and as solid (dashed green) (λexc = 380 nm). 

An incorporation of small molecules in polymer particles is of broad interest.  A widely studied 

utilization of the resulting particles is the delivery and release of drugs and other biologically active 

substances. In fluorescent nanoparticles, incorporation of a small portion of an appropriate 

chromophore can enable the tuning of their emission colors by energy transfer and emission from 

the dye. Corresponding particles are studied for live cell imaging.60 Perylene diimide dyes are 

known to be very photostable and to emit with high quantum yields. The diimide 9b (Figure 5-3) 

possesses an absorption spectrum which overlaps substantially with the emission spectrum of 

PEG-PFEpoly. In the particle formation process, 9b is effectively incorporated into the 

nanoparticles as evidenced by the redshift of the emission wavelength (Figure 5-3).  
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Figure 5-3. Particle formation from polymer PEG-PFEpoly with incorporation of perylene diimide dye 9b (2 mol% 
perylene with respect to conjugated polymer repeat units). a) Schematic representation. b) Fluorescence image of the 
mixing channel (λexc = 390 nm). 

Quantum yields were ca. 45 %, vs. ca. 26 % in the neat polymer particles. Particle sizes were not 

notably altered by incorporation of the dye. Notably the fluorescence shift from blue to green 

occurs rather fast (~10 ms) whereas the bathochromic shift to red takes comparably long (~ 60 ms) 

(Figure 5-3), indicating that the particle formation process is not completed in the first few ms, as 

one would expect from the rapid fluorescence change from blue to green. It can be assumed, that 

the polymer chains are loosely aggregating within the first 100 µm after the mixing junction. Those 

loose aggregates condense with the further decrease of the solvent quality. When the polymer 

chains are tightly packed, energy transfer from the polymer to the incorporated dye occurs, 

resulting in a red emission.     

Microfluidic mixing allows for monitoring of the particle formation process by spatial resolved 

fluorescence spectroscopy (Figure 5-4). These measurements were conducted together with Prof. 

Dr. Dominik Wöll and M. Sc. Beate Stempfle. With increasing distance to the mixing junction the 

fluorescence spectra of PEG-PFEpoly in THF gradually changes to the solid phase spectrum of the 

dispersion (Figure 5-4).  
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Figure 5-4. Spatially resolved fluorescence spectra of PEG-PFEpoly. Spectra are normalized to the emission maximum 
of PEG-PFEpoly in THF solution at 423 nm. Left) THF flow rate = 0.6 µL/min, c1 = 0.03 wt.-%; center) THF flow rate 
= 0.8 µL/min, c1 = 0.03 wt.-%, right) Mixture of PEG-PFEpoly and perylene diimide dye with 0.6 µL/min, c1 = 
0.05 wt.-%; water flow rate = 10 µL/min (12 ms/mm); λexc = 350-400 nm. *) excitation lamp artifact. 

The broad emission band of the dispersion at λmax = 508 nm grows continuously at the expense 

of the solution emission with λmax = 420 nm. To exclude a possible contribution of a variation of 

the emission of dissolved polymer by changes of the solvent polarity imparted by increasing 

amounts of water in the THF phase, emission spectra of PEG-PFEpoly were recorded in aqueous 

THF solutions (Figure 5-5).  
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Figure 5-5. Emission spectra of PEG-PFEpoly in THF/water mixtures. Normalized on emission maximum at 424 nm 
(λexc = 380 nm). 

The lack of significant changes between spectra underlines that the alteration of emission 

observed in the mixing device indeed reflects particle formation. As expected, at a given distance 

to the mixing junction the particle formation process is further developed at the lower flow rate of 

the polymer solution of 0.6 µL/min (Figure 5-4, left), than with the flow rate of 0.8 µL/min (Figure 

5-4, center). Already after 12 ms, corresponding to 1 mm distance from the mixing junction, a 
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substantial particle emission is observed, and after 60 ms (5 mm) emission occurs from the particles 

nearly exclusively. Note that due to the higher quantum yield of emission from a THF solution (Φ 

= 61 %) vs. the particles (Φ = 26 %), the contribution from the former (band with λmax = 420 nm) 

is overestimated when simply comparing band intensities in spectra. During the generation of 

nanoparticles with incorporated dye, the ingrowth of the dominating red perylene emission (λmax = 

600 nm) and of the residual emission from the solid polymer occur simultaneously. Dye 

incorporation and particle formation occur in a concerted fashion, rather than a conceivable uptake 

of perylene by formed particles (Figure 5-4, right). 

The applicability of the procedure studied here to other similar polymer architectures and 

conjugated backbones was illustrated by analogous studies (Figure 5-6) with a poly(ethylene 

glycol)-block-poly[2,5-di(2-ethylhexyl)oxyphenylene ethynylene]-block-poly(ethylene glycol) 

triblock copolymer PEG-PPEpoly-PEG (PEG blocks Mn = 2000 g/mol; conjugated polymer block 

Mn, GPC = 6000 g/mol). With the same mixing geometry, concentrations and flow rates as given 

above for PEG-PFEpoly, stable dispersions of 30 to 60 nm particles resulted (for detailed DLS and 

TEM data see Appendix, Table 9-1 and Figure 9-1). 

 

Figure 5-6. Spatially resolved fluorescence spectra of PEG-PPEpoly-PEG at a THF flow rate of 1 µL/min (left), 
0.6 µL/min (center), 0.4 µL/min (right). Spectra are normalized to the emission maximum of PEG-PPEpoly-PEG in 
THF solution at 473 nm; c = 0.05 wt.-%; water flow rate = 10 µL/min (12 ms/mm); λexc = 350-400 nm. 

 

5.1.3 Coherent Anti-Stokes Raman Scattering (CARS) Spectroscopy 

In order to further interpret these observations on nanoparticle formation, knowledge of the 

mixing rates of the two fluid streams and the resulting fluid phase compositions was required. 
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CARS measurements were performed together with Dr. Christian Jüngst and Dr. Martin 

Winterhalder from the group of Prof. Dr. Andreas Zumbusch, enabling us to monitor the decay of 

the tetrahydrofuran to water ratio in the center of the focused stream (Figure 5-7). At a 

tetrahydrofuran flow rate of 0.8 µL/min the tetrahydrofuran content even after 6 mm (~ 72 ms) still 

amounts to ~ 30 %. Complete mixing of water and tetrahydrofuran corresponds to a tetrahydrofuran 

to water ratio of 8 % (~160 ms). By analogy to a previous study of Johnson and Prud’homme with 

an impinging jet mixer,61 Farokhzad assumed a solvent mixing time τmix of < 0.4 ms for a 

microfluidic mixer similar to the design used here.46 This is much faster than particle formation 

(τaggr), which led to the conclusion that particles form from a very rapidly generated highly 

supersaturated aqueous block copolymer solution. 

The combined results of spectral monitoring of particle formation and of fluid mixing by CARS 

microscopy reveal that the time scale of mixing approaches the time scale of particle formation. 

Under the conditions studied, in the laminar flow regime, both particle formation and the relative 

mixing process occur on a timescale of several ms to several tens of ms. Both processes occur 

concurrently, rather than in two distinguishable steps of τmix << τaggr. Possibly, fluid mixing is the 

rate determining step. This agrees with the observation that the solvent flow rate impacts the 

particle size. 

 

Figure 5-7. CARS image of microfluidic mixing of THF and water (left: closeup, upper right: overview) and decay 
of the CARS-signal of THF at the center of the focussed stream at 0.6, 0.8 and 1.0 µL/min (lower right). Imaging at 
the CH2 resonance at 2860 cm-1. Water flow rate = 10 µL/min (i.e. complete mixing corresponds to approximately 6-
9 % THF content). This corresponds to a flow rate of the focussed stream of 12 ms/mm.  
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5.2 Rapid Mixing by Nanoprecipitation of Defined Coil-Rod-Coil 

and Rod-Coil Block Copolymers 

Even though microfluidic mixing has proven worthwhile in terms of controllable and 

reproducible preparation of conjugated nanoparticles from amphiphilic block copolymers, the 

accessible size had been restricted to > 30 nm and CARS microscopy had actually shown that the 

mixing process is relatively slow. Also, the polydisperse nature (Mw/Mn > 2) of the utilized block 

copolymers with the conjugated polymer originating from a step-growth polymerization, 

introduces an undesirable additional parameter. 

Thus, for the anticipated approach of size control by varying the length of the hydrophobic 

moiety by utilizing precisely defined molecular rods, synthesized via step-by-step build-up 

synthesis, a rapid ‘nanoprecipitation’ mixing method was employed. Furthermore the role of the 

length of the hydrophilic block was examined in this context, focusing on its stabilizing effects 

during nanoprecipitation.  

 

Figure 5-8. Schematic representation of the nanoprecipitation process of conjugated, amphiphilic block copolymers. 
Pictures were taken under UV-light illumination.  

A dilute solution of the block copolymer in tetrahydrofuran was injected manually into an excess 

of rapidly stirred water (Figure 5-8). The polymer precipitates in the form of nanoparticles, self-

stabilized by the hydrophilic PEG. Nanoparticle sizes of PEGn-OPEm and PEGn-OPEm-PEGn 
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(Mn(PEG) = 750, 2000, 5000 g/mol, Dendron; m = 9, 10, 21, 31, 43)  were determined by dynamic 

light scattering (DLS) and remained unaltered over several weeks, proving the stability of the 

dispersions obtained. The utilization of glass syringes for the injection of the THF polymer solution 

turned out to be crucial. Disposable syringes, that usually contain low amounts of grease, led to 

partially unstable dispersions with significantly increased particle sizes.   

 

5.2.1 Influence of Tetrahydrofuran Volume Fraction 

The reported preparation of MEH-PPV nanoparticles involves the injection of a 0.005 wt.-% 

solution of the polymer in tetrahydrofuran into water.21 Such high dilutions are necessary in order 

to prevent macroscopic precipitation of the unstabilized homopolymer. In general, the attachment 

of a hydrophilic steric stabilizer such as poly(ethylene glycol) leads to an increased stability of the 

obtained dispersions, allowing for the utilization of more concentrated polymer in tetrahydrofuran 

solutions. Yet, not only the concentration of the initial polymer solution is of importance, but also 

the volume of the added solution contributes to the final nanoparticle size. In Figure 5-9 this 

circumstance is shown, exemplifying the dependency of the particle size on the amount of added 

PEG750-OPE21-PEG750 in tetrahydrofuran solution. This polymer was chosen because it has the 

lowest hydrophilic-to-hydrophobic ratio of all block copolymers synthesized and therefore can be 

expected to show the highest dependency. From the graph, it can be concluded, that the particle 

size increases with increasing tetrahydrofuran volume fraction. This correlation is more 

pronounced with increasing concentration of the block copolymer in tetrahydrofuran. Highly 

concentrated solutions like 0.5 wt.-% and 0.25 wt.-% solutions do not lead to stable dispersions 

unless low volumes are precipitated. For all studied concentrations, the particle sizes appear to 

approach their lowest value at 0.05 mL added tetrahydrofuran volume. For 0.025 mL, the obtained 

dispersions are so diluted, that the values, obtained by DLS are not reliable anymore, showing 

broad particle distributions and insufficient data quality. Furthermore the values found are not 

coherent anymore, 0.25 wt.-% and 0.1 wt.-% solution show an increase in particle size when 0.025 

mL are added compared to 0.05 mL added, whereas lower concentrated solutions show a further 

decrease in particle size. For this reason, a tetrahydrofuran volume of 0.05 mL per mL of water 

was chosen for the nanoprecipitations conducted in the following chapters.  
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Figure 5-9. Dependency of the particle size on the injected tetrahydrofuran volume ratio for different PEG750-OPE21-
PEG750 concentrations in tetrahydrofuran (volume of water = 1 mL). The given error bars represent the standard 
deviation of the values found in four measurements of the same dispersion from the average value.   

In contrast, employment of a block copolymer with a longer PEG chain, namely PEG2000-

OPE21-PEG2000 diminishes the dependency of particle size on the added tetrahydrofuran volume. 

The addition of 0.1 mL of a polymer solution and less leads to the same particle size. Solely for 

0.2 mL solution slightly larger particle sizes were found.  
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Figure 5-10. Dependency of the particle size on the injected tetrahydrofuran volume ratio for different PEG2000-
OPE21-PEG2000 concentrations in tetrahydrofuran (volume of water = 1 mL). The given error bars represent the 
standard deviation of the values found in four measurements of the same dispersion from the average value. 

 



Nanoparticles from Amphiphilic Poly(arylene ethynylene) Block 
Copolymers 

 

52 

5.2.2 Influence of Poly(ethylene glycol) Length 

The expected beneficial stabilizing effect of poly(ethylene glycol) covalently attached to the 

conjugated polymer on the nanoparticle formation process was already confirmed in the studies 

subject to section 5.1. In the following, the influence of the PEG length on the particle size was 

investigated. The concentration of the polymer in tetrahydrofuran was varied between 0.005 and 

1 wt.-%.  

Non-PEGylated HO-OPE9-OH forms large particles (24 - 76 nm), increasing in size with 

increasing concentration of the polymer in tetrahydrofuran (Figure 5-11, left). Furthermore the 

dispersions tend to macroscopic precipitation of the polymer at higher concentrations (≥ 0.1 wt.-

%) and were filtrated over a syringe filter (450 µm) before determination of the particle size by 

dynamic light scattering. Covalent attachment of α-carboxy-ω-methoxy poly(ethylene glycol) 

(Mn = 750 g/mol) leads to a slight decrease in size of the obtained nanoparticles of PEG750-OPE9-

PEG750 of 18-60 nm. Even at concentrations above 0.25 wt.-%, no precipitation occurred, 

demonstrating the very effective stabilization of the nanoparticles by poly(ethylene glycol).  
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Figure 5-11. Dependency of the particle size on the polymer in tetrahydrofuran concentration of PEGn-OPE9-PEGn 
and PEGn-OPE10 block copolymers with varying PEG lengths and attached polyglycerol dendron, respectively. 

Constant particle sizes (13-15 nm) were obtained when a high molecular weight PEG (Mn = 

2000 g/mol) and the polyglycerol dendron, respectively, were used. This clearly shows, that with 

the utilization of long chain poly(ethylene glycol)s, particle sizes become independent of the 

polymer concentration in the initial tetrahydrofuran solution.  
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In principle, this picture is also observed for the diblock copolymers from HO-OPE10. 

Attachment of PEGn leads to a drastic decrease in particle size, which is more pronounced with 

increasing PEG chain length. Solely for the dendron functionalized oligomer, a stronger 

concentration dependency of the particle size is observed, indicating that one dendron moiety per 

chain is not sufficient for effective stabilization. A deviation from these trends is found for the case 

of PEG750-OPE10, which shows significantly smaller particle sizes compared to the twofold PEG-

substituted OPE9.   

Triblock copolymers with a longer conjugated moiety, namely OPE21, show the same behavior. 

For PEG5000 blocks, the particle size is independent of the concentration (17-19 nm). When 

PEG2000 is used, slightly larger particles were obtained for c > 0.1 wt.-%. PEG750 shows the same 

tendency, but with a significant increase of the particle size beyond 0.1 wt.-%. 

However, for all PEGn-OPE21-PEGn block copolymers the particle size diverges towards a 

value of 18 (±2) nm, when PEG length and dilution, respectively, are sufficient. This value 

corresponds to the OPE21 rod length of 14 nm (assuming a length of the repeat unit of 0.69 nm62) 

and a poly(ethylene glycol) ’shell’ of approximately 4 nm (as reflected by the hydrodynamic 

behavior, recorded by the DLS method employed). Hence, it can be presumed, that variation of the 

particle size from PEGn-OPEm-PEGn is only dependent on the OPEm rod length, when the PEG 

attached is sufficiently long.  
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Figure 5-12. Dependency of the particle size on the polymer in tetrahydrofuran concentration of PEGn-OPE21-PEGn 
block copolymers with varying PEG length. 
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 For PEGn-OPE9-PEGn block copolymers, particle sizes diverge towards 14 (±1) nm. The rod 

length of OPE9 accounts for 6 nm, suggesting that the corresponding PEG shell has a thickness of 

approximately 8 nm. This value appears rather large compared to those of PEGn-OPE21-PEGn 

(4 nm) and could be explained either by an unfavorable high PEG density at the particle surface, 

forcing the PEG into the formation of a thicker shell, or by a non-ideal packing of the block 

copolymer chains.  

Evidence for the latter could be found, when non-PEGylated HO-OPE21-OH was added to the 

tetrahydrofuran solution. From my master thesis it is known, that the amphiphilic block copolymers 

are able to incorporate and stabilize large amounts of non-PEGylated homopolymer. Whereas 

PEG2000-OPE21-PEG2000 did not show any alteration of the particle size upon addition of one molar 

equivalent of HO-OPE21-OH, smaller particle sizes of 8 (±2) nm were observed when conducting 

the same experiment with PEG2000-OPE9-PEG2000 (Figure 5-13 right). Note that in the latter case 

a second, larger particles species of approximately 35 nm was observed to 1 % in number average 

distribution of the DLS measurement. The particle size of PEG2000-OPE9-PEG2000 of 14 (±1) nm 

remained unaltered upon addition of HO-OPE9-OH to the tetrahydrofuran solution.  
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Figure 5-13. AUC (left) and volume average DLS (right) traces of nanoparticles from PEG2000-OPE9-PEG2000 
(~14 nm, solid lines) and a 1:1 mixture of PEG2000-OPE9-PEG2000 and HO-OPE21-OH (~8 nm, dashed lines). 

Analytical Ultracentrifugation (AUC) measurements qualitatively confirm this result. The AUC 

trace of the nanoparticles from the 1:1 mixture of PEG2000-OPE9-PEG2000 and HO-OPE21-OH 

shows a shift towards smaller sedimentation coefficients, and thus to smaller particle size. Note 

that the second, larger particle species is overestimated in AUC measurements, due to the fact that 

absorption intensities are measured. For example, a 30 nm particle contains approximately 1200 
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chains per particle (assuming a particle density of 1 g/mL), whereas a 15 nm particle solely consist 

of 150 polymer chains.  

This observation could be confirmed when D-OPE10 was employed. Nanoprecipitation of a 

0.05 wt.-% solution lead to the formation of 33 nm particles, whereas in case of the addition of one 

equivalent of HO-OPE21-OH, 7 (±2) nm particles were observed. 

Thus it can be assumed, that the addition of a purely hydrophobic polymer with a contour length 

approaching the persistence length (LP = 13.8 nm79) might enable a more ideal packing behavior 

of block copolymers with a short chain, conjugated moiety and thus led to the formation of smaller 

particles. A further verification of this hypothesis by electron paramagnetic resonance (EPR) 

spectroscopy is outlined in chapter 6.3. Furthermore, one could assume, that the hydrophobic HO-

OPE21-OH serves as additional nucleation side, enabling faster nucleation und thus to the 

formation of more and smaller particles.  

    

5.2.3 Influence of Oligo(phenylene ethynylene) Rod Length 

The aforementioned findings suggest, that the particle size is solely dependent on the length of 

the hydrophobic moiety if the length of the hydrophilic moiety is sufficient. Variation of length of 

the conjugated core should therefor allow for a precise control of the particle size. This presumption 

was investigated by applying the neat solutions (without additional hydrophobic polymer) of four 

different triblock copolymers PEGn-OPEm-PEGn with m = 9, 21, 31, 43. 

Figure 5-14 shows that the particle size of each block copolymer converges indeed against a 

lowest value, representing approximately the length of the conjugated block rod-length. At a 

concentration of ≤ 0.1 wt.-% particle sizes of approximately 14 (±1), 18 (±2), 21 (±1) and 24 

(±2) nm reflect the rigid nature of the OPEm (m = 9, 21, 31, 43) length of 6, 14, 21 and 29 nm. 

Even though the correlation does not seem to be directly linear, the trend is reproduced quite 

accurately. 
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Figure 5-14. Dependency of the particle size on the length of the hydrophobic moiety in a PEGn-OPEm-PEGn triblock 
copolymer. 

For long chain oligomers, chain bending might diminish the particles size compared to the 

contour chain length. Particle sizes, determined by DLS, could be confirmed by transmission 

electron microscopy (TEM, Figure 5-15). Note that staining of the particles by addition of 

phosphotungstic acid to the aqueous dispersions was found to be necessary in order to obtain TEM 

images of PEGn-OPEm-PEGn nanoparticles since the material is quite ‘soft’ and tends to 

coalescence. 

 

Figure 5-15. TEM images of the obtained particles from PEG2000-OPE9-PEG2000 (left, ~14 nm) and PEG5000-OPE21-
PEG5000 (center, ~18 nm) and PEG5000-OPE43-PEG5000 (right, ~24 nm) stained with phosphotungstic acid. 
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5.2.4 Color-Tuning 

Nanoparticles of PEGn-OPEm-PEGn feature weak fluorescence emission properties with the 

emission spectra being commonly red-shifted compared to the solution spectra due to energy 

transfer to lower energy chromophores in the solid.63 Since the OPEs provide a very flat aromatic 

system, π-π-interaction is quite effective and the non-radiant deactivation pathways dominate, 

leading to a drastic decrease of the quantum yields in dispersion (< 5 %) vs. the solution (> 92 %). 

Covalent incorporation of red-emitting dye molecules into the nanoparticles is an elegant way to 

overcome this problem, affording color-tuning of the obtained dispersions at the same time.  

 

Figure 5-16. Left: absorption spectra in solution (dashed lines) and emission spectra in dispersion (solid lines, 
λexc = 380 nm) of PEG2000-OPE9-PEG2000 (green) and PEG2000-OPE9-DPP-PEG2000 (red). Right: dispersions of 
PEG2000-OPE9-PEG2000 (left in photograph) and PEG2000-OPE9-DPP-PEG2000 (right in photograph) under UV 
irradiation. 

Utilization of the synthetic build-up strategy allows for the integration of dye molecules directly 

into the polymer chains. This offers the advantage over physical blends, that possible undesired 

phase separation and aggregation of the dye are not an issue. Due to efficient energy transfer to the 

dye60, nanoparticles obtained from PEG2000-OPE9-DPP-PEG2000 exhibit an increased quantum yield 

of 26 %, whilst particle size remains small (16-18 nm, see Appendix, Figure 9-3). Since the DPP 

dye is covalently bound to the OPE, energy transfer is virtually complete and thus emission of 

PEG2000-OPE9-DPP-PEG2000 exclusively originates from the DPP dye (Figure 5-16). The emission 

maximum is shifted from 526 nm to 665 nm by incorporation of the dye. 
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From the emission spectra of the obtained dispersions of PEG2000-OPE9-DPP-PEG2000, a 

concentration dependency is observable, even though the particle size is unaltered. Whereas the 

dispersions, prepared from 1 to 0.05 wt.-% exhibit the same broad emission at approximately 

665 nm, dispersions that were obtained from less concentrated solutions have their maximum 

between 596 and 614 nm and thus are more similar to the solution spectra. A possible explanation 

might be less orderly packing of the polymer chains in the nanoparticles originating from highly 

diluted solutions.  
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Figure 5-17. Emission spectra (λexc = 380 nm) of nanoparticle dispersion from PEG2000-OPE9-DPP-PEG2000 
tetrahydrofuran solutions with varying polymer contents.   
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5.3 Self-assembly in Solution 

In the aforementioned (chapter 5.2) aqueous nanoprecipitation route to conjugated polymer 

nanoparticles, fast mixing occurs. The resulting spherical particles represent kinetically arrested 

structures, minimizing the interfacial tension between the hydrophobic rod and water. In order to 

allow for the building blocks molecular dimension to govern the final particle structure, a slower 

particle formation was considered beneficial. This chapter aims for further exploitation of this issue 

by studying the self-assembly of the synthesized monodisperse coil-rod-coil block copolymers in 

organic solvent mixtures. 

5.3.1 Introduction 

For understanding the behavior of (coil-) rod-coil block copolymers in solution, a number of 

different parameters have to be taken into account like i) molecular architecture (rod/coil length, 

rod volume fraction, rod shape), ii) solvent quality, iii) copolymer concentrations and in particular 

for conjugated rod blocks, iv) the π-π interactions. Tsao et al. simulated the self-assembly behavior 

of rod-coil and coil-rod-coil copolymers in selective solvents by dissipative particle dynamics 

(DPD) (Figure 5-18).64,65 For rod-coil block copolymers results show that long coil-block lengths 

result in small micelles which grow in size with increasing length of the rod block. 

 

Figure 5-18. Morphology phase diagram of a) coil-rod-coil and b) rod-coil block copolymers as a function of rod and 
coil block length. c) Dependency of order parameter on π-π strength (reprinted with permission from ref. [79]. 
Copyright 2014, Royal Society of Chemistry).  

Vesicle-like structures occur only for rather short coil length but with increasing π-π strength 

membrane bending is disturbed and anisotropic rod packing becomes more prominent. For coil-
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rod-coil block copolymers this behavior becomes even more dominant and morphologies other 

than micelles and worms are only probable for extremely short coils.  

The experimental studies of Lee et al. are particularly instructing here, making use of water-

soluble rod-coil oligomers from para-phenylene oligomers and oligoethers with diverse topological 

architectures, such as T-shapes,36 Y-shapes,66 propellers,67 and cycles68. Assemblies of those block 

cooligomers undergo reversible morphology transformation when exposed to external stimuli such 

as heat or hydrophobic guest molecules.36,66,69 The results imply that flat aromatic segments form 

long 1D structures e.g. (helical) nanofibers due to strong π-π stacking.66,70,71 Aromatic segments 

with conformational flexibility weaken the π-π stacking interaction and lead to discrete small 

nanoaggregates.67 The strong dependence of the obtained morphologies on the rod length was 

shown very clearly.72 By increasing the size of an elliptical macrocycle the self-assembly was 

progressed from spheres, to helical coils, to vesicles (Figure 5-19). Yet these studies of Lee et al. 

are rare examples were nanoaggregates smaller than 10 nm are observed. 

 

Figure 5-19. Chemical structure of amphiphilic rigid macrocycles 1-4 (upper left). Upper right: a) TEM image of 
spherical micelles formed from 1. b/c) Cryo-TEM images of helical coils formed from 2. d) Cryo-TEM image of 
vesicles formed from 3. e) TEM and f) cryo-TEM images of cylindrical micelles formed from 4. Left: Schematic 
representation of the self-assembled structures of 1-3 (reprinted with permission from ref. [79]. Copyright 2009, 
American Chemical Society).  

Unlike the systems presented above, making use of water soluble block copolymers and 

observing self-aggregation in water over several days, Chen et al. studied the aggregation behavior 
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of amphiphilic PF-PAA block copolymers in different dichloromethane/methanol mixtures (Figure 

5-20).37 The results show how sensitive aggregation of the amphiphilic rod-coil systems depend on 

changes of the solvent employed and the polymers hydrophobic-to-hydrophilic ratio. Various 

morphologies, including lamellar, spheres, micelles, vesicles, cylinders, inverted spheres and 

cylinders, with dimensions of 150 to several hundred nanometers were observed.  

 

Figure 5-20. Various morphologies observed upon varying coil-lengths of a PF-PAA copolymer and the selective 
solvent content (reprinted with permission from ref. [37]. Copyright 2006, WILEY-VCH Verlag GmbH & Co. KGaA). 

Park et al. reported how polythiophene-PEG copolymers with varying PEG lengths self-

assemble in water into nanofibers.73  The length of the nanofibers gradually increases with 

decreasing PEG block length due to the reduced coil stretching energy (Figure 5-21), whereas the 

width of the nanofibers (8 nm, which corresponds to the length of the PHT rod) and optical 

properties remain unaltered. 
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Figure 5-21. TEM image of PHT20-PEGn (n = 108, 48, 16) fibers in water (reprinted with permission from ref. [73]. 
Copyright 2012, American Chemical Society).  

Amphiphilic rod-coil block copolymers with π-conjugated segments organize in a variety of 

morphologies with an architecture strongly dependent on multiple factors, like polymer design, 

solvent quality, π-π interaction strength, concentration and solvent mixing. Since small changes in 

hydrophilic-to-hydrophobic ratios can have a dramatic effect on the self-assembly behavior, 

systems with a defined polymer design are highly desirable. In the following, the precisely defined 

block copolymers, synthesized in chapter 4.3 are investigated in terms of their self-assembly 

behavior in organic solvent mixtures.  

 

5.3.2 Results 

The concept of self-assembly in solution for controlling the nanoparticle size and shape evolves 

the slow, drop-wise addition of different volume fractions of a selective nonsolvent for the 

hydrophobic block to a diluted solution of PEGn-OPEm-PEGn block copolymer in 

tetrahydrofuran. Since the direct addition of water led to the immediate precipitation of the 

polymer, methanol was used as a non-solvent for the hydrophobic block. The block copolymers 

were diluted in different tetrahydrofuran/methanol mixtures, with tetrahydrofuran as a good solvent 

for both blocks and methanol as a poor solvent for the hydrophobic rod moiety. The self-

organization of PEG2000-OPE7-PEG2000 and of PEG750-OPE21-PEG750 show how two different 

hydrophobic-to-hydrophilic ratios influence self-organization. The polymers were dissolved in 
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tetrahydrofuran, followed by the drop-wise addition of methanol under stirring so that the 

concentration of the polymer in the resulting solvent mixtures was 0.002 wt.-%.  

The structures obtained were studied by transmission electron microscopy (TEM) and remained 

stable over several weeks. Since the branched oligomers appear to be quite ‘soft’, phosphotungstic 

acid (PTA) was added to the tetrahydrofuran/methanol mixtures prior to TEM sample preparation. 

PTA visualizes the PEG domains,74 hence the OPE possesses lower contrast. Samples measured 

containing just PEG and PTA, show film-like, dark areas (Figure 5-22) as well as small dark dots 

(3-15 nm), probably originating from tungsten agglomerates. 

         

Figure 5-22. TEM images of a mixture of 0.002 wt.-% PEG with PTA. 

TEM images show that PEG2000-OPE7-PEG2000 self-assembles into one-dimensional worm-like 

structures (20-60 nm) in the presence of high contents of methanol by parallel packing alignment 

of the oligomer chains. The width of the rods is always approximately 5 nm, which corresponds to 

the length of the OPE7 rod (calculated with a monomer length of 0.69 nm62). With only 10 % 

methanol content, the worms appear to be longer, forming aligned lamellar-like structures (Figure 

5-23).  

Note that no worm-like structures were observed in TEM when conducting the same experiment 

without the addition of methanol. 
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Figure 5-23. TEM images of PEG2000-OPE7-PEG2000 in THF/MeOH (10/90, left; 90/10, right; 0.002 wt.-% polymer 
content in THF/MeOH), stained with PTA. 

Since PEG2000-OPE7-PEG2000 does not precipitate even at high methanol contents the polymer 

concentration of the initial tetrahydrofuran solution could be increased to 0.1 wt.-%, resulting in a 

concentration of the polymer in the resulting solvent mixtures of 0.01 wt.-%. TEM studied revealed 

that short worms are again formed at 90 % methanol content.  

        

Figure 5-24. TEM image of PEG2000-OPE7-PEG2000 in THF/MeOH (10/90; 0.01 wt.-% polymer content in 
THF/MeOH), stained with PTA. 

Also for PEG750-OPE21-PEG750 such worms can be found in tetrahydrofuran/methanol 

mixtures. Due to the short PEG length, stabilization is less effective and the polymer precipitates 

in case of 90 % and 70 % methanol addition. At 50 % methanol content formation of short worms 
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is observable in TEM. Their width is always 13 nm which again corresponds to the OPE chain 

length (Figure 5-25). At low methanol contents long lamellar-like structures are again observable.  

         

Figure 5-25. TEM image of PEG750-OPE21-PEG750 self-assembly in THF/MeOH (50/50, left; 90/10, right; 0.002 wt.-
% polymer content in THF/MeOH), stained with PTA. 

Due to its long PEG chain, PEG2000-OPE7-PEG2000 does not precipitate at high methanol 

contents (Figure 5-26 photograph, top). The 90 % methanol solution appears green, but with less 

intensity than the pure THF solution. This corresponds to the absorption spectra that seem to be 

unaltered by methanol addition besides the loss of absorption intensity. PEG750-OPE21-PEG750 

partially precipitates at 90 and 70 % methanol addition. The absorption spectra of the filtrated 

dispersions show solid-like red-shift broadening.       
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Figure 5-26. Block copolymers in THF/MeOH mixtures (decreasing methanol content from left to right, top: PEG2000-
OPE7-PEG2000, bottom: PEG750-OPE21-PEG750, polymer content = 0.002 wt.-%), absorption spectra of PEG750-
OPE21-PEG750 (center) and PEG2000-OPE7-PEG2000 (right) in different THF/MeOH mixtures. 
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Figure 5-27. TEM image of PEG5000-OPE43-PEG5000 self-assembly in THF/MeOH (30/70), stained with PTA (left). 
Absorption spectra of PEG5000-OPE43-PEG5000 in different THF/MeOH mixtures (right). 

Also for PEG5000-OPE43-PEG5000 worm-like structures could be observed (Figure 5-27). Yet 

they appear quite rarely and seem to merge with the background grid. The obtained absorption 

spectra of the 90 and 70 % methanol content solution show solid-like red-shift broadening, which 

corresponds to a closer aggregation of the polymer chains.  

In order to clarify the possibility if the alignment of the oligomer chains into worm-like structures 

originates from solvent evaporation on the grid during sample preparation, cryo-TEM was 

performed. Indeed worm-like structures with the width and length corresponding to those observed 

in the aforementioned TEM images are observable (Figure 5-28, Figure 5-29). 

 

Figure 5-28. Cryo-TEM image of PEG2000-OPE7-PEG2000 assembly in THF/MeOH (10/90), stained with PTA. 
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Figure 5-29. Cryo-TEM image of PEG5000-OPE21-PEG5000 (left) and PEG2000-OPE11-PEG2000 (right) assembly in 
THF/MeOH (10/90), unstained. 

 

Figure 5-30. TEM images of PEG2000-OPE7-PEG2000 (left), PEG2000-OPE11-PEG2000 (center) and PEG750-OPE21-
PEG750 (right), stained with PTA. 

Figure 5-30 shows how the PEGn-OPEm-PEGn (m = 7, 11, 21) block copolymers self-assemble 

into short worm-like structures in various mixtures of tetrahydrofuran and methanol.  The width of 

the worms is uniform for a given sample (4-5 nm, 7-8 nm and 13-14 nm, respectively) and 

corresponds in each case to the OPEm chain length of approximately 5, 7 and 14 nm. This is the 

first time that the width of anisotropic particles, formed by the self-organization of the conjugated 

coil-rod-coil block copolymer in solution, is successively varied by applying conjugated rods of 

defined length. Note that with variation of the composition of the solvent mixture used in the 

formation of these particles their length can vary, whereas the width remains essentially unaltered 

and is defined by the OPEm chain length.  
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Once formed, these short fibers can be transferred into an aqueous dispersion by slow addition 

of water. Shape and size of the particles are not altered by this procedure as exemplified by Figure 

5-31. Furthermore the dispersions remain stable and no macroscopic polymer precipitation occurs, 

which is remarkable since the particles experience a significant change in solvent quality. 

 

Figure 5-31. TEM images of PEG5000-OPE21-PEG5000 assembly in THF/MeOH (50/50) (a) and after addition of a 
one- (b), two- (c) and ten-fold (d) excess of water, stained with PTA. 
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5.4 Nanoparticles in Cell Experiments 

In order to test the suitability in cell imaging, in terms of stability under physiological conditions 

and fluorescence brightness, nanoparticles from a Biotin functionalized block copolymer, Biotin-

PEG2000-OPE9-PEG2000-Biotin , were used for targeting of streptavidin labeled cell membranes, 

following a well-established protocol3h.   

 

Scheme 5-1. Synthesis of Biotin functionalized block copolymer Biotin-PEG2000-OPE9-PEG2000-Biotin .  

Streptavidin and Biotin, also referred as Vitamin B7, have one of the strongest noncovalent 

binding affinities known in nature, a circumstance that is often exploited for protein purification 

and detection. The biotin labeled block copolymer was synthesized by DCC coupling of HO-

OPE9-OH and commercially available Biotin-PEG2000-COOH (see Chapter 8.3.6). Nanoparticles 

were prepared from a tetrahydrofuran solution of a mixture of Biotin-PEG2000-OPE9-PEG2000-

Biotin  and 2 mol.-% perylene dye 9b, resulting in a red emission of the particles. The biotin labels 

are assumed to be located within the outer sphere of the PEG shell of the obtained nanoparticles 

(~14 nm).  

The following membrane labeling experiment was conducted with eukaryotic MCF-7 cells that 

originate from a human breast cancer cell line. The DNA within the cell nucleus was counter-

stained with Hoechst 33342, a blue emitting dye (λem = 455 nm), enabling distinction between the 

cell nucleus and the targeted cell membrane under UV excitation. The epithelial cell surface antigen 

Ep-CAM CD326, which is overly expressed on the membranes of MCF-7 cells, was targeted by 

biotin labeled antibodies, followed by treatment with streptavidin. Consequently the cell membrane 

was streptavidin labeled and was able to serve as an anchoring spot for the biotin labeled polymer 

nanoparticles, resulting in a visualization of the cell outlines by the red emitting particles under UV 

excitation. The experiments were carried out together with Dr. Christoph Fischer, who kindly 

contributed his expertise.   



Nanoparticles from Amphiphilic Poly(arylene ethynylene) Block 
Copolymers 

 

70 

A successful particle labeling of the membranes of fixed MCF-7 cells is demonstrated by 

confocal fluorescence microscopy (Figure 5-32). The cell outlines are visible in the transmission 

light image (Figure 5-32, a), whereas the cell nuclei, which are stained with Hoechst 33342, are 

visible in the blue fluorescence detection channel (420-470 nm, Figure 5-32, b). The red emission 

detection channel (550-610 nm, Figure 5-32, c) clearly shows the outlines of the cell membrane, 

proving the successful labeling with red emitting polymer nanoparticles. Since unbound 

nanoparticles are removed from the cells during the routine washing procedure, unspecific 

adhesion of the nanoparticles to the cell surface could not occur.  

Variation of the z-focus plane (Figure 5-32, right) allows for complete resolution of the cell 

outlines in three dimensions, proving that indeed the entire cell membrane is covered with red 

emitting particles.  

 

Figure 5-32. Confocal fluorescence microscopy images of live MCF-7 cells with nanoparticle membrane labeling. 
Left: a) transmission light image, b) blue detection channel, cell nuclei stained with Hoechst dye 33342, c) red detection 
channel with nanoparticle cellular membrane labeling, d) superposition of (b) and (c). Right: z-stack of red-detection 
channel images with 2 µm distance. 
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5.5 Conclusive Summary 

Prior studies47 had shown that nanoparticles < 100 nm can be obtained by microfluidic mixing 

of an amphiphilic poly(fluorene ethynylene)-block-poly(ethylene glycol) block copolymer. 

Though the polymer used was not monodisperse and not consisting of linear repeat units, these 

findings were encouraging and the mixing process that had been employed was further evaluated. 

The combined results of spatially resolved fluorescence spectroscopy and CARS microscopy 

revealed, that in fact, mixing occurs relatively slowly in the lamellar flow of the microfluidic mixer, 

unlike previously announced by Farokhzad46 for such a device. It was found, that particle formation 

is directly correlated with the mixing velocities of tetrahydrofuran and water. Therefore, the 

concept of controlling particle size and shape was further investigated by utilizing other mixing 

protocols. 

With the precisely defined compounds with varying length at hand, synthesized in Chapter 4, 

size control of small, spherical as well as anisotropic nanoparticles from oligo(phenylene 

ethynylene)-block-poly(ethylene glycol) has been demonstrated. Mixing rates during nanoparticle 

preparation are found to have significant influence on the structures obtained:  

On the one hand, rapid mixing during nanoprecipitation results in kinetically locked spherical 

particles. Herein it could be shown, that PEG indeed contributes to an improved stabilization. When 

the PEG length and dilution, respectively, are high enough, particle size solely depends on the 

initial oligomer chain length. The particles can be color-tuned by utilization of the PEGylated block 

copolymers with incorporated, red-emitting dye molecules. Furthermore, the experiments showed, 

that coil-rod-coil block copolymers with short (L < persistence length LP) rod blocks form smaller 

particles when mixed with long chain derivatives (L > LP) prior to nanoprecipitation, providing 

access to nanoparticles < 10 nm.  

On the other hand, self-assembly of the amphiphilic block copolymers in various 

tetrahydrofuran/methanol mixtures results in anisotropic particles that can be transferred into water 

under maintenance of their worm-like shape. This is the first time that the width of anisotropic 

particles, formed by the self-assembly of conjugated coil-rod-coil block copolymer in solution, is 

successively varied by applying conjugated rods of defined length.  
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Overall, it is especially remarkable that in both cases, the obtained dimensions of the 

nanoparticles reflect the precise molecular dimensions of the OPE building blocks.  

Furthermore, the suitability of the obtained nanoparticles could be shown in bioimaging 

experiments by targeting Streptavidin labeled MCF-7 cells with Biotin labeled, red emitting 

nanoparticles.    
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6 Electron Paramagnetic Resonance Spectroscopy 

6.1 Introduction 

On a molecular basis, π-conjugated oligomers are often referred to as rigid rods, which makes 

them useful building blocks for molecular and supramolecular architectures.6 In this context, OPEs 

have been studied intensively e.g. as parts of ‘nanomachines’,75 for the construction of shape-

persistent macrocycles76 and as spacers between electronically interacting moieties77. The intrinsic 

flexibility of the OPEs in solution,78 has been studied by Godt and Jeschke et al. by end-to-end 

distance measurements via electron paramagnetic resonance (EPR) spectroscopy.62,79 Specifically, 

double-electron-electron-resonance (DEER) (also referred as PELDOR) as a pulsed EPR technique 

enabling observations of pairwise dipolar couplings between electron spins separately from other 

electron spin interactions was employed. Attachment of conformationally unambiguous spin labels 

and variation of the oligomer backbone length allowed for quantification of the persistence length. 

Any contribution of the labels to the distance distribution is eliminated in the procedure.62,80 

           

Figure 6-1. Left: End-to-End distance distribution for OPE backbones with a global fit by the Kratky-Porod wormlike-
chain (WLC) model (grey line). The longer the oligomer, the more backbone flexibility dominates the broadening of 
the distance distribution (reprinted with permission from ref. [62]. Copyright 2006, Wiley-VCH Verlag GmbH & Co. 
KGaA). Right: Visualization of the flexibility of the backbone of phenylene ethynylene pentamer as a superposition 
of 25 structures, computed with the harmonic segmented chain (HSC) model (reprinted with permission from ref. [79]. 
Copyright 2010, American Chemical Society).  

 

Godt and Jeschke et al. could show, that the distance distribution broadens with increasing 

oligomer length due to the increased flexibility of the backbone (Figure 6-1). The shape of the 
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individual distance distributions is not symmetrical because the stretched chain has the maximum 

end-to-end distance and chain bending diminishes the end-to-end distance. The four-pulse DEER 

experiment has been widely used for measuring distances in the range of 1.8 to 6 nm in membrane 

proteins and up to 10 nm in deuterated soluble proteins81 and for probing of the conformations of 

rod-like molecules in solution.82 Investigations on spin-distances inside polymer nanoparticles 

have not been conducted yet. 

The polymer nanoparticles, obtained in chapter 5.2.2, and the monodisperse OPE compounds 

synthesized in chapter 3.2 provide an excellent model system for probing the applicability of DEER 

measurements on polymer nanoparticles and possibly for gaining new insights into chain packing 

inside the particles. The following experiments were obtained in collaboration with M. Sc. 

Christian Hintze from the group of PD Dr. Malte Drescher (University of Konstanz).  

 

6.2 DEER Experiments on Oligo(phenylene ethynylene)s 

In view of conducting DEER experiments on polymer particles, several methodical problems 

had to be taken into account. The maximum detectable distance depends on the evolution time of 

the experiment, i.e. the longer the spin-to-spin distance and the oligomer chain length, respectively, 

the longer the necessary evolution time and the lower the signal intensity due to T2-relaxation of 

the EPR signal. Additionally, the T2 relaxation itself increases upon changes of the matrix 

surrounding the EPR label. EPR experiments are ideally conducted in deuterated solvents in which 

the signal intensity decays more slowly, enabling distance measurements up to 10 nm. 

Incorporation of EPR labeled oligomers in a polymer particle would represent a fully protonated 

medium, where the signal intensity decreases considerably faster and thus limits the measurable 

label to label distance distribution in our case to less than 6 nm.  

Furthermore, the low label concentration has to be taken into account. The high dilution of the 

dispersions obtained via the reprecipitation method and the fact that only one labeled chain per 

particle is desired, lowers the overall content of the EPR label drastically compared to the solution 

experiments, approaching the sensitivity limit of this method of 10-9 mol/L with commonly 

available measurement setups. 
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DEER experiments in solution 

As outlined above, distance distributions of doubly labeled oligo(phenylene ethynylene)s in 

solution have been studied extensively by Jeschke and Godt et al.. The flexibility of the OPEs can 

be characterized by a single parameter, the persistence length Lp, which is a property that itself 

depends only on the nature of the repeating units and the temperature. Herein the glass transition 

temperature of the solvent has to be taken into account since DEER experiments are conducted in 

glassy matrix, which is achieved by shock freezing of the solution. The persistence length of OPEs 

at 298 K was determined to be 13.8 (±1.5) nm.79  

The OPEs used in this work differ by the choice of the side-chains of the oligomeric backbone, 

as well as by the spin label used compared to the ones used in the literature. Therefore, DEER 

measurements of doubly TEMPO labeled OPEs, T-OPEm-T, with varying length were performed 

in glassy solution of deuterated toluene at 50 K in Q-band (Figure 6-2, top). For this purpose, 

monodisperse oligomers HO-OPEm-OH (m = 5, 7, 9, 11, 21), synthesized in Chapter 3, were 

labeled with commercially available TEMPO-acid, according to the general procedure for DCC 

coupling (see Chapter 8.3.8). 

The DEER traces were fitted with the ‘worm-like chain model’ (WLC) and with a Gaussian 

broadening, stemming from the label contribution (Figure 6-2, bottom). From the obtained distance 

distributions of the short chain oligomers (m = 5, 7, 9, 11), the distance distribution of T-OPE21-T 

can be extrapolated, which is not measurable in solution with the currently available setup due to 

the necessary evolution time of approximately 50 µs.  
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Figure 6-2. DEER distance measurements of T-OPEm-T with m = 5, 7, 9, 11, and 21 (from blue to red) in deuterated 
toluene, recorded at 50 K in Q-band. A) Normalized DEER time traces with three dimensional homogeneous 
background contribution. B) Background corrected DEER form factors with fits of a worm like chain model including 
Gaussian broadening. C) Filled curves represent distance distributions P(r) obtained by fits to the DEER form factor 
for the corresponding T-OPEm-T. The line curve for T-OPE21-T is not a fit but extrapolated. The data shows that the 
contour length of T-OPEm-T can be described with a linear function in n: 
� = �. ��	� + . ���	�� (see Appendix 
Figure 9-5). The experimental contour lengths Ln are represented by filled dots, the extrapolated one by a hollow dot. 
The dotted DEER form factor and background A) for OPE21 is calculated from the expected distance distribution B) 
with an approximate modulation depth and an approximate background density. (For the parameters of all distance 
distributions see Appendix, Table 9-2). 
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Verification of the Linearity of the OPE Model Compounds 

In order to verify that short distances measured in the following experiments indeed originate 

from chain bending rather than from defect structures in the polymer backbone, additional solution 

experiments were conducted. A possible defect structure are so-called ‘meta linkages’, originating 

from 2,3-halogenation during the synthesis of 1,4-bis((2-ethylhexyl)oxy)-2,5-diiodobenzene 3. If 

only one percent of the monomers would consist of such a 2,3-iodo component instead of the 2,5-

diodo derivative, approximately every fifth T-OPE21-T would possess meta linkages. 1H-NMR 

spectroscopy showed, that the contamination of 1,4-bis((2-ethyl-hexyl)oxy)-2,3-diiodobenzene in 

the monomeric material 3 was below 0.08 % (see Appendix, Figure 9-4). Nevertheless, a DEER 

experiment was conducted where T-OPE9-T was mixed with 5 mol-% of T-OPE5-T. In the 

distance distribution plot of T-OPE9-T (Figure 6-3), the second, smaller distance distribution of 

T-OPE5-T is clearly observable and correlates in its probability to 5 % of the overall DEER form 

factor, proving not only the high resolution of this technique, but also the purity of the T-OPEm-T 

compounds used.  
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Figure 6-3. DEER trace with two Gaussian fits (left) and interspin distance distribution (right) of a mixture of T-
OPE9-T and T-OPE5-T (95:5 mol.-%). (For comparison with the interspin distance distributions of the neat labeled 
oligomer solutions see Appendix, Figure 9-5). 

 

DEER experiments in solid state 

The first step, towards DEER measurements inside polymer nanoparticles, was the principal 

verification that even low amounts of labeled oligomers can be measured in non-deuterated media, 
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and in the non-labeled oligomeric material in particular. Tetrahydrofuran solutions of T-OPE5-T 

and OPE9 and PEG2000-OPE9-PEG2000, respectively, were mixed in a 1:330 ratio, followed by 

evaporation of the solvent. Despite the low concentration and the protonated media, DEER data 

could be acquired with sufficient quality in terms of signal-to-noise ratio and evolution time, 

enabling distance distribution measurements for distances up to 5 nm. 

 

Figure 6-4. Distance distribution measurement of T-OPE5-T in solution (red), in solid OPE9 (blue) and PEG2000-
OPE9-PEG2000 (green). 

The obtained distance distribution plots of T-OPE5-T (Figure 6-4) show no significant alteration 

of the chain length vs. the solution experiments, except for a slight change of the persistence length, 

which can be explained by its temperature dependency. Both surrounding matrices differ in their 

glass transition temperature Tg, with Tg (OPE) being higher than Tg (toluene-d8). Furthermore, no 

shorter distances are observable, and thus it can be assumed, that the chain conformation remains 

unaltered by solid state packing.  

For an exact background fit of the primary DEER data and subsequent elimination of 

intermolecular spin contributions, the same experiment was conducted with mono labeled tetramer, 

T-OPE4 (Figure 6-5, synthesis see chapter 8.3.8). Interestingly, the background fit is not mono-

exponential, that is the labels are not randomly distributed in three dimensions. The respective 

background could be fitted with a stretched exponential decay according to ��������� = �
��� /" 

with a being a concentration dependent factor and D being the dimensionality. In case of the OPE9 

and PEG2000-OPE9-PEG2000 matrix, a D = 2.2 and D = 1.4, respectively, dimensional packing can 
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be derived from the background fit. The OPE9 matrix might arrange into two-dimensional sheets, 

due to π-π stacking. Attachment of hydrophilic poly(ethylene glycol) might further diminish the 

dimensionality of the packing into one-dimensional worms. 

 

Figure 6-5. Dependency of the dimensionality (D) of the background fit on the medium surrounding the EPR labels: 
T-OPE4 in OPE9 (red) and in PEGylated OPE9 (green). Theoretical dependency for D = 3.0 shown for comparison 
(black). The y-scale is logarithmic.  

 

6.3 DEER Experiments in Particles 

T-OPE5-T inside Polymer Nanoparticles 

As a first step for establishing the particle preparation procedure and probing the applicability of 

EPR measurements inside polymer nanoparticles, the behavior of T-OPE5-T in small particles 

compared to its behavior in solution was investigated. For the general synthesis of labeled 

nanoparticles, triblock copolymer PEG2000-OPE9-PEG2000 and a mixture of HO-OPE21-OH and 

T-OPEm-T were dissolved in tetrahydrofuran and coprecipitated into Milli-Q quality water, with 

the concentration of the latter being so low, that only one labeled chain per particle can be assumed 

on average, which corresponds to a spin concentration of 1.6 µM. This maximum concentration is 

comparatively low for EPR measurements and neglects possible reduction of the TEMPO during 

the nanoparticle preparation process. In order to increase the concentration for the subsequent 

DEER measurements, the organic solvent was removed under reduced pressure and the dispersion 

was freeze-dried.  



Electron Paramagnetic Resonance Spectroscopy 
 

80 

The background corrected primary DEER data yields distance distributions of T-OPE5-T for 

both conditions (Figure 6-6). The distance distribution inside the particles reflects a shorter 

persistence length L5 than in the glassy state of toluene as is expected considering that the particle 

preparation was performed at room temperature. Furthermore, there is a significant loss in echo 

intensity, due to a considerably faster electron spin transversal relaxation rate in particles compared 

to deuterated toluene. Nevertheless, DEER data could be acquired with sufficient quality in terms 

of evolution time and signal to noise. The experiment also shows, that modulation depths 

normalized to pump pulse length of tP = 34 ms in particle samples are around 10 %. This is lower 

than expected for 100 % intact and observed spin labels, where the theoretical value is 

approximately 25 %. The obtained distance distribution does not show significant changes of the 

chain length, as was expected for T-OPE5-T since the particle size is larger than the contour length 

L5 of the 5mer. Consequently, DEER distance measurements can reliably be carried out for the 

desired T-OPEm-T inside particles of PEGylated OPEs. 
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Figure 6-6. DEER distance measurements of T-OPE5-T in deuterated toluene (blue) and in particles (brown) at 50 K 
in Q-band. A) Normalized DEER time traces with homogeneous background contribution which is three dimensional 
in solution (blue) and 2.4 dimensional in particles (brown), the latter being derived from a corresponding singly labelled 
sample. B) Background corrected DEER form factors with fits of a worm like chain model including Gaussian 
broadening. The DEER from factor of T-OPE5-T in particles is stretched by a factor of 3.4 for comparison. C) 
Resulting distance distributions P(r) (for the parameters of all distance distributions see Appendix, Table 9-2).  
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T-OPE21-T inside Polymer Nanoparticles 

In order to clarify which chain conformations of the 21mer might occur during the synthesis of 

small sized particles from PEG2000-OPE9-PEG2000 and HO-OPE21-OH, the aforementioned 

experiment was conducted with T-OPE21-T. The primary DEER data with homogenous 

background (left) and the background corrected DEER form factors (right) are presented in Figure 

6-7. The data can be described by a mutual fit with a three dimensional Rice distribution and small 

distances of 2 (±0.9) nm were found. To test whether the conformation of the T-OPE21-T varies 

with the HO-OPE21-OH content, a second particle sample was prepared, having a 7-fold lower 

HO-OPE21-OH  content. The data found show the same small distance of 2 (±0.9) nm, proving the 

independence of the chain conformation on the hydrophobe content, as well as reproducible, 

defined spatial arrangement of T-OPE21-T inside the particles. The possibility of intermolecular 

contributions to the observed dipolar interaction could be excluded by the investigation of a 

corresponding sample with T-OPE22 (synthesis see chapter 8.3.8) where no apparent dipolar 

oscillations occurred.  
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Figure 6-7. A) Normalized DEER time traces recorded at 50 K in Q-band, with a 2.4 dimensional homogeneous 
background contribution of T-OPE21-T in particles with high (triangles) and low (circles) HO-OPE21-OH content on 
the left. B) Corresponding background corrected DEER form factors are shown on the right. Modulation depths are in 
the same range as for comparable particle samples with T-OPE5-T as the probe, even though stretched by a factor of 
2.4 in the case of low (circles) OPE21 content. The line plot on the right shows a mutual fit to the data with a three 
dimensional Rice distribution (for the parameters obtained, see Appendix, Table 9-2).  

Since the DEER data suggests that also shorter distances than 1.5 nm are present, cw-EPR 

measurements were also performed. To prove dipolar broadening of cw-EPR spectra of T-OPE21-
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T inside small nanoparticles, the obtained spectra were compared to those of the singly labeled 

probe (T-OPE22) in similar particles, as well as to those from larger particles (D ~ 18 nm), obtained 

from PEG5000-OPE21-PEG5000. The resulting cw-EPR spectra are shown in Figure 6-8. Compared 

to the control samples, the spectrum of the sample with T-OPE21-T is significantly broader, 

verifying the existence of distances < 1.5 nm. It has to be noted, that the measured spin 

concentration of the control samples was about six times higher than the concentration of the 

broadened one, thus excluding concentration effects on the dipolar broadening. 
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Figure 6-8. Cw-EPR spectra of T-OPE21-T (purple) and of T-OPE22 (red) in small particles (constituted by PEG2000-
OPE9-PEG2000 and T-OPE21-T) and of T-OPE21-T (green) in bigger particles (constituted by PEG5000-OPE21-
PEG5000), recorded at 120 K in X-band. 

Combining the results from DEER measurements and cw-EPR-measurements, it can be 

concluded that T-OPE21-T is incorporated approximately quantitatively in a defined conformation 

inside nanoparticles. This conformation is representative for all T-OPE21-T and results in a label 

to label distance distribution that differs significantly from a T-OPE21-T in solution. This is 

illustrated in Figure 6-9, where the three dimensional rice distribution derived from DEER form 

factors (Figure 6-7) is compared with the distribution in solution (extrapolated from a range of 

OPEs in solution, see Figure 6-2). The shaded area indicates a region with distances measured by 

cw-EPR (Figure 6-8) but their actual distribution remains uncertain. 
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Figure 6-9. Comparison of the interspin distance distribution P(r) of T-OPE21-T in solution (extrapolated, red) with 
the distribution in particles (from DEER data, purple). The shaded area indicates an uncertain region whose distances 
have been shown to exist by dipolar broadening in cw-EPR-spectra. 

 

6.4 Conclusive Summary 

By now, the individual conformation of rod-like polymer chains inside nanoparticles was an 

open question, especially within particles that are smaller in size than the contour length of the 

‘rigid’ chain, as e.g. presented in chapter 5.2. Assuming a defect-free polymer chain, a possible 

explanation is the bending of the conjugated polymer chain in order to minimize the interfacial 

tension between the hydrophobic rod and water. 

In this context, EPR spectroscopy displays a unique way of identifying and characterizing 

polymer chain conformation in the nm-range inside nanoparticles, proving not only the bending of 

such ‘rigid’, rod-like molecules but likewise the applicability of this method for the investigation 

of interspin distances inside polymer nanoparticles. A label-to-label distance of T-OPE21-T of 

2 (±0.9) nm inside 8 nm particles, prepared from a mixture of HO-OPE21-OH and PEG2000-OPE9-

PEG2000, could be determined which differs significantly from the one in solution of 15.5 nm. The 

results suggest, that HO-OPE21-OH oligomer chains with a contour length approaching the 

persistence length, are indeed bent inside nanoparticles.  
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7 Summary 
Conjugated polymers possess unique properties namely electrical conductivity, as well as 

photo- and electroluminescence. The synthesis of such polymers and their properties in films 

and in bulk have been studied intensely. In contrast, nanoparticle dispersion of luminescent 

conjugated polymers have received attention only recently.  

Concerning a synthesis of very small particles in the regime smaller than ca. 100 nm, as 

preferred e.g. for biological imaging, the most common technique to date is ‘nanoprecipitation’. 

Surfactant-free, highly diluted dispersions of neat hydrophobic conjugated polymers are 

generated by injecting a solution in a water-miscible organic solvent into water. The resulting 

particles are ill-defined regarding their colloidal stabilization ant the control of their sizes.  

To his end, a covalent linkage of the conjugated polymer to a hydrophilic moiety e.g. 

poly(ethylene glycol), as performed in this work, provides not only self-stabilized 

nanoparticles, but also introduces two control factors over particle design. On the one hand, the 

block copolymer structure, that is the relative block length ratio of the hydrophilic and the 

hydrophobic moiety, and on the other hand, the mixing procedure applied. In this thesis, both 

factors have been investigated, focusing not only on the obtainable size and shape of the 

particles, but also exploring new possibilities of investigating particle formation and particle 

packing behavior.  

For the exploitation of the structural control factor, the synthesis of precisely defined polymer 

building blocks from oligo(phenylene ethynylene) via a sequential Sonogashira coupling 

approach was aimed for (Figure 7-1, red). Even though this has been subject to numerous 

reports, the accessible chain length has been restricted to less than 12 repeat units due to issues 

of solubility and purification. However, investigations on the particle formation properties of 

block copolymers with different hydrophilic-to-hydrophobic ratios, required high molecular 

weight conjugated oligomers. Utilization of ethylhexyloxy groups as solubilizing side chain of 

the phenylene ethynylene repeat unit improves the solubility and the chromatographic 

separation properties decisively and pushes the limits of the oligomer length accessible in a 

step-by-step synthesis procedure. Phenylene ethynylene oligomers up to the 43mer and fluorene 

ethynylene oligomers up to the 21mer, respectively, could be synthesized in a strictly 

monodisperse fashion, as verified by MALDI-TOF and GPC measurements. Analysis of the 

obtained compounds by UV/VIS and fluorescence spectroscopy showed, that the experimental 



Summary 
 

85 

values for the conjugation length of such polymers by far exceed the current predictions from 

theoretical calculations.55 The incorporation of diketo-pyrrolo pyrrole and perylene dye 

molecules allowed for color-tuning of the obtained oligomers, shifting the resulting 

fluorescence emission into the red region of the visible light spectrum. 

The sequential build-up procedures offers two possible reactive end groups, an ethynylene 

and a hydroxyl group, for further functionalization of the synthesized oligomers with 

poly(ethylene glycol). Coupling methods that make use of the ethynylene group were found to 

be problematic for an appropriate synthesis of monodisperse block copolymers due to 

unavoidable diyne dimerization by Glaser coupling. Nevertheless, two block copolymers from 

dendritic polyglycerols could be obtained by Sonogashira coupling (Figure 7-1, blue). For block 

copolymers from linear poly(ethylene glycol), DCC coupling was found to be the method of 

choice, affording a library (Figure 7-1, black) of block copolymers which mirror the 

monodispersity of the initial rod block applied. 

 

Figure 7-1. Overview over synthetic procedures: simplified sequential build-up of oligo(phenylene ethynylene)s 
(red), block copolymers synthesized by DCC coupling (black) and by Sonogashira coupling (blue).  

As mentioned above, the presented covalent attachment of hydrophilic moieties leads to an 

increased stabilization of the conjugated polymers when the solvent quality is reduced. Unlike 

the nanoprecipitation of purely hydrophobic polymers, requiring fast mixing to prevent 

macroscopic precipitation of the polymer, amphiphilic block copolymers can be mixed slowly 

e.g. by microfluidic mixing as demonstrated previously for related block copolymers (with a 



Summary 
 

86 

broad molecular weight distribution)47. Studies of the mixing conditions in the setup and in 

these prior studies now showed that the time scale of mixing lies in a regime of several tens of 

milliseconds. This allows for spatially resolved fluorescence measurements along the mixing 

channel of a microfluidic chip. The combined results of the latter and CARS spectroscopy 

revealed that the time scale of particle formation approaches the time scale of mixing, which 

differs from Farokhzads previous assumptions46. For further studies, other mixing protocols 

were therefore employed.  

With the precisely defined compounds with varying block length at hand, synthesized in 

Chapter 4, it could also been shown that particle size can be controlled also during rapid mixing 

by nanoprecipitation, by the polymer design. When the PEG length is sufficient, the particle 

size solely depends on the initial oligomer chain length applied and is almost independent of 

the concentration of the polymer solution (in tetrahydrofuran) utilized. Tunable particle sizes 

between 13 and 24 nm with varying emission color could be obtained by applying different rod 

block length with 9 to 43 repeat units (Figure 7-2).  

 

Figure 7-2. Particle sizes obtainable by rapid mixing of defect-free, rigid oligomers with precisely defined length. 

In these experiments, it was found that coil-rod-coil block copolymers with short chain 

(L < LP) rod blocks provide access to nanoparticles < 10 nm when they are mixed with long 

chain derivatives (L ≈ LP) prior to nanoprecipitation (Figure 7-3).  
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Figure 7-3. Small sized particles < 10 nm obtained from nanoprecipitation of a long chain OPE with a PEGylated 
short chain OPE. EPR measurements prove that the ‘rigid’, rod-like molecule bends inside the nanoparticles.   

In this context, EPR spectroscopy is suggested as a technique to identify and characterize 

polymer chain conformation of an OPE-21mer in the nm-range inside nanoparticles. A protocol 

for solid state measurements of small distances inside nanoparticles was established, mastering 

the multiple challenges, accompanying such measurements. The combined results of cw-EPR 

and DEER measurements verify a reproducible label to label distance distribution of 2 nm that 

differs significantly from the one in solution (15,5 nm), proving bending of the ‘rigid’, rod-like 

molecules inside kinetically arrested particles. 

In the above described aqueous routes towards conjugated polymer nanoparticles, 

comparatively fast mixing occurs, where the resulting spherical particles represent kinetically 

arrested structures, minimizing the interfacial tension between the hydrophobic rod and water. 

Exploiting the benefits of an increased stabilization of the conjugated block by poly(ethylene 

glycol), slow self-assembly of the coil-rod-coil block copolymers in solution presented itself as 

an attractive particle preparation  method, offering access to non-spherical particles. Slow 

mixing of tetrahydrofuran with methanol and the subsequent self-organization of the 

conjugated, amphiphilic triblock copolymer led to the formation of anisotropic nanoparticles 

where the width of the particles mirror the molecular dimension of the rod building block 

(Figure 7-4). A circumstance that was used for the preparation of anisotropic particles where 

their width can be varied by applying conjugated rods of defined length and their length can be 

controlled by varying the composition of the solvent mixture. The transfer into aqueous media 

neither affects particle size nor shape which could be verified by (cryo-)TEM measurements. 
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Figure 7-4. Particle sizes and shapes obtainable by slow mixing of defect-free, rigid oligomers with precisely 
defined length. 

Overall, it has been shown that the utilization of amphiphilic block copolymers from 

precisely defined molecular rods is favorable, demonstrating enhanced stabilization of the 

particles. Mixing rates during nanoparticle preparation are found to have a significant influence 

on the structures obtained. Fast mixing during nanoprecipitation results in kinetically locked 

spherical particles with size controlled but not equivalent to the initial building block’s rod 

length. By contrast, upon slow mixing anisotropic particles are found. Remarkably, the 

thickness of 5 to 14 nm directly reflect the length of the precise poly(phenylene ethynylene) 

building blocks. This provides a concept for size control of anisotropic particles in the very 

relevant but challenging size regime of ≤ ca. 0.1 µm. 
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8 Experimental Section 

8.1 Materials and General Considerations 

All reactions were performed under inert gas atmosphere, using standard Schlenk techniques. 

Unless stated otherwise, reagents were used as received. Freeze-pump-thaw cycles were carried 

out with alternating inert gas purges and applying vacuum. High-boiling liquids were degassed by 

applying vacuum, without prior freezing. Tetrahydrofuran was distilled from 

sodium/benzophenone, dimethylformamide from calcium hydride. Dichloromethane was dried 

over molecular sieves. Toluene was dried by a solvent purification system from MBRAUN (MB-

SPS-800-Auto). Column chromatography was performed over silica (40-63 µm). All dispersions 

were prepared with Milli-Q-water. 

MeO-PEGn-COOH (Mn = 750, 2000, 5000 g/mol) and biotin-PEG2000-COOH were purchased 

from Rapp Polymers. Propargyl alcohol (99 %), ethynyltrimethylsilane (98 %), copper iodide 

(98 %), 4-(dimethylamino) pyridine (98 %), dicyclohexylcarbodiimide (99 %), piperidine (99 %) 

and 4-Carboxy-2,2,6,6-tetramethylpiperidine (97 %) were purchased from Sigma Aldrich. 

[Pd(PPh3)2Cl2] and [Pd(PPh3)4] were supplied by MCAT, Konstanz.  

9,9-Bis(2-ethylhexyl)-2,7-dibromo-9H-fluorene83 and 1,4-bis((2-ethylhexyl)oxy)benzene84 (Dr. 

Johannes Huber), DPP dye 10 and 3,6-bis(4-bromophenyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-

dione85 (Dr. Simon Wiktorowski), perrylene dyes86 9a and 9b (M. Sc. Moritz Baier), N,N’-bis(2,6-

diisopropylphenyl)-3,4:11,12-tetracarbooxdiimide87 (Dr. Christoph Fischer) synthesized by 

reported procedures were kindly provided in-house. 9,9-Bis(2-ethylhexyl)-2,7-diethynyl-9H-

fluorene14a (7) and MeO-PEGn-Br88 (Mn = 750, 2000 g/mol) were prepared as previously described 

(Master thesis). The dendron-azide89 (second generation) was kindly provided by Prof. Dr. Rainer 

Haag (FU Berlin).  
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8.2 Methods 

Nuclear Magnetic Resonance. NMR spectra were recorded on a Varian Unity INOVA 400 

instrument. 1H and 13C NMR chemical shifts were referenced to the solvent signal. Multiplicities 

in 1H NMR spectra are given in ppm as follows: s, singlet; d, doublet; t, triplet; vd, virtual doublet; 

vt, virtual triplet; hept, heptet; m, multiplet.  

Size Exclusion Chromatography. GPC was carried out on a Polymer Laboratories PL-GPC 50 

instrument with two PLgel 5 µm MIXED-C columns in THF at 40 °C against polystyrene standards 

with refractive index detection. 

Matrix-Assisted Laser Desorption Ionization – Time of Flight. MALDI-TOF mass spectra were 

recorded using a Microflex mass spectrometer (Bruker Daltonics), equipped with a 335 nm 

nitrogen laser and operated in the linear mode. As a matrix, a saturated solution of α-

hydroxycinnamic acid in a solution of 80 % acetonitril and 20 % water, with 0.1 % added 

trifluoracetic acid, was used. For sample preparation, 1 µL of the matrix solution was spotted on 

the MALDI target, dried, and 0.7 µL of the sample solution (10 µg/µL in chloroform) was added 

to the MALDI spot and dried again. The calculated isotopic patterns were generated with mMass. 

Dynamic Light Scattering. Particle size determination by DLS was performed on a Zetasizer 

Nano ZS (Malvern Instruments; 173 ° back scattering). The autocorrelation function was analyzed 

using the Malvern dispersion technology software 5.1 algorithm to obtain volume weighted particle 

size distributions, and polydispersities.  

Transmission Electron Microscopy. TEM was performed with a Zeiss Libra 120 EF-TEM 

instrument. Samples were prepared by application of a drop of aqueous particle dispersion to a 

carbon-coated grid and evaporation of water. Staining of the samples was conducted by addition 

of 2 µL of 1 % PTA in water to 100 µL of dispersion. Samples for 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. 
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Spectroscopic Methods. Absorption spectra were acquired on a Varian Cary 100 scan UV/VIS-

spectrometer. Fluorescence spectra and quantum yield measurements were performed on a 

Hamamatsu Absolute PL Quantum Yield Measurement System C9920-02 with λexc. 

(OPE) = 380 nm; λexc. (OFE) = 360 nm. All solution spectra were recorded on tetrahydrofuran 

solution. 

Analytical Ultracentrifugation. AUC measurements were carried out on a custom built UV/Vis 

multiwavelength analytical ultracentrifuge.90 The centrifuge was equipped with an AN 60 Ti Rotor. 

For all measurements Titanium 2 channel cells with an optical path length of 12 mm were used. 

The rotor speed was set at 40.000 rpm. Experiments were carried out at 25 °C. Water served as an 

optical reference. The sample volume was 340 µL and the water volume 350 µL. The dispersions 

were diluted until the maximum of the absorption had a value of 0.7-0.8. 

Spatially Resolved Fluorescence Measurements. Spectra were recorded with a Leica 

fluorescence microscope. The sample was illuminated from the top using a mercury lamp as a light 

source, with a UG11 filter to block emission of the lamp at wavelengths longer than 400 nm. 

Fluorescence of the sample was collected through an air objective. For achieving spatial resolution 

a 100 µm pinhole was placed in the back focal plane of the microscope. The picture of the pinhole 

was imaged on the slit of a spectrometer (Shamrock_303i), equipped with a 300 lines/mm grating 

and the spectrum imaged on an Andor Newton EMCD-camera. 

Coherent Anti-Stokes Raman Scattering. A custom built CARS microscope was used for 

quantification of the microfluidic mixing behaviour of THF in water. The CARS setup is based on 

a multiphoton microscope (Leica TCS SP5) and an Er:fiber laser source (based on a Toptica 

FemtoFiber pro) at a repetition rate of 40 MHz. The experiments were performed at 2860 cm-1 

resonance frequency, using the Stokes beam tuned to 999.5 nm with a power of 6.5 mW and the 

pump laser tuned to 777.3 nm with a power of 62 mW. A Leica 0.7 NA, 20× air objective was used 

for focusing the excitation beams. Data were recorded in transmission type geometry and were 

collected by a Leica 0.55 NA air condenser and transmitted through suitable emission filters 

(641/75 and 680/SP, Semrock).  

In order to obtain a calibration curve premixed concentrations of THF in water were measured. 

For normalization the intensities were divided by the non-resonant signal of the surrounding glass. 

The measurements were performed by stitching the maximum projection of 26 z-stacks (each with 
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19 layers, 400×400 pixels, 2.5 Hz and a frame average of 10) covering the complete height of the 

channel. The maximum value at each distance was taken and divided by the corresponding non-

resonant signal of the surrounding glass. For illustration 50 consecutive values were averaged and 

plotted against the propagation distance. 
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Figure 8-1. Calibration curve of CARS signal intensity vs. vol.-% THF and parabolic fit (red line). 

 

Electron Paramagnetic Resonance  

The ready-made particle samples were gathered into a 3 mm OD quartz glass tube upon freeze-

drying. After collection, the voluminous solid particles were compressed by a factor of ~5-10 

(volume). The compressed pellet of particles was then pushed out of the tube and collected into a 

1 mm ID quartz tube, thereby compressing the sample another factor of ~5-10 (volume). 

The EPR 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: 

π/2obs – τ1 – πobs – t – πpump – (τ1+τ2-t) – πobs – τ2 – echo. The echo amplitude is observed as a 

function of time t starting with t = 280 ns. The pump pulse (typically 34 ns corresponding to a π-

pulse) was set to the maximum of the nitroxide spectrum and the observer pulse was set 40 MHz 

higher; π/2 and π pulses at observer frequency were of typically 30 ns and 60 ns length, 

respectively. The probes in solution were measured at optimized values for τ2 to cover more than 

one full modulation. In this case, nuclear modulation averaging was utilized to avoid artifacts from 
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the deuterium nuclear modulation. The probes in particles were measured at maximum values for 

τ2 yielding sufficient signal-to-noise ratio without nuclear modulation. The accumulation time was 

typically 18 hours at 50 K. 

Processing and distance distribution analysis of the DEER time trace was performed using the 

DeerAnalysis2013 software. The zero time was determined automatically by build-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. The samples with the probe in particles were 

analyzed with the model of a rice distribution. 

Continuous wave (cw-) EPR spectra were recorded at 120 K on an Elexsys E580 spectrometer 

(Bruker Biospin) equipped with a helium gas flow system (CF935, Oxford Instruments). Spectra 

were obtained with s sweep width of 300 G, a modulation amplitude of 3000 mG, a modulation 

frequency of 100 kHz, and a microwave power of 0.2 mW. The signal-to-noise ratio was improved 

by accumulation of 5 spectra featuring 42 s scan time each. Signal intensities were determined via 

the double integral of the first derivative EPR spectrum. The spectra were corrected for frequency 

differences for visualization. 
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8.3 Synthetic Procedures 

8.3.1 Monomers 

1,4-Bis((2-ethylhexyl)oxy)-2,5-diiodobenzene (3)49  

 

A mixture of 1,4-bis((2-ethylhexyl)oxy)benzene (30 g, 89 mmol), iodine (27 g, 108 mmol) and 

potassium iodate (7.6 g, 36 mmol) in acetic acid (540 mL), conc. sulfuric acid (9.2 mL) and water 

(20 mL) was refluxed for 11 h. A saturated solution of sodium sulfite was added until decoloration 

of the solution occured. The reaction mixture was poured on 1 L of ice water and washed several 

times with hexane. The combined organic layers were dried over magnesium sulfate and the solvent 

was removed under reduced pressure. Column chromatography (pentane) gave 3 as a colorless oil 

(40.4 g, 78 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.16 (s, 2H, H-1), 3.82 (d, J = 5.4 Hz, 4H, H-2), 

1.78 – 1.67 (m, 2H, H-3), 1.63 – 1.28 (m, 16H, H-4-6,H-8), 0.98 –0.88 (m, 12H, H-7, H-9). 13C 

NMR  (101 MHz, Chloroform-d) δ (ppm) 153.05, 122.55, 86.20, 72.54, 39.63, 30.68, 29.22, 24.11, 

23.19, 14.25, 11.36. 

 

3-(2,5-Bis((2-ethylhexyl)oxy)-4-iodophenyl)prop-2-yn-1-ol (2)49 

 

To a degassed solution of 3 (20 g, 34 mmol) in 100 mL of dry tetrahydrofuran and 50 mL of dry 

piperidine, [Pd(PPh3)2Cl2] (280 mg, 0.35 mmol) and copper iodide (190 mg, 0.68 mmol) were 

added. After three freeze-pump-thaw cycles, propargyl alcohol (1.9 g, 34 mmol) was added drop-

wise over the course of one hour. After stirring the reaction mixture for 20 h at 45 °C, diethyl ether 

and water were added successively. The phases were separated and the aqueous phase was 

extracted with diethyl ether. The combined organic layers were washed with 2 N hydrochlorid acid 
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and with brine, and dried over magnesium sulfate. Column chromatography (pentane/ethyl acetate, 

8:1) gave 2 as a slightly brown oil (10.0 g, 57 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.28 (s, 1H, H-2), 6.82 (s, 1H, H-1), 4.50 (s, 2H, 

H-11), 3.82 (d, J = 5.7 Hz, 4H, H-3), 1.79 – 1.67 (m, 2H, H-4), 1.65 – 1.24 (m, 16H, H-5-7, H-9), 

0.98 – 0.85 (m, 12H, H-8, H-10). 13C NMR (101 MHz, Chloroform-d) δ (ppm) 154.71, 152.03, 

123.91, 116.00, 112.89, 91.95, 87.78, 82.05, 72.65, 72.33, 51.98, 39.59, 39.56, 30.73, 30.68, 29.21, 

24.12, 24.10, 23.19, 14.25, 14.21, 11.34. 

 

((2,5-Bis((2-ethylhexyl)oxy)-1,4-phenylene)bis(ethyne-diyl))bis(trimethylsilane) (4) 

 

To a degassed solution of 3 (12 g, 20.4 mmol) in 60 mL of dry tetrahydrofuran and 20 mL of dry 

piperidine, [Pd(PPh3)2Cl2] (140 mg, 0.2 mmol), copper iodide (76 mg, 0.4 mmol) and 

ethynyltrimethylsilane (8 g, 82 mmol) were added. After three freeze-pump-thaw cycles, the 

reaction mixture was stirred for 18 h at room temperature. The white solid was filtered off over 

silica and washed with diethyl ether. Column chromatography gave 4 as an orange oil (10.3 g, 

95 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 6.88 (s, 2H, H-1), 3.97 – 3.70 (m, 4H, H-2), 1.82 – 

1.65 (m, 2H, H-3), 1.65 – 1.19 (m, 16H, H-4-6, H-8), 1.01 – 0.81 (m, 12H, H-7, H-9), 0.31 – 0.18 

(m, 18H, H-10). 13C NMR (101 MHz, Chloroform-d) δ (ppm) 154.32, 116.92, 113.95, 101.29, 

100.01, 71.84, 39.79, 30.66, 29.27, 24.05, 23.23, 14.26, 11.43, 0.10. 

 

1,4-Bis((2-ethylhexyl)oxy)-2,5-diethynylbenzene (1)  
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4 (10.3 g, 19.5 mmol) was dissolved in 20 mL of dry tetrahydrofuran and 200 mL of methanol. 

Potassium fluoride (1.8 g, 43 mmol) was added and the reaction mixture was stirred under 

exclusion of light for 16h. The solvent was removed under reduced pressure and the residue was 

dissolved in petrol ether and washed with water. The organic layer was dried over magnesium 

sulfate. After removing the solvent, the residue was purified by column chromatography 

(pentane/toluene 3:1). 1 was obtained as a slightly brown oil (6.7 g, 90 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 6.95 (s, 2H, H-1), 3.85 (d, J = 5.8 Hz, 4H, H-2), 

3.30 (s, 2H, H-10), 1.82 – 1.66 (m, 2H, H-3), 1.62 – 1.23 (m, 16H, H-4-6, H-8), 1.00 – 0.81 (m, 

12H, H-7, H-9). 13C NMR (101 MHz, Chloroform-d) δ (ppm) 154.40, 129.19, 128.38, 117.70, 

113.39, 82.43, 79.95, 77.36, 72.28, 39.52, 30.64, 29.20, 24.03, 23.18, 14.22, 11.29. 

 

9,9-Bis(2-ethylhexyl)-2,7-diiodo-9H-fluorene (8)91  

 

9,9-bis(2-ethylhexyl)-2,7-dibromo-9H-fluorene (11.5 g, 20.9 mmol) was dissolved in 80 mL of 

tetrahydrofuran and cooled to -90 °C. n-Butyl lithium (1.6 M in hexane, 29 mL, 46.1 mmol) was 

added drop-wise at such a rate that the internal temperature did not exceed -80 °C. The cold solution 

was added to 1,2-diiodoethane (14.1 g, 50.5 mmol) in 40 mL of tetrahydrofuran at -60 °C. The 

cooling bath was removed and the reaction mixture was stirred for 30 min. Addition of saturated 

aqueous Na2S2O3 led to decoloration. The aqueous phase was extracted three times with diethyl 

ether. The combined organic layers were dried over magnesium sulfate and the solvent was 

removed. Column chromatography (pentane) gave 8 as a colorless oil (12.8 g, 96 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.70 (dvt, J = 1.3 Hz, 2H, H-1), 7.65 (dd, J = 8.0, 

1.5 Hz, 2H, H-2), 7.41 (d, J = 8.0 Hz, 2H, H-3), 2.00 – 1.85 (m, 4H, H-4), 1.04 – 0.62 (m, 16H, 

Haliph.), 0.55 (m, 6H, H-6, H-7.), 0.51 – 0.40 (m, 2H, H-5) 13C NMR (101 MHz, Chloroform-d) δ 

(ppm) 152.45 (vt), 139.99 (vt), 136.05 (vt), 133.47 (vt), 121.55, 92.51 (vt), 55.33, 44.29, 34.83, 

33.82 (vd), 28.20 (vd), 27.28 (vd), 22.92, 14.29, 10.49 (vd). 
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3-(9,9-Bis(2-ethylhexyl)-7-iodo-9H-fluoren-2-yl)prop-2-yn-1-ol (6) 

 

To a degassed solution of 8 (20 g, 31.1 mmol) in 100 mL of dry tetrahydrofuran and 25 mL of 

dry piperidine, [Pd(PPh3)2Cl2] (220 mg, 0.31 mmol) and copper iodide (118 mg, 0.62 mmol) were 

added. After three freeze-pump-thaw cycles, degassed propargyl alcohol (1.4 g, 25 mmol) was 

added drop-wise over the course of one hour. After stirring the reaction mixture for 15 h at 45 °C, 

the reaction mixture was filtered over silica with diethyl ether. The solvent was removed and the 

residue was purified by column chromatography (pentane/ethyl acetate, 8:1), yielding 6 as a 

colorless oil (7.8 g, 44 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.72 (dvt, J = 1.4 Hz, 1H, H-1), 7.65 (dd, J = 8.0, 

1.5 Hz, 1H, H-2), 7.63 – 7.57 (m, 1H, H-3), 7.47 – 7.36 (m, 3H, H-9, H-10, H-11), 4.53 (m, 2H, 

H-8), 1.93 (m, 4H, H-4), 1.01 – 0.60 (m, 16H, Haliph.), 0.60 – 0.40 (m, 14H, H-5, H-6, H-7). 

 

8.3.2 Dyes 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,9,13-tetrabromoterrylene-3,4:11,12-tetracarbooxdi-

imide92 

 

N,N’-Bis(2,6-diisopropylphenyl)-3,4:11,12-tetracarbooxdiimide (3.8 g, 4.5 mmol) was 

dissolved in 150 mL of chloroform and heated to 60 °C for 10 minutes. After cooling down to room 

temperature, bromine (18 g, 113 mmol) and 300 mL of water were added. The reaction mixture 

was stirred at 40 °C for 12 h under exclusion of light. A saturated solution of Na2SO3 was added 

and the product was extracted with dichloromethane. The organic layer was dried over magnesium 
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sulfate and the solvent was evaporated under reduced pressure. Column chromatography with 

dichloromethane gave the product as a dark blue solid (1.7 mg, 34 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 9.54 (s, 4H), 9.01 (s, 4H), 7.52 (t, J = 7.8 Hz, 2H), 

7.37 (d, J = 7.8 Hz, 4H), 2.74 (hept, J = 6.1 Hz, 4H), 1.20 (d, J = 6.8 Hz, 24H). 

 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,9,13-tetra(4-iodophenoxy)terrylene-3,4:11,12-tetra-

carbooxdiimide92 

 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,9,13-tetrabromoterrylene-3,4:11,12-tetracarbooxdiimide 

(200 mg, 174 µmol), 4-iodophenol (580 mg, 2.6 mmol) and potassium carbonate (192 mg, 

1.4 mmol) were heated in 35 mL of N-methylpyrrolidone at 90 °C for 10 h. The product was 

precipitated in 200 mL of hydrochloric acid (1 M) and filtered off. The solid was dissolved in 

dichloromethane and washed with water. The combined organic layers were dried over magnesium 

sulfate and the solvent was removed under reduced pressure. Column chromatography with 

dichloromethane gave the product as a dark blue-green solid (167 mg, 56 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 9.33 (s, 4H), 8.30 (s, 4H), 7.69 (d, J = 8.8 Hz, 8H), 

7.46 (t, 2H), 7.31 (d, J = 7.8 Hz, 4H), 6.91 (d, J = 8.9 Hz, 8H), 2.69 (hept, J = 7.0 Hz, 4H), 1.14 

(d, J = 6.8 Hz, 24H). 
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N,N’-Bis(2,6-diisopropylphenyl)-1,6,9,13-tetra(4-((trimethylsilyl)ethynyl)phenoxy)terry-

lene-3,4:11,12-tetracarbooxdiimide92 

 

 N,N’-Bis(2,6-diisopropylphenyl)-1,6,9,13-tetra(4-iodophenoxy)terrylene-3,4:11,12-tetracarbo-

oxdiimide (100 mg, 59 µmol) was dissolved in 5 mL of tetrahydrofuran and 2.5 mL of piperidine. 

The solution was degassed through three freeze-pump-thaw cycles. [Pd(PPh3)4] (0.8 mg, 1 µmol) 

and copper iodide (0.2 mg, 1 µmol) were added, followed by three further freeze-pump-thaw 

cycles. Degassed ethynyltrimethylsilane (0.05 mL, 0.35 mmol) was added and the reaction mixture 

was stirred at 90 °C for 17 h. The reaction mixture was filtrated over a short silica column and was 

washed with diethyl ether. Column chromatography (pentane/CH2Cl2 2:3) gave the product as a 

blue solid (38 mg, 41 %). 

 1H NMR  (400 MHz, Chloroform-d) δ (ppm) 9.31 (s, 4H), 8.31 (s, 4H), 7.49 (d, J = 8.8 Hz, 8H), 

7.45 (t, J = 7.8 Hz, 2H), 7.31 (d, J = 7.8 Hz, 4H), 7.07 (d, J = 8.8 Hz, 8H), 2.70 (hept, J = 6.8 Hz, 

4H), 1.15 (d, J = 6.8 Hz, 24H), 0.25 (s, 36H).   

 

N,N’-Bis(2,6-diisopropylphenyl)-1,6,9,13-tetra(4-ethynylphenoxy)terry-lene-3,4:11,12-

tetracarbooxdiimide (11)92 
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N,N’-Bis(2,6-diisopropylphenyl)-1,6,9,13-tetra(4-((trimethylsilyl)ethynyl)phenoxy)terrylene-

3,4:11,12-tetracarbooxdiimide (38 mg, 24 µmol) and KF (6 mg, 105 µmol) were dissolved in 

1.5 mL of methanol and 1.5 mL of tetrahydrofuran. The reaction mixture was stirred under 

exclusion of light for 21 h until TLC confirmed full deprotection. Water and CH2Cl2 were added 

and the organic phase was dried over MgSO4 and filtrated off. After removal of the solvent the 

product was obtained as a blue solid (36 mg, 95 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 9.34 (s, 4H), 8.33 (s, 4H), 7.51 (d, J = 8.8 Hz, 8H), 

7.47 (t, J = 7.8 Hz, 2H), 7.31 (d, J = 7.8 Hz, 4H), 7.09 (d, J = 8.8 Hz, 8H), 3.07 (s, 4H), 2.70 (hept, 

J = 6.5 Hz, 4H), 1.15 (d, J = 6.8 Hz, 24H). 

 

3,6-Bis(4-bromophenyl)-2,5-dihexylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (12)93 

 

3,6-Bis(4-bromophenyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1.5 g, 3.3 mmol) was 

suspended in 10 mL of N-methyl-2-pyrrolidone and stirred for 2 h. Potassium-tert-butoxide 

(940 mg, 8.4 mmol) was added and the reaction mixture was stirred for another 2 h, followed by 

the addition of hexyliodide (5.7 g, 27 mmol). After stirring overnight at 50 °C, water was added 

and the resulting suspension was extracted with dichloromethane. The organic phase was dried 

over magnesium sulfate and the solvent was removed. The residue was purified by column 

chromatography with dichloromethane, yielding an orange solid (312 mg, 15 %). 

1H NMR (400 MHz, Chloroform-d) δ (ppm) 7.78 – 7.59 (m, 8H), 3.83 – 3.59 (m, 4H), 1.67 – 

1.42 (m, 8H), 1.33 – 1.03 (m, 12H), 0.93 – 0.70 (m, 6H). 
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8.3.3 Polyglyceroles 

MeO-PEG2000-phenyliodid (13a)  

 

MeO-PEG2000-Br (8.7 g, 4.35 mmol), 4-iodo-phenol (1.7 g, 7.8 mmol) and sodium carbonate 

(1.1 mg, 10 mmol) were dissolved in 50 mL of N,N-dimethylformamide and heated to reflux for 

22 h. The solvent was removed and the residue was dissolved in toluene and precipitated in diethyl 

ether. The product was obtained as a slightly brown solid (4 g, 46 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.54 (d, J = 8.9 Hz, 2H), 6.69 (d, J = 8.9 Hz, 2H), 

4.12 – 4.05 (m, 2H), 3.76 – 3.59 (m, PEG-backbone), 3.38 (s, 3H). 

  

MeO-PEG750-phenyliodid (13b) 

 

MeO-PEG750-Br (5 g, 6.7 mmol), 4-iodo-phenol (2.6 g, 12 mmol) and sodium carbonate 

(1.6 mg, 15 mmol) were dissolved in 40 mL of N,N-dimethylformamide and heated to reflux for 

20 h. The solvent was removed and the residue was dissolved in toluene and precipitated in diethyl 

ether under N2-cooling. The product was obtained as a slightly brown oil (1.8 g, 36 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.54 (d, J = 8.9 Hz, 2H), 6.69 (d, J = 8.9 Hz, 2H), 

4.14 – 4.02 (m, 2H), 3.65 (m, PEG-backbone), 3.37 (s, 3H). 
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Dendron-phenyliodid (16) 

 

1-Ethynyl-4-iodobenzene (116 mg, 0.5 mmol) and the OH-dendron-azide (285 mg, 0.5 mmol) 

were dissolved in 3 mL of water and 3 mL of tetrahydrofuran. After three freeze-pump-thaw 

cycles, copper sulfate (6 mg, 25 µmol), sodium ascorbate (10 mg, 50 µmol) and 0.05 mL of N,N-

diisopropylethylamine were added. The reaction was stirred until thin layer chromatography 

confirmed complete conversion. The reaction mixture was filtered over a syringe filter and the 

solvent was removed. The residue was dissolved in water and washed with diethyl ether. After 

removing the water under reduced pressure, the product was obtained as colorless oil (170 mg, 

43 %). 

1H NMR  (400 MHz, Methanol-d4) δ (ppm) 8.62 – 8.48 (m, 1H), 7.83 (d, J = 8.1 Hz, 2H), 7.68 

(d, J = 8.4 Hz, 2H), 5.12 – 5.02 (m, 1H), 4.26 – 3.93 (m, 4H), 3.82 – 3.40 (m, 30H). 

 

Dendron-benzoic acid  

 

4-Ethynylbenzoic acid (18 mg, 126 µmol) and the OH-dendron-azide (100 mg, 138 µmol) were 

dissolved in 0.9 mL of water and 1 mL of tetrahydrofuran. After three freeze-pump-thaw cycles, 

copper sulfate (4.7 mg, 19 µmol), sodium ascorbate (7.5 mg, 38 µmol) and 0.05 mL of N,N-

diisopropylethylamine were added. The reaction was stirred for 17 h. The reaction mixture was 
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filtered off over a syringe filter and the solvent was removed. The residue was dissolved in water 

and washed with dichloromethane. After removing the water under reduced pressure the product 

was obtained as a colorless oil (72 mg, 66 %). 

1H NMR  (400 MHz, Methanol-d4) δ (ppm) 8.66 – 8.53 (m, 1H), 8.13 (d, J = 8.3 Hz, 2H), 7.99 

(d, J = 7.7 Hz, 2H), 5.17 – 5.00 (m, 1H), 4.42 – 4.13 (m, 4H), 3.91 – 3.42 (m, 30H), 1.50 – 1.22 

(m, 24H). 

 

8.3.4 Alkynyl-Aryl-Coupling 

 

Figure 8-2. Exemplary 1H-NMR spectra (400 MHz, CDCl3, 25 °C) of HO-OPEm-OH (m=3, green), OPEm (m=3, 
red) and HO-OPEm (m=4, blue); end group signals are highlighted, shifts remain unaltered by the oligomer chain 
length. 
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Figure 8-3. Exemplary 1H-NMR spectra (400 MHz, CDCl3, 25 °C) of HO-OFEm-OH (m=3, blue), HO-OFEm (m=4, 
green) and OFEm (m=3, red); end group signals are highlighted, shifts remain unaltered by the oligomer chain length. 

 

General Procedure for Alkynyl-Aryl-Coupling 

A solution of the two coupling components in dry tetrahydrofuran and dry piperidine (2:1 

mixture) was degassed through three freeze-pump-thaw cycles. [Pd(PPh3)2Cl2] (1 mol% with 

regard to the aryl halide) and copper iodide (2 mol% with regard to the aryl halide) were added, 

followed by three further freeze-pump-thaw cycles. The reaction mixture was stirred at 45 °C for 

3 to 12 h. A white precipitate was removed by filtration with diethyl ether over a short silica 

column. The solvent was evaporated and the residue was purified by column chromatography with 

pentane/ethyl acetate. The nonamer and higher oligomers were further purified by precipitation in 

methanol. 
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8.3.4.1 Dihydroxy-terminated Oligo(phenylene ethynylene)s 

 

HO-OPE3-OH  

See also general procedure for alkynyl-aryl coupling. 2 (11.3 g, 22 mmol) and 1 (4.0 g, 

10.5 mmol) were coupled with [Pd(PPh3)2Cl2] (74 mg, 0.1 mmol) and copper iodide (40 mg, 

0.2 mmol) in 80 mL of tetrahydrofuran and 40 mL of piperidine. The reaction mixture was stirred 

overnight. Column chromatography (pentane/EE 5:1) gave HO-OPE3-OH as an orange oil (11.5 g, 

95 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 6.97 (s, 2H), 6.96 (s, 2H), 6.93 (s, 2H), 4.53 (s, 

4H), 3.95 – 3.79 (m, 12H), 1.84 – 1.71 (m, 6H), 1.67 – 1.22 (m, 48H), 1.00 – 0.81 (m, 36H). 

MALDI-TOF : m/zcalc.(C76H114O8) = 1154.9; m/zfound = 1155.0; UV-VIS : λabs = 397 nm Emission: 

λem = 431 nm QY = 66 %. 

 

HO-OPE9-OH  

See also general procedure for alkynyl-aryl coupling. HO-OPE4 (3.3 g, 2.2 mmol) and 3 (590 

mg, 1 mmol) were coupled with [Pd(PPh3)2Cl2] (7 mg, 10 µmol) and copper iodide (3.8 mg, 

20 µmol) in 15 mL of tetrahydrofuran and 7.5 mL of piperidine. The reaction mixture was stirred 

overnight. Column chromatography (pentane/EE 4:1) gave HO-OPE9-OH as a yellow solid (2.3 g, 

70 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.02 – 6.98 (m, 14H), 6.97 (s, 2H), 6.93 (s, 2H), 

4.53 (d, J = 4.2 Hz, 4H), 3.97 – 3.82 (m, 36H), 1.86 – 1.73 (m, 18H), 1.69 – 1.23 (m, 144H), 1.03 

– 0.83 (m, 108H). MALDI-TOF : m/zcalc.(C220H330O20) = 3294.5; m/zfound = 3294.7; UV-VIS : λabs 

= 434 nm Emission: λem = 472 nm QY = 99 %. 
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HO-OPE21-OH and Iodo-OPE11-OH 

See also general procedure for alkynyl-aryl coupling. HO-OPE10 (900 mg, 250 µmol) and 3 (66 

mg, 113 µmol) were coupled with [Pd(PPh3)2Cl2] (0.9 mg, 1.2 µmol) and copper iodide (0.5 mg, 

2.5 µmol) in 3 mL of tetrahydrofuran and 1.5 mL of piperidine. The reaction mixture was stirred 

for 4 h. Column chromatography (pentane/EE 8:1) gave HO-OPE21-OH as a yellow solid (360 mg, 

72 %). Since the reaction was not completed Iodo-OPE11-OH was also obtained (140 mg, 14 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.06 – 6.95 (m, 40H), 6.93 (s, 2H), 4.53 (s, 4H), 

3.99 – 3.78 (m, 84H), 1.88 – 1.72 (m, 42H), 1.70 – 1.10 (m, 336H), 1.08 – 0.66 (m, 252H). MALDI-

TOF: m/zcalc.(C508H762O44) = 7572.8; m/zfound = 7578.3; UV-VIS : λabs = 450 nm Emission: λem = 

475 nm QY = 90 %. 

Iodo-OPE11-OH: 1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.30 (s, 1H), 6.99 (s, 21H), 6.93 

(s, 1H), 6.89 (s, 1H), 4.53 (s, 2H), 4.00 – 3.77 (m, 44H), 1.87 – 1.72 (m, 22H), 1.72 – 1.12 (m, 

176H), 1.04 – 0.72 (m, 132H). MALDI-TOF : m/zcalc.(C265H399O23I) = 4078.9; m/zfound = 4079.4; 

 

HO-OPE31-OH  

See also general procedure for alkynyl-aryl coupling. Iodo-OPE11-OH (40 mg, 10 µmol) and 

OPE9 (15 mg, 4.6 µmol) were coupled with [Pd(PPh3)2Cl2] (0.03 mg, 0.05 µmol) and copper 

iodide (0.02 mg, 0.1 µmol) in 2 mL of tetrahydrofuran and 1 mL of piperidine. The reaction 

mixture was stirred overnight. Column chromatography (pentane/EE 8:1) gave HO-OPE31-OH as 

a yellow solid (9 mg, 17 %). 

1H NMR (400 MHz, Chloroform-d) δ (ppm) 7.06 – 6.95 (m, 60H), 6.93 (s, 2H), 4.53 (s, 4H), 

4.00 – 3.77 (m, 124H), 1.88 – 1.75 (m, 62H), 1.75 – 1.15 (m, 496H), 1.05 – 0.65 (m, 372H). 

MALDI-TOF : m/zcalc.(C748H1122O64) = 11135.5; m/zfound ~ 11141; UV-VIS : λabs = 451 nm 

Emission: λem = 477 nm QY = 92 %. 

 

HO-OPE43-OH  

See also general procedure for alkynyl-aryl coupling. Iodo-OPE11-OH (55 mg, 13 µmol) and 

OPE21 (44 mg, 6 µmol) were coupled with [Pd(PPh3)2Cl2] (0.04 mg, 0.06 µmol) and copper iodide 

(0.02 mg, 0.1 µmol) in 2 mL of tetrahydrofuran and 1 mL of piperidine. The reaction mixture was 
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stirred overnight. Column chromatography (pentane/EE 10:1) gave HO-OPE43-OH as a yellow 

solid (29 mg, 17 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.05 – 6.95 (m, 84H), 6.93 (s, 2H), 4.52 (s, 4H), 

4.02 – 3.79 (m, 172H), 1.90 – 1.75 (m, 86H), 1.71 – 1.15 (m, 688H), 1.06 – 0.74 (m, 516H). 

MALDI-TOF : m/zcalc.(C1036H1554O88) = 15416.8; m/zfound ~ 15407; UV-VIS : λabs = 453 nm 

Emission: λem = 478 nm QY = 99 %. 

 

8.3.4.2 Monohydroxy-terminated Oligo(phenylene ethynylene)s 

 

HO-OPE4 (and HO-OPE5-OH) 

See also general procedure for alkynyl-aryl coupling. 2 (7 g, 13.6 mmol) and OPE3 (16 g, 

14.6 mmol) were coupled with [Pd(PPh3)2Cl2] (100 mg, 140 µmol) and copper iodide (45 mg, 

240 µmol) in 100 mL of tetrahydrofuran and 50 mL of piperidine. The reaction mixture was stirred 

for 3 h until thin layer chromatography confirmed complete consumption of 2. Column 

chromatography (pentane/EE 6:1) gave HO-OPE4 (9.8 g, 49 %) and HO-OPE5-OH (5.8 g, 23 %) 

as yellow oils. 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.02 – 6.95 (m, 7H), 6.93 (s, 1H), 4.53 (d, J = 4.6 

Hz, 2H), 3.96 – 3.80 (m, 16H), 3.32 (s, 1H), 1.85 – 1.71 (m, 8H), 1.69 – 1.20 (m, 64H), 1.02 – 0.83 

(m, 48H). MALDI-TOF : m/zcalc.(C99H148O9) = 1482.1; m/zfound = 1482.3; UV-VIS : λabs = 404 nm 

Emission: λem = 448 nm QY = 91 %. 

HO-OPE5-OH: 1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.01 – 6.95 (m, 8H), 6.93 (s, 2H), 

4.53 (s, 4H), 3.95 – 3.80 (m, 20H), 1.86 – 1.72 (m, 10H), 1.69 – 1.18 (m, 80H), 1.02 – 0.82 (m, 

60H). MALDI-TOF : m/zcalc.(C124H186O12) = 1868.4; m/zfound = 1868.8; UV-VIS : λabs = 420 nm 

Emission: λem = 458 nm QY = 86 %. 
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HO-OPE6 (and HO-OPE7-OH) 

See also general procedure for alkynyl-aryl coupling. 2 (205 mg, 0.4 mmol) and OPE5 (0.9 g, 

0.5 mmol) were coupled with [Pd(PPh3)2Cl2] (2.8 mg, 4 µmol) and copper iodide (1.5 mg, 8 µmol) 

in 7 mL of tetrahydrofuran and 3 mL of piperidine. The reaction mixture was stirred overnight. 

Column chromatography (pentane/EE 6:1) gave HO-OPE6 (310 mg, 35 %) and HO-OPE7-OH 

(180 mg, 36 %) as yellow solids. 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.04 – 6.95 (m, 12H), 6.93 (s, 1H), 4.53 (s, 2H), 

3.98 – 3.75 (m, 24H), 3.32 (s, 1H), 1.88 – 1.72 (m, 12H), 1.71 – 1.13 (m, 96H), 1.11 – 0.65 (m, 

72H). MALDI-TOF : m/zcalc.(C147H220O13) = 2194.7; m/zfound = 2195.2; UV-VIS : λabs = 426 nm 

Emission: λem = 465 nm QY = 81 %. 

HO-OPE7-OH:  1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.01 – 6.96 (m, 12H), 6.93 (s, 2H), 

4.53 (d, J = 6.0 Hz, 4H), 3.98 – 3.81 (m, 28H), 1.87 – 1.73 (m, 14H), 1.69 – 1.21 (m, 112H), 1.05 

– 0.77 (m, 84H). MALDI-TOF : m/zcalc.(C172H258O16) = 2580.9; m/zfound = 2581.0; UV-VIS : λabs = 

430 nm Emission: λem = 468 nm QY = 99 %. 

 

HO-OPE10 (and HO-OPE11-OH)  

See also general procedure for alkynyl-aryl coupling. 2 (250 mg, 0.49 mmol) and OPE9 (2 g, 

0.62 mmol) were coupled with [Pd(PPh3)2Cl2] (4 mg, 6.2 µmol) and copper iodide (2 mg, 

12.4 µmol) in 10 mL of tetrahydrofuran and 5 mL of piperidine. The reaction mixture was stirred 

for 3 h. Column chromatography (pentane/EE 8:1) gave HO-OPE10 (920 mg, 51 %) and HO-

OPE11-OH (200 mg, 20 %) as yellow solids.  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.03 – 6.95 (m, 19H), 6.93 (s, 1H), 4.53 (s, 2H), 

4.00 – 3.79 (m, 40H), 3.32 (s, 1H), 1.91 – 1.72 (m, 20H), 1.72 – 1.17 (m, 160H), 1.10 – 0.74 (m, 

120H). MALDI-TOF : m/zcalc.(C243H364O21) = 3620.7; m/zfound = 3621.3; UV-VIS: λabs = 439 nm 

Emission: λem = 473 nm QY = 97 %. 

HO-OPE11-OH: 1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.03 – 6.96 (m, 20H), 6.93 (s, 

2H), 4.53 (s, 4H), 3.98 – 3.80 (m, 44H), 1.87 – 1.72 (m, 22H), 1.70 – 1.20 (m, 176H), 1.05 – 0.80 

(m, 132H). MALDI-TOF : m/zcalc.(C268H402O24) = 4007.0; m/zfound = 4006.3; UV-VIS : λabs = 

441 nm Emission: λem = 473 nm QY = 90 %. 
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HO-OPE22  

See also general procedure for alkynyl-aryl coupling. 2 (12 mg, 23 µmol) and OPE21 (200 mg, 

29 µmol) were coupled with [Pd(PPh3)2Cl2] (0.16 mg, 0.23 µmol) and copper iodide (80 µg, 

0.46 µmol) in 1 mL of tetrahydrofuran and 0.5 mL of piperidine. The reaction mixture was stirred 

for 3 h. Column chromatography (pentane/EE 8:1) gave HO-OPE22 as a yellow solid (90 mg, 

54 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.04 – 6.96 (m, 43H), 6.93 (s, 1H), 4.53 (s, 2H), 

3.99 – 3.81 (m, 88H), 3.32 (s, 1H), 1.87 – 1.75 (m, 44H), 1.70 – 1.21 (m, 352H), 1.03 – 0.79 (m, 

264H). MALDI-TOF : m/zcalc.(C531H796O45) = 7899.0; m/zfound = 7899.9; UV-VIS : λabs = 451 nm 

Emission: λem = 476 nm QY = 98 %. 

 

8.3.4.3 Dihydroxy-terminated Oligo(phenylene ethynylene)s with Incorporated Dye 

HO-OPE9-DPP-OH  

 

See also general procedure for alkynyl-aryl coupling. HO-OPE4 (150 mg, 101 µmol) and 3,6-

bis(4-bromophenyl)-2,5-bis(4-methoxybenzyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP) (31 

mg, 46 µmol) were coupled with [Pd(PPh3)4] (1.6 mg, 2.3 µmol) and copper iodide (100 µg, 

0.5 µmol) in 7 mL of toluene and 3.5 mL of diisopropylamine. The reaction mixture was stirred 

for 3 days at 80 °C. Column chromatography (pentane/EE 6:1) gave HO-OPE9-DPP-OH as a red 

solid (60 mg, 37 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.80 (d, J = 8.3 Hz, 4H, H-6), 7.58 (d, J = 8.4 Hz, 

4H, H-5), 7.12 (d, J = 8.6 Hz, 4H, H-3), 7.03 – 6.93 (m, 14H), 6.93 (s, 2H), 6.84 (d, J = 8.7 Hz, 

4H, H-2), 4.95 (s, 4H, H-4), 4.53 (s, 4H), 3.99 – 3.81 (m, 32H), 3.78 (s, 6H, H-1), 1.87 – 1.72 (m, 

16H), 1.70 – 1.15 (m, 128H), 1.03 – 0.75 (m, 96H). MALDI-TOF : m/zcalc.(C232H320NO22) = 

3488.4; m/zfound = 3488.7; UV-VIS : λabs = 419 nm Emission: λem = 590 nm QY = 80 %. 
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HO-OPE9-Perylene-OH 

 

See also general procedure for alkynyl-aryl coupling. HO-OPE4 (200 mg, 135 µmol) and 

perylene dye 9 (71 mg, 64 µmol) were coupled with [Pd(PPh3)4] (1.5 mg, 1.3 µmol) and copper 

iodide (100 µg, 0.5 µmol) in 7 mL of toluene and 3.5 mL of diisopropylamine. The reaction 

mixture was stirred for 4 days at 80 °C. Column chromatography with chloroform gave HO-OPE9-

PMI -OH as a dark red solid (30 mg, 12 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 9.75 – 9.64 (m, 2H, H-2), 8.68 (d, J = 8.4 Hz, 2H, 

H-3), 8.38 (s, 2H, H-1), 7.76 – 7.61 (m, 4H, H-4), 7.52 – 7.42 (m, 4H, H-6), 7.37 – 7.28 (m, 4H, 

H-7), 7.17 – 7.07 (m, 4H, H-5), 7.07 – 6.87 (m, 16H), 4.53 (s, 4H), 4.06 – 3.76 (m, 32H), 1.93 – 

1.72 (m, 20H), 1.72 – 1.10 (m, 140H), 1.10 – 0.82 (m, 96H), 0.78 (s, 18H, H-10). 

 

8.3.4.4 Dihydroxy-terminated Oligo(fluorene ethynylene)s 

 

HO-OFE3-OH  

See also general procedure for alkynyl-aryl coupling. 3-(9,9-bis(2-ethylhexyl)-7-iodo-9H-

fluoren-2-yl)prop-2-yn-1-ol (10 g, 17.5 mmol) and 9,9-bis(2-ethylhexyl)-2,7-diethynyl-9H-

fluorene (3.5 g, 8 mmol) were coupled with [Pd(PPh3)2Cl2] (56 mg, 0.08 mmol) and copper iodide 

(30 mg, 0.16 mmol) in 80 mL of tetrahydrofuran and 30 mL of piperidine. The reaction mixture 

was stirred overnight. Column chromatography (pentane/EE 3:1) gave HO-OFE3-OH as a slightly 

yellowish oil (9.5 g, 90 %).  
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1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.72 – 7.61 (m, 6H), 7.60 – 7.51 (m, 8H), 7.47 (t, 

J = 4.1 Hz, 2H), 7.43 (d, J = 7.8 Hz, 2H), 4.54 (s, 4H), 2.07 – 1.91 (m, 12H), 1.05 – 0.65 (m, 66H), 

0.64 – 0.45 (m, 24H). UV-VIS : λabs = 383 nm Emission: λem = 406 nm QY = 90 %. 

 

HO-OFE9-OH  

See also general procedure for alkynyl-aryl coupling. HO-OFE4 (3.5 g, 2.1 mmol) and 9,9-

bis(2-ethylhexyl)-2,7-diiodo-9H-fluorene (660 mg, 1 mmol) were coupled with [Pd(PPh3)2Cl2] 

(7.2 mg, 0.01 mmol) and copper iodide (3.9 mg, 0.02 mmol) in 12 mL of tetrahydrofuran and 6 mL 

of piperidine. The reaction mixture was stirred overnight. Column chromatography (pentane/EE 

4:1) gave HO-OFE9-OH as a yellow solid (3 g, 79 %).  

1H NMR (400 MHz, Chloroform-d) δ (ppm) 7.76 – 7.61 (m, 18H), 7.62 – 7.50 (m, 32H), 7.49 

– 7.45 (m, 2H), 7.45 – 7.40 (m, 2H), 4.55 (s, 4H), 2.14 – 1.91 (m, 36H), 1.06 – 0.67 (m, 198H), 

0.67 – 0.45 (m, 72H). UV-VIS : λabs = 389/408 nm Emission: λem = 421 nm QY = 97 %. 

 

HO-OFE21-OH  

See also general procedure for alkynyl-aryl coupling. HO-OFE10 (3.5 g, 2.1 mmol) and 9,9-

bis(2-ethylhexyl)-2,7-diiodo-9H-fluorene (660 mg, 1 mmol) were coupled with [Pd(PPh3)2Cl2] 

(7.2 mg, 0.01 mmol) and copper iodide (3.9 mg, 0.02 mmol) in 12 mL of tetrahydrofuran and 6 mL 

of piperidine. The reaction mixture was stirred overnight. Column chromatography (pentane/EE 

4:1) gave HO-OFE21-OH as a yellow solid (3 g, 79 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.78 – 7.62 (m, 40H), 7.62 – 7.49 (m, 82H), 7.49 

– 7.45 (m, 2H), 7.43 (d, J = 7.9 Hz, 2H), 4.58 – 4.51 (m, 4H), 2.29 – 1.74 (m, 84H), 1.08 – 0.67 

(m, 462H), 0.68 – 0.35 (m, 168H). UV-VIS : λabs = 391/412 nm Emission: λem = 422 nm QY = 

93 %. 
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8.3.4.5 Monohydroxy-terminated Oligo(fluorene ethynylene)s 

 

HO-OFE4 (and HO-OFE5-OH) 

See also general procedure for alkynyl-aryl coupling. OFE3 (7.6 g, 6 mmol) and 3-(9,9-bis(2-

ethylhexyl)-7-iodo-9H-fluoren-2-yl)prop-2-yn-1-ol (2.7 g, 4.8 mmol) were coupled with 

[Pd(PPh3)2Cl2] (42 mg, 0.06 mmol) and copper iodide (23 mg, 0.12 mmol) in 40 mL of 

tetrahydrofuran and 20 mL of piperidine. The reaction mixture was stirred overnight. Column 

chromatography (pentane/EE 6:1) gave HO-OFE4 (3.6 g, 44 %) and HO-OFE5-OH (2.1 g, 21 %) 

as slightly yellowish oils.  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.74 – 7.61 (m, 8H), 7.61 – 7.49 (m, 14H), 7.49 – 

7.45 (m, 1H), 7.45 – 7.40 (m, 1H), 4.55 (s, 2H), 3.12 (vt, 1H), 2.12 – 1.90 (m, 16H), 1.06 – 0.65 

(m, 88H), 0.65 – 0.44 (m, 32H). UV-VIS : λabs = 385/402 nm Emission: λem = 413 nm QY = 90 %. 

HO-OFE5-OH:  1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.73 – 7.61 (m, 10H), 7.61 – 7.51 

(m, 16H), 7.49 – 7.45 (m, 2H), 7.45 – 7.40 (m, 2H), 4.55 (s, 4H), 2.09 – 1.92 (m, 20H), 1.02 – 0.65 

(m, 110H), 0.64 – 0.47 (m, 40H). UV-VIS : λabs = 387/404 nm Emission: λem = 417 nm QY = 89 %. 

 

HO-OFE10 

See also general procedure for alkynyl-aryl coupling. OFE9 (1.5 g, 0.4 mmol) and 3-(9,9-bis(2-

ethylhexyl)-7-iodo-9H-fluoren-2-yl)prop-2-yn-1-ol (230 mg, 0.4 mmol) were coupled with 

[Pd(PPh3)2Cl2] (2.8 mg, 0.04 mmol) and copper iodide (1.5 mg, 0.08 mmol) in 8 mL of 

tetrahydrofuran and 4 mL of piperidine. The reaction mixture was stirred for 6 h. Column 

chromatography (pentane/dichloromethane 1:1) gave HO-OFE10 as a yellow solid (0.43 g, 26 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.76 – 7.62 (m, 20H), 7.62 – 7.49 (m, 38H), 7.49 

– 7.45 (m, 1H), 7.43 (d, J = 8.0 Hz, 1H), 4.55 (s, 2H), 3.17 – 3.07 (vt, 1H), 2.18 – 1.87 (m, 40H), 

1.10 – 0.66 (m, 220H), 0.67 – 0.45 (m, 80H). UV-VIS : λabs = 390/410 nm Emission: λem = 420 nm 

QY = 94 %. 
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8.3.5 Deprotection 

General Procedure for Deprotection with γ-MnO2 

The dihydroxy-terminated oligo(arylene ethynylene) was dissolved in dry diethyl ether and a 3:1 

mixture of freshly prepared γ-MnO2 and powdered potassium hydroxide was added in small 

portions every hour until thin layer chromatography indicated complete conversion. The reaction 

mixture was stirred at room temperature and under exclusion of light. After complete deprotection 

the solid was filtered off over a short silica column with diethyl ether. After evaporation of the 

solvent the residue was purified by column chromatography with toluene/ pentane.  

γ-MnO2 
94 

To a solution of manganese sulfate hydrate (42 g, 0.25 mol) in 750 mL of water at 60 °C, a 

solution of potassium permanganate (26 g, 0.17 mol) in 500 mL of water was added drop-wise over 

the course of half an hour. The suspension was stirred at 60 °C for 2 h. The solid was filtered off 

and was carefully washed with water and dried to constant weight at 60 °C in an oven. 

 

8.3.5.1 Diethynyl-terminated Oligo(phenylene ethynylene)s 

 

OPE3  

See also general procedure for deprotection with γ-MnO2. HO-OPE3-OH (20 g, 17.3 mmol) was 

dissolved in 500 mL of diethyl ether. 19 g of the 3:1 mixture of γ-MnO2/potassium hydroxide were 

added over the course of 14 h. Column chromatography (pentane/toluene 5:2) gave OPE3 as a 

yellow oil (17 g, 90 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 6.98 (s, 2H), 6.97 – 6.95 (m, 4H), 3.94 – 3.80 (m, 

12H), 3.32 (s, 2H), 1.85 – 1.71 (m, 6H), 1.67 – 1.16 (m, 48H), 1.01 – 0.81 (m, 36H). MALDI-
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TOF: m/zcalc.(C74H110O6) = 1094.9; m/zfound = 1095.0; UV-VIS : λabs = 396 nm Emission: λem = 

429 nm QY = 93 %. 

 

OPE5  

See also general procedure for deprotection with γ-MnO2. HO-OPE5-OH (2 g, 1.1 mmol) was 

dissolved in 80 mL of diethyl ether. 5 g of the 3:1 mixture of γ-MnO2/potassium hydroxide were 

added over the course of 4 h. Filtration over a short silica column with diethyl ether gave OPE5 as 

a yellow oil (1.5 g, 75 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.00 – 6.98 (m, 4H), 6.98 (s, 2H), 6.97 (s, 2H), 6.97 

(s, 2H), 4.05 – 3.72 (m, 20H), 3.32 (s, 2H), 1.89 – 1.71 (m, 10H), 1.71 – 1.12 (m, 80H), 1.07 – 0.68 

(m, 60H). MALDI-TOF : m/zcalc.(C122H182O10) = 1808.4; m/zfound = 1808.5; UV-VIS : λabs = 

420 nm Emission: λem = 458 nm QY = 96 %. 

 

OPE9  

See also general procedure for deprotection with γ-MnO2. HO-OPE9-OH (2.3 g, 0.7 mmol) was 

dissolved in 80 mL of diethyl ether. 5.5 g of the 3:1 mixture of γ-MnO2/potassium hydroxide were 

added over the course of 16 h. Column chromatography (pentane/toluene 3:2) gave OPE9 as a 

yellow solid (1.9 g, 83 %). 

1H NMR  (400 MHz Chloroform-d) δ (ppm) 7.02 – 6.98 (m, 14H), 6.98 – 6.95 (m, 4H), 4.00 – 

3.80 (m, 36H), 3.32 (s, 2H), 1.89 – 1.71 (m, 18H), 1.71 – 1.22 (m, 144H), 1.07 – 0.75 (m, 108H). 

MALDI-TOF : m/zcalc.(C218H326O18) = 3234.5; m/zfound = 3234.7; UV-VIS : λabs = 435 nm 

Emission: λem = 472 nm QY = 96 %. 

 

OPE21  

See also general procedure for deprotection with γ-MnO2. HO-OPE21-OH (350 mg, 46 µmol) 

was dissolved in 20 mL diethyl ether. 3 g of the 3:1 mixture of γ-MnO2/potassium hydroxide were 

added over the course of 14 h. Filtration over a short silica column with diethyl ether gave OPE21 

as a yellow solid (200 mg, 58 %). 
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1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.07 – 6.91 (m, 42H), 3.99 – 3.75 (m, 84H), 3.32 

(s, 2H), 1.88 – 1.72 (m, 42H), 1.72 – 1.11 (m, 336H), 1.06 – 0.76 (m, 252H). MALDI-TOF : 

m/zcalc.(C506H758O42) = 7512.7; m/zfound ~ 7515; UV-VIS : λabs = 450 nm Emission: λem = 475 nm 

QY = 98 %. 

 

8.3.5.2 Diethynyl-terminated Oligo(fluorene ethynylene)s 

OFE3 

See also general procedure for deprotection with γ-MnO2. HO-OFE3-OH (9.3 g, 7 mmol) was 

dissolved in 200 mL of diethyl ether. 22 g of the 3:1 mixture of γ-MnO2/potassium hydroxide were 

added over the course of 20 h. Column chromatography (pentane/toluene 3:1) gave OFE3 as a 

yellow oil (7.7 g, 87 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.73 – 7.61 (m, 6H), 7.60 – 7.44 (m, 12H), 3.15 – 

3.10 (vt, 2H), 2.09 – 1.92 (m, 12H), 1.03 – 0.66 (m, 66H), 0.56 (m, 24H). UV-VIS : λabs = 382 nm 

Emission: λem = 405 nm QY = 97 %. 

 

OFE9 

See also general procedure for deprotection with γ-MnO2. HO-OFE9-OH (2.6 g, 0.7 mmol) was 

dissolved in 100 mL of diethyl ether. 7 g of the 3:1 mixture of γ-MnO2/potassium hydroxide were 

added over the course of 17 h. Precipitation in methanol, followed by filtration and drying of the 

yellow solid gave OFE9 (2.2 g, 87 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.75 – 7.62 (m, 18H), 7.62 – 7.46 (m, 36H), 3.16 

– 3.10 (vt, 2H), 2.19 – 1.90 (m, 36H), 1.06 – 0.67 (m, 198H), 0.67 – 0.48 (m, 72H). UV-VIS: λabs 

= 389/410 nm Emission: λem = 420 nm QY = 93 %. 
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8.3.6 Block Copolymers by DCC-Coupling 

DCC-Coupling – General Procedure for the Preparation of PEGn-OPEm-PEGn Block 

Copolymers 

2 - 3 Eq. α-methoxy-ω-carboxy poly(ethylene glycol), 0.4 eq. 4-(dimethylamino)pyridine and 

3 eq. dicyclohexylcarbodiimide were dissolved in dry dichloromethane at 0 °C. The reactants were 

stirred for 10 min, followed by addition of HO-OPEm-OH. The reaction was stirred for 1-3 days 

until thin layer chromatography confirmed complete conversion of the alcohol. The colorless 

precipitate was filtered off over a syringe filter. The solvent was removed, yielding the crude 

product. Further product purification steps are described in detail in the respective procedures for 

the individual components as follows. 

 

MeOPEG750-OPE10  

See also general procedure for DCC-coupling. MeOPEG750-COOH (17 mg, 22 µmol), 4-

(dimethylamino)pyridine (0.4 mg, 3.3 µmol) and dicyclohexylcarbodiimide (7 mg, 33 µmol) were 

reacted with HO-OPE10 (40 mg, 11 µmol) in 3 mL of dichloromethane over night. The residue 

was layered with methanol and ultrasonicated for 10 min. The precipitate was centrifuged off and 

dried under vacuum. The product was obtained as a yellow solid (41 mg, 87 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.04 – 6.97 (m, 18H), 6.96 (s, 1H), 6.93 (s, 1H), 

4.96 (s, 2H), 3.97 – 3.81 (m, 40H), 3.70 – 3.43 (m, PEG-backbone), 3.38 (s, 3H), 3.32 (s, 1H), 2.74 

(t, J = 7.1 Hz, 2H), 2.53 (t, J = 7.0 Hz, 2H), 1.81 (dt, J = 12.1, 5.9 Hz, 20H), 1.70 – 1.21 (m, 160H), 

1.05 – 0.84 (m, 120H). 

 

MeOPEG2000-OPE10  

See also general procedure for DCC-coupling. MeOPEG2000-COOH (33 mg, 16 µmol), 4-

(dimethylamino)pyridine (0.5 mg, 4.4 µmol) and dicyclohexylcarbodiimide (4.5 mg, 22 µmol) 

were reacted with HO-OPE10 (40 mg, 11 µmol) in 3 mL of dichloromethane over night. The 



Experimental Section 
 

117 

residue was layered with methanol and ultrasonicated for 10 min. The precipitate was centrifuged 

off and dried under vacuum. The product was obtained as a yellow solid (45 mg, 73 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 6.99 – 6.94 (m, 18H), 6.94 (s, 1H), 6.91 (s, 1H), 

4.93 (s, 2H), 3.95 – 3.79 (m, 40H), 3.70 – 3.38 (m, PEG-backbone), 3.36 (s, 3H), 3.31 (s, 1H), 2.71 

(t, J = 7.0 Hz, 2H), 2.51 (t, J = 7.0 Hz, 2H), 1.84 – 1.70 (m, 20H), 1.67 – 1.17 (m, 160H), 1.01 – 

0.80 (m, 120H). 

 

PEG2000-OPE7-PEG2000  

See also general procedure for DCC-coupling. MeOPEG2000-COOH (32 mg, 16 µmol), 4-

(dimethylamino)pyridine (0.4 mg, 4 µmol) and dicyclohexylcarbodiimide (4.7 mg, 23 µmol) were 

reacted with HO-OPE7-OH (20 mg, 8 µmol) in 2 mL of dichloromethane overnight. The white 

precipitate was filtered off over a syringe filter, the solvent was removed and the product was 

obtained as a yellow solid (30 mg, 56 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.04 – 6.95 (m, 10H), 6.94 (s, 2H), 6.92 (s, 2H), 

4.94 (s, 4H), 3.99 – 3.78 (m, 28H), 3.74 – 3.50 (m, PEG2000-backbone), 3.36 (s, 6H), 2.72 (t, J = 

7.0 Hz, 4H), 2.51 (t, J = 6.9 Hz, 4H), 1.85 – 1.71 (m, 14H), 1.71 – 1.18 (m, 112H), 1.00 – 0.75 (m, 

84H). 

 

MeOPEG750-OPE9-PEG750OMe  

See also general procedure for DCC-coupling. MeOPEG750-COOH (28 mg, 38 µmol), 4-

(dimethylamino)pyridine (1.2 mg, 10 µmol) and dicyclohexylcarbodiimide (9.3 mg, 45 µmol) 

were reacted with HO-OPE9-OH (50 mg, 15 µmol) in 3 mL of dichloromethane over night. The 

white precipitate was filtered off over a syringe filter and the solvent was removed. The residue 

was layered with methanol and ultrasonicated for 10 min. The precipitate was centrifuged off and 

dried under vacuum. The product was obtained as a yellow solid (34 mg, 47 %).  

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.04 – 6.97 (m, 14H), 6.96 (s, 2H), 6.93 (s, 2H), 

4.96 (s, 4H), 3.97 – 3.80 (m, 36H), 3.71 – 3.42 (m, PEG-backbone), 3.38 (s, 6H), 2.74 (t, J = 7.0 
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Hz, 4H), 2.53 (t, J = 7.0 Hz, 4H), 1.87 – 1.74 (m, 18H), 1.72 – 1.19 (m, 144H), 1.04 – 0.83 (m, 

108H). 

 

PEG2000-OPE9-PEG2000  

See also general procedure for DCC-coupling. MeOPEG2000-COOH (164 mg, 82 µmol), 4-

(dimethylamino)pyridine (1.3 mg, 11 µmol) and dicyclohexylcarbodiimide (22.5 mg, 109 µmol) 

were reacted with HO-OPE9-OH (90 mg, 27 µmol) in 3 mL of dichloromethane overnight. The 

residue was dissolved in dichloromethane and washed with water. The organic layer was dried over 

magnesium sulfate and the solvent was removed. PEG2000-OPE9-PEG2000 was obtained as a 

yellow solid (185 mg, 94 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.02 – 6.97 (m, 14H), 6.95 (s, 2H), 6.93 (s, 2H), 

4.96 (s, 4H), 3.95 – 3.85 (m, 36H), 3.71 – 3.40 (m, PEG2000-backbone), 3.38 (s, 6H), 2.74 (t, J = 

7.4 Hz, 4H), 2.53 (t, J = 7.1 Hz, 4H), 1.86 – 1.74 (m, 18H), 1.73 – 1.21 (m, 144H), 1.01 – 0.83 (m, 

108H). 

 

Biotin-PEG2000-OPE9-PEG2000-Biotin  

See also general procedure for DCC-coupling. Biotin-PEG2000-COOH (40 mg, 20 µmol), 4-

(dimethylamino)pyridine (0.4 mg, 3.6 µmol) and dicyclohexylcarbodiimide (5.6 mg, 27 µmol) 

were reacted with HO-OPE9-OH (30 mg, 9 µmol) in 3 mL of dichloromethane over night. The 

residue was dissolved in methanol and ultrasonicated for 10 min. Under liquid nitrogen cooling the 

polymer precipitated and was centrifuged off and dried under vacuum. Biotin-PEG2000-OPE9-

PEG2000-Biotin  was obtained as a yellow solid (17 mg, 26 %). 

1H NMR  (400 MHz, Chloroform-d) δ 7.02 – 6.96 (m, 14H), 6.95 (s, 2H), 6.92 (s, 2H), 6.57 (s, 

2H), 5.54 (s, 2H), 4.97 (s, 4H), 4.55 – 4.46 (m, 2H), 4.37 – 4.29 (m, 2H), 3.98 – 3.79 (m, 36H), 

3.78 – 3.35 (m, PEG2000-backbone), 3.20 – 3.11 (m, 2H), 2.96 – 2.88 (m, 2H), 2.76 – 2.73 (m, 4H), 

2.73 – 2.67 (m, 2H), 2.63 – 2.49 (m, 4H), 2.27 – 2.16 (m, 4H), 1.87 – 1.75 (m, 18H), 1.74 – 1.22 

(m, 130H), 1.04 – 0.79 (m, 108H). 
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PEG2000-OPE11-PEG2000  

See also general procedure for DCC-coupling. MeOPEG2000-COOH (44 mg, 22 µmol), 4-

(dimethylamino)pyridine (0.5 mg, 4 µmol) and dicyclohexylcarbodiimide (5 mg, 25 µmol) were 

reacted with HO-OPE11-OH (40 mg, 10 µmol) in 3 mL of dichloromethane over night. The white 

precipitate was filtered off over a syringe filter, the solvent was removed and the product was 

obtained as a yellow solid (60 mg, 75 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 6.96 – 6.90 (m, 18H), 6.89 (s, 2H), 6.87 (s, 2H), 

4.89 (s, 4H), 3.95 – 3.72 (m, 44H), 3.64 – 3.51 (m, PEG2000-backbone), 3.31 (s, 6H), 2.67 (t, J = 

6.9 Hz, 4H), 2.46 (t, J = 6.9 Hz, 4H), 1.80 – 1.66 (m, 22H), 1.63 – 1.16 (m, 176H), 0.98 – 0.73 (m, 

132H). 

 

PEG2000-OPE9-DPP-PEG2000  

See also general procedure for DCC-coupling. MeOPEG2000-COOH (43 mg, 21 µmol), 4-

(dimethylamino)pyridine (0.4 mg, 3.4 µmol) and dicyclohexylcarbodiimide (5 mg, 25 µmol) were 

reacted with HO-OPE9-DPP-OH (30 mg, 8.6 µmol) in 3 mL of dichloromethane over night. The 

white precipitate was filtered off over a syringe filter and the solvent was removed. The residue 

was layered with methanol and ulrasonicated for 10 min. The precipitate was centrifuged off and 

dried under vacuum. PEG2000-OPE9-DPP-PEG2000 was obtained as a red solid (53 mg, 82 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.78 (d, J = 8.1 Hz, 4H), 7.56 (d, J = 7.8 Hz, 4H), 

7.10 (d, J = 8.7 Hz, 4H), 7.02 – 6.93 (m, 14H), 6.91 (s, 2H), 6.81 (d, J = 8.7 Hz, 4H), 4.94 (s, 8H), 

3.97 – 3.81 (m, 32H), 3.62 (m, PEG-backbone), 3.36 (s, 6H), 2.72 (t, J = 7.0 Hz, 4H), 2.51 (t, J = 

7.0 Hz, 4H), 1.78 (m, 16H), 1.67 – 1.18 (m, 128H), 1.03 – 0.76 (m, 96H). 

 

PEG750-OPE21-PEG750  

See also general procedure for DCC-coupling. MeOPEG750-COOH (7.5 mg, 10 µmol), 4-

(dimethylamino)pyridine (0.3 mg, 2.5 µmol) and dicyclohexylcarbodiimide (2 mg, 10 µmol) were 

reacted with HO-OPE21-OH (30 mg, 4 µmol) in 3 mL of dichloromethane over night. The residue 

was layered with methanol and sonicated for 10 min. The precipitate was centrifuged off and dried 

under vacuum. PEG750-OPE21-PEG750 was obtained as a yellow solid (33 mg, 97 %). 



Experimental Section 
 

120 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.03 – 6.97 (m, 38H), 6.96 (s, 2H), 6.93 (s, 2H), 

4.96 (s, 4H), 3.97 – 3.84 (m, 84H), 3.68 – 3.43 (m, PEG750-backbone), 3.38 (s, 6H), 2.74 (t, J = 7.0 

Hz, 4H), 2.53 (t, J = 7.2 Hz, 4H), 1.88 – 1.74 (m, 42H), 1.70 – 1.22 (m, 336H), 1.04 – 0.84 (m, 

252H). 

 

PEG2000-OPE21-PEG2000  

See also general procedure for DCC-coupling. MeOPEG2000-COOH (20 mg, 10 µmol), 4-

(dimethylamino)pyridine (0.3 mg, 2.5 µmol) and dicyclohexylcarbodiimide (2 mg, 10 µmol) were 

reacted with HO-OPE21-OH (30 mg, 4 µmol) in 3 mL of dichloromethane over night. The residue 

was layered with methanol and sonicated for 10 min. The precipitate was centrifuged off and dried 

under vacuum. PEG2000-OPE21-PEG2000 was obtained as a yellow solid (35 mg, 80 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.04 – 6.96 (m, 38H), 6.96 (s, 2H), 6.93 (s, 2H), 

4.96 (s, 4H), 3.99 – 3.81 (m, 84H), 3.71 – 3.43 (m, PEG2000-backbone), 3.38 (s, 6H), 2.74 (t, J = 

6.9 Hz, 4H), 2.53 (t, J = 7.1 Hz, 4H), 1.87 – 1.74 (m, 42H), 1.74 – 1.20 (m, 336H), 1.04 – 0.83 (m, 

252H). 

 

PEG5000-OPE21-PEG5000  

See also general procedure for DCC-coupling. MeOPEG5000-COOH (50 mg, 10 µmol), 4-

(dimethylamino)pyridine (0.3 mg, 2.5 µmol) and dicyclohexylcarbodiimide (2 mg, 10 µmol) were 

reacted with HO-OPE21-OH (30 mg, 4 µmol) in 3 mL of dichloromethane over night. The residue 

was dissolved in methanol and sonicated for 10 min. Under liquid nitrogen cooling the polymer 

precipitated and was centrifuged off and dried under vacuum. PEG5000-OPE21-PEG5000 was 

obtained as a yellow solid (15 mg, 22 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.03 – 6.96 (m, 38H), 6.96 (s, 2H), 6.93 (s, 2H), 

4.96 (s, 4H), 4.01 – 3.81 (m, 84H), 3.76 – 3.41 (m, PEG5000-backbone), 3.38 (s, 6H), 2.78 – 2.72 

(m, 4H), 2.57 – 2.48 (m, 4H), 1.87 – 1.73 (m, 42H), 1.69 – 1.18 (m, 336H), 1.04 – 0.80 (m, 252H). 
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PEG5000-OPE31-PEG5000  

See also general procedure for DCC-coupling. MeOPEG5000-COOH (10 mg, 2 µmol), 4-

(dimethylamino)pyridine (40 µg, 0.3 µmol) and dicyclohexylcarbodiimide (0.5 mg, 2.4 µmol) 

were reacted with HO-OPE31-OH (9 mg, 0.8 µmol) in 1 mL of dichloromethane overnight. The 

residue was layered with methanol and sonicated for 10 min. Under liquid nitrogen cooling the 

polymer precipitated and was centrifuged off and dried under vacuum. PEG5000-OPE31-PEG5000 

was obtained as a yellow solid (4 mg, 24 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.04 – 6.95 (m, 60H), 6.93 (s, 2H), 4.96 (s, 4H), 

4.00 – 3.79 (m, 124H), 3.71 – 3.59 (m, PEG5000-backbone), 3.38 (t, 6H), 2.73 (t, J = 6.8 Hz, 4H), 

2.53 (t, J = 7.0 Hz, 4H), 1.86 – 1.74 (m, 62H), 1.72 – 1.16 (m, 496H), 1.04 – 0.82 (m, 372H). 

 

PEG5000-OPE43-PEG5000  

See also general procedure for DCC-coupling. MeOPEG5000-COOH (4 mg, 0.8 µmol), 4-

(dimethylamino)pyridine (20 µg, 0.1 µmol) and dicyclohexylcarbodiimide (0.2 mg, 1 µmol) were 

reacted with HO-OPE43-OH (5.5 mg, 0.4 µmol) in 1 mL of dichloromethane overnight. The 

residue was layered with methanol and sonicated for 10 min. Under liquid nitrogen cooling the 

polymer precipitated and was centrifuged off and dried under vacuum. PEG5000-OPE43-PEG5000 

was obtained as a yellow solid (3 mg, 44 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.01 – 6.87 (m, 84H), 6.87 (s, 2H), 4.89 (s, 4H), 

4.02 – 3.71 (m, 172H), 3.69 – 3.34 (m, PEG5000-backbone), 3.31 (s, 6H), 2.71 – 2.64 (m, 4H), 2.51 

– 2.43 (m, 4H), 1.81 – 1.68 (m, 86H), 1.68 – 1.11 (m, 688H), 0.97 – 0.71 (m, 516H). 

 

8.3.7 Block Copolymers by Sonogashira Coupling 

D-OPE9-D  

Dendron 15 (86 mg, 109 µmol) and OPE9 (117 mg, 36 µmol) were dissolved in 2 mL of 

tetrahydrofuran and 1 mL of piperidine and degassed with four freeze-pump-thaw cycles. After 

addition of [Pd(PPh3)2Cl2] (0.25 mg, 0.36 µmol) and copper iodide (0.13 mg, 0.72 µmol), the 

mixture was degassed with three freeze-pump-thaw cycles. The reaction mixture was stirred for 18 
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h at 45°C. Byproducts were filtered off over a syringe filter and the solvent was removed under 

reduced pressure. The yellow solid was layered with methanol and ultrasonicated for 15 min. The 

product was purified from its Glaser byproduct by dissolving in tetrahydrofuran and precipitation 

in ethyl acetate. 

1H NMR  (400 MHz, THF-d8) δ (ppm) 8.52 – 8.36 (m, 2H), 7.96 (d, J = 7.1 Hz, 4H), 7.54 (d, J 

= 7.0 Hz, 4H), 7.10 (s, 2H), 7.08 – 6.99 (m, 14H), 6.91 (s, 2H), 4.99 (s, 2H), 4.22 – 4.07 (m, 8H), 

4.00 – 3.34 (m, 30H), 1.90 – 1.21 (m, 162H), 1.10 – 0.79 (m, 108H). 

 

D-OPE10  

Dendron 15 (44 mg, 55 µmol) and HO-OPE10 (40 mg, 11 µmol) were dissolved in 2 mL of 

tetrahydrofuran and 1 mL of piperidine and degassed with four freeze-pump-thaw cycles. After 

addition of [Pd(PPh3)2Cl2] (0.08 mg, 0.11 µmol) and copper iodide (0.04 mg, 0.22 µmol), the 

mixture was degassed with three freeze-pump-thaw cycles. The reaction was stirred for 2 days at 

45 °C. Byproducts were filtered off over a syringe filter and the solvent was removed under reduced 

pressure. The residue was dissolved in dichloromethane and the product was precipitated in 

methanol and centrifuged off.   

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 8.29 – 8.07 (m, 1H), 7.86 (d, J = 6.9 Hz, 2H), 7.59 

(d, J = 7.1 Hz, 2H), 7.07 – 6.95 (m, 18H), 6.93 (s, 2H), 5.13 – 4.95 (m, 1H), 4.53 (s, 2H), 4.26 – 

4.07 (m, 2H), 4.03 – 3.80 (m, 40H), 3.78 – 3.31 (m, 32H), 1.88 – 1.72 (m, 20H), 1.72 – 1.17 (m, 

160H), 0.93 (m, 120H).  
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8.3.8 EPR Spin Labeled Oligomers 

 

T-OPE4 

See also general procedure for DCC-coupling. HO-OPE4 (50 mg, 34 µmol), 4-carboxy-2,2,6,6-

tetramethylpiperidine (10 mg, 50 µmol), 4-(dimethylamino)pyridine (1.6 mg, 13 µmol) and 

dicyclohexylcarbodiimide (14 mg, 67 µmol) were stirred for 18 h in 2 mL of dichloromethane. The 

white precipitate was removed by filtration over a syringe filter. The solvent was removed and the 

residue was purified by column chromatography (pentane/EE 6:1). The product was obtained as a 

yellow oil (51 mg, 90 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.07 – 6.85 (m, 8H), 5.07 (s, 2H), 4.02 – 3.71 (m, 

16H), 3.32 (s, 1H), 1.93 – 1.71 (m, 8H), 1.71 – 0.67 (m, 146H). MALDI-TOF : 

m/zcalc.(C109H164NO11) = 1664.2; m/zfound = 1650.3; 

 

T-OPE5-T 

See also general procedure for DCC-coupling. HO-OPE5-OH (90 mg, 50 µmol), 4-carboxy-

2,2,6,6-tetramethylpiperidine (30 mg, 150 µmol), 4-(dimethylamino)pyridine (2.4 mg, 15 µmol) 

and dicyclohexylcarbodiimide (41 mg, 200 µmol) were stirred for 3 days in 3 mL of 

dichloromethane. The white precipitate was removed by filtration over a syringe filter. The solvent 

was removed and the residue was purified by column chromatography (pentane/EE 4:1). The 

product was obtained as a yellow solid (80 mg, 72 %). 

1H NMR  (600 MHz, Chloroform-d) δ (ppm) 7.03 – 6.95 (m, 8H), 6.92 (s, 2H), 5.08 (s, 4H), 3.96 

– 3.81 (m, 20H), 1.87 – 1.73 (m, 10H), 1.69 – 0.69 (m, 174H). MALDI-TOF : m/zcalc 

(C144H218N2O16) = 2232.6; m/zfound = 2204.8; 
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T-OPE7-T 

See also general procedure for DCC-coupling. HO-OPE7-OH (60 mg, 23 µmol), 4-carboxy-

2,2,6,6-tetramethylpiperidine (14 mg, 70 µmol), 4-(dimethylamino)pyridine (1.1 mg, 9 µmol) and 

dicyclohexylcarbodiimide (19 mg, 93 µmol) were stirred for 18 h in 3 mL of dichloromethane. The 

white precipitate was removed by filtration over a syringe filter. The solvent was removed and the 

residue was purified by column chromatography (pentane/EE 6:1). The product was obtained as a 

yellow solid (51 mg, 90 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.10 – 6.81 (m, 12H), 6.92 (s, 2H), 5.08 (s, 2H), 

4.09 – 3.74 (m, 28H), 1.92 – 1.72 (m, 14H), 1.71 – 0.58 (m, 230H). MALDI-TOF : m/zcalc 

(C192H290N2O20) = 2946.2; m/zfound = 2918.4; 

 

T-OPE9-T 

See also general procedure for DCC-coupling. HO-OPE9-OH (80 mg, 24 µmol), 4-carboxy-

2,2,6,6-tetramethylpiperidine (15 mg, 75 µmol), 4-(dimethylamino)pyridine (1.2 mg, 10 µmol) 

and dicyclohexylcarbodiimide (20 mg, 97 µmol) were stirred for 2 days in 3 mL of 

dichloromethane. The oligomer was precipitated in methanol. Column chromatography 

(pentane/EE 5:1) gave the product as a yellow solid (72 mg, 82 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.37 – 7.00 (m, 18H), 5.30 (s, 4H), 4.34 – 3.93 (m, 

36H), 2.20 – 1.98 (m, 18H), 1.98 – 1.38 (m, 144H), 1.37 – 0.84 (m, 108H).  MALDI-TOF : 

m/zcalc.(C240H362N2O24) = 3658.7; m/zfound = 3631.0; 

 

T-OPE11-T 

See also general procedure for DCC-coupling. HO-OPE11-OH (60 mg, 15 µmol), 4-carboxy-

2,2,6,6-tetramethylpiperidine (9 mg, 45 µmol), 4-(dimethylamino)pyridine (0.7 mg, 6 µmol) and 

dicyclohexylcarbodiimide (12 mg, 60 µmol) were stirred for 18 h in 3 mL of dichloromethane. The 

oligomer was precipitated in methanol. Column chromatography (pentane/EE 5:1) gave the product 

as a yellow solid (49 mg, 75 %). 
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1H NMR (400 MHz, Chloroform-d) δ (ppm) 7.35 – 7.08 (m, 22H), 5.31 (s, 4H), 4.33 – 3.96 (m, 

44H), 2.22 – 1.98 (m, 22H), 1.97 – 1.39 (m, 176H), 1.34 – 0.91 (m, 132H). MALDI-TOF : m/zcalc 

(C288H434N2O28) = 4372.3; m/zfound = 4344.5; 

 

T-OPE21-T 

See also general procedure for DCC-coupling. HO-OPE21-OH (30 mg, 4 µmol), 4-carboxy-

2,2,6,6-tetramethylpiperidine (2.4 mg, 12 µmol), 4-(dimethylamino)pyridine (0.2 mg, 1.5 µmol) 

and dicyclohexylcarbodiimide (3.2 mg, 16 µmol) were stirred for 2 days in 3 mL of 

dichloromethane. The oligomer was precipitated in methanol and gave the product as a yellow 

solid (25 mg, 83 %). 

1H NMR  (400 MHz, Chloroform-d) δ (ppm) 7.06 – 6.90 (m, 42H), 5.05 (s, 4H), 3.99 – 3.79 (m, 

84H), 1.88 – 1.74 (m, 42H), 1.72 – 1.18 (m, 336H), 1.05 – 0.82 (m, 252H). MALDI-TOF : m/zcalc 

(C528H794N2O48) = 7937.0; m/zfound ~ 7958; 

 

T-OPE22 

See also general procedure for DCC-coupling. HO-OPE22 (30 mg, 4 µmol), 4-carboxy-2,2,6,6-

tetramethylpiperidine (2.3 mg, 11 µmol), 4-(dimethylamino)pyridine (0.2 mg, 1.5 µmol) and 

dicyclohexylcarbodiimide (3 mg, 15 µmol) were stirred for 2 d in 2 mL of dichloromethane. A 

white precipitate was removed by filtration over a syringe filter. The oligomer was precipitated in 

methanol and gave the product as a yellow solid (21 mg, 65 %). 

1H NMR (400 MHz, Chloroform-d) δ (ppm) 7.07 – 6.83 (m, 44H), 5.04 (s, 2H), 4.14 – 3.65 (m, 

88H), 3.32 (s, 1H), 1.92 – 1.72 (m, 44H), 1.72 – 1.12 (m, 352H), 1.12 – 0.61 (m, 264H). MALDI-

TOF: m/zcalc.(C541H812NO47) = 8081.1; m/zfound ~ 8084; 
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8.4 Nanoparticle Synthesis 

Microfluidic Mixing 

Focused-flow droplet generator chips and chip holders were supplied by Micronit Microfluidics. 

The mixing channel used was 100 µm wide, 20 µm high and 50 mm long. Water and THF were 

injected using 500 µL and 25 µL, respectively, gastight syringes (Hamilton) with Luer tips and 

PTFE tubing. Fluidic connections were made by inserting fused silica capillaries (375 µm O.D., 

150 µm I.D.) into the PTFE tubings (300 µm I.D.). The fused silica capillaries were connected to 

the chip by ferrules (N-123-03, IDEX) and nuts (F-123H, IDEX). The THF syringe was driven by 

a PHD 22/2000 syringe pump (Harvard Apparatus) and the water syringe was driven by an Orion 

M 362 syringe pump (Thermo Scientific). 

In all experiments the water flow rate was kept at 10 µL/min, while the flow rate of the THF 

stream was varied between 0.5 µL/min and 1.2 µL/min. The block copolymers were dissolved in 

THF and diluted to a concentration of 0.05 wt.-% or 0.03 wt.-%, respectively. For encapsulation 

studies 20 µg perylene diimide dye were dissolved in 1 mL of the 0.05 wt.-% polymer solution. 

These polymer solutions were filtrated through a 0.45 µm filter before further use. Syringes and 

tubings were rinsed with Milli-Q-water or THF, respectively, before loading with the liquids.  

After starting the syringe pumps, the channels were rinsed with the liquids for several minutes 

in order to overcome the dead volume of the channels and the outlet tubing and to provide a stable 

flow of the liquids. The outlet stream was collected in disposable low volume cuvettes (Sarstedt) 

or glass vials. 

Nanoprecipitation 

The block copolymers were dissolved in freshly distilled tetrahydrofuran and diluted to the 

appropriate concentration (0.005 – 1 wt.-%). 0.05 mL of the respective solutions were injected 

quickly into 1 mL rapidly stirring Milli-Q-water via a glass syringe. Tetrahydrofuran was allowed 

to evaporate from the dispersion by stirring in air overnight prior to DLS analysis.  
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Self-assembly in Tetrahydrofuran / Methanol Mixtures 

The block copolymers were dissolved in freshly distilled tetrahydrofuran and diluted to 0.1 wt.-

%. Tetrahydrofuran and methanol were added under stirring to yield 0.01 wt.-% dispersions with 

90, 70, 50, 30 and 10 % methanol content.  The mixtures were slowly stirred overnight prior to 

TEM analysis.  

Block copolymers with poly(ethylene glycol) blocks of Mn = 750 g/mol tend to macroscopic 

precipitation at higher methanol contents when prepared from 0.1 wt.-% tetrahydrofuran solution. 

Dilution to 0.02 wt.-% in tetrahydrofuran leads to the formation of stable dispersions. 

EPR Probes 

A) T-OPE5-T (9 µg, 4 nmol) was mixed with PEG2000-OPE9-PEG2000 (4.1 mg, 560 nmol) and 

HO-OPE21-OH (4.2 mg, 550 nmol) in 4 g of tetrahydrofuran. The solution was injected rapidly 

into 40 mL of Milli-Q water and the dispersion was stirred for 15 min. The organic solvent was 

removed and the dispersion was freeze-dried.    

B) (a) T-OPE21-T (200 µg, 26 nmol) was mixed with PEG2000-OPE9-PEG2000 (4.2 mg, 

570 nmol) and HO-OPE21-OH (3.7 mg, 490 nmol) in 3 g of tetrahydrofuran. The solution was 

injected rapidly into 30 mL of Milli-Q water and the dispersion was stirred for 15 min. The organic 

solvent was removed and the dispersion was freeze-dried.    

(b) T-OPE21-T (48 µg, 7 nmol) was mixed with PEG2000-OPE9-PEG2000 (7.1 mg, 

970 nmol) in 3.5 g of tetrahydrofuran. The solution was injected rapidly into 35 mL of Milli-Q 

water and the dispersion was stirred for 15 min. The organic solvent was removed and the 

dispersion was freeze-dried. 

C) T-OPE22 (820 µg, 100 nmol) was mixed with PEG2000-OPE9-PEG2000 (4.1 mg, 560 nmol) 

and HO-OPE21-OH (4.1 mg, 540 nmol) in 4 g of tetrahydrofuran. The solution was injected 

rapidly into 40 mL of Milli-Q water and the dispersion was stirred for 15 min. The organic solvent 

was removed and the dispersion was freeze-dried. 

The ready-made particle samples were gathered into a 3 mm OD quartz glass tube upon freeze-

drying. After collection, the voluminous solid particles were compressed by a factor of ~5-10 



Experimental Section 
 

128 

(volume). The compressed pellet of particles was then pushed out of the tube and collected into a 

1 mm ID quartz tube, thereby compressing the sample another factor of ~5-10 (volume). 

 

8.5 Cell Experiments 

Cell Culture. MCF-7 human breast cancer cells were cultured in Dulbecco’s Modified Essential 

Medium (DMEM), supplemented with 5 % fetal bovine serum, 100 units/mL penicillin, and 

100 µg/mL streptomycin. Cells were grown in a 5 % carbon dioxide, water saturated incubator at 

37 °C and cultured until 70 % confluence was reached. Cells were harvested by incubation with a 

0.25 % Trypsin-EDTA solution and subsequent washing out of the culture flask with DMEM 

culture medium. The concentration of the cell suspension was determined using a Neubauer 

chamber.  

Microscopy Sample Preparation. 20 000 cells in 200 µL culture medium were seeded in a single 

well of an 8-well ibiTreat µ-Slide (ibidi) and allowed to attach overnight. Cells were washed once 

with phosphate buffered saline (PBS) and blocked by treatment with 10 % bovine serum albumin 

for 30 min. After two washing steps with PBS, cells were incubated with a 0.15 µg/mL solution of 

biotin anti-human CD326 (EpCAM) antibody (BioLegend) for 2 h. Cells were washed 3 times with 

PBS and incubated with a 10 µg/mL solution of streptavidin (Invitrogen). After 3 washing steps 

with PBS cells were incubated for 40 min with a the nanoparticle dispersion. Cells were washed 3 

times with PBS and counterstained with Hoechst 33342 for 15 min. After two washing steps with 

PBS the sample was imaged immediately. 
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9 Appendix 
Table 9-1. Particle preparation from PEG-PPEPoly-PEG by microfluidic mixing. 

entry 
conc.b  

[wt.-%] 
flow ratio 
THF / H2O 

particle 
sizec [nm] 

PdId 

1 0.05 0.10 39 0.16 

2 0.05 0.08 37 0.19 

3 0.05 0.06 29 0.23 

4 0.01 0.10 57 0.15 

5 0.01 0.08 48 0.17 

6 0.01 0.04 38 0.11 

a Flow rate of water stream: 10 µL/min. b concentration of PEG-PPEPoly-PEG in 

THF. c volume average particle size. dPolydispersity index (from dynamic light 

scattering). 

 

Figure 9-1. TEM image of nanoparticles from PEG-PPEPoly-PEG (left) and DLS trace (right). 
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Figure 9-2. Dependency of the number average particle size as determined by DLS on the content of free PEG in a 
tetrahydrofuran solution of PEG2000-OPE21-PEG2000 prior to nanoprecipitation. 
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Figure 9-3. Dependency of the number average particle size as determined by DLS on the polymer concentration in 
tetrahydrofuran of PEG2000-OPE9-DPP-PEG2000 prior to nanoprecipitation.  
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Figure 9-4. 1H-NMR spectrum (25 °C, 400 MHz, CDCl3) of monomer 3. The position of the aromatic resonance of 
1,4-bis((2-ethylhexyl)oxy)-2,3-diiodobenzene is highlighted.  

 

Figure 9-5. DEER distance distributions P(r) of T-OPEm-T (m = 5, 7, 9, 11) in deuterated toluene, recorded at 50 K 
in Q-band.  

vs.

CDCl3
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Table 9-2. Parameters of interspin distance distributions P(r) of T-OPEm-T in various environments. 

Probe Environment 
Fit 

Model 

L 

[nm] 

Lp 

[nm] 

σ 

[nm] 

T-OPE5-T Toluene-d8-Solution WLC 4.4 18 0.22 

T-OPE7-T Toluene-d8-Solution WLC 5.8 22 0.22 

T-OPE9-T Toluene-d8-Solution WLC 7.1 27 0.22 

T-OPE11-T Toluene-d8-Solution WLC 8.6 30 0.22 

T-OPE21-T a o-Terphenyl-d14-Solution WLC 15.5 15 0.22 

T-OPE5-T PEG-OPE9
b-Particles WLC 4.5 9 4×10-3 

      

Probe Environment 
Fit 

Model 

µ 

[nm] 

Lp 

[nm] 

σ 

[nm] 

T-OPE21-T PEG-OPE9
b-Particles Rice 2.0 - 0.9 

T-OPE21-T PEG-OPE9
c-Particles Rice 2.0 - 0.9 

a) simulated. b) high 21mer content. c) low 21mer content. With µ, the interspin 

distance r between the mean positions of spatially three dimensional normal 

distributed spin labels, with a standard deviation of these distributions σ.  
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MALDI-TOF Spectra 

 

Figure 9-6. MALDI-TOF mass spectra of HO-OPE3-OH. Inlet: isotope pattern found (blue) and calculated (red). 

 

 

Figure 9-7. MALDI-TOF mass spectra of HO-OPE4. Inlet: isotope pattern found (blue) and calculated (red). 
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Figure 9-8. MALDI-TOF mass spectra of HO-OPE5-OH. Inlet: isotope pattern found (blue) and calculated (red). 

 

 

Figure 9-9. MALDI-TOF mass spectra of HO-OPE6. Inlet: isotope pattern found (blue) and calculated (red). 
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Figure 9-10. MALDI-TOF mass spectra of HO-OPE7-OH. Inlet: isotope pattern found (blue) and calculated (red). 

 

 

Figure 9-11. MALDI-TOF mass spectra of HO-OPE9-OH. Inlet: isotope pattern found (blue) and calculated (red). 
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Figure 9-12. MALDI-TOF mass spectra of HO-OPE9-DPP-OH. Inlet: isotope pattern found (blue) and calculated (red). 

 

 

Figure 9-13. MALDI-TOF mass spectra of HO-OPE10. Inlet: isotope pattern found (blue) and calculated (red). 
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Figure 9-14. MALDI-TOF mass spectra of HO-OPE11-OH. Inlet: isotope pattern found (blue) and calculated (red). 

 

 

Figure 9-15. MALDI-TOF mass spectra of HO-OPE11-I . Inlet: isotope pattern found (blue) and calculated (red). 
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Figure 9-16. MALDI-TOF mass spectra of HO-OPE21-OH. Inlet: isotope pattern found (blue) and calculated (red). 

 

 

Figure 9-17. MALDI-TOF mass spectra of HO-OPE31-OH with visible defragmentation pattern. 
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Figure 9-18. MALDI-TOF mass spectra of HO-OPE43-OH. Inlet: isotope pattern found with visible defragmentation 
pattern.  

 

 

Figure 9-19. MALDI-TOF mass spectra of the obtained PEG750-OPEm-PEG750 block copolymers. 
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Figure 9-20. MALDI-TOF mass spectra of doubly and singly labeled oligomers, T-OPEm-T and T-OPEm, 
respectively. 
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