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Zusammenfassung  

Hybridmaterialien aus konjugierten Polymeren und Quantenpunkten haben großes Potenzial für 

den Einsatz im Bereich Photovoltaik, in optoelektronischen Bauteilen oder für Zellmarkierungen. 

Entscheidend hierfür sind Ladungs- oder Energie-Übertragungsprozesse zwischen den 

verschiedenen Materialien. Quantenpunkte und Hybridquantenpunkte eignen sich des Weiteren als 

Einzelphotonquellen für quantenoptische Untersuchungen in der Ultrakurzzeitphysik. Die Synthese 

von Hybridquantenpunkten, bei der das konjugierte Polymer an die Oberfläche des anorganischen 

Nanokristalls gebunden wird, ist allerdings ein bislang nicht gelöstes Problem.   

Im Rahmen dieser Arbeit wurden neue Methoden für die Synthese von Hybridnanokristallen 

entwickelt. Diese wurden in einem zweiten Schritt in Nanopartikel bestehend aus Polymeren oder 

Siliziumdioxid eingebettet, um daraufhin als Einzelphotonquellen für die Untersuchung von 

ultraschnellen Quantenübergängen Verwendung zu finden.  

Intensiv fluoreszierende CdSe/CdS Kern-Schale Quantenpunkte werden gängigerweise durch 

abwechselnde Zugabe von Cd- und S-Vorläufern bei hohen Temperaturen zu einer Dispersion 

bestehend aus CdSe Kernen und einem Liganden, in der Regel Oleylamin, synthetisiert. Zur Synthese 

von CdSe/CdS/Polyfluoren Hybridnanokristallen wurde die Synthese der CdS-Schale in 

Anwesenheit von Anilin- oder Phenylphosphonsäure-funktionalisiertem Polyfluoren durchgeführt. 

Für diesen Zweck wurden Polyfluorene mit Anilin- und Phenylphosphonsäure-Endgruppen mit 

einem Polymerisationsgrad von 10 und einer engen Molekulargewichtsverteilung von Mw/Mn < 1.3 

per kontrollierter Suzuki-Miyaura Kupplungspolymerisation hergestellt. Die in diesen Polymeren 

vorliegenden funktionellen Gruppen weisen eine hohe Affinität zur Oberfläche von CdS(e) 

Quantenpunkten auf. Außerdem wurde die Synthese der CdSe-Kerne optimiert um eine möglichst 

hohe Quantenausbeute (bis zu 28%) zu erhalten und der Einfluss des stabilisierenden Liganden 

Oleylamin während der Synthese der CdS-Schale untersucht. Dieser wird in hohem Überschuss 

(16000 equiv. per CdSe Quantenpunkt) eingesetzt und steht in Konkurrenz zu den funktionalisierten 

Polymeren (100 equiv. per CdSe Quantenpunkt) bezüglich einer Anbindung an die Oberfläche der 

wachsenden Kristalle. Durch Synthese einer CdS-Hülle um CdSe-Kerne in Anwesenheit von 

verschiedenen Mengen Oleylamin und in Anwesenheit von funktionalisiertem Polymer konnten 

erfolgreich CdSe/CdS/Polyfluoren Hybridnanokristalle erhalten werden, welche eine starke 

Fluoreszenz aufweisen. Diese ist dabei zusammengesetzt aus der Fluoreszenz der anorganischen 

Quantenpunkte und der des Polymers und eine Energieübertragung vom Polymer auf den 

anorganischen Quantenpunkt wurde beobachtet. Die funktionalisierten Polymere beeinflussen dabei 

stark das Kristallwachstum und somit die Form, Größe und Größenverteilung der erhaltenen 

Quantenpunkte. Die Synthese unter Standardbedingungen mit 16000 equiv. Oleylamin resultiert in 



CdSe/CdS Quantenpunkten mit verschiedensten Morphologien (Pyramiden, Quader, Tripoden, 

Kugeln) und einem durchschnittlichen Durchmesser von 8.5 nm (σ: 1.2 nm). Der Zusatz von 100 

equiv. Anilin-funktionalisierten Polyfluorens zusätzlich zu 16000 equiv. Oleylamin per Quantenpunkt 

resultiert in sehr einheitlichen Nanokristalle mit einem Durchmesser von 8.3 nm (σ: 0.96 nm) und 

fast ausschließlich sphärischer Morphologie. Eine Untersuchung der Hybridkristalle mittels 

analytischer Ultrazentrifugation ergab, dass das Anilin-funktionalisierte Polymer fast vollständig von 

der Oberfläche abgelöst wird wenn die Hybridpartikel in hoher Verdünnung vorliegen. Polyfluoren 

mit einer Phosphonsäure-Funktionalität bindet dagegen deutlich stärker, und etwa 65% des Polymers 

ist auch in hoher Verdünnung noch gebunden. Eine Limitierung dieser Methode zur Synthese von 

CdSe/CdS/Polyfluoren Hybridnanokristallen ist die begrenzte Löslichkeit der Polymere in der 

Reaktionsmischung während der Synthese der CdS-Hüllen, somit ist der maximale 

Funktionalisierungsgrad pro Quantenpunkt begrenzt.  

Thiole sind ebenfalls stark bindende Liganden für CdS(e) Quantenpunkte und werden daher 

häufig in Liganden-Austauschreaktionen eingesetzt. Die Funktionalisierung von CdSe/CdS mit 

Thiol-funktionalisiertem Polymer und einer Untersuchung mittels analytischer Ultrazentrifugation 

würde einen direkten Vergleich der verschiedenen Endgruppen bezüglich deren Affinität zur 

Quantenpunktoberfläche erlauben. Versuche Polyfluoren mit einer Thiol-endgruppe zu 

synthetisieren schlugen allerdings fehl.  

Aus diesem Grund wurde die Synthese des Polymers mit einer Thiol-Endgruppe mit der 

Synthese von Hybridpartikeln kombiniert. CdSe/CdS Quantenpunkte wurden mit 4-

Mercaptophenylboronsäure funktionalisiert und verwendet um eine kontrollierte Suzuki-Miyaura 

Kupplungspolymerisation zu terminieren. Dieser Ansatz liefert Thiol-funktionalisiertes Polymer und 

Hybridnanokristalle in einem einzigen Syntheseschritt. Eine Untersuchung des erhaltenen Polymers 

mittels Massenspektrometrie zeigte eine erfolgreiche Terminierung der Polymerisation und den 

Erhalt von Thiophenol-Endgruppen. Allerdings war die Terminierungseffizienz niedrig und konnte 

nicht weiter erhöht werden.  

Als dritte Methode zur Synthese von Hybridnanokristallen wurde eine kontrollierte Suzuki-

Miyaura Kupplungspolymerisation von der Oberfläche von Halbleiternanokristallen entwickelt. Die 

Polymerisation vom Substrat ist die Methode der Wahl für die Polymerfunktionalisierung von 

Oberflächen und ermöglicht hohe und kontrollierte Funktionalisierungsdichten. Allerdings wurden 

bisher keine Methoden für die Erzeugung von konjugierten Polymeren von II/VI-Halbleiterpartikeln 

aus publiziert.  

CdSe/CdS Quantenpunkte wurden mit Aryl-halogenid Liganden funktionalisiert und mit 

[Pd(PtBu3)2] umgesetzt um einen oberflächengebundenen Initiatorkomplex zu erzeugen. Diese 
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Dispersion wurde zur Initiierung von Polymerisationen von Fluoren, Phenylen und Thiophen 

basierten Monomeren verwendet (Abbildung 1).  

Abbildung 1. Polymerisation von Fluoren- und Phenylen basierten Monomeren von der Oberfläche von CdSe/CdS 

Quantenpunkten mittels Suzuki-Miyaura Kupplungspolymerisation.   

 
Im Falle von Fluoren- und Phenylen- AB-Monomeren konnten erfolgreich oberflächen-initiierte 

Polymerisationen durchgeführt werden und CdSe/CdS/Polyfluoren beziehungsweise 

CdSe/CdS/Poly(p-phenylen) Hybridnanokristalle erhalten werden. Die Synthese von Polythiophen 

direkt von der Oberfläche der Quantenpunkte war nicht erfolgreich. Als Grund konnte die erhöhte 

Reaktivität dieses Monomers in einer oxidativen Additionsreaktion mit verbliebenem [Pd(PtBu3)2] 

identifiziert werden. Eine mögliche Lösung für dieses Problem ist die Verwendung von reaktiveren 

Oberflächen-gebundenen Initiator-Vorläufern auf Basis von Benzothiadiazol-Verbindungen.  

Die höhere Reaktivität dieser Vorläufer erlaubt außerdem einen höheren Umsatz zum 

oberflächengebundenen Initiatorkomplex (für (4-Bromphenyl)phosphonsäure ist der Umsatz 

begrenzt auf ca. 10% - 15%), und somit die Generierung höherer Kettendichten an der 

Partikeloberfläche.  

 

Für den Einsatz von Quantenpunkten und Quantenpunkt-basierten Hybridpartikeln als 

Einzelphotonquellen ist eine hohe optische Stabilität Grundvoraussetzung. Eine Möglichkeit diese 

zu erhöhen ist die Einbettung in Polymer- oder Siliziumdioxidpartikel. Dies bietet den weiteren 

Vorteil, dass die kolloidale Natur der Emitter bewahrt bleibt und ermöglicht eine mechanische 

Manipulation der Emitter in optischen Antennen oder photonischen Kavitäten. Hierdurch kann die 

Licht-Materie Wechselwirkung aufgrund des Purcell Effektes gesteigert werden.  

Literaturbekannte Protokolle zur Einbettung von Quantenpunkten in Polymethylmethacrylat- 

und Siliziumdioxidpartikeln wurden auf die, in dieser Arbeit synthetisierten Quantenpunkte und 

Hybridnanokristalle übertragen und auf einer kleinstmöglichen Partikelgröße und einer 

größtmöglichen Quantenausbeute optimiert. Die beiden Hüllmaterialien wurden auf ihre 

Eigenschaften mittels Fluoreszenzmessungen an einzelnen Emittern untersucht. Dabei zeigte sich, 



dass Emitter eingebettet in Siliziumdioxidpartikel eine höhere Zerstörschwelle aufweisen und somit 

höhere Intensitäten der anregenden Lichtquelle erlauben (~ Faktor 12). Demgegenüber ist die 

Fluoreszenzintensität von Quantenpunkten eingebettet in Polymethylmethacrylat signifikant höher 

(~ Faktor Drei), einhergehend mit einem besseren Signal-zu-Rausch Verhältnis in hochaufgelösten 

Fluoreszenzspektren. Bei der mechanischen Manipulation der eingebetteten Nanokristalle mittels 

eines Rasterkraftmikroskopes zeigte sich die Polymerhülle von Nachteil, da Polymerpartikel häufig 

an der Spitze haften blieben. Aus diesem Grund wurde ein Quervernetzer bei der Einbettung der 

Emitter eingesetzt und der Erhalt einer härteren Hülle, verglichen mit nicht quervernetztem Polymer, 

per Kraftspektroskopie nachgewiesen (~ Faktor Drei höheres Young-modul für quervernetztes 

PMMA). Die Quervernetzung der Polymerhülle führte gleichzeitig zu einer Erhöhung der 

Quantenausbeute der eingebetteten Emitter. 

In Einzelpartikel-Fluoreszenzmessungen an eingebetteten Hybridnanokristallen konnten 

geladene Quantenpunkte beobachtet werden, allerdings konnte nicht nachgewiesen werden, ob die 

Ladung von dem oberflächengebundenen konjugierten Polymer stammte. Des Weiteren war die 

Beobachtung von geladenen Quantenpunkten nur selten möglich und die dafür notwendigen 

Bedingungen konnten nicht reproduzierbar festgestellt werden.  

 

Zusammenfassend wurden in der vorliegen Arbeit Methoden zur Synthese von Hybridpartikeln 

aus Halbleiterquantenpunkten und konjugierten Polymeren entwickelt. Besonders hervorzuheben ist 

die erste erfolgreiche Demonstration einer Suzuki-Miyaura Kupplungspolymerisation von der 

Oberfläche von II/VI Quantenpunkten. Nach der präzisen Einbettung solcher 

Hybridquantenpunkte wurden diese Einzelphotonquellen in Einzelpartikel-Fluoreszenzmessungen 

untersucht. Hierbei lag besonderes Augenmerk auf einer möglichen Elektronenübertragung vom 

konjugierten Polymer auf den Quantenpunkt, welches in einem geladenen Quantenpunkt resultieren 

sollte. Dies wurde zwar beobachtet, allerdings nicht unter reproduzierbaren Bedingungen. Ein 

Zusammenhang zwischen der Beobachtung eines geladenen Quantenpunktes und des 

Quantenpunkt-gebundenen konjugierten Polymers konnte nicht zweifelsfrei festgestellt werden.    
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I. Annotations 

Abbreviations 

Abbreviations of the ‘International System of Units’ (SI-Units), chemical formulas, and 

abbreviations of chemical groups (Me, Et, etc.) according to the IUPAC (International Union of Pure 

and Applied Chemistry) nomenclature are not listed. 
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18 crown 6 1,4,7,10,13,16-Hexaoxacyclooctadecane 

AIBN Azobisisobutyronitrile 

APS (3-Aminopropyl)-trimethoxysilane 

BOC tert-Butyloxycarbonyl 

DCM Dichloromethane 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DDPA Dodecylphosphonic acid 

dppp 1,3-Bis(diphenylphosphino)propane 

HD Hexadecane 

MMA Methyl methacrylate 

NBS N-Bromosuccinimide 

n-BuLi n-Butyllithium 

PEO Polyethylene oxide 

PF Poly(9,9-di-n-octyl-2,7-fluorene)  

PFBT Poly[9,9-dioctylfluorenyl-2,7-diyl)-co-4,7-benzo{2,1,3}-
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PF-C6H4-NH2 Aniline functionalized polyfluorene 

PF-C6H4-P(O)(OH)2 Phenylphosphonic acid functionalized polyfluorene 
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TEOS Tetraethyl orthosilicate 
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FG Functional group 

FWHM Full-width at half maximum 

LASER Light amplification by stimulated emission of radiation 
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Mw Mass average molar mass 
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1. General Introduction 

Hybrid nanoparticles consisting of inorganic semiconductor nanocrystals and organic 

semiconducting polymers are fundamentally and practically relevant. Their colloidal nature allows for 

the processing to highly disperse organic/inorganic composite materials, which are difficult to access 

otherwise. These composite materials have broad potential for photovoltaic1-3 and light emitting 

applications4-7 or flexible electronics8, due to possible charge or energy exchange processes between 

the conjugated polymer and the inorganic semiconductor nanocrystal9. Nanocrystals and nanocrystal 

hybrid particles are furthermore of particular interest as single photon sources for quantum optical 

applications.  

The combination of an inorganic emitter with a conjugated polymer on the nanoscale can enable 

the controlled generation of a charged quantum dot (QD), a particularly interesting system for 

quantum optics studies.10  

For the utilization of such nanocrystals as single photon sources, an embedding into a protective 

shell (polymer or silica) is advantageous, as this increases the photostability of the emitter 

significantly, allowing for long-term measurements and high excitation densities, while retaining the 

colloidal nature of the system.11,12  

Ultimately, embedded hybrid particles (Figure 1) can provide a system for studying and 

controlling ultrafast dynamics of single electrons and photons, accessible by performing pump-probe 

experiments. 

 

Figure 1. a) Schematic representation of a core-shell semiconductor nanocrystal functionalized with polyfluorene (PF) 

ligands and embedded into a protective sphere. b) Sketched energy level alignment of a CdSe/CdS/polyfluorene hybrid 

particle. c) A negative trion is formed after transfer of an electron from the conjugated polymer to the inorganic CdSe 

core. 
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The attachment of polyfluorene (PF) ligands to a CdSe/CdS core-shell quantum dot aims at the 

deterministic charging of the inorganic core (Figure 1, b)), resulting in a negative trion (Figure 1, c)).  

This trion features a fast radiative recombination and a large dipole moment of an allowed ground-

state transition, additional requirements for controlling the ultrafast dynamics of the mesoscopic 

system. The shell increases the overall stability and coincides with a size enlargement, facilitating 

mechanical manipulation into resonator structures, to make use of the Purcell effect and to enhance 

light matter interaction between the excitation source and the inorganic emitter.13-15 Overall, this 

system would be ideal to control ultrafast dynamics in single quantum dots. 

1.1 Inorganic Semiconductor Nanocrystals – Quantum Dots 

The term quantum dot is used for nanoscale semiconductor materials, e.g. II-VI semiconductors 

(CdSe, CdTe, CdS or ZnS), III-V semiconductors (GaAs, InP, InAs), IV-VI semiconductors (PbS, 

PbSe) or group IV elemental semiconductors (Si). A quantum dot has a typical dimension of 1 to 

10 nm16, and only consists of a few hundred to a few thousand atoms.17 Quantum dots underly the 

quantum size effect, meaning that the band gap of the material depends on the size of the crystal. By 

decreasing nanocrystal size, the number of atoms and consequently the number of electronic states 

decreases. By absorption of a photon, an electrostatically bound electron-hole pair, called an exciton, 

is generated and a photon can be emitted when the electron relaxes to the ground state. This exciton 

features a certain size, termed the Bohr exciton diameter. If this diameter is larger than the actual size 

of the nanocrystal, the positive hole and the excited electron become spatially confined, resulting in 

an increase of the exciton energy and in discrete energy states.18 This quantum size effect was first 

predicted by L. E. Brus in the 1980’s,19,20 and since, quantum dots have attracted enormous scientific 

interest owing to their unique and tunable optical and electronical properties.  

Quantum dots feature a broad absorption and a narrow emission band, a high photostability 

compared to organic dyes and high quantum yields. Together with the tunable emission by crystal 

size, these properties render them ideal for light emitting diodes4,5, LASERs21, solar cells1,22, or as 

biomedical tags16,23. To be able to exploit the narrow emission band in an ensemble, monodisperse 

nanocrystals are a prerequisite.  

Quantum dots syntheses are mostly based on the hot injection method introduced by Murray et. 

al. in 1993.24 Organometallic precursors are rapidly injected into a hot coordinating solvent. This leads 

to supersaturation and a nucleation burst, followed by a growth period. By keeping the nucleation 

period short and by ensuring diffusion-limited growth, nanocrystals with a very narrow size 

distribution can be obtained.25 As a consequence of the extremely small particle size, quantum dots 

are thermodynamically unstable and tend to agglomerate. Further, in the case of e.g. a 5 nm sized 

CdS nanocrystal, around 15% of the atoms are located at the surface.26 These surface atoms lack 
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neighboring atoms in the crystal lattice, leading to dangling bonds pointing outward of the 

nanocrystal. These dangling bonds can lead to surface energy states, which often have an adverse 

effect on the optical properties due to charge trapping processes.27,28 For this reason, ligands, e.g. 

carboxylic acids, phosphonic acids, thiols or amines with long alkyl/alkene moieties are introduced 

into the synthesis that bind to and passivate the surface atoms. The long alkyl/alkene moiety renders 

the nanocrystals dispersible in organic solvents and ensure colloidal stability. 

The probably best-studied quantum dot system are CdSe nanocrystals. The band gap of bulk 

CdSe is 1.74 eV (713 nm). When the particle size is decreased into the quantum size regime, the result 

is an increase of the band gap and consequently, the absorption and fluorescence can be adjusted 

through the complete visible regime (Figure 2). 

 

Figure 2. Monodisperse CdSe quantum dots dispersed in toluene illuminated with near-UV light. 

A strategy for increasing the photoluminescence efficiency of quantum dots is the overgrowth 

with a second semiconductor material, yielding core-shell quantum dots. The surface atoms of the 

core are hereby passivated, provided that the lattice mismatch of the core and the shell material is 

small. The first core-shell quantum dots were CdSe cores with a ZnS shell, which showed a high 

fluorescence efficiency of 50% and a remarkable photostability.29 The larger band gap of ZnS results 

in an electronical passivation and a strong confinement of the exciton in the core. The many possible 

core-shell combinations allow for the synthesis of a large variety of quantum dots with diverse energy-

level alignments.17 CdSe/CdS core-shell quantum dots feature ideal properties in terms of optical 

applications. The lattice mismatch between CdSe and CdS is small with 3.9% allowing for epitaxial 

growth.30 The band offset for the holes is large and small for the electrons, resulting in a strong 

confinement of the hole in the core while the electron is delocalized over the entire nanocrystal. This 

results in a high stability against photooxidation by prevention of hole-trapping at the nanoparticle 

surface.30 Due to the delocalization of the electron throughout the shell, the emission wavelength of 

the nanocrystal can additionally be adjusted by the number of CdS layers.17,18 

1.2 Conjugated Polymers 

Conjugated polymers differ from classical polymer insulators by a backbone structure 

comprising multiple bonds. In many cases, this formally represents an alternation of single and 
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multiple carbon-carbon bonds. These systems lead to a charge mobility affording the polymer 

semiconductor properties. Most conjugated polymers are direct semiconductors, resulting in efficient 

absorption and emission at the band-edge.31 By ‘doping’, Heeger, MacDiarmid and Shirakawa even 

observed metal-like conductivity in oxidized polyacetylene.32 They were awarded the Nobel Prize in 

2000. Conjugated polymers are now applied and further explored in the fields of light emitting 

diodes33-35, photovoltaics36-38, chemical sensors39 and bio imaging31.40 The band gap of a 

semiconductor polymer can be adjusted by varying the monomer or by synthesizing copolymers. A 

large variety of different conjugated polymers is synthetically available. In Scheme 1, a selection of 

important classes of polymers is depicted. The alkyl- or alkoxy moieties (R) that can be found in most 

polymer structures are introduced to render the polymer soluble in organic media, allowing for 

processing. They also affect packing and conformation of the polymer chain in the solid state 

substantially.41-43  

Scheme 1. Selection of important conjugated polymers. R stands for alkyl- or alkoxy moieties. 

 

The progress in aryl-aryl coupling reactions in recent years allows for the synthesis of structurally 

well-defined and high molecular weight conjugated polymers.44,45 However, these reactions are 

conventional step growth polycondensations, which rules out a control over molecular weight and 

results in broad molecular weight distributions, and hampers the introduction of specific end-groups. 

This can be disadvantageous in the aforementioned applications. Since one decade, more advanced 

chain-growth polymerization protocols have emerged. Yokozawa et al.46 and McCullough et al.47 

reported in 2004 on the nickel catalyzed Kumada chain-growth polymerization of 2-bromo-5-

chloromagnesio-3-hexylthiophene (Scheme 2), resulting in polythiophene with controllable 

molecular weight and narrow molecular weight distribution (Mw/Mn 1.2-1.3). 

Scheme 2. Nickel catalyzed Kumada coupling polymerization of Grignard-type monomers. 
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In 2007, Yokozawa et al. reported the polymerization of a fluorene and a phenylene AB-

monomer featuring a boronic acid ester and a bromine functionality initiated by a three-coordinate 

Pd(II) complex, to proceed in a chain growth manner under Suzuki-Miyaura coupling conditions 

(Scheme 3).48 

Scheme 3. Controlled Suzuki-Miyaura coupling polymerization of AB-type monomers with a bromine and a boronic 

acid functionality, initiated by a three-coordinate Pd(II) complex.  

 

The proposed mechanism of the Suzuki-Miyaura coupling polymerization is illustrated in 

Scheme 3: The polymerization is initiated by a transmetalation reaction (1) between monomer and 

the initiator complex, resulting in the complex I. After reductive elimination (2), the palladium 

coordinates to the aromatic system (metal-π-coordination) of the newly formed compound (II), 

followed by an intramolecular oxidative addition reaction (3) and the complex III. Successive 

transmetalation of monomer (4) followed by oxidative addition (5) results in polymers with 

controllable molecular weight, narrow molecular weight distribution, and with an aryl end-group 

which originates from the Pd(II) initiator complex (ArI, Scheme 3). 

Fluorene, thiophene, phenylene, phenanthrene and fluorene-alt-benzothiadiazole based 

monomers can be polymerized in a controlled manner by initiation with three-coordinate tert-

butylphosphine aryl palladium(II) halide complexes49 with a bulky phosphine ligand.50 As an 

alternative, N-heterocyclic carbene ligated Pd-complexes can be used for controlled chain-growth 

polymerization of fluorene and thiophene monomers.51 However, due to a slower initiation, the 

molecular weight distribution of the resulting polymers are slightly broader (Mw/Mn 1.6 for 

polyfluorenes and Mw/Mn 1.4 for polythiophenes) compared to polymers that were initiated by 

PtBu3(Ar)PdX complexes (Mw/Mn 1.2-1.3).50 These type of Suzuki-Miyaura initiator complexes can 

be formed alternatively in-situ - that is without isolating the initiator complex - in the polymerization 

mixture from an aryl iodide and a Pd(0) source, e.g. [Pd(dba)2] and PtBu3.52-54
 This is possible due to 

the higher reactivity of the aryl iodide compared to the aryl bromide monomer in an oxidative 

addition reaction.55 

The metal-π-coordination (Scheme 3, II and 3) results in an intramolecular oxidative addition 

reaction and is responsible for the chain-growth character of the polymerization. This was 
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investigated in more detail by Fischer et al.56 A ‘chain walking’ of the palladium was verified by reacting 

exemplary compounds with several reactive sites (Figure 3, a, b and c) with substoichiometric 

amounts of [Pd(dba)2] in the presence of PtBu3.  

 

Figure 3. Organic initiator precursor compounds with several initiator sites. The blue arrows indicate the formation of 

polymer chains despite using substoichiometric amounts of a Pd(0) source as inorganic initiator precursor. In the case 

of the organic initiator b, chain-walking and thus bidirectional growth is hindered by the non-flexible linker. 

With this in-situ formed initiator52-54, polymerization was performed and the obtained polymers 

were analyzed by matrix-assisted LASER desorption/ionization time-of-flight (MALDI-TOF) mass 

spectrometry (MS). The analysis of polymers based on compound a revealed a lack of aryl-iodide 

end-groups, indicating that bidirectional chain-growth occurred. Polymerization initiated by 

compound b resulted in exclusively monodirectional chain-growth. These experiments underline that 

the Pd-center remains associated with the growing chains. If it would detach, oxidative addition 

would occur into the more reactive aryl-iodide bonds at an early stage of the polymerization due to 

the higher reactivity of aryl iodides compared to aryl bromides in oxidative addition reactions.55 No 

aryl-iodide end-groups would be detected by MALDI-TOF MS, independent from the used organic 

initiator precursor to Pd precursor ratio.55 The two aryl rings in the organic initiator precursor a are 

connected by an oxygen atom, which allows for close physical proximity and possibly a migration of 

the Pd-center, resulting in a ‘chain-walking’ between the two aromatic systems. The rigid spacer in 

precursor b does not allow for such a close proximity, hereby hindering a ‘chain-walking’ of the Pd-

center, which explains the observed monodirectional growth. This ‘chain-walking’ mechanism can be 

exploited for the synthesis of star polymers when multi-functional initiator compounds (compound 

c) are used as organic initiator precursors.56  

Yokozawa et al. reported on the polymerization of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane initiated by PtBu3Pd(Ph)Br in the presence of 2-bromo-7-(4-

tert-butylphenyl)-9,9-dioctylfluorene.48 The polymerization proceeded in a controlled fashion and no 
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consumption of the monosubstituted bromoaryl was observed, additionally underlining an 

association of the Pd-center to the growing chain during polymerization. Besides the absence of chain 

transfer reactions, an additional requirement for a controlled polymerization is the absence of chain 

termination, which is prevented by carefully excluding oxygen from the polymerization mixture and 

by deploying highly pure monomers, as monosubstituted arylboronic acid esters would terminate 

growing chains. Another possibility for chain termination is dehalogenation by water and base, both 

present in the polymerization mixture.50 Interestingly, polymerization experiments with and without 

water performed by Kosaka et al. indicated that the presence of water suppresses intermolecular 

transfer of the Pd-moiety and that water is necessary for a controlled polymerization.57  

The relationship between monomer conversion and molecular weight (Mn) of the obtained 

polymer is linear, in agreement with a chain-growth polymerization and therefore allows for the 

precise adjustment of the molecular weight by the molar monomer to initiator ratio.48 

1.3 Organic/Inorganic Semiconductor Hybrid Nanoparticles 

A synthetic access to the targeted hybrid particles (Figure 1) is challenging. The simple mixing 

of separately prepared conjugated polymers and inorganic nanocrystals normally results in phase 

separation and furthermore, the ligands introduced as stabilizers during quantum dot synthesis end 

up as insulators at the interface between the two semiconducting materials.58-60 Therefore, it is 

beneficial to use nanocrystals with conjugated polymers directly bound to their surface to enable an 

optimal integration into optoelectronic devices. Such hybrid particles can additionally exhibit 

different photo physics relative to bulk blends.61,62  

There are several strategies for the synthesis of hybrid particles with the polymer directly bound 

to the pre-synthesized nanocrystal, namely the grafting onto, grafting through and grafting from 

approach.63 Additionally, hybrid particles can be synthesized in-situ by performing the synthesis of the 

inorganic core in the presence of functionalized polymer ligands.64 The grafting methods (depicted 

in Scheme 4) will be discussed in more detail in the following.  
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Scheme 4. Grafting methods for the synthesis of hybrid particles, adapted from Bousquet et al.63 Copyright 2014, 

Elsevier. 

 

1.3.1 Synthesis of Organic/Inorganic Semiconductor Hybrid Nanoparticles by the Grafting 

Onto Approach 

Most reported procedures for organic/inorganic semiconductor hybrid nanoparticle synthesis 

are based on the grafting onto approach. The quantum dot ligands originating from the hot injection 

synthesis are directly replaced by a conjugated polymer featuring an appropriate functional group that 

can bind to the QD surface.65-70 The attachment of a polymer by an end-group can allow for polymer 

chains to be oriented perpendicular to the particle surface, while multiple binding of polymer side-

chains leads to a more dense and flat structure.63 An advantage of the grafting onto approach is that 

the polymer and the nanocrystal are synthesized in separate steps and can be purified and analyzed 

thoroughly. Modern controlled coupling polymerizations allow for the synthesis of precisely 

functionalized polymers.46-48,56,64,71 The major drawback of the grafting onto approach is that it does 

not allow for high grafting densities. The already bound chains hinder further polymer chains from 

diffusing to the surface due to the bulkiness of the polymer ligand. Consequently, brush-like 

structures are difficult to achieve. In the case of grafting end-functionalized polymer directly onto 

fluorescent nanocrystals, a decrease in quantum yield of the inorganic emitter due to the generation 

of free dangling bonds on the nanocrystal surface as a result of an incomplete exchange reaction is 

often observed.72  

1.3.2 Synthesis of Organic/Inorganic Semiconductor Hybrid Nanoparticles by the Grafting 

Through Approach 

In the grafting through approach, the nanocrystals are functionalized with a polymerizable group. 

The polymerization is initiated in solution and the functionalized nanocrystals are co-monomers and 

are grafted during the polymerization.69 Skaff et al. reported on the synthesis of hybrid particles 

consisting of a CdSe core functionalized with poly(p-phenylene vinylene) oligomers by a grafting 
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through approach.73 The CdSe nanocrystals were functionalized with a phosphine oxide ligand 

featuring a phenyl-bromide moiety and were deployed as co-monomer in a Pd-catalyzed Heck 

coupling. However, due to the step growth nature of the reaction, only tri- and tetramers were 

formed. The grafting through approach features a poor control over the grafting density and mostly 

results in grafted polymer with a low molecular weight.63 Furthermore, formation of non-bound 

polymer in solution is observed. 

1.3.3 Synthesis of Organic/Inorganic Semiconductor Hybrid Nanoparticles by the Grafting 

From Approach 

Grafting from is the method of choice for polymer-functionalization of surfaces and for the 

synthesis of organic/inorganic hybrid particles, as it allows for control over molecular weight and 

grafting density. The grafting of non-conjugated polymers by controlled radical polymerization 

methods from nanoparticles is well established and polymer brushes can be grown from many 

different particles e.g. polymer-, silica-, metal-, metal oxide- or semiconductor nanoparticles.74 

However, the free-radical methods are not applicable to conjugated polymers as the organic part. 

Conjugated polymers are normally formed by a step growth mechanism, which is incompatible with 

a surface-confined polymerization. The introduction of solution chain-growth polymerization 

methods for polythiophene46,47, polyfluorene and poly(p-phenylene)48 by Suzuki-Miyaura or Kumada 

coupling, represents a major advance towards grafting from of these conjugated polymers.  

To this end, the nanocrystals need to be functionalized with a small molecule that acts as an 

initiation site. The functionalized nanocrystals are then reacted with a metal-precursor complex, 

forming the surface-bound initiator complex, and are finally mixed with the monomer solution to 

initiate the polymerization. Ideally, only surface bound polymer is formed, the grafting density can 

be adjusted by the precursor amounts and the molecular weight can be adjusted by the initiator to 

monomer ratio. 

Only few examples for the grafting from of conjugated polymers have been reported to date, 

and they are mostly restricted to macroscopic flat substrates. The grafting of polythiophene75-77, 

poly(p-phenylene)78 and of polyfluorene79 from 4-halophenyl-functionalized silicon and silica wafers, 

the grafting of polythiophene and poly(p-phenylene) from gold wafers77,80 and of polythiophene from 

indium tin oxide surfaces77,81-83 has been reported. The surface initiated polymerization from particles 

has only been demonstrated for polythiophene and polyfluorene from silica particles (100 nm – 5 µm 

diameter) by Kumada coupling84-86 and for poly(phenyleneethynylene) by Sonogashira coupling 

polymerization87 and for grafting of polyfluorene from titanium dioxide particles by Kumada 

coupling.88 In these reports, the surfaces were characterized after polymerization by e.g. atomic force 

spectroscopy (AFM), infrared spectroscopy, chemical composition analysis (X-ray photoelectron 
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spectroscopy, electron energy loss spectroscopy) or by scanning electron microscopy. However, with 

these methods, it is difficult to differentiate between adsorbed and grafted polymer. In none of these 

reports, the grafted polymer was isolated from the substrate/particles and analyzed separately. The 

first example for a surface initiated polymerization from nanocrystals including polymer analysis was 

published by Islam et al. Hydride terminated silicon nanoparticles with a diameter of 11 nm were 

reacted with 5-chloro-magnesio-2-bromo-3-hexylthiophene to yield  2-bromo-3-hexyl-5-thienyl 

functionalized nanocrystals, from which polythiophene was grafted by Kumada coupling 

polymerization.89 They detached the polymer from the surface for MALDI-TOF MS analysis by 

destroying the inorganic core, however detached and solution-initiated polymer feature the same end-

group after quenching of the polymerization (hydrogen). 

To determine the organic initiator precursor/polymer density at the surface, thermogravimetric 

analysis is a common method, however rather inaccurate when the ligand composition is not exactly 

known.90-92 Alternatively, cyclic voltammetry can be used as demonstrated by Sontag et al.77 A gold 

substrate in the form of the working electrode was functionalized with a thiophene compound to 

yield a surface-bound redox couple and the ligand density was estimated to be approximately six 

molecules/nm2 by integration of the oxidation wave in the cyclic voltammogram. The initiator density 

was estimated by analysis of a surface that was functionalized with 8-(5-bromothiophene-2-yl)octane-

1-thiol, reacted with a Ni(0) precursor yielding a surface bound Ni(II) complex after oxidative 

addition, followed by the addition of a Grignard compound containing a ferrocene moiety. Cyclic 

voltammetry measurements allowed for the estimation of the yield of the reaction of the aryl-bromide 

with the Ni(0) precursor and the subsequent coupling with the ferrocene moiety, which was 

approximately 10%, translating to an initiator density of 0.6 per nm2. However, such measurements 

are only possible with a substrate that can be used as electrode in the measurement setup. Thus, cyclic 

voltammetry is not suited to determine the ligand density at nanoparticle surfaces.   

So far, there are no examples for the surface initiated polymerization of conjugated polymers 

from semiconducting nanocrystals by Suzuki-Miyaura coupling polymerization. The Suzuki-Miyaura 

protocol should be advantageous compared to Kumada coupling for the following reasons: The 

Grignard-type monomers used for Kumada coupling are very sensitive which strongly restricts the 

applicability of this method. This is not the case for the insensitive and storable compounds used for 

Suzuki-Miyaura coupling polymerization. Furthermore, no magnesium salts are left behind after 

polymerization, which seems beneficial for the optical properties of the hybrid particles.63 Finally, the 

Pd-initiators that are applied in Suzuki-Miyaura coupling are less prone to disproportionation 

compared to the Ni-based initiators that are mostly used for Kumada coupling polymerization 

(Scheme 5). This can be of particular relevance when high grafting densities are desired.77 
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Scheme 5. Proposed mechanism for the disproportionation reaction of surface-bound Ni-initiator complexes.77 

 

1.4 Embedding of Single Quantum Dots into Nanoparticles 

The embedding of quantum dots into polymer or silica particles is a common strategy to increase 

their optical and mechanical stability and to render them dispersible in aqueous systems. Most 

embedding procedures reported address the encapsulation of multiple quantum dots per 

polymer/silica particle. For the usage as single photon sources, it is essential to generate particles that 

contain exactly one emitter. Therefore, only methods that allow for the synthesis of particles 

containing one single quantum dot will be discussed in the following, and are generally based on 

heterophase polymerization. To ensure optimal optical and mechanical stability of the single photon 

source and to allow for its mechanical manipulation, the shell around the emitter needs to be of 

adequate thickness, rigidity and density. While a sufficient protection in particularly for mechanical 

manipulation usually requires a protective shell of several nanometers to tens of nanometers, at the 

same time only particles with an overall size smaller than ~100 nm are desired, as thicker shells 

prevent an efficient interaction of the embedded emitter with plasmonic or photonic resonators.  

1.4.1 Embedding of Single Quantum Dots into Polymer Nanoparticles 

Miniemulsion polymerization is the method of choice for the embedding of single lipophilically 

coated quantum dots into polymer nanoparticles.11,93,94  

By applying high shear, an oil phase containing monomer, a hydrophobe and a radical initiator is 

dispersed into small droplets in which the lipophilically modified QDs are distributed statistically 

(Scheme 6). After subsequent polymerization, the quantum dots are trapped inside the polymer 

particles due to their extreme low affinity for the aqueous phase. 
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Scheme 6. Schematic miniemulsion polymerization process for the embedding of single emitters into polymer particles. 

 

 However, a precise embedding is challenging. Fleischhaker et al.93 observed the tendency of 

CdSe nanocrystals to be positioned at the surface of polystyrene nanoparticles after encapsulation by 

miniemulsion polymerization. Joumaa and sukhanova et al.95 reported on the synthesis of polystyrene 

nanoparticles containing several QDs, however, agglomeration at the particle surface was observed. 

In both cases, fluorescent polymer latices were obtained but no quantum yields were reported. The 

embedding of single CdSe/CdS nanocrystals into poly(methyl methacrylate) nanoparticles by 

miniemulsion polymerization according to Negele et al. resulted in latices with high quantum yields 

that are comparable to the quantum yields of the bare quantum dots (> 50%) and an increased optical 

stability, allowing for high excitation densities in single particle photoluminescence measurements.11 

An alternative method for the encapsulation of single QDs into polymer particles is based on a 

secondary dispersion technique. A preformed polymer and the nanocrystals are mixed in a good 

solvent, which is added in a second step into an aqueous surfactant solution. By applying high shear, 

small droplets are formed. After removal of the solvent from these droplets, polymer particles 

containing the inorganic emitters are obtained.94  

The QD-multiplicity per polymer particle obtained by these methods agrees with a statistical 

distribution. The QD concentration has to be low to prevent the formation of polymer particles 

containing more than one nanocrystal, resulting in the majority of the polymer particles to be empty.94 

For single particle photoluminescence studies, this usually is not a problem as empty particles 

are not detected. However, if the emitter is to be manipulated into an optical resonator, a preselection 

of a QD-containing particle becomes necessary.  
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Figure 4. PMMA particles with encapsulated CdSe/CdS nanocrystals.11 

1.4.2 Embedding of Single Quantum Dots into Silica Nanoparticles 

The main motivation for the synthesis of QDs embedded into silica nanoparticles has been the 

utilization of such particles in bio imaging applications. Quantum dots are attractive as biomarkers 

because of their broad absorption and narrow emission spectrum, the latter being adjustable by 

varying the crystal size. This implies that multicolor imaging can be performed with one excitation 

source. When organic dyes are used, several excitation sources are needed, as dyes possess narrow 

absorption.96 Furthermore, inorganic emitters outperform organic dyes when it comes to 

photostability.  

For bio imaging purposes, the QDs need to be dispersible in aqueous media. High-optical quality 

QDs are however synthesized by the hot injection method, resulting in hydrophobically stabilized 

QDs. Therefore, a step that renders the QDs hydrophilic is necessary. This can be achieved by ligand 

exchange with hydrophilic ligands directly at the QD surface or by embedding into a hydrophilic shell 

material. Ligand exchange often leads to a deterioration of the optical properties of the QDs, as an 

incomplete exchange results in unoccupied surface sites.72  

The embedding into silica goes hand in hand with a ligand exchange process also, however, the 

generated shell protects the QDs from oxidation and increases their optical stability, decreases their 

toxicity and allows for straightforward functionalization of the particle due to the reactive silica 

surface.97 Regarding the use of such particles as single photon sources, the embedding into silica 

particles is promising as the QD multiplicity per silica particle can be controlled effectively due to the 

underlying embedding mechanism, as will be discussed in more detail in Chapter 5.2.6. 

1.5 Preliminary Work – Synthesis of CdSe/Polyfluorene Hybrid Particles 

Prior to the studies presented in this work, a synthesis strategy for CdSe/polyfluorene hybrid 

particles was developed in a master’s thesis.98 Polyfluorenes were synthesized by controlled Suzuki-
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Miyaura coupling polymerization, initiated by Pd(II) complexes that featured a protected aniline- or 

a protected phenylphosphonic acid functionality. After a facile deprotection step, aniline- and 

phenylphosphonic acid functionalized polyfluorenes with controlled molecular weight and narrow 

molecular weight distribution were obtained.  

For the synthesis of hybrid particles, these polymers were applied in the hot injection synthesis 

of CdSe quantum dots, partially replacing the ligands oleyl amine and dodecylphosphonic acid 

(Scheme 7). These ligands are normally used in empirically developed protocols for the synthesis of 

CdSe nanocrystals featuring high emission efficiencies and narrow fluorescence bands.11,99,100 

Scheme 7. Reaction setup for the synthesis of CdSe/polyfluorene hybrid particles by the hot injection method. The 

commonly used ligands oleyl amine and dodecylphosphonic acid were replaced partially by polyfluorenes with the 

respective functional end-groups. 

 

Transmission electron microscopy images of these hybrid particles revealed that the hybrids are 

of comparable size as the QDs synthesized in the absence of functionalized polyfluorenes and feature 

even narrower size distributions, hinting at a strong interaction of the respective polymer with the 

nanoparticles. More detailed studies, especially regarding the optical properties of the hybrid particles 

will be presented in this work.  
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2. Scope of the Thesis 

Hybrid particles consisting of conjugated polymers and inorganic semiconductor nanocrystals 

are of interest due to their potential in photovoltaic and light emitting applications. Additionally, such 

particles are particularly interesting as single photon sources. 

To obtain quantum dot/conjugated polymer hybrid particles suitable as single photon sources 

in pump-probe experiments, synthesis strategies for such hybrid particles were evolved and further 

developed. The strategy of synthesizing quantum dots in the presence of end-group functionalized 

polyfluorenes was extended to potentially more photostable CdSe/CdS/polyfluorene hybrids. For 

this purpose, aniline- and phenylphosphonic acid functionalized polyfluorenes were synthesized and 

the synthesis of thiol functionalized polyfluorene was pursued. To ensure high emission efficiencies 

from the inorganic nanocrystals, the synthesis of the CdSe core was optimized aiming at maximizing 

the quantum yield. Additionally, the conditions for the synthesis of the CdS shell were varied, again 

aiming at high quantum yields, and additionally, regarding an efficient binding of the functionalized 

polyfluorenes by minimizing the concentration of competing ligands. Furthermore, a grafting from 

method of conjugated polymers from nanocrystals was to be developed. To ensure a high optical and 

mechanical stability of the inorganic emitters, the embedding of quantum dots and hybrid 

nanocrystals into protective materials was studied, while retaining the colloidal nature of the system. 

The properties of embedded CdSe/CdS nanocrystals and of embedded CdSe/CdS/polyfluorene 

hybrid particles were investigated by ensemble photoluminescence measurements and by single 

particle micro-photoluminescence spectroscopy.  
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3. Synthesis of Conjugated Polymers by Controlled Suzuki-

Miyaura Coupling Polymerization  

3.1 Introduction 

Classical routes towards conjugated polymers rely on polycondensation reactions, thus featuring 

step growth polymerization characteristics. Consequently, control over molecular weight, molecular 

weight distribution and end-group functionalization is poor. An elegant way to overcome these 

limitations is the utilization of Pd- or Ni-catalyzed chain-growth polymerization.50 Most of the 

protocols for controlled polymerizations utilize organo-metallic AB-monomers, especially Grignard-

type monomers47,101-104, polymerizable under Kumada coupling conditions. These monomers are 

highly reactive and therefore incompatible with a wide range of solvents and functional groups and 

are additionally very sensitive towards water and oxygen. An alternative is provided by the controlled 

Suzuki-Miyaura coupling polymerization, utilizing AB-type monomers with a boronic acid (ester) and 

a bromine functionality. These compounds are well accessible and stable and storable under ambient 

conditions. Consequently, the Pd-mediated Suzuki-Miyaura coupling polymerization is compatible 

with a larger scope of functional groups and solvents. As an additional advantage, no magnesium 

salts originating from the organo-metallic monomer are left behind in the final product. This can be 

beneficial for the optoelectronic properties of the polymer in its designated application.105,106 For 

example, Urien et al. studied the chemical composition of polythiophene synthesized by Ni-mediated 

Kumada coupling of Grignard-type monomers after several purification steps and found that metal 

salts are hard to remove. Additionally, the performance of the polymer in field-effect transistors was 

investigated with a focus on the polymer’s impurities. They concluded that the on/off ratio of the 

field-effect transistor was negatively influenced by the presence of magnesium salts.105  

As already discussed in Chapter 1.2, the coordination of Pd after reductive elimination to the π-

system is responsible for the chain-growth characteristics of the Suzuki-Miyaura coupling 

polymerization (Scheme 8).  
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Scheme 8. Controlled Suzuki-Miyaura coupling polymerization of AB-type monomers with a bromine and a boronic 

acid (ester) functionality, initiated by a three-coordinate Pd(II) complex.  

The aryl-moiety of the initiator complex reacts with a monomer unit and forms the initiating chain-

end of the resulting polymer chains (ArI, Scheme 8). This allows for precise polymer end-group 

functionalization and the introduction of various non-reactive aryl-107 and alkylsilyl-108 moieties and 

reactive functional groups e.g. amines, phosphonic acids and hydroxyl groups by using appropriate 

Pd(II) complexes as initiators64,71. Hu et al. used aryl iodides and aryl bromides with various 

substituents at the para position (e.g. Cl, Br, F, NO2, CN, COPh, CO2Et, OMe, HOCH2) as organic 

precursors in combination with [Pd(dba)2]/PtBu3 to generate initiators in-situ and obtained precisely 

functionalized polyfluorenes.53,54,109 

As terminating end-group, hydrogen and bromine atoms are generally observed. Bromine 

terminating chain-ends are the result of chain termination reactions, either during the polymerization 

(undesired, e.g. chain transfer or dehalogenation50) or after complete monomer conversion. When Pd 

leaves the growing chain during the polymerization, it can either insert into the C-Br bond of a 

terminated polymer-chain or a monomer. The latter would result in polymer without the initiating 

chain-end from the initiator but instead with a boronic acid (ester) end-group.110 If no termination 

occurs, the propagating end of the polymer chain is ArI-(polymer)-Pd(PtBu3)Br, from which reductive 

elimination can result in a bromine chain-end after monomer consumption.48,111 Generally, 

polymerizations are quenched at a high but incomplete conversion by the addition of HCl, as 

complete monomer conversion can be accompanied by a broadening of the molecular weight 

distribution of the resulting polymer.112 This quenching process transforms the active chain-end ArI-

(polymer)-Pd(PtBu3)Br into a hydrogen terminating chain-end (ArI-(polymer)-H).48,110 In conclusion, 

polymer with a varying ratio of H and Br end-groups is obtained, depending on the polymerization 

time and consequently monomer conversion. The precise synthesis of exclusively bromine 

terminated polyfluorenes, polythiophenes or poly(p-phenylenes) by controlled Suzuki-Miyaura 

coupling polymerization has not been reported to date. 

Heterobifunctional polymers with two different functional end-groups can be obtained by the 

addition of arylboronic acids (esters) as end-capper reagents after monomer consumption.71,107  

For the synthesis of CdSe/CdS/polyfluorene hybrids according to the protocol developed for 

CdSe/polyfluorene hybrid nanocrystals (Chapter 1.5), aniline and phenylphosphonic acid 
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functionalized polymers were synthesized. In the synthesis of the CdS shell around the CdSe core, 

the main ligand is oleyl amine. The replacement of the latter by aniline functionalized polymer was 

investigated. Furthermore, the stronger binding phenylphosphonic acid functionalized polyfluorene 

was applied during the shell synthesis. Additionally, the synthesis of thiol functionalized polyfluorene 

was desired and investigated. Thiol functionalized polymers are of interest, as thiols strongly bind to 

CdS(e) surfaces.26,58,113,114 Furthermore, the synthesis of polymer with exclusively bromine as 

terminating chain-end was studied, as the broad scope of reactions starting from aryl bromides would 

allow for the introduction of various functionalities.115-118 

3.2 Results and Discussion 

3.2.1 Synthesis of Aniline- and Phenylphosphonic Acid Functionalized Polyfluorenes  

Aniline functionalized polymer was synthesized according to a previously reported procedure.98 

Initiation of the polymerization of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane with the complex [(bromo)(4-tert-butoxycarbonylamino-phenyl)(tri-tert-

butylphosphine)palladium] afforded BOC-aniline functionalized polyfluorene with a narrow 

molecular weight distribution of Mw/Mn 1.2 - 1.3 (according to gel permeation chromatography 

(GPC)), and a degree of polymerization of 9 – 11 (according to nuclear magnetic resonance 

spectroscopy (NMR), Figure A 1). The degree of polymerization is in good agreement with the 

applied monomer to initiator ratio of 10:1 and the almost complete monomer conversion (> 90%). 

In preliminary work, deprotection was performed by heating the polymer to 190 °C under reduced 

pressure for several hours (Scheme 9).  

Scheme 9. Reaction scheme of the deprotection of BOC-aniline functionalized polyfluorene at elevated temperature 

and under reduced pressure.  

 

However, while reproducing this deprotection procedure, isocyanate functionalized polymer and 

two polymer chains coupled by an urea group (Figure 5) were observed as side products in MALDI-

TOF mass spectra (Figure A 2). 
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Figure 5. Side products that were formed when the BOC-protected aniline functionalized polymer was deprotected at 

190 °C under reduced pressure.  

Due to the coupling product, a bimodal molecular weight distribution was observed by GPC, 

which increased from Mw/Mn < 1.3 to > 2 (Figure A 3). The coupling product is probably formed 

during the heating step, or afterwards when the polymer is redissolved by the reaction of a 

deprotected polymer species (aniline end-group) with an incompletely deprotected polymer chain 

(isocyanate end-group). The fraction of the coupling product in the sample seems to be low according 

to MALDI-TOF MS, however it is probably underestimated due to its high molecular weight. 

To prevent the formation of side products, deprotection can be conducted in chloroform under 

acidic conditions by addition of trifluoroacetic acid, resulting in aniline functionalized polymer 

(Figure 6) with a molecular weight of Mn 11000 g/mol according to GPC. The molecular weight of 

polyfluorenes determined by GPC against polystyrene standards is overestimated approximately by a 

factor of 2.7.119 Considering this, the estimated true molecular weight is Mn 4100 g/mol, which 

corresponds to a degree of polymerization of 10, meaning that the molecular weight is unaffected by 

the deprotection reaction. The molecular weight distribution remains narrow with Mw/Mn 1.3 

according to GPC (Figure A 4).  

 

Figure 6. MALDI-TOF mass spectra of BOC-protected aniline- (top) and aniline functionalized polyfluorene (bottom). 

Phenylphosphonic acid functionalized polymer was synthesized by initiating a polymerization of 

2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with the complex 
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[(bromo)(4-diethoxyphosphoryl-phenyl)(tri-tert-butylphosphine)palladium], followed by a 

deprotection step. The degree of polymerization of 10 according to 1H-NMR (Figure A 5) of the 

obtained polymer is perfectly consistent with the applied monomer to initiator ratio of 10:1 and a 

nearly complete monomer conversion (> 90%). The molecular weight distribution is narrow with 

Mw/Mn 1.2 (according to GPC, Figure A 6). Deprotection to the phosphonic acid can be performed 

by heating the polymer under reduced pressure to 220 °C for several hours.98 As a milder and faster 

alternative, the McKenna reaction120 using bromotrimethylsilane was applied. Phenylphosphonic acid 

functionalized polymer is obtained by stirring the protected species in dichloromethane and 

bromotrimethylsilane for only two hours at room temperature, followed by the addition of methanol 

(Scheme 10).  

Scheme 10. Reaction mechanism of the McKenna reaction.121 
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This results in the alcoholysis of the formed bis(trimethylsilyl) phosphonate and precipitation of the 

polymer. Figure 7 depicts the MALDI-TOF MS of the polymer before and after deprotection. The 

inset on the right shows the signal of the deprotected polymer species with nine repeating units and 

its calculated isotope pattern (+1 u, protonated species, red line), which are in perfect agreement. The 

deprotection step has no influence on the degree of polymerization (DPn of 10) or on the molecular 

weight distribution, which remains narrow with Mw/Mn 1.2 (Figure A 7). 

 

Figure 7. MALDI-TOF mass spectra of phenylphosphonic acid diester- (top) and phenylphosphonic acid 

functionalized polyfluorene (bottom). The inset on the right depicts the signal of the deprotected 9-meric species (black 

line) and its calculated isotope pattern (red line, +1 u, protonated).  
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The application of the obtained aniline- and phenylphosphonic acid functionalized polyfluorenes 

as ligands in the synthesis of CdS shells around CdSe quantum dots, resulting in 

CdSe/CdS/polyfluorene hybrid nanocrystals, will be discussed in Chapter 4.2.4. 

3.2.2 Synthesis of Thiol Functionalized Polyfluorene 

The binding strength of various functional groups towards the surface of quantum dots is 

obviously an issue of broad relevance, however, there is no general picture. In previous work, closer 

insight into the binding affinity of the amine- and the phosphonic acid functionality was gained from 

analytical ultracentrifugation experiments with CdSe nanocrystals functionalized with aniline- or 

phenylphosphonic acid functionalized polyfluorenes, respectively. From these studies, it was 

concluded that the aniline functionalized polymer is almost completely desorbed from the nanocrystal 

surface at high dilution, while approximately 45% of the phenylphosphonic acid functionalized 

polymer appears permanently bound to the QDs under measurement conditions.64 The analysis of 

these particles is discussed in more detail in Chapter 4.2.1. Thiols are considered to bind strongly to 

the surface of II-VI semiconductor nanocrystals and are commonly used in ligand exchange 

experiments.122-124 For this reason, the synthesis of thiol functionalized polyfluorenes, that were to be 

used in the synthesis of hybrid particles in a subsequent step, was aimed at. Analytical 

ultracentrifugation experiments with such hybrids would be instructive regarding the binding of thiols 

compared to phosphonic acids and amines.  

Initiating chain-end functionalization: For the formation of thiol functionalized 

polyfluorenes, the synthesis of a Pd(II) Suzuki-Miyaura coupling polymerization initiator with a 

protected thiophenol was pursued. 4-Bromothiophenol was protected as tert-butyldimethylsilyl 

thioether, as S-thiocarbamate and with a trityl protecting group (Scheme 11) and reacted with 

[Pd(PtBu3)2], respectively.  

Scheme 11. Synthesis of three-coordinate Pd(II) Suzuki-Miyaura coupling polymerization initiators starting from 

protected 4-bromothiophenol derivatives. 

 

These protecting groups were chosen since they are stable under the basic polymerization 

conditions and can be cleaved under acidic conditions. One to three equiv. of the protected 
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thiophenol derivative were reacted with one equiv. of [Pd(PtBu3)2] in 2-butanone or benzene. Starting 

at room temperature, the temperature was increased until a change in color was observed, as the 

typical color of these type of three-coordinate Pd complexes is yellow.49,112 The reactions were 

monitored by 31P-NMR spectroscopy.  

In the case of 4-bromothiophenol protected as tert-butyldimethylsilyl thioether dissolved in 2-

butanone, the addition of [Pd(PtBu3)2] resulted in a change of color of the solution from colorless to 

orange after increasing the temperature to 70 °C. After 10 minutes, the solution turned yellow, which 

is the typical color of this type of three-coordinate Pd(II) complexes. However, the simultaneous 

formation of Pd-black was observed. For this reason, the reaction mixture was cooled and the formed 

products were isolated by removing the solvent followed by washing the precipitate with pentane 

several times. The resulting yellowish/black powder was analyzed by 31P-NMR spectroscopy in C6D6 

(Figure 8, top spectrum).  

 

Figure 8. 31P-NMR spectra of the reaction mixture of [Pd(PtBu3)2] and 4-bromothiophenol protected by three different 

protecting groups, respectively, in C6D6. 

Of the four signals observed, the one at 87.3 ppm can be assigned to the Pd(0) precursor. The 

desired three-coordinate Pd(II) complexes typically give rise to a 31P-NMR signal between 55 and 
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70 ppm. In this region however, no signals are observed. For this reason and because of the formation 

of significant amounts of Pd-black already after short reaction times, the use of this protected 

thiophenol derivative for the synthesis of an initiator complex was discarded.  

Subsequently, 4-bromothiophenol protected as S-thiocarbamate was investigated as precursor in 

the synthesis of the desired complex. C6D6 was chosen as a solvent to allow for the recording of 1H-

NMR spectra. After the addition of [Pd(PtBu3)2] to the protected thiophenol at room temperature, 

the color of the solution turned deeply red and the crude reaction mixture was analyzed by 31P-, 1H- 

and 1H{31P}-NMR spectroscopy. The 31P-NMR spectrum recorded after a reaction time of 

15 minutes at room temperature is depicted in Figure 8 (center).  

The formation of the desired complex would result in two new signals, one for the respective 

complex and one for free PtBu3, which is formed stoichiometrically. Both signals are expected to have 

a chemical shift in the range of 55 – 70 ppm. The depicted 31P-NMR spectrum features two signals 

in this range at 62.1 ppm and 64.6 ppm. However, two additional signals at 83.3 ppm and 96.9 ppm, 

besides the signal that can be assigned to [Pd(PtBu3)2] (85.0 ppm) are present, indicating that side 

reactions take place. Additionally, for none of the signals a correlation to the aromatic region in the 
1H-NMR spectrum is observed, ruling out the formation of the desired complex.  

Regarding the reaction of trityl-protected 4-bromothiophenol with [Pd(PtBu3)2], no conversion 

was observed at room temperature in deuterated benzene. After increasing the temperature to 40 °C 

for 2 hours, the intensity of the signal that can be assigned to [Pd(PtBu3)2] at 85.0 ppm strongly 

decreased and three new signals are observed in the 31P-NMR spectrum at 62.2 ppm, 86.3 ppm and 

94.1 ppm (Figure 8, bottom). However, no cross-signal in the 1H31P-HMBC spectrum between one 

of the signals in the 31P-NMR spectrum and the aromatic region in the 1H-NMR spectrum was 

observed. Attempts to isolate the formed product by removing the solvent or by precipitation from 

pentane resulted in the formation of Pd-black.  

All efforts to synthesize a three-coordinate Pd(II) Suzuki-Miyaura initiator complex with a 

protected thiol functionality failed. For this reason, the strategy was changed to the functionalization 

by end-capping. 

Terminating chain-end functionalization: The Suzuki-Miyaura coupling polymerization can 

be quenched by the addition of an excess of an arylboronic acid (ester) after consumption of the 

monomer, resulting in polymer chains with the aryl moiety of the boronic acid as terminating end-

group (Scheme 12). In combination with a functionalized initiator, this allows for the synthesis of 

heterodifunctional polymers. 
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Scheme 12. Strategy for the synthesis of thiol functionalized polyfluorene by quenching the polymerization with 

appropriate end-capping reagents. 

 

Polymerizations were initiated by the addition of the complex [(bromo)(phenyl)(tri-tert-

butylphosphine)palladium(II)] and quenched by injecting an excess (vs. initiator) of the respective 

end-capping reagent. The following end-capping reagents, all stable under the basic polymerization 

conditions, were used and investigated: 4-mercaptophenylboronic acid (1), 4-mercaptophenylboronic 

acid pinacol ester protected as disulfide (2), 4-mercaptophenylboronic acid pinacol ester with a trityl 

protecting group (3) and sulfur. Polymerizations were conducted at 0 °C for 30 minutes. After 

addition of the respective end-capping reagents, the solution was stirred for 1 h, followed by the 

addition of 3 mL of conc. HCl. These conditions were derived from successful end-capping 

experiments with fluorescent dyes previously performed in the group.112  

In a first attempt, a polymerization was quenched by the addition of 4-mercaptophenylboronic 

acid (1) and one by the addition of 1,2-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)diphenyl 

disulfide (2). For comparison, a third polymerization was quenched by the usually applied method, 

that is by the addition of concentrated HCl. The molecular weights of the polymers obtained in all 

three experiments are similar with Mn 11000 g/mol, 10800 g/mol and 9000 g/mol (according to GPC 

vs. polystyrene standards). Taking an overestimation by a factor of 2.7119 into account, the estimated 

true molecular weights amount to Mn 4100 g/mol, 4000 g/mol and 3400 g/mol. The molecular 

weight distribution of the polymer obtained after quenching by the addition of HCl is reasonable 

narrow with Mw/Mn 1.3. However, the molecular weight distributions observed in the two 

experiments in which an end-capper reagent was applied are broader with Mw/Mn 1.4 (4-

mercaptophenylboronic acid, (1)) and Mw/Mn 1.6 (1,2-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)diphenyl disulfide (2)). As expected, the hydrochloric acid quenched polymer with a phenyl 

initiating chain-end features a hydrogen as terminating chain-end according to MALDI-TOF MS. In 

the mass spectra of the polymer batches quenched by the respective end-capping reagents, the same 
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hydrogen terminated polymer species is observed, indicating that the end-capping was unsuccessful 

(Figure A 8). When 1,2-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)diphenyl disulfide (2) is 

used as the end-capping reagent, the dimerization of two polymer chains is possible, yet unlikely 

because a large excess is used. This dimerization product would probably be underestimated by 

MALDI-TOF MS due to its high molecular weight, however would result in a bimodal molecular 

weight distribution. The formation of this species can be excluded as a monomodal distribution is 

observed by GPC (Figure A 9).  

Quenching the polymerization by the addition of trityl protected 4-mercaptophenylboronic acid 

pinacol ester (3) resulted in the formation of the desired species with thiophenol as terminating end-

group, as can be concluded from end-group analysis by MALDI-TOF MS (Figure 9).  

 

Figure 9. MALDI-TOF mass spectrum of polyfluorene obtained by initiating the polymerization with 

[(bromo)(phenyl)(tri-tert-butylphosphine)Pd(II)] and quenching the polymerization by addition of 4,4,5,5-tetramethyl-2-

(4-(tritylthio)phenyl)-1,3,2-dioxaborolane (3). 

The trityl protecting group is probably removed by the addition of concentrated HCl after the 

end-capping step. The desired thiophenol terminated species has the highest intensity in the MALDI-

TOF mass spectrum, however, several additional signals are observed. The second most intense set 

of signals can be assigned to a polymer species featuring a hydrogen as terminating end-group.  

A third species exhibits 4-mercaptophenylboronic acid pinacol ester as terminating chain-end, 

bound as thioether to the polyfluorene backbone. The Pd-catalyzed formation of aryl sulfides starting 

from aromatic thiolate anions and aryl halides is a known reaction, however, it was not expected to 

be a major side reaction under Suzuki-Miyaura conditions when a boronic acid is present.125 From 

the intensities of the MALDI-TOF MS signals, the percentage of polymer chains with the desired 

thiophenol end-group is estimated to be 35%, while 30% of the chains are end-capped by a hydrogen 
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and 13% by the thioether (calculated from intensity ratios of the respective polymer species in 

baseline-corrected MALDI-TOF mass spectra).  Additional signals of low intensity are assigned to 

successfully initiated polymer species (phenyl initiating chain-end) with a bromine end-group, with 4-

mercaptophenylboronic acid bound as thioether as end-group (loss of pinacol) and to a species, which 

was not successfully initiated and features bromine functionalities at both polymer chain-ends (Figure 

9). According to GPC vs. polystyrene standards, the molecular weight of the polymer is Mn 8200 

g/mol (estimated true molecular weight119: Mn 3000 g/mol) with a bimodal molecular weight 

distribution of Mw/Mn 2.0 (Figure A 10). This bimodal distribution might be the result of the 

dimerization of thiophenol end-capped polymer chains to disulfide species in the presence of oxygen 

or is the result of the reaction of the thioether side product with bromine terminated chains, likewise 

resulting in dimerization. That these dimerization products are not observed by MALDI-TOF MS is 

probably the result of their higher molecular weight. The photoluminescence properties of the 

partially functionalized polymer do not differ from phenyl/hydrogen end-capped polyfluorene.  

Finally, the quenching of the polymerization of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane by the addition of α-sulfur (20 equiv. vs. 1 equiv. of initiator) was 

investigated. Okamoto et al. reported on the quenching of a controlled Kumada catalyst-transfer 

polymerization by the addition of elemental sulfur dissolved in 1,8-diazabicyclo[5.4.0]undec-7-ene, 

resulting in thiol-terminated polythiophene.126 They proposed a coordination of polysulfide, which is 

formed under basic conditions127 or by the nucleophilic cleavage of S-S bonds by phosphine128,129, to 

the metal center at the active chain end. Subsequent S-S bond cleavage and C-S bond formation 

would yield the desired thiol-end-group after the addition of HCl (Scheme 13).  

Scheme 13. Proposed pathway towards the introduction of thiol terminating chain-ends by quenching with elemental 

sulfur according to Okamoto et al.126 

 

In the case of quenching a Pd-catalyzed Suzuki-Miyaura coupling polymerization, a similar 

pathway is imaginable. A related reaction to aryl-thiols by Cu-catalyzed coupling of aryl iodides with 

elemental sulfur has been described by Jiang et al.130  

Polymerization and quenching conditions were derived from the experiments described above. 

After 30 minutes polymerization time at 0 °C, sulfur dissolved in THF was added, followed by stirring 

for 1 hour and addition of concentrated HCl. End-group analysis by MALDI-TOF MS revealed that 

the quenching with sulfur successfully results in the formation of thiol end-groups, however far from 

quantitative. In the case of polyfluorene, 40% of the obtained polymer features a thiol end-group 

according to MALDI-TOF MS. The main species (44%) is terminated by a bromine atom and the 
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remaining 16% by a hydrogen (Figure A 11). According to GPC, the molecular weight amounts to 

Mn 6300 g/mol, which translates to an estimated true molecular weight119 of Mn 2300 g/mol (expected 

molecular weight from initiator to monomer ratio: Mn 4000 g/mol) and the molecular weight 

distribution is bimodal with Mw/Mn 2.0 (Figure A 12).  

Polythiophenes can also be obtained by controlled Suzuki-Miyaura coupling polymerization131 

and precisely functionalized polythiophenes have great potential in photovoltaic applications.132 The 

introduction of highly polarizable sulfur into the aromatic system of the polymer backbone results in 

excellent charge transport properties.133 Studies on thiophene polymerization (Chapter 4.2.7) 

indicated that 2-(5-bromo-4-(hexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane has a 

significant higher reactivity towards the oxidative addition of a Pd(0)-species into its C-Br bond. For 

this reason, it was investigated if there is a difference in the quenching efficiency of a polymerization 

reaction. A thiophene polymerization quenched by 20 equiv. of sulfur yielded polymer with 48% thiol 

end-groups according to MALDI-TOF MS (Figure 10), similar to fluorene polymerizations quenched 

by sulfur. The two additional species observed are terminated by a hydrogen- (42%) or by a bromine 

atom (8%). The higher ratio of thiol and hydrogen end-groups indicate at a higher reactivity of this 

monomer in oxidative addition reactions compared to the fluorene monomer. 

 

Figure 10. MALDI-TOF mass spectrum of polythiophene obtained by initiating the polymerization with 

[(bromo)(phenyl)(tri-tert-butylphosphine)palladium(II)] and quenching with sulfur. The inset shows the MALDI-TOF 

signal of the thiol-functionalized 13-mer and the calculated isotope pattern of this species (red line, +1 u). 

The inset shows the isotope pattern of the thiol terminated species with 13 repeat units and the 

calculated isotope pattern, being in perfect agreement. According to GPC vs. polystyrene standards, 

the molecular weight of the polymer is Mn 6000 g/mol with a bimodal molecular weight distribution 
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(Figure A 12) of Mw/Mn 1.5 (the molecular weight of polythiophenes determined against polystyrene 

standards is overestimated by a factor of approx. 1.5134, translating to a true molecular weight of Mn 

4500 g/mol). Polyfluorene as well as polythiophene obtained by quenching with sulfur feature a 

broad molecular weight distribution. The rather low efficiency of C-S bond formation in these 

quenching reactions might be the result of the phosphine ligand. According to literature, bidentate 

phosphine ligands with large bite angles are required for effective Pd-catalyzed C-S bond coupling 

reactions.126,135
 

The emission spectra of polyfluorene and polythiophene with 40% – 48% of thiol end-groups 

hardly differ from the hydrogen terminated analogues (Figure A 13). The polyfluorene emission is 

slightly blue shifted by 2 nm when thiol end-groups are introduced, while the emission spectrum of 

polythiophene is unaltered. However, the emission efficiency of polyfluorene and polythiophene with 

40% - 48% of the chains containing thiol end-groups is significantly reduced. Hydrogen terminated 

polyfluorene (with a phenyl moiety as initiating chain-end) in toluene features a high quantum yield 

of 93% (λexc: 380 nm). The quantum yield in the sample with thiol end-capped polyfluorene is 

decreased to 38%. The same trend is observed for the polythiophene sample, the quantum yield is 

decreased from 30% to 13% (in toluene, λexc: 435 nm).  

Because the quantative formation of thiol functionalized polymer by end-capping experiments 

failed, its synthesis and application in the formation of CdSe/CdS/conjugated polymer hybrids was 

discarded. In a related approach, pre-synthesized quantum dots, functionalized with 4-

mercaptophenylboronic acid, were used to quench a polymerization. This potentially yields quantum 

dot/conjugated polymer hybrid particles in one single step. The results of these experiments are 

discussed in Chapter 4.2.5. 

3.2.3 Synthesis of Difunctionalized Conjugated Polymers with Bromine Terminating Chain-

Ends  

Suzuki-Miyaura coupling polymerizations are commonly quenched after monomer consumption 

by the addition of hydrochloric acid, resulting in a hydrogen as terminating chain-end. However, a 

varying amount of polymer chains with bromine as terminating end-group is observed (up to 25%, 

according to MALDI-TOF MS signal intensities, Figure A 15).  

The formation of polymer with solely bromine as terminating chain-end is potentially interesting 

for post-polymerization functionalization, especially considering the broad scope of reactions that 

are possible with aryl bromides. This would provide an alternative route towards heterobifunctional 

polymers, besides end-capping by reaction with boronic acid derivatives. 
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After consumption of the monomer, the main species in the reaction mixture is supposed to be 

a polymer chain with Pd(PtBu3)(Br) as end-group, assuming that no termination occurred. According 

to literature, the presence of a large excess of free PtBu3 promotes reductive elimination of 

bromobenzene from [(bromo)(phenyl)(tri-tert-butylphosphine)Pd(II)] at elevated temperatures.111 A 

polymerization was conducted at 0 °C for 1 hour, after which complete monomer consumption can 

be assumed, followed by the addition of 15 equiv. of PtBu3 at 70 °C. After stirring for 15 minutes, a 

few drops of conc. HCl were added. If the addition of a large excess of phosphine results in reductive 

elimination, the products would be polymer chains with bromine as terminating end-group and 

[Pd(PtBu3)2]. A reaction of [Pd(PtBu3)2] with the as-formed bromine end-groups should be prevented 

by the addition of HCl, which destroys the complex by protonation of the ligand and additionally 

only occurs at higher temperature.  

However, the obtained polymer exclusively features hydrogen terminating end-groups according 

to MALDI-TOF MS.  

The addition of Br2 after 20 minutes polymerization time at 0 °C results in mainly bromine 

terminated chain-ends (83% according to MALDI-TOF MS). Two additional signals are observed, 

of which only one was assigned (hydrogen terminated species (11%)). As a more convenient bromine 

source, tetrabutylammonium tribromide was tested as a quenching reagent. A polymerization 

conducted at 0 °C was injected after 30 minutes into a solution of tetrabutylammonium tribromide 

in THF, which was kept at -78 °C. After stirring over night without additional cooling, polymer with 

almost exclusively bromine terminating chain-ends (93%, according to MALDI-TOF MS, Figure 11, 

top) was isolated.  
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Figure 11. MALDI-TOF mass spectra of polymer obtained after polymerization of 2-(7-bromo-9,9-dioctyl-9H-fluoren-

2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane and of  2-(5-bromo-4-(hexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane initiated by [(bromo)(phenyl)(tri-tert-butylphosphine)palladium(II)] and quenched by the addition of 20 

equiv. (vs. initiator complex) of tetrabutylammonium tribromide at -78 °C (polyfluorene, top) and at 0 °C 

(polythiophene, bottom), respectively. 

Only one additional species is observed in minor amount, which can be assigned to hydrogen 

terminated polymer chains. The quenching step has no adverse influence on polymer yield, molecular 

weight (Mn 3600) or molecular weight distribution (Mw/Mn 1.2, according to GPC).  

The quenching of a thiophene polymerization with tetrabutylammonium tribromide at 0 °C 

results in the formation of exclusively bromine terminated polymer (Figure 11, bottom), with a 

molecular weight of Mn 3900 g/mol and a molecular weight distribution of Mw/Mn 1.2, according to 

GPC.  

The photoluminescence spectrum of polyfluorene with a phenyl initiating- and a bromine 

terminating chain-end features a small blue shift of 2 nm compared to polyfluorene with a phenyl 

initiating- and hydrogen terminating chain-end. The introduction of bromine as end-group has no 

influence on the quantum yield of the polymer, which is high with > 90% (in toluene, λexc: 380 nm). 

The emission spectrum and quantum yield of polythiophene is unaltered by the introduction of 

bromine as terminating chain end, compared to polythiophene with a hydrogen terminating end-

group (Figure A 14).  
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3.3 Summary and Conclusion 

For the synthesis of CdSe/CdS/polyfluorene hybrid particles, aniline- and phenylphosphonic 

acid functionalized polyfluorene were synthesized according to a previously developed route, 

however different deprotection reactions were used to overcome the formation of undesired side 

products.  

Exclusively BOC-aniline- and phenylphosphonic acid diethyl ester functionalized polyfluorene 

were obtained by using [(bromo)(4-tert-butoxycarbonylamino-phenyl)(tri-tert-

butylphosphine)palladium] or [(bromo)(4-diethoxyphosphoryl-phenyl)(tri-tert-

butylphosphine)palladium] as initiator complexes, respectively. According to 1H-NMR spectra, the 

obtained polymers featured a degree of polymerization of 9 – 11, consistent with the deployed 

monomer to initiator ratios of 10:1 and monomer conversions of > 90%. Molecular weight 

distributions were sufficiently narrow for controlled chain-growth polymerization with Mw/Mn < 1.2, 

respectively, according to GPC.  

A facile deprotection step under acidic conditions with trifluoroacetic acid in chloroform yielded 

aniline functionalized polyfluorene. The phenylphosphonic acid diethyl ester initiating chain-end was 

deprotected by the McKenna reaction using bromotrimethylsilane yielding exclusively 

phenylphosphonic acid functionalized polyfluorene. The degree of polymerization (DPn of 10 for 

aniline- and phenylphosphonic acid functionalized polyfluorene, respectively) and molecular weight 

distributions (Mw/Mn ≤ 1.3) were unaffected by the deprotection reactions (Figure A 4, Figure A 7).  

Additionally, the synthesis of thiol-functionalized polyfluorene was pursued. Beyond amines and 

phosphonic acids, thiols are common ligands for CdSe/CdS nanocrystals. The synthesis of 

CdSe/CdS/thiol-functionalized polyfluorene hybrid particles and their characterization by analytical 

ultracentrifugation would be instructive, as it would enable a direct comparison of the binding 

strength of the three functional groups. However, attempts to synthesize Suzuki-Miyaura coupling 

initiator complexes from 4-bromothiophenol with various protecting groups (the thiol functionality 

was protected as tert-butyldimethylsilyl thioether, as S-thiocarbamate and with a trityl protecting 

group) failed (Scheme 14, top) and resulted in the formation of Pd-black. 
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Scheme 14. Strategies for the synthesis of thiol-functionalized conjugated polymers. 

 

For this reason, the introduction of the thiol-functionality by quenching polymerizations by the 

addition of the end-capping reagents 4-mercaptophenylboronic acid, 4-mercaptophenylboronic acid 

pinacol ester protected as disulfide, 4-mercaptophenylboronic acid pinacol ester with a trityl 

protecting group and sulfur was studied (Scheme 14, bottom). Only the quenching with trityl-

protected 4-mercaptophenylboronic acid pinacol ester and sulfur resulted in the formation of 

polymer with a thiol as terminating chain-end. However, the latter was never observed to be the 

major species. The best results were obtained by quenching polymerizations by the addition of sulfur 

dissolved in THF. With this end-capping procedure, polyfluorene with 40% and polythiophene with 

48% thiol end-groups were obtained (according to MALDI-TOF MS). The major side products were 

identified to be polymer species terminated by a hydrogen or a bromine atom. Additionally, the 

sulfur-quenched polymers featured broadened and bimodal molecular weight distributions (Mw/Mn 

2.0 for polyfluorene and Mw/Mn 1.5 for polythiophene). 

Suzuki-Miyaura coupling polymerizations are usually quenched at nearly complete monomer 

consumption by the addition of conc. HCl. This results in a substitution of the Pd moiety at the 

propagating chain-end by hydrogen. A small fraction of the polymer usually features bromine 

terminating chain-ends due to termination reactions. The generation of polymer with 100% bromine 

terminating chain-ends is desirable, as the aryl-bromine end-group would allow for broad 

functionalization and the synthesis of heterodifunctional polymers. For this reason, the controlled 

termination of polymerizations after nearly complete monomer conversion was investigated with the 

aim of generating bromine terminated chain-ends.  
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The quenching of Suzuki-Miyaura coupling polymerizations with tetrabutylammonium 

tribromide yielded polyfluorene with > 90% of bromine terminated chain-ends and exclusively 

bromine terminated polythiophene (Scheme 15).  

Scheme 15. Synthesis of bromine terminated polymer by quenching the polymerization with tetrabutylammonium 

tribromide. 

 

A polymerization conducted under identical conditions that is quenched by the addition of acid, 

yields polymer with exclusively hydrogen as terminating chain end (Figure A 8). This indicates that 

the bromine end-group is introduced by the quenching reagent and is not the result of undesired 

termination reactions.  

The quenching process does not have an effect on polymer yield or on molecular weight 

distribution, which remains narrow with Mw/Mn 1.2 for polyfluorene and polythiophene. The 

synthesis of precisely bromine terminated polymer enhances the general potential of controlled 

Suzuki-Miyaura coupling polymerization, as it opens up the possibility of further chemical 

functionalization.  
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4. Synthesis of Quantum Dots and Organic/Inorganic 

Semiconductor Hybrid Particles 

4.1 Introduction 

Hybrid particles gained considerable interest in recent years due to their potential application in 

photovoltaics and optoelectronics.3,4,7,136 However, the synthesis of inorganic/organic semiconductor 

hybrid nanoparticles is challenging, as a simple mixing of conjugated polymer and inorganic 

nanocrystals normally does not result in the formation of a nanoscale composite. Instead, phase 

separation between the organic and inorganic material is observed. Furthermore, the ligands 

introduced during quantum dot synthesis end up as insulators at the interface between the organic- 

and inorganic semiconducting material.58,60 For this reason, it is beneficial to use nanocrystals 

functionalized directly with conjugated polymer ligands to enable an optimal integration in 

optoelectronic devices and to facilitate a charge or energy transfer between the two materials. 

A hybrid particle consisting of polyfluorene ligands attached to a CdSe/CdS quantum dot seems 

particularly interesting as a single photon source. A sketch of the energy-level alignment of such a 

hybrid particle is depicted in Figure 12 and illustrates the possibility of hole trapping at the boundary 

between polyfluorene and the CdS shell. This would result in a negatively charged CdSe core with a 

significantly reduced fluorescence lifetime, rendering such a hybrid particle ideal for advanced pump-

probe experiments and allowing for the control of single electrons and phonons on an ultrashort 

timescale.  

 

Figure 12. Sketched energy level alignment of a CdSe/CdS/polyfluorene hybrid particle, illustrating the possibility of 

hole trapping at the boundary between polyfluorene and CdS, which would result in a negatively charged CdSe core. 
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A route for the synthesis of hybrid particles is the formation of the inorganic nanoparticle in the 

presence of functionalized polymer, with the latter directly binding to the growing crystal. The 

synthesis of CdSe/polyfluorene hybrids by this strategy was presented in preceding work98 and the 

properties of these particles will be discussed here. This strategy was furthermore extended to the 

generation of CdSe/CdS/polyfluorene hybrid nanocrystals. Additionally, two further approaches for 

the synthesis of semiconductor nanocrystals with directly bound conjugated polymers were 

developed and will be discussed. As ventilated in Chapter 1.3, a grafting from approach is the method 

of choice for the synthesis of hybrid particles, as it allows for a high and controllable functionalization 

density. A protocol for the grafting of a conjugated polymer from semiconductor nanocrystals by 

Suzuki-Miyaura coupling polymerization was developed. Additionally, an approach for the synthesis 

of hybrid particles by quenching Suzuki-Miyaura coupling polymerizations with functionalized 

quantum dots is discussed. The synthesis of the quantum dots used for these studies will also be 

discussed in this context.  

4.2 Results and Discussion 

4.2.1 Properties of CdSe/Polyfluorene Hybrid Particles 

As outlined, the synthesis of CdSe nanocrystals in the presence of functionalized polyfluorenes 

directly yields CdSe/polyfluorene hybrid particles.98 In this procedure, the ligands applied in the 

established protocols for CdSe QD synthesis (oleyl amine and dodecylphosphonic acid) are replaced 

partially by the respective polymer. Two batches of CdSe/polyfluorene hybrids were investigated. 

One quantum dot batch was synthesized in the presence of oleyl amine (approx. 4000 equiv. per 

QD), dodecylphosphonic acid (approx. 3000 equiv. per QD) and aniline functionalized polyfluorene 

(approx. 50 equiv. per QD). The second quantum dot batch was synthesized in the presence of oleyl 

amine (approx. 4000 equiv. per QD) and phenylphosphonic acid functionalized polymer (approx. 50 

equiv. per QD), thus without dodecylphosphonic acid.  

Investigation of the CdSe/polyfluorene hybrid particles with an analytical ultracentrifuge 

equipped with a multi-wavelength detector, had revealed to what extent the polymer actually binds 

to the inorganic particle.64,98 The measurement is based on the large difference in mass and density 

between the polymer and nanocrystals, with the latter sedimenting at lower gravitational field. Due 

to the multi-wavelength detector and the different optical absorption spectra of the polymer and the 

nanocrystal, the sedimentation of both species can be tracked simultaneously. A synchronous 

sedimentation of polymer and nanocrystals means that the polymer is directly bound to the quantum 

dots. 
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Figure 13. Three scans (of 100) of a multiwavelength analytical ultracentrifugation measurement (10.000 rpm, 25 °C) of 

CdSe/phenylphosphonic acid functionalized polyfluorene hybrids, dispersed in toluene. a) Scan 1, no sedimentation is 

observed. b) Scan 40, Sedimentation of polymer and QDs is observed by the decrease in absorption at the characteristic 

wavelengths of 290 nm (strong QD absorption) and 385 nm (strong PF absorption). c) Scan 100, absorption is 

decreased over the entire cell and all wavelengths. Adapted from de Roo et al.64 Copyright 2014, John Wiley and Sons. 

From these experiments, it was concluded that 95% of the aniline functionalized polyfluorene is 

free in solution and not bound to the CdSe QDs, whereas around 50% of the phenylphosphonic acid 

functionalized polyfluorene is bound to the inorganic nanocrystals.64,98 

Figure 13 depicts three different scans (of 100) of a multiwavelength measurement of 

CdSe/phenylphosphonic acid functionalized polyfluorene hybrid particles. The sedimentation of the 

hybrid nanocrystals can be monitored by the reduction in absorbance over the depicted wavelength. 

It has to be denoted that strongly diluted dispersions need to be used for these measurements 

to achieve low absorption depths and to be in agreement with the validity of Lambert-Beer analysis. 
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Dilution can lead to the desorption of weakly bound L-type ligands (amines), resulting in an 

underestimation of the amount of bound polyfluorene by analytical ultracentrifugation 

measurements. Phosphonic acids as X-type ligands on the other hand are considered one of the 

strongest binding ligands for CdS(e) surfaces.124,137 Dilution should have less effect on the amount of 

bound polymer, as underlined by the higher ratio of bound phosphonic acid functionalized 

polyfluorene (50%) compared to aniline functionalized polymer (5%).138-140 Additionally, it has to be 

noted that the concentration of partially stronger binding competing ligands (dodecylphosphonic 

acid) in the reaction mixture is higher during the synthesis of CdSe/aniline functionalized 

polyfluorene hybrids, which further reduces the amount of nanocrystal-bound polymer. In summary, 

the lower degree of binding for aniline functionalized polyfluorene vs. phenylphosphonic acid 

functionalized polyfluorene is in agreement with what one would expect from the binding-strength 

of the respective functional groups and from the respective syntheses conditions, e.g. competing 

indispensable ligands present in the reaction mixture.  

In the course of this work, the single particle photoluminescence properties of these hybrid 

particles were investigated in more detail by  Johannes Haase141 and Janine Keller142 from the group 

of Prof. Dr. A. Leitenstorfer.  

Single CdSe/aniline functionalized polyfluorene hybrid particles were investigated in a micro-

photoluminescence setup. To ensure studies of single particles, a highly diluted dispersion was spin 

coated on a quartz substrate. A continuous wave diode LASER with a wavelength of 405 nm was 

used as a wide area excitation source, effectively exciting polyfluorene as well as the CdSe nanocrystal. 

Figure 14 depicts an image of the sample surface, spectrally and spatially resolved.  
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Figure 14. (a) Spatially resolved emission spectra of a CdSe quantum dot from a CdSe/aniline functionalized 

polyfluorene hybrid particle dispersion. (b) Signal intensity averaged over the entrance slit of the imaging spectrometer 

(1:1 aspect ratio) showing the emission of the CdSe nanocrystal. (c) Emission spectrum recorded at a spot with a QD 

and polyfluorene (blue line, at the spatial position of the blue dashed line in Figure (a), at 3 µm) and the spectrum of the 

surrounding polyfluorene film (red line, at the spatial position of the red dashed line in Figure (a) at 4 µm). Adapted 

from de Roo et al.64 Copyright 2014, John Wiley and Sons. 

Several areas of the sample surface were analyzed and the obtained spectra varied strongly, 

depending on whether only polyfluorene is present in the studied area surface or polyfluorene 

together with a single QD. The emission of the CdSe QD is observed at a wavelength of 575 nm 

(Figure (c), blue line) and the emission maximum of polyfluorene at 490 nm (Figure (c), red line). In 

the spatially resolved image (a), at the position of the CdSe QD at 3 µm, emission from polyfluorene 

is not detected. This can be attributed to a strong quenching of polyfluorene emission in the 

surrounding of the QD. A quenching efficiency on the order of 7% can be deduced by comparing 

the spectrum at the position of the QD and the spectrum of the surrounding polyfluorene film.  

From the ratio of areas of the emitting regions, it can be estimated that the polyfluorene emission 

is completely quenched in a radius of approximately 60 nm around a QD center. This efficient 

quenching of the polyfluorene emission is important, as it clearly points out that QD/polyfluorene 

hybrids are highly suited for quantum optical applications, as bound polymer does not lead to 

background emission. 

By increasing the power of the excitation source, the emission of non-bound polyfluorene can 

be bleached efficiently, simultaneously leading to an increase of QD emission intensity. The full width 

at half maximum (FWHM) of a single CdSe quantum dot is narrow with 25 nm (Figure 15, left).  
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Figure 15. Emission of a single CdSe quantum dot from a CdSe/aniline functionalized polyfluorene hybrid particle 

dispersion spin coated onto a quartz substrate recorded after bleaching the polyfluorene emission (left). QD 

fluorescence vs. time (right). The QD shows typical blinking behavior, clearly indicating the presence of a single QD. 

Adapted from de Roo et al.64 Copyright 2014, John Wiley and Sons.  

The FWHM of the ensemble emission is only slightly broader with 30 nm, underlining the 

monodispersity of the inorganic cores. 

Figure 15 (right) depicts the time evolution of the QD photoluminescence. The intensity 

switches reversible to zero, in accordance with the characteristic blinking behavior of colloidal 

quantum dots and clearly indicates the presence of a single nanocrystal.  

For these single particle photoluminescence studies, the hybrid particle dispersion was highly 

diluted to ensure the observation of single nanocrystals. Considering the AUC experiments (5% of 

bound polymer in high dilution), it can be assumed that only a small fraction of the polymer is still 

bound to the nanocrystals after spin coating. This still results in efficient quenching of the polymer, 

however the influence of the polymer on the nanocrystal concerning e.g. charging of the latter might 

be low. For this reason, the CdSe quantum dots/phenylphosphonic acid functionalized polyfluorene 

hybrid particles with a higher degree of bound polymer in high dilution (approx. 50% according to 

AUC) might be more interesting for single particle micro-photoluminescence measurements. 

However, the optical stability of these hybrid particles was insufficient and the nanocrystals’ emission 

was quickly bleached under illumination. Therefore, these hybrids were studied in ensemble. 

Fluorescence spectra of a highly diluted hybrid particle dispersion in THF were measured every few 

seconds after the addition of an excess of dodecylphosphonic acid. Despite being a strongly binding 

X-type ligand, phosphonic acids can be replaced by other phosphonic acids in an equilibrium 

reaction, as reported by Knauf et al.124 The newly introduced X-type ligand protonates the surface-

bound X-type ligand and subsequently replaces it.143-145 The binding affinities of both phosphonic 

acid ligands to the QD’s surface should be similar, however, due to the smaller size of 

dodecylphosphonic acid and higher concentration, it is able to displace the polymer. If nanoparticle-

bound polymer is quenched, as suggested by single particle micro-photoluminescence measurements 



Synthesis of Quantum Dots and Organic/Inorganic Semiconductor Hybrid Particles 

40 

performed on CdSe/aniline functionalized polyfluorene hybrids, the displacement of polymer should 

result in an increase of the polyfluorene emission intensity.  

 

Figure 16. Fluorescence spectra of a CdSe/phenylphosphonic acid functionalized polyfluorene hybrid particle 

dispersion measured before and after the addition of dodecylphosphonic acid (left). Polyfluorene fluorescence intensity 

plotted vs. time extracted from the spectra on the left (center). Fluorescence spectra of polyfluorene before and after the 

addition of dodecylphosphonic acid (right).  t = 0 s � addition of dodecylphosphonic acid (λexc: 400 nm). 

In the left image of Figure 16, fluorescence spectra of the hybrid particle dispersion before and after 

the addition of dodecylphosphonic acid are depicted. After the addition of the competing ligand and 

stirring, the polyfluorene fluorescence intensity steadily increases until it reaches a 10 fold higher 

intensity than before the addition. The intensity increase vs. time is plotted in the image in the center 

of Figure 16. In the right image, the control experiment, in which the fluorescence intensity of 

polyfluorene is recorded over time after the addition of dodecylphosphonic acid, is displayed. Here, 

no increase in intensity is observed. In conclusion, these experiments further underline the presence 

of an efficient energy transfer process from polyfluorene to the inorganic quantum dot.  

In general, the optical quality of quantum dots is highly sensitive towards changes during QD 

synthesis. This especially applies to the synthesis of the inorganic core. Additionally, the optical 

stability of core-shell quantum dots is considerably higher compared to core-only structures. For this 

reason, potentially brighter and more stable hybrid particles were generated by synthesizing 

CdSe/CdS core-shell quantum dots in the presence of functionalized polymer. For this purpose, i) 

the synthesis of the CdSe core was further investigated and optimized (Chapter 4.2.2), ii) the synthesis 

of the shell was studied with regard to the concentration of the major ligand and solvent oleyl amine 

(Chapter 4.2.3) and iii) the insights gained were used for the synthesis of CdSe/CdS/polyfluorene 

hybrid particles by deploying functionalized polyfluorenes during shell synthesis (Chapter 4.2.4). 

Furthermore, CdSe/CdS nanocrystals synthesized with appropriate reactive sites were used for 

quenching- (Chapter 4.2.5) and for grafting from (Chapter 4.2.6) experiments. 
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4.2.2 Synthesis of CdSe Nanocrystals 

High quality CdSe nanocrystals were synthesized according to a procedure developed by C. 

Negele11, which is based on the protocol reported by Mohamed et al.99: A Cd-precursor solution is 

prepared by dissolving CdO in oleic acid followed by the addition of dodecylphosphonic acid 

(DDPA) and the high boiling solvent octadecene. The Se-precursor consists of selenium dissolved 

in trioctylphosphine and oleyl amine. The Se-precursor is injected into the Cd-precursor at 240 °C 

and the mixture is stirred at this temperature for exactly seven minutes, after which further growth 

of the nanocrystals is prevented by rapidly cooling the mixture to room temperature. This results in 

CdSe QDs with quantum yields of up to 25% and an emission maximum at 600 nm with a narrow 

FWHM of 30 nm.11  

This synthesis procedure was also used in this work and QDs with a QY of 21% and a FWHM 

of 29 nm were obtained (Table 1, Entry 1). Closer attention was payed to the reaction time. During 

the growth of luminescent nanocrystals, the quantum yield reaches a maximum value before it 

decreases again.146 This maximum can be ascribed to an optimal surface structure of the 

nanocrystals146 and is termed as the brightness point. To elucidate at what reaction time the highest 

quantum yield is reached, samples were taken from a CdSe QD synthesis at 240 °C after certain time 

intervals and characterized by measuring photoluminescence spectra and quantum yields. Figure 17 

depicts the photoluminescence spectra of QD samples taken after different reaction times. 

 

Figure 17. Photoluminescence spectra (λexc: 400 nm) of QD samples taken after different reaction times (left and 

center). Quantum yield (λexc: 400 nm) of the drawn QD samples vs. reaction time (right). 

In the spectra on the left, a steady red shift of the emission maxima with increasing reaction time 

is observed, corresponding to an increase in size of the QDs. At longer reaction times (370 – 470 

seconds), the maximum emission wavelength is not shifted to higher wavelengths anymore and the 

nanocrystals stay constant in diameter (Figure 17, center). 

The quantum yields of the drawn samples are plotted vs. reaction time in Figure 17 (right). A steady 

increase is observed until the QY reaches a maximum at approx. 390 seconds after which it 
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subsequently decreases again. The reaction time used by Negele is 420 seconds, which is at a point 

during the reaction where the quantum yield is declining. By decreasing the reaction time to 390 

seconds, the quantum yield could be increased from 21% to 28%, while the FWHM negligibly 

broadened from 29 nm to 30 nm (Table 1, Entry 1 & 2).  

Table 1. Synthesis of CdSe QDs under varying conditions. 

Entry Varied conditions QY [%] λmax [nm] FWHM [nm] 

1 Standard conditionsa 21 598 29 

2 390 s reaction time 28 600 30 

3b 1 g of TDPA 10 580 28 

4b 1 g of TDPAc 20 578 27, Bimodald 

5b 0.1 g of DDPAe < 5 - Very broad 

6b Scale up (×4) 24 596 29 

a Reaction conditions according to Negele: Injection of 3 mL of a 0.5 M Se-precursor into 5 mL of a 0.2 M Cd-

precursor containing 1 g of dodecylphosphonic acid at 240 °C, reaction time: 420 seconds. b 420 seconds reaction time. 

c TDPA: Tetradecylphosphonic acid, synthesis according to Mohamed et al.99 d Bimodal particle size distribution 

observed by TEM. e DDPA: Dodecylphosphonic acid.  

For the synthesis of CdSe/CdS QDs used for single particle photoluminescence studies, a reaction 

time of 390 seconds was used during core synthesis to aim at QDs with a maximum QY. CdSe/CdS 

QDs that were synthesized to study additional changes to the reaction conditions were synthesized 

with 420 seconds reaction time during core synthesis to allow for comparison with QDs synthesized 

under standard conditions. 

The CdSe QD-synthesis developed by Negele is based on a protocol published by Mohamed et 

al.99, in which the synthesis of highly fluorescent quantum dots (quantum yields in the range of 25%) 

with a narrow FWHM of 25 nm is reported. The main difference between the two protocols is the 

stabilizing ligand that is used during the synthesis. In the original publication, tetradecylphosphonic 

acid (TDPA) is used, whereas Negele used the lower-cost dodecylphosphonic acid. Mahler et al.100 

used CdSe nanocrystals synthesized according to the protocol reported by Mohamed et al. for the 

synthesis of highly fluorescent CdSe/CdS core-shell nanocrystals (quantum yields of approx. 70%) 

with a narrow FWHM of 33 nm, a highly homogeneous crystal structure and strongly reduced 

blinking. If CdSe nanocrystals synthesized with dodecylphosphonic acid as main ligand are 

overgrown with a CdS shell (according to Negele et al.), highly fluorescent nanocrystals (quantum 

yields of approx. 50%) are obtained with a nonuniform distribution of shapes, e.g. pyramids, spheres, 

cubes and tripods.11 
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Attempts to synthesize highly fluorescent monodisperse CdSe QDs according to Mohamed et 

al.99 with tetradecylphosphonic acid (TDPA) as stabilizing ligand failed and QDs with low quantum 

yields (10%) or a bimodal particle size distribution were obtained (Table 1, Entry 3 & 4). For this 

reason, further synthesis of CdSe QDs with TDPA were discarded. 

It was investigated if high quality quantum dots can be obtained from a synthesis in which the 

amount of deployed dodecylphosphonic acid is reduced by a factor of 10 (Table 1, Entry 5). This 

experiment was motivated by the difficult removal of the excess of phosphonic acid after QD 

formation. If it is not completely removed, the excess binds to the quantum dot’s surface during the 

synthesis of the CdS shell, preventing subsequent ligand exchange reactions, as it is not easily 

displaced by other ligands. However, weakly fluorescent nanocrystals were obtained (quantum yield 

< 5%), which were poorly dispersible.  

For surface initiated polymerization experiments from nanocrystals, larger amounts of quantum 

dots are needed (Chapter 4.2.6). Therefore, it was investigated if the reaction can be scaled up without 

losing the high optical quality of the QDs (Table 1, Entry 6). Nanocrystals synthesized on a four-fold 

larger scale featured a high-optical quality with a quantum yield of 24% and a FWHM of 29 nm, 

which is comparable to the nanocrystals synthesized under standard conditions (Entry 1). 

4.2.3 Synthesis of CdSe/CdS Core-Shell Quantum Dots 

The synthesis of CdSe/CdS core-shell QDs was adopted from the procedure developed by Mahler 

et al.100 The CdS shell is synthesized around CdSe QDs by the Successive Ion Layer Adsorption and 

Reaction (SILAR) procedure.147 In chapter 4.2.2, the reaction time at which CdSe nanocrystals reach 

a maximum in quantum yield was found to be 390 seconds while the quantum yield decreased for 

longer reaction times. Applying the CdS shell to CdSe cores grown for 390 seconds improves the QY 

from 42% (for 420 seconds core growth) to 50%, however, at the expense of a slight broadening of 

the FWHM from 33 nm to 37 nm (Table 2, entry 1 & 2).  
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Table 2. Comparison of the optical properties of CdSe/CdS core-shell quantum dots synthesized under 

varying conditions. 

Entry 
Varied CdSe QD synthesis 

conditionsa 

Varied shell synthesis 

conditions 

QY 

[%] 

λmax 

[nm] 

FWHM 

[nm] 

1 420 s reaction time Standard conditionsb 42 632 33 

2 390 s reaction time  Standard conditions 50 638 37 

3 420 s reaction time 0.5 monolayer per cyclec 47 625 34 

4 
1 g of TDPA  

420 s reaction time 
Standard conditions 39 

623 

(511) 
28 

5 390 s reaction time Scale up (×6)d 50 627 31 

6 420 s reaction time 1.5 mL of oleyl aminee 21 625 28 

7 420 s reaction time 1.0 mL of oleyl aminee 29 628 28 

8 420 s reaction time 0.5 mL of oleyl aminee 18 622 27 

9 420 s reaction time No oleyl aminee 10 614 25 

a Standard core synthesis conditions: Injection of 3 mL of a 0.5 M Se-precursor into 5 mL of a 0.2 M Cd-precursor with 

1 g of dodecylphosphonic acid at 240 °C. b CdSe cores are dispersed in 2 mL of oleyl amine and 4 mL of octadecene, 

heated to 240 °C, followed by the alternating addition of the respective precursor solutions over time periods of 

10 minutes: 0.28 mL of Cd-precursor, 0.28 mL of S-precursor, 0.46 mL of Cd-precursor, 0.46 mL of S-precursor, 

0.65 mL of Cd-precursor, 0.65 mL of S-precursor, 0.87 mL of Cd-precursor, 0.87 mL of S-precursor, 1.13 mL of Cd-

precursor, 1.13 mL of S-precursor and 1.42 mL of Cd-precursor. c The precursor volumes added during the SILAR 

process were reduced by a factor of two. d The synthesis was scaled up by a factor of six. e CdSe cores were dispersed in 

less oleyl amine during shell synthesis. 

The SILAR method for the synthesis of core-shell nanocrystals is based on the idea that a 

dose of precursor, just sufficient for the growth of one monolayer per nanocrystal, is added. By 

repeating this step, the shell is formed and its thickness depends on the number of addition cycles. 

Tan et al.148 investigated the SILAR procedure for the synthesis of CdS shells around CdSe cores in 

detail and found unreacted precursor in solution even though material exactly sufficient for the 

growth of one monolayer was added. The reason is an incomplete conversion of the added 

precursors.148 If the precursor is not consumed completely, a second nanoparticle species can be 

nucleated after addition of the complementary precursor. In TEM images of CdSe/CdS core-shell 

nanocrystals synthesized according to procedures based on Negele11 and Mahler100 et al. (Table 2, 

Entry 1) a second species with a smaller diameter is commonly observed (Figure 18).  
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Figure 18. TEM images of CdSe/CdS core-shell nanocrystals (Table 2, Entry 1). The red arrows in the inlet point at a 

second smaller species, probably CdS nanoparticles. 

The diameter of this second species is in the range of the diameter of the CdSe cores, however 

it does not result in a photoluminescence signal in the visible range. This indicates that the latter are 

CdS nanoparticles, which emit in the UV due to the large band gap of CdS. Tan et al. used precursor 

doses per cycle, which correspond to less than one monolayer and thereby obtained QDs of high-

optical quality.148 

The synthesis of a CdS shell while working with precursor amounts that correspond to a 0.5 CdS 

monolayer per cycle was investigated and the optical properties of the obtained QDs are listed in 

Table 2, Entry 3. The quantum yield is high with 47% and the FWHM is narrow with 34 nm. The 

optical quality is comparable to core-shell QDs synthesized according to standard conditions (Table 

2, Entry 3 vs. 1).  
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Figure 19. CdSe/CdS core-shell QDs synthesized by the SILAR process. The particles depicted in the left TEM image 

were synthesized by the alternating addition of precursor amounts that correspond to one monolayer of CdS per cycle. 

For the particles depicted in the right TEM image, precursor amounts corresponding to a 0.5 monolayer of CdS were 

added in each step. The particle sizes and particle size distributions are depicted in the histograms. The CdS particles 

that were formed during the shell synthesis were not included into the particle size histogram on the left.  

By using precursor amounts per addition cycle that correspond to less than one CdS monolayer, one 

could expect the formation of anisotropic QDs, as only the most reactive surface facets react. 

However, the QDs synthesized with 0.5 monolayer CdS per cycle are more spherical (Figure 19, right) 

compared to the particles synthesized with one monolayer per cycle (Figure 19, left). This has also 

been observed previously.148 The diameter of the QDs is slightly smaller with 7.6 nm vs. 8.5 nm, which 

is in agreement with the fact that less CdS precursor is used during the shell synthesisi. The sacrificial 

generation of CdS nanoparticles is almost completely suppressed.  

The CdSe/CdS synthesis used in this work is based on the synthesis published by Mahler et 

al.100, as they yield high optical quality QDs. The main difference is the phosphonic acid that is used 

during the synthesis of the core. Attempts to reproduce their protocol failed and CdSe/CdS QDs of 

insufficient optical quality were obtained (Table 2, Entry 4). The final QY is significantly lower with 

39% and a second photoluminescence band is observed at a wavelength of 511 nm (Table 1, Entry 

4). For this reason, the synthesis of CdSe/CdS core-shell quantum dots based on CdSe cores grown 

in the presence of TDPA was not further pursued, despite the promising optical properties of the 

nanocrystals obtained by Mahler et al.100 

For surface initiated polymerization experiments (discussed in Chapter 4.2.6), highly 

concentrated CdSe/CdS QDs dispersions are required. For this reason, the core-shell QD synthesis 

                                                 
i CdSe/CdS core-shell QDs were obtained in several shapes (e.g. spheres, tripods, tetrapods, prisms). To be able to 

compare the different batches regarding particle size, the minimum caliper diameter (min. ferret) was determined, and 
this is referred to in discussions of particle diameters. For particle size histograms, a minimum of 500 QDs were analyzed. 
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was scaled up by a factor of six (Table 2, Entry 5). The obtained QDs featured a high quantum yield 

of 50% and a narrow FWHM of 31 nm (Entry 5 vs. Entry 2).  

CdSe/CdS/polyfluorene hybrid particles were synthesized by employing phenylphosphonic 

acid or aniline functionalized polyfluorene during the synthesis of the nanocrystals (Chapter 4.2.4). 

While phosphonic acids are strong binding X-type ligands124, the L-type amine ligands bind 

significantly weaker with bound and free ligands being in equilibrium with fast exchange rates.139 In 

the synthesis of CdS shells around CdSe cores, a large excess of oleyl amine (approximately 16000 

equiv. per CdSe core) is used as the stabilizing ligand and as the solvent. When aniline functionalized 

polyfluorene is used during the CdS shell synthesis, the latter will compete with oleyl amine as ligand. 

It is reasonable to assume, that the presence of a large excess of oleyl amine will hamper the binding 

of aniline functionalized polyfluorene. Therefore, the minimum amount of oleyl amine necessary for 

obtaining high-optical quality nanocrystals was investigated. Shell syntheses were conducted with five 

different oleyl amine volumes: 2.0 mL (standard amount, 16000 equiv./QD, Table 2, Entry 1), 1.5 

mL (12000 equiv./QD, Entry 6), 1.0 mL (8000 equiv./QD, Entry 7), 0.5 mL (4000 equiv./QD, Entry 

8) and without oleyl amine (Entry 9).  

The quantum dots synthesized with 2.0 mL of oleyl amine added as a ligand in the shell growth step 

feature an emission maximum at 632 nm and a FWHM of 33 nm. The quantum yield is high with 

42%. By decreasing the volume of oleyl amine, a decrease in quantum yield from 42% to 21% (1.5 

mL) to 29% (1.0 mL) to 18% (0.5 mL and to 10% (no oleyl amine) is observed. A QY of 10% 

obtained when no oleyl amine is used is still surprisingly high, given the strong interaction of amines 

with the cadmium oleate precursor and the strong effect on monomer formation.149 Additionally, the 

nanocrystals increase in diameter during shell synthesis and the only ligands that stabilize the QDs 

are the ones that are displaced from the CdSe core. This necessarily leaves many unsaturated surface 

sites, normally resulting in agglomeration and deterioration of the nanocrystals’ fluorescence.  

TEM images of the nanoparticles reveal that CdS particles are generated when no/low amounts 

of oleyl amine are applied in the shell synthesis. (Figure 21, image A, B, C and D). The CdS crystals 

are hardly observed when 2 mL of oleyl amine are used. (Figure 21, E) The consequence of CdS 

nucleation can be the formation of a thinner CdS shell, as shell-forming material is consumed. This 

lowering of the shell thickness can be confirmed by comparing the emission maxima of the core-

shell QDs. The emission maxima are strongly blue-shifted with lower amounts of applied oleyl amine. 

The strong dependence of λmax on the shell thickness can be explained by the band alignment of 

CdSe/CdS core-shell QDs (Figure 20). 
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Figure 20. Cartoon of the energy level alignment at room temperature in CdSe/CdS core-shell nanocrystals. 

Due to a small band offset for electrons, the excited electron is delocalized throughout the whole 

core-shell structure while the hole is confined to the core. This results in a continuous red shift with 

increasing shell thickness.17 

 

Figure 21. TEM images of CdSe/CdS quantum dots synthesized without oleyl amine (A), with 0.5 mL (B), with 1.0 mL 

(C), with 1.5 mL (D) and with 2.0 mL (standard volume, E) of oleyl amine added during the shell growth step. 

In conclusion, the use of CdSe cores grown for 390 seconds instead of 420 seconds in the 

synthesis of the shell increases the quantum yield of the core-shell QDs from 42% to 50%.  

The formation of sacrificial CdS nanoparticles can be suppressed effectively by decreasing the 

amount of shell precursor that is added during every layer formation cycle to sub-monolayer 

equivalents. The obtained QDs are of comparable optical quality and, surprisingly, more spherically 
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shaped compared to core-shell QDs that were synthesized by the addition of precursor amounts 

corresponding to one monolayer of CdS. 

The shell synthesis can be scaled up without losing the high-optical quality of the nanocrystals.  

It was shown that the oleyl amine ligand concentration during shell synthesis can be varied 

strongly, still resulting in fluorescent QDs, even when no oleyl amine is used at all in the shell growth 

step. However, this goes hand in hand with the formation of sacrificial CdS nanocrystals and a 

decrease in quantum yield.  

4.2.4 Hybrid Particle Formation by Synthesizing CdSe/CdS Nanocrystals in the Presence of 

Functionalized Polyfluorenes 

Studies with CdSe/phenylphosphonic acid functionalized polyfluorene hybrid nanocrystals 

demonstrated an efficient quenching of the polyfluorene (Chapter 4.2.1). However, a possible 

charging of the inorganic emitter by the polymeric ligand could not be studied due to the insufficient 

optical quality and stability of the inorganic core, not allowing for single particle photoluminescence 

measurements. The optical stability of hybrid particles - that is the time until the QD turns irreversibly 

into a dark state - that are based on CdSe/CdS core-shell QDs is supposed to be significantly higher. 

For this reason, core-shell particles were synthesized and functionalized polyfluorenes were 

introduced during the synthesis of the shell.  

As described in Chapter 4.2.3, the dominating ligand for the stabilization of the nanocrystals 

during shell synthesis is oleyl amine, which is used in a large excess. The second ligand is 

dodecylphosphonic acid originating from the stabilization of the CdSe cores. Phosphonic acids are 

difficult to displace, however should not be prohibitive for polymeric ligands to bind to the 

nanocrystal’s surface, as the concentration of dodecylphosphonic acid at the surface decreases as the 

particle diameter increases. For the synthesis of CdSe/CdS/polyfluorene hybrid nanocrystals, it is 

hence reasonable to use aniline- or phenylphosphonic acid functionalized polyfluorenes, as these 

functional groups are known to be compatible with the high reaction temperatures and strongly 

interact with the CdS surface.  

Synthesis of CdSe/CdS Nanocrystals in the Presence of Aniline Functionalized Polyfluorene 

As demonstrated in Chapter 4.2.3, the use of no/lower amounts of oleyl amine during shell 

synthesis still leads to fluorescent nanocrystals. By reducing the amount, the competition between 

the binding of oleyl amine and of aniline functionalized polyfluorene is reduced, resulting in a higher 

binding efficiency of the polymer. For the synthesis of hybrid particles, 100 equivalents (vs. CdSe 

nanocrystals) of aniline functionalized polyfluorene and three different amounts of oleyl amine were 
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added to the CdSe core solution prior to the synthesis of the CdS shell (Table 3, Entry 2, 3 & 4). As 

a reference, CdSe/CdS nanocrystals were synthesized using standard conditions (Table 3, Entry 1). 

Table 3. Synthesis of a CdS shell around CdSe cores in the presence of aniline functionalized polyfluorene 

and varying amounts of oleyl amine. 

Entry Oleyl amine equiv.  

/QD, and V [mL]b 

Mean particle 

diameter [nm]d 

σ [nm] Circularitye λmax  

[nm] 

FWHM 

[nm] 

Intensity ratio  

PF/QD 

1 (ref)a 16000, 2.0 8.5 1.2 0.784 631 30 - 

2c 0, 0.0 8.3 0.98 0.789 616 24 4.2 

3c 4000, 0.5  8.7 1.2 0.821 621 24 3.6 

4c 16000, 2.0 8.3 0.96 0.834 628 30 1.9 

a CdSe/CdS core-shell nanocrystals synthesized under standard conditions (according to Table 2, Entry 1) as reference 

(ref). b 16000 equiv. per CdSe core ≡ 2.0 mL of oleyl amine, which is the amount of oleyl amine used for shell synthesis 

under standard conditions. c Per CdSe QD, 100 aniline functionalized polyfluorene chains were introduced into the 

shell synthesis. d To be able to compare the different batches regarding particle size (different crystal shapes), the 

minimum caliper diameter (min. ferret) was determined and is referred to when particle diameters are discussed.  e A 

value of one corresponds to a sphere, the lower the value the higher the deviation from a spherical shape150.  

Column three lists the average particle diameter of the obtained nanocrystals and hybrid particles. 

The average particle diameters vary only slightly between 8.3 nm to 8.7 nm. A larger variation can be 

observed in the standard deviation (σ) of the average diameter listed in the fourth column. The size 

distribution of nanocrystals obtained from standard synthesis conditions with 16000 equiv. of oleyl 

amine and from the synthesis with 16000 equiv. of oleyl amine and 100 equiv. of polyfluorene is 

narrower when polyfluorene is present during the synthesis (σ: 1.2 nm vs. σ: 0.96 nm, Entry 1 & 4). 

Surprisingly, the size distribution of core-shell nanocrystals synthesized without using oleyl amine but 

with only polyfluorene present in the shell synthesis is also very narrow compared to the QDs 

synthesized under standard conditions (σ: 0.98 nm vs. σ: 1.2 nm, Entry 2 & 1).  

In column five, the circularity value is listed. A value of one indicates a perfect circular shape. If 

one compares the second, third and fourth entry, an increase of the circularity value can be observed 

with increasing amounts of oleyl amine when polyfluorene is present during the shell synthesis. The 

circularity value of the nanocrystals synthesized under standard conditions without polyfluorene is 

the lowest with 0.784. From TEM images (Figure 22), it can be derived that the standard synthesis 

(A) leads to nanocrystals with various shapes, e.g. tripods, cubes, prisms and spheres. 



4.2 Results and Discussion 

51 

 

Figure 22. TEM images and particle size histograms of CdSe/CdS QDs synthesized with 16000 equiv. of oleyl 

amine/QD without aniline functionalized polyfluorene (A), with 16000 equiv. of oleyl amine and 100 equiv. of PF/QD 

(B), with 4000 equiv. of oleyl amine and 100 equiv. of PF/QD (C) and without oleyl amine but 100 equiv. of PF/QD 

(D) added during the shell growth step. 

By additionally introducing aniline functionalized polyfluorene (B), crystals that are more 

spherical are obtained and the growth of tripods is suppressed completely. The observed influence 

of the aniline functionalized polyfluorene on the shape of the formed nanocrystals indicates a 

significant interaction between the polyfluorene and the surface of the growing nanocrystals, even 

when much more oleyl amine than polyfluorene is present. By reducing the amount of oleyl amine, 

the circularity of the crystals decreases again, however the particle size distributions remain narrow 

and the formation of separate CdS nanoparticles is hardly observed (Figure 22, C and D) 
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Figure 23. TEM images of CdSe/CdS quantum dots synthesized without oleyl amine added in the shell growth step 

(left), and of CdSe/CdS quantum dots synthesized without oleyl amine but with 100 aniline functionalized polyfluorene 

ligands per QD added into the shell growth reaction (right). 

This strong influence of the functionalized polymer can be further elucidated by comparing 

CdSe/CdS QDs synthesized without using oleyl amine (Table 2, entry 9, Figure 23, left image) and 

with oleyl amine being replaced by 100 PF chains per QD (Table 3, entry 2, Figure 23, right image). 

By comparing the TEM images, it can be concluded that CdS nanocrystals are formed in the absence 

of additional oleyl amine (Figure 23, left). However, 100 equiv. of aniline functionalized polyfluorene 

seem to be sufficient to stabilize the quantum dots during the shell synthesis and suppress the 

formation of sacrificial CdS nanocrystals, as hardly any CdS particles are observed (Figure 23, right).  

The optical properties of the three hybrid particle batches were analyzed by ensemble 

photoluminescence measurements (Figure A 16). The polyfluorene emission bands in the spectra 

resemble the emission of polyfluorene dissolved in good solvents. The use of aniline functionalized 

polyfluorene and less oleyl amine has a beneficial impact on the FWHM of the nanoparticle emission, 

which decreases from 30 nm to 24 nm.  

If less oleyl amine is used, one would expect more polymer to bind to the nanocrystal, 

resulting in more efficient quenching of the polymer’s fluorescence. This would translate to a low 

PF/QD emission intensity ratio (Table 3, Column 8). Surprisingly, the opposite is observed. The 

more oleyl amine is used, the less intense the polymer emission is, compared to the QD emission. 

However, this comparison might be misleading because it requires all nanocrystals in the three 

different hybrid particle batches to have the same fluorescence efficiency.  This is probably not the 

case as CdS shell syntheses in varying amounts of oleyl amine already demonstrated that a decrease 

of oleyl amine concentration results in lower quantum yields. 
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In summary, 16000 equiv. of oleyl amine can successfully be replaced by 100 equiv. of aniline 

functionalized polyfluorene, resulting in very monodisperse core-shell QDs (σ: 0.98 nm) with a mean 

particle size of 8.3 nm. When oleyl amine and aniline functionalized polyfluorene are used together 

during the shell synthesis, the formation of tripods is suppressed and more spherically shaped 

nanocrystals are obtained (Figure 22, B vs. A). The influence of the polymer on nanocrystal shape 

underlines the strong interaction of the polymer with the surface of the nanocrystals.  

Synthesis of CdSe/CdS Core-Shell Quantum Dots in the Presence of Phosphonic Acid-

Functionalized Polyfluorene.  

In general, phosphonic acids bind stronger to II-IV semiconductor quantum dots compared to 

amines. For this reason, the use of phosphonic acid functionalized polyfluorene during CdSe/CdS 

core-shell quantum dot formation allows for the synthesis of hybrid particles while keeping the 

changes of the reaction conditions in terms of ligand concentration (oleyl amine) to a minimum. As 

the phosphonic acid functionality has a higher affinity for the CdS(e) surface, the standard amount 

of oleyl amine (2 mL, 16000 equiv./QD) can be used, as it should not be in competition with the 

phosphonic acid functionalized polymer for binding to the nanocrystal’s surface. Two batches of 

hybrid particles were synthesized according to the procedure described in Chapter 4.2.3: One in the 

presence of 100 equiv. of phenylphosphonic acid functionalized polyfluorene and 16000 equiv. of 

oleyl amine per QD and one in the presence of 100 equiv. of phenylphosphonic acid functionalized 

polyfluorene, without oleyl amine. 
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Figure 24. TEM images and PL spectra (λexc: 380 nm) of CdSe/CdS/polyfluorene hybrid particles synthesized without 

using additional oleyl amine during the shell growth step (left) and of CdSe/CdS/polyfluorene hybrids synthesized in 

the presence of 16000 equiv. of oleyl amine (right) during CdS shell-growth. In both shell-growth reactions, 100 equiv. 

of phosphonic acid functionalized polyfluorene per nanocrystal were applied.  

 When no oleyl amine is used, the formation of sacrificial CdS nanoparticles can be observed 

(Figure 24, left) in contrast to quantum dots synthesized in the presence of polymer and 16000 equiv. 

of oleyl amine, where hardly any CdS nanocrystals are observed by TEM (Figure 24, right). This 

indicates that 100 equiv. of phosphonic acid functionalized polyfluorene are not sufficient to prevent 

CdS nanoparticle formation. The emission of the CdSe/CdS nanocrystals synthesized in the presence 

of oleyl amine is blue shifted (λmax: 623 nm) compared to the emission maximum (λmax: 609 nm) of 

the nanocrystals synthesized without using oleyl amine. This can be again attributed to a thinner shell, 

a consequence of the nucleation of CdS nanoparticles in the absence of oleyl amine. The ratio of 

polyfluorene emission to QD emission is lower when the QDs are synthesized in the presence of 

oleyl amine, which is probably the result of a higher emission efficiency of these nanocrystals.  

Properties of CdSe/CdS/Polyfluorene Hybrid Particles  

The phosphonic acid functionalized polymer is expected to bind significantly stronger to the 

nanocrystals compared to the aniline functionalized polymer, as already observed for 

CdSe/polyfluorene hybrids. For this reason, the influence on size and shape distribution is expected 

to be larger. However, if one compares the shape and size distribution of both the hybrid particle 

batches synthesized in the presence of 16000 equiv. of oleyl amine and the respective polyfluorene 

with CdSe/CdS synthesized under standard conditions, the QDs synthesized in the presence of 
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aniline functionalized polymer feature the narrowest size distribution and are most uniformly in shape 

(Figure 25).   

 

Figure 25. TEM images and particle size histograms of CdSe/CdS QDs synthesized in the presence of 100 equiv. of 

phenylphosphonic acid functionalized PF and 16000 equiv. of oleyl amine/QD (left) during shell-growth, of CdSe/CdS 

QDs synthesized in the presence of 100 equiv. of aniline functionalized polyfluorene and 16000 equiv. of oleyl 

amine/QD (center) and of CdSe/CdS QDs synthesized in the presence of 16000 equiv. of oleyl amine/QD, without 

polyfluorene in the shell growth reaction (right).  

The binding of the aniline- and the phenylphosphonic acid functionalized polyfluorene to the 

CdSe/CdS nanocrystals was further elucidated by analytical ultracentrifugation experiments. With 

this method, only nanocrystals with a narrow size distribution can be analyzed. For this reason, the 

CdSe/CdS particles synthesized in the presence 16000 equiv. of oleyl amine and 100 equiv. of the 

respective polyfluorene chains per QD were investigated. As already noted before, these 

measurements are performed on strongly diluted dispersions to be in agreement with Lambert-Beer’s 

law. From these experiments, it was derived that the aniline-functionalized polyfluorene does not 

show a significant binding to the nanocrystals in strong dilution (Figure A 17, Figure A 18). This can 

be attributed to the fact that amines are labile ligands and are easily displaced from the surface in high 

dilution, especially when a large excess of oleyl amine is present.  

For CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrids, it can be estimated 

that 65% of the polymer is bound to the nanocrystals under measurement conditions (Figure A 19, 

Figure A 20). Both these values for the amount of bound polymer are in agreement with the results 

obtained for CdSe/polyfluorene hybrid particles (Chapter 4.2.1, 5% for CdSe/aniline functionalized 

PF, 45% for CdSe/phenylphosphonic acid functionalized PF).64  

The difference in binding strength between the aniline- and the phenylphosphonic acid end-

group to the inorganic core can additionally be demonstrated by photoluminescence experiments. 

Both hybrid particle dispersions feature a bright polyfluorene- and QD fluorescence. By diluting the 

dispersions, the intensity of the polyfluorene emission increases compared to the QD emission 
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intensity. This behavior is depicted for CdSe/CdS/aniline functionalized polyfluorene hybrids in 

Figure 26 (left), where emission spectra of these hybrids in three different concentrations are shown.  

 

Figure 26. Photoluminescence spectra (λexc: 380 nm) of CdSe/CdS/aniline functionalized polyfluorene hybrid particles 

at different concentrations (left). The spectra were normalized to the QD fluorescence intensity. Polyfluorene 

fluorescence intensity divided by QD fluorescence intensity vs. dilution (right) for CdSe/CdS/aniline functionalized 

polyfluorene hybrids (green squares) and CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrids 

(magenta triangles). 

In a control experiment, photoluminescence spectra of a physical mixture of CdSe/CdS QDs 

and non-functionalized polyfluorene were analyzed. When this dispersion is diluted by a factor of 

100 or 1000, the ratio of polymer to quantum dot fluorescence remains constant. The increase of 

polyfluorene emission intensity in the case of the hybrid particles can be attributed to a release of 

formerly quenched surface-bound polymer. In Figure 26 (right), this increase of polyfluorene 

intensity vs. dilution is plotted for both hybrid particle dispersions and is clearly more pronounced 

(factor of 2) for the CdSe/CdS/aniline functionalized polymer hybrids (green squares) compared to 

the CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrids (magenta triangles). This 

is consistent with the binding strength of the respective polymer end-groups and with the results of 

the analytical ultracentrifugation experiments. 

The hybrid nanocrystals were additionally studied by widefield fluorescence microscopy. The 

hybrid particle and QD dispersions were mixed with PMMA and spin coated on a glass substrate. 

Figure 27 depicts the typical photon flux of the hybrid nanocrystals and of a CdSe/CdS QD sample 

without any polyfluorene for comparison. The emission of the hybrid particles is significantly more 

intense compared to the emission of the CdSe/CdS QD under the same measurement conditions 

(3000 counts vs. 1000 counts). Both hybrid particles show severe blinking and turn reversibly into 

several seconds long dark states. The CdSe/CdS QD on the other hand exhibits some intensity 

fluctuation but turns irreversibly into a dark state after approx. 25 seconds. The hybrid particles stay 

fluorescent over a long period, underlining their high optical stability and suitability for more 
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advanced single particle micro-photoluminescence experiments. These will be discussed in Chapter 

5 together with the embedding of the hybrid particles into protective shells. 

 

Figure 27. Typical photon flux of a single CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrid 

particle (top), of a single CdSe/CdS/aniline functionalized polyfluorene hybrid particle (center) and of a single 

CdSe/CdS QD (bottom) vs. time.  

4.2.5 Hybrid Particle Synthesis by Quenching Suzuki-Miyaura Coupling Polymerizations with 

Functionalized Quantum Dots 

The Suzuki-Miyaura coupling polymerization is particularly suited for the synthesis of 

difunctional conjugated polymers. One functional group can be introduced by the initiator, while the 

second functionality can be introduced by quenching the polymerization with aryl-boronic acids in 

an end-capping reaction.107 This end-capping strategy was exploited for the synthesis of 

QD/conjugated polymer hybrid particles. 

CdSe/CdS/ZnS nanocrystals were functionalized with 4-mercaptophenylboronic acid (100 thiol 

ligands per QD) in a ligand exchange reaction. Thiols have a higher affinity towards the nanocrystal’s 

surface than amines, the latter being used during shell synthesis.58,151,152 This allows for a 

straightforward ligand exchange protocol. For these experiments, CdSe/CdS/ZnS QDs were used 

because it was observed that the fluorescence of CdSe/CdS QDs is quenched when being 

functionalized with thiols. Polymerization of the AB-monomer 2-(7-bromo-9,9-dioctyl-9H-fluoren-

2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was initiated with the complex [(bromo)(phenyl)(tri-
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tert-butylphosphine)palladium] and was quenched by injection of the functionalized nanocrystals 

(end-capper to initiator ratio: 20:1, polyfluorene to QD ratio: 5:1 for 100% quenching efficiency).  

The nanoparticles were isolated and destroyed by the addition of conc. HCl to release potentially 

surface-bound polymer. The latter was isolated and analyzed by MALDI-TOF MS. The obtained 

spectrum with the assigned polyfluorene species is depicted in Figure 28.  

 

Figure 28. MALDI-TOF mass spectrum of polymer isolated after quenching the polymerization with 4-

mercaptophenylboronic acid functionalized QDs and destroying the latter with conc. hydrochloric acid. 

The desired product, a polyfluorene species with a phenyl initiating end-group and a terminating 

mercaptophenyl end-group is observed in the MALDI-TOF mass spectrum. However, the signal 

with the highest intensity can be assigned to a polyfluorene species successfully initiated by the 

phenyl-initiator complex but with a hydrogen as terminating end-group. Many additional signals that 

were not assigned are observed in the spectrum, indicating at an unprecise end-capping reaction. 

The hybrid particle dispersion features bright QD and polyfluorene emission (Figure 29, left 

spectrum, black line). After treating the dispersion with conc. HCl, the QD emission diminishes 

instantly and the polyfluorene emission intensity increases by a factor of two (red line). This alludes 

to an energy transfer from the polymer to the inorganic core, which is eliminated after destroying the 

core. In a control experiment, the emission of a physical mixture with a comparable concentration of 

CdSe/CdS/ZnS QDs and non-functionalized polyfluorene is monitored (Figure 29, right spectrum, 

black line). After treating the dispersion with conc. HCl, the emission of the nanoparticles is instantly 

quenched again, however, the emission of the polymer is unaltered (red line). In both experiments, 

the polymer and QD concentrations were comparable and sufficiently low to exclude an energy 

transfer between nanocrystals and non-bound polymer (dilution by a factor of 1000). These 

photoluminescence experiments confirm that there is an efficient energy transfer from the polymer 

to the QD, which only takes place in the hybrid particle dispersion and not in the physical mixture. 
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This can be attributed to the close proximity of the bound polymer to the QDs, resulting in an 

efficient energy transfer.  

 

Figure 29. Photoluminescence spectrum of CdSe/CdS/ZnS/polyfluorene hybrid particles synthesized by the end-

capping approach (black line, left) and the PL spectrum of the same dispersion after being treated with conc. HCl (red 

line, left). PL spectrum of a physical mixture of QDs and non-functionalized polyfluorene (black line, right) and the 

same dispersion after being treated with conc. HCl (red line, right). Excitation wavelength: λexc: 380 nm. 

Even after optimizing polymerization and quenching conditions, the thiophenol-functionalized 

polyfluorene was not observed to be the main species in MALDI-TOF mass spectra, indicating the 

quenching with functionalized QDs to be inefficient. Additionally, many unidentifiable species were 

observed by MALDI-TOF MS. For these reasons, this approach was discarded and the focus was set 

to surface initiated polymerizations. 

4.2.6 Hybrid Particle Synthesis by Surface Initiated Suzuki-Miyaura Coupling Polymerization 

from CdSe/CdS nanocrystals 

For the synthesis of hybrid particles with a well-defined shell of polymer chains attached to the 

core’s surface, grafting-from approaches are generally the method of choice. They allow for a covalent 

attachment of polymers with defined chain length and high grafting densities. In this work, a 

controlled grafting from approach of conjugated polymers from CdSe/CdS and PbS nanoparticles 

was investigated. For this purpose, nanoparticles were synthesized and functionalized in a second 

step with a halo-aryl ligand. This ligand is the precursor, together with a Pd(0)-source, for the surface 

bound initiator. After formation of the latter, the nanoparticle dispersion was mixed with a monomer 

solution to start the polymerization. In addition, end-capping of the growing chains was investigated 

(Scheme 16). 
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Scheme 16. Formation of surface bound initiator complexes (left). Grafting of different monomers from Pd(II)-

functionalized nanocrystals (center) and end-capping of the growing chains by the addition of an excess of boronic acid 

esters (right). Adapted from de Roo et al.153 Copyright 2016, American Chemical Society. 

 

Surface Initiated Suzuki-Miyaura Coupling Polymerization of Polyfluorene from CdSe/CdS 

Quantum Dots 

Functionalization of CdSe/CdS Nanocrystals. For surface initiated polymerizations, (4-

iodophenyl)phosphonic acid and (4-bromophenyl)phosphonic acid were used as starting compounds 

for the synthesis of surface-bound initiator complexes. They are structurally similar to (4-

bromophenyl)phosphonic acid diethyl ester, which is a suitable compound for the synthesis of the 

respective three-coordinate Pd(II) Suzuki-Miyaura initiator complex.64 During the CdS shell 

synthesis, the major ligand is the L-type ligand oleyl amine, which can be displaced by the stronger 

binding X-type ligands (4-iodophenyl)phosphonic acid and (4-bromophenyl)phosphonic acid. 31P-

NMR spectroscopy was used to study the functionalization of QDs regarding the number of ligands 

per nanocrystal. The QDs were precipitated from THF with ethanol several times to strip off most 

of the oleyl amine. After not being dispersible anymore, successive amounts of (4-

iodophenyl)phosphonic acid were added to the QDs, rendering them dispersible again, and 31P-NMR 

spectra were recorded after each addition. Surface-bound ligands give rise to broad NMR signals due 

to a heterogeneous chemical environment and due to constrained rotational degrees of freedom. 

From the amount of added phosphonic acid that still resulted in a broad signal and from the QD 

concentration, it was estimated that a single nanoparticle can be functionalized with approximately 

350 (4-iodophenyl)phosphonic acid ligands (Figure A 21). This translates to around 1.8 ligands/nm2 

assuming spherical nanocrystals. The optical properties of the QDs were not affected by the ligand 

exchange procedure. 
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Surface-bound Initiator Formation. The conditions for the synthesis of the surface-bound 

initiator depended on the halo-aryl ligand that was used. The initiator formation with (4-

bromophenyl)phosphonic acid functionalized QDs and [Pd(PtBu3)2] was monitored by 31P-NMR 

spectroscopy, leading to the conclusion that the reaction is rather slow but selective. After 200 

minutes at 70 °C in benzene-d6, a decrease in 31P-signal intensity of 10% for [Pd(PtBu3)2] was 

observed, translating to the formation of around 10% of the surface bound initiator complex (Figure 

A 22). The conversion to the surface bound complex under optimized conditions (toluene instead of 

benzene, reaction performed in a Schlenk tube with stirring, higher temperature due to higher boiling 

solvent) is estimated to be slightly higher. During the heating period, the color of the dispersion 

turned from bright red to yellow, which is the characteristic color of three-coordinate Suzuki-Miyaura 

initiator complexes.  

Polymerization Experiments with (4-Bromophenyl)phosphonic Acid Functionalized 

QDs. In Table 4, the conditions of several surface initiated polymerization experiments are listed. 

Studied parameters were initiator formation temperature and time, and polymerization temperature 

and time.  

After an initiator formation step, in which the functionalized QDs and [Pd(PtBu3)2] were heated 

to elevated temperatures, the solvent was removed and the residue redispersed in THF. 

Polymerization was initiated by injecting the dispersion into a monomer solution containing 2-(7-

bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, CsF and 18 crown 6. 
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Table 4. Conditions for surface initiated polymerization experiments of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane from (4-bromophenyl)phosphonic acid functionalized CdSe/CdS quantum 

dots. 

Entry 
T (Initiator 

formation) [°C] 

t (Initiator 

formation) [h] 

T 

(Polymerization) 

[°C] 

t 

(Polymerization) 

[h] 

Comment 

1 - - 25 24 
Approx. 20% functionalized 

polymera 

2 70 4  25 3 
Approx. 40% functionalized 

polymera 

3 78 4  -20 3 Only traces of polymer 

4 78  4  0 3 
Approx. 75% functionalized 

polymera 

5 78 4  0 1 
Approx. 85% functionalized 

polymera 

a Polymer extracted after destroying the isolated hybrid particles after polymerization. The fraction of 

phenylphosphonic acid functionalized polyfluorene was calculated from intensity ratios of the respective polymer 

species in baseline corrected MALDI-TOF mass spectra. 

All polymerizations were quenched by the careful addition of a certain amount of methanol, just 

sufficient to precipitate the hybrid particles. Hereby, the precipitation of non-functionalized solution-

initiated polymer should be prevented. After a centrifugation step, the QD pellet and the supernatant 

were separately analyzed by MALDI-TOF MS and photoluminescence spectroscopy. For MALDI-

TOF MS, the QD pellet was treated with conc. HCl to destroy the inorganic core and to strip off 

potentially surface-bound polymer. The percentage of phenylphosphonic acid functionalized 

polyfluorene in the polymer isolated from the destroyed nanocrystals was calculated from the 

intensity ratios of the respective signals in baseline corrected MALDI-TOF mass spectra.  

In a first experiment, (4-bromophenyl)phosphonic acid functionalized QDs were mixed with 

[Pd(PtBu3)2] in THF and directly injected into a monomer solution and stirred for 24 h at room 

temperature (Table 4, Entry 1). After work-up, the polymer isolated from the destroyed nanocrystals 

only contained around 20% phenylphosphonic acid functionalized polyfluorene. The main species is 

a hydrogen/boronic acid pinacol ester end-capped polymer, which is most likely the result of 

polymerization initiated in solution by the oxidative addition of Pd(0) into the C-Br Bond of the 

monomer. The hydrogen terminating end-group originates from the quenching with methanol after 

polymerization. The second most-intense signal set can be assigned to a polyfluorene species with 

two hydrogen end-groups.  

To promote the polymerization from the nanocrystal surface, the functionalized QDs and 

[Pd(PtBu3)2] in THF were heated to 70 °C for four hours to facilitate the formation of the surface-
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bound initiator. The polymerization time was decreased to 3 h to suppress the formation of non-

functionalized polymer by the reaction of Pd(0) with monomer. Hereby, the fraction of polyfluorene 

isolated from the nanoparticles with a phenylphosphonic acid as initiating chain-end and a hydrogen 

or a bromine as terminating end-group was increased to approximately 40% (Entry 2).  

The initiator formation requires elevated temperatures and is slow. For this reason, the 

temperature was increased to 78 °C and the polymerization temperature was decreased to -20 °C. At 

this temperature, the oxidative addition of Pd(0) into the C-Br bond of the monomer should not take 

place, and the polymerization should only be initiated by the preformed surface-bound complex 

(Entry 3). However, only traces of polymer were isolated from the nanocrystals and the amount was 

insufficient for further analysis. Therefore, the polymerization temperature was increased to 0 °C. 

Under these conditions, it was possible to isolate polymer with a high fraction of phenylphosphonic 

acid functionalized chains (75%, Entry 4). The 

polymerization time was further optimized and 

adjusted according to the change in fluorescence of the 

polymerization mixture. At the beginning, the 

dispersion is brightly red fluorescent due to the PL of 

the QDs (Figure 30, left). As soon as the emission 

turned to purple-blue (Figure 30, right), the 

polymerization was quenched. The blue emission is 

assumed to originate from free polymer, as bound 

polymer should be efficiently quenched by the 

inorganic core. By the adjustment of the 

polymerization time, almost exclusively polymer with a 

phenylphosphonic acid as initiating chain-end could be 

isolated from the hybrid nanoparticles (85%, Entry 5). 

The respective MALDI-TOF mass spectrum and the spectrum of the supernatant with the assigned 

polymer species are depicted in Figure 31.  

Figure 30. Polymerization mixture under UV 

illumination just after the addition of initiator-

functionalized QDs (left) and after one hour 

polymerization time (right).  
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Figure 31. MALDI-TOF mass spectrum of the supernatant after quenching the polymerization and removal of the 

nanoparticles by centrifugation (top) and the MALDI-TOF mass spectrum of polymer isolated after collecting the 

nanoparticles by centrifugation and destroying the inorganic core with conc. HCl (bottom). 

In the bottom spectrum, only two signal sets can be observed. Both can be assigned to 

polyfluorene with a phenylphosphonic acid initiating end-group and a hydrogen (green downward 

triangle) or a bromine terminating end-group (blue upward triangle), respectively. 

 In the spectrum of the supernatant, the intense signal sets can be assigned to non-functionalized 

polyfluorene with hydrogen/hydrogen, hydrogen/bromine, bromine/bromine, hydrogen/boronic 

acid ester and bromine/boronic acid ester end-groups. These species originate from solution-initiated 

polymerization. According to these MALDI-TOF mass spectra, the polymerization is initiated 

successfully from the nanoparticle surface and sacrificial non-functionalized polymer is separated off 

efficiently by centrifugation of the nanoparticles after quenching. According to GPC vs. polystyrene 

standards, the molecular weight of the polymer stripped off from the nanoparticle surface amounts 

to Mn 15800 g/mol. Assuming an overestimation by a factor of 2.7119, the estimated true molecular 

weight amounts to Mn 6000 g/mol, which translates to a DPn of 15 and matches well with the 

polyfluorene species observed in the MALDI-TOF mass spectrum. The molecular weight 

distribution is broad with Mw/Mn 2.7 (Figure A 23). The molar monomer:Pd(0)-source ratio was 

between 5:1 and 10:1 in all experiments. However one cannot expect a resulting DPn of 5 to 10 due 

to the incomplete reaction of the Pd-precursor towards the surface bound initiator and due to 

solution-initiated polymerization. 
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Considering the amount of polymer isolated from the nanocrystals and the quantum dot 

concentration, it can be estimated that every nanoparticle is functionalized with approximately 40 

polyfluorene ligands. This translates to a conversion of around 11% of the approx. 350 (4-

bromophenyl)phosphonic acid ligands/QD to the surface-bound initiator and is in agreement with 

the conversion of approx. 10% that was estimated from the reaction of functionalized nanocrystals 

with [Pd(PtBu3)2] by 31P-NMR.   

To confirm that the polymer is grafted from the nanoparticle surface by a chain-growth 

polymerization, quenching of a polymerization by the addition of 2-[3,5-bis(trifluoromethyl)phenyl]-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (Scheme 16) was studied. After isolation of the hybrid 

particles and separating off the polymer by destroying the inorganic core, the polymer was purified 

by precipitation and analyzed by MALDI-TOF MS and 19F-NMR spectroscopy. In the 19F-NMR 

spectrum, only one signal at -63 ppm (in CD2Cl2) is observed (Figure A 24). The quenching reagent 

features the same chemical shift. Figure 32 depicts the MALDI-TOF mass spectra of the polymer 

isolated from the supernatant and of the polymer isolated from the nanocrystals. 

 

Figure 32. MALDI-TOF mass spectra of grafted polyfluorene isolated after quenching the polymerization with 2-[3,5-

bis(trifluoromethyl)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, collecting the nanocrystals by centrifugation and 

destroying the latter with conc. HCl (bottom) and of the supernatant after removal of the nanocrystals (top). 

The predominant signal set in the latter spectrum can be assigned to a polyfluorene species with 

phenylphosphonic acid as initiating end-group and 3,5-bis(trifluoromethyl)phenyl as terminating end-

group, revealing the end-capping to be effective. Only a small signal set can be assigned to a surface 

initiated polyfluorene species with a hydrogen terminating end-group, demonstrating that most of 
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the chain-ends were still active as quenching with the end-capper occurred (after 80 minutes 

polymerization time). In Figure 33 (left), the typical emission spectra of the CdSe/CdS/polyfluorene 

hybrid particles and of the CdSe/CdS quantum dots, measured before functionalization with the 

organic initiator precursor (stabilized with oleyl amine), are depicted. 

 

Figure 33. Typical photoluminescence spectra (left, λexc: 400 nm) and UV-Vis spectra in toluene (right) of CdSe/CdS 

core-shell quantum dots (black solid lines) and of CdSe/CdS/polyfluorene hybrid particles (red dashed lines) 

synthesized by surface initiated Suzuki-Miyaura coupling polymerization. 

The emission maximum of the CdSe/CdS nanocrystals (black solid line) is at a wavelength of 

635 nm and is unaltered after polymerization (red dashed line), indicating that the inorganic 

nanocrystal is not affected by the basic polymerization conditions. In Figure 33 (right), the UV-Vis 

spectra of the QDs (black line) and of the hybrid particles (red dotted line) are depicted. In the 

spectrum of the hybrid particles, a local maximum at 437 nm can be observed. This peak can be 

attributed to beta-phase polyfluorene and is the result of an increased conjugation length of the 

polymer chains.154 This additional peak has also been observed in the absorption spectrum of 

polyfluorene grafted from silica particles.85 It is assumed that due to the high grafting density, the 

intra-chain order is improved, as bending and twisting of the polymer chains is reduced, resulting in 

the increased conjugation length and consequently, the absorption peak at 437 nm.85 It can be 

assumed that the same applies to the hybrid particles synthesized here, indicating densely packed 

polyfluorene ligands at the QD surface.  

The hybrid particles were studied by photoluminescence measurements regarding an energy transfer 

from the polymer ligands to the inorganic CdSe/CdS core. For this purpose, a highly diluted toluene 

dispersion of the hybrid particles was stirred at room temperature in a photoluminescence 

spectrometer. 2 µL of conc. HCl were added and emission spectra were recorded every 60 seconds. 

In Figure 34 (left spectra), three representative spectra after different points in time are depicted.  
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Figure 34. Emission spectra of CdSe/CdS/polyfluorene hybrid particles in toluene excited at 400 nm (left) before the 

addition of 2 µL of conc. HCl (black line) and 5 minutes (blue line) and 3 hours after addition (red line). Emission 

spectra of the hybrids in THF excited at 400 nm before the addition of an excess of dodecylphosphonic acid (black 

line) and 5 minutes (blue line), 30 minutes (green line) and 2 hours (red line) after addition (right). 

The first spectrum (black line, left spectrum) was recorded before HCl was added. The second 

spectrum (blue line) was recorded five minutes after and the third spectrum three hours after addition 

(red line). The untreated dispersion features polyfluorene emission between 400 and 500 nm and QD 

emission between 600 and 650 nm. Directly after the addition, the QD fluorescence is vanished and 

the intensity of the polyfluorene emission is decreased. This can be attributed to significant scattering, 

which is the reason for the peak at 400 nm, which is the excitation wavelength. After three hours 

stirring at room temperature, no scattering is observed anymore and the intensity of the polyfluorene 

emission is increased by approximately a factor of two. A very similar experiment was performed in 

which the hybrid particles in toluene were mixed with a large excess of dodecylphosphonic acid, to 

see whether this small ligand is able to replace surface bound polyfluorene ligands. The same 

experiment was performed with CdSe/phenylphosphonic acid hybrid particles and is described in 

Chapter 4.2.1. If a replacement takes place, one would again expect an increase in polyfluorene 

emission intensity. In Figure 34, the right spectra depict the emission of a hybrid particle mixture 

before (black line) and after addition of dodecylphosphonic acid (blue, green and red line). Again, a 

strong increase in emission intensity can be observed, indicating that dodecylphosphonic acid partially 

replaces the surface bound phenylphosphonic acid functionalized polyfluorene, leading to a higher 

emission intensity. The ligand exchange results furthermore in the quenching of the CdSe/CdS QD 

emission. A deterioration of the optical properties of QDs during ligand exchange, especially if the 

latter is incomplete, is frequently observed. Both experiments allude to an efficient energy transfer 

from the polyfluorene shell to the inorganic core.  
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The hybrid particles were additionally analyzed by transmission electron microscopy. In Figure 

35, TEM images of CdSe/CdS/polyfluorene hybrid particles synthesized by a surface initiated 

polymerization are depicted (left).  

 

Figure 35. TEM images of CdSe/CdS/polyfluorene hybrid particles synthesized by a surface initiated Suzuki-Miyaura 

coupling polymerization (left) and of a physical mixture of CdSe/CdS nanocrystals and polyfluorene (right). 

On the right side, TEM images of a physical mixture of CdSe/CdS and polyfluorene are shown. 

The latter was obtained by initiating a fluorene polymerization in solution with the Suzuki-Miyaura 

coupling polymerization initiator [(bromo){4‐[(tetrahydro‐2H‐pyran‐2‐yloxy)methyl]phenyl}(tri‐tert‐

butylphosphine)]palladium] in the presence of (4-bromophenyl)phosphonic acid functionalized 

CdSe/CdS QDs. In the image of CdSe/CdSe/polyfluorene hybrids (left), the inorganic nanocrystals 

are randomly distributed over the grid with large interparticle distances of > 10 nm, which is in 

agreement with the polyfluorene graft layer. A phase separation between polymer and nanocrystals is 

prevented by the direct binding of the polymer to the nanocrystal surface. In the case of the physical 

mixture of CdSe/CdS nanocrystals and polyfluorene (right), phase separation is observed, leading to 

agglomeration and formation of dense nanocrystal packings. 

 

Polymerization Experiments with (4-Iodophenyl)phosphonic Acid Functionalized QDs. 

Aryl iodides feature a higher reactivity in oxidative addition reactions compared to aryl bromides.55 

The use of an aryl iodide as surface-bound initiator precursor potentially results in a higher conversion 

towards the surface-bound initiator. For this reason, the polymerization from aryl-iodide 

functionalized nanocrystals was investigated. In a first experiment, the polymerization of 2-(7-bromo-

9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane at 0 °C initiated by the addition 

of (4-iodophenyl)phosphonic acid functionalized QDs, [Pd(dba)2] and PtBu3 to the monomer mixture 
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failed, as no polymer was obtained. For this reason, a preceding initiator formation step was 

introduced. The nanocrystals together with the phosphine ligand and the Pd(0) source were heated 

to 50 °C for 2.5 hours. Longer reaction times or higher temperatures resulted in the formation of Pd-

black. Figure 36 depicts the MALDI-TOF mass spectrum of the polymer isolated from the hybrid 

particles.  

 

Figure 36. MALDI-TOF mass spectrum of polyfluorene polymerized from (4-iodophenyl)phosphonic acid 

functionalized QDs, isolated after collecting the nanoparticles by centrifugation and destroying the inorganic core with 

conc. HCl. 

Exclusively polyfluorene with a phenylphosphonic acid initiating chain-end and a hydrogen or 

bromine as terminating chain-end is observed, indicating a successful surface initiated polymerization. 

The amount of polymer formed is, however, significantly lower compared to polymerizations from 

(4-bromophenyl)phosphonic acid functionalized QDs, probably due to a lower conversion of the 

surface bound aryl iodide, also due to Pd-black formation. In general, the iodo system turned out to 

be less robust compared to the bromo system. 
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Surface Initiated Suzuki-Miyaura Coupling Polymerization of Poly(p-phenylene) 

from CdSe/CdS Quantum Dots. To investigate if the grafting from approach is extendable to 

other monomers, the surface initiated polymerization of 2-(4-bromo-2,5-bis(hexyloxy)phenyl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane was studied. CdSe/CdS quantum dots functionalized with 

(4-iodophenyl)phosphonic acid were heated together with [Pd(dba)2] and PtBu3 to 50 °C for two 

hours in THF, according to the conditions used for the grafting of polyfluorene from (4-

iodophenyl)phosphonic acid functionalized CdSe/CdS QDs. After injection of the QD dispersion 

into a monomer solution, the polymerization was carried out for one hour at -20 °C. The temperature 

was decreased compared to polyfluorene polymerizations because experiments conducted at room 

temperature and 0 °C yielded exclusively non-functionalized poly(p-phenylene), without the 

phenylphosphonic acid moiety as initiating chain-end. After polymerization and isolation of the 

hybrid nanoparticles, potentially surface bound polymer was isolated by destroying the QDs with 

conc. HCl. Figure 37 depicts the MALDI-TOF mass spectrum of polymer isolated from the 

supernatant (top spectrum) after separating off the nanoparticles by centrifugation, and the mass 

spectrum of polymer isolated from the hybrid particles (bottom spectrum).  

 

Figure 37. MALDI-TOF mass spectrum of the supernatant after quenching the polymerization with methanol and 

removal of the nanocrystals by centrifugation (top) and MALDI-TOF mass spectrum of isolated poly(p-phenylene) 

obtained after quenching the polymerization with methanol, collecting the nanocrystals by centrifugation and 

destroying the latter with hydrochloric acid (bottom). 
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In the MALDI-TOF mass spectrum of the polymer fraction isolated from the hybrid particles, two 

intense signal sets can be assigned to polyfluorene species with the phenylphosphonic acid moiety as 

initiating chain-end and a hydrogen or a bromine, respectively, as terminating chain-end (total of 49% 

of phenylphosphonic acid functionalized polymer according to the intensity of the respective 

MALDI-TOF MS signals). The presence of these species underline the success of the grafting from 

process. The polymer obtained after destroying the QDs features a molecular weight of Mn 12500 

g/mol with a PDI of Mw/Mn 1.8. In the MALDI-TOF mass spectrum of the supernatant, almost 

exclusively non-functionalized poly(p-phenylene) is observed. The main species feature two hydrogen 

end-groups, a hydrogen and a bromine end-group or two bromine end-groups.  

 The polymerization is quenched with methanol, which simultaneously results in the precipitation of 

the hybrid particles. In the case of grafting polyfluorene from CdSe/CdS QDs, sacrificial non-

functionalized polymer could be separated off from the hybrid particles almost completely by this 

precipitation step. However, in the case of surface initiated polymerizations of poly(p-phenylene), it 

was not possible to selectively precipitate the hybrid particles without simultaneously precipitating 

non-functionalized polymer. 

The emission and absorption spectra of the hybrid nanoparticle dispersion are depicted in 

Figure 38.  

 

Figure 38. Photoluminescence spectra (left) of CdSe/CdS/poly(p-phenylene) hybrid particles in toluene excited at 

400 nm (black solid line) and at 335 nm (red dashed line) and UV-Vis spectra (right) of CdSe/CdS core-shell quantum 

dots (black solid line) and of CdSe/CdS/poly(p-phenylene) hybrid particles (red dashed line) in toluene. 

The CdSe/CdS nanocrystals can be selectively excited at a wavelength of 400 nm, resulting in an 

emission band at 635 nm (Figure 38, left, black solid line). If the excitation wavelength is set to 

335 nm, the polymer and the QDs are excited (left, red dashed line). The right spectrum (black line) 

depicts the absorption spectrum of the CdSe/CdS quantum dots prior to the surface initiated 

polymerization. The absorption spectrum of the hybrid particles after polymerization is a 

superposition of the QD and poly(p-phenylene) absorption (red line). 
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Because the inorganic nanocrystals can be excited without exciting the conjugated polymer, the 

quantum yield of the crystals can be determined. The quantum yield of the inorganic nanocrystals is 

reduced from 40% to 17% after polymerization. It has to be denoted that the functionalization with 

the aryl iodide does not result in a decrease in quantum yield. It is unclear if the lower efficiency is a 

result of the polymerization conditions e.g. metal residues or because the QDs are partially quenched 

by the attached polymer.  

In summary, poly(p-phenylene) was successfully grafted from CdSe/CdS nanocrystals, however, 

a larger amount of non-functionalized polymer is formed compared to polyfluorene experiments. 

The removal of non-functionalized polymer by selectively precipitating the hybrid particles was 

unsuccessful. 

Surface Initiated Suzuki-Miyaura Coupling Polymerization of Polythiophene from 

CdSe/CdS Quantum Dots. The potential of surface initiated Suzuki-Miyaura coupling 

polymerization was further evaluated by studies of thiophene polymerizations. Reaction conditions 

were chosen according to the polymerization of phenylene (2.5 h initiator formation at 50 °C, 1 hour 

polymerization time at -20 °C). According to MALDI-TOF MS, polymerization of 2-(5-bromo-4-(2-

ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane exclusively results in the formation 

of non-functionalized polymer species with H/H, H/Br and to a small extent, Br/Br terminated 

chain-ends (Figure 39).  

 

Figure 39. MALDI-TOF mass spectrum of isolated polythiophene obtained after quenching a surface initiated 

polymerization with methanol, collecting the nanocrystals by centrifugation and destroying the latter with hydrochloric 

acid. In the inset, the signal for a polymer chain with 15 repeating units and the corresponding calculated isotope 

pattern are shown. 
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The molecular weight amounts to Mn 4500 g/mol (according to GPC vs. polystyrene standards), 

which translates to an estimated true molecular weight134 of Mn 3000 g/mol and a DPn of 15 with a 

PDI of Mw/Mn 1.2. The molecular weight derived from GPC is in good agreement with the molecular 

weight of the polythiophene species observed by MALDI-TOF MS. Even after several attempts to 

optimize polymerization conditions, no phenylphosphonic acid functionalized polythiophene was 

observed. 

The difference between formation of hybrid particles (surface initiated polymerization of 

fluorene and phenylene) and physical mixtures (thiophene polymerization) can be derived additionally 

from TEM images (Figure 40).  

 

Figure 40. TEM images of CdSe/CdS/polyfluorene hybrid particles (left) and of CdSe/CdS/poly(p-phenylene) hybrid 

particles (center), synthesized by surface initiated Suzuki-Miyaura coupling polymerization and a TEM image of a 

physical mixture of CdSe/CdS nanocrystals and polythiophene (right). 

In all three images, the TEM samples were prepared under equal conditions and the hybrid 

particle dispersions obtained after polymerization and centrifugation were directly drop casted onto 

the TEM grids. In the images of CdSe/CdSe/polyfluorene hybrids (left) and CdSe/CdS/poly(p-

phenylene) hybrids (center), the inorganic nanocrystals are randomly distributed over the grid with 

large interparticle distances. Phase separation is not observed. On the other hand, for the physical 

mixture of CdSe/CdS quantum dots and polythiophene obtained from the polymerization 

experiment (right), phase separation between the nanocrystals and the conjugated polymer is 

observed, resulting in agglomeration and formation of dense nanocrystal packings.  

4.2.7 Reactivity of AB-Type Fluorene-, Phenylene- and Thiophene Monomers and Behavior 

in Surface Initiated Suzuki-Miyaura Coupling Polymerization 

In order to explain the different behavior of the three monomers in surface initiated 

polymerizations, their respective reactivity towards oxidative addition of [Pd(PtBu3)2] into the 

monomer’s C-Br bond was investigated. This side reaction is the reason for solution-initiated 
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polymerization and is promoted by the high monomer concentration compared to the surface-bound 

aryl halide concentration. The respective reactivity was studied by NMR experiments. An NMR tube 

was charged with the respective monomer (1 equiv.), [Pd(PtBu3)2] (1 equiv.) and THF-d8 and the 

reaction was monitored by 31P-NMR spectroscopy at 40 °C. In Figure 41, the exemplary NMR spectra 

of the reaction of 2-(4-bromo-2,5-bis(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with 

[Pd(PtBu3)2] recorded after different reaction times are depicted.  

 

Figure 41. Reaction of 2-(4-bromo-2,5-bis(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with [Pd(PtBu3)2] 

at 40 °C in THF-d8 monitored by 31P-NMR spectroscopy. 

The 31P-NMR signal at 86 ppm can be assigned to the Pd(0) starting compound. The intensity 

of this signal decreases over time and two new signals arise. The broad signal at 64.8 ppm can be 

assigned to the product of oxidative addition of Pd(0) into the C-Br bond of the monomer molecule, 

while the signal at 64.4 ppm can be assigned to PtBu3. The signals were assigned with 1H31P-HMBC-

NMR, the spectrum is depicted in Figure A 25.  

For all three monomers, the same reaction was observed. The three-coordinate Pd(II) complex 

obtained by oxidative addition of Pd(0) into the C-Br bond of the respective monomer is formed and 

was characterized by 31P-NMR and 1H31P-HMBC-NMR spectra (Figure A 26 - Figure A 29). 

However, the monomers differ strongly in their reactivity towards oxidative addition. In Figure 42, 

the conversion of [Pd(PtBu3)2] in the reaction with the three different monomers vs. time is plotted. 

By the oxidative addition of [Pd(PtBu3)2] into the C-Br bond of the respective monomer, 
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stoichiometric amounts of free PtBu3 are formed. For estimating the conversion, the signal of PtBu3 

was integrated as it gives rise to a sharper signal. 
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Figure 42. Conversion vs. time for the reaction of [Pd(PtBu3)2] with 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (black squares), with 2-(4-bromo-2,5-bis(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (blue triangles) and with 2-(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (red circles) at 40 °C in THF-d8, respectively.  

The difference in reactivity is significant: 5% conversion are reached for the thiophene monomer 

after only 20 minutes, whereas it takes 120 minutes for the phenylene monomer and 840 minutes for 

the fluorene monomer to reach 5% conversion. The high reactivity of the thiophene monomer 

explains the formation of exclusively non-functionalized polythiophene in grafting from experiments.  

4.2.8 Nanoparticle Ligands with Increased Reactivity for Surface Initiated Suzuki-Miyaura 

Coupling Polymerization 

To broaden the scope of surface initiated Suzuki-Miyaura coupling polymerization and to 

prevent solution initiation, nanoparticle ligands with increased reactivity are necessary to increase the 

conversion of the Pd(0) precursor to the surface-bound initiator complex. The syntheses of Suzuki-

Miyaura initiator complexes for solution polymerization are typically performed at elevated 

temperatures according to Scheme 17. 

Scheme 17. Solution synthesis of Suzuki-Miyaura coupling polymerization initiators starting from halo-aryl compounds 

with protected (PG) functional groups (X) 
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[Pd(PtBu3)2] and an excess of the haloaryl are heated in methyl ethyl ketone, toluene or benzene 

to elevated temperatures to promote the oxidative addition of the Pd(0) precursor into the C-Br 

bond, typically resulting in the respective three-coordinate Pd(II) complex in 50% - 60% yield. When 

this reaction is performed with nanoparticle bound ligands however, the conversion to the initiator 

turned out to be significantly lower, and only around 5% - 15% of the haloaryl reacts. 

Arthur Groh observed during his Master thesis’ on studies on controlled polythiophene 

formation by Suzuki-Miyaura coupling polymerization a remarkably high reactivity of diethyl-(7-

bromobenzo[c][2,1,3]thiadiazol-4-yl)phosphonate in an oxidative addition reaction with 

[Pd(PtBu3)2].155 For this reason, benzothiadiazole derivatives were synthesized that are suitable as 

nanoparticle ligands and as precursors for the synthesis of Suzuki-Miyaura coupling polymerization 

initiators and their reactivity was studied by NMR spectroscopy. 

The reaction of 4-bromophenylphosphonic acid diethyl ester and of diethyl-(7-

bromobenzo[c][2,1,3]thiadiazol-4-yl)phosphonate with [Pd(PtBu3)2] were separately monitored by 31P-

NMR spectroscopy at room temperature. In the case of the phenyl derivative (Figure 43, left), no 

reaction is observed even after 11 hours reaction time, underlining the need for increased 

temperatures for the oxidative addition to take place.  

 

Figure 43. 31P-NMR spectra of the reaction of (4-bromophenyl)phosphonic acid diethyl ester (left) and of diethyl-(7-

bromobenzo[c][2,1,3]thiadiazol-4-yl)phosphonate (right) with [Pd(PtBu3)2] in benzene-d6 recorded at room temperature 

after certain time intervals and the respective reaction schemes (top). 
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On the right side of Figure 43, the 31P-NMR spectrum of diethyl-(7-

bromobenzo[c][2,1,3]thiadiazol-4-yl)phosphonate is depicted (bottom spectrum). After the addition 

of a small excess of [Pd(PtBu3)2], a 31P-NMR spectrum was recorded after one hour at room 

temperature (center spectrum). The signals at 85.0 ppm and 12.2 ppm can be assigned to the starting 

materials and the latter is significantly reduced in intensity, while three new signals can be observed 

at 75.9 ppm, 62.2 ppm and 15.3 ppm. The signals at 75.9 ppm and 15.3 ppm can be assigned to the 

desired three-coordinate Pd(II) complex (assignment by a 1H31P-HMBC-NMR experiment, Figure A 

30) while the signal at 62.2 ppm can be assigned to free PtBu3, which is formed stoichiometrically 

during the reaction. From the integral of the signal that is assigned to the phosphonic acid ester in 

the complex (purple circle) and the signal of the starting compound (green circle), an almost complete 

conversion of 93% after only one hour is estimated. To evaluate the stability of the complex, an 

additional 31P-NMR spectrum was recorded 14 hours later (top right spectrum). Besides a further 

decrease of the signal intensities of the starting compounds, the spectrum is unchanged and no new 

signals are present, indicating that the complex is stable in solution, which is normally not the case 

for such three-coordinate Pd(II) complexes.  

The oxidative addition reaction was additionally studied for the synthesized benzothiadiazole 

derivative 7-bromobenzo[c][2,1,3]thiadiazole-4-carboxylic acid methyl ester. After hydrolysis of the 

ester, this compound can be used as ligand for PbS nanocrystals to study the grafting of conjugated 

polymers from these nanoparticles (Chapter 4.2.10).  

To a solution of the methyl ester in benzene-d6, 1 equiv. of [Pd(PtBu3)2] was added at room 

temperature. After approximately five minutes, a 31P-NMR spectrum was recorded (Figure 44, 

bottom).  
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Figure 44. 31P-NMR spectra of the reaction mixture of 7-bromobenzo[c][2,1,3]thiadiazole-4-carboxylic acid methyl ester 

with [Pd(PtBu3)2] in benzene-d6 recorded at room temperature after certain time intervals (bottom) and the reaction 

scheme (top). 

From this NMR spectrum, a conversion as high as 50% to the desired Pd(II) complex can be 

estimated. After one hour at room temperature, the conversion reaches 85%, underlining the high 

reactivity of this compound in an oxidative addition reaction with Pd(0). After 16 hours at room 

temperature, additional unassigned signals arise. In general, these can be the result of the 

decomposition of the desired Pd(II) complex or of the decomposition of residual [Pd(PtBu3)2]. 

However, experiments with (4-bromophenylphosphonic acid) and [Pd(PtBu3)2] demonstrated the 

Pd(0) precursor to be stable in solution (Figure 43, left). Furthermore, unassigned signals are already 

present right at the beginning of the reaction. Despite the high conversion after only 5 minutes, the 

starting compound is not completely converted after 16 hours.  

In conclusion, after a facile deprotection step the resulting 7-bromobenzo[c][2,1,3]thiadiazole-4-

carboxylic acid is an interesting ligand for the surface initiated Suzuki-Miyaura coupling 

polymerization from PbS quantum dots.    

4.2.9 Synthesis of PbS Quantum Dots 

Lead chalcogenide nanocrystals are of increasing importance due to their potential in 

electroluminescent applications156,157, photovoltaics158, detectors159 or as single photon sources with 
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an emitting wavelength in the infrared. PbS nanocrystals were synthesized to study if the surface 

initiated Suzuki-Miyaura coupling polymerization can be extended to different types of nanocrystals. 

For these experiments, a narrow particle size distribution was considered important, especially 

regarding potential centrifugation experiments after the formation of hybrid particles. 

The synthesis of PbS QDs was adopted from two literature known procedures by Cademartiri 

et al.160 and Moreels et al.161, respectively. Both synthesis protocols are based on the hot injection 

method and have in common that only the weakly binding L-type ligand oleyl amine is employed, 

allowing for a ligand exchange process after nanoparticle formation. This enables the introduction of 

nanoparticle ligands that are suitable precursors for the formation of Suzuki-Miyaura initiator 

complexes.  

PbS nanocrystals were synthesized under variation of temperature, reaction time, Pb to S ratio 

and precursor to ligand ratio, with the aim of obtaining monodisperse QDs. 

Table 5. Varied parameters for the synthesis of PbS nanocrystals. 

Entry 
Nucleation and 

reaction temp. [°C] 

Growth time 

[min] 

Molar PbCl2 to 

oleyl amine ratio 

Molar Pb 

to S ratio 
Size distribution 

1a 120 2 0.5 10:1 Multimodal  

2a 120 4 0.5 10:1 Multimodal  

3b 125 10 0.04 4:1 Multimodal  

4b 125 30 0.04 4:1 Multimodal 

5b 125 90 0.04 4:1 Monomodal  

6b 160 90 0.04 4:1 Bimodal  

7b,c 125 90 0.04 4:1 Monomodal 

a According to Cademartiri et al.: 0.25 mL of a 0.15 M sulfur precursor solution in oleyl amine were rapidly injected into 

2.38 mL of a 1.5 M PbCl2 precursor solution in oleyl amine at 120 °C. b According to Moreels et al.: 2.25 mL of a 0.33 M 

sulfur precursor solution in oleyl amine were rapidly injected into 7.5 mL of a 0.4 M PbCl2 solution in oleyl amine at a 

temperature between 120 °C - 160 °C. c Addition of 1 g of 4-bromobenzoic acid during nanocrystal synthesis.  

The first two batches of PbS quantum dots were synthesized according to the publication of 

Cadematiri et al.160, in which the influence of the PbCl2:oleyl amine ratio and of the Pb:S ratio on the 

particle size dispersity of the resulting quantum dots is investigated (Table 5, Entry 1 & 2). They 

concluded that a PbCl2:oleyl amine ratio of 0.5 and a high Pb:S ratio of 10:1 at the beginning of the 

reaction is beneficial for a narrow particle size distribution. When a lower Pb/oleyl amine ratio is 

used (0.04), the supersaturation after the injection of the sulfur precursor into the lead precursor is 

smaller. This leads to the almost complete consumption of the precursors during nucleation. 

Therefore, no or less precursor is available for particle growth, which then takes place by dissolution 

of smaller particles, resulting in a broader size dispersity.160  
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However, attempts to synthesize monodisperse PbS QDs by this protocol failed (Table 5, Entry 

1 & 2) and only polydisperse nanocrystals were obtained. An additional problem that emerged was 

the removal of excess PbCl2, which turned out to be difficult and very time consuming. For this 

reason, further experiments were conducted according to the publication of Moreels et al.161 In this 

protocol, the Pb:S ratio is significantly lower (4:1 instead of 10:1), which should result in a higher 

conversion of PbCl2. The first two experiments were conducted at 125 °C with different reaction 

times (10 min., Entry 3, 30 min., Entry 4). The QDs obtained in both experiments were analyzed by 

TEM and undefined polydisperse structures were observed. For this reason, the reaction time was 

increased to 90 minutes to increase the time for size focusing and the temperature was varied (125 °C, 

Entry 5, 160 °C, Entry 6). After 90 minutes at 125 °C, mostly cubic shaped PbS QDs were isolated 

from the reaction mixture (Figure 45, left). Increasing the reaction temperature to 160 °C to promote 

the size focusing resulted in the formation of QDs with a bimodal size distribution (Figure 45, center).  

The PbS QDs obtained under the conditions described in Entry 5 with the temperature set to 

125 °C and a reaction time of 90 minutes were considered to be of sufficient quality and were 

employed in surface initiated polymerization experiments after subsequent functionalization with 

appropriate ligands (Chapter 4.2.10).  

 

Figure 45. TEM images of PbS quantum dots synthesized according to the conditions described in Table 5 Entry 5 

(left) and Entry 6 (center). The PbS QDs depicted in the right TEM images were synthesized in the presence of 4-

bromobenzoic acid (Entry 7). The inlets depict particle size histograms.  

For the grafting of conjugated polymers from nanocrystals, the latter need to be functionalized 

with appropriate ligands that feature a functional group that binds to the nanocrystal surface and a 

haloaryl-moiety with which a Pd(0) precursor can react to form a surface bound initiator complex. 

The addition of a haloaryl ligand directly into the synthesis of the nanocrystals renders a ligand 

exchange step superfluous. For this reason, the synthesis of PbS QDs in the presence of 4-

bromobenzoic acid was studied. Synthesis conditions were adapted from the experiment described 

in Table 5, Entry 5, as these resulted in tolerably monodisperse PbS nanocrystals. 1 g of 4-
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bromobenzoic acid was introduced into the reaction mixture. The obtained nanocrystals were 

analyzed by TEM (Figure 45, right). The introduction of this small ligand into the synthesis 

unexpectedly results in the formation of highly monodisperse nanocrystals and the mean particle 

diameter is decreased from 12.1 nm to 8.0 nm with σ decreasing from 1.2 nm to 0.71 nm. The 

significant change in mean particle diameter indicates a strong influence of 4-bromobenzoic acid on 

particle growth.  

The nanocrystals were analyzed by 1H-NMR spectroscopy to study if the newly introduced ligand 

is actually bound to the nanocrystal surface. The 1H-NMR spectra of 4-bromobenzoic acid (bottom), 

of oleyl amine (center) and of the nanoparticles after work-up (top) are depicted in Figure 46. 

 

Figure 46. 1H-NMR spectra recorded in THF-d8 at room temperature of 4-bromobenzoic acid (bottom), of oleyl amine 

(center) and of PbS QDs synthesized in the presence of oleyl amine and 4-bromobenzoic acid (top), after work-up. 

Surprisingly, in the spectrum of the nanoparticles after work-up, signals that can be assigned to 

oleyl amine are of strong intensity. In the ppm region where one would expect the signals for surface-

bound 4-bromobenzoate (7.5 ppm – 8.0 ppm), only very small and broad signals are visible. These 

spectra indicate that despite of using 1 g of the strong X-type ligand 4-bromobenzoic acid during 

nanoparticle synthesis, the main stabilizing ligand is nonetheless the L-type ligand oleyl amine. During 

the synthesis, a four-fold excess of Pb vs. sulfur is used. The 4-halobenzoic acid likely reacts with 

PbCl2 to form the Pb(4-halobenzoate)2 complex. By removing the excess Pb after nanoparticle 
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synthesis, the major part of the functional ligand is hereby removed, resulting in a large excess of 

oleyl amine (20:1 oleyl amine:4-bromobenzoic acid).  

Although 4-bromobenzoic acid is not the major ligand after particle synthesis, its use during 

nanocrystal synthesis is still beneficial, as highly monodisperse PbS nanocrystals were obtained. 

Additionally, carboxylic acids promote the precipitation of PbCl2162, and the introduction of 4-

bromobenzoic acid strongly reduced the effort for removal of excess PbCl2.     

4.2.10 Hybrid Particle Synthesis by Surface Initiated Suzuki-Miyaura Coupling Polymerization 

of Polyfluorene from PbS Quantum Dots 

To investigate if the grafting from approach developed for the generation of 

CdSe/CdS/conjugated polymer hybrid particles can be extended to other semiconductor 

nanocrystals, the grafting of polyfluorene from PbS nanocrystals was studied. Oleyl amine stabilized 

PbS nanocrystals were synthesized as described in Chapter 4.2.9 and functionalized in a second step 

with 4-halobenzoic acid. The direct introduction of the organic initiator precursor during nanoparticle 

synthesis did not result in 4-bromobenzoate functionalized nanoparticles. However, after 

nanoparticle synthesis and workup, excess oleyl amine is removed and the nanoparticles can be 

functionalized by the introduction of an excess of carboxylic acids, which are common and strong 

binding ligands for PbS nanocrystals.163 Oleyl amine was replaced by 4-bromobenzoic acid by adding 

the latter to the nanocrystals dispersed in THF and stirring at 50 °C overnight. The success of the 

exchange was confirmed by 1H-NMR spectroscopy. Figure 47 depicts the 1H-NMR spectrum of 4-

bromobenzoic acid, of oleyl amine and of the functionalized nanoparticles. 
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Figure 47. 1H-NMR spectra of 4-bromobenzoic acid (bottom), of oleyl amine (center) and of PbS QDs functionalized 

with 4-bromobenzoic acid by ligand exchange (top) recorded in THF-d8 at room temperature. 

In the spectrum of the functionalized nanocrystals (top), the signal for the double bond of oleyl 

amine at 5.35 ppm (integral set to 1) is still visible but small compared to the broad signals that can 

be assigned to bound 4-bromobenzoate at 7.57 ppm (integral of 2.95) and 7.88 ppm (integral of 2.74).  

Polymerization conditions were adapted from grafting experiments of polyfluorene from 

CdSe/CdS QDs (initiator formation at 78 °C for four hours, polymerization at 0 °C for 1 hour, 

Chapter 4.2.6). After polymerization, the QDs were collected by centrifugation and the nanoparticles 

were redispersed in toluene and treated with conc. HCl to release potentially bound polymer for 

analysis by MALDI-TOF MS. Several surface initiated polymerization experiments of polyfluorene 

and poly(p-phenylene) from PbS nanocrystals resulted exclusively in polymer without the benzoic 

acid moiety as initiating chain-end. A possible explanation why the grafting from PbS nanocrystals 

was unsuccessful could be a lower reactivity of 4-halobenzoic acid compared to (4-

halophenylphosphonic acid) towards oxidative addition. This trend is also observed when comparing 

the reactivity of diethyl-(7-bromobenzo[c][2,1,3]thiadiazol-4-yl)phosphonate and 7-

bromobenzo[c][2,1,3]thiadiazole-4-carboxylic acid methyl ester, with the phosphonic acid diethyl 

ester being slightly more reactive (> 90% vs. 85% conversion after 1 hour) 

Because polymerization experiments with 4-halobenzoate functionalized PbS nanocrystals failed, 

nanoparticles were functionalized with the more reactive ligand 7-bromobenzo[c][2,1,3]thiadiazole-
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4-carboxylic acid. After the addition of [Pd(PtBu3)2], the dispersion was stirred for 3 hours at room 

temperature and injected into a monomer solution at 0 °C. After stirring for one hour, the 

polymerization was quenched with methanol, resulting in the precipitation of the nanoparticles. The 

latter were isolated by centrifugation and treated with concentrated HCl to strip off potentially 

surface-bound polymer. However, no polymer was isolated after extraction with toluene and the 

organic phase was not fluorescent. Polymer was only isolated from the supernatant after collecting 

the nanoparticles by centrifugation and the respective MALDI-TOF mass spectrum is depicted in 

Figure 48. 

 

Figure 48. MALDI-TOF mass spectrum of polymer isolated from the supernatant after quenching the polymerization 

and collecting the nanoparticles by centrifugation. 

The signal set with the highest intensity can be assigned to a polyfluorene species with 4-

carboxylic acid-benzo[c][2,1,3]thiadiazole as initiating chain-end and bromine as terminating chain-

end. The less intense signal sets match to a second surface initiated species with 4-carboxylic acid-

benzo[c][2,1,3]thiadiazole as initiating chain-end and a hydrogen end-group and to three species that 

were formed by initiation in solution with hydrogen/hydrogen, hydrogen/bromine and 

bromine/bromine end-groups. The MALDI-TOF mass spectrum confirms a successful conversion 

of the highly reactive organic initiator precursor to the initiator complex. The monomer to ligand to 

Pd(0) ratio was set to 5:1:1, which is in perfect agreement with the DPn of five of the main species 

observed in the MALDI-TOF mass spectrum. The molecular weight derived by GPC vs. polystyrene 

standards is slightly higher with Mn 8000 g/mol, which translates to an estimated true molecular 

weight119 of 3000 g/mol and a DPn of seven. The molecular weight distribution is rather broad with 

Mw/Mn 1.9. Despite a successful initiation, polymer was only found in the supernatant after 
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precipitating the nanocrystals. The polymer might be stripped off from the nanoparticles by the 

addition of methanol, which is added to quench the polymerization and to precipitate the 

nanoparticles. The removal of carboxylic acids from PbSe nanocrystals by short chain alcohols has 

been described in literature.164 To prevent this, the PbS nanocrystals could be precipitated by the 

addition of an aprotic solvent e.g. acetonitrile. Alternatively, the ligand is displaced from the PbS 

nanoparticles at some point during initiator formation or polymerization, in which case stronger 

binding ligands are necessary.165   

In conclusion, it was possible to extend the potential of surface initiated Suzuki-Miyaura coupling 

polymerization to PbS nanocrystals. By using benzothiadiazole compounds as ligands featuring an 

increased reactivity towards oxidative addition, a higher conversion of the surface-bound ligand was 

achieved under milder conditions. However, stronger binding ligands or different protocols for the 

isolation of the hybrid particles are necessary, as functionalized polymer was only obtained from the 

supernatant after removal of the nanoparticles by centrifugation. 

4.3 Summary and Conclusion 

Besides their potential application in optoelectronics, hybrid particles based on quantum dots 

and conjugated polymers are of fundamental interest as single photon sources, as they allow for 

ultrafast quantum optics on the few-photon level.  

In previous work, a strategy for the synthesis of CdSe/polyfluorene hybrid particles was 

developed.98 CdSe nanocrystals were synthesized in the presence of aniline- or phenylphosphonic 

acid functionalized polyfluorene. This strategy was extended in this work to the synthesis of hybrid 

particles based on CdSe/CdS core-shell nanocrystals and functionalized polyfluorenes were 

introduced directly during the synthesis of the CdS shell. 

For this purpose, the synthesis of CdSe cores and CdSe/CdS quantum dots was studied in more 

detail regarding the optimization of optical properties, influence of ligands during nanocrystal 

synthesis and upscaling. The findings were implemented subsequently in the synthesis of 

CdSe/CdS/polyfluorene hybrid particles. The use of functionalized polyfluorene as a ligand during 

the synthesis of the CdS shell turned out to have a strong influence on nanocrystal growth. In the 

standard protocol for CdSe/CdS nanocrystal formation, 16000 equiv. (vs. CdSe cores) of oleyl amine 

are used during shell synthesis, resulting in diversely shaped QDs (tripods, cubes, prisms, Figure 49, 

left).  
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Figure 49. TEM images of CdSe/CdS-core shell nanocrystals generated with different ligands present during the shell 

synthesis. Left: 16000 equiv. of oleyl amine per CdSe QD. Center: 16000 equiv. of oleyl amine and 100 equiv. of aniline 

functionalized polyfluorene per CdSe QD. Right: 100 equiv. of aniline functionalized polyfluorene per CdSe QD. 

The addition of 100 equiv. of aniline functionalized polyfluorene additionally to 16000 equiv. of 

oleyl amine into the shell-growth reaction resulted in a narrowing of the particle size distribution and 

QDs with a uniform shape (Figure 49, center), compared to the QDs synthesized under standard 

conditions (16000 equiv. of oleyl amine). The replacement of oleyl amine by 100 equiv. of aniline 

functionalized polyfluorene also resulted in the formation of hybrid particles with a narrower size 

distribution (Figure 49, right). These experiments underline the significant interaction between the 

polymeric ligand and the growing nanocrystals. 

Analytical ultracentrifugation experiments with core-shell quantum dots stabilized by aniline- or 

phenylphosphonic acid functionalized polyfluorene ligands, respectively, revealed that the aniline 

functionalized polymer is almost completely displaced from the nanocrystal surface in high dilution 

(< 5% of bound polymer), while approx. 65% of the phenylphosphonic acid functionalized 

polyfluorene is bound to the surface. These measurements were substantiated by studying ensemble 

photoluminescence spectra of these hybrids in different dilution. Dilution of the dispersions results 

in an increase in polyfluorene emission, due to the displacement of polymer ligands from the 

nanoparticle surface. This displacement is more pronounced for aniline functionalized polymer than 

for phenylphosphonic acid functionalized polyfluorene (Figure 50). 



4.3 Summary and Conclusion 

87 

 

Figure 50. Polyfluorene emission intensity divided by the nanocrystal emission intensity vs. dilution for 

CdSe/CdS/aniline functionalized polyfluorene hybrid particles (green squares) and for CdSe/CdS/phenylphosphonic 

acid functionalized polyfluorene hybrid particles (blue triangles). 

Additionally, the increase in polymer emission alludes to an efficient energy transfer between the 

polymer and the nanocrystal in the hybrid particles, resulting in a quenching of nanocrystal-bound 

polyfluorene.  

A limitation for this hybrid particle synthesis is the limited solubility of the polymer in the 

reaction mixture during the synthesis of the CdS shell around the CdSe cores. 

As an alternative approach to conjugated polymer/quantum dot hybrid particles, the quenching 

of a Suzuki-Miyaura coupling polymerization with 4-mercaptophenylboronic acid functionalized 

CdSe/CdS quantum dots was studied (Scheme 18).  

Scheme 18. Synthesis of CdSe/CdS/polyfluorene hybrid particles by the quenching of Suzuki-Miyaura coupling 

polymerizations with functionalized CdSe/CdS nanocrystals. 

 

The advantage of this approach is that the nanocrystals’ synthesis does not need to be altered 

and empirically found and optimized protocols can be used. This quenching approach resulted in the 
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formation of 4-mercaptophenyl functionalized polyfluorene, the latter not being the main species 

however, indicating the quenching to be inefficient. 

For this reason, a surface initiated polymerization method was developed. Quantum dots can be 

synthesized under optimized conditions and functionalized in a second step by a small ligand that 

allows for an efficient exchange. After the synthesis of a surface bound initiator complex, polymer 

can be grafted from the QD surface, resulting in conjugated quantum dot/polymer hybrid particles 

(Scheme 19).  

Scheme 19. CdSe/CdS/conjugated polymer hybrid particle synthesis by surface confined Suzuki-Miyaura coupling 

polymerization. 

 

The polymerization from quantum dots functionalized with 4-bromophenylposphonic acid and 

4-iodophenylphosphonic acid was studied. The bromo-aryl based system turned out to be superior 

due to a higher stability of the surface-bound initiator complex and less formation of Pd-black. 

Successful grafting of polyfluorene and poly(p-phenylene) from nanocrystals could be demonstrated 

(Figure 51, bottom), and additionally, precise end-capping of growing chains was accomplished, 

confirming the chain-growth nature of the reaction (Figure 51, top). Solution-initiated polyfluorene 

could be separated off from the hybrid particles by a precipitation and centrifugation step.  
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Figure 51. MALDI-TOF mass spectra of polyfluorene isolated after a surface-initiated Suzuki-Miyaura coupling 

polymerization from (4-bromophenyl)phosphonic acid functionalized CdSe/CdS quantum dots. The polymerizations 

were quenched by the addition of methanol (bottom) and by the addition of 2-[3,5-bis(trifluoromethyl)phenyl]-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (top). 

The grafting of polythiophene from nanoparticles failed, as the thiophene monomer features a 

considerably higher reactivity, as demonstrated by NMR-experiments, resulting in predominantly 

solution-initiated polymerization by the reaction of residual [Pd(PtBu3)2] with monomer. This 

underlines the necessity of matching the monomers’ and surface bound initiators’ reactivity. In 

preliminary studies towards this identified need, benzothiadiazole derivatives were classified to be 

extremely reactive in an oxidative addition reaction with [Pd(PtBu3)2] and have therefore the potential 

as ligands in surface initiated Suzuki-Miyaura coupling polymerizations. A successful polymerization 

of polyfluorene from PbS nanocrystals functionalized with 7-bromobenzo[c][2,1,3]thiadiazole-4-

carboxylic acid was demonstrated and hardly any non-functionalized polymer was observed.  
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5. Encapsulation of Quantum Dots and Organic/Inorganic 

Semiconductor Hybrid Particles and Single Particle Micro-

Photoluminescence Experiments 

5.1 Introduction 

Encapsulation of Quantum Dots into Polymer Nanoparticles by Heterophase 

Polymerization. Heterophase polymerization has proven particularly suitable for the embedding of 

nanocrystals and in general yields nanometer sized polymer particles (particle diameters ranging from 

10 nm – 500 nm).11,94,166 In view of the suitability of a given heterophase polymerization method for 

nanoparticle embedding, the exact nature of the heterophase system and consequently, the polymer 

nucleation and particle formation mechanism are decisive. For the generation of polymer 

nanoparticles, emulsion-, miniemulsion- and microemulsion polymerization are attractive.  

In the initial phase of an emulsion polymerization, particle nucleation can be ascribed to growing 

chains transferring from the aqueous phase into micelles (micellar nucleation) or to the collapse of 

growing chains leading to primary particles, which are then stabilized by surfactant (homogeneous 

nucleation). The probability of initiators transferring from the continuous phase into monomer 

droplets is low, as the droplets are very large, few in number and have a small surface area. Precise 

embedding of hydrophobically coated quantum dots by emulsion polymerization can be difficult, as 

the nanocrystals are dispersed in the hydrophobic monomer droplets after emulsification. 

Consequently, efficient embedding is unlikely, as the monomer droplets will be consumed during 

polymerization by growing particles originating from micellar or homogeneous nucleation.  

By applying high shear during emulsification in combination with an effective surfactant and a 

hydrophobe, a miniemulsion can be generated. Due to the high energy input, very small droplets are 

formed. The small droplet size results in a large surface area, which is why the surfactant is (almost) 

completely adsorbed on the latter and therefore, no micelles are present in the continuous phase. For 

this reason, micellar nucleation does not take place. When a hydrophilic initiator is used,  the 

probability for  initiating- or growing species to transfer into a monomer droplet is high due to the 

large surface area of the droplets.166 When a lipophilic initiator is used, it will be dissolved in the 

monomer droplets in the first place, resulting in droplet nucleation. Accordingly, droplet nucleation 

is the main source for the final polymer particles in miniemulsion polymerization. The use of a 



5.1 Introduction 

91 

hydrophobe is necessary to prevent the dissolution of smaller droplets in favor of the growth of larger 

ones, a process driven by a decrease in total interfacial energy (Ostwald ripening).  

In summary, small nanodroplets are generated during miniemulsification and the resulting 

polymer particles are ideally replicas of the droplets in terms of composition and size. This renders a 

miniemulsion polymerization ideal for the embedding of hydrophobically stabilized nanocrystals, as 

these are dispersed in the monomer droplets, provided that no phase separation occurs during 

polymerization.11,94 However, the QDs are distributed statistically among the droplets and 

consequently among the final polymer particles. For this reason, a precise embedding regarding QD-

multiplicity per polymer particle is difficult. 

A further increase in surfactant concentration in a heterophase system leads to the formation of 

a microemulsion. The micelles often form a bicontinuous network, which contains all monomer and 

nanocrystals167, if nanocrystal embedding is envisaged. The probability of the nanocrystals to 

agglomerate is higher compared to a miniemulsion system, as the nanoparticles are not isolated from 

each other. In a miniemulsion system on the other hand, the nanocrystals are locally restricted to the 

monomer droplets due to their hydrophobic ligands and incompatibility with the aqueous phase. 

Encapsulation of Quantum Dots into Polymer Nanoparticles by Nanoprecipitation and 

Secondary Dispersion. The smallest particle diameter accessible by miniemulsion polymerization is 

several tens of nanometers.166 If smaller particles are desired, nanoprecipitation techniques can be 

deployed. A polymer dissolved in a good but water miscible solvent is mixed with an aqueous phase. 

This leads to a rapid decrease in solvent quality for the polymer and eventually to particle nucleation, 

which are commonly stabilized by surfactant. Alternatively, self-stabilizing particles can be generated 

by precipitating hydrophobic/hydrophilic block-copolymers. Nanoprecipitation can be used for the 

encapsulation of nanocrystals into polymer particles.168-170 However, the method is somewhat limited 

as only water miscible solvents can be used in which the polymer and the nanocrystals have to be 

soluble/dispersible. 

As an alternative, polymer and nanocrystals can be mixed in a water immiscible solvent. This 

mixture is then emulsified in an aqueous surfactant solution. After removal of the solvent, polymer 

particles with embedded nanocrystals can be obtained.94,171 However, particle diameters accessible 

with this method are generally greater than 100 nm and are thus too large for the desired manipulation 

experiments.  

Encapsulation of Quantum Dots into Silica Nanoparticles. For the encapsulation of single 

quantum dots into silica particles, two general methods are available. The first one is based on the 

Stöber method172 and is limited to the embedding of hydrophilically coated nanocrystals, as the latter 

need to be dispersible in an alcohol/water/ammonia mixture, in which they act as seeds for silica-
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particle growth. Besides being limited to the embedding of hydrophilic QDs, the control over particle 

size and size distribution with this method is poor.173  

The second approach is based on microemulsion systems and allows for the encapsulation of 

hydrophobically stabilized nanoparticles. The QDs are dispersed in a mixture of a hydrophobic 

solvent e.g. cyclohexane and a non-ionic surfactant. By addition of an aqueous ammonia solution, an 

inverse microemulsion is obtained. After addition of tetraethyl orthosilicate (TEOS), the silica particle 

growth takes place in the small water droplets. A precise positioning of the QDs exactly in the center 

of the silica particles as observed in literature is surprising174, as this indicates that the QDs act as 

seeds for silica particle growth. However, one would not expect the hydrophobically stabilized QDs 

to transfer into the aqueous droplets. The underlying mechanism will be discussed in more detail in 

Chapter 5.2.6. 

5.2 Results and Discussion 

5.2.1 Encapsulation of Quantum Dots into Polymer Nanoparticles by Miniemulsion 

Polymerization 

A protocol for the embedding of single quantum dots into PMMA particles by miniemulsion 

polymerization has been established by Gao et al.94 and Negele et al.11 and was further optimized and 

expanded to the encapsulation of quantum dot/conjugated polymer hybrid particles in this work. 

PMMA is particularly suitable as protective material as it is transparent in the visible regime and 

features a high photostability, both important aspects considering the necessary excitation of the 

embedded nanocrystal for photoluminescence measurements. Furthermore, the glass transition 

temperature of PMMA is high (105 °C) and consequently the polymer particle should be a hard 

sphere. This allows for mechanical manipulation and prevents film formation.  

The established encapsulation procedure is as follows:11 0.2 mL of the hydrophobically stabilized 

nanocrystals dispersed in toluene are mixed with 1 mL of methyl methacrylate (monomer), 0.1 mL 

of hexadecane (hydrophobe) and 10 mg of azobisisobutyronitrile (AIBN, radical initiator). This 

mixture is injected into 80 mL of water containing 20 mg of the surfactant sodium dodecyl sulfate 

(SDS), directly followed by two minutes of ultrasonication. Polymerization is performed at 76 °C for 

5 hours. This results in polymer particles with an average diameter of around 60 nm, of which approx. 

13% contain an inorganic nanocrystal (the value is calculated from analysis of a minimum of 150 

particles in TEM images). The number of monomer droplets that can be formed from 1 mL of 

monomer slightly exceeds the number of nanocrystals (by a factor of approx. 5). This ensures the 

embedding of single nanoparticles when no agglomeration occurs. 
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Negele et al. encapsulated high-optical quality CdSe/CdS quantum dots while preserving the 

photoluminescence efficiency of the emitters. A decrease in quantum yield after polymerization was 

not observed. Additionally, the embedded emitters featured an extraordinary photostability, while 

having their colloidal nature preserved.11 Manipulation of single particles into the center of 

nanoantennae was demonstrated successfully by using an atomic force microscope (AFM). The 

manipulation had no influence on the optical properties of the embedded emitter.  

 

Figure 52. Manipulation of a PMMA particle containing a single CdSe/CdS quantum dot with an overall particle 

diameter of approx. 60 nm into the gap of a nanoantenna by an AFM tip. 

However, the manipulation is difficult and very time consuming. The diameter of the particles 

exceeds or is similar to the gap-size between the antennae (< 65 nm), which makes it difficult to 

position the QD in the feed gap of the antenna. This, however, is important for an effective coupling 

of the emitter to the antenna. For this reason, the encapsulation by miniemulsion polymerization was 

further optimized, with special attention being paid to a smaller overall diameter of the polymer 

particle. A further problem that arose during manipulation is that the particles tend to stick to the 

AFM tip. This ‘pick-up’ ruins the resolution of the AFM and hampers further manipulation. For this 

reason, cross-linked and potentially more rigid polymer particles were synthesized and investigated.  

The embedding protocol was additionally extended to the encapsulation of 

CdSe/CdS/polyfluorene hybrid particles. Furthermore, the embedding of quantum dots into the 

more hydrophobic poly(tert-butyl methacrylate) (PtBuMA), which additionally features a higher glass 

transition temperature (118 °C), was studied. A selection of embedding experiments is listed in Table 

6. 
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Table 6. Embedding of quantum dots by miniemulsion polymerization under varying conditions and the 

properties of the obtained polymer dispersions. 

Entry 
SDS 
[mg] 

USa 
[min] 

Monomer 
[mL] 

QYQDb 

[%] 
QYdispersion 

[%] 
DDLSc 
[nm] 

DTEMd 
[nm] 

Comment 

1   20 2 1 (MMA) 36 24 64 62 Standard conditionse 
2  20 2 1 (MMA) - 73 - Without QDs 
3  100 2 1 (MMA) - 53 - Without QDs 
4  200 2 1 (MMA) - 51 - Without QDs 

5  100 2 0.5 (MMA) 41 
 3 

 (30)f 
53 

(64)f 
41 0.5 mL of toluene 

6  100 3 1 (MMA)  41 23 34 32 [SDS] x 5, 3 min US 
7  100 3 1 (MMA) 41 35 43 40 10 of vol% iso-propanolg 

8  100 2 
0.99 

(MMA) 
41 56 57 53 1% of cross-linkerh 

9  100 2 
0.90 

(MMA) 
41 47 63 - 10% of cross-linkerh 

10  100 3 
0.25 

(MMA) 
41 40 48 - 

0.5 mL of toluene, 50 vol% 
of cross-linkerh 

11  20 2 1 (tBuMA) 43 16 61 41 - 

12  20 2 1 (tBuMA) 43 5 41 - 
Photo initiatorj instead of 

AIBN, no heating 
a US: ultrasonication. b Measured in toluene. c Number average. d The mean particle diameters were calculated from the 

area of a minimum of 100 particles measured in TEM images. e Standard conditions: Aqueous phase: 80 mL of 

degassed water with 20 mg of SDS. Oil phase: 0.2 mL of a CdSe/CdS QD dispersion in toluene (approx. 5 × 10-5 M), 

1 mL of MMA, 0.1 mL of hexadecane, 10 mg of AIBN. Ultrasonication for 2 min. with 60% intensity. f Before dialysis 

for 2 weeks. g Vol% vs. water. h Vol% of ethylene glycol dimethacrylate vs. MMA. j Irgacure 369. 

The experiment in Entry 1 was performed according to the protocol developed by Negele et al.11, 

resulting in a polymer dispersion with a mean particle diameter of 60 nm according to TEM and DLS. 

The quantum yield slightly decreased, from 36% for the nanocrystals in toluene to 24% for the 

encapsulated QDs (λexc: 400 nm).  

Concerning the generation of particles with a smaller overall diameter, the ultrasound intensity 

was varied between 40% and 80%. However, this did not have an effect on the mean size of the 

particles. For all further experiments, the intensity was set to 60%. In the experiments listed in Entry 

2, 3 and 4 it was studied if an increase of the concentration of SDS in the aqueous phase results in 

smaller mean particle diameters. This is the case, as a five-fold increase leads to a decrease in mean 

particle size by 20 nm (from 73 nm to 53 nm, Entry 2 & 3). Further increasing the amount of SDS 

does not have an effect (Entry 4). In these experiments, no QDs were present in the polymerization 

mixture, which might explain the somewhat larger particle diameter that is obtained in the experiment 

listed in Entry 2 vs. Entry 1.  

In the experiment in Entry 5, 50 vol% of the monomer was replaced by toluene. When the 

toluene is removed after polymerization by dialysis or by applying mild vacuum (40 mbar), this might 

lead to a shrinkage of the toluene-swollen particles and consequently to smaller diameters. The initial 
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mean diameter of 53 nm actually decreases after dialysis for 2 weeks to 41 nm. Unfortunately, the 

quantum yield suffers significantly and is reduced from 30% to 3%. If the emitter is located at the 

periphery or surface of the polymer particle, one might expect a reduction in quantum yield after 

removing excess surfactant, as the latter possibly stabilizes the part of the QD surface, which is 

located outside of the polymer particle. However, the position of the nanocrystals in the polymer 

particles is unaltered after dialysis. For this reason, it is unclear why dialysis results in a severe drop 

in quantum yield.  

The higher surfactant concentration used in the experiment listed in Entry 3 was combined with 

a longer ultrasonication time of 3 min (Entry 6). This results in very small particles (Figure 53) with 

a mean diameter of 32 nm, while the quantum yield of the emitter is decreased from 41% to 23% by 

the embedding procedure.  

 

Figure 53. TEM images and particle size histogram (based on a minimum of 100 particles) of PMMA particles with 

QDs embedded, synthesized according to the conditions described in Table 6, Entry 6. The inset in the right bottom 

depicts the fluorescence spectra (λexc: 400 nm) of the embedded QDs (blue line) and of the QDs dispersed in toluene 

prior to embedding (red line).  

The emission maximum of the embedded quantum dots is slightly blue shifted by 2 nm. This 

has been observed for all nanocrystals embedded into PMMA and can be attributed to a change in 

the dielectric surrounding (PMMA vs. toluene) and has been observed before in unpublished work in 

our group. 

To further decrease the particle diameter, the high SDS concentration and longer ultrasonication 

time were combined with the addition of 10 vol% of iso-propanol to the aqueous phase. This should 

lead to a reduction of surface tension and possibly allows for the generation of smaller monomer 
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droplets. Small particles with a mean diameter of 43 nm were obtained (Entry 7). The mean particle 

size did not further decrease as compared to particles obtained under the same experimental 

conditions but without iso-propanol (Entry 6, 32 nm). The dispersion features a high quantum yield 

of 35%. The addition of higher volume fractions of alcohol resulted in a destabilization of the 

miniemulsion system and in the formation of bulk polymer. 

With the overall particle size being in a reasonable range (particle size of 30 nm – 40 nm vs. an 

antenna gap of approx. 60 nm), the addition of a cross-linker was studied. The glass transition 

temperature (Tg) of bulk PMMA is high (105 °C), however, the particles incline to stick to the AFM 

tip when being manipulated. It has to be considered that the glass transition temperature is particle-

size dependent in the nano regime175 and consequently might be significantly lower for the small 

particles synthesized in this work. Due to this ‘pick up’ of particles, the resolution of the AFM is 

ruined and the tip has to be replaced for further imaging or manipulation. It was investigated if the 

particle rigidity can be increased by cross-linking. To this end, 1 vol% of MMA was replaced by 

ethylene glycol dimethacrylate (Entry 8). Successful cross-linking was verified by extraction 

experiments. The particles of a non-cross-linked sample and of the cross-linked sample were 

precipitated by addition of methanol and collected by centrifugation. After drying, THF was added 

and the precipitate was treated with ultrasound. In the case of non-cross-linked particles, a clear 

solution was obtained. The cross-linked particles on the other hand did not dissolve in THF and were 

collected by centrifugation after ultrasonication. After several treatments with THF, still 85 wt% of 

the cross-linked particles remained, underlining the formation of an insoluble polymer network. The 

treated and dried particles still showed a bright fluorescence (Figure 54).  

 

Figure 54. TEM images of PMMA particles (left) and cross-linked PMMA particles (right, 1 vol% of monomer replaced 

by ethylene glycol dimethacrylate) containing CdSe/CdS QDs. The image (center) depicts the residue after treating the 

precipitated particles with THF illuminated with UV-light. 
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The addition of cross-linker has no influence on the average particle diameter (57 nm vs. 64 nm), 

while the quantum yield of the obtained polymer dispersion increases and exceeds the quantum yield 

of the employed nanocrystals (56% vs. 41% for the QDs in toluene). An increase of the amount of 

cross-linker to 10 vol% vs. MMA results in a polymer dispersion with a quantum yield of 47% (vs. 

41% for the QDs in toluene) and an average particle diameter of 63 nm (Entry 9).  

It remains unclear why the cross-linking has a positive influence on the fluorescence quantum 

yield. An increase in fluorescence intensity of (polymer-embedded) quantum dots in the presence of 

air instead of vacuum or dry inert gas has been reported by several groups.176-178 In previous work, 

the influence of environmental parameters on the fluorescence efficiency of single 

CdSe/CdS/PMMA particles11 was examined by single particle micro-photoluminescence 

measurements.141 Evacuating the sample chamber resulted in a reduction in emission intensity by one 

order of magnitude. The initial intensity could be reestablished by flooding the sample chamber with 

ambient air.  

The reason for this strong dependency of QD fluorescence on environmental parameters can 

be explained by the saturation of surface-trap states by water and oxygen molecules (Figure 55).176-178  

 

Figure 55. Schematic representation of the influence of trap states on the emission efficiency of CdSe/CdS quantum 

dots embedded into PMMA particles. In ambient air, oxygen and water in the PMMA shell saturate surface-trap states 

and their efficiency in quenching exciton emission is decreased. In vacuum, water and oxygen is removed from the 

nanocrystal surface and the emission efficiency is reduced. This process is reversible, meaning that flooding the sample 

chamber results in an increase in emission intensity.141 

For CdSe/CdS quantum dots, this positive effect of water and oxygen on QD emission is 

especially pronounced at room temperature. At this temperature, the conduction band-offset is very 

small, which results in a delocalization of the electron over the entire core-shell structure. This results 

in efficient trapping and quenching when these surface trap states are not saturated.  

The positive influence of water and oxygen molecules on the fluorescence intensity together 

with the fact that small molecules feature a decreased mobility in cross-linked polymers179 is a tentative 

explanation for the higher quantum yields that were observed for emitters embedded into cross-

linked PMMA. 
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In conclusion, the use of a cross-linker in the embedding process has no significant influence on 

particle size, while it seems to be beneficial for the fluorescence efficiency of the embedded emitters. 

Force spectroscopy measurements were performed to investigate if the cross-linked particles feature 

a higher rigidity, which is required for manipulation experiments. The results will be discussed in the 

subsequent Chapter 5.2.2. 

The replacement of a large fraction of monomer by toluene resulted in a polymer dispersion 

with a very low quantum yield after dialysis (Entry 5). This experiment was repeated, but with the 

addition of cross-linker. 50 vol% of the initial monomer amount was replaced by toluene and 25 vol% 

of cross-linker (Entry 10, 1 mL of MMA was replaced by 0.5 mL of toluene, 0.25 mL of cross-linker 

and 0.25 mL of MMA). The resulting polymer dispersion features a mean particle diameter of 48 nm 

and a high quantum yield of 40% (vs. 41% for the QDs in toluene). Besides the possibility of obtaining 

smaller particles, the replacement of a part of the monomer by toluene was motivated by a better 

dispersability of CdSe/CdS/polyfluorene hybrid particles. These are poorly dispersible in monomer 

droplets containing mainly MMA. The embedding of those hybrids will be discussed in Chapter 5.2.3.  

The embedding of hydrophobically stabilized nanocrystals into the more hydrophobic polymer 

PtBuMA, which additionally features a higher Tg (118°C), was investigated. Polymerization and 

embedding of QDs into PtBuMA (Entry 11) by the original protocol for PMMA described in Entry 

1 resulted in particles with a similar average diameter (61 nm for PtBuMA vs. 64 nm for PMMA). 

However, the quantum yield of the emitters embedded into PtBuMA decreased significantly (from 

43% to 16%). The embedding efficiency was determined to be similar with 7% of the polymer 

particles containing a quantum dot (vs. approx. 10% for PMMA). Additionally, an agglomeration of 

QDs onto the stirrer and vessel wall was observed.  

AIBN is used as radical source and demands for elevated temperatures to decompose. For this 

reason, polymerization is carried out at 76 °C. By replacing AIBN by a photo initiator, heating 

becomes expandable, which might be beneficial for the quantum yield of the resulting dispersion. A 

polymerization of tBuMA was carried out and AIBN was replaced by the photo initiator Irgacure 369 

(Entry 12). This initiator was chosen as it is soluble in hydrophobic solvents and thus in the monomer 

droplets. After preparing the miniemulsion, it was illuminated for 10 minutes with approx. 

18 mW/cm2 with a wavelength of 365 nm. Small particles with a mean diameter of 41 nm were 

obtained. However, the dispersion featured a low quantum yield of 5% (vs. 43% for the QDs in 

toluene). Because no improvement in quantum yield was observed, the use of photo initiators was 

not pursued further.  

In conclusion, by increasing the surfactant concentration and the ultrasonication time, the mean 

particle diameter could successfully be reduced by a factor of two from 60 nm to 30 nm. As an 
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alternative, particles with a mean diameter of 40 nm are accessible by the addition of iso-propanol to 

the aqueous phase. The use of a cross-linker results in increased quantum yields of the polymer 

dispersions, while the mean particle diameter is unaffected.  

5.2.2 Force Spectroscopy Measurements on Poly(Methyl Methacrylate) Nanoparticles 

To study if the addition of a cross-linking agent results in particles with a higher rigidity, which 

should prove advantageous for mechanical manipulation, force spectroscopy on cross-linked and 

non-cross-linked particles was performed. The polymer dispersions were diluted and spin coated 

onto silica substrates. Figure 56 displays a typical force-distance curve taken on the silica substrate 

(left) and a typical force-distance curve taken on a non-cross-linked PMMA particle (right), measured 

in contact mode, respectively.  

 

Figure 56. Typical force-distance curves measured on a silica substrate (left). 1: Approach of the tip from far distance. 2: 

Snapping of the tip to the surface. 3: Retraction of the tip from the surface while overcoming adhesive interactions. 

Typical force-distance curves measured on a non-cross-linked PMMA particle with a diameter in the range of 40-80 nm 

(right). A: Tip-sample contact point. B: Slope of the approach curve used for determining the Young’s modulus. C: 

Increase in repulsion due to close proximity to or direct contact with silica substrate. C-A: Indentation depth. FAdh: 

Maximum force of adhesion between tip and particle. 

In the case of the silica substrate, the tip approaches the surface from far distance (1, left diagram, 

red line) and snaps to the surface due to an attractive interaction between the surface and the tip (2, 

red line). The tip is moved closer to the surface until they are in intimate contact (0 nm, x-axis), 

resulting in a steep increase of the vertical deflection, which translates to a repulsive force between 

the tip and the substrate as the tip pushes against the hard material. When the cantilever is retracted 

from the surface (blue line), the vertical deflection decreases. At the initial contact point, the tip is 

not instantly released from the surface due to adhesive forces between the tip and the silica substrate 
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(3, blue line). The adhesion can be probably attributed to the presence of a water meniscus on the tip 

and the silica surface.180  

A typical force-distance curve derived from studying a non-cross-linked PMMA particle is 

depicted in Figure 56 (right). The tip approaches the surface from far distance without any attractive 

interaction at short distances. As soon as the cantilever hits the surface (A, red line), the vertical 

deflection increases, translating to a repulsive interaction. The slope of this curve is a measure for the 

rigidity of the material (B, red line). After the tip has covered a certain height while compressing or 

penetrating the sample, the slope of the approaching curve rises significantly and reaches a similar 

value as observed for the tip in contact with the silica substrate (C, red line).  

The retract curve features a similar trend as observed for silica, with a steep decline in vertical 

deflection while the tip is retracted form the surface. The main difference is the missing adhesive 

interaction, probably because there is still a polymer layer between the tip and the substrate. The 

difference between the approach and retract line (hysteresis) indicates a viscous and plastic behavior 

of the particle, meaning that it is not only reversibly deformed (C-A, shaded area). By fitting the slope 

of the first increase in vertical deflection with a Hertz model implemented in the AFM software, the 

elastic modulus of the studied material can be extracted (data processing is described in the 

experimental section, Chapter 7.8). Exemplary force-distance curves fitted with the Hertz model for 

a cross-linked, a non-cross-linked particle and for the silica substrate can be found in the appendix 

(Figure A 32, Figure A 33, Figure A 34).  

To study the difference between cross-linked and non-cross-linked PMMA particles, both 

dispersions were spin coated onto a silica substrate and were analyzed by force spectroscopy. PMMA 

particles and the silica substrate were analyzed alternately, and the Young’s modulus obtained for 

silica was used as a reference to be able to compare the results obtained for non-cross-linked and 

cross-linked particles. Figure 57 depicts a typical region of a spin-coated dispersion with five positions 

at which a polymer particle was examined (1-5) and five positions at which the silica substrate (6-10) 

was analyzed.  
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Figure 57. Typical area on a silica substrate with PMMA particles spin coated on it. The numbers indicate positions at 

which a minimum of five force-distance curves were recorded, either on a PMMA particle (1-5) or on the silica 

substrate (6-10). 

In total, a minimum of 15 cross-linked and 29 non-cross-linked particles were studied. To ensure 

comparability of the results, the samples were analyzed by the identical cantilever.  

Figure 58 depicts typical force-distance curves measured on the silica substrate (left), on a non-

cross-linked PMMA particle (center, (Chapter 5.2.1, Table 6, Entry 1)) and on a cross-linked PMMA 

particle (right, (Chapter 5.2.1, Table 6, Entry 9)). Every measurement was repeated at least five times 

and in all three graphs, the five curves are very similar, underlining the good reproducibility of the 

measurements.  

 

Figure 58. Typical force distance curves measured on the silica substrate (left), on a non-cross-linked PMMA particle 

(center, Table 6, Entry 1) and on a PMMA particle containing 10 vol% of cross-linker (right, Table 6, Entry 9).  
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The left image of Figure 58 depicts the force-distance curves obtained from measuring the 

substrate surface. A small attractive interaction between the tip and the substrate is visible and the 

slope of the curves at negative tip-sample separation is very steep, underlining the expectable high 

rigidity. 

The force-distance curves for non-cross-linked and cross-linked particles look similar (Figure 58, 

center & right). In both, the vertical deflection increases as soon as the tip contacts the surface. After 

a compression of approx. 40 nm of the particle, the slope increases to a value similar as observed for 

silica. This is probably because the particle is not further compressible. Alternatively, it is conceivable 

that the tip penetrates the particle and hits the silica surface at some point. However, in this case one 

would expect to observe an adhesive force between the sample and the tip when the latter is retracted 

as observed in measurements on the silica substrate (Figure 58, left), which is not the case.  

From analyzing several cross-linked and non-cross-linked particles, it can be concluded that the 

increase in vertical deflection with increasing penetration depth of the tip is significantly higher for 

cross-linked particles, indicating these particles to feature a higher rigidity. The results are summarized 

in Table 7. 

Table 7. Young’s modulus extracted from force spectroscopy measurements on PMMA particles and silica substrates. 

Entry 
No. of 

measurements 
Young’s 

modulus [GPa] 
Referenceda 

[GPa] 
Silica surface (non-cross-

linked sample) 
45 4.349 4.500 

Non-cross-linked PMMA 64 0.070 0.072 
Silica surface (cross-linked 

sample) 
25 4.530 4.500 

Cross-linked PMMA 45 0.223 0.222 
a The value obtained for silica was set to 4.500 GPa and was used as reference to allow for comparison of the values 

obtained for the respective PMMA particles.  

Analysis of non-cross-linked particles and the underlying substrate afforded a Young’s modulus 

for the particles of 0.072 GPa (referenced, Entry 2) and 4.349 GPa (Entry 1) for the silica substrate. 

For the cross-linked sample, a value of 0.222 GPa (referenced, Entry 4) for the polymer and 4.530 

GPa (Entry 3) for the substrate is derived.  

It has to be denoted that the AFM tip was not calibrated, which explains why the obtained values 

are significantly lower by approximately a factor of 10 compared to literature reported values for 

PMMA (1.8 – 3 GPa) and silica (50 – 90 GPa). Furthermore, the Hertz model is only valid when the 

penetration depth is smaller than 5 – 10% of the sample thickness. This limit is exceeded, as the tip 

penetrates or compresses the particles to a significant extent. Additionally, the used cantilever has a 

triangular and rather sharp tip, which might result in sample penetration and in an underestimation 

of the Young’s moduli. For these reasons, no absolute values are obtained. However, by using the 
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values derived for the silica surface as a reference (set to 4.500 GPa, column 4), the moduli obtained 

for PMMA and cross-linked PMMA can be compared because all measurements were performed 

with the same cantilever under equal conditions. 

The following conclusions can be drawn from the results listed in Table 7. The obtained moduli 

for the substrate are very similar for both samples (4.349 GPa vs. 4.530 GPa), indicating a good 

reproducibility. This additionally underlines that the cantilever is not damaged by the measurements 

and that there is no significant pick-up of polymer material. Pick-up and or damage of the cantilever 

would result in an altered spring constant and in a different Young’s modulus for silica for the two 

samples. The observed elastic modulus of cross-linked PMMA is significantly higher by a factor of 

three compared to the modulus of non-cross-linked PMMA (according to a t-test, the difference 

between both moduli is significant (p-value: 8 × 10-7)).  

In conclusion, the addition of cross-linker resulted in particles with a significantly higher rigidity. 

This should prove advantageous in manipulation experiments and should result in less pick-up. 

Additionally, the cross-linking of the polymeric shell is beneficial for the quantum yield of the 

emitters.  

5.2.3 Encapsulation of Organic/Inorganic Semiconductor Hybrid Particles into Polymer 

Nanoparticles by Miniemulsion Polymerization 

The attachment of polyfluorene chains to the surface of CdSe/CdS quantum dots might result 

in the generation of charged QDs, as described in Chapter 4.1. For detailed studies on these hybrid 

particles and for their application in pump-probe experiments, an encapsulation is necessary to 

increase their photostability. The encapsulation of hybrid particles generated by synthesizing the CdS 

shell in the presence of functionalized polyfluorene (Table 8, Column 2, A and B) and the embedding 

of hybrids synthesized by surface initiated Suzuki-Miyaura coupling polymerization (Table 8, Column 

2, C) were studied separately.  
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Table 8. Embedding of CdSe/CdS/polyfluorene hybrids into PMMA nanoparticles by miniemulsion polymerization. 

Entry Hybrids Conditions 
DDLSa 

[nm] 
Embedded 

QDs 
PL 
PF 

PL 
QD 

Ratio 
PF/QD PL 

1  A 
Water: 80 mL, SDS: 100 mg 

MMA: 1 mL, AIBN: 15 mg, HDb: 
0.1 mL, QD Disp.: 0.2 mL 

53 Yes No No - 

2  B 
Water: 80 mL, SDS: 100 mg 

MMA: 1 mL, AIBN: 10 mg, HD: 0.1 
mL, QD Disp.: 0.2 mL 

58 Yes Yes Yes 3.2 

3  B 
Water: 80 mL, SDS: 100 mg 

MMA: 1 mL, AIBN: 10 mg, HD: 0.1 
mL, QD Disp.: 0.2 mL 

49 Yes Yes Yes 6.6 

4  C 

Water: 80 mL, SDS: 100 mg, MMA: 
0.25 mL, Cross-linker 0.1 mL, AIBN: 

10 mg, HD: 0.1 mL, QD Disp: 0.2 
mL, Toluene: 0.5 mL 

64 No Yes No - 

5  C 
Water: 80 mL, SDS: 100 mg 

MMA: 1 mL, AIBN: 10 mg, HD: 0.1 
mL, QD Disp.: 0.2 mL 

59 Yes Yes Yes 14.2 

A: Hybrid particles synthesized by growing the CdS shell around CdSe cores in the presence of aniline functionalized 

polyfluorene. B: Hybrid particles synthesized by growing the CdS shell around CdSe cores in the presence of 

phenylphosphonic acid functionalized polyfluorene. C: Hybrid particles synthesized by surface initiated Suzuki-Miyaura 

coupling polymerization. a Number average. b HD: Hexadecane. 

The conditions for the embedding of hybrids obtained by the synthesis of the CdS shell in the 

presence of aniline functionalized polyfluorene, were adapted from experiments with CdSe/CdS 

nanocrystals (Table 6, Chapter 5.2.1) and are listed in Column 3 (Table 8). Polymer particles with a 

mean diameter of 53 nm were obtained. TEM images reveal a successful embedding and approx. 

10% of the polymer particles contain a hybrid particle (Figure A 35). However, in photoluminescence 

spectra, no emission from polyfluorene or from QDs is observed. It is reasonable to assume that the 

weakly binding and sterically demanding polymer is desorbed from the nanocrystal surface during 

the embedding procedure. This might result in an incompletely passivated QD surface and a 

deterioration of the QD’s emission. This is not observed when oleyl amine stabilized QDs are 

embedded, despite exhibiting the same functional group, possibly because of the less sterically 

demanding character of this smaller ligand. One would expect the dispersion to be strongly blue 

fluorescent, as the polyfluorene should be effectively embedded into PMMA. It is poorly soluble in 

the aqueous phase and therefore should not leave the monomer droplet/polymer particle. 

Additionally, it would be less efficiently quenched by the nanocrystals if it is not bound. However, 

the polymer dispersion is not fluorescent, which might hint at a precipitation of the polyfluorene. 

For subsequent embedding experiments, CdSe/CdS/phenylphosphonic acid functionalized 

polyfluorene hybrids were used because of the strong binding of phosphonic acids to CdSe/CdS 

QDs. The embedding conditions were not altered, but the hybrid particles were precipitated from 

toluene with methanol once before being embedded (Entry 2) and used as obtained without an 
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additional precipitation step (Entry 3). In both cases, the inorganic crystals are embedded efficiently 

(Figure 59) and brightly fluorescent dispersions are obtained.  

 

Figure 59. TEM images of CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrids embedded into 

PMMA spheres by miniemulsion polymerization (Table 8, Entry 2). 

The toluene dispersed hybrid particles feature the characteristic emission of dissolved 

polyfluorene (Figure 60, red lines) with an intensity ratio of PF:QDs of approx. 1:1. The main 

difference between the two samples (Entry 2 & 3) after embedding is their respective PL:QD 

photoluminescence intensity ratio, which is higher in the case of Entry 3 (Figure 60, 6.6 vs. 3.2). This 

can be attributed to the precipitation step performed in the experiment listed in Entry 2, by which a 

part of non-bound polyfluorene was removed, resulting in a lower PF:QD PL intensity ratio. In both 

samples, the overall PF PL intensity vs. QD PL intensity is increased after the embedding. This can 

either be ascribed to a decrease in the emission efficiency of the inorganic nanocrystals, which has 

been observed in embedding experiments with CdSe/CdS QDs (Table 6) or alternatively, to a less 

efficient quenching of polyfluorene emission by the inorganic nanocrystals due to the formation of 

PMMA particles that contain solely polyfluorene.  
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Figure 60. PL spectrum of CdSe/CdS/phosphonic acid functionalized polyfluorene hybrids embedded into PMMA 

particles (blue line) and of the bare hybrid particles (red line). The hybrid particles were precipitated once before being 

embedded (left) and embedded without a preceding precipitation step (right). The excitation wavelength of 380 nm is 

visible because of scattering.  

       By the embedding of the hybrid nanocrystals, the PF emission changes its characteristics 

from amorphous (Figure 60, red lines) to mixed phase polyfluorene (blue lines). Four emission bands 

are visible at 412 nm, 438 nm (highest intensity), 466 nm and at 498 nm, with the latter three bands 

being characteristic for beta-phase polyfluorene.181-183 From UV-vis spectra, however (Figure A 36), 

it can be derived that the proportion of beta-phase polyfluorene is small as the characteristic beta-

phase absorption band at 437 nm119,154 is low in intensity. Due to an efficient energy transfer from 

amorphous to beta-phase domains, the latter dominate the photoluminescence spectra.181 The 

emission of the CdSe/CdS nanocrystals features a small blue shift after embedding, which can be 

attributed to a change in the dielectric surrounding. 

In Entry 4 and 5, embedding experiments with hybrid particles originating from surface initiated 

Suzuki-Miyaura coupling polymerization (Chapter 4.2.6) are listed. In Entry 4, the monomer was 

partially replaced by toluene to increase the dispersability of the hybrid particles. Additionally, a cross-

linker was used, as this has proven beneficial for the quantum yield (Chapter 5.2.1) and for the rigidity 

of the particles. In the experiment listed in Entry 5, the embedding conditions were unaltered. The 

mean diameter of the particles obtained in the respective experiments are similar with approx. 60 nm. 

Surprisingly, an embedding is not observed under the altered conditions when a part of MMA is 

replaced by toluene to increase the dispersability of the hybrid nanocrystals. In contrast, by applying 

the unaltered conditions, the hybrid particles are successfully embedded and the polymer dispersion 

features fluorescence from the nanocrystals and from the conjugated polymer (Figure 61). 
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Figure 61. TEM image of CdSe/CdS/polyfluorene hybrid particles obtained by surface initiated polymerization 

embedded into PMMA particles by miniemulsion polymerization (Table 8, Entry 5). Inset: Emission spectrum of 

embedded hybrid particles (λexc: 380 nm, blue line) and emission spectrum of non-embedded hybrid particles in toluene 

(λexc: 400 nm, red line). 

The optical properties of this polymer dispersion differ significantly from the dispersions 

obtained in the experiments listed in Entry 2 and 3 (Table 8). The PF:QD emission intensity ratio is 

very high with 14.2 (vs. 3.2 and 6.6 for Entry 2 & 3). The difference between the hybrid particles that 

were used in the respective experiments is the polyfluorene grafting density, which is higher for the 

hybrids used in Entry 4 & 5 (Table 8) with approx. 50 chains/QD vs. 30 chains/QD (Entry 2 & 3). 

This partially explains the higher PF:QD PL intensity ratio of 14.2. However, the QD fluorescence 

intensity is weak, which might indicate that the optical quality of the quantum dots from these hybrids 

suffered significantly during the embedding process, also resulting in a high PF:QD PL intensity ratio. 

The quantum yields of all embedded hybrid particle dispersions are reasonably high and in the range 

of 40% - 60% (λexc: 400 nm). The optical properties of the embedded hybrids listed in Entry 2 & 3 

were studied in more detail by single particle micro-photoluminescence measurements and the results 

will be discussed in Chapter 5.2.8. 

5.2.4 Encapsulation of Quantum Dots into Protective Polymer Shells by Vortex Mixing 

As discussed in Chapter 5.2.1, the smallest mean particle diameter obtainable by miniemulsion 

polymerization is in the range of 30 nm - 40 nm under optimized conditions. Smaller particles are 

accessible by nanoprecipitation techniques. For the embedding of nanocrystals by nanoprecipitation 

methods, a prerequisite is a fast and homogeneous mixing of the aqueous and organic phase. 

Otherwise, thermodynamically favored phase separation between the polymer and the nanocrystals 
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prevents an efficient embedding. Fast and controlled mixing can be achieved by using a multi-inlet 

vortex mixer (MIVM).184,185 This device features a mixing chamber with a centered outlet and four 

tangentially attached inlet streams. One or more of these inlet streams deliver the dissolved polymer 

and or the dispersed nanocrystals that are to be embedded, while the remaining streams deliver water 

or water/surfactant mixtures. Flow rates can be adjusted and controlled precisely by using syringe 

pumps. At sufficiently high flow rates, a vortex forms in the mixing chamber featuring the 

characteristics of turbulent flow, responsible for the fast mixing.  

In publications on the embedding of nanocrystals into polymer particles with the help of a 

MIVM, the focus lay on the incorporation of several nanocrystals per polymer particle.168,170  

Here, it was investigated if single nanocrystals can be incorporated into polymer nanoparticles. 

Special attention was paid to the overall particle size, which was desired to be smaller than 30 nm, 

because this small diameter is not accessible by miniemulsion polymerization. Polystyrene with 

grafted polyethylene oxide side-chains (Mn of polystyrene backbone: 6.500 g/mol, Mn of PEO 

sidechains: 4.600 g/mol, Mn total: 36.500 g/mol) was used to study accessible particle sizes. Due to 

the hydrophilic polyethylene oxide side-chains, no surfactant is needed and the particles are self-

stabilized. The suitability of this polymer for the generation of small nanoparticles and for the 

embedding of quantum dots has been demonstrated by Chiu et al. They reported on the 

conanoprecipitation of this polymer and a conjugated polymer to yield fluorescent nanoparticles with 

particle sizes in the range of 10 - 20 nm.31,186-188 Additionally, quantum dots functionalized with 

poly[9,9-dioctylfluorenyl-2,7-diyl)-co-4,7-benzo{2,1,3}-thiadiazole)] (PFBT) were 

conanoprecipitated and hybrid particles with a diameter of approx. 25 nm and with around 30 QDs 

per polymer particle were obtained.70 These hybrid particles showed an efficient energy transfer from 

the conjugated polymer to the inorganic nanocrystal and an enhanced QD-fluorescence intensity 

because of an increased absorption cross-section of the inorganic emitter due to the conjugated 

polymer ligand.  

In all experiments, three channels were used for water transport, while one channel was fed with 

the dissolved polymer and, in the respective experiments, with nanoparticle/polymer mixtures.  

The experiments listed in the first four Entries of Table 9 were performed to study the influence 

of the polymer concentration in the THF phase on particle size (1 mg/mL, 2 mg/mL, 10 mg/mL). 
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Table 9. Overview of vortex experiments performed to generate polystyrene-graft-polyethylene oxide 

nanoparticles and polystyrene-graft-polyethylene oxide nanoparticles with single CdSe/CdS nanocrystals 

incorporated.  

Entry 
PS-graft-PEO 

[mg/mL THF] 

Flow rate polymer 

solution [mL/min] 

PSa 

[mg/mL] 

CdSe/CdS 

dispersion [µL]b 

DDLSc 

[nm] 

1 1 2 -   12 

2 1 2 -   11 

3 2 2 -   19 

4 10 2 -   12 

5 1 2 0.01   13 

6 1 2 0.1   15 

7 10 2 0.01  12 

8 10 2 0.1  18 

9  1 2 - 20 - 

10  1 2 - 100 11 

Three channels transport water with a flow rate of 12 mL/min (total water flow of 36 mL/min); a Polystyrene 

(Mn: 350.000 g/mol) was additionally added to the THF solution. b Concentration of QD stock dispersion: Approx. 

2 × 10-5 mol/L. c Number average. 

The flow rate of the polymer solution was set to 2 mL/min and the flowrate of the three water 

streams to 12 mL/min. These conditions were adapted from previous studies performed in our group 

in which conjugated polymer particles with a size smaller than 50 nm were obtained.170  

The mean particle diameter of the resulting dispersions were analyzed by DLS. The experiments 

in Entry 1 & 2 were conducted under the exact same conditions to confirm the reproducibility of the 

method. Particles with a mean diameter of 12 nm and 11 nm were obtained, respectively. In TEM 

images (Figure A 37) of the polymer dispersions, the particle diameter seems to be larger than the 

diameter determined by DLS (Entry 1: DDLS: 12 nm, DTEM: 15 - 30 nm). One possible explanation is 

a softening of the small particles in the electron beam of the microscope, resulting in a more flat 

structure and an increased diameter observed in transmission (by differential scanning calorimetry, a 

melting point at 38 °C (PEO chains) was determined, a glass transition was not observed). On this 

account, only diameters determined by DLS will be discussed. 

An increase of the polymer concentration from 1 mg/mL to 2 mg/mL (Entry 3) or 10 mg/mL 

(Entry 4) resulted in mean particle diameters of 19 nm and 12 nm, respectively. Next, the addition of 

the hydrophobic polymer polystyrene (Mn: 350.000 g/mol) was studied. The homopolymer should 

nucleate earlier than the copolymer and might act as seed for polymer particle formation. Various 

amounts were dissolved together with the hydrophobic/hydrophilic copolymer in THF. However, 
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this did not result in a decrease in particle size (13 nm – 18 nm, Entry 5-8 vs. 11 – 12 nm, Entry 1 & 

2).  

Particle sizes obtained in these experiments were in the desired range (< 30 nm). For this reason, 

the incorporation of CdSe/CdS quantum dots into the small polymer particles was studied.  

The conditions from the experiment in Entry 1 were used, as the obtained particles featured a 

very small size of 12 nm. The respective volume of quantum dots was precipitated with methanol, 

collected by centrifugation and dried under reduced pressure. For encapsulation by nanoprecipitation, 

the dried QDs were dispersed in the THF/polymer mixture. In the experiment described in Entry 9, 

20 µL of a 10-5 M QD dispersion were used. This volume corresponds to approximately one QD per 

polymer particle, assuming that spherical polymer particles with a size of 30 nm are formed. This 

ratio was estimated by calculating the number of polymer particles that can be formed from the 

amount of polymer that was used, assuming spherical particles with 30 nm diameter, and dividing it 

by the number of applied QDs. 

In TEM images of the obtained dispersion, only large polymer aggregates and no quantum dots 

are observed. Additionally, the dispersion is not fluorescent, indicating that the QDs agglomerated 

during particle formation. DLS size measurements failed, probably due to the polydispersity of the 

sample. An increase of the QD concentration in the THF stream by a factor of five yielded a 

fluorescent dispersion with a quantum yield of 28% (vs. 42% QY of the QDs in toluene, λexc: 400 nm) 

and a mean particle diameter of 11 nm (Entry 10). A significant blue or red shift of the nanocrystals’ 

emission is not observed. TEM images reveal most particles to be empty and the ones that do contain 

a quantum dot often contain several (Figure 62).  

 

Figure 62. TEM image of polystyrene-graft-polyethylene oxide nanoparticles with CdSe/CdS nanocrystals incorporated. 
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The photoluminescence stability of the embedded QDs is poor and the fluorescence deteriorated 

completely after four weeks while the dispersion was stored in the dark. The low optical stability in 

combination with the unprecise embedding renders the particles unsuitable for single particle 

photoluminescence studies, despite the small overall particle size of 11 nm. In contrast to Chan et 

al.70, who reported on the embedding of quantum dots, functionalized with approx. 30 poly[9,9-

dioctylfluorenyl-2,7-diyl)-co-4,7-benzo{2,1,3}-thiadiazole)] chains per nanocrystal, into polystyrene-

graft-polyethylene oxide nanoparticles by nanoprecipitation, the precise embedding of single oleyl 

amine stabilized CdSe/CdS QDs into polystyrene-graft-polyethylene oxide nanoparticles failed.  

 

As the precise embedding of single QDs into polystyrene-graft-polyethylene oxide nanoparticles 

by vortex mixing was unsuccessful, the use of commercially available PMMA was investigated, as this 

polymer had proven suitable for the embedding of QDs by miniemulsion polymerization. To stabilize 

the particles, 0.001 wt% of SDS was added to the aqueous phase. In Table 10, vortex experiments 

performed with and without QDs are listed.  

Table 10. Vortex experiments performed to generate SDS stabilized PMMA nanoparticles with single quantum dots 

incorporated. 

Entry 

PMMAa 

[mg/mL 

THF] 

Flow rate 

polymer solution 

[mL/min] 

Flow rate SDS-

water solution 

[mL/min] 

CdSe/CdS 

dispersion 

[µL]b 

DDLSc [nm] 

QY [%] 

(after 

dialysis)d 

1  1.0 4 12 - 24 - 

2  1.0 2 12 20 28 - 

3  1.0 4 12 46 32 16 (1) 

4  1.0 4 12 64 33 23 (0) 

5  2.5 4 12 115 66 27 (0) 

Three channels were fed with water, one with the polymer/THF solution or with the polymer/QD/THF mixture, 

respectively. a Mn (PMMA): 350.000 g/mol, b Concentration of QD stock dispersion: Approx. 2 × 10-5 mol/L. 

c Number average. d  λexc: 400 nm, Quantum yields in brackets were measured after > 24 h of dialysis. 

If the conditions that led to approx. 10 nm polystyrene-graft-polyethylene oxide nanoparticles 

are transferred to the generation of PMMA particles stabilized by SDS, a slightly larger but still 

sufficiently small diameter of 20 nm is observed (Table 10, Entry 1). The addition of 20 µL of a 

2 × 10-5 mol/L QD dispersion to the polymer/THF solution further increases the mean diameter of 

the generated particles to 28 nm (Entry 2). The ratio of polymer particles to QDs was approx. 5:1 in 

this experiment (assuming the formation of polymer particles with a diameter of 25 nm). TEM images 

reveal that the majority of the formed polymer particles are empty and hardly any embedded QD is 

observed (Figure A 38). For this reason, the applied volume of QD dispersion was increased (Entry 

3, 46 µL; Entry 4, 64 µL). In both experiments, small particles with a mean diameter of 32 nm and 
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33 nm were obtained. Both dispersions were fluorescent with quantum yields of 16% and 23% (vs. 

47% quantum yield of non-embedded QDs in toluene). The reasonable high quantum yield and 

analysis of the particles by TEM (Figure 63, left image) indicate that the embedding was successful.  

 

Figure 63. TEM images of SDS stabilized PMMA particles with CdSe/CdS QDs generated by multi-inlet vortex mixing 

(Table 10, Entry 3). 

However, a closer look at particles that contain a QD (Figure 63) reveals that the majority of the 

inorganic emitters are positioned at the exterior of the polymer particles. This impression is supported 

by the poor optical stability of the dispersions. After removing excess SDS by dialysis, the 

fluorescence diminishes and quantum yields drop to < 1%. 

In conclusion, very small polymer nanoparticles (10 nm - 30 nm) are accessible by nanoprecipitation 

with a multi-inlet vortex mixer. The precise embedding of single nanocrystals into sub-30 nm polymer 

particles however failed. Either the QDs agglomerate during the process or the QDs end up off-

center or even at the surface of the particles, resulting in dispersions with poor optical stability. For 

this reason, these particles are unsuitable as single photon sources. Despite the difficulties that were 

encountered while trying to embed single QDs by multi-inlet vortex mixing, the synthesis of 

polyfluorene/QD particles by this method was investigated and will be discussed in the next section. 

5.2.5 Encapsulation of Quantum Dots into Polyfluorene-Polyethylene Oxide Block-

Copolymer Nanoparticles by Vortex Mixing 

Small luminescent conjugated polymer nanoparticles are of broad interest for light-emitting 

devices and photovoltaics, especially due to an easy processing of the aqueous dispersions,35,40,189 and 

are additionally highly suited for bio-imaging applications.31,190,191 Fischer et al. reported on the 
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synthesis of 25 – 50 nm sized nanoparticles by nanoprecipitation of a polyfluorene-polyethylene oxide 

block-copolymer with a red emitting dye covalently attached. By introducing a near-infrared 

fluorescent dye, an energy transfer cascade from the polymer via the red emitting dye to the near-

infrared emitting dye was enabled, rendering these nanoparticles highly suitable for cell-labeling 

experiments.71  

Jung et al. used multi-inlet vortex mixing to incorporate CdSe quantum dots and TiO2 rods into 

30 - 50 nm sized conjugated polymer particles, stabilized by SDS. The polymer particles featured 

20 – 30 homogeneously distributed inorganic particles.170 However, the smaller and spherically 

shaped CdSe QDs were more prone to agglomeration and phase separation compared to TiO2 rods, 

probably as a result of the higher mobility of the CdSe QDs. 

Here, it was investigated if multi-inlet vortex mixing can be applied to generate small (< 30 nm) 

self-stabilized polyfluorene-polyethylene oxide block-copolymer nanoparticles containing single 

CdSe/CdS quantum dots.  

The block copolymer was synthesized by coupling polyfluorene with a benzyl amine initiating 

chain-end with a carboxylic acid end-capped polyethylene oxide polymer.   

Table 11. Overview of vortex experiments performed to generate polyfluorene-b-polyethylene oxide nanoparticles and 

polyfluorene-b-polyethylene oxide nanoparticles with single CdSe/CdS nanocrystals incorporated. 

Entry 
PF-block-PEO 

[mg/mL THF] 

Flow rate polymer 

solution [mL/min] 

CdSe/CdS 

dispersion [µL]a 
DDLSb [nm] 

1 1 2 - 20 

2 1 2 - 20 

3  1 2 8 60 

4 1 2 300 80 

Three channels are used for water transport with flow rates of 12 mL/min (total water flow of 36 mL/min); 

a Concentration of QDs: approx. 2 × 10-5 mol/L. b Number average. 

The conditions that were used in experiments with polystyrene-graft-polyethylene oxide, which 

resulted in approx. 12 nm diameter particles (Table 9, Entry 1 & 2), yielded slightly larger 

polyfluorene-b-polyethylene oxide particles with a mean diameter of 20 nm (Table 11, Entry 1 & 2).  

The larger diameter is probably a result of the different structure of the polymer and of the 

presence of approx. 15% of non-functionalized polyfluorene (according to 1H-NMR spectroscopy). 

The addition of 10 wt% of polystyrene to the THF phase in vortex experiments with polystyrene-

graft-polyethylene oxide also resulted in an increase in particle diameter (Table 9, Entry 6). The overall 

size of the obtained polyfluorene particles is, however, sufficiently small regarding a manipulation 

into the gap of optical antennae, provided that quantum dots can be incorporated successfully.  
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For the synthesis of CdSe/CdS/polyfluorene-b-polyethylene oxide nanoparticles, 8 µL of a 

CdSe/CdS quantum dot dispersion were added to the THF/polymer solution (Table 11, Entry 3). 

This corresponds to approximately a 1:1 ratio of QDs:polymer particles, assuming that 20 nm 

polymer particles are formed.  

The mean particle diameter of the obtained particles is approximately 60 nm according to DLS 

(Table 11, Entry 3) and is thus significantly larger compared to the size of particles obtained in the 

absence of quantum dots (Entry 1 & 2, 20 nm). The emission spectrum of the dispersion only features 

photoluminescence of polyfluorene. Additionally, no embedded nanocrystals are observed in TEM 

images, indicating an unsuccessful incorporation of the quantum dots into the polymer particles.  

To increase the embedding probability, the volume of the QDs was increased to 300 µL (Table 

11, Entry 4). This results in an increase of the mean particle diameter to 80 nm, but again, an 

embedding is not observed. It remains unclear why an embedding of QDs into polyfluorene particles 

by vortex mixing fails. Jung et al.170 reported on the embedding of several CdSe QDs (20 - 30) into 

polyfluorene particles by multi-inlet vortex mixing using similar conditions. Additionally, Negele et 

al.12 reported on the precise encapsulation of single QDs into polyfluorene particles by miniemulsion 

polymerization, meaning that the hydrophobically stabilized nanocrystals are compatible with 

polyfluorene.  

In conclusion, small conjugated polymer nanoparticles (20 nm) are accessible by multi-inlet 

vortex mixing. However, the precise embedding of single quantum dots into these particles failed. 

Experiments to embed single QDs into self-stabilized polystyrene-graft-polyethylene oxide- and SDS-

stabilized PMMA nanoparticles already indicated that a precise embedding is difficult to achieve by 

multi inlet vortex mixing. For this reason, further attempts were discarded. 

5.2.6 Encapsulation of CdSe/CdS Quantum Dots into Silica Nanoparticles 

The synthesis of silica particles with embedded QDs has been intensively studied in recent years. 

The encapsulation of QDs into silica shells has been motivated by the potential of such particles for 

bio-imaging applications. This results from the fact that the overall particle size (approx. 30 nm) after 

embedding is still sufficiently small and in a suitable regime for cell experiments. Additionally, the 

particles are dispersible and colloidally stable in water and under in vivo conditions and the silica 

surface allows for a versatile functionalization and therefore, they find application in targeting and 

staining specific cells.192-194  

In the content of this work, the embedding of quantum dots into silica particles is particularly 

interesting as the overall particle size is small and in the optimal range for mechanical manipulation 

and additionally, it is possible to generate particles with almost every particle containing one single 
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emitter. This highly simplifies the desired mechanical manipulation of the emitters in contrast to 

PMMA/QD particles, as no preselection, to check which particle actually contains an emitter, is 

necessary. In addition, silica forms a hard sphere around the QD (very high Tg). No pick-up of 

particles with the AFM tip during manipulation as in the case of PMMA particles (Chapter 5.2.1) is 

expected. Finally yet importantly, silica is transparent in the visible range.  

For the embedding of QDs into silica nanoparticles, a procedure developed by Fu et al.193 was 

used: 2 mg of QDs are mixed with 2 mL of cyclohexane and 20 µL of a 0.1 M (3-aminopropyl)-

trimethoxysilane (APS) cyclohexane solution and are stirred for one hour. In this step, the QDs are 

functionalized with APS by ligand exchange, rendering the QDs better water dispersible and allowing 

the QDs to react with the silica precursor during shell growth. 250 mg of the non-ionic surfactant 

Igepal CO-520 (non-ionic surfactant) in 4.5 mL of cyclohexane are added to the QD dispersion. By 

mixing this hydrophobic solution under stirring with 60 µL of aqueous ammonia solution (25 wt%), 

an inverse micro emulsion is generated. Silica particle formation is initiated by addition of 100 µL of 

TEOS. To increase the long-term colloidal stability of the silica particles, their surface is 

functionalized with 3-(trihydroxysilyl)propyl methylphosphonate monosodium salt after silica particle 

formation.  

The described procedure was modified regarding the necessity of the functionalization of the 

QDs with APS and regarding the amount of QDs and TEOS used for particle formation. 

Furthermore, it was investigated if the embedding protocol can be applied to the incorporation of 

CdSe QDs and of CdSe/CdS/polyfluorene hybrid particles. Encapsulation experiments of the latter 

additionally allowed for a deeper insight into the embedding mechanism.  

In contrast to the protocol developed by Fu et al.193, the synthesized QD/Silica particles were 

not stabilized with 3-(trihydroxysilyl)propyl methylphosphonate monosodium salt. In single particle 

photoluminescence experiments, the photostability of stabilized particles compared to samples 

without stabilizer was significantly reduced. Additionally, untreated silica dispersions were colloidally 

stable for months, rendering the use of a stabilizer unnecessary. 

Embedding of (3-Aminopropyl)-trimethoxysilane Functionalized Quantum Dots. In 

most of the embedding procedures described in literature, the QDs are functionalized with 

polymerizable ligands, e.g. APS or (3-sulfanylpropyl)trimethoxysilane (MPS), which additionally  

render the QD surface more hydrophilic.174,195 

All embedding experiments performed in the course of this work with APS-functionalized QDs, 

however, resulted in the formation of polydisperse particles or in agglomeration of QDs, according 

to TEM analysis (Figure A 39). Additionally, experiments were not reproducible in terms of particle 
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size and embedding efficiency. The reason for the agglomeration of QDs is probably the 

condensation of APS-ligands of different nanocrystals. 

Darbandi et al.196 reported on the direct embedding of hydrophobically coated QDs into silica 

particles without the need of functionalization. It is assumed that during the embedding process, the 

QD ligands are replaced by surfactant or by partially hydrolyzed TEOS, which might negatively 

influence the emission efficiency of the QDs. However, they did not report on quantum yields. Koole 

et al.173 also reported on the direct embedding of hydrophobically coated QDs and yielded silica 

particles with high quantum yields of 35%. To study if the direct embedding of the hydrophobically 

coated QDs synthesized in the course of this work is possible and if the quantum yield of the resulting 

particles is sufficiently high, two embedding experiments were performed. A QD batch 

functionalized with APS and a second untreated QD batch stabilized mainly by oleyl amine were 

used. The quantum yield of the silica particles based on QDs functionalized with APS reaches 32% 

while the quantum yield of particles based on untreated QDs amounts to 31%. Consequently, the 

functionalization has no influence on the quantum yield of the final particles and hydrophobically 

coated QDs can be embedded without APS functionalization. For this reason, and because 

embedding experiments with APS-functionalized QDs were badly reproducible in terms of particle 

size and size distribution, all further experiments were carried out with untreated, hydrophobically 

stabilized QDs.  

The embedded quantum dots feature a small red shift of their emission maximum, which is in 

accordance with literature.196,197 The quantum yield of the embedded QDs only slightly decreases 

from 43% (in toluene) to 31% (λexc: 400 nm). When APS-functionalized QDs are used, approx. 60% 

of the obtained silica particles contain one QD (a minimum of 100 silica particles were analyzed). 

This percentage increases significantly to 80% when hydrophobically coated QDs are used (Figure 

64). 
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Figure 64. TEM images of APS-functionalized CdSe/CdS QDs (left) and hydrophobically coated CdSe/CdS QDs 

(right) embedded into silica particles, respectively. 

This is advantageous regarding the usage of these particles as single photon sources. The lower 

embedding efficiency in the case of APS-functionalized QDs is probably a result of cross-linking and 

consequently agglomeration of QDs. 

Influence of Quantum Dot Concentration on Silica Particle Formation. The QD 

concentration strongly influences the embedding process, as the QDs act as seeds for particle growth, 

thus having direct influence on particle size. Additionally, the concentration has an influence on the 

final number of QDs per silica particle.174 In the original protocol, 2 mg of CdSe/ZnS QDs were 

used. However, the use of a powder is disadvantageous, because precipitated and dried QDs are often 

not completely redispersible.  

Therefore, oleyl amine stabilized QDs dispersed in toluene obtained by the standard QD 

synthesis (Chapter 4.2.3) were used and a suitable QD volume had to be found. Three embedding 

experiments were performed under identical conditions except for varying the QD volume from 

50 µL to 100 µL to 400 µL. This translates to molar TEOS:QD ratios of 1600:1, 800:1 and 200:1. In 

all three experiments, the incorporation of nanocrystals into silica particles is successful. However, 

there are differences in particle size, size distribution and multiplicity of QDs per particle. Particle 

diameters derived by DLS were generally three times larger than diameters obtained by TEM analysis. 

DLS measurements might be perturbed by the absorption of the embedded nanocrystals. This was 

not a problem for the polymer-based particles, presumably because the majority of the polymer 

particles were empty. For this reason, only particle sizes from TEM-based histograms will be 

discussed. For particle size histograms, a minimum of 100 particles were analyzed. 
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When a TEOS:QD ratio of 1600:1 is used, silica particles with a mean size of 32.4 nm and a 

broad size distribution (σ: 8.0 nm) are obtained. For ratios of 800:1 and 200:1, the silica particle size 

and size distribution decrease to 31.3 nm (σ: 4.6 nm) and 24.0 nm (σ: 3.8 nm).  

As the QDs act as seeds for particle growth, the decrease in particle size from 32.4 nm to 24.0 

nm for the highest (1600:1) and the lowest molar TEOS:QD ratio (200:1) respectively, is reasonable. 

A higher number of seeds leads to a higher number of particles for which less silica precursor is 

available.  

When the embedding is performed with a high QD concentration (low TEOS:QD ratio of 

200:1), many silica particles with multiple QDs are observed (Figure 65, right image), while more 

empty particles are obtained when a high TEOS:QD ratio (1600:1) is used (Figure 65, left image). In 

the case of a TEOS:QD ratio of 800:1, most silica particles contain one QD, as desired. The quantum 

yields of the three samples vary only slightly, from 27% (1600:1 TEOS:QD ratio), to 30% (800:1 

TEOS:QD ratio) and to 31% (200:1 TEOS:QD ratio). It is surprising that the sample with the highest 

QD concentration exhibits the highest quantum yield, as many silica particles contain multiple QDs. 

The close proximity between these promotes energy transfer processes, normally resulting in a 

decrease in quantum yield.  

 

Figure 65. Embedding of CdSe/CdS quantum dots into silica while varying the TEOS:QD ratio from 1600:1 (left) to 

800:1 (center) to 200:1 (right). All other experimental parameters were unaltered. 

To optimize the QD concentration regarding the formation of silica particles with a QD 

multiplicity of one, three additional experiments were performed. The TEOS:QD ratio was varied 

from 1000:1, 700:1, to 550:1. Again, a lower QD concentration results in larger particles (31.4 nm for 

a TEOS:QD ratio of 1000:1; 29.7 nm for 700:1 and 26.8 nm for 550:1; Figure 66). The particles from 

all three experiments are sufficiently small and monodisperse and no significant difference in 

quantum yield is observed (28%, 30%, 29%). 
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Figure 66. Embedding of CdSe/CdS quantum dots into silica particles while varying the molar TEOS:QD ratio from 

1000:1 (left) to 700:1 (center) to 550:1 (right). All other experimental parameters were unaltered.  

100 – 200 particles per sample were analyzed concerning the QD multiplicity per particle and 

the results are listed in Table 12.  

Table 12. QD multiplicity in silica particles in dependence of the QD concentration during silica particle 

formation. 

µL of QD 

dispersion 

Molar 

TEOS:QD ratio 

Empty silica 

particles [%] 

Silica particles 

containing one QD [%] 

Silica particles containing 

more than one QD [%] 

80 1000:1 4.8 92.5 2.7 

100 800:1 5.8 87.4 6.8 

120 700:1 2.0 88.8 9.2 

150 550:1 2.7 91.2 6.1 

The QD-multiplicity values were derived from TEM images by analyzing a minimum of 100 silica particles.  

From these results, it can be derived that an adequate TEOS:QD ratio is 1000:1 (Entry 1) as this 

ratio results in the highest percentage of particles containing one QD (92.5%), while the percentage 

of particles with more than one QD is lowest (2.7%). A molar TEOS:QD ratio of 550:1 (Entry 4) 

also results in a high percentage of particles with a QD multiplicity of one (91.2%), however, the 

percentage of particles containing more than one QD is considerably higher with 6.1%. The lower 

percentage of empty silica particles (2.7% vs. 4.8% Column 3) is advantageous regarding manipulation 

experiments but does not compensate the higher percentage of particles with more than one QD, as 

the latter have to be excluded when single particle micro-photoluminescence experiments are 

envisaged.  

 

Variation of Silica Shell Thickness. Smaller particles allow for the use of smaller structured 

antennae. For this reason, the variability of the silica shell thickness by varying the TEOS volume 

was studied similar to the report of Selvan et al.195 Experiments were performed with 20 µL, 100 µL 

and 400 µL of TEOS. By decreasing the amount of silica precursor to 1/5 (20 µL) of the standard 
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amount (100 µL, 1000:1 TEOS:QD ratio), silica particles with a mean particle diameter of 32.9 nm 

are obtained (Figure 67, left image). Surprisingly, the mean size does not decrease significantly 

compared to particles synthesized with 100 µL of TEOS (32.9 nm vs. 34.8 nm), while the size 

distribution is broadened (σ20 µL: 6.2 nm vs. σ100 µL: 3.1 nm). The QD concentration was equal in both 

experiments and consequently, this should apply to the number of nucleation sites. When the number 

of nucleation sites is unaltered, one would expect a particle diameter of 17 nm, assuming that the 

decrease in TEOS volume by a factor of five results in a fivefold smaller shell volume. By increasing 

the amount of TEOS from 100 µL to 400 µL (Figure 67, right image), the mean particle diameter 

increases from 34.8 nm (σ100 µL: 3.1 nm) to 48.7 nm (σ400 µL: 6.3 nm). Assuming that the shell volume 

increases by a factor of four, a diameter of 48 nm was expected. It is not clear why the decrease is 

TEOS volume does not result in smaller silica particles, while the shell-thickness increases linearly 

with the applied TEOS volume. 

 

Figure 67. Embedding of hydrophobically stabilized CdSe/CdS quantum dots into silica nanoparticles while varying the 

amount of TEOS from 20 µL (left), to 100 µL (center) and to 400 µL (right). All other reaction conditions were 

unaltered. 

The thicker silica shell results in an increase in the photoluminescence quantum yield of the 

embedded quantum dots from 28% (20 µL of TEOS) to 29% (100 µL of TEOS) to 33% (400 µL of 

TEOS).  

To obtain smaller particles with an overall diameter of < 20 nm, silica particle formation with 

tetramethyl orthosilicate (TMOS) instead of TEOS as silica precursor was studied. TMOS hydrolyses 

much faster compared to TEOS due to the methyl groups being less sterically demanding than the 

ethyl moieties in TEOS. As a consequence, particle formation is faster. An embedding experiment 

with TMOS using the conditions evolved from experiments with TEOS was performed. First, silica 

particles were generated with an initial TMOS:QD ratio of 1200:1, which should result in a high 

percentage of silica particles with a QD multiplicity of one. However, the obtained silica particles 

were mostly empty (Figure A 40). For this reason, the TMOS:QD ratio was lowered and set to 160:1.  

The obtained particles feature a mean diameter of 20.6 nm (σ: 2.2 nm, Figure 68).  
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Figure 68. TEM image of hydrophobically stabilized CdSe/CdS QDs embedded into silica particles. TMOS was used as 

silica precursor with a molar TMOS:QD ratio of 160:1. 

 

By using the faster hydrolyzing TMOS, significantly smaller silica shells are obtained. However, 

many silica particles are empty and attempts to yield a similar high percentage of particles with a QD 

multiplicity of one as obtained in experiments with TEOS (Table 12) failed. The use of low 

TMOS:QD ratios still resulted in the formation of primarily empty particles. A possible explanation 

might be that the necessary ligand exchange is too slow compared to particle formation. Exchanging 

TEOS by TMOS has no influence on the quantum yield, which remains high with 32%, or the 

emission maximum of the QDs.  

In conclusion, the embedding into silica is advantageous concerning QD-multiplicity, as a high 

percentage of silica particles with a QD multiplicity of one can be obtained. Furthermore, the silica 

shell allows for a variation of the shell thickness from 20 nm to 50 nm by varying the amount of 

TEOS or by exchanging the latter by TMOS. The optical properties of QDs embedded into silica 

were studied by single particle micro-photoluminescence measurements and will be discussed and 

compared to studies on QDs embedded into PMMA particles in Chapter 5.2.8. 

5.2.7 Encapsulation of Organic/Inorganic Semiconductor Hybrid Particles into Silica 

Nanoparticles and Insight into the Embedding Mechanism 

To ensure sufficient photo- and mechanical stability of the CdSe/CdS/polyfluorene hybrid 

particles synthesized in Chapter 4.2.4, embedding into silica shells was pursued. The optimized 

conditions derived from the embedding of CdSe/CdS QDs were applied (TEOS:QD ratio of 1000:1, 

VTEOS: 100 µL). The QDs were not functionalized with APS before being embedded, as this proved 
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disadvantageous (Chapter 5.2.6) in experiments with CdSe/CdS QDs and because of the possibility 

of APS to displace the polyfluorene ligands.  

The incorporation of two different hybrid particle batches was studied: CdSe/CdS/aniline 

functionalized polyfluorene and CdSe/CdS/phenylphosphonic acid functionalized polyfluorene 

hybrids (Chapter 4.2.4). In both hybrid particle samples, around 30 polyfluorene chains per QD are 

present. The aniline functionalized polyfluorene binds weakly while the phosphonic acid derivative 

is strongly binding according to AUC measurements (Chapter 4.2.4). The QDs are primarily stabilized 

by the L-type ligand oleyl amine. 

The embedding of CdSe/CdS/aniline functionalized polyfluorene hybrid nanocrystals results in 

large silica particles (Figure 69, left) with a mean diameter of 77.1 nm (σ: 9.8 nm). In contrast, silica 

particles of 37.7 nm diameter (σ: 2.4 nm) are obtained when CdSe/CdS/phenylphosphonic acid 

functionalized polyfluorene hybrid nanocrystals are deployed (Figure 69, right). This diameter is 

comparable to the thickness of the silica shell (34.8 nm, σ: 3.1 nm) grown under the same conditions 

around CdSe/CdS QDs (Chapter 5.2.6). 

 

Figure 69. CdSe/CdS/aniline functionalized polyfluorene hybrid nanocrystals (left) and CdSe/CdS/phenylphosphonic 

acid functionalized polyfluorene hybrid nanocrystals (right) embedded into silica particles, respectively.   

It is unclear why the silica shells around CdSe/CdS/aniline functionalized polyfluorene hybrids 

are significantly thicker. The concentration of hybrid particles and of silica precursor were identical 

in both experiments. The QD multiplicity per silica particle was not analyzed, because the inorganic 

crystals are difficult to detect due to the thick silica shell. In TEM images of both samples, embedded 

QD clusters are observed. It can only be assumed that the aniline functionalized QDs are more prone 

to agglomeration, resulting in a smaller number of seeds and consequently silica particles, and 
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therefore thicker shells. The small distances between the clustered QDs indicate an agglomeration of 

the hybrid particles at an early stage of the embedding process.  

For the growth of the silica shell, the hybrid particles need to transfer from the hydrophobic into 

the hydrophilic phase. In literature, three different mechanisms for this phase transfer are discussed: 

First, a ligand exchange at the QD surface with the non-ionic surfactant renders the QDs 

hydrophilic.195 Secondly, the formation of an inverse bilayer of non-ionic surfactant around the QDs 

results in a phase transfer, with silica growth taking place in the bilayer.174 Third, a ligand exchange 

by partially hydrolyzed TEOS species and surfactant renders the QDs hydrophilic.173 Of these 

hypotheses, only the third one was supported by experiments. Incorporation of CdTe QDs stabilized 

by weak L-type ligands (e.g. amines) into silica particles was successful, while QDs stabilized by strong 

binding X-type ligands (e.g. thiols) were not incorporated or incorporated off-center, depending on 

the amount of X-type ligand per QD.173  

Figure 70 depicts the photoluminescence spectra of silica particles containing CdSe/CdS/aniline 

functionalized polyfluorene hybrids (left, red dashed line) and the luminescence spectrum of silica 

particles with CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrids incorporated 

(left, black solid line).  

 

Figure 70. Fluorescence spectra of CdSe/CdS/aniline functionalized PF hybrids (red dotted line) and of 

CdSe/CdS/phenylphosphonic acid functionalized PF hybrids (black solid line) embedded into silica nanoparticles (left). 

Fluorescence spectra (center) of the supernatant solution isolated after embedding and collecting the silica nanoparticles 

containing CdSe/CdS/aniline functionalized PF hybrids (red dotted line) and CdSe/CdS/phenylphosphonic acid 

functionalized PF hybrids (black solid line) by centrifugation. Absorption spectra (right) of silica particles in which 

CdSe/CdS/aniline functionalized PF hybrids (red dotted line) and CdSe/CdS/phenylphosphonic acid functionalized 

PF hybrids (black solid line) were embedded. 

In both spectra, the intense fluorescence of the CdSe/CdS results in a band at 628 nm. 

Polyfluorene emission is, however, only observed in the spectrum of silica particles with 

CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrids. This is in agreement with 

UV-VIS spectra of both samples, in which the characteristic absorption of polyfluorene is only 

present in the spectrum of silica particles with CdSe/CdS/phenylphosphonic acid functionalized 



Encapsulation of Quantum Dots and Organic/Inorganic Semiconductor Hybrid Particles and Single 
Particle Micro-Photoluminescence Experiments 

124 

polyfluorene hybrids (Figure 70, right). After silica particle formation, the particles were collected by 

centrifugation. Photoluminescence spectra of the supernatants were additionally recorded and in 

both, polyfluorene emission is observed (Figure 70, center).  

It can be concluded that the weakly binding aniline functionalized polyfluorene is displaced 

completely from the QD surface during encapsulation. For this reason, no polyfluorene signal is 

observed in the photoluminescence- or absorption spectrum of the silica particles, but in the 

spectrum of the supernatant. In the case of hybrids with phenylphosphonic acid functionalized 

polyfluorene ligands, the quantum dots are incorporated together with the polymer ligands, as the 

phosphonic acid binds strongly to the surface and cannot be displaced. The polyfluorene emission 

observed in the supernatant can probably be attributed to non-bound polyfluorene that was present 

in the hybrid particle dispersion before embedding (according to AUC measurements, around 65% 

of the polymer is bound to the inorganic crystals in high dilution). 

The successful embedding despite the functionalization with an X-type ligand can be explained 

by the rather low number of approx. 30 polyfluorene ligands per QD (Chapter 4.2.4). The major 

ligand is the weakly binding L-type ligand oleyl amine, which is easily displaceable. 

If phosphonic acids are the major ligands, which is the case for CdSe nanocrystals synthesized 

in the presence of dodecylphosphonic acid, the embedding fails as expected because a ligand 

exchange is prevented. Only silica particles without QDs are obtained (Figure 71). 

 

Figure 71. Silica nanoparticles isolated after an attempt to embed CdSe quantum dots stabilized by dodecylphosphonic 

acid. 

In summary, CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrid particles 

were successfully embedded into silica particles with a mean diameter of 37.7 nm and a narrow 

particle size distribution (σ: 2.4 nm). By studying the embedding of nanocrystals with fluorescent 
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ligands bound by an amine- or a phosphonic acid functionality, it was confirmed that a ligand 

exchange takes place during the embedding procedure. The weakly binding amine is completely 

displaced while the phosphonic acid ligand remains at the quantum dot surface. If the major 

nanocrystal ligand is not displaceable, the embedding fails because the necessary ligand exchange is 

prevented.  

5.2.8 Single Particle Micro-Photoluminescence Measurements on Embedded CdSe/CdS and 

CdSe/CdS/Polyfluorene Nanocrystals  

In the preceding chapters, the successful incorporation of quantum dots and quantum 

dot/conjugated polymer hybrid particles into PMMA nanoparticles by miniemulsion polymerization 

and into silica nanoparticles by the condensation of a silica precursor in an inverse microemulsion 

was delineated.  

In this chapter, the advantages and disadvantages of both protective materials will be discussed, 

regarding the underlying embedding mechanisms and syntheses procedures, particle sizes and size 

distributions, mechanical manipulation and photo optical properties of the incorporated emitter. To 

perform pump-probe experiments on these colloidal QDs, a number of requirements have to be 

fulfilled. First, the particles need to be of high optical quality and need to be optically stable over long 

time periods, to allow for sophisticated and time consuming optical measurements. Secondly, a high 

mechanical stability is necessary and the overall size has to be sufficiently small so that the particles 

can be manipulated into the feed gap of optical antennae. Additionally, concerning the embedding of 

hybrid particles, the conjugated polymer ligands have to remain at the surface of the inorganic crystal 

during the embedding process, to allow for a transfer of an electron and the generation of a charged 

quantum dot. The coupling to the resonator structure and the charging of the emitter both result in 

a decrease of the emission lifetime of the emitter and additionally result in a large dipole moment of 

the allowed ground-state transition, both necessities for pump-probe experiments.  

Single particle photoluminescence experiments and the analysis and interpretation of the 

obtained data were mainly performed by Florian Werschler, Christopher Hinz and Denis V. Seletskiy 

from the group of Prof. Dr. Alfred Leitenstorfer (Chair for Ultrafast Phenomena and Photonics, 

University of Konstanz). 

Synthesis and manipulation: For the silica-embedding of quantum dots and hybrid 

nanoparticles, a ligand exchange that renders the nanocrystals hydrophilic and enables a transfer into 

the aqueous phase is necessary. For this reason, only nanocrystals with mainly weakly binding L-type 

ligands (e.g. oleyl amine) can be deployed. Quantum dots that are stabilized mainly by X-type ligands, 

e.g. phosphonic acids, are not incorporated successfully. As a further consequence, hybrid particles 
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with weakly binding polymeric ligands, e.g. CdSe/CdS/aniline functionalized polyfluorene hybrids, 

can be embedded, however the polymeric ligand is completely displaced during the process. The 

embedding by miniemulsion polymerization on the other hand is in general independent of the type 

of ligand that stabilizes the QD, the only requirement is that the QD is dispersible in the monomer 

droplet. 

The colloidal stability of the silica- as well as the PMMA particles is sufficient, with the stability 

of the PMMA dispersion being superior with several years vs. months for silica particles. 

For the manipulation of single emitters into the feed gap of an optical antenna, a prerequisite 

is the diameter of the particles to be in a reasonable region. Particles with a diameter of < 10 nm 

are difficult to manipulate while on the other hand, the diameter can not exceed the size of the gap 

between the antennae (several tens of nanometers), as otherwise the particle simply does not fit into 

it. For silica- as well as for PMMA particles, the diameter can be tuned in a desirable range from 

approximately 20 to 70 nm, with the size distribution being significantly narrower for silica particles. 

In addition, the latter are easier to manipulate for several reasons. First, almost every particle 

contains exactly one QD, whereas only approx. 10% of the PMMA particles contain an emitter. 

Furthermore, PMMA particles tend to stick to the AFM tip when being manipulated. Due to this 

“pick-up”, which was not observed in the case of silica shells, the size of the AFM-tip is increased 

significantly. This ruins the imaging- and manipulation resolution. An additional advantage of the 

silica shell is that the QDs are positioned in the center of the particles. This simplifies the precise 

positioning of the emitter in the photonic resonator.  

Optical properties: CdSe/CdS quantum dots embedded into PMMA particles and into silica 

particles respectively, were studied by single particle micro-photoluminescence spectroscopy. The 

influence of the shell material and the suitability of both shell materials concerning the optical 

stability of the embedded emitter were studied. In general, the presence of a single QD was 

confirmed by second-order photon correlation as a function of time delay measurements (g(2)) 

recorded with a Hanbury Brown and Twiss setup.141 In Figure 72, typical emission spectra of a 

CdSe/CdS quantum dot embedded into PMMA (left) and of a quantum dot embedded into silica 

(right) are depicted.  
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Figure 72. Typical single particle fluorescence spectra of CdSe/CdS quantum dots embedded into PMMA nanoparticles 

(left) and into silica nanoparticles (right). The embedded quantum dots originate from the same synthesis batch to allow 

for direct comparison. Both spectra were recorded at 4.2 K with an excitation wavelength of λexc:  570 nm with an 

averaging of 60 × 1 s and with an excitation power of Pexc: 140 µW widefield. The insets show a TEM image of the 

respective samples. Note, that the particles in the TEM insets are not identical to the observed particles in the 

fluorescence studies. A stands for allowed transition and F for dipole forbidden exciton fine-structure transition.198 

The QDs originate from the same batch to allow for direct comparison and the spectra were 

recorded under equal conditions. In both spectra, the lowest excitonic transitions originate from an 

exciton fine-structure doublet  (614 – 616 nm, left spectrum; 618 – 620 nm, right spectrum, labeled 

with A and F), with the lower energy line corresponding to the dark excitonic transition. This fine-

structure splitting has been described before for highly symmetrical uncharged quantum dots.198 

Additional emission sidebands around the A and F transition can be assigned to discrete acoustic 

phonon modes.199 Furthermore, the first and second LO phonon are visible in both spectra. These 

spectra underline the extraordinary high resolution that is accessible with these quantum dot-based 

particles in combination with the custom-built micro-photoluminescence setup.  

The major difference between the two spectra is the significant higher emission intensity (three 

times higher) in the case of QDs that have a PMMA shell (Figure 72, 60 counts per second for PMMA 

vs. 20 counts per second for silica). Due to the higher signal to noise ratio, the acoustic phonon modes 

are better resolved in spectra of QDs embedded into PMMA. 

In Figure 73, the excitation power dependent emission intensity of CdSe/CdS QDs embedded 

into PMMA (left) and into silica (right) is depicted. 
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Figure 73. Excitation power dependent photoluminescence intensities of CdSe/CdS quantum dots embedded into 

PMMA nanoparticles (left) and into silica nanoparticles (right). 

In both spectra, the emission intensity increases almost linearly with increasing excitation power 

until a maximum is reached, after which the intensity decreases with increasing excitation power. This 

is the result of the emitter taking damage due to severe heating by the high LASER power. The 

maximum excitation power for QDs capsuled into silica is significantly higher (maximum at approx. 

17 µW) compared to QDs embedded into PMMA (maximum at approx. 1.4 µW). This might be 

attributed to the higher thermal conductivity of silica (approx. 1 W/m K) vs. PMMA (0.17 - 0.19 

W/m K200), with the result of the QDs embedded into silica heating up less during excitation. For 

this reason, the silica shell might be advantageous for low-temperature experiments when the thermal 

energy input by the excitation needs to be removed efficiently. 

Typical time traces of the fluorescence intensity of CdSe/CdS QDs with a PMMA shell (top) 

and with a silica shell (bottom), measured at room temperature, are depicted in Figure 74.  

 

Figure 74. Typical time traces of the fluorescence intensity of a CdSe/CdS quantum dot embedded into a PMMA 

nanoparticle (top) and into a silica nanoparticle (bottom) at the excitation threshold measured at room temperature. 

In these time traces, the QDs encapsulated into PMMA again feature a higher fluorescence 

intensity (approx. 25 Counts per second (Cps)) vs. approx. 10 Cps for QDs in silica). This is in 

agreement with the slightly lower ensemble quantum yields observed for QDs incorporated into 

silica. The PMMA covered QDs exhibit a blinking behavior that is typical for II-VI semiconductor 

quantum dots, with the emission intensity switching between “on-” and “off” states, the latter lasting 
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for several seconds. The silica covered QDs do not show a switching between discrete “on” and 

“off” states, but a fluctuation of the emission intensity without turning completely dark is observed. 

This might be advantageous for their application as biomarkers and in cell labeling experiments, as 

the particles are traceable at all times. 

In summary, it can be concluded that the silica particles are superior when it comes to 

manipulation experiments due to the more rigid shell and due to the QD-multiplicity of almost one. 

However, the necessary ligand exchange that is involved in the embedding process limits the variety 

of QDs that can be embedded and only allows for the encapsulation of QDs stabilized mainly by 

weakly binding ligands. The incorporation of QDs into PMMA by miniemulsion polymerization on 

the other hand is independent of the ligand-type. Additionally, the optical properties of QDs 

embedded into PMMA are superior with a significantly higher emission intensity and an improved 

long-term stability.  

For this reason, CdSe/CdS/polyfluorene hybrid particles with a PMMA shell were studied in 

more detail, especially concerning the question whether the inorganic emitters are charged by the 

polyfluorene ligands (hybrids synthesized according to Chapter 4.2.4).  

Figure 75 depicts the typical single particle emission spectrum of a 

CdSe/CdS/phenylphosphonic acid functionalized hybrid particle embedded into PMMA. 

 

Figure 75. Typical single particle photoluminescence spectrum of a CdSe/CdS/phenylphosphonic acid functionalized 

polyfluorene hybrid nanocrystal embedded into a PMMA nanoparticle The spectrum was recorded at 5 K with an 

excitation wavelength of  λexc:  570 nm, with an averaging of 60 × 1 s and with an excitation power of Pexc: 140 µW 

widefield. 

The fine-structure splitting of the lowest excitonic transition indicates that the particle is 

uncharged. This is underlined by the long fluorescence lifetime of approx. 60 ns (inset, Figure 75). 

The trion of a charged quantum dot would result in a single line and a significantly shorter 

fluorescence lifetime on the order of 10 ns.  
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A trion and consequently a charging of the inorganic core was only observed occasionally and 

not under reproducible conditions. The emission spectra of a charged and of a neutral QD and 

exemplary fluorescence lifetime measurements of an exciton and a trion are depicted in Figure 76. 

 

Figure 76. Typical fluorescence spectra (left) and fluorescence lifetimes (right) of a negatively charged (red line) and of a 

neutral CdSe/CdS QD (blue line). Both spectra were measured at 5 K with an excitation wavelength of λexc:  570 nm. 

For the red spectrum, the excitation power was set to Pexc: 140 µW widefield and for the spectrum of the neutral 

quantum dot (blue line), an excitation power of Pexc: 30 µW focused was used. For reasons of clarity, the wavelength 

axis in the left image is shifted for the blue and red spectrum.  

Unfortunately, it remains unclear if the charge originates from the surface-bound polyfluorene 

chain. An additional question is how to increase the probability of observing/generating a trion. It 

might be instructive to examine embedded hybrid particles with a defined and variable number of 

bound polyfluorene ligands to investigate if the number of polyfluorene chains is critical for the 

transfer of an electron. Additionally, the thickness of the CdS may have an influence. As the shell 

synthesis allows for a precise variation of the shell thickness, it might be promising to study the 

influence of the latter on charge-transfer processes. 

5.3 Summary and Conclusion 

For the application of quantum dots as single photon sources, it is necessary to increase their 

overall stability, which can be achieved by the embedding of the emitter into polymer or silica 

nanoparticles. This additionally preserves the colloidal nature of the single photon sources, allowing 

for mechanical manipulation. 

The protocol for the embedding of CdSe/CdS core-shell quantum dots into poly(methyl 

methacrylate) particles was optimized regarding the smallest available particle size, which could be 

decreased from 60 nm to 30 nm by increasing the surfactant concentration and ultrasonication time. 

Alternatively, the mean particle diameter can be reduced to 40 nm by the addition of iso-propanol to 

the aqueous phase, hereby reducing surface tension. Furthermore, the addition of the cross-linking 

agent ethylene glycol dimethacrylate proved to be advantageous concerning the quantum yield of the 



5.3 Summary and Conclusion 

131 

particle dispersion, which increased from 36% (standard protocol from literature) to 56%. Force 

spectroscopy measurements performed on cross-linked and non-cross-linked particles revealed that 

cross-linked particles feature a significantly higher stiffness, which should be advantageous in 

mechanical manipulation experiments. Additionally, the embedding procedure was successfully 

expanded to the synthesis of polymer particles containing CdSe/CdS/polyfluorene hybrid particles, 

while preserving their optical properties (Figure 77). 

 

Figure 77. TEM image of PMMA particles with CdSe/CdS/polyfluorene hybrid nanocrystals embedded. The aqueous 

polymer dispersion illuminated by UV-light is depicted in the inset. 

Literature known protocols for the embedding of nanocrystals into silica particles were 

successfully adapted to the precise incorporation of CdSe/CdS quantum dots synthesized in this 

work. After optimization of the embedding conditions, quantum dot-containing silica particles with 

a sufficiently small overall diameter of 30 nm and a narrow size distribution (σ: 1.7 nm) were obtained 

(Figure 78).  
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Figure 78. TEM images of silica particles with CdSe/CdS quantum dots embedded. The insets depict the particle size 

distribution and the aqueous dispersion illuminated by UV-light. 

Additionally, the percentage of particles with a quantum dot-multiplicity of one is high with 

> 90%. The embedding mechanism was studied in more detail and experiments with conjugated 

polymer/quantum dot hybrid particles revealed that parts of the nanocrystals’ ligands are displaced 

during the embedding process.  

Regarding the mechanical manipulation of these quantum dot containing particles, silica particles 

proved advantageous, as polymeric particles tend to stick to the tip of the atomic force microscope. 

However, this “pick-up” of particles should effectively be inhibited by using QDs with cross-linked 

PMMA shells.  

In terms of the optical properties of emitters embedded into poly(methyl methacrylate) or silica 

shells, the polymer shell is advantageous, as the emitters feature higher emission intensities in single 

particle micro-photoluminescence studies, resulting in a superior signal to noise ratio and higher 

resolved spectra. This is in agreement with the higher quantum yield observed in ensemble 

measurements.  

For pump-probe experiments on colloidal quantum dots, a short fluorescence lifetime is a 

prerequisite. By the attachment of polyfluorene ligands to the surface of CdSe/CdS quantum dots, 

an electron should be transferred from the polymeric ligand to the inorganic core. The resulting trion 

was successfully observed in single particle micro-photoluminescence measurements at low 

temperatures, featuring a significantly decreased fluorescence lifetime (Figure 79) 
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Figure 79. Fluorescence lifetime (left) of a neutral CdSe/CdS quantum dot (exciton) and a charged CdSe/CdS quantum 

dot (negative trion X-) and the typical photoluminescence spectrum of a CdSe/CdS/polyfluorene hybrid particle 

embedded into PMMA (right) and the corresponding fluorescence lifetime measurement (inset). 

 However, the observation of the trion under reproducible conditions was unsuccessful. A 

typical single particle photoluminescence spectrum of a CdSe/CdS/polyfluorene hybrid particle 

embedded into PMMA is depicted in Figure 79 (right). The fine-splitting in the first excitonic 

transition indicates the presence of a neutral quantum dot, which is in accordance with the long 

fluorescence life-time that was typically observed. It remains unclear if the additional charge in the 

inorganic crystal originates from the polyfluorene ligands at the nanocrystal surface. Consequently, 

the optimal number of polymer ligands for an efficient charge transfer is yet unknown.  
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6. Summary 

Hybrid particles consisting of semiconducting inorganic quantum dots and organic 

semiconducting polymers are of particular interest for many modern applications, e.g. hybrid solar 

cells, light emitting applications or flexible electronics and are of increasing importance in material 

science. Additionally, these hybrid particles are promising as single photon sources for fundamental 

research on the field of ultrafast quantum control of single electrons and phonons. However, the 

synthesis of hybrid particles with the organic semiconducting polymer being directly bound to the 

inorganic crystal is an unresolved problem.  

According to previously reported methods, controlled Suzuki-Miyaura coupling polymerization 

was utilized to synthesize aniline- and phenylphosphonic acid functionalized polyfluorene with a 

degree of polymerization of ten and a narrow molecular weight distribution (Mw/Mn < 1.3). These 

polymers were deployed in a second step as ligands during the growth of a CdS shell around CdSe 

nanocrystals, directly resulting in organic/inorganic hybrid particles. The synthesis of thiol-

functionalized polyfluorene was additionally pursued, however synthesis strategies based on end-

capping polymerizations by quenching reagents featuring a thiol functionality or by using initiator 

complexes exhibiting protected thiol functionalities failed. The highest functionalization efficiency 

was obtained by quenching Pd-catalyzed Suzuki-Miyaura polymerizations by the addition of 

elemental sulfur dissolved in THF. According to MALDI-TOF MS, around 40% thiol end-capped 

polyfluorene and 48% thiol end-capped polythiophene was obtained. However, the polymers 

featured broad and bimodal molecular weight distributions (Mw/Mn 2.0 for polyfluorene and Mw/Mn 

1.5 for polythiophene). The partial introduction of thiol end-groups strongly decreased the 

fluorescence efficiency of the polymers (from 93% to 38% for polyfluorene and from 30% to 13% 

for polythiophene, respectively), without influencing the photoluminescence spectrum. 

Suzuki-Miyaura coupling polymerizations are usually quenched by the addition of concentrated 

hydrochloric acid, resulting in hydrogen terminating chain-ends. Nevertheless, a small proportion of 

polymer with bromine end-groups is commonly observed, because of undesired termination 

reactions during the polymerization or because of Pd leaving the chain after complete monomer 

conversion. The synthesis of polymer with exclusively bromo-aryl as terminating chain-end is of 

potential interest, as it would allow for additional functionalization by post-polymerization reactions. 

Quenching Suzuki-Miyaura coupling polymerizations by the addition of tetrabutylammonium 
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tribromide resulted in the formation of polyfluorene and polythiophene with almost exclusively 

bromine terminating chain-ends (93% bromine end-groups in the case of polyfluorene, 100% in the 

case of polythiophene, according to MALDI-TOF MS, Figure 80), without negatively influencing 

molecular weights or molecular weight distributions (Mw/Mn < 1.2).  

 

Figure 80. MALDI-TOF mass spectra of almost completely bromine-terminated polyfluorene (top) and of exclusively 

bromine-terminated polythiophene (bottom). 

The synthesis of CdSe/CdS/polyfluorene hybrid particles by deploying aniline- and 

phenylphosphonic acid functionalized polyfluorene during the synthesis of the CdS shell around 

CdSe cores in the presence of various amounts of oleyl amine as the major ligand was studied. Under 

standard conditions with only oleyl amine as a ligand, variously shaped core/shell nanocrystals with 

a mean particle diameter of 8.5 nm (σ: 1.2 nm ) are obtained (Figure 81, left). The addition of aniline 

functionalized polyfluorene as additional ligand yields more spherically shaped nanocrystals (Figure 

81, center) with a smaller mean particle diameter of 8.3 nm and a narrow size distribution (σ: 0.98 

nm). The formation of tripods is suppressed. 
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Figure 81. TEM images of CdSe/CdS core-shell nanocrystals synthesized in the presence of oleyl amine (16000 equiv. 

per QD) and polyfluorene (100 equiv. per QD).  

If phenylphosphonic acid functionalized polyfluorene and oleyl amine are used as ligands during the 

synthesis of the CdS shell, the mean crystal diameter slightly increases (8.7 nm, σ: 1.1 nm, Figure 81, 

right). In these reactions, 16000 equiv. of oleyl amine and 100 equiv. of polyfluorene per CdSe 

nanocrystal were deployed. Notwithstanding, the introduction of the polymers strongly influence size 

and shape of the nanocrystals, hinting at a strong interaction of the functionalized polyfluorenes with 

the inorganic nanocrystals. 

The amount of polymer that can be applied during the growth of the CdS shell is limited due to 

its rather low solubility in the reaction mixture. For this reason, new methods for the synthesis of 

organic/inorganic semiconductor hybrid particles were explored. The method of choice for 

functionalizing a nanoparticle with a polymer is the grafting of the polymer from the nanocrystal 

surface. There are many established protocols for the synthesis of nanoparticles grafted with non-

conjugated polymers. A prerequisite is the availability of a controlled polymerization method and 

usually classical chain-growth reactions like free-radical or anionic polymerization are used. The 

controlled generation of conjugated polymers is more demanding as they commonly follow a step 

growth mechanism and consequently there were no reports on the grafting of conjugated polymers 

from II-VI semiconductor nanocrystals.  

In the course of this work, a protocol for the grafting of polyfluorene and poly(p-phenylene) 

from CdSe/CdS quantum dots, functionalized with (4-halophenyl)phosphonic acids, was successfully 

developed (Scheme 20).  
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Scheme 20. Surface initiated Suzuki-Miyaura coupling polymerization from the surface of CdSe/CdS quantum dots. 

Formation of the surface bound initiator complex (left), followed by the grafting of polymer from the Pd(II)-

functionalized nanocrystals (center) and end-capping of the growing chains by the addition of an excess of an boronic 

acid ester (right). 

 

The MALDI-TOF mass spectrum of polyfluorene, isolated after a surface initiated 

polymerization and dissolution of the quantum dots by hydrochloric acid, is depicted in Figure 82 

(bottom). The main polymer species features phenylphosphonic acid as initiating chain-end and 

hydrogen or bromine as terminating chain-end, respectively.  

 

Figure 82. MALDI-TOF mass spectra of polyfluorene isolated after a surface-initiated Suzuki-Miyaura coupling 

polymerization from (4-bromophenyl)phosphonic acid functionalized CdSe/CdS quantum dots. The polymerizations 

were quenched by the addition of methanol (bottom) and by the addition of 2-[3,5-bis(trifluoromethyl)phenyl]-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane (top). 

The surface-confined nature of the polymerization was substantiated by quenching a 

polymerization with 2-[3,5-bis(trifluoromethyl)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
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(Figure 82, top). As expected for a surface-confined polymerization, the main species exhibits 

phenylphosphonic acid as initiating chain-end and (3,5-trifluoromethyl)phenyl as terminating chain-

end.  

The grafting of polyfluorene and poly(p-phenylene) from CdSe/CdS quantum dots could 

successfully be demonstrated and resulted in the formation of the desired hybrid particles. However, 

the surface initiated polymerization of polythiophene failed according to MALDI-TOF MS and only 

a physical mixture of non-functionalized polymer and quantum dots was obtained. This was 

additionally corroborated by TEM-images (Figure 83).  

 

 

Figure 83. TEM images of CdSe/CdS/polyfluorene and CdSe/CdS/poly(p-phenylene) hybrid nanoparticles and of a 

physical mixture of CdSe/CdS quantum dots and polythiophene, synthesized under surface initiated polymerization 

conditions.  

The inorganic crystals are randomly distributed over the TEM grid in the case of 

CdSe/CdS/polyfluorene and CdSe/CdS/poly(p-phenylene) hybrid nanoparticles and the distances 

between the inorganic cores are large. In the case of a CdSe/CdS/polythiophene mixture, phase 

separation between the polymer and the inorganic nanocrystals is observed and agglomeration results 

in the formation of dense nanocrystal packings (Figure 83, right).  

The reaction of residual Pd(0) precursor that is used to form the surface-bound initiator complex 

with monomer was identified to be the reason for the formation of solution-initiated polymer. Studies 

on the reactivity of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 

2-(4-bromo-2,5-bis(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane and 2-(5-bromo-4-(2-

ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane revealed an increased reactivity in 

this order towards the oxidative addition of Pd(0) into the respective C-Br bond (Scheme 21). This 

explains why the grafting of polyfluorene and poly(p-phenylene) is successful, while the grafting of  

polythiophene fails.   
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Scheme 21. Reaction scheme of the respective AB-monomers with [Pd(PtBu3)2] to the Pd(II)-complexes and 

conversion vs. time, extracted from 31P-NMR experiments. 

 

From these experiments, it was concluded that the reactivity of the nanoparticle ligand needs to 

be matched to the monomer’s reactivity. For this reason, ligands with an increased reactivity were 

explored. Benzothiadiazole derivatives were identified in previous work by A. Groh to be highly 

reactive in an oxidative addition reaction. The suitability of benzothiadiazole derivatives as surface-

bound organic initiator precursor was demonstrated by grafting polyfluorene from 7-

bromobenzo[c][2,1,3]thiadiazole-4-carboxylic acid functionalized PbS quantum dots. The formation 

of almost exclusively 4-carboxylic acid-benzo[c][2,1,3]thiadiazole functionalized polymer was 

observed by MALDI-TOF MS, however the polymer was probably stripped off from the 

nanoparticles during the quenching of the polymerization with methanol.  

In summary, the grafting of conjugated polymers from semiconductor quantum dots by surface 

initiated Suzuki-Miyaura coupling polymerization was revealed to be highly suited for the formation 

of hybrid particles. The adjustment of the initiator precursor’s reactivity compared to the monomer’s 

reactivity is the key to further enhance the utility of this method, both in terms of monomer scope 

and to achieve high and precisely adjustable grafting densities.  

 

In order to utilize semiconductor quantum dots and organic/inorganic semiconductor hybrid 

particles as single photon sources, an embedding of the emitter into a protective shell is necessary. 

By the encapsulation, the mechanical- and photostability is highly increased. A sufficient mechanical 

stability is necessary to allow for mechanical manipulation of the embedded emitters into optical 

antennae. Hereby, the Purcell effect can be used to increase light matter interaction in pump-probe 

experiments. A method for the embedding of nanocrystals into PMMA particles by miniemulsion 

polymerization was further optimized in terms of the accessible minimal particle diameter and the 

maximum quantum yield of the dispersion. By increasing the amount of surfactant and 

ultrasonication time, the mean particle diameter of the resulting PMMA particles could be decreased 
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by a factor of two, from 60 to 30 nm, without negatively influencing the optical properties of the 

dispersion or the nanocrystal-embedding efficiency. This small size is important regarding the 

manipulation of the particle in small optical antenna structures. Additionally, the embedding of 

nanocrystals into a PMMA network, formed by employing a cross-linker during the polymerization, 

turned out to be advantageous for the quantum yield of the dispersion, and quantum yields as high 

as 56% were obtained (vs. 41% quantum yield of the quantum dots prior to embedding). According 

to force spectroscopy measurements, the young’s modulus of the cross-linked particles is three times 

higher than the modulus of non-cross linked particles. This should prove beneficial in mechanical 

manipulation experiments, as non-cross linked particles possessed a strong tendency to stick to the 

tip of the atomic force microscope during manipulation. 

CdSe/CdS nanocrystals and CdSe/CdS/polyfluorene hybrid particles were additionally 

encapsulated into silica shells according to modified literature known protocols. The embedding of 

hydrophobically stabilized CdSe/CdS quantum dots resulted in brightly fluorescent silica particles 

with a small mean particle diameter of 29.7 nm and a narrow particle size distribution (σ: 1.7 nm, 

Figure 84, left). 

 

Figure 84. TEM images of CdSe/CdS quantum dots (left) and of CdSe/CdS/phenylphosphonic acid functionalized 

polyfluorene hybrid nanocrystals (right) embedded into silica particles. The insets depict the particle size histogram 

(left) and the fluorescence spectrum (λexc: 380 nm) of the embedded hybrids (right) and the respective aqueous 

dispersions illuminated by UV-light. 

Experiments with CdSe/CdS quantum dots with aniline- or phenylphosphonic acid 

functionalized polyfluorene ligands allowed for a closer insight into the embedding mechanism and 

revealed that a ligand exchange at the nanocrystal surface during the encapsulation is necessary for a 

successful embedding. When CdSe/CdS/aniline functionalized polyfluorene hybrid nanocrystals are 
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employed, only the inorganic crystal is successfully embedded. The weakly binding aniline 

functionalized polyfluorene ligand is lost during the silica shell formation. The phenylphosphonic 

acid functionalized polyfluorene ligand on the other hand remains at the surface of the CdSe/CdS 

quantum dots, resulting in a whitish-pink fluorescent aqueous silica particle dispersion (Figure 84, 

right).  

The direct comparison of CdSe/CdS quantum dots embedded into PMMA and into silica, 

respectively, by single particle micro-photoluminescence measurements revealed that the PMMA 

shell is superior in terms of the fluorescence efficiency of the incorporated emitter, resulting in a 

higher signal to noise ratio and thus a higher resolution (Figure 85).  

 

Figure 85. Typical single particle fluorescence spectra of CdSe/CdS quantum dots embedded into PMMA nanoparticles 

(left) and into silica nanoparticles (right). The embedded quantum dots originate from the same synthesis batch to allow 

for direct comparison. Both spectra were recorded at 4.2 K with an excitation wavelength of λexc:  570 nm with an 

averaging of 60 × 1 s and with an excitation power of Pexc: 140 µW widefield. A stands for allowed transition and F for 

dipole forbidden exciton fine-structure transition. 

In the single particle photoluminescence spectrum of the CdSe/CdS quantum dot embedded 

into PMMA, the acoustic phonons are better resolved compared to the typical spectrum of a 

CdSe/CdS quantum dot embedded into silica. In terms of the maximum excitation power that can 

be used until the inorganic emitters are irreversibly damaged, the silica shell has proven superior 

(maximum excitation density of 17 µW vs. 1.4 µW). This is probably the result of the higher thermal 

conductivity of silica compared to PMMA, and might be relevant for future measurements at low 

temperatures. 

A transfer of an electron from the polyfluorene ligand to the inorganic emitter could not be 

verified reproducibly by single particle micro-photoluminescence studies on CdSe/CdS/polyfluorene 

hybrids embedded into PMMA particles. The typical single photoluminescence spectrum of such an 

embedded hybrid particle is depicted in Figure 86.  
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Figure 86. Typical single particle photoluminescence spectrum of a CdSe/CdS/phenylphosphonic acid functionalized 

polyfluorene hybrid nanocrystal embedded into a PMMA nanoparticle. The spectrum was recorded at 5 K with an 

excitation wavelength of λexc:  570 nm, with an averaging of 60 × 1 s and with an excitation power of Pexc: 140 µW 

widefield. The schematic energy level alignment of the hybrid particle is depicted on the right. 

The fine splitting of the first excitonic transition and the long fluorescence lifetime indicate that 

the inorganic emitter is not charged and that there is no electron transfer from the polyfluorene ligand 

to the inorganic core. 

The presence of a charged quantum dot was only observed occasionally, however not under 

reproducible conditions. It could not be clarified if this additional charge in the inorganic crystal 

originates from the polyfluorene ligand.  
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7. Experimental Section 

7.1 Materials, Methods and General Considerations 

Materials. Deionized water was distilled under a nitrogen atmosphere and THF and toluene 

were distilled from sodium/benzophenone ketyl under a nitrogen atmosphere. CdO (99.998%), n-

dodecylphosphonic acid (95%), Se (granules, 99.999%), 1-bromo-4-iodobenzene (98%), phenyl 

isocyanate (98%) and n-tetradecylphosphonic acid (97%) were purchased from ABCR. CsF (99%) 

and (3-aminopropyl)-trimethoxysilane (95%) were purchased from Acros. 4-Bromothiophenol 

(95%), methyl methacrylate (99%, stabilized, used as received), Irgacure 369, Oleic acid (technical 

grade, 90%), oleyl amine (technical grade, 70 %), 1-octadecene (technical grade, 90%) 

trioctylphosphine (technical grade, 90%), sulfur (99.999%, Riedel de Haën, orthorombic), 4-

mercaptophenylboronic acid (90%), bromotrimethylsilane (97%), ethylene glycol dimethacrylate 

(98%), n-hexadecane (99+%), N-(tert-butoxycarbonyl)-4-bromoanilin (97%), pinacol (98%), tert-

butyl(chloro)dimethylsilane (95%), tert-butyl methacrylate (98%, stabilized, used as received), 3-

(trihydroxysilyl)propyl methylphosphonate monosodium salt (50 wt% in water), triphenylmethanol 

(97%), Igepal® CO-520 (poly(oxyethylene)nonylphenyl ether) and 18 crown 6 (99%) were purchased 

from Sigma Aldrich. (4-Iodophenyl)phosphonic acid was purchased from SiKÉMIA. 

Azobisisobutyronitrile (98%) was purchased from Merck. (4-Bromophenyl)phosphonic acid was 

provided by M. Krumm and was synthesized according to literature.120,201,202 PtBu3 and [Pd(dppf)Cl2] 

were provided by MCAT Konstanz. All chemicals were used as received unless stated otherwise. 

[Pd(PtBu3)2] was synthesized according to a literature procedure.203  2-(5-Bromo-3-(2-

ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was synthesized similar to a 

literature known procedure.204 All deuterated solvents were supplied by Eurisotop. [Pd(dba)2]205 

(Philipp Wucher), 4,7-dibromobenzo[c][2,1,3]thiadiazole206, 2-(5-bromo-4-(2-ethylhexyl)thiophen-2-

yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane204, 2-(5-bromo-4-(hexyl)thiophen-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane204 (Arthur Groh), 2,5-dibromobenzene-1,4-diol207 (Johannes 

Huber), [(bromo){4‐[(tetrahydro‐2H‐pyran‐2‐yloxy)methyl]phenyl}(tri‐tert‐

butylphosphine)]palladium]71, [(bromo)[4‐(carbamic acid tert‐butyl ester)‐benzyl](tri‐tert‐

butylphosphine)palladium]112 (Christoph Fischer), 2-[3,5-bis(trifluoromethyl)phenyl]-4,4,5,5-
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tetramethyl-1,3,2-dioxaborolane208 (Thomas Wiedemann) were available in the group. α-Methoxy-ω-

carboxy polyethylene oxide (2000 g/mol) was purchased from Rapp Polymers. 

Methods: All manipulations of air- and/or water sensitive compounds were carried out under 

inert atmosphere using standard glove box and Schlenk techniques. Glassware were dried at 80 °C 

for at least 24 h.  

Photoluminescence- and quantum efficiency measurements: Ensemble emission spectra 

and quantum yields were measured using a Hamamatsu Absolute PL Quantum Yield Measurement 

System C9920-02 equipped with an integrating sphere.  

Absorption spectroscopy: Absorption spectra were recorded on a Varian Cary 100 scan 

spectrometer with the solvent as reference.  

Single particle micro-photoluminescence measurements: The custom build setup that was 

used for single particle micro-photoluminescence measurements at low temperatures is described in 

ref. 199 and in the thesis of Johannes Haase.141 

Transmission electron microscopy: TEM images were obtained on a JEOL JEM2200FS (200 

kV) and on a Zeiss Libra 120 instrument (120 kV). Carbon coated copper grids were used with a 

carbon thickness of 9 nm. For small polymer particles with low contrast and for high-resolution 

imaging of nanocrystals, 2 nm thick carbon coatings were used. Samples were not contrasted unless 

stated otherwise. Samples obtained from miniemulsion polymerization or from nanoprecipitation 

experiments with SDS as surfactant were dialyzed for 48 h against water before sample preparation. 

The dialysis membrane (14.6 mm diameter) with a molecular weight cut-off of 6000-8000 g/mol was 

purchased from Spectra/Por. 

Polymer-particle size histograms are based on a minimum of 100 particles, of which the area was 

determined in TEM images. From the area, the diameter was calculated assuming the particles to be 

spheres.  

Nanocrystal embedding efficiencies were determined by analysis of a minimum of 150 polymer 

particles in TEM images.  

Analytical ultracentrifugation measurements: AUC measurements were carried out on a 

custom-built UV/Vis multiwavelength detecting analytical ultracentrifuge equipped with an AN 60 

Ti Rotor.209 For all measurements, Titanium 2 channel cells with an optical path length of 12 mm 

were used. The rotor speed was set to 25000 rpm. Experiments were carried out at 25 °C. Toluene 

served as an optical reference. The sample volume was 330 µL and the toluene volume 350 µL. The 

functionalized QDs were diluted in toluene until the maximum of the absorption had a value of 0.7-

0.8. The amount of bound polyfluorene was calculated according to previous reports.64,98  
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Gel permeation chromatography: Gel permeation chromatography was carried out on a 

Polymer Laboratories PL-GPC 50 with two PLgel 5 µm MIXED-C columns in THF at 50 °C with 

RI detection against polystyrene standards.  

Nuclear magnetic resonance spectroscopy: NMR spectra were recorded on a Varian Unity 

INOVA 400 and on a Bruker Avance 400 spectrometer (1H: 400 MHz, 13C: 101 MHz, 19F: 376 MHz, 
31P: 162 MHz). 1H-NMR and 13C-NMR chemical shifts were referenced to the residual signal of the 

deuterated solvent. Multiplicities are given as follows: s: singlet, d: doublet, t: triplet, q: quartet, m: 

multiplet.  

Matrix-assisted LASER desorption/ionization – time of flight spectrometry: For 

MALDI-TOF MS, the polymer was dissolved in CHCl3 and analyzed by a Bruker Microflex MALDI-

TOF with alpha-cyano-4-hydroxycinnamic acid as a matrix.  

Dynamic light scattering: Particle size measurements were performed on a Malvern Nano-ZS 

ZEN 3600 particle sizer (173° back scattering, 633 nm LASER wavelength). The Malvern dispersion 

technology software 5.1 algorithm was used to analyze the autocorrelation function, yielding number 

weighted particle sizes and size distributions. Fluorescent polyfluorene particles obtained by multi-

inlet vortex mixing experiments were analyzed by a Viscotek 802DLS (830 nm LASER wavelength), 

to prevent excitation of the sample during particle size analysis.  

Atomic force microscopy: AFM manipulation was carried out with a JPK Nanowizard 3 

NanoScience AFM instrument. For force-spectroscopy, OTESPA-R3 cantilevers from Bruker were 

used. 

Centrifugation: A Biofuge Primo centrifuge with a highconic rotor (6 × 50 mL) was used 

(diameter: 12.4 cm).  

Differential scanning calorimetry: DSC analysis was performed on a Netzsch DSC 204 F1 at 

a heating rate of 10 °C/min in a temperature range from -50 °C to 150 °C. 

7.2 Synthesis of Initiator Precursors and Complexes 

7.2.1 Synthesis of [Bis(tri-tert-butylphosphine)palladium(0)]203 

In a Schlenk tube, 2.00 g (3.47 mmol) of [Pd(dba)2] and 1.48 g (7.33 mmol) of PtBu3 were 

dissolved in 10 mL of DMF. The reaction mixture was stirred for 5 hours at room temperature. The 

resulting colorless precipitate was collected by filtration, washed three times with the supernatant 

solution and once with fresh DMF and dried under reduced pressure. [Pd(PtBu3)2] was obtained as 

colorless crystals in 82% yield. 

1H-NMR (400 MHz, C6D6, 25 °C) 
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δ = 1.52 (t, 3JPH = 5.6 Hz, 54H) ppm. 
31P{1H}-NMR (162 MHz, C6D6, 25 °C) 

δ = 98.3 ppm. 

7.2.2 Synthesis of Diethyl-(4-bromophenyl)phosphonate210 

 

To a solution of 8.0 g (28.3 mmol) of 1-bromo-4-iodobenzene and 572.5 mg (0.5 mmol) of 

[Pd(PPh3)4] in 100 mL of toluene, 3.0 g (29.4 mmol) of NEt3 and 3.9 g (28.3 mmol) of diethyl 

phosphonate were added. The mixture was heated to 55 °C for 84 h. The conversion was monitored 

by 31P-NMR. After complete conversion of diethyl phosphonate, salts formed were filtered off and 

the solvent was removed from the filtrate. The desired product was purified by column 

chromatography (pentane:ethyl acetate, 1:1) and obtained in 70% yield. 

1H-NMR (400 MHz, CDCl3, 25 °C) 

δ = 7.63 (m, 4H, H1/2), 4.10 (m, 4H, H3), 1.31 (t, 3JPH = 7.1 Hz, 6H, H4) ppm.  

31P{1H}-NMR (162 MHz, CDCl3, 25 °C) 

δ = 17.7 ppm. 

7.2.3 Synthesis of [(Bromo)(4-diethoxyphosphoryl-phenyl)(tri-tert-

butylphosphine)palladium]64 

 

A 25 mL Schlenk tube was charged with 100 mg (0.2 mmol) of [Pd(PtBu3)2], 90 mg (0.3 mmol) 

of diethyl-(4-bromophenyl)phosphonate and 10 mL of 2-butanone. The reaction mixture was stirred 

at 75 °C for 3 hours. After addition of pentane, the dispersion was treated in an ultrasonic bath and 

the yellow precipitate was collected by centrifugation. The latter was washed with pentane and treated 

by ultrasound several times to yield the desired complex in 21% yield as a yellow powder.   
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1H-NMR (400 MHz, C6D6, 25 °C) 

δ = 7.57 (m, 4H, H1/2), 3.94 (m, 4H, H3), 1.02 (t, 3JHH = 7.0 Hz, 6H, H4), 0.94 (d, 3JPH = 12.6 Hz, 27H, 

H of PtBu3) ppm.  

31P{1H}-NMR (162 MHz, C6D6, 25 °C) 

δ = 61.8 (PtBu3), 19.1 (phosphonate) ppm. 

7.2.4 Synthesis of [(Bromo)(4-tert-butoxycarbonylamino-phenyl)(tri-tert-

butylphosphine)palladium]64 

 

In a 25 mL Schlenk tube, 200 mg (0.39 mmol) of [Pd(PtBu3)2] and 318 mg (1.17 mmol) of N-

(tert-butoxycarbonyl)-4-bromoaniline were dissolved in 12 mL of 2-butanone. After stirring the 

mixture at 75 °C for one hour, the solvent was removed under reduced pressure. The yellow residue 

was mixed with pentane and placed in an ultrasonic bath for 30 minutes. The resulting yellow powder 

was collected by centrifugation and washed with pentane several times, to yield the desired product 

in 39% yield as yellow powder. 

1H-NMR (400 MHz, C6D6, 25 °C) 

δ = 7.29 (dd, 3JHH = 9.0 Hz, 4JPH = 2.2 Hz, 2H, H1), 7.05 (d, 3JHH = 9.0 Hz, 2H, H2), 5.99 (s, 1H, H3), 

1.43 (s, 9H, H4), 1.01 (d, 3JPH = 12.4 Hz, 27H, H of PtBu3) ppm.  

31P{1H}-NMR (162 MHz, C6D6, 25 °C) 

δ = 62.6 ppm. 

7.2.5 Synthesis of [(Bromo)(phenyl)(tri-tert-butylphosphine)palladium]49 

 

A 25 mL Schlenk tube was charged with 107 mg (0.2 mmol) of [bis(tri-tert-

butylphosphine)palladium] and 1.65 g of bromobenzene. The mixture was stirred at 70 °C for two 

hours. After cooling to room temperature, the mixture was poured slowly into pentane. The yellow 
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precipitate was collected by centrifugation and was washed with pentane three times to yield the 

desired complex in 72% yield as yellow powder. 

1H-NMR (400 MHz, C6D6, 25 °C) 

δ = 7.42 (m, 2H, H1), 6.82 (m, 2H, H2), 6.76 (m, 1H, H3), 1.01 (d, 3JPH = 12.5 Hz, 27H, H of PtBu3) 

ppm.  

31P{1H}-NMR (162 MHz, C6D6, 25 °C) 

δ = 62.5 ppm. 

7.2.6 Synthesis of 1-Bromo-4-[[(1,1-dimethylethyl)dimethylsilyl]thio]benzene211 

 

In a Schlenk tube, 1.0 g (5.3 mmol) of 4-bromothiophenol were dissolved in 25 mL of THF and 

cooled to 0 °C. In a second Schlenk tube, 0.14 g (5.82 mmol) of NaH were dispersed in 25 mL of 

THF and cooled to 0 °C. The 4-bromothiophenol solution was added dropwise to the NaH 

dispersion in THF and the resulting mixture was stirred for 3 h until gas evolution ceased. In a third 

Schlenk tube, 1.20 g (7.9 mmol) of tert-butyl(chloro)dimethyl silane were dissolved in 5 mL of THF 

and were added dropwise at 0 °C to the deprotonated thiol. After stirring for 1 h at 0 °C and 70 h at 

room temperature, the reaction mixture was filtrated over diatomaceous earth. After removal of the 

solvent, the desired product was isolated by distillation (142 °C, 5 mbar) and obtained as colorless 

solid in 70% yield. 

1H-NMR (400 MHz, CDCl3, 25 °C) 

δ = 7.36 (m, 2H, H1), 7.29 (m, 2H, H2), 0.97 (s, 9H, H3), 0.18 (s, 6H, H4) ppm. 
13C-NMR (101 MHz, CDCl3, 25 °C)  

δ = 137.2 (C6), 131.9 (C1), 131.0 (C2), 121.3 (C7), 26.6 (C3), 19.1 (C5), -3.1 (C4) ppm. 

7.2.7 Synthesis of Carbamothioic acid, N-phenyl-, S-(4-bromophenyl) ester212 

 



7.2 Synthesis of Initiator Precursors and Complexes 

149 

In a round bottom flask, 1.88 g (10 mmol) of 4-bromothiophenol and 1.19 g (10 mmol) of phenyl 

isocyanate were heated to 75 °C and stirred for 1 h. After addition of 20 mL of CH2Cl2, the solution 

was stirred for 14 h at room temperature. Crystallization from Et2O yielded the desired product in 

quantitative yield as colorless crystals. 

1H-NMR (400 MHz, acetone-d6, 25 °C) 

δ = 9.49 (s, 1H, H3), 7.62 (d, 3JHH = 7.9 Hz, 2H, H1), 7.57 (d, 3JHH = 8.2 Hz, 2H, H4), 7.50 (d, 
3JHH = 7.9 Hz, 2H, H2), 7.32 (m, 2H, H5), 7.09 (t, 3JHH = 7.4 Hz, 1H, H6) ppm. 
13C-NMR (101 MHz, acetone-d6, 25 °C)  

δ = 163.2 (C9), 139.8 (C10), 137.9 (C2), 132.9 (C1), 129.8 (C5), 129.0 (C8), 124.8 (C6), 124.0 (C7), 120.2 

(C4) ppm. 

7.2.8 Synthesis of 1-Bromo-4-triphenylmethylsulfanylbenzene213 

 

In a round bottom flask, 4 g (15 mmol) of triphenylmethanol were dispersed in 50 mL of glacial 

acidic acid. After addition of 2.9 g (15 mmol) of 4-bromothiophenol, the mixture was heated to 75 °C 

for 5 h. The mixture was poured into water and the precipitate was isolated by centrifugation. After 

dissolving in ethyl acetate and drying over MgSO4, the solvent was removed. After washing with 

Et2O, the product was obtained as colorless solid in 60% yield.  

1H-NMR (400 MHz, C6D6, 25 °C) 

δ = 7.49 (m, 6H, H3), 6.99 (m, 6H, H2), 6.95 (m, 3H, H1), 6.84 (m, 2H, H5), 6.76 (m, 2H, H4) ppm.  
13C-NMR (101 MHz, C6D6, 25 °C)  

δ = 144.4 (C9), 136.0 (C4), 133.8 (C7), 131.3 (C5), 130.1 (C3), 127.9 (C2), 127.0 (C1), 122.3 (C6), 71.1(C6) 

ppm. 

7.2.9 General Procedure for the Syntheses of Thiol-functionalized three-coordinate Pd(II) 

Suzuki-Miyaura Coupling Polymerization Initiators 

Reaction conditions for the synthesis of three-coordinate Pd(II) complexes with a thio aryl 

moiety were derived from syntheses of Suzuki-Miyaura initiator complexes reported previously49,71,98, 

with variation of solvent and temperature. One equiv. of the protected 4-bromothiophenol was 
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dissolved in C6D6 or 2-butanone. After addition of 1 equiv. of [Pd(PtBu3)2], the reaction mixture was 

stirred at a temperature between room temperature and 70 °C, while monitoring the reaction by NMR 

spectroscopy. 

7.2.10 Synthesis of 1,2-Bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)diphenyl 

disulfide214 

 

In a round bottom flask, 1.9 g (10 mmol) of 4-mercaptophenylboronic acid were dissolved in 

100 mL of N,N-dimethylformamide and 1.4 mL of triethyl amine. Oxygen was bubbled through the 

solution for 1 h. After addition of water, the free boronic acid was isolated by extraction with Et2O. 

The esterification with pinacol was performed by dissolving 1 equiv. of the disulfide and 2 equiv. of 

pinacol in THF/toluene (1:1 v/v ratio) and by removal of the solvent (three times) at a rotary 

evaporator at 40 °C water bath temperature. The desired product was obtained in quantitative yield. 

1H-NMR (400 MHz, CDCl3, 25 °C) 

δ = 7.71 (d, 3JHH = 8.3 Hz, 4H, H1), 7.47 (d, 3JHH = 8.3 Hz, 4H, H2), 1.32 (s, 24H, H3) ppm.  

13C-NMR (101 MHz, CDCl3, 25 °C) 

δ = 140.2 (C5), 135.6 (C1), 125.8 (C2), 83.9 (C4), 24.8 (C3) ppm. The carbon atom adjacent to the 

boron-moiety was not detected by 13C-NMR. 

7.3 Monomer Syntheses 

7.3.1 Synthesis of 2-(7-Bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane215 

 

To a solution of 20.0 g (36.5 mmol) of 2,7-dibromo-9,9-dioctyl-9H-fluorene in 250 mL of THF, 

16.1 mL (40.3 mmol) of n-BuLi solution (2.5 M in hexane) were added dropwise over a period of 30 

minutes at -78 °C. After stirring at this temperature for 75 minutes, 8.9 mL (43.8 mmol) of iso-



7.3 Monomer Syntheses 

151 

propoxyboronic acid pinacol ester were slowly added. The reaction mixture was brought to room 

temperature and was stirred overnight. After removing most of the solvent, 50 mL of water and 

100  mL of diethyl ether were added. The organic phase was separated and washed sequentially with 

70 mL of brine and three times with 50 mL of water. The organic phase was dried over MgSO4 and 

the solvent was removed in vacuo. The product was purified by column chromatography 

(pentane:ethyl acetate, gradient, 15:1 � 10:1) yielding 6.1 g (77%) of a colorless solid. 

1H-NMR (400 MHz, CDCl3, 25 °C) 

δ = 7.81 (m, 1H, H1), 7.73 (s, 1H, H2), 7.66 (d, 3JHH = 7.5 Hz, 1H, H3), 7.57 (d, 3JHH = 7.9 Hz, 1H, 

H4), 7.46-7.42 (m, 2H, H5/6), 1.95 (m, 4H, H7), 1.39 (s, 12H, H15), 1.27-1.04 (m, 24H, H8-13), 0.82 (t, 
3JHH = 7.1 Hz, 3H, H14) ppm.  

7.3.2  Synthesis of 1,4-Dibromo-2,5-bis(hexyloxy)benzene216 

 

25.0 g (94 mmol) of 2,5-dibromobenzene-1,4-diol were dissolved in 500 mL of degassed ethanol. 

After addition of 21.1 g (376 mmol) of KOH, degassed 1-bromohexane was added dropwise and the 

mixture was stirred at 80 °C overnight. The solvent was removed under reduced pressure and the 

resulting colorless precipitate was dissolved in a mixture of 100 mL of diethyl ether and 100 mL of 

water. After phase separation, the aqueous phase was extracted with diethyl ether twice and the 

combined organic phases were evaporated resulting in a colorless oil. 31.4 g (77% yield) of the desired 

product were obtained as colorless crystals after crystallization from ethanol. 

1H-NMR (400 MHz, CDCl3, 25 °C) 

δ = 7.08 (s, 2H), 3.94 (t, 3JHH = 6.5 Hz, 4H), 1.80 (m, 4H), 1.48 (m, 4H), 1.35 (m, 8H), 0.91 (m, 6H) 

ppm. 

7.3.3  Synthesis of 2-(4-Bromo-2,5-bis(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane 
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12.2 g (28 mmol) of 1,4-dibromo-2,5-bis(hexyloxy)benzene were dissolved in 300 mL of dry 

THF and cooled to -78 °C. After addition of 20 mL of a 1.6 M n-BuLi solution (32.2 mmol), the 

reaction mixture was stirred for 3 hours at -78 °C, followed by the dropwise addition of a THF 

solution of triisopropyl borate (10.5 g, 56.1 mmol in 24 mL of THF). The reaction mixture was stirred 

overnight and was allowed to warm to room temperature. 100 mL of a 2 M HCl solution were added 

and the reaction mixture was stirred for 10 minutes. The aqueous phase was extracted three times 

with ethyl acetate (100 mL). The combined organic phase was washed with 50 mL of brine and a 

saturated NaHCO3 solution and dried over MgSO4. After removal of the solvent, a yellowish oil 

(7.0 g) was isolated and purified by column chromatography (pentane:ethyl acetate, 8:1) resulting in 

5.1 g (12.7 mmol, 45%) of the desired product.  

The latter was dissolved in a mixture of 50 mL of THF and 50 mL of toluene, 1.66 g (14.0 mmol) 

of pinacol were added and the solvents were removed under reduced pressure by a rotary evaporator 

(water bath temperature: 40 °C). 50 mL of THF and toluene were added again and removed another 

two times to yield 6.1 g (12.7 mmol, 100%) of 2-(4-bromo-2,5-bis(hexyloxy)phenyl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane after crystallization from ethanol at -28 °C. 

1H-NMR (400 MHz, CDCl3, 25 °C) 

δ = 7.15 (s, 1H, H8), 7.05 (s, 1H, H9), 3.99 (t, 3JHH = 6.5 Hz, 3H, H1), 3.89 (t, 3JHH = 6.3 Hz, 3H, H1‘), 

1.78 (m, 4H, H2), 1.49 (m, br, 4H, H3), 1.34 (m, 20H, H4/H5/H7), 0.91 (t, 3JHH = 6.8 Hz, 3H, H6) 

ppm. 
13C-NMR (101 MHz, CDCl3, 25 °C) 

δ = 158.4 (Ca), 149.7 (Cb), 121.2 (C8), 118.6 (Ce) 118.0 (C9), 116.4 (Cc), 83.7 (Cd), 70.4 (C1) 69.9 (C1’), 

31.8 (C4), 31.7 (C4’), 29.5 (C2), 29.5 (C2’), 25.8 (C3/C3’), 25.0 (C7), 22.9 (C5), 22.8 (C5’), 14.3 (C6), 14.2 

(C6’) ppm.  

7.4 Polymerization Experiments and End-capping Reactions 

7.4.1 Suzuki-Miyaura Coupling Polymerizations in Solution 

One equiv. of monomer, 4 equiv. of CsF and 8 equiv. of 18 crown 6 were dissolved in a 

THF/water mixture (25:1 v/v, 100 mg of monomer per 25 mL THF). The respective initiator 

complex was dissolved in a few mL of THF in a separate Schlenk flask. Both solutions were carefully 

degassed by three freeze-pump-thaw cycles. Polymerization was initiated by injection of the initiator 

solution into the monomer solution at the respective polymerization temperature (-20 °C to RT). The 

polymerization was quenched by the addition of 3 mL of concentrated HCl. After addition of brine, 

the polymer was extracted from the aqueous phase by chloroform. The solvent of the combined 
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organic phase was removed under reduced pressure to yield a yellow precipitate. For further 

purification, the latter was dissolved in toluene, precipitated with ethanol and collected by 

centrifugation at 2400 g for 5 min. After removal of the supernatant, the polymer was dried under 

reduced pressure.  

7.4.2 End-capping of Suzuki-Miyaura Coupling Polymerizations 

One equiv. of the end-capper reagent was dissolved in THF together with 4 equiv. of CsF and 

8 equiv. of 18 crown 6. An excess of minimum 10 equiv. of end-capper vs. the Pd(II) initiator complex 

was used to quench the polymerization by injection of the end-capper solution to the polymerization 

mixture at the polymerization temperature. After 30 minutes of stirring, a few mL of conc. HCl were 

added and work-up was performed as described for non-end-capped polymerizations (Chapter 7.4.1). 

7.4.3 Deprotection of Polymers Synthesized by Suzuki-Miyaura Coupling Polymerization in 

Solution 

Polymers with aniline end-groups protected by the BOC group were deprotected by the addition 

of trifluoroacetic acid to the polymer solution in chloroform.  

Phenylphosphonic acid diethyl ester functionalized polymer was deprotected by the addition of 

2.5 equiv. (vs. one equiv. of phenylphosphonic acid diethyl ester functionalized polymer) of 

bromotrimethylsilane to a polymer solution in dichloromethane and addition of methanol after two 

hours of stirring at room temperature.  

7.4.4 Synthesis of Polyfluorene-b-Polyethylene Oxide Copolymer 

In a round bottom flask, 40 mg (0.02 mmol) of α-methoxy-ω-carboxy polyethylene oxide (Mn 

2000 g/mol) and 7.2 mg (0.035 mmol) of N,N'-dicyclohexylcarbodiimide were dissolved in 2.5 mL 

of CH2Cl2. In a second flask, 60 mg (0.01 mmol) of aniline functionalized polyfluorene (Mn 6000 

g/mol) and 2.4 mg (0.02 mmol) of 4-dimethylaminopyridine were dissolved in 2.5 mL of CH2Cl2. 

After stirring both solutions for 15 minutes, the two were mixed and stirred overnight at room 

temperature. After removal of the solvent, the precipitate was washed with acetone three times.  

7.5 Nanoparticle Syntheses and Functionalization 

7.5.1 Synthesis of CdSe Quantum Dots 

CdSe quantum dots were synthesized according to literature11 with minor modifications. 
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145 mg of CdO were dissolved in 2 mL of oleic acid at 170 °C for 30 minutes, resulting in a 

slightly yellow solution. After cooling to 80 °C, 3 mL of 1-octadecene and 1 g of 

1-dodecylphosphonic acid were added and the mixture was degassed at 80 °C for 1 hour. 116 mg of 

selenium were dissolved in 1.5 mL of trioctylphosphine by ultrasonication for 30 minutes. After 

addition of 1.5 mL of oleyl amine, the mixture was degassed at 80 °C for 1 hour. After heating the 

Cd-precursor to 240 °C, the Se-precursor was quickly injected and the temperature was maintained 

for 6 minutes and 30 seconds or 7 minutes. The reaction mixture was cooled to room temperature 

and 30 mL of methanol were added. After centrifugation at 2400 g for 5 minutes, the quantum dot 

pellet was redispersed in 4 mL of heptane and centrifuged at 2400 g for 8 minutes in order to remove 

the excess of 1-dodecylphosphonic acid. The supernatant containing the quantum dots was 

transferred into a centrifuge vial and the quantum dots were precipitated by the addition of 10 mL 

of methanol. After centrifugation at 2400 g for 5 minutes and removal of the supernatant, the 

quantum dots were dispersed in 10 mL of toluene and stored in the dark at 6 °C.  

In the case of CdSe/CdS quantum dots that were used for surface initiated polymerizations, the 

CdSe cores were precipitated from toluene with ethanol several times, in order to completely remove 

any non-bound 1-dodecylphosphonic acid, before the shell synthesis was performed. 

7.5.2 Synthesis of CdSe/CdS Core-Shell Quantum Dots 

Synthesis of CdSe/CdS core-shell QDs was performed according to literature with minor 

modifications.11,100 The synthesis described here is scaled up by a factor of six. 

435 mg of CdO were dissolved in 6 mL of oleic acid at 170 °C for 30 minutes resulting in a 

slightly yellow solution. After addition of 24 mL of 1-octadecene, the mixture was degassed for 1 hour 

at 80 °C. 96 mg of sulfur were dissolved in 30 mL of 1-octadecene by ultrasonication for 30 minutes 

and degassed for 1 hour at 80 °C. 9 mL of a freshly prepared CdSe dispersion in toluene were mixed 

with 12 mL of oleyl amine and 24 mL of 1-octadecene. The toluene was removed by applying vacuum 

for 1 hour, followed by degassing for 30 minutes at 80 °C. The S-precursor and the Cd-precursor 

were kept at 80 °C. The alternating addition of certain amounts of the Cd-precursor and the 

S-precursor to the CdSe dispersion was performed with a syringe pump. After addition of 1.68 mL 

of the Cd-precursor, the nanocrystal dispersion was heated to 240 °C. Subsequently, the following 

amounts of the respective precursor solutions were added over time periods of 10 minutes, 

respectively: 1.68 mL of S-precursor, 2.76 mL of Cd-precursor, 2.76 mL of S-precursor, 3.90 mL of 

Cd-precursor, 3.90 mL of S-precursor, 5.22 mL of Cd-precursor, 5.22 mL of S-precursor, 6.78 mL 

of Cd-precursor, 6.78 mL of S-precursor and finally 8.52 mL of Cd-precursor followed by 20 minutes 

of stirring at 240 °C. After cooling to 70 °C the CdSe/CdS core-shell quantum dots were precipitated 
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by the addition of 40 mL of ethanol and were collected by centrifugation (2400 g for 5 minutes). The 

supernatant was discarded and the quantum dot pellet was redispersed in 10 mL of toluene and stored 

in the dark at 6 °C.  

7.5.3 Synthesis of CdSe/CdS/ZnS Core-Shell Quantum Dots  

The synthesis and work up of CdSe/CdS/ZnS core-shell quantum dots was performed 

according to the procedure described in subchapter 7.5.2, however, the following precursor amounts 

were added alternatingly to 1.5 mL of CdSe quantum dots dispersed in 2 mL of oleyl amine and 4 mL 

of octadecene: First, 0.28 mL of the Cd-precursor were slowly added to the CdSe quantum dot 

dispersion and the reaction mixture was heated to 240 °C. 0.28 mL of S-precursor, 0.46 mL of Cd-

precursor, 0.46 mL of S-precursor, 0.65 mL of Cd-precursor, 0.65 mL of S-precursor, 0.87 mL of 

Zn-precursor, 0.87 mL of S-precursor, 1.13 mL of Zn-precursor, 1.13 mL of S-precursor and finally 

1.42 mL of Zn-precursor were added. The Zn-precursor was prepared by dissolving 92.2 mg of ZnO 

in 2 mL of oleic acid at 240 °C for 30 minutes. After cooling to 70 °C, 10 mL of 1-octadecene were 

added and the mixture was degassed for 1 h at 70 °C.  

7.5.4 Determination of CdSe and CdSe/CdS and CdSe/CdS/ZnS Quantum Dot Concentrations 

The nanocrystal concentration was determined according to the method of Yu et al.217 For core-

shell nanocrystals, it was assumed that the number of crystals is the same after the synthesis of the 

shell.  

7.5.5 Functionalization of CdSe/CdS Nanocrystals for Surface Initiated Suzuki-Miyaura 

Coupling Polymerization  

The QDs were repeatedly precipitated from THF with ethanol until the QDs were not 

dispersible anymore. After addition of (4-bromophenyl)phosphonic acid or (4-

iodophenyl)phosphonic acid and THF, the QDs were readily dispersible again, indicating an effective 

binding of the newly added ligand. 31P-NMR spectroscopy was employed to determine the amount 

of phosphonic acid that can bind to the QD surface (Figure A 21). The broad signal at 28 ppm can 

be assigned to dodecylphosphonic acid, which is employed during the synthesis of the CdSe core. 

Bound (4-iodophenyl)phosphonic acid gives rise to a broad 31P-NMR resonance at 13 ppm. 

Successive portions of phosphonic acid were added to the QDs until a sharp signal was observed 

(13 ppm). The addition of an excess additionally results in the displacement of dodecylphosphonic 

acid, resulting in a second sharp signal at 28 ppm. According to the NMR experiment, a single 
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nanocrystal can be functionalized with approximately 350 (4-iodophenyl)phosphonic acid ligands 

(1.8 ligands/nm2). 

7.5.6 Synthesis of PbS Quantum Dots 

According to Cademartiri et al.160 

1 g (3.6 mmol) of PbCl2 were dissolved in 2.38 mL of oleyl amine at 120 °C and the solution was 

stirred and degassed by bubbling with nitrogen. In an additional round bottom flask, 11.5 mg 

(0.36 mmol) of sulfur were dissolved in 2.46 mL of oleyl amine. The solution was degassed at 80 °C 

by bubbling with nitrogen for 30 min. 0.25 mL of the sulfur precursor solution in oleyl amine were 

rapidly injected into the PbCl2 precursor solution at 120 °C. After 2 – 4 min at this temperature, 3 mL 

of heptane were added, followed by centrifugation at 2400 g for 5 minutes. The supernatant was 

separated from the white precipitate (PbCl2) and 0.7 mL of ethanol were added to the isolated 

supernatant. The resulting suspension was centrifuged at 2400 g for 5 minutes. The supernatant was 

discarded and the precipitate was redispersed in 2 mL of heptane.  

 

According to Moreels et al.161 

834 mg (3 mmol) of PbCl2 were dissolved in 7.5 mL of oleyl amine at 120 °C and were degassed 

by bubbling with nitrogen for 30 min at 120 °C. In a separate round-bottom flask, 0.16 g (5.0 mmol) 

of sulfur were dissolved in 15.0 mL of oleyl amine. The solution was degassed by bubbling with 

nitrogen for 30 min at 120 °C. 2.25 mL of the S-precursor solution were injected into the Pb-

precursor at a temperature between 120 °C – 160 °C. After 10 – 90 min, 10 mL of toluene and 15 mL 

of ethanol were added to the reaction mixture. The resulting suspension was centrifuged at 2400 g 

for 5 min and the supernatant was discarded. The precipitate was redispersed in 10 mL of toluene. 

In case of the synthesis of PbS nanocrystals in the presence of 4-bromobenzoic acid, 1 g of the 

compound was added to the Pb-precursor. 

7.5.7 Determination of PbS Quantum Dot Concentration 

The concentration of the PbS nanocrystals synthesized according to Moreels et al. was estimated 

as following: A conversion of 70% of the limiting precursor was assumed. From the particle diameter 

derived from TEM images, the volume of a single particle was calculated (assuming spherical 

particles). With the density of PbS and the amount of PbS that can be formed, the number of particles 

and their concentration was estimated to be 5 × 10-5 mol/L.  



7.5 Nanoparticle Syntheses and Functionalization 

157 

7.5.8 Functionalization of PbS Quantum Dots for Surface Initiated Suzuki-Miyaura Coupling 

Polymerization  

PbS quantum dots (2.5 mL) were precipitated by the addition of 5.5 mL of ethanol. After 

centrifugation and removal of the supernatant, the precipitate was redispersed in 4 mL of toluene. 

After a second precipitation by addition of ethanol and a subsequent centrifugation step, the particles 

were dispersed in 1 mL of THF. 10 mg (0.03 mmol) of the respective carboxylate ligand were added 

and the mixture was stirred at 50 °C overnight. 

7.5.9 Synthesis of Surface-Immobilized Initiator Complexes 

1 mL of a QD dispersion functionalized with the respective halo-aryl ligand in toluene or in THF 

was degassed by applying three freeze-pump-thaw cycles. Afterwards, [Pd(PtBu3)2] or [Pd(dba)2] with 

1.5 equiv. of PtBu3, were added and the mixture was stirred at room temperature or heated to the 

desired temperature. 

7.5.10 Surface Initiated Suzuki-Miyaura Coupling Polymerization Procedure 

In a 100 mL Schlenk tube, 100 mg (0.17 mmol, 1 equiv.) of monomer, 102 mg (0.17 mmol, 

4 equiv.) of CsF and 355 mg (1.346 mmol, 8 equiv.) of 18 crown 6 were dissolved in 25 mL of THF 

and 1 mL of water. After degassing the solution by 3 freeze-pump-thaw cycles, the QD/initiator 

dispersion was quickly injected. After 1 hour at a temperature between -20 °C and room temperature, 

the polymerization was quenched by the addition of 15-25 mL of methanol. The hybrid particles 

were collected by centrifugation (typically at 2400 g for 7 min) and were redispersed in 10 mL of 

toluene. For end-capping experiments, the polymerization was quenched after 1 hour polymerization 

time by the addition of 20 equiv. of 2-[3,5-bis(trifluoromethyl)phenyl]-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (vs. 1 equiv. of [Pd(PtBu3)2]), stirred for another 30 minutes at 0 °C, followed by the 

addition of methanol to precipitate the hybrid particles. 

7.5.11 Polymer Isolation after Surface Initiated Suzuki-Miyaura Coupling Polymerization 

For analysis of polymer formed in surface initiated polymerizations, the hybrid particles 

dispersed in toluene were mixed with 5 mL of concentrated hydrochloric acid in order to dissolve 

the CdSe/CdS quantum dots (extreme caution, H2Se, H2S and HF is formed) and to release any 

bound polymer. After stirring for three hours, water was added and the pH of the mixture was 

adjusted to pH 6 by addition of a saturated K2CO3 solution. The aqueous phase was extracted three 

times with chloroform. The organic phases were combined and the solvent was removed under 
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reduced pressure. The resulting polymer was dissolved in 2 mL of hot toluene and filtered through a 

syringe filter directly into 4 mL of MeOH to precipitate the polymer. After centrifugation, the 

supernatant solution was discarded and the isolated polymer dried under reduced pressure.  

7.6 Nanoparticle-Ligand Syntheses 

7.6.1 Synthesis of Benzo[c][2,1,3]thiadiazole218 

 

In a round bottom flask, 8.3 g (76.9 mmol) of 1,2-diaminobenzene were dissolved in 140 mL of 

dichloromethane and 33.2 mL of triethyl amine. Through a dropping funnel, 10 g (84.4 mmol) of 

SOCl2 were added over a time period of 2 hours. After heating overnight to 60 °C, the solvent was 

removed under reduced pressure and the residue was isolated by steam distillation. The product was 

obtained as colorless crystals in nearly quantitative yield.  

1H-NMR (400 MHz, CDCl3, 25 °C) 

δ = 8.02 (m, 2H), 7.59 (m, 2H) ppm. 

7.6.2 Synthesis of 4-Bromobenzo[c][2,1,3]thiadiazole219 

 

In a 3-neck round bottom flask, 3.012 g (22.2 mmol) of benzo[c][2,1,3]thiadiazole were dispersed 

in 22.2 mL of HBr (47 wt% aq.) and heated to 100 °C. 1.04 mL (22.2 mmol) of bromine were slowly 

added through a dropping funnel and the mixture was refluxed overnight. After addition of 30 mL 

of water, the mixture was neutralized with K2CO3 and the aqueous phase was extracted with 

chloroform. After removal of the solvent, the product was purified by column chromatography 

(dichloromethane) and crystallized from ethanol resulting in 34% yield.  

1H-NMR (400 MHz, CDCl3, 25 °C) 

δ = 7.98 (dd, 3JHH = 8.8, 4JHH = 0.9 Hz, 1H), 7.85 (dd, 3JHH = 7.2, 4JHH = 0.9 Hz, 1H), 7.48 (dd, 3JHH = 

8.8, 3JHH = 7.2 Hz, 1H) ppm. 
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7.6.3 Synthesis of Methyl benzo[c][2,1,3]thiadiazole-4-carboxylate220 

 

In a 50 mL Schlenk tube under inert gas atmosphere, 173 mg (0.232 mmol) of [Pd(dppf)Cl2] 

were dissolved in 8 mL of methanol and 0.64 mL of NEt3. A 22 mL stainless steel pressure reactor 

with glass inlet was charged with 509.5 mg (2.36 mmol) of 4-bromobenzo[c][2,1,3]thiadiazole and was 

set under inert gas atmosphere. After addition of the content of the Schlenk tube, the reactor was 

pressurized with CO (20 bar). The mixture was stirred at 120 °C for 16 h. The resulting red-brown 

solid was dissolved in methanol and filtrated over silica. The solvent was removed under reduced 

pressure and the product was crystallized from ethanol (crystallization at -30 °C), yielding 330 mg 

(73%) of the desired product as red-brown crystals. 

1H-NMR (400 MHz, CD3OD, 25 °C) 

δ = 8.41 (dd, 4JHH = 7.0, 5JHH = 1.1 Hz, 1H, H1), 8.31 (dd, 3JHH = 8.8, 4JHH = 1.1 Hz, 1H, H3), 7.81 

(dd, 3JHH = 8.8, 3JHH = 7.0 Hz, 1H, H2), 4.05 (s, 3H, H4) ppm.  

7.6.4 Synthesis of Methyl 7-bromobenzo[c][2,1,3]thiadiazole-4-carboxylate 

 

In an 8 mL vial, 220 mg (1.13 mmol) of methyl benzo[c][2,1,3]thiadiazole-4-carboxylate were 

dissolved in 0.5 mL of H2SO4 (97% aq.). The mixture was heated to 60 °C and 120 mg (0.67 mmol) 

of N-bromosuccinimide were added. After 1 h, another 120 mg (0.67 mmol) of N-bromosuccinimide 

were added. After in total 2.5 h at 60 °C, the mixture was added to crushed ice and stirred overnight. 

A red-brown precipitate was formed and was filtered off. The solid was washed with water and n-

hexane, yielding 203.5 mg (66%) of the desired product as a red-brown solid. 

1H-NMR (400 MHz, DMSO-d6, 25 °C) 

δ = 8.20 (d, 3JHH = 7.7 Hz, 1H, H1), 8.14 (d, 3JHH = 7.7 Hz, 1H, H2), 3.93 (s, 3H, H3) ppm. 
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7.6.5 Synthesis of 7-Bromobenzo[c][2,1,3]thiadiazole-4-carboxylic acid 

 

In a 25 mL Schlenk tube, 204 mg (0.74 mmol) of methyl 7-bromobenzo[c][2,1,3]thiadiazole-4-

carboxylate were dissolved in 9 mL of THF and 1 mL of water. After the addition of 100 mg of 

KOH, the mixture was stirred at 50 °C for 2 hours. After neutralizing with 2 M aqueous HCl solution, 

the desired product was extracted from the aqueous solution with chloroform. The solvent of the 

combined organic phases was removed under reduced pressure, yielding 120 mg (62%) of the desired 

product as red-brown crystals. 
1H-NMR (400 MHz, CD3OD, 25 °C)  

δ = 8.24 (d, 3JHH = 7.6 Hz, 1H, H2), 8.02 (d, 3JHH = 7.6 Hz, 1H, H3) ppm. 
 13C-NMR (101 MHz, CD3OD, 25 °C)  

δ = 166.9 (C7), 155.3 (C6), 152.9 (C5), 135.1 (C3), 132.8 (C2), 124.1 (C4), 120.8 (C1) ppm. 

7.7 Embedding Experiments 

7.7.1 Encapsulation of Quantum Dots and Organic/Inorganic Semiconductor Hybrid Particles 

into Polymer Nanoparticles by Miniemulsion Polymerization 

A 100 mL Schlenk tube was charged with 20 to 200 mg of sodium dodecyl sulfate and 80 mL of 

degassed water. In an 8 mL vial, 5 to 20 mg of azobisisobutyronitrile, the respective volume of a 

quantum dot or hybrid particle dispersion in toluene, 0.1 mL to 1 mL of monomer, 0.1 mL of 

hexadecane and 0.01 to 0.5 mL of ethylene glycol dimethacrylate were mixed. The mixture was added 

to the aqueous sodium dodecyl sulfate solution under vigorous stirring and a miniemulsion was 

generated by ultrasonication (Bandelin GM3200 ultrasonotrode with KE76 tip, operated at 120 W) 

with an intensity of 60% for 2 to 3 minutes while the Schlenk tube was placed in an ice bath. For 

polymerization, the miniemulsion was stirred at 76 °C for 5 hours under a nitrogen atmosphere 

followed by stirring overnight at room temperature in an open vessel.  
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7.7.2 Synthesis of Polymer Nanoparticles and Embedding of Quantum Dots by Multi-Inlet 

Vortex Mixing 

A THF/polymer solution was generated by dissolving the respective polymer in THF under 

ultrasonication followed by stirring the solution for 30 minutes at 50 °C. In the case of QD-

embedding experiments, the QDs were precipitated from toluene by the addition of methanol and 

redispersed in the THF/polymer mixture by ultrasonication. The polymer solution or polymer/QD 

dispersion was filtrated through a syringe filter before being used in vortex experiments.  

7.7.3 Encapsulation of Quantum Dots and Organic/Inorganic Semiconductor Hybrid Particles 

into Silica Nanoparticles 

For the embedding into silica, the respective quantum dots or hybrid particles were precipitated 

from toluene with ethanol. After centrifugation, the supernatant was removed and the particles were 

redispersed in 1 mL of cyclohexane. In an 8 mL vial, 225 mg of Igepal CO-520 were dissolved in 

4.4 mL of cyclohexane, added to the quantum dot dispersion, followed by stirring the mixture for 

30 minutes. 60 µL of NH3 in water (25 wt%) were added and the inhomogeneous mixture was stirred 

for another 60 minutes. After addition of 20 to 400 µL of tetraethyl orthosilicate the reaction mixture 

was vigorously stirred for 24 hours at room temperature. The resulting particles were isolated by 

precipitation with 2 mL of ethanol followed by centrifugation. After removal of the supernatant, the 

particles were redispersed in 4 mL of water.  

7.8 Force Spectroscopy on Poly(Methyl Methacrylate) Particles with Atomic 

Force Microscopy 

For the recording of force-distance curves, the polymer dispersions were diluted by a factor of 

200 and spin coated onto a plasma cleaned silica substrate. For analysis of the data, the JPK data 

processing software was used. The spring constant of the Bruker OTESPA-R3 cantilever was 

26 N/m while the sensitivity was set to 25 nm/V. Before applying the Hertz model, first the baseline 

was corrected. Secondly, the contact point, e.g. the point where the force curve crosses the zero force 

line was calculated and was set as zero of the x-axis. Third, the tip-sample separation was adjusted. 

With this option, the height signal of the tip is corrected for the bending of the cantilever. All these 

operations are applied to the extend curve because the tip-sample contact point is a crucial parameter 

for the Hertz model and can be masked in retract curves due to adhesive interactions. A general 

description of the applied operations can be found in the JPK Data Processing Software Manual.  
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9. Appendix 

 

Figure A 1. Typical 1H-NMR spectrum of BOC-aniline functionalized polyfluorene recorded at room temperature in 

C6D6. 

 

Figure A 2. MALDI-TOF mass spectrum of BOC-aniline end-capped polyfluorene deprotected by stirring the polymer 

melt at 190 °C under reduced pressure. The assigned polymer species are depicted on the right. 
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Figure A 3. GPC trace of BOC-aniline functionalized polyfluorene after deprotection at 190 °C under reduced pressure. 

A bimodal distribution is observed due to the reaction of aniline functionalized polymer with isocyanate functionalized 

polymer, resulting in urea coupled species. 

 

Figure A 4. GPC trace of aniline functionalized polyfluorene after deprotection with trifluoroacetic acid. 
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Figure A 5. Typical 1H-NMR spectrum of phenylphosphonic acid diethyl ester functionalized polyfluorene recorded at 

room temperature in C6D6.  

 

Figure A 6. Typical GPC trace of phenylphosphonic acid diethyl ester functionalized polyfluorene. 
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Figure A 7. Typical GPC trace of phenylphosphonic acid functionalized polyfluorene. 

 

Figure A 8. MALDI-TOF mass spectra of polyfluorene obtained after initiating the polymerization with 

[(bromo)(phenyl)(tri-tert-butylphosphine)Pd(II)] and quenching after 30 minutes with conc. HCl (top), with 1,2-bis(4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)diphenyl disulfide (center) and with 4-mercaptophenylboronic acid 

(bottom). 
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Figure A 9. GPC traces of polymers isolated from polymerizations of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane initiated by [(bromo)(phenyl)(tri-tert-butylphosphine)Pd(II)] and quenched by the 

addition of concentrated HCl (left), 4-mercaptophenylboronic acid (center) and by the addition of 1,2-bis(4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)diphenyl disulfide (right). 

 

Figure A 10. GPC trace of polymer obtained from a polymerization of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-

tetramethyl-1,3,2-dioxaborolane initiated by [(bromo)(phenyl)(tri-tert-butylphosphine)Pd(II)] and quenched by the 

addition of 4,4,5,5-tetramethyl-2-(4-(tritylthio)phenyl)-1,3,2-dioxaborolane. 
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Figure A 11. MALDI-TOF mass spectrum of polyfluorene obtained after initiating the polymerization with 

[(bromo)(phenyl)(tri-tert-butylphosphine)Pd(II)] and quenching the polymerization by the addition of sulfur dissolved in 

THF. In the inset, the MALDI-TOF mass signal of the thiol-functionalized 6-mer is depicted, together with the 

calculated isotope pattern of this species (red line). 

 

 

Figure A 12. GPC traces of polymers obtained from polymerizations of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (right) and of 2-(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane (left) initiated with [(bromo)(phenyl)(tri-tert-butylphosphine)Pd(II)] and quenched by the addition 

of sulfur, respectively. 
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Figure A 13. Emission spectra (left, recorded in toluene, λexc: 380 nm) of polyfluorene with phenyl as initiating chain-

end and a hydrogen as terminating chain-end (black line) and of polyfluorene with 40% of the chains featuring –SH as 

terminating chain-end (red line). Emission spectra (right, recorded in toluene, λexc: 435 nm) of polythiophene with 

phenyl as initiating chain-end and a hydrogen as terminating chain-end (black line) and of polythiophene with 48% of 

the chains carrying a thiol as terminating chain-end (red line). 

 

Figure A 14. Photoluminescence spectra (left, λexc: 380 nm) of polyfluorene with a phenyl initiating chain-end and a 

hydrogen terminating chain-end (black line) and a bromine terminating chain-end (red line) in toluene. 

Photoluminescence spectra (right, λexc: 435 nm) of poly(hexylthiophene) with a phenyl initiating chain-end and a 

hydrogen terminating chain-end (black line) and a bromine terminating chain-end (red line) in toluene. 
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Figure A 15. MALDI-TOF mass spectrum of polymer isolated after polymerization of 2-(7-bromo-9,9-dioctyl-9H-

fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane at 0 °C initiated with the complex [(bromo)(4-

diethoxyphosphoryl-phenyl)(tri-tert-butylphosphine)Pd(II)] (monomer to initiator ratio of 10:1). The polymerization 

was quenched after 1 hour by the addition of conc. HCl. 

 

Figure A 16. Photoluminescence spectra of CdSe/CdS/aniline functionalized polyfluorene hybrid particles synthesized 

in the presence of 100 equiv. of aniline functionalized polyfluorene and 16000 equiv. of oleyl amine (red line), 4000 

equiv. of oleyl amine (black line) and without oleyl amine (blue line) during shell synthesis, respectively. 
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Figure A 17. AUC scans of CdSe/CdS/aniline functionalized polyfluorene hybrid particles at the optical wavelength of 

290 nm, a temperature of 25 °C and a rotational speed of 25000 rpm in toluene. 

 

Figure A 18. AUC scans of CdSe/CdS/aniline functionalized polyfluorene hybrid particles at the optical wavelength of 

380 nm, a temperature of 25 °C and a rotational speed of 25000 rpm in toluene. 
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Figure A 19. AUC scans of CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrid particles at the 

optical wavelength of 290 nm, a temperature of 25 °C and a rotational speed of 25000 rpm in toluene. 

 

Figure A 20. AUC scans of CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrid particles at the 

optical wavelength of 380 nm, a temperature of 25 °C and a rotational speed of 25000 rpm in toluene. 
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Figure A 21. 31P-NMR spectrum of (4-iodophenyl)phosphonic acid in THF-d8 (bottom) and of CdSe/CdS quantum 

dots functionalized with 10 mg of (4-iodophenyl)phosphonic acid (around 350 ligands per QD, center) and of 

functionalized saturated QDs with additional 46 mg of (4-iodophenyl)phosphonic acid (top). The sharp signal at 

13 ppm can be assigned to non-bound (4-iodophenyl)phosphonic acid and the sharp signal at 28 ppm to 

dodecylphosphonic acid that was displaced from the QD surface. 

 

 

Figure A 22. Reaction of CdSe/CdS QDs functionalized with (4-bromophenyl)phosphonic acid with [Pd(PtBu3)2] at 

70 °C in benzene-d6 monitored by 31P-NMR spectroscopy. A sealed capillary filled with H3PO4 was added to the NMR 

tube as internal standard. 
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Figure A 23. GPC trace of polyfluorene stripped of from CdSe/CdS nanocrystals after a surface initiated 

polymerization by destroying the QDs with conc. hydrochloric acid. 
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Figure A 24. 19F-NMR spectrum of isolated polyfluorene after quenching the polymerization with 20 equiv. of 2-[3,5-

bis(trifluoromethyl)phenyl]-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (vs. 1 equiv. of [Pd(PtBu3)2]), collecting the 

nanocrystals by centrifugation and destroying the latter by the addition of conc. HCl. 
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Figure A 25. 1H31P-HMBC-NMR spectrum of the reaction mixture of [Pd(PtBu3)2] and 2-(4-bromo-2,5-

bis(hexyloxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane recorded after 18 h at 40 °C in THF-d8. 

 

Figure A 26. Reaction of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with 

[Pd(PtBu3)2] at 40 °C in THF-d8 monitored by 31P-NMR spectroscopy. 
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Figure A 27. 1H31P-HMBC-NMR spectrum of the reaction mixture of [Pd(PtBu3)2] and 2-(7-bromo-9,9-dioctyl-9H-

fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane recorded after 66 h at 40 °C in THF-d8. 

 

 

 

Figure A 28. Reaction of 2-(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with 

[Pd(PtBu3)2] at 40 °C in THF-d8 monitored by 31P-NMR spectroscopy. A signal for the formed complex is not 

observed as the complex precipitates from solution. 
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Figure A 29. 1H-NMR spectrum of the yellow precipitate formed during the reaction of 2-(5-bromo-3-(2-

ethylhexyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane with [Pd(PtBu3)2], measured in benzene-d6. The 

integrals are in agreement with the integrals expected for the complex formed by oxidative addition of [Pd(PtBu3)2] into 

the C-Br bond of the thiophene monomer. 

 

Figure A 30. 1H31P-HMBC-NMR spectrum of the reaction of diethyl-(7-bromobenzo[c][2,1,3]thiadiazol-4-

yl)phosphonate  with [Pd(PtBu3)2] to the corresponding Pd(II) complex in benzene-d6 at room temperature after one 

hour reaction time.  
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Figure A 31. GPC trace of polyfluorene isolated from the supernatant after grafting polyfluorene from PbS 

nanocrystals and collecting the latter by centrifugation. 

 

Figure A 32. Typical force-distance curve recorded on a non-cross-linked PMMA particle fitted with the Hertz model 

(green line). 
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Figure A 33. Typical force-distance curve recorded on a cross-linked PMMA particle fitted with the Hertz model (green 

line). 

 

Figure A 34. Typical force-distance curve recorded on the silica substrate fitted with the Hertz model (green line). 
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Figure A 35. TEM image of CdSe/CdS/aniline functionalized polyfluorene hybrids embedded into PMMA spheres by 

miniemulsion polymerization (Table 8, Entry 1).  

 

 

Figure A 36. UV-Vis spectra of CdSe/CdS/phenylphosphonic acid functionalized polyfluorene hybrids embedded into 

PMMA nanoparticles according to Table 8 Entry 2 (left) and Entry 3 (right). 
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Figure A 37. TEM image of PS-graft-PEO particles generated by using a multi-inlet vortex mixer. The sample was 

diluted 1:5 and stained with 1 wt% of a 2 wt% phosphotungstic acid solution (Table 9, Entry 1).  

 

Figure A 38. TEM image of PMMA nanoparticles stabilized by SDS with embedded CdSe/CdS QDs, generated by 

multi-inlet vortex mixing (Table 10, Entry 2). 
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Figure A 39. TEM images of particles obtained in embedding experiments with (3-aminopropyl)-trimethoxysilane 

functionalized QDs. Left: Agglomerated QDs, probably cross-linked by the polymerizable ligand. Right: Polydisperse 

silica particles with QDs embedded, however, with many being empty or containing more than one QD. 

 

Figure A 40. Empty silica particles obtained by using 100 µL of TMOS as silica precursor and with a TMOS:QD ratio 

of 1200:1.  

 




