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Zusammenfassung — Abstract

Durch das Aufbringen konjugierter Polymerketten an halbleitende anorganische
Nanokristalle entstehen hybride Nanopartikel, die fiir den Einsatz in optoelektronischen
Geraten wie Solarzellen und lichtemittierenden Dioden sehr vielversprechend sind. Diese
Partikel sind aufgrund moglicher Energie- und/oder Ladungsiibertragen zwischen den
unterschiedlichen Materialien interessant. Dariiber hinaus sind die Partikel ein ideales
System, um die Wechselwirkung zwischen Ladungen, Photonen und Phononen in einem
quantisierten System zu untersuchen. Des Weiteren sind die Partikel vielversprechend
fir den Einsatz als Einzelphotonenquelle fiir quantenoptische Studien in der
Ultrakurzzeitphysik. Jedoch stellte die kontrollierte und reproduzierbare Synthese von
optisch  hochwertigen (hohe Quantenausbeute, stabile Emission, schmale
Emissionsbanden) Hybridpartikeln mit direkt an die Oberfliche gebundenen
Polymerketten eine Herausforderung dar.

Fiir die Darstellung hybrider Nanopartikel, bestehend aus konjugierten Polymeren und
halbleitender Nanokristalle, sind optisch hochwertige Nanokristalle eine Voraussetzung.
CdSe/CdxZn1xS Quantenpunkte wurden nach einem literaturbekannten! Verfahren
hergestellt. Die synthetisierten Quantenpunkte weisen eine Quantenausbeute von bis zu
87% auf. Bemerkenswert ist, dass schon Quantenpunkte mit einer Hiille bestehend aus 2
Monolagen CdS und 2 Monolagen ZnS diese Quantenausbeute erreichen und optisch sehr
stabil sind. Eine diinne Hiille der Quantenpunkte erleichtert wahrscheinlich Ladungs- und
Energieiibertrage zwischen dem fluoreszenzaktiven CdSe Kern und angebundenen
konjugierten Polymerketten. Des Weiteren bildet sich bei diesen Quantenpunkten eine
Legierung! aus CdS und ZnS aus, wodurch eine Typ-1 Heterostruktur gebildet wird und
nicht, wie fiir CdSe/CdS {blich, eine quasi Typ-2 Heterostruktur. Neben quasi-
sphéarischen Quantenpunkten sind auch anisotrope Nanostdabchen sehr interessant fiir die
Untersuchung in Einzelpartikelmessungen und als Einzelphotonenquelle, da geladene
Nanostibchen eine reduzierte Auger-Rekombinationsrate aufweisen koénnen.2?3
CdSe/CdS Nanostdbchen mit verschiedenen Aspektverhdltnissen (Liange 20-40 nm;
Breite ~5 nm) wurden erfolgreich nach einem literaturbekannten* Verfahren
synthetisiert. Durch das Abscheiden einer zusatzlichen CdS Schicht (2 Monolagen)
konnten die optischen Eigenschaften der Stidbchen erheblich verbessert werden

(Quantenausbeute 35-42% — 75-78%). Dariiber hinaus ist die Oberflache von
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Zusammenfassung — Abstract

herkdbmmlichen CdSe/CdS Stabchen durch eine Mischung stark bindender
Phosphonsauren abgesattigt, die sehr schwer zu verdrangen sind. Es konnte gezeigt
werden, dass ein Teil der Oberflaiche der CdSe/CdS/CdS Stidbchen hingegen durch
Olsdureliganden besetzt ist, die potenziell einfacher zu verdringen sind, was einer
Funktionalisierung, vor allem in der Synthese von hybriden Nanopartikeln, dienlich sein
sollte.

Fir die Funktionalisierung der Nanokristalle wurden Kkonjugierte Polymere
(iberwiegend Polyfluorene) mit einer engen Molekulargewichtsverteilung (Mw/Mn < 1,2,
DPn=5-20) und definierten Endgruppen unter Einsatz der kontrollierten Suzuki-Miyaura
Kreuzkupplungspolymerisation synthetisiert. Die Funktionalisierung der Nanopartikel
konnte durch den Einsatz mehrzahniger Polymerliganden verbessert werden. Eine
Moglichkeit die nachfolgende Einbettung der Hybridpartikel in Polymernanopartikel
effizienter zu machen, kénnte die Verwendung von Blockcopolymeren sein, die aus einem
konjugierten und einem nicht-konjugierten Segment bestehen. Deshalb wurden
Copolymere  bestehend aus  Polyfluoren (PF8) und  Polystyrol (PS),
Poly(methylmethacrylat) (PMMA) bzw. Poly(2-ethylhexylmethacrylat) (PEHMA) durch
einen neuen Ansatz, namlich die Kombination aus kontrollierter Suzuki-Miyaura
Kreuzkupplungspolymerisation und kontrollierter radikalischer Polymerisationen, auf
einem direkten Weg dargestellt (Abbildung 1). Zuerst wurde ein genau definierter PF8-
basierter Makroinitiator bzw. ein Makromonomer hergestellt. Die erhaltenen Polymere
wurden ohne weitere Zwischenschritte direkt fiir die Synthese der Copolymere
eingesetzt.

Eine durch den PF8 Makroinitiator initiierte Atomtransferradikalpolymerisation lieferte
Diblockcopolymere mit enger Molekulargewichtsverteilung. Durch die Copolymerisation
des Polyfluoren-basierten Makromonomers mit Styrol, Methylmethacrylat bzw.
Ethylhexylmethacrylat wurden Kammcopolymer erhalten, wobei die Polyfluorenketten
die Seitenketten bilden. Die Anzahl der Seitenkette liefd sich liber das Verhdltnis der
verwendeten Monomere (hier: 2-15 Seitenketten pro Copolymermolekiil) einstellen. Das
Besondere an der verwendeten Methode ist, dass das zweite Kettenende der
Polyfluoreneinheit mit einer weiteren funktionellen Gruppe funktionalisiert werden kann
(hier: Diethylphenylphosphonat). Durch Entschiitzung des Phosphonats unter
Verwendung von Brom(trimethyl)silan wurden, ohne dass dabei Nebenreaktionen
beobachtet wurden, Phosphonsaure-terminierte Polymere erhalten. Die entschiitzten

Kammcopolymere konnen als mehrzahnige Liganden betrachtet werden.
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Zusammenfassung — Abstract
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Abbildung 1. Synthese von konjugierten nicht-konjugierten Copolymeren durch die Kombination
von kontrollierter Suzuki-Miyaura Kreuzkupplungspolymerisation und von kontrollierter
Atomtransferradikalpolymerisation (ATRP). Basierend auf Ref.> Copyright 2019 American
Chemical Society.

Fiir die Synthese hybrider Nanopartikel bestehend aus halbleitenden CdSe-basierten
Nanopartikeln und Polyfluoren-basierten Polymerketten wurden verschiedene Ansaitze
verfolgt. CdSe/CdS Quantenpunkte wurden durch eine direkte
Ligandenaustauschreaktion mit einem Phenylphosphonsidure-endfunktionalisierten
Polyfluoren (DPn = 10) funktionalisiert. Die Emission von Polyfluoren, das direkt an die
Oberflache der Quantenpunkte gebunden war, wurde vollstandig geléscht und es fand ein
quantitativer Energieiibertrag auf den anorganischen Emitter statt. Die erfolgreiche
Anbindung konnte durch analytische Ultrazentrifugation gezeigt werden, wobei etwa
70 % des zugesetzten Polymers (zugesetzt: 175 Ketten/Partikel) an die Nanopartikel
angebunden waren.

Die optisch hoherwertigen CdSe/CdxZnixS Quantenpunkte wurden in einer
Ligandenaustauschreaktion mit den neuartigen Diblockcopolymeren funktionalisiert. Die
Bindungsaffinitat des PO(OH)2-PF8-b-PEHMA Copolymers war vergleichbar mit der des
Phenylphosphonsaure-funktionalisierten Polyfluorens PF8-Ph-PO(OH)2 und etwa 50-
60 % des zugesetzten Polymers (zugesetzt ~100 Ketten/Partikel) banden an die
Nanokristalle an. Bei Verwendung der mehrzdhnigen Kammpolymere fiel ein Teil des
Polymers und der Quantenpunkte irreversibel aus. Das in der Dispersion verbliebene
Polymer war dagegen nahezu vollstandig an die Quantenpunkte angebunden.

Die Zugabe des konjugierten Polymers direkt wahrend der Synthese der Nanopartikel

ermoglicht die Hybridpartikelsynthese bei einer hoheren Temperatur, was die
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Zusammenfassung — Abstract

Anbindung positiv beeinflussen konnte und zu einem Zeitpunkt, an dem die
Partikelbildung noch nicht abgeschlossen ist. Dariiber hinaus entfillt eine weitere,
getrennte  Funktionalisierungsreaktion.  Benzyl- bzw. Phenylphosphonsaure-
endfunktionalisiertes Polyfluoren wurde direkt bei der Synthese von CdSe/(CdS)2(ZnS)2
Quantenpunkten zugesetzt, nachdem die Abscheidung der ZnS Schale abgeschlossen war.
Dadurch wurden qualitativ hochwertige hybride Quantenpunkte (Quantenausbeute 78-
84%, d = 6.1 nm, relative Standardabweichung ~10%) erhalten. Eine Zugabe nach
Abscheiden der CdS Hiille storte dagegen das anschlief3ende Aufbringen der ZnS Hiille.
Die Anzahl an zugesetzten Polymerketten pro Partikel wurde im Bereich 30-160 variiert
und es wurde eine Anbindung zwischen 35-80 % beobachtet, wobei maximal etwa 55
Polymerketten an einen Quantenpunkt anbanden. Dabei fiihrte die Zugabe bei einer
erhohten  Temperatur (310°C vs. 150°C) zu einem leicht hodheren
Funktionalisierungsgrad. Durch Photolumineszenzanregespektroskopie konnte ein
Energietransfer vom optisch angeregten Polyfluoren auf die Nanopartikel nachgewiesen
werden, der qualitativ mit der Anzahl an gebundenen Polymerketten skaliert.
Phenylphosphonsdure-funktionalisiertes Polyfluoren band zu einem leicht héheren
Anteil als Benzylphosphonsdure-funktionalisiertes Polyfluoren an. Des Weiteren war der
Energietransfer von Benzylphosphonsaure-funktionalisiertem Polyfluoren auf die
Quantenpunkte um etwa 25% schwécher als fiir Phenylphosphonsaure-funktionalisiertes
Polyfluoren, was durch die ,isolierende“ CH2 Gruppe zwischen dem konjugierten -
System und der Ankergruppe verursacht wird. Die konjugierten nicht-konjugierten
Copolymere waren aufgrund ihrer Loslichkeitseigenschaften weniger gut fiir diesen
Ansatz geeignet.

Es war nicht moéglich CdSe/CdS Nanostdbchen mit einer signifikanten Anzahl an
konjugierten Polymerketten zu funktionalisieren. Die Oberfliche der Stabchen ist mit
stark bindenden Phosphonsauren abgesattigt, die nicht oder nur in einem sehr geringen
Umfang durch die funktionalisierten Polymere verdrangt werden konnten.

Hybride Polyfluoren CdSe/CdS/CdS Nanostdbchen mit hervorragenden optischen
Eigenschaften konnten dagegen iliber zwei verschiedene Ansitze hergestellt werden
(Abbildung 2). In der ersten Methode wurde CdO mit Phenylcarbonsiure- oder
Phenylphosphonsdure-endfunktionalisiertem Polyfluoren umgesetzt und in Kombination
mit Cd-Oleat als Prakursor flir die Abscheidung der zweiten CdS Schicht verwendet. In der
zweiten Methode wurden die funktionalisierten Polymere direkt nach dem Abscheiden

der zweiten CdS Schicht bei 310 °C zugegeben. Bei beiden Methoden hatte die Zugabe der
X



Zusammenfassung - Abstract

Polymere keinen negativen Einfluss auf die Partikelbildung und Nanostdbchen mit einer
Quantenausbeute von 69-80 % wurden erhalten. Fiir die Carbonsaure-funktionalisierten
Polymere wurde nur eine sehr geringe Anbindung (< 20 %) erhalten. In den Versuchen
unter Verwendung der mit Phenylphosphonsaure-funktionalisierten Polymere wurde
dagegen eine sehr hohe Funktionalisierung beobachtet. In Dispersionen dargestellt nach
Methode 1, waren 45-65 % des Polymers angebunden und in Dispersionen dargestellt
nach Methode 2, war das Polymer bis zu einer Zugabe von 300 Aquivalenten pro Stibchen
zu Uber 90 % angebunden. Nanostabchen mit direkt an die Oberfliche gebundenen
Polymerketten zeigten einen Energietlibertrag vom angeregten PF8 auf die Stabchen, der
im untersuchten Bereich linear von der Anzahl an angebunden Polymerketten abhing.
Dabei wurde die Emission von angebundenen Polymerketten geloscht.

Fiir alle untersuchten Systeme konnte dieser Energielibertrag nur nachgewiesen werden,
wenn die PF8-Ketten an den jeweiligen Nanokristall angebunden waren. Fiir Mischungen

aus unfunktionalisiertem Polyfluoren und Nanokristallen wurde dieser Energietibertrag

nicht beobachtet.
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Abbildung 2. Methoden zur Synthese von Polyfluoren CdSe/CdS/CdS Nanostdbchen (links).
Photolumineszenzanregespektren (Apetekion = 605 nm) der hybriden Nanostidbchen (mittig).
Beispielhaftes TEM Bild und schematische Darstellung des beobachteten Energielibertrags
(rechts).

Um die optische und mechanische Stabilitat der (hybriden) Nanokristalle zu erhéhen und
deren Einsatz als Einzelphotonenquelle in Einzelpartikelmessungen, unter Beibehalt

ihrer kolloidalen Eigenschaften, zu gewahrleisten, wurden sie durch eine

Miniemulsionspolymerisation in quervernetzte Polymernanopartikel eingebettet.
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Zusammenfassung — Abstract

Die CdSe/CdxZni-xS Quantenpunkte und hybriden Quantenpunkte konnten durch eine
Miniemulsionspolymerisation erfolgreich in quervernetzte PMMA Partikel mit einer
Grofde im Bereich von 50-60 nm eingebettet werden. Die Quantenausbeute der
CdSe/CdxZn1xS Quantenpunkte war auch im eingekapselten Zustand signifikant hoher als
die der bisher verwendeten CdSe/CdS Quantenpunkte (49-64 % vs. 20-30%). Fiir die PF8
CdSe/CdxZn1-xS Hybridpartikel wurde eine bessere Einbettung unter Verwendung einer
Mischung aus 7: 3 vol% Methylmethacrylat und 2-Ethylhexylmethacrylat erhalten. Die
eingebetteten Hybridpartikel weisen immer noch einen starken Energieiibertrag vom
angeregten Polyfluoren zum Nanokristall auf. Die Einbettung von Quantenpunkten, die
mit konjugierten nicht-konjugierten Blockcopolymeren (PO(OH)2-PF8-b-PMMA,
PO(OH)2-PF8-b-PS, PO(OH)2-PF8-b-PEHMA) in einer Ligandenaustauschreaktion
funktionalisiert wurden, fiihrte zu einer (partiellen) Agglomeration der Quantenpunkte.
Dadurch wurde nur ein sehr geringer Anteil an Polymerpartikel, die genau einen
Quantenpunkt enthalten, erhalten und somit Einbettungsverteilungen, die weniger gut
fiir Einzelpartikelmessungen geeignet sind.

Der Versuch Nanostdabchen unter den identischen Bedingungen wie bei der Einbettung
der spharischen Quantenpunkte in PMMA oder in PMMA-co-PEHMA Partikel
einzukapseln, fiihrte zu einer Clusterbildung der Stdbchen und nur ein sehr geringer
Anteil an Polymerpartikel, die genau ein Stabchen enthalten, wurde erhalten. Die
Verwendung eines 1:1 Gemisches aus Dodecylmethacrylat und o-Methylen-y-
valerolacton filihrte zu einer erfolgreichen Einbettung der Nanostibchen in die
Polymerpartikel (Abbildung 3), wobei die Mehrzahl der Partikel leer war (~65 %), viele
Partikel genau ein Stiabchen (~30 %) und sehr wenige Partikel mehr als ein Stabchen
enthielten (~5 %). Folglich wurden dadurch Einbettungsverteilungen erhalten, die sehr
gut fir Einzelpartikelmessungen geeignet sind. Die Stabchen konnten auch erfolgreich in
grofdere (D =130nm) Polystyrolpartikel eingebettet werden. Die Polystyrolpartikel
wurden dabei mit einer zusatzlichen Hiille aus PMMA (Dicke ~13 nm) liberzogen, um die
optischen Eigenschaften langfristig zu bewahren. Diese beiden Methoden waren auch
geeignet, um CdSe/CdS/CdS Stibchen und Polyfluoren CdSe/CdS/CdS Hybridstdbchen
erfolgreich einzukapseln. Fiir die eingebetteten Hybridstdbchen wurde immer noch ein
starker Energielibertrag vom optisch angeregten Polyfluoren auf das anorganische

Stabchen beobachtet.

XII



Zusammenfassung - Abstract
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Abbildung 3. Beispielhaftes TEM Bild von in Poly(dodecylmethacrylat-co-a-methylen-y-
valerolacton) eingebetteten hybriden Nanostdbchen (links). Schematische Darstellung des
Hybridstabchens und des beobachteten Energielibertrags (rechts oben). Photolumineszenz-
(Aanregung = 380 nm) und Photolumineszenzanregespektren (Apetekiion = 605 nm) (rechts unten).
Ein Hauptziel dieses Projektes war es, geladene Nanokristalle durch die Wechselwirkung
des anorganischen Emitters mit den angebundenen konjugierten Polymerketten zu
erzeugen. In Einzelpartikel-Photolumineszenzmessungen wurden zuerst in PMMA-co-
PEHMA Partikel eingebettete CdSe/CdxZni-xS Quantenpunkte untersucht, die nicht mit
Polyfluoren funktionalisiert waren. Diese Quantenpunkte zeigten hervorragende
Emissionseigenschaften. Die Feinstruktur des Fluoreszenzspektrums besteht aus drei
Emissionslinien (F1, A1, A2) und den dazugehodrigen Phononrepliken, wie es fiir einen
neutralen CdSe-basierten Emitter typisch ist. Der energetisch niedrigste Ubergang vom
Exzitongrundzustand in den Quantenpunktgrundzustand ist dabei ,Dipol-verboten®.
Auch eingebettete CdSe/CdS/CdS Nanostdbchen wurden in Einzelpartikel-
Photolumineszenzmessungen untersucht. Die Stabchen zeigten gute
Emissionseigenschaften und es wurde eine Exzitonfeinstruktur (3 Emissionslinien)
beobachtet, die der Feinstruktur der CdSe/CdxZn1xS Quantenpunkte dhnelt. Keiner der
Polyfluoren-freien = Nanokristalle (Quantenpunkte und Nanostibchen) zeigte
Fluoreszenzeigenschaften, wie sie fiir einen geladenen Emitter typisch waren.

Durch die Funktionalisierung der Quantenpunkte mit Polyfluoren wurden die
Emissionseigenschaften stark verandert und die Bildung eines Trionzustands beobachtet
(Abbildung 4 a). Dieser ist durch eine einzelne Emissionslinie im Fluoreszenzspektrum

charakterisiert. Die strahlende Rekombination des Triongrundzustands (X-) ist Dipol-
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Zusammenfassung — Abstract

erlaubt, wodurch - wie erwartet - eine Erhohung der Fluoreszenzintensitit und eine

kiirzere Fluoreszenzlebensdauer (Abbildung 4 b) beobachtet wurden.
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Abbildung 4. a) Hochaufgeloste Fluoreszenzspektren (T=4.2K, Aanregung =532 nm,
Panregung= 240 nW) eines Polyfluoren CdSe/CdsZn1.S hybriden Quantenpunktes im neutralen
(links) und geladenen Zustand (rechts). Der Ladevorgang resultierte in einer Erhéhung der
Emissionsintensitit und Verdnderung der Feinstruktur (F, Al, A2 — X) b) Zeitlicher
Fluoreszenzabfall eines hybriden Quantenpunktes im neutralen (oben) und geladenen Zustand
(unten). Ein Vergleich des ungeladenen und geladenen Quantenpunktes zeigt, dass der
Ladevorgang zu einem erheblich schnelleren Fluoreszenzabfall gefiihrt hat. AC = akustische
Phononreplik; schwarze Kurven = biexponentielle Anpassung; griine Kurven = Apparatefunktion.
Die Ladung des anorganischen Emitters konnte durch eine zusatzliche Bestrahlung mit
UV-Licht (A = 370 nm, eine Wellenldnge intensiver PF8 Absorption) induziert werden.
Dabei wird wahrscheinlich ein Elektron vom Leitungsband des angeregten Polymers in
das Leitungsband des CdSe-Kerns tibertragen (Abbildung 5, links). Die Bildung eines
geladenen Nanokristalls wurde auch manchmal ohne zusatzliche Bestrahlung mit UV-
Licht beobachtet. Dies kann durch den Transfer eines Loches aus dem Valenzband eines
angeregten Quantenpunktes auf das Valenzband eines Polyfluoren Liganden erklart
werden (Abbildung 5, rechts). Dieser Vorgang erfordert aber einen Tunnelprozess durch
die diinne CdS/ZnS Hiille.

Einzelne Polyfluoren-funktionalisierte hybride CdSe/CdS/CdS Nanostdbchen zeigen eine
einzelne Emissionslinie mit den dazugehorigen Phononrepliken im
Fluoreszenzspektrum. Dies ist ein starkes Indiz fiir die eine Ladung des Nanokristalls.
Bemerkenswert ist, dass diese hybriden Nanostabchen ohne zusatzliche Bestrahlung mit
UV-Licht schon einen geladenen CdSe-Kern aufwiesen, der eine zeitlich sehr stabile und
intensive Emission zeigte. Entladungsvorgange konnten bisher nicht beobachtet werden
und alle untersuchten Polyfluoren-funktionalisierten = Nanostibchen zeigten

Fluoreszenzeigenschaften, die typisch fiir einen geladenen Emitter sind.
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Zusammenfassung - Abstract

Zusammenfassend kann gesagt werden, dass die Funktionalisierung von halbleitenden
CdSe-basierten Nanokristallen mit Polyfluoren eine Ladung des fluoreszenzaktiven CdSe-
Kerns unter kryogenen Temperaturen herbeifiihren kann (Abbildung 5). Durch die
dadurch erhaltenen Fluoreszenzeigenschaften (Dipol-erlaubter Grundiibergang, hohe
Emissionsintensitit, eine einzelne Emissionslinie und kurze Fluoreszenzlebensdauer)
stellen diese Partikel ein hoch interessantes Material fiir den Einsatz als
Einzelphotonenquellen in sehr schnellen quantenoptischen Messungen und

Anwendungen dar.

S\
negativ geladener
Polymer Anregung anorganischer Emitter Quantenpunkt Anregung

Loch
Ubertrag

Elektron
Ubertrag

Energie
Energie
Energie

r r r

Abbildung 5. Schematische Darstellung der Energieniveaus und des angenommenen
Ladungsvorgangs eines Polyfluoren CdSe/CdiZnixS Kern-Schale-Nanokristalls, der durch
Wechselwirkung mit dem Polyfluoren Liganden geladen wird. Die gleichen Vorgéange sind auch
potenziell fiir einen PF8 funktionalisierten CdSe/CdS Nanokristall méglich.
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General Introduction

Semiconducting materials are the workhorse of today’s technology and the corner stone
of the “Digital Age”. The combination of an inorganic semiconductor and a semiconductor
organic polymer is of interest due to possible charge and energy transfer processes
between the two materials (Figure 1.1, a).67.89 Such compounds can unlock new features
excelling the properties of its single constituents. One important example would be charge
separation between the two materials upon optical excitation allowing the use in
photovoltaic devices.101112 (Colloidal hybrid nanoparticles consisting of inorganic
semiconductor nanocrystals and organic semiconductor polymers are of fundamental
interest as well as for their potential use in solar cells1913, light-emitting
devices7141516  or flexible electronics.”1? Their colloidal nature allows for a more
convenient processing into devices.1819.20

Single-photon sources are particularly appealing for quantum-optical applications and
single semiconductor (hybrid) quantum dots (QDs) are a promising material class to be
employed.2122 The functionalization of an inorganic emitter nanocrystal with conjugated
polymer chains might enable the deterministic charging of the emitter (Figure 1.1, b—c),

which can deeply impact the emitter’s properties.
a) b) c)

negatively charged excited QD:
negative trion

QD excitation

Figure 1.1. a) Schematic illustration of possible charge and energy transfer processes in a hybrid
nanoparticle. b) Sketched energy level diagram based on ref.232425 of a polyfluorene CdSe/CdS
hybrid nanoparticle. c) A negative trion is formed after an electron was transferred from the
photoexcited conjugated polymer to the nanocrystal and excitation of the nanocrystal.
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General Introduction

Uncharged CdSe/CdS core-shell nanocrystals feature a dipole-forbidden “dark” exciton
ground state (GS) to global QD-GS recombination.2627 The functionalization of such
nanoparticles with polyfluorene (PF) ligands aims at the deterministic charging of the
inorganic emitter and the generation of a negative trion (quasi particle consisting of 2
electrons and one hole) (Figure 1.1,b-c). A CdSe/CdS trion (T) features a dipole-allowed
transition between the T-GS and the QD-GS and thereby a fast-radiative recombination
which is a prerequisite for studying and capitalizing ultrafast dynamics.282°

Another requirement is an adequate colloidal and optical stability of the system which can
be achieved by embedding the nanocrystals into a protective shell (silica or polymer). This
encapsulation allows for long-term measurements and high excitation powers while
retaining individual particles.3031.3233 The size increase due to the optical transparent
shell facilitates the mechanical manipulation of the nanoparticles into optical antennae or
resonator systems.3* Therefore, embedded hybrid particles — with the possibility to
charge the inorganic emitter — can provide an ideal system to study and control the
ultrafast dynamics and interplay of photons, phonons and charges in a fully quantized
system. Such single-photon sources would be highly auspicious for the use in ultrafast
photon amplifiers, for the development of efficient quantum computers or for quantum

cryptography applications.22:3536

1.1 Inorganic Semiconductor Colloidal
Nanocrystals

1.1.1 Basics of Semiconductor Nanocrystals

Bulk semiconductor materials are the basis for the fabrication of solar cells or computer
chips. If the size of a bulk semiconductor is decreased to the nanometer regime, the optical
and electronic properties of the material become size dependent, termed quantum size
effect.37.383940 The transition from bulk semiconductor properties to the quantum
confinement regime is determined by the Bohr exciton diameter. If this diameter becomes
smaller than a spatial dimension of the nanocrystal, quantum confinement effects are
observed.#142 Regarding the spatial degree of confinement these semiconducting
nanocrystals are called quantum dots (QDs) (3D confinement), nanorods (2D
confinement) or nanoplatelets (1D confinement). Important materials are group II-IV
semiconductors such as CdSe, CdS, PbS, ZnS, I1I-V semiconductors such as InP, GaAs or so-

called Perovskite QDs (CH3NH3PbX3 or CsPbXs; X = Cl, Br, I). The synthesis of inorganic
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Inorganic Semiconductor Colloidal Nanocrystals

nanocrystals has improved significantly over the last 25 years and today’s semiconductor
nanocrystals show high absorption coefficients, a size tunable emission wavelength,
narrow emission line widths, high fluorescence quantum yields (QY), and very stable
optical properties compared to organic emitters.4344 Therefore, they are perfectly suited
for the use in opto-electronic devices such as solar cells#>46, light-emitting diodes1447.48,49,
displays 4350 and in bio-imaging applications.51,5253

Since the pioneering work by Bawendi and co-workers, the so-called hot injection
reaction is the method of choice for the synthesis of narrowly distributed semiconductor
colloidal nanocrystals.>* According to this method, one organometallic precursor is
heated up in a mixture of a high boiling solvent (e.g. octadecene (ODE), tri-n-
octylphosphine oxide (TOPO), di-n-octylether) and coordinating ligands (e.g. oleylamine,
tri-n-octylphosphine (TOP), oleic acid, long-chain alkylphosphonic acids). The other
precursor compound is swiftly added at elevated temperatures.>> The size of the
nanocrystals can be influenced by the growth time and temperature. The coordinating
ligands influence the growth kinetics of the nanocrystals, determine the morphology of
the nanocrystals, and are highly important for the optical and electronic properties of the

nanocrystals.>6

1.1.2 Ligand Classification and Ligand Exchange Reactions

The optical properties of semiconductor nanocrystals are heavily influenced by the
surface atoms of the nanocrystals, and thus by the stabilizing ligands.57.5859.60.61 Syrface
atoms of nanocrystals have a lower coordination number compared to bulk atoms which
results in weaker bonds and dangling bonds. Thereby, undesirable electronic states
within the semiconductor band gap can be created.626364 These states can trap
photoexcited charges and open non-radiative relaxation pathways which lower the QY of
the nanocrystals.®> Therefore, it is crucial that these surface atoms are capped by ligands
which eliminate those trap states and allow for a high fluorescence QY of the
nanocrystals.>%6166 According to Green’s formalism different ligands can be classified
according to their binding behavior (Figure 1.2, A).67 So-called L-type ligands (neutral
Lewis bases) are datively bound, neutral two electron donors. Important examples are
phosphines (tri-n-octylphosphine) and amines (oleylamine). Typical colloidal syntheses
of nanocrystals often yield metal rich nanocrystals whose excess charges are balanced by
anionic, covalently bound one electron donor X-type ligands (e.g. carboxylates,

phosphonates).>868.69,70,71 Recent nuclear magnetic resonance (NMR) spectroscopy and
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General Introduction

titration studies showed that the surface metal ion layer which enriches the nanocrystals
formula is labile.616272 Qwen et al. reported that so-called Z-type ligand complexes (e.g.
M(02CR)z or M(02P(OH)R)z2) reversibly bind to the nanocrystals and are considered two-
electron accepting Lewis acids.?® The coverage of the surface with these Z-type ligands
greatly influences the fluorescence QY of the nanocrystals which increases with

increasing coverage.6!

A X-type X-type B Ligand Exchange Reactions
terminates lattice bound ion pair X-type:
X “[HB] 2HX' + xz(\O—r 'xz(\o + 2HX
X-
X L-type:
MX L' + L — + L
L-type L 2 oo "O "O
neutral donor Z-type YPE i, %
neutral acceptor MX, + — * M

M=Cd,Zn e

E=S, Se® O ve Z-type displacement promoted by L-type
X = O,CR, Cl, O,P(OH)R ligands »

L = PR3, NH2R 2

MX, = Cd(O,CR),, CdCl,, Cd(O,P(OH)R),
[XITHB]" = [CIITHPBu;]", [CIITH;NR]"

Figure 1.2. A: Illustration of ligand classification and coordination. B: Illustration of ligand
exchange and displacement reactions. Figure adapted from ref.61

The manipulation of the nanocrystals’ surface is a crucial step for the utilization of
nanocrystals in opto-electronic devices and bio-imaging applications.*546515273,74 For the
desired modification of the surface often ligand exchange or displacement reactions must
be performed. They can be divided into four types: X-type, L-type, Z-type ligand exchange
and Z-type ligand displacement promoted by L-type ligands (Figure 1.2, B). For the
functionalization of nanocrystals, the direct X-type exchange is important. Mechanistically
the exchange of X-type ligand exchange involves a proton or trimethylsilyl
transfer.>869.70.75 For the surface of CdSe nanocrystals it was shown that carboxylic acid
can be stoichiometrically replaced by phosphonic acids, but phosphonic acids cannot be
replaced by carboxylic acids.”%7677 High concentrations of L-type ligands e.g. oleylamine
can strip surface Cd-atoms off in a so-called Z-type displacement promoted by L-type
ligands which on the one hand can have negative influences on the optical properties but
on the other hand allows for the functionalization of the surface with new Z-type

ligands.61.72.78
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1.1.3 Multi-Shell Semiconductor Nanocrystals

Semiconductor nanocrystals consisting of a single material are barely used. By the
combination of at least two different materials in a core-shell structure the optical and
electronic properties as well as the stability of the nanocrystals can be fine-tuned.4279.80
The shell material efficiently saturates the surface of the core particle and improves its
optical properties. Core-shell nanocrystals are normally obtained by a slow hot
temperature deposition of the shell material onto a preformed seed particle. Thereby, the
electronic and optical properties of the core particle can be greatly influenced. Depending
on the bandgaps and the relative energy levels of the materials, the shell deposition can
have different consequences (Scheme 1.1).7°

Scheme 1.1. Schematic representation of the energy level alignment in different types of core-

shell semiconducting nanocrystals. The preferential local distribution of the electron and hole
after optical excitation is shown.

Type-1 Type-2 Type-2 Quasi-Type-2

energy

_L@J_—L@J—GJ_I__@_._
P U e

L

In a type-1 nanocrystal (e.g. CdSe/ZnS), the shell has a higher bandgap than the core

material and the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) level of the shell are energetically lower and higher,
respectively, than the HOMO and LUMO level of the core which confines the exciton to the
core. Thereby, the fluorescent active core is shielded from the surrounding medium which
positively influences the optical properties in terms of QY and optical stability.”® In type-2
nanocrystals (e.g. ZnTe/CdSe) either the valence band or the conduction band of the shell
lies within the bandgap of the core material, whereby the electron and hole are separated
between the two materials which leads to a long fluorescence lifetime of the exciton.
These materials are promising for their potential use in solar cells or as
photocatalysts.81.8283 [n a quasi-type-2 structure, one charge carrier type is confined to
the core whereas the other charge carrier type is distributed over the whole core-shell
structure. Important members of this material class are most CdSe/CdS nanocrystals

where a red shift of the optical properties takes place during the deposition of the CdS
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shell. In most CdSe/CdS core-shell particles the hole wavefunction is confined to the core
whereas the electron wavefunction is spread into the shell material as well.8485> Also, the
deposition of the CdS shell greatly improves the optical properties of the CdSe core

particles.86.87.88

1.2 Conjugated Polymer/Inorganic

Semiconductor Hybrid Nanocrystals

Conjugated polymers are an important material class for modern technology applications.
Due to their conjugated m-system, they show semiconductor properties similar to
inorganic semiconductors — high absorbance coefficients, strong photoluminescence,
good charge carrier transport properties and upon doping electric conductivity.89.90.91
Potential fields of applications are organic light-emitting diodes?293.94 (OLEDS) which are
used in state-of-the-art displays, solar cells®>9, organic transistors®7.98, and nanoparticles
of conjugated polymer are studied for bio-imaging and medical applications.?? In
academic research, the synthesis of conjugated polymers is mostly based on Pd or Ni
catalyzed C-C coupling reactions such as Kumada, Stille, Heck or Suzuki-Miyaura cross-
coupling.?59? Today, methods have been developed which allow for the controlled
synthesis of many different conjugated polymers in a chain growth manner with the
possibility to introduce functional groups at the chain end (Chapter 4.1.1).100
Composite materials of semiconductor nanocrystals and conjugated polymers have
potential application in solar cells, light-emitting diodes or flexible electronics due to
possible charge and/or energy transfers between the two semiconductor
materials.61017.101102  Unfortunately, the simple mixing of separately prepared
nanocrystals and conjugated polymers often results in a phase separation. 1323103 [n the
synthesis of inorganic nanocrystals long-chain aliphatic ligands are used as stabilizers
which finally end up on the surface of the nanocrystals ensuring colloidal stability but also
acting as insulators.104105106107 [t was shown that the functionalization of the
nanocrystals with conjugated polymer chains tethered directly to the surface of the
nanocrystals can greatly enhance the miscibility and interaction of the two
materials.108109110 Additionally, such a defined combination of the two materials can
emerge in different photo physics compared to the relative bulk blends.60.111

However, the synthesis of such defined hybrid particles is highly challenging, and often it

remains unclear if the polymer is indeed bound or only loosely adsorbed to the
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nanocrystals. For the functionalization of colloidal semiconductor nanocrystals different
strategies have been pursued (Scheme 1.2): In the direct ligand exchange procedure, a
polymer is functionalized with an X- or L-type functional group and an X-type or L-type
ligand exchange is performed with preformed nanocrystals. Polymers can also be
tethered to nanocrystals by different grafting methods. In the grafting-from approach, the
nanocrystals are functionalized with ligands which are capable to initiate a
polymerization from the surface of the nanocrystals. For this purpose, the surface of the
nanocrystals is functionalized with a small molecule which bears two functional groups.
One functional group tethers to the surface of the nanocrystals whereas the other group
serves as polymerization initiator. In the grafting-onto approach, the non-binding
functionality of the small molecule serves as docking point for a preformed and
functionalized polymer. In the grafting-through approach, the surface of the nanocrystal
is functionalized with a monomeric ligand. Afterwards, a polymerization is conducted in
present of the functionalized nanocrystals and the nanocrystals are theoretically
copolymerized into the polymer chain.10.110.112

Scheme 1.2. Methods for the functionalization of semiconductor nanocrystals with conjugated
polymers. The grafting methods are adapted from Bousquet et al.112
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For all grafting methods, it is necessary to tether a bifunctional molecule to the
nanocrystal’s surface before the actual grafting step can take place. These bifunctional
molecules can be introduced directly during the synthesis of the nanocrystals, partially
replacing the original ligands, or they can be introduced by a ligand exchange reaction
after the synthesis of the nanocrystals.

Besides these approaches also direct functionalization approaches have been developed
in which the polymer serves as stabilizing ligand during the nanocrystal’s synthesis or

even as precursor for the formation of the nanocrystal itself.105113,114
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1.2.1 Hybrid Particles by a Direct Ligand Exchange

The direct replacement of the original nanocrystal’s ligands by a preformed
functionalized polymer seems to be the most straightforward functionalization method.
Both the nanocrystal and the polymer can be synthesized separately according to known
procedures and purified accordingly. Afterwards, the polymer and the nanocrystals are
simply mixed and hybrid particles are theoretically obtained. The actual degree of
functionalization strongly depends on the binding affinity of the functional group of the
conjugated polymer compared to the binding affinity of the original ligands. In general,
low molecular mass short ligands can cover the surface more densely than longer ligands
due to steric repulsion between previously anchored polymer and free polymer chains.
This repulsion hinders the dense functionalization of nanocrystals with conjugated
polymers which are a in general much more sterically demanding compared to the
original nanocrystals’ ligands. One of the earliest examples for this method was reported
by Fréchet and co-workers. They synthesized phosphonic acid-functionalized
oligothiophenes which were mixed with CdSe QDs.115 Also, Fréchet and co-workers
synthesized amine end-functionalized poly(3-hexylthiophene) (P3HT) which was
blended with CdSe nanorods (NRs).11¢ This blend showed no phase separation compared
to a blend of CdSe and unfunctionalized P3HT, indicating an attachment of the polymer
chains to the nanocrystals. Similar hybrid particles from carbodithioic acid-terminated
polythiophenes and CdSe QDs were synthesized.117 Commonly, the photoluminescence of
these hybrid systems was very weak which is attributed to an efficient charge separation
between the two materials by the authors.

Mao and co-workers synthesized an amine-functionalized poly(9,9’-dihexylfluorene)
(amine groups at the end of alkyl chain) which was used for the functionalization of
CdSe/ZnS QDs.23 The QDs’ native ligands were supposedly first replaced by pyridine
which was afterwards exchanged for the polymer. However, no direct proof of binding
was reported. In films of these particles, the photoluminescence (PL) of the polymer was
nearly completely quenched, the PL of the QDs increased and an energy transfer from the
polymer to the nanocrystals was observed. These findings support that the polymer and

the QDs were in close contact in the film which enabled the energy transfer.
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1.2.2 Hybrid Particles by the Grafting-Onto Approach

Many reported examples for the functionalization of semiconductor nanocrystals with
conjugated polymers utilize the grafting-onto approach. This approach offers the benefit
that separately synthesized and purified nanocrystals and polymers are used Therein, a
preformed functionalized polymer is coupled to a small molecule which had been
tethered to the surface of the nanocrystals beforehand. These molecules bear two
different functionalities: one group must be able to bind to the surface of the nanocrystal
whereas the other group serves as docking point for the conjugated polymer. These
molecules can be introduced to the nanocrystals’ surface directly during the synthesis of
the nanocrystals where they serve as additional ligand or they can be introduced to
preformed nanocrystals by a ligand exchange reaction. In 2007, Lin et al. used [(4-
bromophenyl)methyl]dioctylphosphine oxide as “ligand” during the synthesis of CdSe
QDs.118 Afterwards, they coupled vinyl-functionalized P3HT via a Pd catalyzed Heck
coupling reaction to the QDs. Emrick et al. used a similar procedure for the
functionalization of CdSe NRs.198 The ligands of the NRs were replaced by pyridine which
was then replaced by [(4-bromophenyl)methyl]dioctylphosphine oxide or by 2-(4-
bromo-2,5-di-n-octyl-phenyl)-ethanethiol. Afterwards, vinyl-terminated P3HT was
grafted by a Heck coupling reaction. Mixing these hybrid NRs with P3HT homopolymer a
homogeneous distribution of the NRs in the polymer matrix was observed. However, no
direct proof of binding of the conjugated polymer was presented. Regarding the
functionalization with [(4-bromophenyl)methyl]dioctylphosphine oxide, it is indeed
highly unlikely that the polymer is bound to the nanocrystals after the coupling as several
studies have shown that phosphine oxide ligands are weak L-type ligands and the surface
of nanocrystals is covered by the phosphonic acids used and not by the phosphine
oxide.68119,120

In 2011, Lin et al. reported about the synthesis of CdSe NRs using a mixture of 4-
bromobenzylphosphonic acid and octadecylphosphonic acid.121.122 Afterwards vinyl-
terminated P3HT was tethered via a Heck coupling reaction or the bromide was
transformed to an azide and then reacted in a ‘Click reaction” with ethynyl-terminated
P3HT (Scheme 1.3). A similar strategy was transferred to CdSe tetrapods.199 In a first
step, the native oleate ligands were replaced by HBF4+ which was then replaced for 4-
azidobenzoic acid or 5-bromovaleric acid. Ethynyl and vinyl-terminated P3HT was

grafted via a ‘Click reaction’ and a Heck coupling reaction, respectively. One major
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drawback of the presented methods is the coupling step. Pd-catalyzed C-C couplings are
not quantitative, often relative harsh reaction conditions (elevated temperatures,
addition of base) must be used, and Pd and the employed ligands can partially remain in
the dispersion which can all be detrimental for the optical properties. Using a catalyst free
‘Click reaction’ as shown in Scheme 1.3 has the drawback that a triazole is introduced
between the conjugated polymer and binding molecule, and thus the conjugated m-system
is not directly bound to the surface which can hinder energy/charge transfer processes.

Scheme 1.3. Grafting of P3HT onto bromobenzylphosphonic acid-functionalized CdSe nanorods.
Adapted from ref.121 and ref.122
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CdSe/ZnS QDs with 3-mercaptopropionic acid to water and added the oppositely charged
polymer  poly(9,9'-bis(6-N,N,N-trimethylammoniumhexyl)fluorene-alt-1,4-(2,5-bis(6-
N,N,N-trimethylammoniumhexyloxy))phenylene) bromide. By exclusive excitation of the
QD, they observed a hole transfer from the QD to the polymer which was exponentially

depending on shell thickness. Moreover, the hole transfer rate increased with decreasing

core size.124

1.2.3 Hybrid Particles by the Grafting-Through Approach

In the grafting-through approach, the nanocrystals are first functionalized with a small
molecule which bears two functionalities: one group can bind to the nanocrystal’s surface
and the other group is polymerizable. Afterwards, a polymerization is conducted in the
presence of the functionalized nanocrystals which will be copolymerized into the forming
polymer.

In 2004, Emrick and co-workers used [(4-bromophenyl)methyl]dioctylphosphine oxide
as ‘ligand’ during the synthesis of CdSe QDs.12> Afterwards, a Heck-type polymerization of

1,4-di-n-octyl-2,5-divinylbenzene and 1,4-dibromo-2,5-di-n-octylbenzene was conducted
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in the presence of the QDs. However, only low molecular weight polymer (tri- and
tetramers) was formed and due to the step-growth nature of the polymerization polymer
was also formed in solution. Holder et al. functionalized CdSe QDs with 6,6’-(2,7-dibromo-
9H-fluorene-9,9-diyl)dihexan-1-amine which were copolymerized with 2,7-dibromo-9,9-
dioctyl-9H-fluorene in a Yamamoto-type polymerization.126 No proof of binding was
shown, the emission of the QDs was completely quenched, and only broadly distributed
low molecular weight polymer was obtained. The grafting-through approach is an
interesting method; however, no convincing results have been achieved by this method

so far due to the complexity of the system.

1.2.4 Hybrid Particles by the Grafting-From Approach — Surface

Initiated Polymerizations

The grafting-from approach is also known as surface-initiated polymerization (SIP), as
the nanocrystals are functionalized with an initiator molecule which is capable to start a
polymerization from the surface of the nanocrystals. This procedure is the method of
choice for the functionalization of nanocrystals or macroscopic surfaces with
nonconjugated polymers as it allows for a controllable high grafting density and for a
controlled molecular weight of the formed polymer. It is well established for the
formation of nonconjugated polymer brushes by controlled radical polymerizations on
the surface of many different particles e.g. silica-, polymer-, metal-, metal oxide, and
semiconductor nanoparticles.12? However, examples for the SIP of conjugated polymers
are rare. Conjugated polymers are mostly synthesized by step-growth polymerizations
which are not compatible with the surface confined nature. Today, the formation of
conjugated polymers in a chain-growth manner by Kumada or Suzuki-Miyaura C-C cross-
coupling polymerization is possible (see Chapter 4.1.1), which in principle enables a SIP
of conjugated polymers. The surface must be functionalized with a small molecule which
reacts with a metal precursor to a surface bound initiator complex. After addition of
monomer, this initiator can grow the polymer from the surface. Theoretically, only surface
bound polymer should be formed, the grafting density should be adjustable, and the
molecular weight should be defined by the ratio of monomer to initiator. Most reported
examples are restricted to the SIP from macroscopic surfaces. PF, polythiophene and
poly(p-phenylene) were successfully grafted from functionalized gold28, silical29.130,

silicon131.132,133 or indium tin oxide!34 wafers.
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Moreover, PF135, polythiophene!36137 and polythiophene-b-polyparaphenylenel3® were
grafted from rather large silica particles (60 nm-5 pm). However, the authors only
analyzed the polymer on the surface by methods like atom force microscopy (AFM),
chemical composition analysis (X-ray photoelectron spectroscopy, electron energy loss
spectroscopy), small angle neutron scattering, dynamic light scattering or by scanning
electron microscopy. In doing so, it is hard to distinguish between adsorbed and grafted
polymer. The polymer was not detached from the particles and no polymer analysis (e.g.
gel permeation chromatography (GPC), NMR, end group determination) was conducted.

In 2016, Islam et al. reported the first SIP of thiophene from semiconductor silicon
nanocrystals (with a diameter of 11 nm) by a Kumada coupling polymerization.13° They
were the first who detached the polymer from the nanocrystals and analyzed the polymer
end groups. However, polymer initiated in solution and detached polymer showed the
same end groups and they were not able to determine the amount of polymer which was
really attached to the surface. For the first time in 2016, de Roo et al. reported a SIP of
fluorene and phenylene by a controlled Suzuki-Miyaura cross-coupling polymerization
from the surface of CdSe/CdS QDs.140 The QDs were functionalized in a X-type ligand
exchange reaction with 4-bromophenylphosphonic acid for which a complete binding was
proven by NMR spectroscopy. These QDs were reacted with a Pd/PtBus source to form a
surface confined initiator which initiated the polymerization of fluorene or phenylene
from the surface (Scheme 1.4). Detached polymer showed mostly phenylphosphonic acid
end groups which proved the polymerization from the surface. However, also a small

amount of polymer was formed in solution.

Scheme 1.4. Grafting of PF8 from Pd(II)-functionalized nanocrystals by a surface initiated Suzuki-
Miyaura Cross-Coupling polymerization. Reprinted with permission from ref.140 Copyright 2016
American Chemical Society.
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Overall, SIP approaches appear to be rather sensitive to conditions concerning their

outcome, which limits their practical utility.
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1.2.5 Hybrid Particles by a Direct Approach

All the methods and procedures presented so far separate the formation of the
nanocrystals from the tethering of the conjugated polymer. Either ligand exchange
reactions or subsequent grafting reactions are necessary which can be detrimental to the
optical properties of the nanocrystals and are also time-consuming. Therefore, the use of
functionalized conjugated polymers as ligand or precursor during the synthesis of the
nanocrystals offers another convenient way to the formation of hybrid nanoparticles.

In 2014, de Roo et al. reported on the synthesis of phenylphosphonic acid and aniline-
functionalized PF8 which was added during the synthesis of CdSe QDs. The polymer
partially (10%) replaced the native ligand dodecylphosphonic acid or oleylamine,
respectively.113 Multi-wavelength analytical ultracentrifugation (MW-AUC) was used to
determine the percentage of PF8 which is unambiguously tethered to the surface. The
addition of an aniline-functionalized PF8 had basically no impact on the formation of the
CdSe QDs, however, the polymer was also not bound to the QDs. In contrast, the addition
of phenylphosphonic acid-functionalized PF8 broadened the size distribution of the QDs,
but roughly 45% of the added polymer was bound to the nanocrystals. Due to solubility
issues, the amount of PF8 added during the synthesis could not be increased. Moreover,
in thin films quenching of the PF8 emission in the proximity of the QDs was observed - as
anticipated.

Lin and co-workers synthesized a reactive P3HT Cd-precursor which was used for the
synthesis of CdSe QDs.114 CdO was complexed with 4-bromophenylphosphonic acid, and
after replacing the bromide for an azide group, ethynyl-terminated P3HT was ‘clicked’ to
the Cd salt. This polymer Cd-complex was used in a hot injection reaction as Cd-precursor.
The obtained CdSe QDs P3HT hybrid material showed a strong quenching of the P3HT
emission. However, the authors did not reveal how much of the polymer is indeed bound
to the nanocrystals. Also, Luscombe et al. synthesized end-functionalized P3HT (Scheme
1.5) as reagent for the synthesis of CdSe QDs.105 CdSe QDs were synthesized using Cd-
oleate and selenium tri-n-butylphosphine as precursors. During the growth time of the
QDs at 260 °C, various concentrations of the functionalized polymer were added, and
upon reaction with Cd-oleate as displayed in Scheme 1.5, the formed P3HT-S-Cd species
was incorporated into the CdSe nanocrystal. The binding of the polymer was elucidated
by NMR and optical spectroscopy and the authors claim that around 70% of the polymer

ends up on the surface of the QDs. A putative Forster resonance energy-transfer from the
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polymer to QDs was observed by transient absorption spectroscopy and only takes place

in these hybrid materials and not in a physical blend of its constituents.

Scheme 1.5. Reaction of end-functionalized polythiophene with a Cd-carboxylate. Adapted from
ref.105
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1.3 Encapsulation of Semiconductor

Nanocrystals into Nanoparticles

Although the quality of semiconductor nanocrystals has significantly improved over the
last years, they are still sensitive to environmental influences and against mechanical
manipulation.141.142143 Additionally, their optical properties can suffer under ambient
conditions due to photooxidation under light irradiation.141.143 [n order to prevent this,
QDs are sandwiched between two high-grade oxygen/water barrier films in displays.142
Another possible method for protection is spin-coating of a dilute QD dispersion mixed
with a polymer solution.8” Thereby, the QDs are embedded in a polymer matrix, but loose
the benefits of their colloidal nature. Much effort has been taken to protect QDs in polymer
or silica particles.31.144145 These options allow the QDs to retain their colloidal properties,
their optical and mechanical stability is increased, and they become dispersible in water.
For the use in single-photon sources, it is essential that only one semiconductor
nanocrystal is encapsulated per polymer or silica particle. However, many reported
embedding procedures result in the embedding of multiple QDs per particle.33146.147 For
the use a single-photon sources, the shell must be of adequate thickness, density and
rigidity to allow for mechanical manipulation and to ensure sufficient optical stability. On
the other side, the shell should not be too thick which would be prohibitive for the

positioning of the particles into plasmonic or photonic resonators.

1.3.1 Encapsulation into Polymer Nanoparticles

Heterophase polymerizations are the method of choice for the encapsulation of inorganic
particles into polymer particles. Especially miniemulsion polymerizations allow for the

direct encapsulation of lipophilic nanoparticles without the need for a preceding ligand
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exchange to hydrophilic ligands.148 The general procedure for such an approach is shown
in Scheme 1.6. The QDs are mixed with a hydrophobic monomer, a hydrophobe and a
radical initiator, and by applying high shear forces (e.g. by ultrasonication) this oil phase
is dispersed into small droplets (50-500 nm) in which the lipophilic nanoparticles are
distributed statistically. The subsequent polymerization is confined to the interior of the
droplets and the nanocrystals are trapped in the forming particles because of their very

low affinity towards the aqueous phase.

Scheme 1.6. Embedding of QDs into polymer nanoparticles by a miniemulsion polymerization.
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Fleischhaker et al. encapsulated CdSe/ZnS QDs into polystyrene (PS) particles by a
miniemulsion polymerization.14° They observed a tendency of the QDs to accumulate at
the particle surface, therefore the PS particles were coated by an additional poly(methyl
methacrylate) (PMMA) shell which confined the QDs to the PS core. Joumaa et al. also
encapsulated CdSe/ZnS QDs into PS spheres; however, most PS particles contained
agglomerated QDs near/at their surface.147 Unfortunately, both reports did not provide
any QYs of their dispersions. Negele et al. succeeded in encapsulating CdSe/CdS QDs into
PMMA particles (Figure 1.3). A high QY was maintained during the embedding process
while the optical stability of the QDs was significantly increased allowing for high

excitation densities in single-particle PL measurements.30

Figure 1.3. CdSe/CdS QDs embedded into poly(methyl methacrylate) nanoparticles. Reprinted
with permission from ref.30 Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Tjaard de Roo showed that the stability of the particles can be further increased by cross-
linking the polymer shell.150 These particles are mechanically very robust and can be
moved with the tip of an atomic force microscope, and for example placed in a bulls eye
resonator.34 De San Luis et al. employed cross-linked PS particles to encapsulate CdSe/ZnS
QDs and reported that the fluorescence loss over time is minimized by the deposition of
an additional PMMA shell.31 By TEM tomography, it was proven that the QDs are mostly
located at the interface of both polymer materials.

QDs can also be encapsulated into polymer particles by a secondary dispersion approach.
The QDs and a preformed polymer are dispersed/dissolved in a common good solvent
and the solution is injected into a non-solvent containing surfactant.150151 Small particles
can be obtained by applying high shear forces afterwards or by fast mixing under
turbulent flow. However, the encapsulation by miniemulsion polymerizations has proven
to be superior in terms of embedding statistics and stability. For the use as single-photon
source, it is important that the particles contain exactly one emitter. Empty particles are
unproblematic, however, the placement of the particles into a resonator system involves
pre-selection of QD-containing particles in any case.

Besides the few reports about the encapsulation of spherical QDs into polymer particles,
there a no reports describing the encapsulation of the commonly used CdSe/CdS NRs into

polymer particles.

1.3.2 Encapsulation into Silica Nanoparticles

The encapsulation of semiconductor nanoparticles into silica particles has the benefit that
silica materials are intrinsically compatible with biological environments which is a
requirement for the use of QDs in bio-imaging applications.33152153 Moreover, silica
surfaces are easy to functionalize, non-toxic and silica is optical transparent and
chemically inert.154

Monodisperse silica particles can be obtained by the “Stober process” which is based on a
sol-gel reaction.’>> This process can also be used to embed semiconductor
nanocrystals.146 However, mostly raisin-bun like particles with many QDs per silica
particles were obtained, and as prerequisite the hydrophobic ligands of the nanocrystals
must be exchanged to hydrophilic ones beforehand. Such a complete ligand exchange
often leads to the deterioration of the optical properties.1>¢ Single QDs embedded in silica
spheres were obtained by a reverse microemulsion process, circumventing the need for a

preceding ligand exchange.154 In most procedures, the QDs are dispersed in a mixture of
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cyclohexane and a non-ionic surfactant such as Igepal CO-520 (pentaoxyethylene
nonylphenyl ether). A silica precursor such as tetramethoxysilane (TMOS) or
tetraethoxysilane (TEOS) is added and the microemulsion is generated by the addition of
an aqueous ammonia solution. The semiconductor nanocrystals act as seeds for the silica
growth and are thereby embedded into a silica shell. Its thickness can be tuned by the
reaction parameters.14>154157.158 [Jsing this method, it was also possible to grow silica
shells around anisotropic CdSe/CdS NRs.144159,160,161 For the use as single-photon sources,
the embedding into silica spheres is promising as the semiconductor nanocrystal
multiplicity per particles can be effectively controlled so that around 99% of the silica

particles contain exactly one QD (Scheme 1.7).

Scheme 1.7. Left and Center: Embedding of CdSe/CdS nanorods into thin silica shells by a micro-
emulsion approach. Reprinted with permission from ref.144 Copyright 2017 American Chemical
Society. Right: Encapsulation of CdSe/ZnS QDs into a silica-polymer dual layer. Reprinted with
permission from ref.145 Copyright 2010 American Chemical Society.

.:3‘

Igepal

(] 0:3
5

|

HyC=0_ O=CH;

"‘°'°'s"°'°"'\\\\\\mrrrmramrrmrrrrfrrm
N

TMOS g
®
T R gy
T, a® 0% e=—g

Unfortunately, CdSe/CdS QDs embedded in a silica sphere have proven to be less bright
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in single-particle fluorescence measurements than QDs embedded into PMMA particles.
However, the maximum excitation power for QDs encapsulated into silica particles is
significantly higher than for QDs embedded into PMMA particles (17 pW vs. 1.4 pyW).150

The mechanism of the encapsulation process comprises a major barrier for the
embedding of nanocrystals functionalized with conjugated polymers. The suggested
mechanism how individual hydrophobic nanoparticles end up in the core of hydrophilic
reverse micelles formed by Igepal in non-polar solvents is the following: The added
surfactant partially replaces the native ligands. Afterwards, the hydrolysis of the
tetraalkoxysilane takes place in the hydrophilic region near the nanocrystal’s surface
created by the surfactant. Partially hydrolyzed TMOS or TEOS replaces the ligands of the
semiconductor nanocrystal and the nanocrystal acts as seed for the silica growth. After
the silica growth, the native ligands of the nanocrystals — even strongly bound

phosphonic acids — are completely removed from the surface of the nanocrystals
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(Scheme 1.7, center).144157.160 This would also apply to bound conjugated polymers, thus
reversing the tedious functionalization of the nanocrystals. The partial or complete
replacement of PF8 from CdSe/CdS QDs during the embedding in silica was also observed
by Tjaard de Roo.150 Therefore, this method was not pursued for the encapsulation of
hybrid nanocrystals and only the encapsulation into polymer particles was investigated

in this thesis.
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Hybrid particles formed by tethering organic conjugated polymers to inorganic
semiconductor nanocrystals are an interesting nanomaterial due to possible charge
and/or energy transfer processes between the two materials. Such particles are
promising for utilization in opto-electronic devices and as single-photon sources.

In this work, synthetic routes to hybrid particles consisting of high-quality semiconductor
nanocrystals and precisely functionalized conjugated polymers were evolved and further
developed. For the use as single-photon source and to perform quantum-optical
measurements on the single-particle level, semiconductor nanocrystals of high optical
stability and quality were needed. Thus, the synthesis of CdSe-based core-shell quantum
dots and anisotropic dot-in-rod nanorods of excellent optical quality and stability was
pursued (Chapter 3). In order to enable a controlled functionalization of the nanocrystals
and to facilitate the subsequent encapsulation into polymer nanoparticles, novel
conjugated polymer ligands were required. To this end, the synthesis of new phosphonic
acid end-functionalized conjugated nonconjugated diblock and multi-valent comb
copolymers based on polyfluorene was evolved by a straightforward combination of
controlled catalytic chain growth polymerization and controlled radical polymerization
(Chapter 4). The synthesis of hybrid particles was pursued by direct ligand exchange
reactions and novel direct approaches (Chapter 5). Therein, the binding strength of
various functionalized polyfluorenes was explored.

To ensure a high optical and especially mechanical stability while maintaining their
colloidal nature, encapsulation methods for the embedding of (hybrid) nanocrystals into
polymer nanoparticles were elaborated (Chapter 6). The optical properties of the
embedded (hybrid) nanocrystals were studied by ensemble photoluminescence and
photoluminescence excitation measurements. The charging of the inorganic emitter by
charge transfer processes between the conjugated polymer and the nanocrystal was

analyzed in single-particle photoluminescence spectroscopy studies.
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Multi-Shell Semiconductor

Nanocrystals

3.1 Introduction

Amongst the range of possible applications, semiconductor nanoparticles are attractive
as a fluorescent material in displays and have already been employed on the industrial
scale.#84950 Moreover, they can be used as efficient single-photon sources and represent
a promising resource for future quantum technologies.21.22162163 The prototype of these
semiconductor nanoparticles are CdSe QDs and especially CdSe/CdS core-shell
nanoparticles are unarguably the most studied model core-shell hetero system. The
popularity of this system is based on the following features: CdSe and CdS only show a
minimal crystal lattice mismatch (3.9%), which enables the synthesis of highly fluorescent
core-shell heterostructure.87.164 For this core-shell system many highly optimized and
established synthetic procedures are available.86:87.165.166 At room temperature, CdSe/CdS
normally forms a quasi-type-2 band alignment (Scheme 1.1) with a strongly confined
hole and loosely confined electron.8485167 The tunable emission color of the CdSe/CdS
nanoparticles covers a large portion of the visible spectrum. Additionally, CdSe/CdS QDs
have proven to be well suited for single-particle micro photoluminescence (PL) studies
(Chapter 6.4.5)34168, therefore the semiconductor nanoparticles employed in this thesis
consist of CdSe/CdS core-shell structures.

Today, not only synthetic procedures for the synthesis of quasi-spherical CdSe/CdS QDs
are available but also procedures for anisotropic CdSe/CdS nanoparticles such as
nanorods (NRs) or tetrapods.1¢? Compared to their spherical counterparts CdSe/CdS NRs
offer some advantages: NRs have giant absorption cross sections below A = 500 nm due
to efficient light absorption by the huge CdS volume.16® Moreover, they have recently been
identified as promising single-photon emitters, which can exhibit efficient trion emission
due to reduced Auger recombination.2170171 Furthermore, they feature a dipole

moment!7Z along their long axis which can be used to align them for example in an electric

21



Multi-Shell Semiconductor Nanocrystals

field. Aligned NRs show a polarized emission*173 and are interesting as optical gain
medium for lasers.174 Also in terms of charge transport NRs are superior to spherical QDs
as the long axis of the NRs provides a continuous pathway for electron transport.1317>
These benefits make NRs attractive for single-particle PL studies. Therefore, one task
pursued in this thesis was to synthesize CdSe/CdS NRs according to existing procedures
(Chapter 3.2.4), functionalize them with conjugated polymers (Chapter 5.4.6-5.4.7),
and find a way to encapsulate them into polymer nanospheres (Chapter 6.2.3). A second
scope of this chapter was the synthesis of CdSe/CdS QDs with improved optical properties

as compared to the QDs which have already been established in the group.

3.2 Results and Discussion

In the following the synthesis of different semiconductor materials is discussed briefly.
The synthesis of these materials relies on literature-known procedures; however, the
reproduction of these syntheses is nevertheless challenging as the published procedures
often lack details. Moreover, the synthesis of nanoparticles is highly sensitive to often

unknown impurities in reagents and operational procedure.

3.2.1 Synthesis of CdSe Seed Particles by Two Different
Methods

The core material of all semiconductor materials used in this thesis consists of CdSe.
Semiconductor nanoparticles based on CdSe are the most studied, highly optimized
procedures for their synthesis are available and their optical properties in terms of
photoluminescence are unmatched. As the core-shell nanoparticles are intended for the
analysis in a single-particle micro-PL set-up (Chapter 6.4.5), the final fluorescence
wavelength of the nanoparticles has to be in the range of 580-650 nm due to set-up
specifications. This requires the CdSe particles to be in a size range of roughly 3.2-4.5 nm.
The synthesis of CdSe nanoparticles which are later used as seed particles for core-shell
nanoparticles were synthesized by two different hot-injection reactions (Scheme 3.1). In
method A, CdO was complexated by 6 equiv. of oleic acid. To the formed Cd-oleate, the
strong X-type ligand dodecylphosphonic acid (DOPA) was added in excess (3.6 equiv.). As

Se source TOP-Se in oleylamine was used.
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Scheme 3.1. Synthesis of CdSe seed particles by two different methods.
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TOP: tri-n-octylphosphine; DOPA: 1-dodecylphosphonic acid; ODPA:1-octadecylphosphonic acid; TOPO: tri-
n-octylphosphine oxide.

The hot-injection took place at a temperature of 240 °C and the QDs were grown at this
temperature until the desired size was reached (Figure 3.1). The synthesis of CdSe QDs
following this method was successful as the absorption spectra show well resolved and
narrow transitions bands (e.g. half width at half maximum (HWHM) on the low energy
side of the first exciton transition = 15 nm for 7.15 min growth time). Moreover, the
photoluminescence (PL) peaks of the QDs are relatively narrow with a full width at half

maximum (FWHM) between 29-30 nm.
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Figure 3.1. Absorption and PL spectra of CdSe QDs synthesized according to method A.
Aexc= 380 nm for PL and QY measurements. Sizes are diameters according to UV-VIS spectra.
A1exc = wavelength of the first exciton absorption peak.

For CdSe nanoparticles, these QDs show a high QY of around 10% for the smaller particle
samples and even up to 28% for the largest particles. The increase in QY with size is
expected as the percentage of surface atoms decreases drastically with increasing size.
Moreover, the homogeneity and crystallinity of the QDs can be seen in the TEM images
(Figure 3.2). The obtained QDs are not perfectly spherical but slightly anisotropic with a
circularity (C) of 0.8 (Chapter 3.4.2). In general, the size of the nanoparticles as
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determined by UV-VIS spectroscopy using the position of the first exciton absorption
peakl76 and the size as measured by TEM matched well. Therefore, in terms of simplicity
the size of CdSe-seed particles for the synthesis of core-shell nanoparticles was

determined by UV-VIS spectroscopy throughout this thesis.
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Figure 3.2. Exemplary TEM images of CdSe seed particles synthesized according to method A with
a growth time of 7.15 min. The mean diameter (d), the standard deviation (¢), and the circularity
(C, see Chapter 3.4.2 for definition) are given in the size histogram inset.

Most reported procedures for the synthesis of high-quality CdSe-based core-shell
nanoparticles employ Wurtzite-type CdSe QDs synthesized according to a procedure
which was developed by Manna and co-workers.# In this procedure (method B in Scheme
3.1), CdO was complexated with only 1.8 equiv. of octadecylphosphonic acid (ODPA)
employing TOPO as coordinating solvent. After complexation, TOP was added, and water
was liberated. As Se source TOP-Se was used, but no oleylamine was employed. The hot-
injection was performed at 370°C which led to a very fast growth of the CdSe
nanoparticles. According to Manna and co-workers a growth time of 3 min leads to QDs
emitting in the red regime. We observed that a significantly shorter growth time in the
range of 25 s to 40 s was sufficient to yield QDs in the desired size range of 3.5 nm to 4 nm
(Figure 3.3). The QDs in this size range feature very narrow emission linewidths with a
FWHM of 23-25 nm and sharp absorptions bands (HWHM on the low energy side of the

first exciton transition 10-12 nm).
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Figure 3.3. Absorption and PL spectra of CdSe QDs synthesized according to method B.
Aexc. = 380 nm for PL and QY measurements. Sizes are diameters according to UV-VIS spectra. QYs
are below 5% for these QDs.

Also, TEM (Figure 3.4) measurements confirmed the formation of very uniform
nanoparticles with a narrow size distribution (6% relative standard deviation). Also,
these QDs showed a slight anisotropy (C = ~0.8). The fluorescence properties of these QDs
were poor and the QY was normally below 5%. In the synthesis of CdSe QDs according to
method A, oleic acid (6 equiv. vs. Cd), DOPA (3.6 equiv. vs. Cd) and oleylamine (4 equiv.
vs. Cd) are used as stabilizing ligands. Here, only 1.8 equiv. of ODPA is used and the surface
of the QDs is not fully saturated by ligands which explains the low QY. The difference in
growth kinetics as compared to the literature was most probably caused by the amount
of water present in the system. Kirkwood et al. recently reported that even small amounts

of protic additives drastically affect the pathway and growth kinetics of CdSe

nanoparticles.177
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Figure 3.4. TEM images of an exemplary batch of CdSe seeds synthesized according to method B
at different magnifications.
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The drawback of such a short growth time is that it becomes practically very difficult to
synthesize two batches of CdSe QDs with exactly the same size. Therefore, the water,
which is released during the complexation of CdO, was removed by applying vacuum for
30 min after TOP had been added to the reaction mixture. Thereby, the growth of the
nanoparticles was slowed down significantly (Figure 8.1, e.g. 140 s growth time for red
fluorescent QDs). However, in general particles with a much broader size distribution
(HWHM of the first absorption peak 17-25 nm) were obtained by this approach. As CdSe
seed batches with unsuitable broad size distributions cannot be used for further studies
and had to be discarded, the water removal step was omitted during the syntheses of

these CdSe seed particles.

3.2.2 CdSe/CdS Core-Shell Quantum Dots

The optical properties of CdSe QDs can be greatly improved in terms of QY as well as
concerning optical and chemical stability by the deposition of a CdS shell. CdSe/CdS QDs
are by far the most studied core-shell QD system. CdSe/CdS QDs synthesized by a
successive ionic layer adsorption and reaction (SILAR) process have proven to be well
suited for single-particle PL studies in the group of Professor Alfred Leitenstorfer in the
Department of Physics at the University of Konstanz.34168 The synthesis used here is
based on a synthesis by Dubertret and co-workers which was optimized by Carla Negele
and Tjaard de Roo during their dissertations,86150.178 the main difference being the use of
dodecylphosphonic acid (DOPA) instead of tetradecylphosphonic acid in the synthesis of
the CdSe seeds. CdSe QDs (synthesized according to method A) were used as seed
particles and sulfur and Cd-oleate were used as CdS precursors (Scheme 3.2). At 240 °C
the precursors were sequentially added to the seed particles (1 mono layer per addition
cycle, 6 cycles), the last injection consisting of Cd-oleate in order to achieve a Cd-rich

surface to which X-type ligands such as phosphonic acids can bind more strongly.

Scheme 3.2. Schematic illustration of the SILAR process used for the synthesis of CdSe/CdS QDs.
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The synthesis showed a good reproducibility in terms of size, size distribution and
absence of secondary nucleation. However, a significant fluctuation of the QY of the
CdSe/CdS QDs synthesized by this SILAR process was observed (ranging from 30% up to
61%, 11 successful syntheses) and the average QY of these QDs was only 42%. The
obtained QDs were not spherical (circularity of 0.8) and exhibited a nonuniform
distribution of shapes, e.g. pyramids, spheres, prism, cubic structures and tripods
(Figure 3.5). The growth of the CdS shell caused a significant red shift of the PL maximum

in the range of 35 nm which is due to the formation of quasi-type-2 heterostructure at

room temperature where the electron wave function is partially spread into the shell.
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Figure 3.5. PL spectra (Aexc. = 380 nm) and TEM images of CdSe/CdS QDs synthesized according
to a SILAR process.

3.2.3 Graded-Shell CdSe/CdxZn1xS Quantum Dots
The CdSe/CdS synthesized according to the SILAR process (Chapter 3.2.2) are of good

quality, however, nowadays procedures are available which yield better QDs in terms of
QY, optical stability and blinking behavior. In 2013, Bawendi and co-workers showed that
CdSe/CdS QDs synthesized by using Cd-oleate and octanethiol as CdS precursors which
are slowly and simultaneously added to CdSe seeds at a high temperature of 310 °C
outperform CdSe/CdS QDs synthesized by a conventional SILAR process in every aspect.8?
Independently, Boldt et al. reported a similar procedure (Scheme 3.3) for the synthesis
of highly stable graded-shell CdSe/(CdS)x(ZnS)y (x,y: number of monolayers; the formula
is also written as CdSe/CdxZn1-xS to account for the graded-shell) QDs.1
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Scheme 3.3. Synthesis of graded-shell CdSe/(CdS)«x(ZnS), QDs.
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At the deposition temperature of 310 °C, an alloying between the CdS and ZnS shell takes
place, which allows switching between quasi-type-2 and type-1 band alignment
depending on the amount of precursors used. In PL measurements, the graded-shell
particles were reported to possess a higher stability in terms of photobleaching, against
quenching agents and less blinking as compared to CdSe/CdS QDs. Remarkably, already
2-4 monolayers (ML) of CdS in combination with 2-4 ML of ZnS are sufficient to yield very
stable and robust particles. In the case of CdSe/CdS QDs thicker shells (> 6 ML) are
necessary due to lack of electron confinement. Regarding the envisioned charging of QDs
by a charge transfer with a conjugated polymer Cotlet and co-workers reported that a
thinner shell facilitates charge transfer processes.123 Therefore, one aim of this thesis was
to reproduce the synthesis of these graded-shell QDs and functionalize them with
polyfluorene (Chapter 5.2.2).

Four different combinations of graded-shell nanoparticles were synthesized (2 ML CdS,
2 ML ZnS; 2 ML CdS, 4 ML ZnS; 4 ML CdS, 2 ML ZnS; 4 ML CdS, 4 ML ZnS). The amount of
precursor solution was calculated from the CdSe seed size and desired shell thickness
(thickness of 1 ML CdS = 0.337 nm; thickness of 1 ML ZnS = 0.312 nm) assuming a
quantitative conversion of Cd and Zn precursor, respectively. The precursor solutions
were added with a syringe pump adding the equivalent of 2 MLs per hour.

In all four experiments, highly fluorescent dispersions were obtained (Figure 3.6). The
QYs ranged from 67% up to 87% and were much higher than for CdSe/CdS QDs
synthesized according to the SILAR process (average QY 42%). Only the sample
CdSe/(CdS)2(ZnS)4 had a QY below 80%, which is likely due to the high amount of ZnS
compared to CdSe and CdS which induces strain on the nanoparticle due to the lattice

mismatch between the materials.
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Figure 3.6. Absorption and photoluminescence spectra of CdSe/(CdS)«(ZnS), QDs. All four
batches were synthesized using the same batch of CdSe seeds with a size of 3.3 nm. Aexc. = 380 nm
for PL and QY measurements.

The FWHM of the emission peak is in the range of 35 nm, only for the sample consisting
of 4 ML of CdS and 2 ML of ZnS a very broad emission peak (FWHM of 51 nm) was
observed. However, the sample still showed a high QY of 85%. Relatively broad emission
peaks were also reported occasionally in literature upon deposition of the ZnS shell.

The crystallinity and uniformity of the nanoparticles can also be seen in the TEM pictures
(Figure 3.7). The particles possess a narrow size distribution (~10%) and form
superlattices on the TEM grid upon drying which also indicates the high quality of the

particles.
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Figure 3.7. TEM images of CdSe/(CdS)x(ZnS)y QDs. Additional high-magnification TEM images of
the four different CdSe/(CdS)«(ZnS)y QD batches are shown in the appendix (Figure 8.2).

The size of the QDs (according to TEM) 6.1 nm (theoretically 5.9 nm), 7.0 nm
(theoretically 7.2 nm), 8.0 nm (theoretically 7.3 nm) and 6.1 nm (theoretically 8.5 nm) fit
well to their theoretical size (calculated from the size of the CdSe seed particles and the
added amount of CdS-precursor and ZnS-precursor), only for the sample consisting of
4 ML of CdS and 4 ML of ZnS the particles are significantly smaller than expected.

For the functionalization with PF8 by a direct approach (directly during the synthesis),
particles with 2 ML of CdS and 2 ML of ZnS were considered most suited because of their
thin shell which might facilitate a charge transfer process between the polymer and the
inorganic emitter. For this shell composition, an analysis was performed whether indeed
a confinement of the electron wave function to the core takes places (Figure 3.8). The
deposition of the CdS shell onto the CdSe core caused a red shift of 26 nm of the PL

maximum and a red shift of 23 nm of the 1S transition in the absorption spectra. This red
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shift was nearly compensated by the addition of a 2 ML thick shell of ZnS. The 1S
absorption was blue shifted by 17 nm and the PL maximum by 11 nm. The addition of the
ZnS indeed led to a confinement of the electron wavefunction to the core which might be

beneficial for the intended optical applications.
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Figure 3.8. Absorption (left) and PL spectra (right) of CdSe seed particles, in situ formed
CdSe/(CdS): particles and the final graded-shell CdSe/(CdS)2(ZnS)2 QDs. Aexc. = 380 nm for PL
measurements.

3.2.4 CdSe/CdS and CdSe/CdS/CdS Nanorods

The state of the art synthesis of uniform and high-quality CdSe/CdS NRs was developed
by Manna and co-workers in 2007.4 The synthesis is based on a seeded growth method.
CdSe QDs act as seed particles for a homogeneous nucleation of CdS and a so called “dot-
in-rod structure” is formed (Scheme 3.4). The aspect ratio of the rods can be adjusted by
the amount of CdO and sulfur used. However, mainly the length of the NRs is changed,
whereas the diameter stays nearly constant for different aspect ratios. The NRs are
elongated along the unique c-axis of the wurtzite crystal structure. The anisotropic
growth of the NRs in the [0001] and [0001] direction of the wurtzite crystal structure is
caused by employing a precise mixture of octadecylphosphonic and hexylphosphonic acid
and a certain precursor concentration.17%180 As anion-rich (0001) planes exhibit a higher
growth rate as compared to cation-rich (0001) planes in this electron donating ligand

mixture, the seed dot is not located in the center of the rod.180
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Scheme 3.4. Synthesis of CdSe/CdS nanorods by the seeded growth method. Depending on the
amount of CdS precursors used, nanorods of different aspect ratios are yielded.
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For the synthesis of CdSe/CdS NRs, CdSe seeds synthesized according to method B were
employed. Following the protocol by Manna and co-workers, high-quality CdSe/CdS NRs
were obtained (Figure 3.9). NRs with a length between 20 nm and 38 nm were
synthesized. Longer NRs were not synthesized as the QY of the NRs decreased with
increasing length (QY (20 nm) = 52%; QY (38 nm) = 26%). However, the QYs were lower
as compared to literature values reporting a QY of up to 70% for the short NRs. The
deposition of the CdS caused a red shift of the first exciton transition (30-33 nm) in the
absorption spectra and of the PL maximum (24-26 nm). As in the case of CdSe/CdS QDs a
quasi-type-2 heterostructure was presumably formed. The PL peaks stayed narrow
(FWHM of 25-27 nm) during the rod formation and were comparable with the width of
the PL peak of the seed particles (FWHM 25 nm). The absorption spectra feature well-
resolved first exciton transitions and below A = 500 nm, the absorption is dominated by
the CdS shell. The strong interaction between the NRs and their tendency to form
superstructures can be seen in the TEM images, where densely packed rows of rods
formed during deposition on the TEM grid. Compared to the procedure reported in
literature, it was also possible to up-scale the reaction by a factor of 1.5 without
detrimental effects on the properties of the NRs.

In the past, CdSe/CdS QDs with a core synthesized according to method A, have proven to
be well suited for single-particles PL studies. Therefore, it was also probed if NRs can be
synthesized employing those seed particles. However, using the same conditions as
before for the synthesis of rods with an expected length of 20 nm, elongated particles
(Figure 8.3) showing different shapes were formed and the FWHM of the PL peak
broadened to 38 nm. Presumably, no defined rods were formed, as the two different types
of seed particles have a totally different surface chemistry and even small changes in the

composition and concentration of the ligands can have a tremendous impact on the
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formation of nanoparticles. As high-quality NRs were obtained following the

literature-known procedure, the second method was not further investigated.
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Figure 3.9. TEM images, PL (Aexc. = 380 nm) and absorption spectra of CdSe/CdS NRs of different
sizes. All three CdSe/CdS rod batches were synthesized starting from the same batch of CdSe
seeds.

Regarding the functionalization of CdSe/CdS NRs, one major obstacle will be that the
surface of these rods is mostly covered by strongly binding phosphonic acids as X-type
ligands which are difficult to replace. Bawendi and co-workers showed that the optical
properties of CdSe/CdS NRs can be greatly improved by the slow deposition of an
additional CdS shell.181 Similar to the synthesis of high-quality CdSe/CdS or
CdSe/CdxZn1xS QDs, Cd-oleate and octanethiol are used as precursors (Scheme 3.5).
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Scheme 3.5. Synthesis of CdSe/CdS/CdS NRs by slow deposition of CdS on CdSe/CdS NRs.
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However, the authors did not state how they prepare their Cd-oleate, and neither the
composition of the Cd-oleate regarding the amount of oleic acid, is given. Therefore, we
employed the same Cd-oleate solution (ratio Cd to oleic acid of 1 to 3) as used in the
synthesis of CdSe/(CdS)x(ZnS)y QDs (Chapter 3.4.4). The amount of precursor solution
was calculated based on the desired shell thickness. Bawendi and co-workers saw the best
improvement in the optical properties of the NRs upon deposition of 2 ML of CdS. In
Figure 3.10, the results for the deposition of a theoretical 2 ML thick CdS layer on short
CdSe/CdS NRs (top, L = 20 nm) and long NRs (bottom, L = 30 nm) are shown. As injection
rate, a deposition of 1 ML/h was chosen. In both experiments, highly fluorescent
dispersions were obtained and a significant increase in QY was observed (42% = 78%
respect. 36% > 75%). For both samples, a red shift (absorption 13-14 nm; PL maxima
12-14 nm) of the optical properties occurred which indicates that the width of the NRs
(confined dimension) increased. Upon deposition of the CdS shell, no secondary
nucleation occurred, and the NRs kept their defined rod form. Moreover, also the new NRs
feature a strong tendency to align upon solvent evaporation. The red shift of the optical
properties was reflected in an increase in width by 1.4 nm for the short rods and 1 nm for
the long rods.

The theoretical increase in width based on the amount of precursors added is 1.3 nm
which fits well to the measured values. However, for both batches a decrease in length of
3 nm and 2 nm, respectively, was observed. In literature, a slight decrease in length was
also reported. Shim and co-workers showed that metal carboxylates (e.g. Cd-oleate) can
induce etching of nanocrystals which happens in the case of CdSe/CdS NRs preferentially

along the c-direction.182
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Figure 3.10. TEM images, absorption and PL (Aexc. = 380 nm) spectra of CdSe/CdS/CdS NRs which
were synthesized from CdSe/CdS seed rods with a length of 20.5 nm and a width of 3.7 nm (top)
and a length of 29.6 nm and a width of 4.0 nm (bottom), respectively. Both CdSe/CdS seed rod
batches were synthesized from the same CdSe seed particles.

In a dispersion of purified CdSe/CdS NRs no unbound phosphonic acids could be detected
by NMR spectroscopy (Figure 8.4). As the surface of the NRs upon deposition of the
additional CdS shell increased (factor ~1.16), a part of the surface has to be passivated by
oleic acid which is a weaker binding X-type ligand as compared to ODPA or HPA. A small
amount of oleic acid was indeed bound to the NRs which could be elucidated by proton
NMR spectroscopy (Figure 8.5) where a downfield shift of the signal of the olefinic
protons and a disappearance of the triplet signal of the a-protons of oleic acid were
observed which is typical for bound oleic acid.11® Thus, these CdSe/CdS/CdS NR not only

show improved optical properties but should also be more accessible to functionalization.
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3.3 Summary and Conclusion

For the subsequent functionalization with conjugated polymers by a ligand exchange
reaction and to have a suitable reference material in hand, high-quality core-shell
semiconductor nanocrystals were synthesized. As core material CdSe QDs were
successfully synthesized by two different methods. CdSe/CdS QDs were generated by a
SILAR process. These QDs possessed different forms and they only showed an average QY
of 42% (ranging from 30-61%). These QDs are a typical example for a quasi-type-2
heterostructure, where the electron wavefunction is partially spread into the shell.
Graded-shell CdSe/CdxZnixS QDs were successfully synthesized based on a
literature-known procedure! as an alternative with a higher optical quality as compared
to the previously employed CdSe/CdS QDs. The graded-shell QDs featured a narrow size
distribution (~10%) and QYs above 80%. Especially thin-shelled CdSe/(CdS)z(ZnS)2 QDs
(Figure 3.11) are promising for the functionalization with conjugated polymers, as the
thin shell should facilitate energy and charge transfer processes. Moreover, the deposition
of the ZnS shell leads to an increased confinement of the electron wavefunction to the core
and the formation of a type-1 heterostructure which is beneficial for the optical stability
of the QDs.
 CdSEHCAS)2(ZnS) e CdSe/CdS/CdS
Nanorods

—— CdSe/(CdS),(ZnS), 4 > % [—— CdSe seeds [—— CdSe/CdS rods
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Figure 3.11. Overview over the synthesized high-quality semiconductor nanocrystals. Left:
CdSe/(CdS)2(ZnS). QDs. Center: CdSe/CdS NRs. Right: CdSe/CdS/CdS NRs.

High-quality CdSe/CdS NRs (length 20-40 nm, width ~5 nm) were successfully
synthesized based on a literature known procedure.* Adapted from a procedure
developed by Bawendi and co-workers8l, an additional CdS shell (2 monolayers) was
deposited on these NRs. This deposition resulted in a significant increase in the QY of the
NRs (35-42% —> 75-78%). Moreover, the surface of NRs became partially covered by

oleic acid, which should be beneficial for the functionalization of these NRs.
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3.4 Experimental Section

3.4.1 Materials and General Considerations

All manipulations of air- and/or water sensitive compounds were carried out under inert
atmosphere using standard glove box and Schlenk techniques.

Cadmium oxide (> 99.99%-Cd, lot MKBT7524V), hexylphosphonic acid (HPA; 95%, lot
MKBX1133V), oleylamine (70%), oleic acid (90%), octanethiol (>98.5%), tri-n-
octylphosphine (TOP; 99%), tri-n-octylphosphine oxide (TOPO; 99%), zinc acetate
(99.99%, lot MKCC8484), and octadecene (90%) were purchased from Sigma-Aldrich. n-
Octadecylphosphonic (ODPA, 98%, lot 807601N16) acid was obtained from PCI. 1-
Dodecylphosphonic acid (95%, lot 1343062) and CdO (99.999%-Cd, lot 1364353) were
purchased from ABCR (annotation: the CdO by ABCR was not suited for the synthesis of
CdSe-seed particles).

Octadecene, oleic acid and oleylamine were degassed by purging with nitrogen for two

hours and by applying vacuum at 80 °C for 20 h.

3.4.2 Analytical Methods

Absorption spectroscopy (UV-VIS spectroscopy):
Absorption spectra were recorded on a Varian Cary 100 scan spectrometer with the neat

solvent (mostly toluene or n-hexane) as reference.

Photoluminescence Measurements and Quantum Yield Determination:
Ensemble emission spectra and quantum yields were measured using a Hamamatsu
Absolute PL Quantum Yield Measurement System C9920-02 equipped with an integrating

sphere.

Transmission Electron Microscopy (TEM):

TEM micrographs were aquired using a Jeol JEM-2200FS transmission electron
microscope using a FEG with 200 kV acceleration voltage or using a Zeiss Libral20
employing a LaBe emitter with 120 kV acceleration voltage. Samples were prepared by
drop casting 2 pL of a diluted particle dispersion on a TEM grid (Quantifoil S 7/2 + 2 nm
C, Cu400).

Particle size and distributions of QDs were obtained by measuring the area of at least 150

particles in TEM images at a magnification of 200000. From the area, the diameter of the
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particles was calculated by assuming the particles to be circular. The circularity C of the
particles was determined with the help of Image] and is defined as followed:
_4-m- area
parimeter?
A circularity value of 1.0 indicates a perfect circle. As the value approaches 0.0, it indicates
an increasingly elongated polygon. The size and size distribution of rods was obtained by
measuring the length and width of at least 150 particles. All size measurements were

performed at images taken at a magnification of 200000.

Determination of CdSe Concentration:

The size, molar extinction coefficients and concentration of CdSe seed particles were
determined by using the sizing curve established by Jasieniak et al.17¢ Briefly, 3.0 mL of n-
hexane or toluene were placed in a sealable UV-VIS cuvette. 10 pL of the seed particle
dispersion was added and an UV-VIS spectrum was recorded. This procedure was
repeated until a total volume of 40 pl was added. The wavelength of the first absorption
maximum Ais and the half width at half maximum on the low energy side of the absorption
peak was determined. With these values the concentration and size of the particles was
calculated using the formulas given by Jasieniak et al. and the average value from four

measurements was calculated.

3.4.3 Synthesis of CdSe Seed Particles

CdSe Seeds from Cd-Oleate Precursor (Method A)

In a 50 mL Schlenk flask, 145 mg (1.1 mmol, 1 equiv.) of CdO and 2 mL (6.3 mmol,
5.7 equiv.) of oleic acid were mixed and heated up to 170 °C until a clear solution was
obtained (for experimental set-up see Figure 3.12). After cooling to 70 °C, 3 mL of 1-
octadecene and 1 g of 1-dodecylphosphonic acid (4 mmol, 3.6 equiv.) were added. The
yellow solid was degassed at 80 °C for 2 h. In another 50 mL Schlenk tube, 117 mg
(1.5 mmol, 1.3 equiv.) of selenium was dissolved in 1.5 mL (3.4 mmol) of tri-n-
octylphosphine by sonication. 1.5 mL (4.5 mmol, 4.1 equiv.) of oleylamine was added and
the solution was degassed for 2 h at 80 °C. The Cd-precursor solution was heated up to
240 °C and the Se-precursor solution was quickly injected via syringe. After stirring for
6.5 min, the heating block was removed, and the reaction mixture was cooled with
compressed air followed by cooling in a water bath. The intensively red-colored
dispersion was diluted with tetrahydrofuran (THF). The QDs were precipitated by the
addition of 30 mL of methanol and collected by centrifugation. The precipitated QDs were
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redispersed in 4 mL of n-hexane and centrifuged to precipitate the excess of phosphonic
acid as a slightly red gel. The QDs were precipitated from methanol, collected by
centrifugation and redispersed in toluene. The QDs were precipitated from methanol,
collected by centrifugation and the obtained pellet was dried in a nitrogen stream and

dispersed in 10.0 mL of toluene and stored at 6 °C under exclusion of light.

rubber septum

temperature probe
(temperature measured in
aluminum block)

connection to 'Schlenk line'

aluminum block
>~ Schlenk flask

hot plate magnetic stirrer

Figure 3.12. Exemplary photo of the set-up used for the synthesis of nanoparticles using an
aluminum block, Schlenk flask and measuring the temperature in the aluminum block.

CdSe Seeds from Cd-Octadecylphosphonic Acid Precursor (Method B)

The synthesis of CdSe followed a modified protocol by Carbone et al.# Briefly, 60 mg
(0.467 mmol, 1 equiv.) of CdO, 280 mg of octadecylphosphonic acid (0.837 mmol,
1.8 equiv.) and 3.00 g of tri-n-octylphosphine oxide (TOPO, 7.759 mmol) were mixed in a
25 mL three neck flask. The flask was equipped with a reflux condenser, rubber septum
and a heating mantle with a thermo couple device (temperature measured in the reaction
mixture, Figure 3.13). The reagents were degassed at 150 °C under vacuum for 1 h. Under
nitrogen, the temperature was increased to 330 °C and the reaction was stirred until it
turned clear, indicating the entire complexation of the Cd2* ions. Typically, this takes
around 2 hours. During the complexation, the flask had to be carefully shaken several
times to wash down CdO from the flask’s side. 1.8 mL of tri-n-octylphosphine was added
and the mixture was heated to 370 °C. A TOP-Se solution (prepared by stirring 57 mg of
Se and 360 mg of tri-n-octylphosphine in a glovebox for 1 hour at room temperature) was
injected swiftly and the reaction was cooled down quickly by removing the heating mantle
and by cooling with compressed air after the desired size of CdSe seed had been reached.
Typically, the growth time was between 30 s and 60 s. At 100 °C, 3 mL of toluene was

added. The CdSe cores were purified by precipitation in methanol, centrifugation (5000 g,

39



Multi-Shell Semiconductor Nanocrystals

5 min), discarding the supernatant and redispersion in toluene for three times. The cores
were finally precipitated from MeOH, collected by centrifugation, dried in a stream of
nitrogen gas and redispersed in 4.0 mL of n-hexane, filtered through a syringe filter and

stored in a refrigerator under exclusion of light.

reflux condenser,
connected to 'Schlenk line'

thermo couple covered
by a glass inlet
(temperature measured

in reaction mixture)
rubber septum

heating mantle three neck flask

magnetic stirrer

Figure 3.13. Exemplary photo of the set-up used for the synthesis of nanoparticles using a heating
mantle and measuring the temperature directly in the reaction mixture.

3.4.4 Synthesis of Precursors

Synthesis of Cd-Oleate

In a 100 mL three neck flask, equipped with a septum, thermo couple and reflux
condenser (set-up as shown in Figure 3.13), CdO (512 mg, 4 mmol, 1 equiv.), oleic acid
(3.388 g, 12 mmol, 3 equiv.) and 40.4 mL of octadecene were degassed by applying
vacuum for 30 min at room temperature and for 1 h at 80 °C. Under nitrogen, the mixture
was heated to 300 °C and kept at this temperature until the solution turned clear,
indicating the complete complexation of CdO. The mixture was cooled down to 100 °C and
oleylamine (2.136 g, 8 mmol, 2 equiv.) was added to prevent gelation during cooling. The
mixture was placed under vacuum for 1 h at 100 °C, placed under nitrogen, cooled down
and stored in a nitrogen-filled glovebox.

Final concentration: c¢(Cd) = 0.0854 mol/L
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Synthesis of Zinc-Oleate

In a 100 mL three neck flask, equipped with a septum, thermo couple and reflux
condenser (set-up as shown in Figure 3.13), zinc acetate (1.467 g, 8 mmol, 1 equiv.), oleic
acid (4.519 g, 16 mmol, 2 equiv.) and 28 mL of octadecene were degassed by applying
vacuum for 30 min at room temperature and for 1 hat 80 °C. Under a nitrogen atmosphere
the temperature was increased to 280 °C and the mixture was stirred until a clear and
colourless solution was obtained (takes normally between 1 and 2 hours). The mixture
was cooled down to 150 °C and 4.279 g (16 mmol, 2 equiv.) of oleylamine was added. The
solution was degassed by applying vacuum for 1 hour at 100 °C, and finally stored inside
a nitrogen-filled glovebox.

Final concentration: c¢(Zn) = 0.208 mol/L

3.4.5 Synthesis of Core-Shell Nanoparticles

Synthesis of CdSe/CdS Core-Shell Quantum Dots

In a 50 mL Schlenk flask, 436 mg (3.4 mmol) of cadmium oxide and 6 mL (18.9 mmol) of
oleic acid were mixed and heated to 170 °C until a clear solution was obtained (set-up as
shown in Figure 3.12). The solution was cooled to 80 °C and 24 mL of 1-octadecene was
added. In another 50 mL Schlenk tube, 96 mg (3.0 mmol) of sulfur was dissolved in 30 mL
of 1-octadecene by sonication. Both solutions were degassed at 80 °C for 1 h. In a 250 mL
Schlenk flask, 9 mL of CdSe QDs (seeds from Cd-Oleate precursor) in toluene were mixed
with 12 mL of oleylamine and 24 mL of 1-octadecene. Toluene was removed by applying
vacuum at rt and the solution was degassed at 80 °C for 1 h. 1.7 mL of the Cd-precursor
solution was added to the QD seed mixture, which was then heated to 240 °C (temperature
of aluminum block). At 240 °C the following amounts of precursor solutions were
consecutively added in periods of 10 min via a syringe pump. 1.7 mL of S-, 2.8 mL of Cd-,
2.8 mL of S-, 3.9 mL of Cd-, 3.9 mL of S-, 5.2 mL of Cd-, 5.2 mL of S-, 6.8 mL of Cd- and
6.8 mL of S-precursor solution. Finally, 8.5 mL of the Cd-precursor solution was added.
The reaction solution was stirred at 240 °C for 20 min before the heating mantle was
removed and the reaction mixture was cooled with compressed air and in a water bath.
The QDs were diluted with THF, precipitated by the addition of methanol and collected by
centrifugation. The QDs were redispersed in a minimal amount of toluene, precipitated

from methanol and collected by centrifugation. This procedure was repeated one more
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time. The QDs were dried in a nitrogen stream and redispersed in 10.0 mL of toluene and

stored at 6 °C under exclusion of light.

Synthesis of CdSe/CdxZni1-xS Graded-Shell Quantum Dots

The synthesis of CdSe/CdxZn1-xS QDs (also written as CdSe/(CdS)x(ZnS)y to indicate the
shell thicknesses) QDs followed a slightly modified protocol published by Boldt et al.l
Briefly, 1.5 mL of octadecene, 1.5 mL of oleyl amine and 50 nmol of CdSe seed particles
were placed in a 25 mL three neck flask equipped with a rubber septum, thermo couple
and reflux condenser (set-up as shown in Figure 3.13). The mixture was placed under
vacuum and degassed for 45 min at 50 °C and for 20 min at 105 °C. Under a nitrogen
atmosphere the temperature was raised to 310 °C. Starting at 210 °C, Cd and S precursor
solutions were added via separate syringes controlled by a syringe pump. The precursors
solutions were prepared by diluting the required amount of Cd-oleate and 1-octanethiol
respectively with octadecene to a final injection volume of 1.5 mL. The required precursor
amount was calculated from the size of the CdSe seed particles and the desired number of
added monolayers of CdS (thickness of 1 ML CdS = 0.337 nm). A complete conversion of
Cd-oleate was assumed, and a ratio of octanethiol to Cd-oleate of 1.2 :1 was used. The
injection rate was adjusted to ensure the addition of the amount equivalent to 2 ML of CdS
per hour. After the addition of the precursors had been completed, the temperature was
lowered to 200 °C and 0.5 mL of oleic acid was added dropwise. Noteworthy, due to the
occasional occurrence of strong boiling retardance, this step requires particular attention.
Afterwards, the reaction mixture was annealed at 200 °C for 1 hour. For the synthesis of
CdSe/CdxZnx-1S graded-shell QDs, the temperature was decreased to 120 °C and the
mixture was degassed by applying vacuum for 30 min. The reaction mixture was again
heated to 310 °C and starting at 230 °C, precursor solutions of zinc-oleate and octanethiol,
each diluted in octadecene to a final injection volume of 1.5 mL were added via separate
syringes controlled by a syringe pump. The addition rate was set that the equivalent of
2 ML of ZnS was added per hour. The required precursor amount was calculated from the
calculated size of the intermediately formed CdSe/CdS seed particles and the desired
number of added monolayers of ZnS (thickness of 1 ML ZnS = 0.312 nm). A complete
conversion of Zn-oleate was assumed, and a ratio of octanethiol to Zn-oleate of 2 : 1 was
used. After the precursor addition had been completed, the mixture was cooled to room
temperature by removing the heating mantle and cooling with compressed air. The

particles were precipitated by the addition of an 8 : 1 v/v mixture of acetone and methanol
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and by cooling in liquid nitrogen for a few seconds. The particles were collected by
centrifugation (5 min at 3500 g) and redispersed in a minimal amount of chloroform. This
procedure was repeated two times. In the final round, the precipitated particles were
dried to a powder under a stream of nitrogen and dispersed in 4 mL of toluene, filtered

through a syringe filter, and stored at 6 °C under exclusion of light.

Synthesis of CdSe/CdS Nanorods

The synthesis of CdSe/CdS NRs followed the protocol published by Carbone et al.4, but
was up-scaled by a factor of 1.5.

Briefly, TOPO (4.5 g), ODPA (435 mg, 1.3 mmol), HPA (120 mg, 0.72 mmol) and CdO (for
arod length of 20 nm: 86 mg, 0.66 mmol; for a rod length of 35 nm: 129 mg, 1 mmol) were
degassed in a 25 mL three neck flask, equipped with a septum, thermo couple and reflux
condenser (set-up as shown in Figure 3.13) for 1 hour at 150 °C and then heated to 330 °C
under a nitrogen atmosphere. The mixture was kept at this temperature until it turned
clear indicating the complexation of Cd. At this step, 3 mL of TOP is slowly added, and the
temperature is increased to the injection temperature of 350 °C. Simultaneously, a
mixture consisting of 180 mg (5.6 mmol) of S, 2.7 mL of TOP and 120 nmol of CdSe seed
cores in hexane was prepared and the hexane was removed in vacuum at 80 °C over a
period of 1 hour. When the temperature of the CdO reaction mixture had reached 350 °C,
the core precursor solution was rapidly injected. After stirring the mixture for 8 min at
350 °C, it was cooled down by removing the heating mantle and cooling with compressed
air. The NRs were purified by three rounds of precipitation by the addition of methanol,
centrifugation and discarding the supernatant and redispersion in toluene. Finally, the
NRs were precipitated from methanol, collected by centrifugation, dried in a stream of
nitrogen gas and redispersed in 4 mL of n-hexane, filtered through a syringe filter and

stored in a dark refrigerator.

Synthesis of CdSe/CdS/CdS Nanorods

The synthesis of CdSe/CdS/CdS NRs was performed by a modified version of the
procedure published by Bawendi et al.181

A mixture of 20 nmol of CdSe/CdS rods in hexane with 1.5 mL of octadecene, 1.5 mL of
oleylamine and 1.5 mL of oleic acid was prepared in a 25 mL three neck flask equipped
with a thermo couple, rubber septum and reflux condenser (set-up as shown in Figure
3.13), and hexane and water residues were removed at 50 °C in vacuum for 45 min and

another 15 min at 105 °C. Under nitrogen, the temperature of the reaction mixture was
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raised to the final reaction temperature of 310 °C. Already when the temperature reached
210 °C during the heating process, the injection of the precursor solutions was started.
Solutions of Cd-oleate and 1-octanethiol, each diluted with octadecene to give a final
injection volume of 3 mL, were injected from separated syringes using a syringe pump
(injection rate 1.5 mL/h). The octanethiol precursor solution was degassed by applying
vacuum for 45 min at 60 °C before use. The amounts of precursor were calculated from
the size of the initial CdSe/CdS NRs and the desired shell thickness (number of
monolayers, thickness of 1 ML of CdS = 0.337 nm). A complete conversion of Cd-oleate
was assumed and a ratio of octanethiol to Cd of 1.2:1 was used. After the precursor
addition was completed, the reaction mixture was cooled down and precipitated in an
acetone/MeOH mixture (70/30). The mixture was centrifuged at 5000 g for 5 min, the
supernatant was discarded and the pellet redispersed in a minimal amount of toluene.
The procedure was repeated three times and afterwards the rods were dried in a stream
of nitrogen, redispersed in toluene, filtered through a syringe filter and stored in a

refrigerator under the exclusion of light.
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Functional Conjugated
Polymers and Conjugated
Nonconjugated Block Copolymers

by Controlled Polymerizations

4.1 Introduction

Poly(fluorene)s (PFs) are important semiconducting materials for light-emitting devices
because of their wide band gap and thereby blue-light-emitting character, high
photoluminescence quantum yield, good charge transport properties, great thermal
stability and good solubility in organic solvents.183,184,185,186,187,188,189

In the course of his dissertation Tjaard deRoo showed that phenylphosphonic acid-
functionalized poly(9,9’-dioctylfluorene) (PF8) can bind strongly to CdSe or CdSe/CdS
QDs (QDs) whereas aniline-functionalized PF8 binds only rather weakly.113.150 Moreover,
for some of his systems observations hint at an energy transfer (ET) from the polymer to
the QDs. Guo et al. could reveal a strong ET from PF to CdSe/ZnS QDs.23 Given the energy
levels of PF8 and CdSe/CdS nanocrystals, an electron transfer from photoexcited polymer
to the nanocrystal resulting in the desired charged nanoparticles should be possible in
principle (see Chapters 1, 5.1 and 6.1 for details). Therefore, the synthesis of conjugated
polymers was mainly focused on PF8. For single-particle spectroscopy measurements, the
functionalized nanocrystals are encapsulated into a larger polymer particle by a
miniemulsion polymerization (Chapter 6). The embedding process might be facilitated
by employing nanocrystals which are functionalized with PF8 bearing a radically
polymerizable end group (PF8 macromonomer, Scheme 4.1). As second method to
improve the embedding, the introduction of a nonconjugated polymer block to the PF8
chain was pursued (PF8 diblock copolymer, Scheme 4.1). Regarding the functionalization

of the QDs with PF8 itself, the binding affinity of PF8 might be improved by employing a
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multi-valent ligand. This multi-valent polymer ligand could be synthesized by the radical
copolymerization of the PF8 macromonomer with a radically polymerizable monomer
(PF8 comb copolymer, Scheme 4.1). Therefore, the following heterodifunctionalized

PF8s were targeted:

e A PF8 macromonomer bearing a phenylphoshonic acid and a radically
polymerizable end group.
e A PF8 macroinitiator bearing a phenylphosphonic acid end group and an end

group capable to initiate a controlled radical polymerization.

Further, conditions had to be found to convert the macromonomer/macroinitiator to the
respective comb copolymer or diblock copolymer in a controlled manner.
Scheme 4.1. Synthesis of conjugated nonconjugated copolymers by combining controlled Suzuki-

Miyaura cross coupling polymerization (cSMCCP) and controlled radical polymerization (CRP).
Reprinted with permission from ref.> Copyright 2019 American Chemical Society.
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4.1.1 Controlled Synthesis of Conjugated Polymers — Suzuki-

Miyaura Cross-Coupling Polymerization

The development of metal catalyzed C-C coupling reactions enabled the polymerization
of nearly all aromatic monomers to conjugated polymers in a step growth manner.s
However, such polymerization techniques only allowed for a low control of molecular
weight and the quantitative introduction of functional groups at the chain ends was
practically not possible. In 2004, Yokozawal®? and McCullough°? independently reported
on the first controlled nickel-catalyzed Kumada-Tamao coupling polymerization of 2-
bromo-5-chloromagnesio-3-hexylthiophene. Their procedure enabled the syntheses of

polythiophenes with defined chain length, narrow molecular weight distribution and end
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group functionalization.100 As highly reactive Grignard-type monomers are used, the
direct introduction of functional end groups is limited. Moreover, the introduction of two
different functionalities at both ends is quite difficult.192

In 2007, Yokozawa and co-workers reported the first Suzuki-Miyaura cross-coupling
polymerization (SMCCP) of bromofluoreneboronic acid ester employing
[PdBr(Ph)(PtBus)] as initiator proceeding in a chain growth manner with each polymer
chain functionalized with the phenyl group from the initiator.1?3 Using SMCCP many
monomers such as fluorenes!?3, thiophenes, phenylenes94195 phenanthrenes!?¢ and
fluorene-benzothiadiazoles!®7 can be polymerized in a controlled manner. The controlled
SMCCP (cSMCCP) allows for the synthesis of hetero end-functionalized m-conjugated
polymers which can be understood by the mechanism of the polymerization (Scheme
4.2). The polymerization is initiated by the transmetalation reaction (1) between
monomer and the three-coordinate Pd(II) complex, resulting in complex I which
undergoes successive reductive elimination (2). The Pd(P‘Bus) moiety does not leave the
molecule but forms a m-complex (II) with the conjugated system of the molecule and then
undergoes intramolecular oxidative addition (3), resulting in complex (III). This step is
responsible for the chain growth characteristic of the polymerization.193.198.199 Successive
transmetalation (4) of the monomer followed by reductive elimination (5), and
intramolecular oxidative addition leads to the polymer complex (IV). The polymerization
can be terminated either by the addition of an acid such as HCI (6) resulting in the
hydrogen-terminated polymer (V) or by the addition of a functionalized arylboronic acid
(ester) in excess (7), yielding the hetero difunctionalized polymer (VI). This procedure
allows for precise polymer end group functionalization by introducing functional groups
through the aryl moiety of the initiator complex113.200201 and the aryl moiety of the
boronic acid (ester) used for quenching.198200.202

As initiators three-coordinate Pd(II) complexes such as [PdBr(Ph)(P‘Bus)] are commonly
employed, which can be synthesized by the reaction of an arylbromide with [Pd(P‘Bus)z2].
However, the isolation of these complexes is tedious, and the complexes are prone to
decomposition which leads to fluctuations in the polydispersity index of the obtained
polymers. [Pd(Aryl)(P‘Bu3)X] complexes (X= Br, [) can also be generated in situ by the
combination of [Pdz(dba)s], P‘Bus and ArylX.203.204

47



Functional Conjugated Polymers and Block Copolymers by Controlled Polymerizations

Scheme 4.2. Proposed mechanism of the controlled Suzuki-Miyaura cross-coupling
polymerization employing an isolated three-coordinate Pd(II) initiator.193.198,199,205
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Thereby, the time-consuming isolation step is omitted, and narrow polydispersity indices
are obtained reproducibly. However, the combination of typical Pd(0) complexes such as
[Pd2(dba)s] and P!Bus only forms robust initiators with a very limited scope of
ArylX.203.204 In 2016, Hu and co-workers introduced chloro|(tri-tert-butylphosphine)-2-
(2-aminobiphenyl)] palladium(Il) (PdG2PtBus) as Pd source.2%2 Under basic conditions
PdG2PBus is reported to be a source of a highly reactive 12-electron [(PtBu3)Pd(0)]
species which forms effective initiator systems with various aryl bromides

(Scheme 4.3).202,206

Scheme 4.3. Formation of the three-coordinate Pd(II) initiator complex using PdG2P‘Bus as Pd
precursor and an Aryl-X (X= Br, I). Mechanism adapted from ref.202
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4.1.2 Reversible-Deactivation Radical Polymerizations

Starting in the 1990s, polymerization methods were developed which allow for the
control of molecular weight, narrow molecular weight distribution and chain end
functionalization during radical polymerizations.297 These reversible-deactivation radical

polymerizations methods, also known as living/controlled radical polymerizations208,
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enable the syntheses of multiblock copolymers and complex polymer topologies such as
stars, combs or brushes. The most prominent techniques are nitroxide-mediated
polymerization (NMP), atom transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain transfer (RAFT) polymerization.29° In all of these methods,
a dynamic equilibrium between the propagating radicals and a dormant species
(Scheme 4.4) is established.?0° Thereby, irreversible termination reactions are
suppressed to a great extent which enables control of the polymerization.

Scheme 4.4. Equilibrium reactions in reversible-deactivation radical polymerizations which are
responsible for the controlled manner of the reactions.
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Mt: transition metal in oxidation state n  P: polymer chain
X: Br, Cl R: sterically demanding (cyclic) alkyl group
Z: controls C=S bond reactivity

In NMP and RAFT polymerizations the equilibrium is adjusted using organic species
whereas in an ATRP transition metal complexes - mainly Cu complexes - are used. ATRP
is the most versatile technique and by choosing the proper initiator and metal complex
many monomers can be polymerized in a controlled manner.210 The drawback of the
classical ATRP method is the requirement of a comparatively large amount of metal
catalyst (1000-10000 ppm). Remaining transition metal impurities can be detrimental for
the use of the polymer in biomedical, food packaging or optical applications. In recent
years, methods such as ARGET (activators regenerated by electron transfer) ATRP211.212
or ICAR (initiators for continuous activator regeneration) ATRP213 have been developed,
enabling to reduce the amount of metal complex down to 5-200 ppm. Therefore, only a
minimal subsequent purification for catalyst removal is needed.

Using NMP as method, the controlled polymerization of methacrylates and particularly

methyl methacrylate is difficult as it requires sophisticated nitroxides or the
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copolymerization with another monomer.209214 Therefore, ARGET ATRP and RAFT were
chosen as method to synthesize conjugated nonconjugated copolymers. However, as the
synthesis of a RAFT macroinitiator by cSMCCP failed (Chapter 4.2.1), only ARGET ATRP

was employed.

4.1.3 Conjugated Nonconjugated Block Copolymers

The combination of a rod-like conjugated polymer with a coil-like polymer can
significantly influence the opto-electronic properties of the conjugated polymer by
changing its solubility, crystallization behavior, morphology, aggregation, self-assembly,
and conductivity properties.215216217.218219 Today, it is possible to synthesize various
conjugated polymers with narrow molecular weight distributions and well-defined end
groups. However, regarding the synthesis of conjugated nonconjugated copolymers based
on PF, the PF part is predominantly synthesized under harsh reaction conditions using
step growth polymerizations (Suzuki?20 or Yamamoto?22! type coupling) without precise
control of molecular weight and end groups. The attachment point for the nonconjugated
(coil)  block(s) is laboriously introduced in several steps after the
polymerization.221,222,223,224

Various rod-coil copolymers of poly(3-alkylthiophenes) have been synthesized by the
combination of controlled Kumada-Tamao catalyst transfer polycondensation
(KCTP)192225 and CRP. A comprehensive review on this topic was published by
Magurudeniya et al. in 2012.226 Most procedures rely on the synthesis of vinyl- or allyl-
terminated poly(3-alkylthiophenes) by KCTP and in situ end-capping using the
corresponding Grignard reagents.227.228229 Thjs is followed by hydroboration/oxidation
to generate a hydroxyl-terminated polymer which can be functionalized by
esterification.230231 The nonconjugated block can be attached by a controlled radical
polymerization starting from a P3HT macroinitiator230.232.233,234 or synthesized separately
and subsequently tethered to the P3HT part.235236 All approaches have in common, that
they are based on multi-step procedures. Moreover, only one terminus of the conjugated
polymer is functionalized, with the second block, while the other chain end does not
feature an additional functional group.

A more straightforward approach was applied here by using cSMCCP instead of KCTP
including the benefit that both polymer chain ends can be functionalized - one with the
second polymer and one with an additional functional group amenable to Suzuki-Miyaura

cross-coupling conditions (Scheme 4.1).
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4.2 Results and Discussion

4.2.1 Heterodifunctional Polyfluorenes by Controlled Suzuki-

Miyaura Cross-Coupling Polymerization

The PF8 macromonomer and PF8 macroinitiator were synthesized by cSMCCP. As
initiator the isolated Pd(II) complex bromo(4-diethoxyphosphoryl-phenyl)(tri-tert-
butylphosphine)palladium (II) (Scheme 4.5, Ini1l) was compared to the in situ system
consisting of diethyl-(4-bromophenyl)phosphonate and chloro[(tri-tert-
butylphosphine)-2-(2-aminobiphenyl)] palladium(II) (PdG2P‘Bus3) (Ini2). The diethyl
phenylphosphonate moiety is introduced to the PF8 chain via these Pd initiators and can
be deprotected in a second step yielding the phenylphosphonic acid moiety. To generate
a radically polymerizable PF8 macromonomer, the polymerization was end-capped with
4-vinylphenylboronic acid pinacol ester (1) or with 4-(4,4,55-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl methacrylate (2) (Table 4.1, entries 1-3).

Scheme 4.5. Synthesis of hetero difunctional polyfluorenes by cSMCCP.
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The polymerization with the isolated initiator Inil afforded perfectly initiated and end-
capped polyfluorene Phos-PF8-Sty with a narrow molecular weight distribution of
Mw/Mn = 1.16. The matrix assisted laser desorption ionization time of flight mass
spectrum (MALDI-TOF MS) (Figure 4.1) is characterized by only one series of signals,
which differ in the molecular weight of one fluorene repeat unit, corresponding to

polymer chains with initiator- and end-capper-derived chain ends. The quantitative
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double functionalization is also proven by 1H nuclear magnetic resonance (NMR)
spectroscopy (Figure 4.1), which also allows to determine the degree of polymerization
(DPn) by NMR spectroscopy. The obtained DPn agrees well (9 vs. 10) with the DPn
expected from the monomer-to-Pd ratio.
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Figure 4.1. MALDI-TOF mass spectra (top) and 'H NMR spectra (bottom) of the polyfluorenes
Phos-PF8-Sty (left) and Phos-PF8-MA (right) which were synthesized by cSMCCP. Left: Reprinted
with permission from ref.> Copyright 2019 American Chemical Society.

The synthesis of these isolated three-coordinate Pd(II) initiators is tedious, and
additionally they are sensitive towards decomposition. Therefore, the use of an in situ
system employing a commercial Pd(II) precursor such as PAG2P‘Bus is desirable. Under
basic conditions PAG2P!Bus is a source of a highly reactive 12-electron “(P:Bus)Pd(0)”
species which forms effective initiator systems with various aryl bromides
(Scheme 4.3).202206 Also polymerization with the in situ system (Ini2) consisting of
diethyl-(4-bromophenyl)phosphonate and PdG2PtBus in combination with K2CO3 as base
afforded quantitatively functionalized PF8 (Figure 8.6) with a narrow Mw/Mn of 1.18
(entry 2). Also, the polymerization using Ini2 and end-capping with 2 (entry 3) yielded
perfectly hetero difunctionalized Phos-PF8-MA (Figure 4.1) with a narrow molecular

weight distribution of Mw/Mn = 1.15 and a DPn of 10 as expected from the monomer-to-
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Pd ratio. Remarkably, side products are virtually absent in these polymerizations,

although potentially reactive styrene or phenyl methacrylate end groups were attached.

Table 4.1. Synthesis of hetero difunctional polyfluorenes by controlled Suzuki-Miyaura cross-
coupling polymerization.

end- Mn
o _ DPx DPa
# initiator base capping (theo): (NMR)* (GPC)e Mw/Mn
agent [g mol-1]
1 Inil CsF/18-6 12 10 9 5067 1.16
2 Ini2 K2COs3 12 10 9 4371 1.18
3 Ini2 K2COs3 22 10 10 6200 1.15
4 Inil CsF/18-6 4a 10 n.d 5540 1.15
5 Ini2 K2COs3 4a 10 n.d 5650 1.17
6 Inil CsF/18-6 3a 10 10 6196 1.15
7 Ini2 CsF/18-6 3a 10 n.d. 17000 1.63
8 Ini2 K2COs3 3a 10 8 6310 1.18
9 Ini2 K2COs3 3b 10 10 5441 1.16
10 Ini2 K2COs3 3b 5 5 2346 1.16
11 Ini2 K2COs3 3b 15 15 7928 1.17
12 Ini2 K2COs3 3b 20 20 11450 1.20

a) End-capping reaction time over night. b) End-capping reaction time 2 h at 0 °C. c) Ratio of monomer to
Pd(II) initiator. d) DPn was determined by comparison of end group to backbone signals by 1H NMR
spectroscopy. e) Determined by gel permeation chromatography (GPC) (tetrahydrofuran, 35 °C, vs.
polystyrene standards, RI detection).

For the synthesis of conjugated nonconjugated diblock copolymers by CRP, a functional
group capable of initiating a CRP is required on the PF8 chain. First, the attachment of a
group, capable to control a RAFT polymerization, to the Phos-PF8 chain was approached
by end-capping with the newly synthesized end-capping agent 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl 4-cyano-4-((phenylcarbonothioyl)thio)pentanoate (4)
(entries 4-5). However, using the isolated initiator Inil as well as the in situ system Ini2,
no single defined PF8 species was obtained (Figure 8.7) and the Phos-PF8-Dithioester
was only obtained in a moderate amount. As all assignable species bear the diethyl
phenylphosphonate moiety (initiator-derived group), and the molecular weight and
molecular weight distribution are comparable to successful polymerizations, the

difficulty of synthesis presumably is based on the end-capping reaction. Tjaard de Roo
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also observed, while trying to synthesize thiol-functionalized PF8, that end-capping or
initiation with sulfur containing compounds often leads to a variety of end groups.1> It is
known in literature, that Suzuki coupling involving protected thiols and dithioesters can
lead to a diversity of products, especially under aqueous basic conditions.237.238

Therefore, the synthesis of a PF8 macroinitiator capable to initiate an ATRP was pursued.
2-Bromo-2-methylpropanoates are capable to initiate the controlled polymerization of
various monomers.212.213.230 Thus, the end-capping agent 4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phenyl 2-bromo-2-methylpropanoate (3) was synthesized and used in
the synthesis of heterodifunctional PF8s (entry 6-12). Using the isolated initiator Inil
(entry 6), perfectly initiated and end-capped polyfluorene Phos-PF8-AlkylBr (Figure 4.2)
was obtained. The isolated initiator is usually used employing CsF as mild base instead of
carbonates or phosphonates as CsF is compatible with many base sensitive groups (e.g.
end-capping agent 3). However, employing PdG2P‘Bus in combination with CsF/18-
crown 6 as an initiator system (entry 7), no single defined PF8 species was obtained
(Figure 8.8) and only a small portion of chains featured initiator-derived end groups.
Apparently, the Pd initiator precursor PAG2P!Bus cannot be activated by the mild base
CsF but a strong base such as K2C0s3 is required. In order to ensure a quantitative end-
capping, the end-capping reaction was usually performed overnight, which unfortunately
led to a partial degradation of the Br-moiety intended as an ATRP initiator (entry 8,
Figure 8.9) using K2CO3 as base. Reducing the end-capping reaction time to 2 h at 0 °C
(entry 9) was sufficient to obtain a perfectly initiated and end-capped polyfluorene Phos-
PF8-AlkylBr using the in situ initiator system. The controlled manner of the Suzuki-
Miyaura cross-coupling polymerization was demonstrated by experiments 9-12
(Table 4.1) where degree of polymerizations of 5, 10 ,15 and 20 were obtained by
adjusting the ratio of Pd initiator to monomer accordingly while maintaining a narrow

PDI (= 1.2; see Figure 8.10 for GPC traces).
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Figure 4.2. MALDI-TOF mass spectrum (top) and H NMR spectrum (bottom) of the polyfluorene
Phos-PF8-AlkylBr synthesized by cSMCCP. Reprinted with permission from ref.> Copyright 2019
American Chemical Society.

Besides using the PF8 macromonomers for the synthesis of conjugated nonconjugated
copolymers, also the direct functionalization of QDs with these macromonomers was
intended. Prior to the application as ligand, the diethyl phenylphosphonate group has to
be deprotected to the free phosphonic acid as only those are strongly binding to
chalcogenide surfaces.23? The mildest deprotection method for phosphonate esters is the
‘McKenna reaction’ (Scheme 4.6) using trimethylsilyl bromide (TMS-Br) as cleavage

agent.240

Scheme 4.6. ‘McKenna reaction’: Dealkylation of phosphonic acid dialkyl esters by TMS-Br.
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Tjaard de Roo successfully used this reaction for the deprotection of diethyl
phenylphosphonate-functionalized PF8, however, this polymer did not have a potentially
labile second functional group.!>® Regarding the deprotection of Phos-PF8-MA, the

carboxylic acid ester could be cleaved, or the olefin group could be saturated during the
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deprotection. The silylation was performed under optimized conditions in
dichloromethane (DCM) using 10 equiv. of TMS-Br and a reaction time of 4 h at room
temperature. The following alcoholysis was performed in a mixture of DCM and methanol
over 16 hours. The deprotection of Phos-PF8-MA was successful (Figure 4.3), as the
diethyl phenylphosphonate moiety was completely deprotected and no carboxylic acid

ester cleavage or reaction of the olefin group was observed.
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Figure 4.3. MALDI-TOF mass spectrum (top) and 'H NMR spectrum (bottom) of the deprotected
polymer PA-PF8-MA. The quantitative dealkylation of the diethyl phenylphosphonate group is
visible by the complete disappearance of the signals of the P-O-CHz-CH3 groups (blue rectangle).

However, during the deprotection of the Phos-PF8-Sty macromonomer under the same
conditions, the diethyl phenylphosphonate group was completely deprotected, but also
the olefin group was deteriorated (Figure 8.11). Changing the solvent from DCM to
tetrahydrofuran had no positive effect. Also, reducing the amount of TMS-Br down to 2.2
equivalents and a reduction of the reaction time to only 2 h for each silylation and

alcoholysis at room temperature did not improve the outcome. Therefore, Phos-PF8-Sty
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was first copolymerized with a comonomer and the resulting conjugated nonconjugated

comb polymer was deprotected afterwards (Chapter 4.2.4).

4.2.2 Functional Conjugated Polymers for the Functionalization

of Semiconductor Nanocrystals

Besides the heterodifunctional PF8 macromonomer and macroinitiator (Chapter 4.2.1)
additional functional conjugated polymers for the functionalization of semiconductor
nanocrystals were synthesized by cSMCCP (Scheme 4.7). Three different PF8s (PA-Ph-
PF8, PA-Bn-PF8 and COOH-Ph-PF8) were synthesized to explore the binding behavior of
different functional groups (Chapter 5) towards semiconducting CdSe/CdS nanocrystals.
The two thiophene macromonomers (Phos-Ph-P3HT-MA and Phos-Ph-P3HT-Sty) were
synthesized as low-band gap polymers as alternative to the high-band gap polymer PF8.
The polymers were synthesized using the respective arylbromides in combination with
PdG2PtBus and K2C03 as base and the respective arylboronic acid pinacol ester as end-
capping agent. All polymers were obtained with the desired end groups, DPn values
consistent with the of Pd-to-monomer ratio and a narrow molecular weight distribution
of Mw/Mn < 1.2. Selected NMR and MALDI-TOF mass spectra of the polymers are shown
in the appendix (Figure 8.12 - Figure 8.19). For the synthesis of Phos-Bn-PF8 and
COOBu-Ph-PFS8, the reaction time between the respective arylbromide and PdG2tBus had
to be increased from 60 min at room temperature to 90 min at room temperature to
ensure a complete conversion of the Pd precursor and thereby a complete
functionalization. For the synthesis of polythiophenes the polymerization time had to be
decreased to 15 min. The deprotection of the respective diethyl phosphonate esters or
carboxylic esters to the corresponding acids was successful, however, in the case of Phos-
Ph-P3HT-Sty the olefin group was destroyed during the deprotection as observed before
for the case of Phos-PF8-Sty. Therefore, the polymer Phos-Ph-P3HT-Sty was not utilized

further.
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Scheme 4.7. Functional conjugated polymers for the functionalization of semiconductor
nanocrystals. For the fluorene-based polymers a DP, of 10 was targeted, for the thiophene-based

polymers a DP, of 15.
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4.2.3 Functional Conjugated Nonconjugated Block Copolymers

The heterodifunctional polymer Phos-PF8-AlkylBr was used as macroinitiator in an ATRP
for the synthesis of diblock copolymers. We chose an activators regenerated by electron
transfer (ARGET)?212 ATRP approach in order to minimize the amount of copper catalyst
present in the system. As comonomer methyl methacrylate (MMA), styrene (Sty) and 2-
ethylhexyl methacrylate (EHMA) were used as they have been successfully applied for the
embedding of semiconductor nanocrystals (Chapter 6). A PMMA block was grown from
the PF8 macroinitiator (Table 4.2, entry 1). The polymerization was stopped at an MMA
conversion of 52%. The molecular weight distribution stayed narrow during the
polymerization (Figure 4.4). GPC measurements were performed using simultaneous
detection by Rl and UV (370 nm). By comparison with the GPC trace of the macroinitiator,
it is apparent that all macroinitiator was converted. Homo-PMMA is not detected by the

UV detector at a wavelength of 370 nm. Therefore, it can be concluded that indeed a block
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copolymer was formed, and as the signal of the RI detector and the UV detector match

well, no additional ‘sacrificial’ homo-PMMA was formed.
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Figure 4.4. Molecular weight distribution (GPC) of the respective PF8 macroinitiator Phos-PF8-
AlkylBr (black) and the Phos-PF8-b-PMMA diblock copolymer (left, blue, Table 4.2, entry 1), the
Phos-PF8-b-PS block copolymer (center, blue, Table 4.2, entry 7) and the Phos-PF8-b-PEHMA
block copolymer (right, blue, Table 4.2 entry 11). Reprinted with permission from ref.s Copyright
2019 American Chemical Society.

The successful formation of a block copolymer is further confirmed by diffusion ordered
(DOSY) NMR spectroscopy (Figure 8.20) as all parts of the polymer have the same
diffusion coefficient. The theoretical number of MMA units per PF8 is given by the
conversion of the monomer and the ratio of monomer to macroinitiator. According to 1H
NMR analysis of the block copolymer 152 MMA units were attached to one PF8 chain
(Figure 4.5) which fits perfectly to the theoretical value of 150. Additionally, the
quantitative conversion of the macroinitiator is supported by 1H NMR spectroscopy as the
singlet of the methyl protons of the 2-bromo-2-methylpropanoate is shifted upfield
(Figure 8.21).

In entries 2-5, Phos-PF8-AlkylBr with different chain lengths (DPn = 5, 10, 15 and 20)
were used as macroinitiators generating Phos-PF8-b-PMMA block copolymers with

similar total molecular weight.
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Table 4.2. Synthesis of PF8 conjugated nonconjugated diblock copolymers by ARGET ATRP.

o CuBr,/(TPMA); RiR2 RiR; R, R,
Br + Rx Sn(octoate), 0 Br
Phos-PF8—©—O Ry anisole /©/O n
R,= Ph; R,= H Phos-PF8

R4= Me; R,= COOMe
R4= Me; R,= COOEH

macroinitiator
n[mon]/ time p M, (GPC)e monomer
# M,2 [gmoll] monomer M. /Mn
n[ini] [h] [%]? [kg mol1] units/chainf
(Mw/Mn)

1 3953 (1.16) MMAP 300 10 52 23 1.23 152
2 2398 (1.16) MMAb 200 20 88 19 1.23 200
3 4341 (1.16) MMAP 200 20 85 18 1.20 180
4 6284 (1.17) MMAb 200 20 76 19 1.60 100
5 11450 (1.20) MMAb 200 18 64 19 1.18 80
6 4341 (1.20) Stye 185 2 45 18 1.40 90
7 4341 (1.18) Stye 185 3 55 19 1.10 130
8 4341 (1.18) Stye 185 16 75 23 1.14 180
9 4341 (1.16 Stye 100 20 74 17 1.15 85
10 4341 (1.16) Stye 280 21 72 36 1.50 210
11 4341 (1.16) EHMAb 200 3 85 24 1.30 218

General polymerization conditions: 200 ppm of CuBrz/(tris(2-pyridylmethyl)amine (TPMA))3 vs. amount
of monomer, 12 equiv. of Sn(octoate)z vs. Cu. a) Mn was determined by 'H NMR spectroscopy. b)
Polymerization at 90 °C. ¢) Polymerization at 110 °C. d) The conversion of the monomer was determined by
1H NMR spectroscopy. e€) Determined by GPC (tetrahydrofuran, 35 °C, vs. polystyrene standards, RI
detection. f) Determined by 'H NMR spectroscopy.

To demonstrate the scope of Phos-PF8-AlkylBr as a macroinitiator and to obtain block
copolymers compatible with polystyrene (PS) or poly(2-ethylhexyl methacrylate)
(PEHMA), also hard PS and soft and hydrophobic PEHMA blocks were grown from the
macroinitiator. For the synthesis of polystyrene diblock copolymers only the reaction
temperature had to be raised to 110 °C (Table 4.2, entries 6-10). Block copolymers with
narrow molecular weight distributions consisting of a Phos-PF8 block with a DP» of 10
and 90, respectively, 130 and 180 styrene-derived repeat units were successfully
synthesized (Table 4.2, entries 6-8) by increasing the polymerization time from 2 to 3 or
16 h. A complete conversion of the macroinitiator to the block copolymer without

formation of PS homo-polymer is evidenced by GPC measurements (Figure 4.4) using
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three-fold detection (RI, UV 254 nm, UV 370 nm). The length of the PS block was adjusted
by changing the ratio of monomer to macroinitiator. Setting the ratio to 100, a short PS
block consisting of 85 styrene units was grown from the macroinitiator while maintaining
a narrow Mw/Mn of 1.15. The polymerization was stopped at a conversion of 74% and the
chain length of the styrene-block matches well to the expected length. By increasing the
monomer-to-macroinitiator ratio to 280 (entry 10), a longer PS block consisting of 210
styrene units was attached.

The same ARGET ATRP system was used to attach a soft and hydrophobic PEHMA block
to the Phos-PF8-AlkylBr macroinitiator. The formation of a block copolymer was proven
by GPC measurement (Figure 4.4) and DOSY NMR spectroscopy (Figure 8.24). The
number of EHMA units per PF8 as determined by NMR (Figure 8.25) fits well to the
theoretical value. A small amount of macroinitiator (< 6%) was not converted to a block

copolymer which is demonstrated by GPC analysis using UV detection.
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Figure 4.5. 1H NMR spectrum of the Phos-PF8-b-PMMA block copolymer from entry 1, Table 4.2.
Residual anisole is marked with an asterisk. Reprinted with permission from ref.5 Copyright 2019
American Chemical Society.

For the use of these polymers in the functionalization of semiconductor nanocrystals the
transformation of the diethyl phenylphosphonate group to the phenylphosphonic acid
was necessary. Therefore, selected polymers were deprotected by the ‘McKenna reaction’
(Scheme 4.6). The deprotection of the diblock copolymers proceeded smoothly and no

cleavage of the connecting carboxylic ester or of the ester groups in the methacrylate
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polymers was observed (see Figure 4.6 for the NMR spectra of an exemplary

deprotection of a Phos-PF8-b-PMMA diblock copolymer).
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Figure 4.6. 'H NMR spectra of a Phos-PF8-b-PMMA diblock copolymer (top) and the respective
deprotected diblock copolymer PA-PF8-b-PMMA (bottom). As no significant change in the ratio of
the integrals of the aromatic protons and the 0-CHj3 (labeled with C) protons was observed, ester
hydrolysis can be excluded. A complete deprotection of the diethyl phenylphosphonate moiety is
proven by the disappearance of the signals of the P-O-CH2-CHj3 group (labeled with A).

GPC analysis was not possible due to interaction of the polymers with the columns,

however, the integrity of the diblock copolymers was additionally confirmed by DOSY
NMR spectroscopy (Figure 8.26).

62



Results and Discussion

4.2.4 Functional Conjugated Nonconjugated Comb Polymers

Comb polymers consisting of a nonconjugated backbone and phosphonic acid-
functionalized PF8 side groups could serve as multi-dentate ligands for the
functionalization of semiconductor nanocrystals. For the synthesis of such unprecedented
comb polymers (Scheme 4.1), the conjugated polymer Phos-PF8-Sty was used as
macromonomer and copolymerized with nonconjugated monomers (Sty, MMA, EHMA)
generating comb copolymers. Phos-PF8-Sty was copolymerized with Sty in ratios of Sty
to macromonomer of 170, 85, 50 and 20 using an ARGET ATRP approach (Table 4.3,
entries 1-4). In all experiments, random comb copolymers of macromonomer and Sty

were formed, as evidenced by GPC measurements (Figure 4.7).
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Figure 4.7. Molecular weight distributions (GPC) of random copolymers of Phos-PF8-Sty and Sty.
Left: Ratio of Sty to Phos-PF8-Sty is 124 /1 (Table 4.3, entry 1). Center: Ratio of Sty to Phos-PF8-
Sty is 45/1 (entry 3). Right: Ratio of Sty to Phos-PF8-Sty is 20/1 (entry 4). Reprinted with
permission from ref.5. Copyright 2019 American Chemical Society.

As the conversion of Sty reached only around 70% (the reaction was stopped as this point
as the mixture was highly viscous, also impeding further reaction), it is not surprising that
a small amount of macromonomer was also not consumed as the macromonomer should
show a reactivity similar to styrene. The composition of the copolymers as determined by
NMR spectroscopy (Figure 8.27 for an exemplary spectrum) agrees well with the
monomer-to-macromonomer ratio in the initial reaction mixture.

We chose a diethyl phenylphosphonate group as functional moiety for the second PF8
terminus as it can be used to tether the polymer to a surface. By changing the ratio of
macromonomer to comonomer, the amount of phosphonate groups per chain was

increased from around only two to up to twelve groups. Therefore, the comb polymers
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with a high content of phosphonate groups per chain can be regarded as multivalent

ligands.

Table 4.3. Synthesis of comb polymers by copolymerization of Phos-PF8-Sty and olefins by atom
transfer radical polymerization.

Ehos
PF8
Br
] . CuCl,/(TPMA),
2 Sn(octoate
0“0 + + = 4»
R anisole
PF8 Ry=Ph; Ry=H
Phos  Re=Me; R;= COOMe
R4= Me; R,= COOEH
. incorporated PF8 side
ratio Mpd ratio chains/
4 co- n[comonomer] v(solvent)/ time temp p¢ [l: Mw/ [comonomer]/ comb
monomer /n[Phos-PF8- v(monomer) [h] [°C] [%] 8

moll] " [Phos-PF8- polymer

Sty] Sty]f chains
1a Sty 170 1:1 25 110 68 25¢ 1.1e 124 2
2a Sty 85 1:1 25 110 65 36¢ 1.2 74 3
3b Sty 50 2:1 20 110 63 29 1.5 45 4
4b Sty 20 2:1 20 110 68 68 1.4 20 12
52 MMA 185 2:1 17 90 75 39 1.6 140 2
6> MMA 50 2:1 17 90 76 40 1.4 65 4
7° MMA 20 2:1 17 90 81 95 1.7 24 15
8> EHMA 50 1:1 16 90 97 52¢ 1.2 49 4
9b EHMA 20 2:1 16 90 96 100 1.6 16 15

General polymerization conditions: 200 ppm of CuClz/(TPMA)3 vs. total amount of monomer, 12 equiv. of
Sn(octoate)z vs. Cu, 200 equiv. of monomer vs. initiator. a) 0.015 mmol of Phos-PF8-Sty with M» 3814 g mol!
(NMR) and a Mw/Mhn of 1.17 (GPC) used. b) 0.029 mmol of Phos-PF8-Sty with Mn 3814 g mol! (NMR) and
Mw/Mn of 1.19 (GPC) used. c) Conversion of the comonomer as determined by 'H NMR spectroscopy. d)
Determined by GPC (tetrahydrofuran, 35 °C, vs. polystyrene standards, RI detection). €) Bimodal molecular
weight distribution, only the major peak was analyzed. f) Molar ratio of the two monomers incorporated in
the comb polymer as determined by 'H NMR spectroscopy. g) The absolute number of side chains
(Phos-PF8) per comb polymer chain was determined by division of Mn(GPC) by the molar mass of one
theoretical repeat unit, calculated by using the molar ratio of the incorporated monomers.

The macromonomer Phos-PF8-Sty can also be copolymerized with a more polar
monomer such as MMA (Table 4.3, entries 5-7) using the same reaction conditions as for
the copolymerization with Sty. Assuming the macromonomer to have a copolymerization
parameter comparable to styrene, the consumption of Phos-PF8-Sty should be slightly

favored in the copolymerization with MMA given the copolymerization parameters of
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rsty= 0.52 and rmma = 0.42.241 Indeed, well defined copolymers of Phos-PF8-Sty and MMA

were formed with complete conversion of the macromonomer (Figure 4.8).
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Figure 4.8. Molecular weight distributions (GPC) of random copolymers of Phos-PF8-Sty and
MMA. Left: Ratio of MMA to PF8-Sty is 140/1 (entry 5). Center: Ratio of MMA to PF8-Sty is 65/1
(entry 6). Right: Ratio of MMA to PF8-Sty is 24 /1 (entry 7). Reprinted with permission from ref.s
Copyright 2019 American Chemical Society.

The NMR spectrum (Figure 4.9) of the polymer obtained in experiment 7, Table 4.3
displays PS-like aromatic signals (marked with D) in a ratio of 1:1 to the phosphonate
moiety, which additionally evidences a quantitative polymerization of the styrene-type
end group.

Comb polymers showing ratios of MMA to PF8 of 140, 65 and 25 were obtained, which
corresponds to 2, 4, 15 phosphonate groups per polymer chain.

In order to generate a soft, hydrophobic comb polymer which should feature a good
solubility in nonpolar solvents (as normally used for the synthesis or functionalization of
semiconductor nanocrystals), copolymers of the macromonomer Phos-PF8-Sty and the
hydrophobic monomer EHMA were produced (Table 4.3, entries 8-9) using the same
ARGET ATRP system. Comb copolymers (Figure 8.30 - Figure 8.32) with 4-15

phosphonate groups per chain were obtained.
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Figure 4.9. Exemplary H-NMR spectrum of the comb polymer Phos-PF8-Sty-co-PMMA obtained
in experiment 7, Table 4.3. Residual anisole is marked with an asterisk. Reprinted with
permission from ref.5 Copyright 2019 American Chemical Society.

For the functionalization of semiconductor nanocrystals with these conjugated
nonconjugated comb copolymers, the diethyl phenylphosphonate group had to be
transformed into the free phenylphosphonic acid. The deprotection was performed as
described in the previous chapters (Chapters 4.2.1 and 4.2.3) using the ‘McKenna
reaction’. Figure 4.10 depicts the NMR spectra of an exemplary Phos-PF8-co-PEHMA
copolymer before and after deprotection. The diethyl phenylphosphonate groups were
completely dealkylated (signal A vanished) and as the ratio between the integral of the
aromatic protons (C) and the carboxylic ester protons (B) remained constant, no
carboxylic acid ester cleavage occurred. Also, for the other comb polymers, the diethyl
phenylphosphonate group was successfully dealkylated to yield the corresponding
phenylphosphonic acid-type end groups, and in case of polymers with a polymethacrylate
(MMA or EHMA) backbone, no cleavage of the carboxylic esters was observed. However,
the solubility of polymers bearing several PF8 side chains changed substantially during
the deprotection. While the protected polymers are all well soluble in solvents such as

CHCI3, CH2Cl2 or toluene, the deprotected polymers PA-PF8-Sty-co-PMMA and PA-PF8-
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Sty-co-PS are hardly soluble in those solvents but can be dissolved in tetrahydrofuran or
dimethyl sulfoxide. PA-PF8-Sty-co-PEHMA, as the most lipophilic comb copolymer, still
shows a decent solubility in warm toluene. The solubility of the deprotected comb
copolymers is improved by the addition of a small amount of oleic acid (~5 vol%). During
the deprotection, the polarity of the polymer is increased which agrees with the improved
solubility in more polar solvents. Additionally, alkylphosphonic acids can form inter- and
intramolecular superstructures and anhydrides that are probably badly soluble in the
case of high molecular weight polymeric phosphonic acids. These formations are probably

suppressed by the addition of an acidic solvent.

Phos-PF8-Sty-co-PEHMA PA-PF8-Sty-co-PEHMA
cDCl3 j} L |
B
C protected
4‘.0 ?:.5
L—
— =

© ©

- o

=) ©

= 2
T T T T T T T T T T T T T T T T T T T
9 8 7 6 5 4 3 2 1 0

f1
coeis (ppm) B '
dmso-d6 W
C
deprotected
45 40

o o

= ~

5} )

2 2
T T T T T T T T T T T T T T T
9 8 7 6 5 4 3 2 1 0

1 (ppm)

Figure 4.10. 'H NMR spectra of the deprotection of an exemplary Phos-PF8-Sty-co-PEHMA (top)
comb copolymer to the corresponding free phenylphosphonic acid-functionalized PA-PF8-Sty-co-
PEHMA (bottom) copolymer.
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4.3 Summary and Conclusion

The controlled Suzuki-Miyaura cross-coupling polymerization (cSMCCP) is a powerful
tool for the synthesis of heterodifunctional polymers. A novel and straightforward
approach to the synthesis of conjugated nonconjugated copolymers by sequential cSMCCP
and controlled radical polymerization was developed. As a first step, well-defined
heterodifunctional PF8s featuring a phosphonate group (initiating chain end) and a
radically polymerizable or ATRP-initiating group (terminating chain end) were generated

by catalytic chain growth (Scheme 4.8).

Scheme 4.8. Heterodifunctional PF8s obtained by cSMCCP.
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Three-coordinate Pd(II) initiators generated in situ from the respective arylbromide and

Phos-PF8-MA

PdG2PBus were found to perform equally well as compared to the corresponding
tediously isolated Pd(II) complexes. The resulting polymers were directly employed for
the growth of a second nonconjugated block without further intermediate conversion
steps (Scheme 4.9). ARGET ATRP of styrene or methacrylates, respectively, from PF8
macroinitiators under appropriate conditions afforded narrowly distributed diblock
copolymers free of homo-polymers.

Scheme 4.9. Straightforward synthesis of conjugated nonconjugated block copolymers by

sequential cSMCCP and ARGET ATRP. Reprinted with permission from ref.5 Copyright 2019
American Chemical Society.
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The diethyl phenylphosphonate group of these polymers could selectively be transformed
to the corresponding phosphonic acid without cleavage of any carboxylic acid esters
present in the polymers.

Controlled radical copolymerization of PF8 macromonomers bearing a styrene-type end
group with styrene or methacrylates, respectively, opens access to conjugated
nonconjugated comb polymers. The number of PF8 side chains per backbone chain can be
tuned by the ratio of the two monomers employed. Notably, this approach allows the
incorporation of functional end groups, as demonstrated here for phosphonates. The
latter are relevant for binding to nanoparticle and macroscopic surfaces. The multivalent
character of the comb polymers is of particular interest as it may allow for an efficient and
strong attachment to nanoparticles. For the intended functionalization of CdSe/CdS
nanoparticles, the diethyl phenylphosphonate groups of these comb polymers were
selectively transformed to the corresponding phosphonic acids. However, the
deprotected comb polymers showed a reduced solubility as compared to their protected
counterparts which can potentially limit their application as nanoparticle ligands.
Nevertheless, two novel species of conjugated nonconjugated copolymers (block and

comb) were synthesized in an unprecedented straightforward way.
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4.4 Experimental Section

4.4.1 Materials and General Considerations

All chemicals were used as received unless stated otherwise. Standard organic solvents
and chemicals were obtained from various commercial suppliers such as Sigma-Aldrich,
ABCR, VWR and Roth. Tris(2-pyridylmethyl)amine (TPMA,> 98%), 2-ethylhexyl
methacrylate (EHMA) (> 99%, stabilized with MEHQ), diethyl (4-
bromobenzyl)phosphonate (>98%), 2-(3,5-dimethylphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (>97%) and 4-vinylphenylboronic acid were acquired from TCI. 4-
Hydroxyphenylboronic acid pinacol ester, 1-bromo-4-iodobenzene (97%), tin(Il) 2-
ethylhexanoate (Sn(octoate)z), fluorene, 1-bromooctane, 1-bromohexane, tert-butyl 4-
bromobenzoate, tri-iso-propyl borate and 2-bromo-2-methylpropionyl bromide (97%)
were supplied by ABCR. Pinacol (98%), CsF (99%), 18-crown-6 (> 99%), anisole (> 99%),
chloro[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)] palladium(Il) (> 98%), methyl
methacrylate (MMA) (99%, contains <30 ppm MEHQ as inhibitor), styrene (> 99%,
contains 4-tert-butylcatechol as stabilizer), 1,1'-ferrocenediyl-bis(diphenylphosphine),
phenylboronic acid pinacol ester (> 98%), 3-bromothiophene,
bis(dibenzylideneacetone)palladium(0), palladium(II) acetate, 4-cyano-4-
((phenylcarbonothioyl)thio)pentanoic acid, bis(pinacolato)diboron, 2-butanone, diethyl
phosphite (98%)), [1,3-dis(diphenylphosphino)propane]-
dichloronickel(Il), 4,4'-di-tert-butyl-2,2'-dipyridyl, tri-tert-butylphosphine solution (1M
in toluene), bis(1,5-cyclooctadiene)diiridium(I) dichloride, copper(Il) bromide (99%)
and copper(II) chloride (99%) were purchased from Sigma-Aldrich.

Deionized water was distilled under a nitrogen atmosphere, and THF was distilled from
sodium/benzophenone ketyl under a nitrogen atmosphere. N,N-Dimethylformamid
(DMF) was distilled over CaHz and triethylamine was distilled over KOH under a nitrogen
atmosphere. Dichloromethane, toluene and n-pentane were dried and degassed on a
commercial MBraun solvent purification system (BASF PuriStar® R3-11G / 4 A molecular
sieves). Anisole (Sigma-Aldrich, > 99%) was dried over 4 A molecular sieves and degassed
by sparging with nitrogen for 1 h. Methacrylate monomers were filtered over basic
aluminum oxide, dried over 4 A molecular sieves, degassed by three freeze-pump-thaw
cycles and stored inside a glovebox at -30 °C. Styrene was vacuum transferred, degassed

by three freeze-pump-thaw cycles and stored inside a glovebox at -30 °C.
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All manipulations of air- and /or water sensitive compounds were carried out under inert

atmosphere using standard glove box and Schlenk techniques.

4.4.2 Analytical Methods

Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectra were recorded on a Bruker Avance Il 400 and on a Bruker Avance III HD
400 spectrometer (1H: 400 MHz, 13C: 101 MHz, 1°F: 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, p: quintet, m:

multiplet.

Diffusion Ordered NMR Spectroscopy (DOSY NMR)

DOSY NMR spectra were measured on a Bruker Avance III HD 400 at 300 K running
TopSpin3 using the pulse sequence ledbpgp?2s. The diffusion parameters, consisting of the
gradient pulse length /2 (0.1 s to 0.2 s) and the diffusion delay A (700 ps to 5000 ps)
were chosen such that a signal decay of roughly 90 - 95% was obtained at a gradient
strength of 95%. The gradient strength was linearly (16 or 32 increments) varied from 2
to 98% of the maximum strength. DOSY workup and processing was performed using the

GNAT software tool by Nilsson et al.242 or the TopSpin3 software package.

Gel permeation chromatography (GPC)

GPC measurements were carried out on a Polymer Laboratories PL-GPC 50 with two PLgel
5 um MIXED-C columns in THF at 50 °C with RI and UV (370 nm) detection against
polystyrene standards or on a PSS Agilent 1260 Infinity II equipped with two PSS SDV
LinearM analytical columns at 35 °C using refractive index and UV detection (254 nm and

simultaneously 370 nm) and linear calibration vs. polystyrene standards.

Matrix Assisted Laser Desorption Ionization Time of Flight Mass
Spectrometry (MALDI-TOF MS)

MALDI-TOF MS measurements were carried out on a Bruker Microflex MALDI-TOF using
tetrahydrofuran as solvent and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) or a-cyano-4-hydroxycinnamic acid (HCCA) as matrix.
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4.4.3 Syntheses of Monomers, Initiators and End-Capping
Agents

Synthesis of 2,7-dibromofluorene?43

2 3
Bro / FeCly
(2§ ~ oL § )
CHCls 1
4

To a solution of 56.5 g of fluorene (339.9 mmol, 1 equiv.) in 500 mL of CHCl3, 1.4 g of

FeCl3-6 H20 (5.1 mmol, 0.015 equiv.) was added. The mixture was cooled to -10 °C and
115 g of bromine (719.9 mmol, 2.12 equiv.) was added dropwise over a period of 2 h
under exclusion of light. The mixture was stirred for 3 h and allowed to warm to room
temperature. 100 mL of an aqueous Naz520s5 solution was added and the mixture was
vigorously stirred for 30 min until the brown color disappeared. The organic layer was
separated, and the water layer was extracted with 200 mL of CH3Cl. The combined organic
layers were washed with water, dried over MgSO4 and the solvent was removed under
reduced pressure. The crude product was recrystallized from ethanol yielding 100 g
(308 mmol, 90%) of white crystals.

1H-NMR (400 MHz, CDCl3, 25 °C): § = 7.62 (m, 2H, H3), 7.53 (m, 2H, H1), 7.47 (m, 2H, H2),
3.78 (s, 2H, H4) ppm.

Synthesis of 2,7-dibromo-9,9-dioctylfluorene?44

1-bromooctane
NaOH
oL Do -

DMSO
Et;NPhCI

To a solution of 50 g (154 mmol, 1 equiv.) of 2,7-dibromofluorene in 250 mL of degassed
dimethyl sulfoxide, benzyltriethylammonium chloride (1.76 g, 7.71 mmol, 0.05 equiv.)
was added. 70 g (854 mmol, 5.5 equiv.) of an aqueous NaOH solution (50 w%) was added
and the resulting suspension was thoroughly degassed. 1-Bromooctane (71.5g,
370 mmol, 2.4 equiv.) was added and the mixture was shaken overnight on a lab shaker
at room temperature. After addition of diethyl ether (500 mL), the organic phase was

72



Experimental Section

separated, sequentially washed with water, 2 M HCl and brine and dried over MgSO4. The
solvent was removed under reduced pressure and the residue was recrystallized from
ethanol yielding 73 g (133 mmol, 87%) of white crystals.

1TH NMR (400 MHz, CDCl3, 25°C): § = 7.52 (m, 2H, H3), 7.45 (m, 4H, H1-2), 1.95-1.86 (m, 4H,
Ha), 1.27-1.00 (m, 20H, He-10), 0.83 (t, 3Jun = 7.1 Hz, 6H, H11), 0.59 (m, 4H, Hs) ppm.

Synthesis of (7-bromo-9,9-dioctyl-9H-fluoren-2-yl)boronic acid?2°

1) n-butyllithium
2) tri-iso-propyl borate

O O 3) HCI, H,0
Br . Br THE

In a 500 mL Schlenk flask, 20 g (36.4 mmol, 1 equiv.) of 2,7-dibromo-9,9-dioctyl-9H-
fluorene was dissolved in 200 mL of dry and degassed THF. The colorless solution was
cooled to -78 °C and 25.1 mL (40.1 mmol, 1.1 equiv.) of a 1.6 M solution of n-butyllithium
in n-hexane was continuously added by syringe within 15 min. After stirring for 90 min at
-78 °C, 11.7 mL (51.05 mmol, 1.4 equiv.) of tri-iso-propyl borate was added. The reaction
mixture was stirred overnight and allowed to warm up to rt. 10 mL of 2 M HCl and 100 mL
of H20 were added, and the product was extracted with 100 mL of petrol ether and the
aqueous phase was extracted two more times with 100 mL of petrol ether. The combined
organic phases were dried over MgSO4 and the solvent was removed in vacuo. A yellow
oil was obtained, which was purified by column chromatography (12:1 petrol
ether : ethyl acetate to 6 : 1 PE: ethyl acetate) over silica gel. 7.865 g (15.3 mmol, 42%) of
the product were obtained as a colorless oil.

1H NMR (400 MHz, dmso-d6 / D20, 25 °C): § =8.00 (s, 1H, He), 7.82 (s, 1H, H1), 7.79 - 7.71
(m, 2H, H2-3), 7.64 (m, 1H, H4), 7.48 (m,1H, Hs), 2.20-1.95 (m, 4H, H7), 1.35 - 0.88 (m, 20H,
Ho-13), 0.76 (t, 3/Jun = 7.1 Hz, 6H, H14), 0.55 - 0.34 (m, 4H, Hs) ppm.
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Synthesis of 2-(7-bromo-9,9-dioctyl- 9H-fluoren-2-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane?4>

Br O‘O g HO>—<OH

\
OH

THF / toluene (50 / 50)

In a 250 mL flask, 7.865 g (15.3 mmol, 1 equiv.) of (7-bromo-9,9-dioctyl-9H-fluoren-2-
yl)boronic acid and 2.172 g (18.3, 1.2 equiv.) of pinacol were dissolved in 100 mL of an
1:1 mixture of THF and toluene. At complete dissolution, the solvent was removed at
40 °C by a rotary evaporator. The procedure of dissolving and evaporation was repeated
for three more times. At the last time, the solvent was removed completely in vacuo. The
obtained colorless oil was recrystallized three times from ethanol. 3.911 g (6.6 mmol,
41%) of 2-(7-bromo-9,9-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane were obtained as colorless crystals in high purity.

1H NMR (400 MHz, CDClI3, 25 °C): 6 = 7.81 (m, 1H, H4), 7.73 (m, 1H, H3), 7.66 (m, 1H, H1),
7.57 (m, 1H, Hs), 7.46 (m, 2H, Hz, He), 2.06-1.88 (m, 4H, H7), 1.39 (s, 12H, His), 1.27-1.04
(m, 20H, Ho-13), 0.82 (t, 3Jun = 7.1 Hz, 6H, H14), 0.59 (m, 4H, Hs) ppm.

Synthesis of 3-hexylthiophene?46

1-bromohexane

S Mg, [Ni(dppp)Cly]
;—\/\ / THF >

Br

31.64 g (191.7 mmol, 1.25 equiv.) of 1-bromohexane was diluted in 150 mL of dry and
degassed THF. This mixture was slowly added to a flask containing 4.82 g (198.4 mmol,
1.29 equiv.) of magnesium turnings and 50 mL of THF. The addition rate was adjusted to
maintain a gentle reflux of THF. After complete addition, the mixture was stirred for
additional 2 hours until all magnesium was consumed. This mixture was slowly added to

another flask containing a solution of 3-bromothiophene (25 g, 153.3 mmol, 1 equiv.) and
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415 mg (0.76 mmol, 0.005 equiv.) of [Ni(dppp)Clz] in 50 mL of THF at 0 °C. After stirring
for 3 hours, the mixture was allowed to warm to room temperature and stirred for
additional 24 hours. The mixture was quenched by pouring into a mixture of HCI (2M) and
ice water. The aqueous phase was extracted with diethyl ether (1*150 mL, 1*50 mL) and
the combined organic phases were washed with a saturated NaHCO3 solution, and two
times with water. The organic phases were dried over MgS04 and the solvent removed in
vacuo. The crude product was purified by distillation at 55 °C and 0.55 mbar, resulting in
a colorless oil with a yield of 70% (107 mmol,18 g).

1H-NMR (400 MHz, CDCls, 25 °C): § = 7.23 (m, 1H, Hi), 6.98-6.89 (m, 2H, H23), 2.63 (t,
3Jun = 7.9 Hz, 2H, Ha4), 1.63 (m, 2H, Hs), 1.40-1.27 (m, 6H, He-s), 0.90 (t, 3Jun = 7.6 Hz, 3H,
Ho) ppm.

Synthesis of 2-bromo-3-hexylthiophene?46

S

\ / NBS

HOAc

13.4 g (79.8 mmol, 1 equiv.) of 3-hexylthiophene was dissolved in 80 mL of nitrogen
purged acetic acid, and under light exclusion 14.2 g (79.8 mmol, 1 equiv.) of N-
bromosuccinimide (NBS) was slowly added. The mixture was stirred under a nitrogen
atmosphere overnight, and then poured into a mixture of water (200 mL) and diethyl
ether (200 mL). After phase separation, the water phase was additionally extracted with
100 mL of diethyl ether, and the combined organic phases were washed with 2ZM NaOH
until a pH of 6-7 was reached. The combined organic phases were dried over MgS0O4 and
the solvent removed under reduced pressure. Purification of the crude product was
performed by distillation at 44 °C at 1.2 mbar, yielding a colorless oil in a yield of 65%
(51 mmol, 12.8 g).

1H-NMR (400 MHz, CDCI3, 25 °C): & = 7.19 (d, 3Jun = 5.6 Hz, 1H, H1), 6.80 (d, 3/ur = 5.6 Hz,
1H, H2), 2.59 (t, 3Jun = 7.7 Hz, 2H, H3), 1.58-1.49 (m, 2H, H4), 1.40-1.26 (m, 6H, Hs.7), 0.91
(t, 3Jun = 6.7 Hz, 3H, Hg) ppm.
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Synthesis of 2-(5-bromo-4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane?46

S B [Ir(cod)Cl],
' Q, O 4,4'-di-tert-butyl-2,2'-bipyridyl
\ N/ ,B—E ’ ’ >
(o] O THF

5.0 g (20.2 mmol, 1 equiv.) of 2-bromo-3-hexylthiophene, 5.2 g (20.4 mmol, 1.01 equiv.)

of bis(pinacolato)diboron, 54 mg (0.2 mmol, 0.001 equiv.) of 4,4’-di-tert-butyl-2,2’-
dipyridyl and 67 mg (0.1 mmol, 0.0005 equiv.) of bis(1,5-cyclooctadiene)diiridium(I)
dichloride were dissolved in 75 mL of dry and degassed THF and stirred for 24 hours at
65 °C. The mixture was poured onto water (100 mL) and extracted with diethyl ether
(1*150 mL, 1*50 mL). The combined organic phases were washed with brine, water, and
dried over magnesium sulfate. The solvent was removed in vacuo and the obtained red oil
was purified by column chromatography (pure petrol ether = petrol ether : ethyl acetate
50:50). A colorless oil was obtained in a yield of 50% (11 mmo], 4.1 g).

1H-NMR (400 MHz, CDCls, 25 °C): 6 = 7.32 (s, 1H, H1), 2.56 (t, 3/un = 7.8 Hz, 2H, Hz2), 1.58
(m, 2H, H3), 1.33 (s, 12H, Hs), 1.34-1.24 (m, 6H, Ha-6), 0.91 (t, 3/un = 6.9 Hz, 3H, H7) ppm.

Synthesis of diethyl (4-bromophenyl)phosphonate24’

[Pd(OAc),] / DPPF
KOAc, NEt, ) 1

HPO(OE), Q
Br—©—| > _/o—lls—@—Br
THF 30
[

4 g (14.1 mmol, 1 equiv.) of 1-bromo-4-iodobenzene, 140 mg (1.41 mmol, 0.1 equiv.) of

potassium acetate and 390 mg (0.705 mmol, 0.05 equiv.) of 1,1'-ferrocenediyl-
bis(diphenylphosphine) (dppf) and 80 mg (0.35 mmol, 0.025 equiv.) of palladium (II)
acetate were placed in 200 mL Schlenk tube and degassed by applying vacuum for 10 min
and purging with nitrogen (3 times). 100 mL of dry and degassed THF and 2.4 mL
(17.62 mmol, 1.25 equiv.) of NEts were added. The mixture was heated to 60 °C, stirred
for 45 min, and 2.18 mL (16.9 mmol, 1.2 equiv.) of degassed diethyl phosphite was added
over a period of 15 min. The mixture was stirred for 12 hours at 60 °C, filtered, and the

solvent of the filtrate was removed under reduced pressure. A brown oil was obtained
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which was purified by column chromatography (PE: EA70:30to PE: EA0: 100) yielding
2.5 g (8.5 mmol, 60%) of the desired product as slightly brown oil.

1H-NMR (400 MHz, CDCIs, 25 °C) 6 = 7.63 (m, 4 H, H1-2), 4.10 (m, 4 H, Hs), 1.31 (t, 6 H,
3Jun = 7.05 Hz, H4) ppm.

31P{1H}-NMR (162 MHz, CDCl3, 25 °C) § = 17.7 ppm.

Synthesis of bis(tri- tert-butylphosphine)palladium(0)248

Yo
ey

7.3 mL (7.3 mmol, 2.1 equiv.) of a 1 M solution of P!‘Bus in toluene was concentrated to
dryness and 7 mL of degassed and dry DMF was added. 2 g (3.47 mmol, 1 equiv.) of
bis(dibenzylideneacetone)palladium(0) dispersed in 8 mL of DMF was added and the
mixture was stirred for 4.5 hours at room temperature. The formed white precipitate was
filtered off, washed with the filtrate (4 times) and with 5 mL of DMF (2 times). The solid
was dissolved in 5 mL of pentane, the solvent was evaporated, and the obtained white
crystals were dried under reduced pressure to obtain the desired product (1.4 g,
2.7 mmol, 77%).

1H-NMR (400 MHz, CeDs, 25 °C) 6 = 1.52 (dd, 3Jpn = 7.0 Hz, °Jpn = 5.6 Hz, 54 H) ppm.
31P{1H}-NMR (162 MHz, CeDs, 25 °C) 6 = 85.06 ppm.

Synthesis of bromo(4-diethoxyphosphoryl-phenyl)(tri-tert-
butylphosphine) palladium?13

2 1 >(>L
O - e A OF

300 mg (0.587 mmol, 1 equiv.) of bis(tri-tert-butylphosphine)palladium(0) and 258 mg

o-
—/

O-1=0

(0.88 mmol, 1.5 equiv.) of diethyl (4-bromophenyl)phosphonate were dissolved in 30 mL
of dry and degassed butan-2-one. The mixture was stirred for 3 hours at 75 °C, afterwards
the solvent was removed in vacuo. 15 mL of dry and degassed pentane was added, and
the mixture was sonicated for 30 min in an ultrasonic bath. The yellow suspension was
transferred to a centrifugation flask, centrifuged, and the supernatant discarded. The

product was washed two times with 8 mL of pentane and dried under reduced pressure
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yielding 120 mg (0.199 mmol, 34%) of a yellow powder. The product was stored inside a
nitrogen-filled glovebox at -25 °C.

1H-NMR (400 MHz, CeDe, 25 °C) 6 = 7.73 - 7.40 (m, 4H, H1-2), 4.12 - 3.61 (m, 4H, H3), 1.02
(t, 3Jun = 7.1 Hz, 6H, H4), 0.97 (d, 3Jup = 12.6 Hz, 27H, Hs) ppm.

31P{1H}-NMR (162 MHz, CsDs, 25 °C) § = 62.9 (PtBu?), 19.3 (P(OEt)2) ppm.

Synthesis of 4-vinylphenylboronic acid pinacol ester24°
PH MgSO, b o/
/—©—B\ + HO>—<OH —_— S : B\E h
/ OH THF )/ o\~
a2 H d e
al

1 g (6.8 mmol, 1 equiv.) of 4-vinylphenylboronic acid and 0.8 g (6.8 mmol, 1 equiv.) of

pinacol were dissolved in 50 mL of anhydrous THF and two spatula tips of magnesium
sulfate were added. The mixture was stirred at rt for 3 h and filtered. The solvent was

removed under reduced pressure, yielding a colorless powder (1.4 g,6.1 mmol, 90%).

1H-NMR (400 MHz, CDCl3, 300 K) & = 7.78 (d, 3/un = 8.1 Hz, 2H, He), 7.41 (d, 3/un = 8.1 Hz,
2H, Ha ), 6.73 (dd, 3/un = 17.6, 10.9 Hz, 1H, Hb), 5.82 (dd, 3Juu = 17.6 Hz, 2/un = 1.0 Hz, 1H,
Ha1), 5.30 (dd, 3Jun = 10.9 Hz, %Jun = 1.0 Hz, 1H, Ha2), 1.35 (s, 12H, Hn) ppm.

13C{1H}-NMR (151 MHz, CDCls, 300 K) & = 140.36 (Cc), 137.04 (Cb), 135.16 (Ce), 125.66
(Ca), 114.99 (Ca), 83.92 (Cg), 25.02 (Cn). Crnot visible.

Synthesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl
methacrylate

1
1) 10 @) )
\ o o
o+ oy T C IB?@?OWHS,&,
O THF

Ina 250 mL Schlenk flask, 2 g (9.1 mmol, 1 equiv.) of 4-hydroxyphenylboronic acid pinacol

ester was dissolved in 30 mL of anhydrous tetrahydrofuran. At 0 °C, 1.5 mL (10.9 mmol],
1.2 equiv.) of triethylamine was added. 1.05 mL (10.7 mmol, 1.2 equiv.) of methacryloyl
chloride was added dropwise via syringe and the reaction mixture was stirred at room
temperature overnight. A brown suspension with a white precipitate was obtained. The
suspension was diluted with dichloromethane and consecutively washed with saturated
aqueous solutions of ammonium chloride, sodium carbonate and sodium chloride. The
organic phase was dried over MgSO4 and the solvent was removed in vacuo, yielding a

colorless oil. The product was purified by column chromatography (20:1 pentane to ethyl
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acetate) over silica gel. 1.550 g (5.4 mmol, 59%) of a colorless crystalline solid were
obtained.

1H-NMR (400 MHz, CDCl3, 300 K) § = 7.84 (m, 2H, Hv), 7.13 (m, 2H, He ), 6.35 (dq,
2Jun = 1.5 Hz, 4/un = 1.0 Hz, 1H, H3v), 5.75 (p, 4Jun = 1.5 Hz, 4Jun = 1.5 Hz, 1H, Hsa), 2.06 (dd,
4Iun = 1.5 Hz,4Jun = 1.0 Hz, 3H, H1), 1.34 (s, 12H, H1o0) ppm.

13C{IH}-NMR (151 MHz, CDCl3, 300 K) 6 = 165.77 (C4), 153.64 (Cs), 136.31 (C7), 136.04
(C2),127.40 (C3), 121.11 (Ce), 120.76 (Cs), 84.04 (Co), 25.02 (C10), 18.54 (C1) ppm.

HR ESI-MS: [M+Na]* theo.: 311.14 u found: 311.15u

Synthesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl 2-

bromo-2-methylpropanoate

0 0
Ao NEt Ao »3_2%8"
[ ,B—O—OH + Br 2 > E ,B—7©4—O
—/~o Br DCM —/ o

2 g (9.1 mmol, 1 equiv.) of 4-hydroxyphenylboronic acid pinacol ester was dissolved in
50 mL of dry dichloromethane and 1.5 mL (10.9 mmol, 1.2 equiv.) of dry triethylamine
was added. The mixture was cooled to 0 °C and 1.34 mL (10.9 mmol, 1.2 equiv.) of 2-
bromo-2-methylpropionyl bromide was added dropwise over a period of 15 min. The
mixture was stirred at 0 °C for one hour and at room temperature overnight. The organic
phase was successively washed with saturated aqueous solutions of ammonium chloride,
sodium carbonate and sodium chloride. The organic phase was dried over sodium sulfate
and the solvent was evaporated in vacuo. The resulting powder was recrystallized from
ethanol, yielding 1.35 g (40%, 3.6 mmol) of a colorless powder.

1H-NMR (400 MHz, CDCl3, 300 K) 6 =8.16 - 7.63 (m, 1H, He), 7.39 - 6.65 (m, 1H, Hs), 2.07
(s, 6H, H1), 1.35 (s, 12H, H9) ppm.

1H-NMR (400 MHz, CD2Clz, 300 K) 6 = 7.88 - 7.78 (m, 2H, He,), 7.20 - 7.06 (m, 2H, Hs),
2.06 (s, 6H, H1), 1.34 (s, 12H, Ho) ppm.

13C{I{H}-NMR (101 MHz, CDClI3, 300 K) 6 = 170.14 (C3), 153.39 (C4), 136.38 (Cé), 127.11
(C7, broad), 120.53 (Cs), 84.08 (Cs), 55.48 (Cz2), 30.78 (C1), 25.00 (Co) ppm.

13C{{H}-NMR (101 MHz, CD2Clz, 300 K) 6 = 170.68 (C3), 153.85 (C4), 136.65 (C¢), 127.43
(C7, broad) 121.03 (Cs), 84.57 (Cs), 56.28 (Cz2), 31.03 (C1), 25.24 (Co) ppm.
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Synthesis of p-tolyl 2-bromo-2-methylpropanoate

0 NEt,

DMAP y—éBr
OH + Br _©_
Br DC

4 g (36.9 mmol, 1 equiv.) of 4-methylphenol, 15.4 mL (110.7 mmol, 3 equiv.) of dry

triethylamine and 450 mg (3.67 mmol, 0.1 equiv.) of 4-dimethylaminopyridine were
dissolved in 200 mL of dry dichloromethane and cooled to 0 °C. 9.2 mL (44.2 mmol,
1.2 equiv.) of 2-bromo-2-methylpropionyl bromide was added dropwise over a period of
15 min. The mixture was stirred at room temperature overnight, filtered, and the filtrate
was washed with a saturated solution of sodium carbonate (3*100 mL) and water
(2*100 mL). The organic phase was dried over MgSO4 and the solvent was evaporated in
vacuo. The product was purified by column chromatography using a mixture of 10: 1
petrol ether and ethyl acetate. 8 g (84%, 30.9 mmol) of the product was isolated as a
slightly yellow liquid.

1H-NMR (400 MHz, CD2Cl2, 300K) 6 =7.26 - 7.19 (m, 2H, H3), 7.04 - 6.93 (m, 2H, H4), 2.36
(s, 3H, H1), 2.05 (s, 6H, Hs) ppm.

13C{I{H}-NMR (101 MHz, CD2Clz, 300 K) 6 = 171.07 (Cs), 149.22 (Cs), 136.63 (C2), 130.54
(C3), 121.26 (C4), 56.41 (C7), 31.06 (Cs), 21.15 (C1) ppm.

Synthesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl 4-
cyano-4-((phenylcarbonothioyl)thio)pentanoate

DCC $

CN
HOJ\/\|/ + DMAP 1 b o13
SS
DCM 3
B
63

1 g (3.57 mmol, 1 equiv.) of 4-cyano-4-((phenylcarbonothioyl)thio)pentanoic acid and

O OH NC 8 Map O
910

795.5 mg (3.85 mmol, 1.08equiv.) of dicyclohexylcarbodiimide were dissolved in 25 mL
of dry dichloromethane under a nitrogen atmosphere and cooled down to 0 °C. 945 mg
(4.29 mmol, 1.2 equiv.) of (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol were
dissolved in 5 mL of dichloromethane and slowly added. Then, 87 mg (0.714 mmol,
0.2 equiv.) of 4-dimethylaminopyridine dissolved in 5 mL of dichloromethane was added
and the mixture was stirred at 0 °C for 2 hours and at room temperature for 20 hours. The

turbid mixture was filtered, and the solvent of the filtrate evaporated under reduced
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pressure. Purification was performed by column chromatography
(dichloromethane : ethyl acetate 20 : 1) yielding 1.0 g (2.8 mmol, 70%) of a pink powder.
1H-NMR (400 MHz, CDCI3) 6 =7.99 - 7.92 (m, 2H, H1), 7.90 - 7.83 (m, 2H, H1s), 7.63 - 7.56
(m, 1H, H3), 7.43 (m, 2H, H2), 7.17 - 7.08 (m, 2H. H14), 3.04 - 2.90 (m, 2H, H11av), 2.75 (ddd,
2Jun=14.3, 3Jun=9.3, 3Jun= 6.5, 1H, H1o0av), 2.57 (ddd, 2/un=14.3, 3Jun=9.3, 3Jun= 6.5, 1H,
H1oasp), 2.01 (s, 3H, Hs), 1.36 (s, 12H, H1s) ppm.

13C{I{H}-NMR (101 MHz, CDCl3) & = 222.28 (C7), 170.01 (C12), 153.05 (C13), 144.67 (Ce),
136.40 (C1s), 133.21 (C3), 128.74 (Cz2), 126.85 (C1), 120.86 (C14), 118.58 (C19), 84.08 (C17),
45.88 (Co), 33.51 (C10), 30.22 (C11), 25.01 (C18), 24.45 (Cs) ppm.

4.4.4 General Procedures for Controlled Suzuki-Miyaura Cross-

Coupling Polymerizations

General Procedure for Poly(9,9’-dioctylfluorene) — Isolated Initiator

FG
LS D <J
) _ i ( Ve ved
\O—B Pd/ CgH,7CgH47 BPin o- F: FG
1 \ E O CgHi7 CgHyzlp
O PBu; (
r CsF/18 crown-6

THF/ Hy0 25/1
In a typical polymerization, 88 mg (0.149 mmol, 10 equiv.) of 2-(7-bromo-9,9'-dioctyl-9H-
fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 89.9 mg (0.596 mmol, 40 equiv.)
of CsF and 157 mg (0.596 mmol, 40 equiv.) of 18-crown-6 were dissolved in 23 mL of dry
and degassed tetrahydrofuran and 1 mL of degassed water. The mixture was thoroughly
degassed by three additional freeze-pump-thaw cycles and cooled to 0 °C in an ice bath.
Inside a nitrogen glovebox, 9 mg (0.0149 mmol, 1 equiv.) of (bromo)(4-
diethoxyphosphoryl-phenyl)(tri-tert-butylphosphine) palladium(Il) was dissolved in
2 mL of tetrahydrofuran. The Pd initiator was quickly injected into the monomer solution.
After one hour, 0.178 mmol (12 equiv.) of the respective end capping agent dissolved in
5mL of tetrahydrofuran was injected at 0 °C. After stirring over night, 50 mL of
dichloromethane and 20 mL of distilled water was added, and the organic phase was
separated. The water phase was extracted with 20 mL of dichloromethane two more
times. The combined organic phases were washed with brine and the solvent was
removed in vacuo. The polymer was dissolved in 4 mL of toluene and precipitated from
6 mL of cold methanol. After centrifugation at 6000 g for 10 min, the supernatant was

discarded. The polymer was dissolved in 2 mL of toluene and precipitated by addition of
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6 mL of cold methanol. After centrifugation at 6000 g for 10 min, the supernatant was
discarded again. Finally, the polymer was dissolved in 3 mL of benzene and freeze-dried.

The yields were in the range of 60-85%.

General Procedure for Poly(9,9’-dioctylfluorene) — In Situ Initiator

FG

o)
A S @
Q0 ; (305
+ O—F:—Q—Br THF - CgHy7 CgHy7 - BPin . o-F FG
0 - > - CgHi7 CgHiz

~N— (o]
H z /Pd\m r :th (

In a typical polymerization, 200 mg (0.336 mmol, 10 equiv.) of 2-(7-bromo-9,9'-dioctyl-
9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was dissolved in 18.7 mL of dry
and degassed tetrahydrofuran and afterwards cooled to 0 °C in an ice bath. The initiator
solution was prepared by mixing 17 mg (0.0336 mmol, 1 equiv.) of chloro[(tri-tert-
butylphosphine)-2-(2-aminobiphenyl)] palladium(Il) and 15.7 mg (0.054 mmol,
1.6 equiv.) of diethyl (4-bromophenyl)phosphonate in 1.7 mL of tetrahydrofuran inside a
nitrogen glovebox. 1.68 mL (3.34 mmol, 100 equiv.) of a thoroughly degassed 2 M aqueous
solution of potassium carbonate was added and the mixture was stirred vigorously at
room temperature for 1 h. Afterwards, the initiator solution was swiftly injected into the
monomer solution. After one hour of polymerization at 0 °C, the polymerization was
quenched by injecting the respective end capping agent.

Quenching of the polymerization as well as the work-up of the crude reaction mixture was
performed in analogy to the polymerization using the isolated Pd(II) initiator.

The yields were in the range of 70-90%.

Polymerization conditions for different DPn:

DPn=5:20 min at 0 °C, n(monomer)/n(Pd) =5, 50 equiv. of K2CO3, 6 equiv. of end capping
agent.

DPn = 15: 80 min at 0 °C, n(monomer)/n(Pd) = 15, 150 equiv. of K2C03, 12 equiv. of end
capping agent.

DPn = 20: 120 min at 0 °C, n(monomer)n/(Pd) = 20, 200 equiv. of K2C03, 12 equiv. of end

capping agent.
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General Procedure for Poly(3-hexylthiophenes) — Isolated Initiator

FG
hexyl

r
— 0 S ’ b‘ﬁ BPin N O /s\ O
o—ila'—< >—Pd > > o-R n FG
S

. Ve ———= o

hexyl

CsF / 18-crown-6
THF/ H,0 25/1

The polymerization of 2-(5-bromo-4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane was performed under the same conditions as the polymerization of 2-(7-
bromo-9,9'-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane using
(bromo)(4-diethoxyphosphoryl-phenyl)(tri-tert-butylphosphine)  palladium(II) as
initiator. The polymerization time was reduced to 15 min to target a degree of

polymerization of 15.

General Procedure for Poly(3-hexylthiophenes) — In Situ Initiator

hexyl re

hexyl
g @ B
r
0 K,COj3 (2M s R Q O s
\

P
. - (e}
N o) ” > > »>
1 / \CI r «L >
PBu, 1h

The polymerization of 2-(5-bromo-4-hexylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane was conducted under the same conditions as the polymerization of 2-(7-
bromo-9,9'-dioctyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane using
chloro[(tri-tert-butylphosphine)-2-(2-aminobiphenyl)] palladium(Il) and diethyl (4-
bromophenyl)phosphonate as in situ initiator system. The polymerization time was

reduced to 15 min for a targeted degree of polymerization of 15.

4.4.5 Synthesis of Conjugated Nonconjugated Block
Copolymers by ATRP

Exemplary Procedure for the Synthesis of Phos-PF8-56-PMMA

A stock solution of the copper catalyst was prepared by mixing 10 mg (0.0447 mmol,
1 equiv.) of CuBrz and 38.9 mg (0.134 mmol, 3 equiv.) of tris(2-pyridylmethyl)amine
(TPMA) in 10 mL of anisole.

Phos-PF8-AlkylBr macroinitiator was dissolved in anisole in a 10 mL Schlenk tube which
was sealed by a rubber septum and the mixture was thoroughly degassed by three freeze-
pump-thaw cycles. The amount of anisole was adjusted such that the total volume of

anisole was twice the volume of methyl methacrylate.
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A monomer solution was prepared by mixing methyl methacrylate (e.g. 200 equiv. vs.
amount of Phos-PF8-AlkylBr macroinitiator), 200 ppm of copper catalyst (amount vs.
monomer) and tin(II) 2-ethylhexanoate (12 equiv. vs. amount of copper). This solution
was degassed by three freeze-pump-thaw cycles.

The solution of the Phos-PF8-AlkylBr macroinitiator was placed in a heating block at 90 °C
and the monomer mixture was quickly injected via a degassed syringe. Samples were
taken at timed intervals and analyzed by GPC and 'H NMR spectroscopy to follow the
progress of the reaction.

After the desired conversion had been reached, the Schlenk tube was taken out of the
heating block and opened to air. 3 mL of tetrahydrofuran was added. The mixture was
filtered over basic alumina and precipitated from petrol ether. The polymer was collected
by centrifugation and dissolved in a minimal amount of tetrahydrofuran and precipitated
by the addition of methanol and collected by centrifugation. Finally, the polymer was

dried under reduced pressure.

Phos-PF8-b6-PS

The synthesis of Phos-PF8-b-PS followed the same procedure as the synthesis of Phos-
PF8-b-PMMA. The polymerization temperature was raised to 110 °C and the polymer was
precipitated from methanol. The conversion of styrene was determined by 'H NMR

spectroscopy.

Phos-PF8-5-PEHMA

The synthesis of Phos-PF8-Sty-b-PEHMA followed the same procedure as the synthesis of
Phos-PF8-Sty-b-PMMA. The polymerization temperature was set to 90 °C and the polymer
was precipitated from methanol. The conversion of 2-ethylhexylmethacrylate was

determined by 1H NMR spectroscopy.

4.4.6 Synthesis of Conjugated Nonconjugated Comb Polymers
by ATRP

Exemplary Procedure for the Synthesis of Phos-PF8-Sty-co-PMMA

All following steps were performed inside a nitrogen-filled glovebox. A stock solution of
CuCl2/(TPMA)s in anisole (0.60 mg CuClz/mL), a stock solution of Sn(octoate)z in anisole
(32 mg Sn(octoate)2/mL) and a stock solution of p-tolyl 2-bromo-2-methylpropanoate in
anisole (61 mg/mL) were prepared. In all polymerizations, 200 ppm of copper catalyst

relative to the amount of monomer and 200 equiv. of monomer vs. initiator were used.
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The Phos-PF8-Sty macromonomer was dissolved in an 8 mL vial in a mixture of anisole
(the monomer to anisole ratio was adjusted by the addition of the required amount of
anisole), MMA, a stock solution of CuClz/(TPMA)3 in anisole and a stock solution of
Sn(octoate): in anisole (12 equiv. Sn vs. Cu). This mixture was stirred for 10 min at room
temperature and a stock solution of p-tolyl 2-bromo-2-methylpropanoate in anisole was
added. The 8 mL vial was placed in a preheated aluminum block at 90 °C. Conversion of
MMA was determined by 1H NMR spectroscopy by comparison of the integral of the
olefinic protons of MMA and the integral of the methoxy group of PMMA.

The polymerization was stopped by opening the vial outside the glovebox and the
addition of 4 mL of tetrahydrofuran. The polymer mixture was filtered over neutral
alumina to remove the cooper catalyst and precipitated from petrol ether. The polymer

was dried in vacuum at 60 °C for 24 h.

Phos-PF8-Sty-co-PS

The synthesis of Phos-PF8-Sty-co-PS followed the same procedure as the synthesis of
Phos-PF8-Sty-co-PMMA. The polymerization temperature was raised to 110 °C and the
polymer was precipitated from methanol. The conversion of styrene was determined by

1H NMR spectroscopy.

Phos-PF8-Sty-co-PEHMA

The synthesis of Phos-PF8-Sty-co-PEHMA followed the same procedure as the synthesis
of Phos-PF8-Sty-co-PMMA. The polymerization temperature was set to 90 °C and the
polymer was precipitated from methanol. The conversion of 2-ethylhexylmethacrylate

was determined by TH NMR spectroscopy.

4.4.7 Deprotection of Polymers

General procedure for the deprotection of diethyl arylphosphonate-
functionalized polymers

Note: It is important to use Teflon grease instead of silicone grease and glass stoppers
instead of silicone rubber septa, as silicone grease and silicone rubber septa are
destroyed/ dissolved by trimethylsilyl bromide.
0 1. TMS-Br

n 2. MeOH
polymer—©—l'3-0 ° > polymer—©—
R

-OH
H

O=-71=0
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The diethyl phenylphosphonate- or diethyl benzylphosphonate-functionalized polymer
was dried under reduced pressure and then dissolved in dry dichloromethane. The
mixture was cooled to 0 °C in an ice bath and trimethylsilyl bromide (10 equiv. per
phosphonate group) was slowly added. The mixture was allowed to warm to room
temperature and stirred for 4 hours. Solvent and unreacted trimethylsilyl bromide were
removed in vacuo. The polymer was dissolved in dichloromethane which was again
removed under reduced pressure. The polymer was dissolved in tetrahydrofuran and
methanol was added until a slight turbidity could be observed. The mixture was stirred
for 24 hours. The polymer was precipitated from cold methanol and collected by
centrifugation. The polymer was dissolved in a minimal amount of tetrahydrofuran and
precipitated from a 6 : 1 v/v mixture of methanol and 2M HC(], collected by centrifugation

and finally freeze-dried from benzene. The average yield was about 85%.

General procedure for the deprotection of carboxylic acid ester-

functionalized polymers

o TFA oH
polymer—@ > polymer—@
O O

The tert-butyl benzoate-functionalized polymer was dissolved in a 4:1 v/v mixture of

dichloromethane and trifluoroacetic acid. The mixture was stirred overnight at room
temperature. Distilled water was added, and the pH value was adjusted to around 6 by
addition of a saturated solution of potassium carbonate. After phase separation, the
organic phase was washed with water, and the volume of the liquid of the organic phase
was reduced to around 5 mL. The polymer was precipitated from cold methanol, collected

by centrifugation and freeze-dried from benzene. The average yield was around 90%.
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Semiconductor Nanocrystals and

Conjugated Polymers

5.1 Introduction

Semiconductor nanocrystals as well as conjugated polymers are relevant material classes
because of their opto-electronic properties. The materials can be utilized in solar cells12.95,
light-emitting diodes!#44993 and in state-of-the-art high-end displays.4950.93 Also, the
combination of both materials is of interest because of the possible charge and/or energy
transfer (ET) between the organic and inorganic components.101.250 The aim of the
combination of two materials is not only to yield a compound which combines the
properties of its constituents but ideally to unlock new properties. One example is the
possible charge separation between two semiconductor materials upon optical excitation
which allows to use these compounds as solar cells.12

Nanocrystals after their synthesis are covered with long-chain aliphatic ligands which
limits their miscibility with a conjugated polymer matrix. Moreover, these ligands insulate
the nanoparticles from the surrounding matrix. 810109116122 For this reason, it is beneficial
to employ nanocrystals with conjugated polymer chains directly tethered to their surface
to enable a strong coupling between the two materials which allows for an efficient energy
and/or charge transfer between the two materials.8251 The direct binding of the polymer
to the nanoparticle’s surface is additionally crucial to enable an optimal integration into
opto-electronic devices. A detailed review on the challenging synthesis of hybrid particles
consisting of conjugated polymers and semiconductor nanocrystals is given in the general
introduction (Chapter 1.2).

As outlined before, the hybrid system of polyfluorene (PF8) and CdSe/CdS nanocrystals
is of particular interest as a potential single-photon source. A sketch of the energy levels

of such a hybrid system is shown in Scheme 5.1. Upon excitation of the PF8 an electron

87



Hybrid Particles Consisting of Semiconductor Nanocrystals and Conjugated Polymers

transfer from the LUMO (conduction band) of the PF8 to the LUMO of the CdSe core should
occur in principle. The CdS shell layer should block the transfer of a hole from the valence
band of a photoexcited nanocrystal to the polymer. However, this process might occur by
a tunneling process through the relatively thin shell.

The possible charge transfer between PF8 and CdSe/CdS nanocrystals might lead to a
negatively charged nanocrystal which would have a tremendous impact on the optical
properties of the nano-sized emitter (Chapter 6.2.5).

Scheme 5.1. Schematic energy level diagram of a PF8-functionalized CdSe/CdS core-shell
nanocrystal. Upon excitation of the polymer an electron transfer to the inorganic core and/or an

ET to the inorganic core can occur. Energy levels are based on literature
values.23.24.25

\)4
excited QD by negatively charged QD:
energy transfer

electron transfer

Energy

Besides these charge transfer processes, also an ET from excited PF8 (band gap ~3 eV) to
the CdSe core (band gap ~2.15 eV) is possible in principle which would result in the
generation of an excited nanocrystal. The same processes should be feasible in a hybrid
particle consisting of graded-shell CdSe/CdxZn1xS QDs and PF8 (Scheme 8.1).

Here, the functionalization of high-quality CdSe-based core-shell QDs with various PF8s
(different binding moieties, homo vs. block copolymers, multi-valent comb polymers) was
investigated by a ligand exchange procedure as well as by direct approaches. The
successful direct approach could be extended to the synthesis of PF8 CdSe/CdS and
CdSe/CdS/CdS hybrid NRs. This approach allowed in the case of CdSe/CdS/CdS NRs for a
controllable functionalization of the NRs with PF8. For all studied systems, particles with
PF8 tethered to their surface showed a strong interaction between the two materials and
a strong and efficient ET from the polymer to nanocrystal, contributing to its emission,

was observed at room temperature.
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5.2 Results and Discussion

5.2.1 Hybrid Particle Synthesis by a Direct Ligand Exchange

For the synthesis of hybrid particles, the direct ligand exchange approach is a widely used
method and also considered the most straightforward method (Chapter 1.2.1).
Previously synthesized nanoparticles are mixed with previously synthesized polymers
bearing a functional group capable of binding to the nanoparticle’s surface. By a ligand
exchange reaction (Chapter 1.1.2) with the native ligands of the nanoparticles, the
polymer can bind to the surface of the nanoparticles. Phosphonic acids are strongly
binding X-type ligands and are able to quantitatively replace carboxylic acids from the
surface of CdSe nanocrystals.”6

Here, CdSe/CdS QDs (QY = 50%; d = 7.6 nm; o = 0.8 nm), synthesized by a SILAR process
(Chapter 3.2.2) were functionalized by a direct ligand exchange reaction with the
polyfluorene PA-PF8-MA (Scheme 5.2).

The QDs are stabilized by the X-type ligands dodecylphosphonic acid (DOPA) and oleic
acid and the L-type ligand oleylamine. The polymer bearing a phenylphosphonic acid end
group should be able to partially replace the oleic acid from the surface. However, the
binding strength of polymers is generally considered weaker as compared to small
molecules because of the polymer’s steric demand.

Scheme 5.2. Schematic illustration of the functionalization of CdSe/CdS QDs with the
polyfluorene PA-PF8-MA. For clarity only the first 3 repeat units of the polymer are shown.

+ PA-PF8-MA
- oleic acid

q .
HO-R . d = OH *
OH HirCd™ Cetir ] .

PA-PF8-MA oleic acid
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The functionalization of the QDs with the polyfluorene PA-Ph-PF8-MA was studied under
various conditions (Table 5.1) concerning solvent and temperature. Besides the
phenylphosphonic acid functionality, the PF8 bears a phenyl methacrylate moiety as
second terminus which might be beneficial for the intended encapsulation of the particles
into a larger polymer particle consisting of PMMA by a miniemulsion polymerization
approach (Chapter 6.2.1). Moreover, the separation of unbound PF8 from hybrid
particles was investigated.

All ligand exchange reactions were performed using a PF8 to QD ratio of 175:1 and
140:1 respectively. For the functionalization, the QDs were precipitated once in
methanol and redispersed in the respective solvent. Afterwards, the polymer solution was
added, and the mixture was stirred for 24 hours.

Table 5.1. Functionalization of CdSe/CdS QDs with the polyfluorene PA-PF8-MA by a direct ligand
exchange reaction.

# PF8/QD solvent temp. [°C] QY? [%] bounde chains/QD¢
175 DCM 25 49 70% ~120

2a 175 DCM 25 36 61% ~105

3 175 toluene 50 50 71% ~120

4 175 toluene 100 48 70% ~120

5 140 toluene 50 49 73% ~100

In all experiments 16 nmol of CdSe/CdS QDs were used. The exchange reactions were performed under a
nitrogen atmosphere using dry and degassed solvents. a: Previous ligand exchange with pyridine. b:
Aexc. =450 nm, only the QDs are excited. ¢: Determined from the PF8 concentration before and after
centrifugation at 20 000 g in combination with MW-AUC results. d: PF8 chains bound to one QD. Calculated
with the number of added chains and the percentage of bound PF8.

The absorption spectrum of a hybrid dispersion is a superposition of the spectra of the
polymer and the QDs (Figure 5.1, left). As it is unlikely that all PF8 binds to the
nanocrystals, the separation of unbound PF8 from nanoparticles was studied by a
precipitation and a centrifugation approach, respectively.

In the precipitation approach, a precipitating agent was added carefully to the dispersion
until a slight turbidity was observed and subsequently, the formed precipitate was
collected by centrifugation at a relative centrifugal force (RCF) of 2000 g. Without a
precipitating agent no sedimentation arose at such a centrifugal force. As precipitating
agents, solvents such as methanol, ethanol, acetone and acetonitrile which are commonly
used in the cleaning process during the synthesis of QDs, were tested. However, the

dispersibility of QDs and the solubility of the conjugated polymer are quite similar as for
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both compounds the solubility/dispersibility is mostly ensured by long aliphatic carbon

chains.
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Figure 5.1. Left: Absorption spectra of CdSe/CdS QDs, hybrid particles (entry 1) and the polymer
PA-PF8-MA. Right: Absorption spectra of a hybrid particle dispersion (entry 4) and the same
dispersion after precipitation in various solvents followed by redispersion in toluene.

The ratio of QDs to PF8 in the dispersion can be analyzed by absorption spectroscopy
(Figure 5.1, right). A quantitative precipitation could not be achieved by using
acetonitrile, as a significant ratio of the solid components maintained dispersed. The other
solvents used led to a complete precipitation after centrifugation and a colorless and non-
fluorescent supernatant was obtained, which hints at a precipitation of both polymer and
QDs. The separated pellet was redispersed in toluene. The ratio of QDs and PF8 in the
redispersed dispersions was identical to the ratio in the original dispersion according to
the absorption spectra (Figure 5.1, right). Therefore, no separation between unbound
polymer and QDs was obtained. Nevertheless, these results are important for the
interpretation of the direct functionalization approaches (see Chapter 5.2.2 and 5.2.3).
In these experiments, the polymer was added during the synthesis of nanocrystals.
Afterwards, the nanocrystals were purified by the repetitive precipitation in methanol,
acetone or ethanol which will - given these results - not change the ratio between
nanocrystals and polymer.

Another attempt to separate the two species was based on centrifugation as the hybrid
particles and unbound PF8 show a huge difference in their density and molar mass and
thus a significant difference in their sedimentation coefficient. By centrifugation
(20.000 g, 2 hours) without a precipitating agent, it was possible to partially sediment the

hybrid QDs while the unbound polymer stayed in solution (Figure 5.2, left), as apparent
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from the reduced PF8 absorbance in the redispersed sediment as compared to the crude
original dispersion. However, the sedimentation of the nanocrystals was not complete,
and a significant amount of the hybrid nanocrystals stayed in the supernatant as reflected

by its deep-red color (Figure 8.33).
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Figure 5.2. Absorption (left), photoluminescence (PL, center, Aec=380nm) and
photoluminescence excitation (PLE, right, A¢e. = 630 nm) spectra of the QD dispersion, the
respective original hybrid QD dispersion (entry 1) and the hybrid QD dispersion after preparative
centrifugation (redispersed sediment and supernatant). The absorption and PLE spectra are
normalized at A = 420 nm to the QD concentration. The PL spectra are normalized at the maximal
QD emission. The physical mixture consists of QDs and unfunctionalized PF8 in the same ratio as
the original hybrid QD dispersion.

The sedimented pellet, obtained after centrifugation at 20.000 g for 2 hours, was
redispersed in toluene and the binding of the PF8 to the QDs was analyzed by multi-
wavelength analytical ultracentrifugation (MW-AUC). The procedure how to determine
the percentage of PF8 bound to nanocrystals is explained in detail in the analytical
methods section (Chapter 5.4.2). The MW-AUC measurement data for CdSe/CdS QDs
functionalized with PA-PF8-MA (entry 1, Table 5.1) after preceding separation of
unbound PF8 by preparative centrifugation are shown in Figure 5.3. At a wavelength of
300 nm, the absorption of PF8 is negligible and the absorbance is only caused by the
inorganic nanocrystals. Therefore, their sedimentation can be tracked at this wavelength
without interference of the PF8 absorption. A complete sedimentation of the QDs was
observed. At 380 nm, the sedimentation of the hybrid particles is tracked. At a
centrifugation velocity of 15000 rpm PF8 dissolved in toluene does not sediment.
Therefore, remaining absorbance at 380 nm would be an indication for unbound PF8. But

as a simultaneous and quantitative sedimentation at both wavelengths was recorded, it

can be concluded that all PF8 in the dispersion is bound to CdSe/CdS nanocrystals. By
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preparative centrifugation after the ligand exchange reaction, it was possible to separate

unbound PF8 from a part of the hybrid particles and to collect hybrid QDs free of unbound

polymer.
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Figure 5.3. MW-AUC measurement data for CdSe/CdS QDs functionalized with PA-PF8-MA after
preliminary separation of hybrid particles and unbound PF8 by preparative centrifugation. Left:
Sedimentation tracked at A = 300 nm. Center: Sedimentation tracked at A = 380 nm. Right:
Sedimentation profile at a fixed radius.

The binding of the PF8 to the nanocrystals had a tremendous impact on the optical
properties (Figure 5.2). The absorption spectra prove that a separation of hybrid
particles and unbound PF8 by preparative centrifugation was partially successful, as the
concentration of PF8 in the sediment is decreased (-30%) compared to the original
dispersion and increased in the supernatant. However, the supernatant contains a
mixture of hybrid particles and unbound PF8. The influence of binding PF8 to the
nanocrystals can be seen in the photoluminescence (PL) and photoluminescence
excitation (PLE) (detection at the emission wavelength of the QDs) spectra. PL spectra of
the original hybrid QD dispersion, the redispersed sediment and the supernatant
dispersion are compared with a mixture of unfunctionalized PF8 and QDs having the same
concentration as the original dispersion. The spectrum of the physical mixture is
dominated by the emission of the polymer, whereas the polymer emission is nearly
completely quenched in the other hybrid dispersions. The redispersed sediment, in which
all PF8 is bound to the nanocrystals, shows basically no PF8 emission (2% integrated
intensity as compared to the physical mixture). PLE spectroscopy (detection at a
wavelength at which the QDs fluoresce) can reveal which absorption processes result in
emission of the QDs. The PLE spectrum of the redispersed sediment (Figure 5.2)

resembles the corresponding absorption spectrum and features a maximum at a
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wavelength of maximal PF8 absorption. Thus, the emission of PF8 is not just quenched,
but an ET takes place from the PF8 chains to the QDs, resulting in fluorescence of the QDs.
This ET is only observable for the hybrid dispersions and not for the physical mixture of
unfunctionalized PF8 and QDs. The physical mixture even shows a reduced PLE intensity
in the absorption range of PF8 as compared to the pure QDs. The QY measured at an
excitation wavelength outside of the absorption range of PF8 (Aexc. = 450 nm) is the same
for the pure QDs as well as for the hybrid particles (49%). Additionally, the QY
(Aexc. = 380 nm, PF8 and QDs are excited) of the QDs (detection from 520-700 nm) in the
hybrid particle dispersion (redispersed sediment) is basically the same (48%), which
means that the ET to the QDs is quantitative. From these results, it can be concluded that
indeed a binding of the PF8 to the nanocrystal is necessary to impact the optical
properties. Only bound PF8 is strongly quenched by the QDs. Moreover, an ET from
excited PF8 to QDs occurs at room temperature. With the AUC results and absorption
spectra of the redispersed sediment and original hybrid QD dispersion, it can be
calculated that roughly 120 polymer chains are tethered to one QD. Assuming a spherical
particle with a surface area of roughly 180 nm?, this corresponds to 0.6 PF8 chains/nm?2.
The literature values for completely covered surfaces of semiconductor nanocrystals are
in the range of 3.5 molecules/nm2 up to 4.6 molecules/nm? depending on the system and
analytical method used.6970,119,252

In literature, it is reported that the functionalization of QDs with conjugated polymers can
be increased if the native QD ligands are first displaced by an excess of pyridine.108109.253
Afterwards, the weakly binding pyridine can be replaced by the polymer ligand. However,
none of these reports provides convincing evidence for their claim. In order to clarify this
point, the functionalization of QDs with 175 equiv. of PA-Ph-PF8-MA in DCM at 25 °C
(entry 1, Table 5.1) was repeated with previously exchanging the native QD ligands with
pyridine (entry 2, Table 5.1, see Chapter 5.4.3 for preparative details). The amount of
PF8 bound to the CdSe/CdS nanocrystals was nearly identical for the two approaches —
the amount in the sample without exchange by pyridine was even slightly higher
(nominally 120 vs. 105 chains/QD) — and no improved binding due to the previous
displacement by pyridine was observed (Figure 8.34). However, the nanocrystals
suffered due to the treatment with pyridine. The QY of the QDs measured outside the
absorption range of PF8 (Aexc. = 450 nm) before the direct functionalization with PF8 was
50%. After the functionalization with PF8, the QY of the QDs was still at 49%, however,

for the pyridine approach the QY dropped to 36%. Pyridine is a L-type ligand and L-type
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ligands can, added in excess, displace Z-type ligands such as Cd(oleate)2 (Chapter 1.1.2)
which is detrimental for the optical properties of the QDs. Therefore, the claim of
improved functionalization of nanocrystals by a previous ligand exchange with pyridine
appears doubtful.

In experiments 3-4, toluene was used as solvent instead of dichloromethane and the
ligand exchange was conducted at 50 °C and 100 °C. However, increasing the temperature
did not increase the amount of bound polymer. The number of PF8 chains bound to one
nanocrystal is basically the same for experiments 1, 3 and 4. In experiment 5, the amount
of added PF8 was decreased to 140 equivalents. However, no complete binding of the
polymer was observed and only around 100 chains were bound per nanocrystals.

In conclusion, CdSe/CdS QDs could be functionalized with PA-PF8-Ph-MA in a direct
ligand exchange reaction and about 70% of the added polymer bound to the nanocrystals.
The reaction temperature (25°C vs. 100°C) and choice of solvent (toluene vs.
dichloromethane) did not significantly influence the functionalization.

P3HT has a lower band gap (~1.9-2.2 eV) than PF8 (~3eV) and is often used as hole
transport layer and/or as electron donor (HOMO level ~-5.2 eV and LUMO level ~-3.2 eV)
component in opto-electronic devices.z54255.256 Therefore, excited P3HT could also act as
electron donor for CdSe-based QDs, but due to the similar band gap as compared to the
CdSe core, ET processes should be disfavored. Following the procedure for the
functionalization of CdSe/CdS QDs with PF8, also hybrid particles consisting of CdSe/CdS
QDs and phosphonic acid-functionalized polythiophene (PA-Ph-P3HT-MA) were
synthesized (Figure 8.35). However, for this system a weak ET from the polymer to the
QDs was still observed. Moreover, the fluorescence of the P3HT and the QDs overlap in
this system due to the similar band gap, which impedes the use of these particles in high-
resolution single-particle PL studies. Therefore, only PF8-based polymers were used for

the functionalization of nanocrystals in the following.

Using Conjugated Nonconjugated Copolymers

In Chapters 4.2.3 and 4.2.4, the synthesis of novel conjugated nonconjugated diblock and
multi-valent comb copolymers was reported. Especially the multi-valent comb polymers
promise a higher degree of functionalization. These polymers were also employed as
functional ligands for the functionalization of high-quality (QY = 86%; d = 6.1 nm)
CdSe/CdxZn1xS QDs (Table 5.2). In all experiments, 100 equivalents of phosphonic acid

vs. QDs were used. The ratio of phosphonic acid groups to QDs was decreased compared
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to the previous experiments as the graded-shell QDs are smaller and as in the previous
experiments no quantitative binding was observed. In the reference experiment (entry 1),
the ‘standard’ polyfluorene PA-Ph-PF8 was used as benchmark. In experiments 2-4, PF8
diblock copolymers were employed and in experiments 5-7 the respective multi-valent
comb polymers.

In case of the reference polymer PA-Ph-PF8, only 50% of the chains were bound to the
nanocrystals according to MW-AUC measurements. An ET from the polymer to the
nanocrystals was observed by PLE measurements (Figure 5.4). Measuring the QY of the
system at Aexc. = 380 nm, the polymer as well the nanocrystals are excited. The ratio of the
overall QY (detection from 400-700 nm) and the QY of the nanocrystals (500-700nm) in
this system is a good indication of the quenching of the PF8 emission. For this system, the
overall QY is 80% but only 33% originating from the QD. Thus, only a minor number of
the PF8 chains are quenched by the QDs in accordance with a binding of 50%.

Table 5.2. Functionalization of CdSe/CdxZniS QDs with conjugated nonconjugated polymers by
a ligand exchange reaction.

. Colymer M PA/ PA/ colvent QY  PF8bounde
[kg mol-l] chainc QD [%]4 [%]

1 PA-Ph-PF8 5 1 100 toluene 80/33 50

2 PA-PF8-b-PEHMA- 24 1 100 toluene 81/48 60

3 PA-PF8-b-PMMA2 19 1 100 THF 80/30 40

4 PA-PF8-b-PSa 19 1 100 THF 75/42 65

5 PA-PF8-Sty-co-PEHMAab 100 15 100 toluene 68/44 90

6 PA-PF8-Sty-co-PMMAab 95 15 100 THF 67/52 90

7 PA-PF8-Sty-co-PSab 68 12 100 THF 67/46 75

5 nmol of CdSe/CdxZn1xS QDs and 1.5 mL of solvent were used in all experiments. a: See Table 4.2 and
Table 4.3 for details on polymers. b: 0.1 mL of oleic acid was added to dissolve the comb polymers. c:
Phosphonic acid (PA) groups per polymer chain. d: Aexc. = 380 nm (excitation of QDs and PF8), the first value
is the total QY of the system, the second value only the QY of the QDs in this system. The QY (Aexc. = 450 nm;
only absorption by the QDs) is in the range of 86-90% for all systems. e: Percentage of PF8 bound to the
QDs according to MW-AUC measurements.

In Figure 5.4, the optical properties of the dispersions consisting of conjugated
nonconjugated block copolymers and QDs (entries 2-4) and the reference experiment
(entry 1) are compared. The amount of PA-Ph-PF8 in the dispersion was higher (15%)
compared to the block copolymers PA-PF8-b-PEHMA and PA-PF8-b-PMMA. This might

result from the fact, that the molecular weight of PA-Ph-PF8 is known with a higher
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precision than the molecular weight of the copolymers. After the ligand exchange
reaction, the particles were filtered through a syringe filter to remove any formed
agglomerates. Roughly 30% of the PA-PF8-b-PS was filtered off at this step, whereas for
the other dispersions the ratio between QDs and polymer did not change. The amount of
polymer bound to the nanocrystals was analyzed by MW-AUC measurements
(cf. Figure 8.36 for exemplary MW-AUC data). The binding strengths of PA-Ph-PF8 and
the block copolymer PA-PF8-b-PEHMA were similar (50-60% bound) whereas the PA-
PF8-b-PMMA was more weakly binding (40% bound). The percentage of bound PA-PF8-
b-PS was slightly higher (65%); however, the concentration of this polymer was also
significantly lower. The impact of binding was illustrated in the PL properties of the
dispersions. The concentration of PA-PF8-b-PEHMA and PA-PF8-b-PMMA in the
dispersions were identical; however, the emission of the PF8 part was more strongly
quenched in the case of PA-PF8-b-PEHMA as more chains were bound to the nanocrystals.
For all dispersions, an ET from the PF8 to QD was observed, with intensities correlating
with the amount of bound chains. From the series of block copolymers, PA-PF8-b-PEHMA
is the most suited ligand as its solubility in a lipophilic environment is higher compared

to the other block copolymers.
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Figure 5.4. Absorption, PL (Aexc. = 380 nm) and PLE spectra (A¢ec. = 590 nm) of the hybrid particle
dispersions consisting of CdSe/CdxZn1«xS QDs and conjugated nonconjugated diblock copolymers.
The absorption and PLE spectra are normalized at A = 420 nm, the PL spectra are normalized at
the maximum of the QD emission.

In experiments 4-7, the binding behavior of the corresponding multi-valent comb
polymers (PA-PF8-Sty-co-PEHMA, PA-PF8-Sty-co-PMMA, PA-PF8-Sty-co-PS) was
investigated. These polymers consist of a nonconjugated backbone with 12-15

phenylphosphonic acid-terminated PF8 side chains (Chapter 4.2.4). PA-PF8-Sty-co-
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PEHMA was dissolved in toluene and PA-PF8-Sty-co-PS and PA-PF8-Sty-co-PMMA were
dissolved in tetrahydrofuran. In order to increase the solubility of the polymers a small
amount of oleic acid (~6 vol%) was added. In all three experiments, a precipitate formed
in the course of the ligand exchange reaction which was separated by centrifugation (cf.
Figure 8.37 for photos). This precipitate could not be redispersed and given its color, it
consists of QDs and mostly polymer. This explains why the concentration of PF8
(Figure 5.5) in these dispersions was significantly lower (50-60%) in comparison to the
reference sample synthesized with PA-Ph-PF8. However, according to MW-AUC
measurements (cf. Figure 8.38 for exemplary AUC data) the remaining comb polymer
was mostly (70% for PA-PF8-Sty-co-PS and 90% for PA-PF8-Sty-co-PEHMA and PA-PF8-
Sty-co-PMMA) bound to the nanocrystals. This was reflected in a strong quenching of the
PF8 emission and a strong ET to the nanocrystals. Due to the stronger binding of the comb
polymers, the total ET from the PF8 moiety to the QD was equally strong for the comb
polymers and the reference polymer PA-Ph-PF8, although the concentration of the comb

polymer was much lower (only 40-50%).
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Figure 5.5. Absorption, PL (Aexc. = 380 nm), and PLE spectra (A¢ec. = 590 nm) of the hybrid particle
dispersions consisting of CdSe/CdxZn1..S QDs and conjugated nonconjugated comb copolymers.
The absorption and PLE spectra are normalized at A = 420 nm, the PL spectra are normalized at
the maximum of the QD emission.

The sedimentation profile of these hybrid particles does not show a single hybrid QD
species, but several sedimenting species (Figure 8.38). These are most likely QDs covered
with a different amount of high molecular weight comb polymer chains.

In conclusion, the functionalization of QDs in a direct ligand exchange reaction was
possible, and a high amount of the added phenylphosphonic acid-functionalized PF8 was
bound to the nanocrystals. The emission of PF8 bound to nanocrystals was quenched and

an ET from photoexcited PF8 to the nanocrystals was observed, which is not the case for
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physical mixtures of unfunctionalized PF8 and QDs. The binding behavior of the
polyfluorene PA-Ph-PF8 and the block copolymer PA-PF8-b-PEHMA is quite similar. The
multi-valent comb polymers are indeed more strongly binding; however, also a partial

precipitation of polymer and QDs was observed.

5.2.2 Functionalization of CdSe/CdxZni-xS Quantum Dots by a
Direct Approach

The ligand exchange reaction yielded hybrid particles; however, in the case of the high-
quality CdSe/CdxZni-xS QDs only around 50% of the added polymer was bound to the
nanocrystals. A direct functionalization approach offers the benefit to omit a second
ligand exchange reaction. Moreover, the direct approach provides the possibility to add
the polymer ligand at high temperatures and a stage of the particle formation where the
final particle surface has not been formed yet. This might allow for higher and more
controllable  functionalization.257 As the literature-reported synthesis of
CdSe/(CdS)x(ZnS)y QDs could be well reproduced and as these QDs show superior optical
properties compared to the CdSe/CdS QDs synthesized by a SILAR process, the direct
functionalization approach was conducted with these graded-shell QDs. The system
consisting of a shell composed of 2 ML of CdS and 2 ML of ZnS was chosen, as a thin shell
might facilitate energy and charge transfer processes.123 Regarding the synthesis of
hybrid particles, two possibilities to introduce the various phosphonic acid-functionalized
PF8s were investigated (Scheme 5.3). In method A, the PF8 was added after the
deposition of the CdS shell along with oleic acid. Afterwards, the mixture was annealed
for 1 hour and degassed by applying vacuum for 30 min, before continuing with the
addition of the ZnS precursors.

Scheme 5.3. Synthetic procedure for the functionalization of CdSe/(CdS):(ZnS). QDs with PF8 by
a direct approach.
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In method B, the PF8 was added after the addition of the ZnS shell had been completed.
Thereby, the influence on the particle formation is minimalized and the possibility to
introduce the polymer at the high reaction temperature might be beneficial in comparison
to the direct ligand exchange reaction as presented before. Moreover, as no additional

ligand exchange procedure has to be conducted, this process is also time saving.

Method A: Polymer Addition Before Deposition of the ZnS Shell

In the established synthesis of CdSe/CdxZn1-xS QDs, the CdS shell is deposited on the CdSe
core in the first step. After the deposition, 0.5 mL of oleic acid (50 nmol CdSe seeds used)
is added at 200 °C, and the mixture is annealed at 150 °C for 1 hour. This step is important
for the optical properties of the QDs and offers the possibility to add phosphonic acid-
functionalized PF8 as an additional ligand along with the oleic acid.

Table 5.3. Synthesis of CdSe/(CdS)2(ZnS). PF8 hybrid QDs by the addition of phosphonic acid-
functionalized PF8 after the deposition of the CdS shell.

M, PA/ solvent
# polymer PA/QD observation
[kg mol'1] chainb [mL]
ODE/HOAc partial
1 PA-PF8-Sty-co-PEHMAa 100 15 100
1/1 precipitation
ODE/HOAc complete
2  PA-PF8-Sty-co-PMMAa 95 15 100
1.5/1 precipitation
ODE/HOAc complete
3 PA-PF8-Sty-co-PSa 68 12 100
1.5/1 precipitation
ODE/HOAc bimodal size
4 PA-Ph-PF8 5 1 100
1/0.5 distribution

The polymer solution heated to 80 °C was added slowly to the QD dispersion at 200 °C. Afterwards, the
dispersion was annealed at 150 °C for 1 hour. a: See Table 4.3 for details on polymers. b: Phosphonic acid
(PA) groups per polymer chain. ODE = octadecene; HOAc = oleic acid.

As polymer ligands, the newly synthesized multi-valent PF8 comb polymers were tested
(Table 5.3, entry 1-3) and the standard phenylphosphonic acid-functionalized
polyfluorene (PA-Ph-PF8) was employed as reference material. The polymers were
sought to be dissolved in only 0.5 mL of oleic acid. Only PA-Ph-PF8 dissolved completely,
however, a highly viscous solution formed, which was diluted by the addition of 1 mL of
ODE. The comb polymers could only be dissolved by using 1 mL of oleic acid in
combination with 1 mL or 1.5 mL of ODE.
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Upon addition of the PA-PF8-Sty-co-PEHMA oleic acid mixture to the CdSe/(CdS)2
particles, the reaction mixture became turbid and a partial QD precipitation was observed.
After the addition of the PA-PF8-Sty-co-PMMA or PA-PF8-Sty-co-PS comb copolymer an
instantaneous precipitation of all QDs occurred (Figure 5.6, left). Only the addition of the

reference polymer PA-Ph-PF8 did not cause any precipitation and it was possible to

deposit the ZnS shell afterwards.

Figure 5.6. Left: Exemplary photograph of the precipitated QDs after the addition of a comb
polymer (clear, colorless solution, red QD agglomerates stick to flask’s surface). Center and Right:
TEM images displaying the bimodal size distribution of the QDs after addition of PA-Ph-PF8 (entry
4). Small particles have a diameter around 4.0-6 nm as determined from the TEM images. The
larger particles are in the range of 7-10 nm. The CdSe seed particles had an average diameter of
3.6 nm.

However, a bimodal particle size distribution was obtained (Figure 5.6, center and right)
consisting of particles in the size range of 4-6 nm and the larger particles being in the
range of 7-10 nm. The presence of the PA-Ph-PF8 during the deposition of the ZnS seems
to partially disturb the deposition of the ZnS shell.

As already seen for the functionalization of preformed QDs by a ligand exchange reaction,
the addition of the multivalent comb polymers led to a precipitation of the QDs. This could
have several reasons: one possibility is the bridging of several particles by the multi-
valent polymer, causing agglomeration. Additionally, the solubility of the comb polymers
themselves is limited. Moreover, a high amount of bound comb polymers could also lead

to precipitation as the comb architecture might not be well suited to stabilize a

nanocrystal.

Method B: Polymer Addition After Deposition of the ZnS Shell

As the addition of phosphonic acid-functionalized PF8s before deposition of the ZnS shell
led to a precipitation of the particles or disturbed the deposition of the ZnS shell, the
addition of polymer directly after the growth of the ZnS shell (method B) was investigated.
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Thereby, the influence on the particle formation is minimalized. As polymeric components
three different phosphonic acid-functionalized PF8s were employed and compared
(Scheme 5.4). The binding affinity of an aromatic phenylphosphonic acid moiety
(PA-Ph-PF8) was compared to a benzylphosphonic acid moiety (PA-Bn-PF8). The more
flexible benzylphosphonic acid group might bind more strongly, whereas the
phenylphosphonic group might enable a stronger electronic coupling between the two
materials. The second terminus of the polymer PA-Ph-PF8-MA additionally bears a phenyl
methacrylate group which might facilitate the intended subsequent encapsulation of the
hybrid particles. All polymers had a similar degree of polymerization of 9-10 and were
well soluble in octadecene, or in a mixture of oleic acid/octadecene/oleylamine as present
in the reaction mixture. However, probing the stability of the polymer PA-Ph-PF8-MA in
a solvent mixture under reaction comparable conditions at 150 °C revealed that the

carboxylic acid phenylester is cleaved under these harsh conditions.

Scheme 5.4. Polyfluorenes used for the functionalization of CdSe/(CdS)z(ZnS). QDs.

PA-Ph-PF8-MA PA-Ph-PF8 PA-Bn-PF8

The polymer of interest (Table 5.4) was dissolved in 1 mL of octadecene and added to the
reaction at the respective temperature (150 °C or 310 °C) after the addition of the ZnS
precursors had been completed. Afterwards, the reaction mixture was allowed to cool
down to 150 °C and was annealed for 1 hour.

In all experiments, highly fluorescent dispersions were obtained. The QY of the QDs
(Aexc. = 450 nm) ranges from 78-84% in all experiments and is only slightly lower than the
QY of the reference CdSe/(CdS)2(ZnS)2 QDs (87%). The addition of the PF8 had no
negative impact on the particle formation and crystalline and uniform (particle size
distributions ~8-10%) particles were formed (Figure 5.7, cf. Figure 8.39 for additional
TEM images). The particles align in superstructures on the TEM grid, although they do not
pack as closely as the bare CdSe/(CdS)2(ZnS)2QDs (cf. Figure 3.7). This hints at a stronger
repulsion between the QDs which might be caused by potentially bound long polymer

chains.
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Table 5.4. Conditions for the synthesis of PF8 CdSe/(CdS)2(ZnS). hybrid QDs by a direct approach.

Qya Qyr % PF8 PF8 chains
addition
# polymer PF8/QD (450 nm) (380 nm) bound bound/
temp. [°C]
[%] [%] (AUC)e QD4
1 PA-Ph-PF8 75 150 78 78 (40) 60 45
2  PA-Ph-PF8 75 310 82 80 (45) 65 49
3 PA-Bn-PF8 75 150 81 85 (22) 40 30
4 PA-Bn-PF8 75 310 79 87 (30) 50 37
5 PA-Ph-PF8 160 310 84 80 (22) 35 56
6 PA-Ph-PF8 54 310 81 76 (50) 80 44
7 PA-Ph-PF8 27 310 80 82 (30) 70 19

As seed particles, two batches of CdSe QDs with a size of 3.3 nm respect. 3.4 nm and a FWHM of the PL peak
of 25-26 nm were used. The polymers were dissolved in 1 mL of ODE and heated to 80 °C. After polymer
addition, all samples were cooled to 150 °C and annealed for 1 hour. a: At Aexc =450 nm only the QD is
excited. b: At Aexc. = 380 nm both the QDs and the PF8 are excited, the first value is the total QY of the system
(Adet. = 400-700 nm), the second value is the QY of the QDs in this system (Adet. = 550-700 nm).c: Determined
by MW-AUC measurements (see Chapter 5.4.2 for details). D: Calculated by the added number of PF8
chains per QD and the percentage of PF8 chains bound according to MW-AUC measurements.

In order to elucidate whether indeed hybrid particles had been formed, MW-AUC
measurements were performed to determine the percentage of PF8 bound to the
nanocrystals (cf. Figure 8.40 for an exemplary AUC evaluation). In all experiments, a
significant amount of PF8 was bound to the nanocrystals, however, the values range from
only 35% to 80%. In experiments 1-4, the influence of the addition temperature (310 °C
vs. 150 °C) and the influence of the binding group (phenyl vs. benzylphosphonic acid) was
analyzed. For both binding groups, the higher addition temperature led to a slightly higher
amount of bound PF8 (60% vs. 65% and 40% vs 50%).

ra:

40]mean d =6.1nm| [P i
6=0.5nm

diameter (nm)

Figure 5.7. Photograph (UV light illumination) and TEM images of the hybrid particles obtained
in entry 2, Table 5.4. The right image was recorded in dark field scanning TEM mode.

103



Hybrid Particles Consisting of Semiconductor Nanocrystals and Conjugated Polymers

Comparing the binding strength of the functional group, the phenylphosphonic acid-
functionalized PF8 binds slightly more strongly than the benzylphosphonic acid-
functionalized PF8 (60% vs. 40% and 65% vs. 50%). Therefore, in the experiments 5-7,
in which the amount of added polymer was varied, the polymer addition was conducted
at 310 °C and PA-Ph-PF8 was used as polymer.

The absorption spectra of the hybrid nanoparticles (Figure 5.8) are a superposition of
the spectra of the QDs and the polymer. The amount of the PF8 in the dispersions scaled
linearly with the added amount of PF8. The ratio between QDs and PF8 should not have
been changed by the repeated precipitation in methanol and/or acetone and redispersion
in toluene during the clean-up process of the hybrid particles (cf. Chapter 5.2.1).
Therefore, the number of PF8 chains bound to one QDs can be estimated from the
percentage of bound PF8 chains (AUC results) and the number of PF8 chains added per
QD (right column Table 5.4). Adding 160 chains per QD did not increase the amount of
bound PF8 chains significantly compared to the experiments with addition of 54 or 75
chains per QDs. It seems that the maximal number of chains bound to one QDs is in the

range of 45-56.
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Figure 5.8. Absorption (left), PL (Aexc. = 380 nm; center) and PLE (Ager. = 580 nm; right) spectra of
PF8 CdSe/(CdS)2(ZnS), hybrid particles. For clarity only the samples synthesized at 310 °C are
displayed. The absorption and PLE spectra are normalized at A = 420 nm outside the absorption
range of PF8 to the QD concentration and the PL spectra at maximal QD emission.

With these values, the surface density of the PF8 molecules on the surface of the QDs can
be calculated from the size of the nanoparticles (d = ~6.1 nm, A=~116 nm?) as
determined by TEM measurement assuming the particles to be spherical. The density
ranges between ~0.2 molecules/nm?2 up to ~0.5 molecules/nm2. As outlined earlier, the
literature values for completely covered surfaces of semiconductor nanocrystals are in

the range of 3.5 molecules/nm? up to 4.6 molecules/nm? depending on the system and
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analytical method used.6970.119.252 Regarding the steric bulk of a polymer chain, it seems
reasonable that a maximum of roughly 10% of the ligands on the surface are PF8 chains.

The binding of the PF8 to the QD enabled an energetic coupling between the two systems.
The PLE spectra (maxima at A = ~378 nm, in accordance with the PF8 absorption
maximum) show a strong ET from the excited polymer to the QDs (Figure 5.8). This ET
was only observed for hybrid particles and not for a dispersion of unfunctionalized PF8
and QDs. The intensity of the ET correlates reasonably well with the number of PF8 chains
bound to one QD. However, in the case of QDs functionalized with PA-Bn-PF8 (75
chains/QD added, entry 4) this ET is significantly weaker (~50%) than for QDs
functionalized with PA-Ph-PF8 (75 chains/QD added, entry 2). In both dispersion the ratio
between PF8 and QDs is identical (cf. absorption spectra Figure 5.8), but the amount of
bound PF8 chains is only slightly higher for the sample synthesized with PA-Ph-PF8
(~25%). Thus, it can be concluded that the ET efficiency is already significantly (~25%)
reduced by the single insulating aliphatic CH2 group between the conjugated m-system
and the binding group in the polymer PA-Bn-PF8.

This ET is also reflected in the PL spectra (Figure 5.8, center) of the dispersions. For all
samples, the PF8 emission is strongly quenched, especially for samples with a high
percentage of bound PF8. Moreover, the PL peak of the QDs is narrow (FWHM 29-34 nm),
indicating the reproducible high quality of the obtained QDs.

The influence of the binding of the PF8 chains to the QDs on the photoluminescence
dynamics was analyzed by measuring the time-resolved photoluminescence decay of the
nanocrystals (Figure 5.9). The decay dynamics of unfunctionalized reference QDs and a
physical mixture of these with unfunctionalized PF8 are identical. However, both batches
of analyzed hybrid QDs (dispersions obtained in entries 2 and 5, Table 5.4) show a
slightly faster PL decay than the unfunctionalized QDs. The PL decay can be simplistically
fitted with a biexponential fit resulting in an intensity-weighted average fluorescence
lifetime of 15 ns for the hybrid QDs and 18 ns for the reference QDs. A similar observation
was made by Cotlet et al. for the functionalization of CdSe/ZnS QDs with conjugated

polymer chains which they attributed to a charge transfer between the two materials.123

The fluorescence lifetime t can be defined in a simple model as T = , with the

_r
L kr+X knr
radiative and nonradiative decay constants kr and knr.123 For the hybrid nanocrystals
consisting of PF8 chains tethered to CdSe/CdxZnixS QDs an ET from photoexcited

polymer to the QD was observed, however, also an electron transfer from excited PF8 to
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the QD or a hole transfer from an excited QD to the polymer could potentially take place
which would both result in the formation a charged QD. By excitation of charged QDs,
trion states can be formed, which open additional radiative and nonradiative
recombination pathways.258259 Charged QDs might show a faster PL decay because of the
following two effects: Excited charged QDs (trions) feature a shorter (factor ~1.5-
5)2258,260,261 radiative lifetime than neutral excitons. However, charging of QDs, which can
also randomly happen photophysically driven in non-functionalized QDs, is also
considered as one main pathway for exhibiting intermittency in their emission, which is
termed PL ‘blinking’ (cf. ref.262 for a detailed review on the not-completely understood
topic of QD blinking).262 Excited charged QDs are prone to non-radiative Auger
recombination, whereby the recombination energy is transferred to the extra charge
carrier and no phonon is emitted. At room temperature, the Auger recombination process
is normally orders of magnitude faster than or for special systems in the range of the
radiative decay of the trion which can decrease the QY of the emitter.260.262 This
relationship would also explain that the synthesized hybrid QDs exhibit a slightly lower
QY than the reference QDs (78-84% vs. 87%). However, at cryogenic temperatures (the
temperature at which single-particle PL measurements are conducted), Auger
recombination is often strongly suppressed and the radiative trion decay can be
dominant.260.262 Therefore, the observed shortened PL decay of the hybrid QDs as
compared to the reference QDs at room temperature could be a hint at an additional

charging of the QDs due to an interaction with the bound PF8 chains
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Figure 5.9. Time-resolved photoluminescence decay traces of CdSe/(CdS):(Zns), PF8 hybrid
particles. Left: The PL decays of the QD fluorescence in two hybrid QD dispersions, a reference QD
dispersion and a physical mixture of unfunctionalized PF8 and QDs are shown. At Acx. = 405 nm,
the QDs and the PF8 are excited. Right: The PL decays of the polymer fluorescence in these hybrid
dispersions and the polymer dissolved in toluene are shown. IRF = instrument response function.
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The PL decays of the reference polymer and polymer in the hybrid dispersions
(Figure 5.9, right) are identical (single exponential decay, T = 0.4 ns). As the bound
polymer is efficiently quenched by the QDs, probably only emission of unbound polymer

is detected, which of course shows the same PL dynamics as the reference polymer.

Method B: Addition of Conjugated Nonconjugated Copolymers After
Deposition of the ZnS Shell

The addition of phosphonic acid-functionalized polyfluorene (PA-Ph-PF8) directly after
the deposition of the ZnS shell yielded high-quality hybrid particles. However, still no
complete binding of the added PF8 to the QDs was observed. Therefore, this approach was
also conducted with conjugated nonconjugated diblock and comb copolymers
(Table 5.5). As the comb polymers have proven to be strongly binding, they might enable
a complete binding of the added polymer. However, for the diblock copolymers only PA-
PF8-b-PEHMA was soluble in the reaction mixture, whereas PA-PF8-b-PMMA and PA-
PF8-b-PS were not.

The block copolymer PA-PF8-b-PEHMA was dissolved in 2 mL of octadecene and added
to the reaction mixture at 310 °C, as the higher addition temperature has proven to
beneficial for the binding of the polymer. However, a very viscous and oily dispersion was
formed, no quantitative precipitation of the QDs was possible, and the optical properties
of the final dispersion were dominated by the polymer.

In experiments 2-4, multi-valent comb polymers were employed for the functionalization.
In all experiments, the amount of polymer in the final dispersion was very limited, as
observed from the absorption spectra (Figure 5.10). During the work-up of the QDs by
precipitation in acetone/ethanol, the supernatant showed a strong blue fluorescence
indicating the presence of non-bound polymer. However, the polymer, which was left in
the final dispersion, was completely bound to the nanocrystals. The addition of PA-PF8-

Sty-co-PS (experiment 5) led to a complete precipitation of the QDs.
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Table 5.5. Functionalization of CdSe/(CdS)2(ZnS). QDs using conjugated nonconjugated polymers

by a direct approach.
" polymer M, PA groups/ PF8-PA/ QYd % PF8
[kg mol-1] chain QD [%] bound (AUC)e
1 PA-PF8-b-PEHMA: 24 1 100 86/6 n.d.
2 PA-PF8-Sty-co-PEHMAP 52 4 100 71/53 100
3  PA-PF8-Sty-co-PEHMAP 100 15 100 75/16 100
4  PA-PF8-Sty-co-PMMA¢ 95 15 100 71/65 100
5 PA-PF8-Sty-co-PS¢ 68 12 100 n.p. n.p

As seed particles, CdSe QDs with a size 3.4 nm and a FWHM of the PL peak of 25 nm were used. a: Solvent
2 mL of octadecene. b: Solvent 2 mL of octadecene and 0.5 mL of oleic acid. c: Solvent 2 mL of octadecene
and 1 mL of oleic acid. The dissolved polymers were heated to 80 °C. After polymer addition, all samples
were cooled to 150 °C and annealed for 1 hour. d: At Aexc. = 380 nm both the QDs and the PF8 are excited, the
first value is the total QY of the system (Adet. = 400-700 nm), the second value is the QY of the QDs in this
system (Adet. = 500-700 nm). e: Percentage of bound PF8 determined by MW-AUC measurements.

For the functionalization of CdSe/(CdS)2(ZnS)2 QDs in a direct approach the conjugated
PF8 functionalized with a phenyl phosphonic acid moiety has proven to be much better
suited than the conjugated nonconjugated copolymers. As the direct functionalization
approach using the polyfluorene PA-Ph-PF8 was successful in terms of delivering
monodisperse QDs of high-optical quality which are functionalized with polyfluorene

chains, the functionalization with these conjugated nonconjugated copolymers was not

further studied.
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Figure 5.10. Absorption spectra of the hybrid particle dispersions obtained in experiments 2-4,
Table 5.5. For comparison, the spectra of CdSe/(CdS)2(ZnS)2 hybrid particles synthesized with
addition of 75 chains of PA-Ph-PF8 (entry 2, Table 5.4) is shown. The spectra are normalized at
A =420 nm to the QD concentration.
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5.2.3 Polyfluorene CdSe/CdS and CdSe/CdS/CdS Hybrid

Nanorods

Functionalization of CdSe/CdS Nanorods by a Direct Approach

As pointed out in Chapter 3.2.4, CdSe/CdS NRs are interesting for single-particle PL
studies and especially for charging experiments. However, these NRs are synthesized in a
mixture of strongly binding X-type phosphonic acids. Moreover, only a precise ligand
mixture ensures the anisotropic growth of the particles. Therefore, the functionalization
of these NRs will even be more challenging than the functionalization of quasi-spherical
QDs. So far, the conjugated polymer PA-Ph-PF8 has proven to be the most suited polymer
ligand.

Here, three different direct approaches were pursued to functionalize CdSe/CdS NRs with
PF8-Ph-PA (Scheme 5.5). In all experiments, 100 equiv. of PF8-Ph-PA vs. the CdSe-seed
particles were used. In method A, the end-functionalized PF8 was added as additional
phosphonic acid to the Cd-precursor mixture consisting of CdO, n-octadecylphosphonic
acid, hexylphosphonic acid, tri-n-octylphosphine oxide and tri-n-octylphosphine. The
addition of PF8-Ph-PA did not disturb the complexation of CdO. As in the synthesis of
unfunctionalized CdSe/CdS NRs, a mixture of CdSe seed particles and sulfur dissolved in
TOP was swiftly added to this mixture at a temperature of 350 °C. In method B, the PF8-
Ph-PA was added to the dispersion containing sulfur and the CdSe seed particles.
Afterwards, this mixture was swiftly injected into the standard Cd-precursor solution at
350 °C. In method C, the synthesis of CdSe/CdS NRs was conducted according to the
standard protocol developed by Carbone et al.4, but after a growth time of 8 min, PF8-Ph-
PA dissolved in TOP was added at 350 °C and the mixture was cooled down to room
temperature.

Scheme 5.5. Schematicillustration of the methods used for the functionalization of CdSe/CdS NRs
with phenylphosphonic acid-functionalized PF8.

method A: CdSe-seeds method B: CdSe-seeds method C:
< sulfur  sulfur CdSe-seed
PF8-Ph-PA injection
8 min growth
Cdo Cdo l
ODPA PF8-Ph-PA
HPA ODPA injection at 350 °C

PF8-Ph-PA
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In Figure 5.11, the absorption, PL and PLE spectra of the obtained dispersions in toluene
are depicted. The absorption spectra are superpositions of the spectra of NRs and PF8. In
all spectra, a strong absorption band of PF8 centered at 378 nm is visible, indicating that
PF8 is still present in the dispersion. The PL spectra are dominated by the fluorescence of
PF8. The PL maximum of the CdSe seeds was red shifted from 565 nm to 590-592 nm.
Photoluminescence excitation spectra were recorded at a detection wavelength of
595 nm to probe a possible ET from the polymer to the NRs. For all three samples, the
maximum of the PLE is at 378 nm in coincident with the absorption maximum of PF8
indicating an ET from the conjugated polymer to the NRs. The physical mixture of
unfunctionalized PF8 and CdSe/CdS NRs shows the same PLE spectrum as pure CdSe/CdS
NRs. However, the contribution of the polymer to the NRs’ emission is relatively weak in
all three samples indicating a poor interaction between the two species and probably a
low amount of bound PF8. Therefore, the PL spectra are dominated by the emission of the

polymer as only a minor amount of polymer is quenched by the NRs.
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Figure 5.11. Absorption, PL (Aexc. = 380 nm) and PLE (A¢er. = 595 nm) spectra of PF8 CdSe/CdS
hybrid NRs. Absorption and PLE spectra are normalized at A = 420 nm.

In order to elucidate whether the polymer was indeed bound to the NRs or not, MW-AUC
measurements were performed (Figure 5.12). The percentage of PF8 bound to the NRs
can be derived in the same way as for the hybrid QDs. As CdSe/CdS NRs feature a stronger
absorption at 420 nm in comparison to QDs, the sedimentation was tracked at a
wavelength of 420 nm and 380 nm. At A =420 nm, the absorption of PF8 is negligible, and
therefore the sedimentation of the NRs can be tracked at this wavelength without any
interference of PF8 absorption. Figure 5.12 shows the sedimentation profile for the

hybrid dispersion obtained according to method A. At 14000 rpm, a complete

110



Results and Discussion

sedimentation of the NRs was observed (Figure 5.12, left). Simultaneously, a small
decrease of absorption at a wavelength of 380 nm was monitored. This decrease was
caused by the sedimentation of hybrid NRs. From this decrease, it can be calculated that

only 20% of the PF8 in the dispersion is indeed bound to the NRs.
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Figure 5.12. MW-AUC measurement data of the PF8-Ph-PA CdSe/CdS hybrid NRs obtained
according to method A. The sedimentation of the NRs was tracked at A =420 nm outside the
absorption range of PF8 and at A = 380 nm where both NRs and PF8 absorb.

Also, for the dispersions obtained according to method B and method C only 20-25% of
the PF8 was bound to the nanocrystals. These MW-AUC results agree with the optical
spectra of the dispersions in which only a weak ET from the PF8 to the NRs was observed.
In Figure 5.13, TEM images of dried films of the three dispersion are shown. Employing
method A, polydisperse NRs were obtained. Moreover, spherical particles which do not
consist of Cd were obtained which are most probably PF8 particles. Using method B,
uniform NRs with the expected length of 20 nm were obtained. The rods aligned into fiber-

like structures and many rods also stood upright in a hexagonal pattern on the TEM grid.
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method A

thod B method C

PF8 particles

Figure 5.13. TEM images of the PF8-Ph-PA CdSe/CdS hybrid NRs obtained by the three different
methods.

As only a small amount of the polymer is indeed tethered to the NRs, the assembly was
probably not triggered by the polymer. Additionally, the formation of such 2D
superstructures has also been rarely observed for CdSe/CdS NRs which were synthesized
without addition of PF8-Ph-PA. The TEM samples were prepared by drop-casting a dilute
NR dispersion onto a TEM grid followed by evaporation. In literature, drop-casting and
evaporation conditions were reported, which can induce a drying-mediated self-assembly
of monodisperse nanorods.263 Such conditions can coincidentally be fulfilled during the
preparation of the TEM samples. By synthesizing hybrid NRs according to method C,
uniformly shaped NRs with the expected length and width were obtained, comparable to
NRs synthesized without the addition of PF8-Ph-PA. This behavior was expected as the
polymer was added after the growth time of the rods had been finished.

During the synthesis of CdSe/CdS a precise mixture of hexylphosphonic acid and
octadecylphosphonic acid is used, which enables the anisotropic growth of the NRs and
ensures colloidal stability. These alkylphosphonic acids are strongly binding X-type
ligands. As they are present in excess compared to the added PF8-Ph-PA, it is
comprehensible that only a relatively small portion of the polymer binds to the NRs. None

of the three methods explored is suited for a controlled functionalization of NRs with PF8.
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In order to ensure a complete and controllable binding, different strategies are possible.
The binding strength of the PF8 could be increased by employing a multi-dentate ligand
or by increasing the binding strength of the functional group. However, only thiols are
known to bind more strongly than phosphonic acids.”® The synthesis of a thiol-
functionalized PF8 is difficult, and thiol-stabilized nanocrystal suffer from poor long-term
stability and often poor optical properties as result of hole trap states introduced by the
thiol ligands.264265 So far, the multidentate PF8 comb copolymers, synthesized in
Chapter 4.2.4, have not been well suited for the functionalization of nanocrystals (cf.
Chapters 5.2.1-5.2.2). An alternative method could be to functionalize NRs with surfaces
covered by more weakly binding X-type ligands such as oleate which can be replaced by
more strongly binding X-type ligands such as phosphonic acids or even by other

carboxylic acids. The second strategy was pursued in the following chapter.

Synthesis of Polyfluorene CdSe/CdS/CdS Hybrid Nanorods

The functionalization of CdSe/CdS nanorods yielded only particles with a low amount
(<~ 25%) of bound PF8, as the nanorods’ surface is covered by strongly binding
phosphonic acids which are difficult to replace. In Chapter 3.2.4, it was shown that the
optical properties of CdSe/CdS NRs can be improved by the deposition of an additional
CdS shell, using Cd-oleate as Cd-precursor. Moreover, it was reported that after the
deposition of the CdS shell also oleate is bound to the surface of the NRs which is
considered a more weakly binding X-type ligand as compared to phosphonic acids.

For the functionalization of CdSe/CdS/CdS NRs with PF8 two different approaches and
the attachment of two different polymers were pursued and compared (Scheme 5.6). In
the first approach, PF8-COOH and accordingly PF8-PA were reacted with CdO and oleic
acid to form a Cd-PF8-oleate complex which was mixed with Cd-oleate and used in
combination with octanethiol as precursors for the growth of a theoretical 2 monolayers
thick CdS shell (cf. Chapters 5.4.5 and 5.4.7 for experimental details). The second
approach is based on the successful functionalization of CdSe/CdxZnixS QDs
(Chapter 5.2.2). In this procedure, the CdS shell was deposited using Cd-oleate and
octanethiol as precursors. Directly after the end of precursor addition, the respective
functionalized PF8 dissolved in octadecene was added to the nanocrystal dispersion at

310 °C which was then annealed at 150 °C for 1 hour.
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Scheme 5.6. Schematic illustration of the methods used to functionalize CdSe/CdS/CdS NRs with
the polyfluorenes PF8-PA and PF8-COOH.

method A: «——n octanethiol method B:

<——m 1) octanethiol
—<—3— 1) Cd-oleate

<—— 2) PF8-PA or PF8-COOH

—«—— Cd-oleate
+ Cd-PF8-PA
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+ Cd-PF8-COOH

CdSe/CdS nanorods CdSe/CdS nanorods

PF8-COOH

As seed rods, CdSe/CdS rods (different batches, all synthesized from the same batch of
CdSe seeds) with a length of 19-20 nm, a width of 3.7-4.7 nm and an emission maximum
between 593-595 nm were used (Table 5.6). In the first experiments (entries 2-7)
following method A, 50, 100 or 200 equiv. of the respective Cd-PF8-oleate was used as
precursor in combination with Cd-oleate for the growth of the second CdS shell. In all
experiments highly fluorescent dispersions with QYs (Aexc. =450 nm) of 71-80% were
obtained (Table 5.6). The width of the NRs increased to 5-6 nm which is reflected in the
red shift of the emission maximum by 15-16 nm while the emission stayed narrow with
a FWHM of 25-27 nm as observed for the used seed rods. The length of the NRs stayed
almost unchanged or a slight decrease in length occurred. This phenomenon was also
observed in the synthesis of unfunctionalized CdSe/CdS/CdS NRs, described in the
previous Chapter 3.2.4 and was also observed by Bawendi and co-workers.181 Shim et
al.182 showed that metal-carboxylates can induce etching preferentially along the axial
direction of CdSe/CdS NRs which probably (over) balances the growth along this
direction. The UV-VIS spectra (Figure 5.14 a and b) of the hybrid particle dispersions are
a superposition of the absorption spectra of NRs and PF8. The concentration of PF8 (band
at 378 nm) increased with the amount of Cd-PF8-oleate precursor added. However, the
amount of PF8 in the dispersion did not always increase linearly with the added amount
of PF8. From experiment 2 to 4 the concentration of PF8 increased by a factor of 4.8 in
accordance with the theoretical factor of 4. However, from experiment 5 to 7 the

concentration increased only by a factor of 2.2 (theoretical factor = 4).
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Figure 5.14. Absorption and PL (Aex.. = 380 nm) spectra of CdSe/CdS/CdS PF8 hybrid NRs. In the
synthesis of the outer CdS shell Cd-oleate and Cd-PF8-oleate were used as precursors. The
absorption spectra are normalized at A = 420 nm outside the absorption range of PF8. The PL
spectra are normalized to the maximum of the NRs’ emission.

Regarding the PL spectra, a significant difference between the samples synthesized with
Cd-PF8-COOH (Figure 5.14, c) and Cd-PF8-PA (Figure 5.14, d) is visible. The emission
spectra for the “hybrid” particle dispersions synthesized with Cd-PF8-COOH are
dominated by the PF8 emission. The emission of PF8 in the hybrid particle dispersions
synthesized using Cd-PF8-PA is much weaker (factor ~10) hinting to a different binding
behavior. However, the PF8 emission is still strong and comparable to the NRs’ emission.
The percentage of bound PF8 was determined by MW-AUC measurement. In case of
Cd-PF8-COOH, only a minor amount (< 10%) of the PF8 was indeed bound to the
nanocrystals. For the Cd-PF8-PA a significantly higher amount (45-65%) of the PF8
bound and indeed hybrid NRs were formed which also explains the observed partial
quenching of the PF8 fluorescence in these samples (cf. Figure 8.41 for exemplary MW-
AUC data).
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Table 5.6. Synthesis and properties of short PF8 CdSe/CdS/CdS hybrid NRs. As seed rods, short
(L =20 nm) CdSe/CdS NRs were used.

amount of PF8 length Qyd QY PF8
}\emi.; rods FWHM
# PF8 source (equiv. vs. width (380 nm) (450 nm) bounde
[nm] [nm]
CdSe/CdS rods) [nm] [%] [%] [%]
18 + 2.
12 no 0 605 27 78 80 -
5.1+0.7
17 + 4
2a (Cd-PF8-COOH 50 609 26 84 (33) 80 <5
54+1.0
17 +£3
32 Cd-PF8-COOH 100 605 26 88 (12) 76 10
5.1+0.7
18+3
4a Cd-PF8-COOH 200 607 27 80 (15) 80 10
56+1.1
205
5b  Cd-PF8-PA 50 609 27 73 (35) 71 45
59+0.9
18+5
6 Cd-PF8-PA 100 610 27 70 (40) 70 65
5.9 +1.0
21+6
7b Cd-PF8-PA 200 609 27 78 (40) 71 55
6.1+0.9
18+ 4
82 PF8-COOH 100 605 27 78 (24) 75 20
52+09
17 £2
9b  PF8-COOH 200 607 27 88(12) 75 20
53+0.7
18+2
10> PF8-COOH 300 607 27 95(11) 73 15
51+0.7
19+3
11c¢ PF8-PA 100 607 27 70 (66) 69 >95
6.3+0.9
18+3
12¢ PF8-PA 200 609 27 73 (58) 76 95
6.3+0.8
18+3
13¢ PF8-PA 300 609 27 75 (57) 75 90
59+0.7

a: CdSe/CdS rods, QY = 42%; Aemi. = 593 nm; FWHM = 27 nm; L = 20 nm + 3 nm; W=3.7 nm + 0.6 nm b:
CdSe/CdS rods, QY = 43%; Aemi. = 594 nm; FWHM = 27 nm; L = 20 nm * 2 nm; W=3.9 nm = 0.5 nm c:
CdSe/CdS rods, QY = 40%; Aemi. = 595 nm; FWHM =27 nm; L = 19 nm * 2 nm; W = 4.7 nm # 0.6 nm d: First
value accounts for the emission from 400-700 nm, value in brackets is the QY (Adet. = 550-700 nm) of the
NRs in this system. e) Percentage of PF8 bound to NRs according to MW-AUC measurements.

The experiments 8-13 were conducted according to method B (Scheme 5.6). The
functionalized PF8-PA or PF8-COOH was dissolved in octadecene and added to the

reaction mixture at 310 °C after the deposition of the CdS shell had been finished.
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High-quality NRs were yielded (Table 5.6) and the QY (Aexc. =450 nm) ranges from
69-76%. The addition of the polymer had no negative impact on the quality of the
nanocrystals and the obtained nanocrystal sizes were comparable to the syntheses
without polymer addition (see Figure 8.42 for exemplary TEM images). The amount of
PF8 in the final dispersions scales with the amount of PF8 added (Figure 5.15, a and b).
However, it does not scale linearly (factor 3.6 from 100 equiv. of PF8-COOH to 300 equiv.
and factor 1.9 from 100 equiv. of PF8-PA to 300 equiv.). A major difference between the
samples synthesized with PF8-PA and PF8-COOH is visible in the PL spectra (Figure 5.15,
c and d) but also between the samples synthesized with Cd-PF8-PA and PF8-PA
(Figure 5.14 d and Figure 5.15 d). In the case of PF8-PA, the PL caused by PF8 is nearly
completely quenched whereas in the case of PF8-COOH the PL spectra is dominated by
the PF8 emission. For the samples synthesized with Cd-PF8-PA, the emission intensity of
PF8 and the NRs is comparably strong, whereas for the samples synthesized with PF8-PA,
the PF8 emission is negligible in comparison to the NRs’ emission. These findings indicate
a higher percentage of bound PF8 in case of utilizing PF8-PA. According to MW-AUC
measurements, basically all PF8-PA in the dispersion is indeed bound to the nanocrystals
(cf. Figure 8.43 for exemplary MW-AUC measurement data), which explains the nearly
complete quenched PF8 fluorescence in these samples (cf. Figure 8.44 for an additional
experiment demonstrating the quenching). Using 100 equiv. of PF8-PA, all polymer in the
dispersion is bound to the nanocrystals and using 300 equiv. of PF8-PA, still around 90%
of the polymer binds to the nanocrystals. Regarding the binding density, this would result
in a roughly calculated density in the range of 0.2-0.8 PF8 chains/nm? which is
comparable to the binding density observed for the functionalization of CdSe/CdxZn1xS
QDs with polyfluorene.

The approach using Cd-PF8-COOH as precursor during the CdS shell growth was not
successful in the functionalization of the NRs. Only around less than 10% (entries 2-4) of
the PF8 in the dispersion was bound to the NRs and more of physical mixtures than hybrid
particles were formed. The addition of the PF8-COOH directly after the precursor addition
increased the amount of bound PF8 to around 15-20% (entries 8-10) according to MW-
AUC measurements. Using Cd-PF8-PA as precursor (entries 5-7), a significant amount
(45-65%) of the PF8 was bound to the nanocrystals. The addition of PF8-PA after the
deposition of the second CdS shell yielded dispersions in which basically all (> 90%) PF8

was bound to nanocrystals.
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Figure 5.15. Absorption and PL (Aex. = 380 nm) spectra of CdSe/CdS/CdS PF8 hybrid NRs. The
PF8 was directly added after the end of the precursor solutions addition. The absorption spectra
are normalized at A = 420 nm outside the absorption range of PF8. The PL spectra are normalized
to the maximum of the NRs’ emission.

Evaluating the AUC results, it has to be considered that the measurements are performed
in highly diluted dispersions which leads to an underestimation of the percentage of
bound polymer. The observed lower functionalization by using Cd-PF8 precursors instead
of the free-acid-functionalized PF8 might be explained by the general reaction
mechanism. Cd-carboxylate or Cd-phosphonate precursors are decomposed to Cd?* and
the respective anhydride during the formation of CdS. Carboxylic acid anhydrides are not
known to bind to nanoparticles, but phosphonic acid anhydrides are.®8 However, given
the reaction composition, the formation of a phosphonic acid anhydride is unlikely. The
major X-type ligand used in this synthesis of the CdSe/CdS/CdS NRs is oleic acid. Oleic
acid probably has a similar or slightly stronger binding affinity towards the CdS surface
than PF8-COOH but is present in excess compared to the polymer (~300-1900 equiv.),
therefore only a small amount of the PF8-COOH binds to the surface. In general,
phosphonic acids are known to be stronger ligands for CdSe surfaces than carboxylic acids

and as shown by Dempsey et al. phosphonic acids can irreversibly displace carboxylic
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acids.’670.72 The same trend was observed here for the CdS surface of the NRs. Although
only a small amount of PF8-PA in comparison to oleic acid and Cd-oleate (total oleic acid
excess ~300-1900) was added, all PF8-PA chains in the dispersion bound to the
nanocrystals.

To elucidate whether the strong binding of the PF8 and quenching of the PF8 emission in
some of the samples leads to an ET from the PF8 to the nanocrystals resulting in
fluorescence of the NRs, photoluminescence excitation measurements (Figure 5.16)
were performed in which the contribution to the NR fluorescence at 605 nm was
recorded.

The left side of Figure 5.16 displays the PLE spectra for the functionalization of the NRs
with Cd-PF8-COOH or with PF8-POOH compared to the PLE spectra of a physical mixture
of unfunctionalized PF8 and NRs and pure NRs. Above 400 nm, all spectra are identical,
below 400 nm there are small deviations between the spectra, but no sample shows a
significant contribution of the PF8 absorption to the NRs emission. This observation is
logical as the samples synthesized with Cd-PF8-COOH are basically nothing else than a
physical mixture of PF8 and NRs. Surprisingly, also for the samples synthesized with PF8-
COOH, no significant ET transfer was observed, although up to 20% of the polymer is
bound to the NRs according to MW-AUC measurements. The reason could be that the
carboxylate anchor group might be more ‘insulating’ than the phosphonate group. The
PLE spectra (Figure 5.16, right side) of the NRs functionalized with PF8-PA or Cd-PF8-
PA feature a strong band in coincidence with the absorption maximum of PF8 around
378 nm which strongly contributes to the NRs emission. A strong ET from excited PF8 to
the NRs is observed which becomes more intense with increasing amount of PF8 bound
to the nanocrystals. This finding also explains the almost complete quenching of the PF8
emission in these samples as observable in the PL spectra (Figure 5.14 and Figure 5.15).
Combined with the binding behavior elucidated from the AUC measurements, it becomes
apparent that for a strong interaction between the two semiconductor materials a strong
binding of the PF8 to the NRs is necessary and a simple physical mixture of the two
components is not sufficient which is in accordance with the results for the

functionalization of quasi-spherical QDs.
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Figure 5.16. PLE spectra (A¢et = 605 nm) of CdSe/CdS/CdS PF8 hybrid NRs. Left: NRs
functionalized with PF8-COOH. Right: NRs functionalized with PF8-PA. The PLE spectra are
normalized at A = 420 nm outside the absorption range of PF8. The physical mixture of
CdSe/CdS/CdS NRs and unfunctionalized PF8 was adjusted to have the same absorption spectra
as the sample synthesized with the addition of 100 equiv. of Cd-PF8-COOH.

In Figure 5.17, the intensity of the ET from the PF8 polymer to the nanocrystals is plotted
as a function of the amount of bound PF8 chains. In this region of functionalization (50-
300 equiv. of PF8 per nanocrystal added), the ET scales linearly with the amount of bound
PF8 chains. In the samples synthesized with PF8-PA, the percentage of bound PF8 is
higher than in samples synthesized with Cd-PF8-PA. However, the concentration of PF8
in the final dispersions is higher in the samples synthesized with Cd-PF8-PA than is the

case for PF8-PA (nominal addition of same equiv. of PF8) which results in roughly the

same absolute number of bound chains and in an equally strong ET.
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Figure 5.17. Energy transfer from PF8 to nanocrystals vs. amount of bound PF8.
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The influence of the functionalization of the NRs with the conjugated polymer chains was

analyzed by comparing the PL decay of the hybrid NRs to the parent unfunctionalized
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CdSe/CdS and CdSe/CdS/CdS NRs (Figure 5.18). The PL decay of the NRs became slower
by the deposition of the second CdS shell (Figure 5.18 left and center) onto the CdSe/CdS
seed NRs (see Table 8.1 for lifetimes and fitting parameter). This behavior was expected,
as the optical quality of the seed NRs was improved upon shell deposition. The
functionalization of the CdSe/CdS/CdS NRs with the conjugated polymer PF8-PA caused
a slight increase in the PL decay rate of the NRs. This difference in the decay dynamics of
functionalized and unfunctionalized NRs could be observed for an excitation at A =405 nm
(both polymer and nanocrystals are excited) and at A = 485 nm (only the nanocrystals are
excited) However, no difference in the PL dynamics between the two excitation

wavelengths was observed.
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Figure 5.18. In the left and center graph the PL decay spectra of CdSe/CdS, CdSe/CdS/CdS NRs
and the same CdSe/CdS/CdS NRs functionalized with PF8-PA (hybrid NRs) are shown for two
different excitation wavelengths. At 405 nm the PF8 and the NRs are excited, whereas at 485 nm
only the NRs are excited. The PL is recorded at the wavelength of the NRs maximal PL intensity.
The right graph shows the PL decay spectra of dissolved PF8-PA and the respective PF8-PA in the
hybrid particle dispersion (Ager. = 414 nm).

At both excitation wavelengths charge transfer processes between the two materials,
which would lead to a charging of the inorganic emitter, should be possible in principle
(cf. Scheme 5.1 for energy level diagram). At both wavelengths, a hole transfer from an
excited NR to the PF8 should be possible but requires a tunneling process. Exciting the
system at A = 405 nm, also an electron transfer from excited PF8 to the CdSe core should
be feasible (this process competes with an ET from excited PF8 to the CdSe core). As in
the case for quasi-spherical CdSe/CdxZn1-xS hybrid QDs, the shortened PL lifetime of the

hybrid NRs as compared to the unfunctionalized NRs could be an indication for an

additional charging of the inorganic emitter due to charge transfer processes with the PF8.
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Additionally, the hybrid NRs possessed a slightly lower QY than the unfunctionalized NRs
(69-75% vs. 75-80%) which might also hint at an additional charging of the emitter.

The fluorescence lifetime of PF8 in the hybrid particle dispersion was once again identical
to the fluorescence lifetime of PF8 in solution (Figure 5.18 right). Polymer bound to the
NRs seems to be completely quenched by them in its fluorescence and the PF8-PA PL
intensity originates from unbound PF8-PA chains which show the same PL decay

dynamics as PF8-PA in solution.

Synthesis of Longer Polyfluorene-Functionalized CdSe/CdS/CdS Hybrid
Nanorods

As method B (Scheme 5.6) has proven to be the best functionalization method for the
functionalization of short CdSe/CdS/CdS NRs (L = 20 nm) with PF8, method B using
PF8-PA as polymer was also applied to functionalize longer (L = 30 nm) CdSe/CdS NRs
(Table 5.7). Also for the longer CdSe/CdS seed rods, high-quality CdSe/CdS/CdS hybrid
NRs were obtained (cf. Figure 8.45 for TEM images) showing a QY in the range of 70-
80%. As for the syntheses of unfunctionalized CdSe/CdS/CdS NRs, a small decrease in
length and an increase in width of the NRs occurred.

Table 5.7. Synthesis and properties of PF8-PA-functionalized CdSe/CdS/CdS hybrid NRs using
long (30 nm) CdSe/CdS NRs as seed rods.

amount of PF8  length QYe QY PF8
PF8 Aemi.; rods FWHM
# (equiv. vs. width (380 nm) (450 nm) boundd
source [nm] [nm]
CdSe/CdS rods) [nm] [%] [%] [%]
28+3
1a no 0 605 25 75 78 -
55+0.8
27 +3
2a PF8-PA 75 607 26 70 (54) 70 >95
5.8+0.7
27 £ 2
3> PF8-PA 100 605 25 70 (57) 80 95
5.7+0.7
27 +3
4b PF8-PA 200 609 26 72 (54) 77 90
58+0.7
27 +£3
5b PF8-PA 400 609 26 75 (40) 75 80
6.1£0.7

a: Seed rods: QY = 36%; Aemi. = 592 nm; FWHM = 25 nm, L = 30 nm + 2 nm; W = 4.0 nm + 0.4 b: Seed rods
QY = 40%; Aemi. = 598 nm; FWHM = 26 nm, L. = 30 nm £ 2 nm; W = 4.2 nm % 0.6 c: First value accounts for
the emission from 400-700 nm, value in brackets is the QY (Adet. = 550-700 nm) of the NRs in this system.
d: Percentage of bound PF8 as determined by MW-AUC measurements.
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Here, also a complete binding of the PF8-PA to the NRs took place (experiments 2-4), the
PL of the polymer was quenched and a strong ET from the polymer to the NRs was
observed (Figure 5.19). However, the sample synthesized with 400 equiv. of PF8-PA
showed a stronger PF8 emission (factor 3) compared to the other samples which indicates
that this high amount of polymer was not completely bound to the nanocrystals. This is in
accordance with the lower percentage of 80% bound PF8 as determined by MW-AUC
measurements. As reported for the functionalization of QDs, a maximum number of chains

could be tethered to one NR following this approach.
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Figure 5.19. Absorption (left) and PL (Aexc. = 380 nm; center) spectra of long CdSe/CdS/CdS NRs
functionalized with PF8-PA which was added directly after the deposition of the outer CdS shell
(method B). The PLE spectra (right, Age. = 605 nm) and absorption spectra are normalized at
A =420 nm outside the absorption range of PF8. The physical mixture of CdSe/CdS/CdS NRs and
unfunctionalized PF8 was adjusted to have the same absorption spectra as the sample synthesized
with 100 equiv. of PF8-PA.

In conclusion, a novel way for the direct functionalization of semiconductor CdSe/CdS
NRs with PF8 was presented elucidating the binding behavior of the polymer by multi-
wavelength analytical ultracentrifugation measurements. The functionalization of
CdSe/CdS NRs was basically unsuccessful; however, the functionalization of
CdSe/CdS/CdS resulted in hybrid NRs with a high and partially controllable amount of
bound PF8. Additionally, these NRs featured improved optical properties as compared to
the single-shell CdSe/CdS NRs. Using Cd-PF8-PA as additional precursor in the synthesis
of the outer CdS shell, around 45-65% of the PF8 was bound to the NRs. Basically, no
binding was observed for utilizing Cd-PF8-COOH. Remarkably, the use of the additional
precursor did not deteriorate the formation of the CdSe/CdS/CdS NRs. Addition of the
free-acid-functionalized polymers PF8-PA or PF8-COOH directly after the deposition of
the second CdS shell also yielded hybrid NRs. Only up to 20% of the polymer PF8-COOH
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was bound to the nanocrystals whereas for PF8-PA a complete binding of the polymer
was observed. For the samples synthesized with Cd-PF8-PA or PF8-PA a strong ET from
photoexcited polymer to the NRs was observed, which depends linearly (in the analyzed
range) on the amount of bound PF8 chains. The method presented here allows to tune the
amount of conjugated polymer chains bound to semiconductor NRs. Due to the strong ET
from the polymer to the NRs, these hybrid nanoparticles are interesting for the use in

colloidal semiconductor lasers and for single-particle PL studies.
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5.3 Summary and Conclusion

Hybrid particles consisting of semiconductor nanocrystals and conjugated polymers are
a promising material class for the use in opto-electronic devices and on a fundamental
level as single-photon source. However, their synthesis is challenging, and most reported
methods lack a proof of binding (Chapter 1.2).

In this chapter, the synthesis of PF8 CdSe/CdS hybrid nanocrystals (QDs and NRs) was
investigated employing different methods and using various functionalized PF8s. The
binding of PF8 to the nanocrystals was proven and analyzed by multi-wavelength
analytical ultracentrifugation measurements.

CdSe/CdS QD hybrid particles were successfully synthesized by a direct ligand exchange
reaction with phenylphosphonic acid end-functionalized PF8 (PF8-Ph-PO(OH)z). Around
70% of the added polymer chains (175 equiv.) was bound to the nanocrystals and
unbound PF8 could be separated by preparative centrifugation. The fluorescence of PF8
bound to nanocrystals was completely quenched and a quantitative ET to the nanocrystal
was observable, resulting in the emission of the nanocrystal (Figure 5.20). Such an ET

was only observed when the polymer was bound to the QDs and not for a simple physical

mixture.
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Figure 5.20. Left: Optical properties of a CdSe/CdS PF8 hybrid QDs synthesized by a ligand
exchange reaction, followed by separation of unbound PF8 by centrifugation. The PLE is recorded
at Ager. = 630 nm. Right: Schematic illustration of the ET process from excited PF8 to a QD which

can only be observed for hybrid particles and not for a physical mixture of unfunctionalized PF8
and QDs.

In Chapters 4.2.3-4.2.4, the synthesis of novel diblock (PA-PF8-b-PEHMA, PA-PF8-b-
PMMA and PA-PF8-b-PS) and multi-valent comb polymers (PA-PF8-Sty-co-PEHMA, PA-
PF8-Sty-co-PMMA, PA-PF8-Sty-co-PS) was reported. These polymers were used in direct
ligand exchange reactions to functionalize high-quality CdSe/CdxZn1xS QDs. The binding
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affinity of the diblock copolymer PA-PF8-b-PEHMA was comparable to the linear homo-
type polyfluorene PF8-Ph-PO(OH)2z and around 50-60% (100 equiv. added) of the added
polymer chains bound to the nanocrystals. The addition of the multi-valent comb
polymers led to a partial precipitation of QDs and especially polymer. However, the
remaining polymer bound strongly to the QDs and basically all polymer in the dispersion
was bound to the nanocrystals.

The functionalization of QDs during their synthesis allows to add the polymer at high
temperatures, at a stage where the particle formation is not completed, and a separate
ligand exchange reaction is not necessary. To this end, the functionalization of high-
quality CdSe/(CdS)2(ZnS)2 QDs was assessed in a direct approach, adding the phosphonic
acid-functionalized PF8 during the synthesis of the nanocrystals. Addition of
PF8-Ph-PO(OH)2 before the deposition of the ZnS shell disturbed the further particle
formation, and in the case of adding the multi-valent comb polymers, a (complete)
precipitation of the QDs was observed. Thus, the addition of the polymer after the
deposition of the ZnS shell was investigated. Conducting this approach with phosphonic
acid-functionalized PF8s, high-quality hybrid QDs (QY = 78-84%) were obtained. Adding
the polymer at 310 °C slightly increased the amount of bound polymer as compared to the
addition at 150 °C. Moreover, benzylphosphonic acid-terminated PF8 was found to bind
slightly less than PF8-Ph-PO(OH)2. However, the amount of bound PF8 did not increase
linearly with the added amount of polymer and it seems that roughly a maximum of
around ~55 polymer chains can bind to one QD (d = 6.1 nm) using this method. For these
hybrid QDs, an ET from excited PF8 to the QDs was revealed whose intensity depended
on the amount of bound PF8. The ET from benzylphosphonic acid-functionalized PF8 to
the QD was significantly weaker (~25%) in comparison to the phenylphosphonic acid-
terminated PF8, which can be related to the ‘insulating’ -CH2- group between the
conjugated system and the binding group. Hybrid QDs showed a slightly faster PL decay
than unfunctionalized QDs, which hints at an additional charging of the QDs due to the
functionalization with PF8.

Employing the multi-valent comb and diblock copolymers in this approach resulted in a
significantly lower functionalization due to solubility issues. These multi-valent comb
polymers are indeed strongly binding; however, they seem to destabilize the

nanoparticles.
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Figure 5.21. Functionalization of graded-shell CdSe/(CdS).(ZnS). QDs with PF8-PO(OH); in a
direct approach.

As high-quality CdSe/(CdS)2(ZnS)2 hybrid QDs were obtained by the described direct
approach, the functionalization of CdSe/CdS NRs was investigated by different direct
methods using PF8-Ph-PO(OH)2. However, the functionalization of standard CdSe/CdS
NRs was basically unsuccessful. The surface of these NRs was saturated by a mixture of
strongly binding phosphonic acids which could not be displaced by the functionalized
polymers to a significant amount. Therefore, the functionalization of CdSe/CdS/CdS NRs
with surfaces partially occupied by more weakly binding oleate ligands and with superior
optical properties as compared to the standard CdSe/CdS NRs (cf. Chapter 3.2.4) was
explored. In the first approach, Cd-PF8-X (X=Ph-COOH or Ph-PO(OH):z) was used as
additional precursor besides Cd-oleate in the deposition of the outer shell. The formation
of the CdS shell was not disturbed and high-quality NRs (QY = 71-80%) were obtained.
Only by using Cd-PF8-Ph-PO(OH)2 hybrid NRs (45-65% of bound PF8) were formed
whereas PF8-Ph-COOH did not bind. In the second approach, the free-acid-functionalized
polymers PF8-Ph-PO(OH)2 and accordingly PF8-Ph-COOH were directly added at 310 °C
after the deposition of the second CdS shell. For PF8-Ph-COOH, no significant binding was
observed; however, basically all PF8-Ph-PO(OH): in the dispersion was bound to the
nanocrystals. This method allows to partially control the amount of PF8 bound to the NRs
— a complete binding was detected for adding up to 300 equiv. of polymer to the
nanocrystals. The PL decay of hybrid NRs was slightly shortened compared to
unfunctionalized NRs which could be a hint at an additional charging of the NRs due to a
charge transfer process with the polymer. Additionally, the fluorescence of bound PF8
was quenched and an ET from the PF8 to the NRs was observed (Figure 5.22). The

intensity of this ET scaled linearly - in the investigated range - with the amount of bound
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PF8. Therefore, these novel hybrid NRs are of interest for the use in semiconductor NRs

based lasers and for charging experiments in single-particle PL studies.
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Figure 5.22. Left: Exemplary TEM image of PF8 CdSe/CdS/CdS hybrid NRs and a photograph of
such a dispersion under UV light illumination. Center: PLE spectra (A¢ec. = 605 nm) of these hybrid
NRs, showing an increasing ET from the PF8 to the NRs with an increasing number of bound PF8
chains. Right: Schematic illustration of the ET process.
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5.4 Experimental Section

5.4.1 Materials and General Considerations

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.

Cadmium oxide (> 99.99%-Cd, lot MKBT7524V), hexylphosphonic acid (HPA; 95%, lot
MKBX1133V), oleylamine (70%), oleic acid (90%), octanethiol (>98.5%), tri-n-
octylphosphine (TOP; 99%), tri-n-octylphosphine oxide (TOPO; 99%), zinc acetate
(99.99%, lot MKCC8484), and octadecene (90%) were purchased from Sigma-Aldrich. n-
Octadecylphosphonic (ODPA, 98%, lot 807601N16) acid was obtained from PCI and
trimethylsilyl chloride (98%) from Acros Organics. 1-Dodecylphosphonic acid (95%, lot
1343062) was purchased from ABCR.

Octadecene, oleic acid and oleylamine were degassed by sparging with nitrogen for two
hours and by applying vacuum at 80 °C for 20 h.

CdSe seed particles (from Cd-ODPA precursor), CdSe/CdS QDs, CdSe/(CdS)x(ZnS)y QDs,
CdSe/CdS NRs and functionalized PF8s were synthesized as described in Chapter 3.4 and
Chapter 4.4 respectively.

5.4.2 Analytical Methods

Absorption spectroscopy (UV-VIS spectroscopy):
Absorption spectra were recorded on a Varian Cary 100 scan spectrometer with the neat

respective solvent as reference.

Photoluminescence measurements and Quantum Yield Determination:
Ensemble emission spectra and quantum yields were measured using a Hamamatsu
Absolute PL Quantum Yield Measurement System C9920-02 equipped with an integrating

sphere.

Photoluminescence Excitation Measurements and PL Lifetimes:

Photoluminescence spectra, photoluminescence excitation spectra and fluorescence
lifetimes were measured in dispersions of the particles on a PicoQuant FluoTime 300
spectrometer (excitation sources: 300 W Xenon arc lamp or Picosecond Laser Diode
Heads (LDH series from PicoQuant)). PL lifetimes were fitted with the FluoFit software

package.
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Analytical Ultracentrifugation:

The AUC measurements were carried out on a custom built UV/Vis multiwavelength
detecting analytical ultracentrifuge equipped with an AN 60 Ti Rotor.26¢ For all
measurements Titanium 2 channel cells with an optical path length of 12 mm were used.
Experiments were carried out at 25 °C. Toluene served as an optical reference. The sample
volume was 330 pL and the toluene volume 350 pL. The functionalized QDs were diluted

in toluene until the maximum of the absorbance had a value of 0.8-1.2.

Transmission Electron Microscopy (TEM):

TEM micrographs were aquired using a Jeol JEM-2200FS transmission electron
microscope using a FEG with 200 kV acceleration voltage or using a Zeiss Libral20
employing a LaB6 emitter with 120 kV acceleration voltage. Samples were prepared by
drop casting 2 L of a diluted particle dispersion on a TEM grid (Quantifoil S 7/2 + 2 nm
C, Cu 400).

Determination of the Percentage of Bound Polyfluorene by Analytical
Ultracentrifugation:

Inorganic nanocrystals and polymer chains show a huge different in molar mass (QD >
150000 g/mol; PF8 ~5000 g/mol, density (QD ~5 g/mL; PF8 ~1 g/mL) and thus in their
sedimentation coefficient.

Therefore, unbound PF8 and PF8 bound to nanoparticles show different sedimentation
coefficients and can be separated in a centrifugal field.113 By multi-wavelength analytical
ultracentrifugation (MW-AUC), it possible to measure UV-VIS spectra of different species
during their sedimentation in the centrifugal field.266267 Hence, it is possible to distinguish
between bound and unbound PF8 in a hybrid particle dispersion. In the following, the
procedure is exemplarily explained for CdSe/CdS/CdS NR hybrid particles but can also be
used for the analysis of QD hybrids. Figure 5.23 depicts the absorption spectra of a hybrid
particle dispersion of PF8 @ (CdSe/CdS/CdS NRs (black line), unfunctionalized
CdSe/CdS/CdS NRs (red line) and PF8 (green line) dissolved in toluene. The
sedimentation of the NRs can be monitored at a wavelength of 300 nm and 420 nm at
which the absorption by PF8 is negligible. The sedimentation of PF8 (hybrid particles) is

monitored at a wavelength of 380 nm.
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Figure 5.23. UV-VIS spectra of hybrid NRs (black line), non-functionalized CdSe/CdS/CdS rods
(red line) and PF8 (green). The blue lines indicate wavelength values suitable to track the
individual species during sedimentation.

At this wavelength, the absorption is caused by the NRs and the PF8. The contribution of
the NRs at this wavelength can be subtracted by using Lambert-Beer’s law. The ratio of
NR absorption at 380 nm and 300 nm or 420 nm is equal to the ratio of the absorption
coefficients at the different wavelengths. This ratio can be obtained from the UV-VIS
spectra of an unfunctionalized reference NR or QD dispersion. With this ratio, it is possible
to subtract the contribution of NRs from the absorption at 380 nm of a hybrid dispersion.

The percentage of PF8 bound to the NRs can be calculated using equations (1) and (2):

Abs(nanorods,.f; 380 nm)

s(nanorods nm) s( nm) Abs(nanorods,es; 420 nm)

(1)

AAbs(380 nm) — Abs(nanorods; 380 nm)
Abs(380 nm) — Abs(nanorods; 380 nm)

% (PF8 bound) = (2)

Here, Abs(nanorods;380 nm) is the contribution of the nanorods to the absorbance of the
hybrid particle dispersion at 380 nm, AAbs stands for the change in absorbance at a
certain wavelength during the sedimentation process and other absorbance values are
values measured before sedimentation.

Instead of using equation (1) for the calculation of the absorption of the NRs at 380 nm,

also equation (3),

Abs(nanorods,.s; 380 nm)

Abs(nanorods; 380 nm) = AAbs(300 nm) - (3)

Abs(nanorods,.s; 300 nm)’

can be employed. Here, the sedimentation of the NRs is tracked at 300 nm. For the final
calculation of the percentage of bound PF8 no significantly different results (+1%) were

obtained by using equation 1 or 3.
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The same procedure can be used to calculate the percentage of PF8 bound to spherical
QDs. QDs do not show a strong absorption band at 420 nm. Therefore, their sedimentation
can only be tracked at a wavelength of 300 nm and the percentage of bound PF8 is

calculated using equations (5) and (6):

Abs(QDs,¢f; 380 nm)

Abs(QDs; 380 nm) = AAbs(300 nm) - .
s(QDs; 380 nm) S(300 nm) - ODS.or; 300 nm)

(5)

AAbs(380 nm) — Abs(QDs; 380 nm) (6)

0 =
% (PF8 bound) ADS(380 nm) — Abs(QDs; 380 nm)

5.4.3 Direct Ligand Exchange

Ligand Exchange with Functionalized Polymers

The required amount of QDs was precipitated by the addition of methanol, collected by
centrifugation and the QD pellet dried in a stream of nitrogen. Afterwards, the QDs were
dispersed in the respective degassed and dried solvent (toluene, tetrahydrofuran or
dichloromethane) and the functionalized PF8 of interest was added. The mixture was

stirred at a certain temperature for 24 hours.

Prior Ligand Exchange by Pyridine

The required amount of QDs was precipitated by the addition of methanol, collected by
centrifugation and the QD pellet was dried in a stream of nitrogen. The residual solid was
dispersed in 1 mL of dry and degassed pyridine. The dispersion was stirred overnight and
precipitated from n-hexane and the precipitate was collected by centrifugation. The QDs
were redispersed in 1 mL of dry and degassed DCM. 175 equivalents of PA-Ph-PF8-MA
were dissolved in 1.0 mL of dry and degassed DCM, and the solution was added to the QD

dispersion and stirred for 24 hours.

Separation of Hybrid Particles from Unbound Polymer

Precipitation:

The hybrid QDs (in toluene or dichloromethane) were precipitated by the addition of a
precipitation agent (methanol, acetone, ethanol, acetonitrile, or mixtures of those). Only
as much precipitation agent as necessary to cause a slight turbidity of the dispersion was
added. Afterwards, the QDs were collected by centrifugation (2000 g for 5 min). For
optical measurements, the sedimented QDs were redispersed in the same volume of

solvent as originally used for the exchange reaction.
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Centrifugation:

The hybrid QD dispersion was diluted with the respective solvent to a total volume of
8 mL. The dilution is necessary as the centrifuge tube has to be filled to a certain level for
centrifugation at high-rotational speed. The dispersion was centrifuged at 20.000 g
(maximum speed of the centrifuge) for 2 hours. Afterwards, the sedimented pellet and
supernatant were carefully separated. The pellet was redispersed in the same amount of

toluene as original hybrid dispersion used.

5.4.4 Functionalization of CdSe/CdxZn1xS Quantum Dots by a

Direct Approach

The synthesis of CdSe/(CdS)x(ZnS)y PF8 hybrid QDs followed the procedure for the
synthesis of CdSe/(CdS)x(ZnS)y QDs as described in Chapter 3.4.5, but phosphonic acid-
functionalized PF8 and PF8 copolymers (block or comb polymer) were added at certain

step of the synthesis.

Polyfluorene Addition After Deposition of the CdS Shell

Phosphonic acid-functionalized PF8 was degassed by applying vacuum for 30 min and
dissolved in 0.5 mL of degassed oleic acid and 1 mL of degassed octadecene. To ensure a
complete solvation of the PF8, the mixture was heated to 80 °C under a nitrogen
atmosphere.

The synthesis of CdSe/(CdS)2(ZnS)2 QDs was performed as described in Chapter 3.4.5.
After the addition of the CdS shell had been completed, the mixture was cooled down to
200 °C and the PF8 solution in octadecene and oleic acid was added dropwise. Attention,
strong bumping often occurs at this step. The reaction mixture was annealed at 150 °C for
one hour. Afterwards, the synthesis followed the same procedure as described for the

non-functionalized QDs.

Polyfluorene Addition After Deposition of the ZnS Shell

The CdSe/(CdS)z(ZnS)2 QDs were synthesized as described in Chapter 3.4.5. After the
addition of the ZnS precursor solutions had been finished, 1 mL of a degassed solution of
phosphonic acid-functionalized polyfluorene in octadecene (80 °C) was added to the
reaction mixture at a certain temperature (310 °C or 150 °C). The mixture was cooled
down to a temperature of 150 °C and annealed for 1 hour. The mixture was worked-up as

describe for the synthesis of non-functionalized CdSe/CdxZn1-xS QDs.
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5.4.5 Synthesis of Cd-Polyfluorene Precursors
Synthesis of Cd-PF8-PA

In a 25 mL three neck flask, equipped with a septum, thermo couple and reflux condenser
(set-up as shown in Figure 3.13), CdO (5.0 mg, 0.038 mmol, 1 equiv.), phenylphosphonic
acid end-functionalized PF8 (1 equiv.) and oleic acid (25 pL, 2 eq.) were mixed in 7.6 mL
of octadecene. The mixture was degassed by applying vacuum at room temperature for
40 min, at 120 °C for 45 min and heated under nitrogen until the solution became clear
(200 °C). The mixture was cooled to 100 °C, degassed for 1 hour by applying vacuum,
placed under nitrogen and oleylamine (2 equiv.) was added. The mixture was stored in a
nitrogen-filled glovebox.

Final concentration: ¢(Cd) = 0.005 mol/L; c(PF8-PA) = 0.005 mol/L

Note: In a reference experiment, complexating CdO with 2 equiv. of oleic acid under the
conditions as described above was attempted. The red CdO powder was not dissolved and
remained at the bottom of the flask. Complexation of CdO by oleic results in the formation
of colourless and clear solution. Therefore, it can be concluded that the CdO was not or

only to a minor amount complexated.

Synthesis of Cd-PF8-COOH

In a 25 mL three neck flask, equipped with a septum, thermo couple and reflux condenser
(set-up as shown in Figure 3.13), CdO (5.0 mg, 0.038 mmol, 1 equiv.), phenylcarboxylic
acid functionalized PF8 (1 equiv.) and oleic acid (25 pL, 2 eq.) were mixed in 7.6 mL of
octadecene. The mixture was degassed by applying vacuum at room temperature for
40 min, at 120 °C for 45 min and heated under nitrogen until the solution became clear
(200 °C). The mixture was cooled to 100 °C, degassed for 1 hour by applying vacuum,
placed under nitrogen and oleylamine (2 equiv.) was added. The mixture was stored in a
nitrogen-filled glovebox.

Final concentration: ¢(Cd) = 0.005 mol/L; c(PF8-COOH) = 0.005 mol/L

5.4.6 Synthesis of CdSe/CdS Polyfluorene Hybrid Nanorods

The synthesis of CdSe/CdS NRs functionalized with PF8 followed the procedure described
in Chapter 3.4.5 which is based on the procedure reported by Carbone et al.%, but
phenylphosphonic acid-functionalized PF8 was added to the CdSe seed particles

dispersion, to the Cd-precursor solution or directly after the growth of the NRs.
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Method A: Addition to Cd-Precursor Solution:

TOPO (3.0 g), ODPA (290 mg, 0.87 mmol), HPA (80 mg, 0.48 mmol) and CdO (for a rod
length of 20 nm: 57 mg, 0.44 mmol) and 28 mg of phenylphosphonic acid end-
functionalized PF8 (8 umol, 100 equiv. vs. CdSe seed particles) were degassed in a 25 mL
three neck flask, equipped with a septum, thermo couple and reflux condenser (set-up as
shown in Figure 3.13), for 1 hour at 150 °C and then heated to 330 °C under a nitrogen
atmosphere. The mixture was kept at this temperature until it turned clear, indicating the
complexation of Cd. At this step, 2 mL of TOP is slowly added, and the temperature is
increased to the injection temperature of 350 °C. Simultaneously, a mixture consisting of
120 mg (3.7 mmol) of sulfur, 1.8 mL of TOP and 80 nmol of CdSe seed cores in hexane was
prepared and the hexane was removed in vacuum at 80 °C over a period of 1 hour. When
the temperature of the CdO reaction mixture had reached 350 °C, the core precursor
solution was rapidly injected. After stirring the mixture for 8 min at 350 °C, it was cooled
down by removing the heating mantle and cooling with compressed air. The NRs were
purified by three rounds of precipitation by the addition ofa 3: 1 v/v acetone/methanol
mixture, centrifugation and discarding the supernatant and redispersion in toluene.
Finally, the NRs were precipitated from acetone/methanol, collected by centrifugation,
dried in a stream of nitrogen gas and redispersed in 4 mL of toluene, filtered through a

syringe filter and stored under exclusion of light.

Method B: Addition to the CdSe Seed Particle Dispersion

The Cd precursor solution was prepared as described in method A but without addition
of PF8. The seed particle dispersion was prepared by mixing 120 mg (3.7 mmol) of sulfur
and 28 mg (8 pmol, 100 equiv. vs. CdSe seed particles) of PF8-Ph-PA. This mixture was
degassed by applying vacuum for 30 min and purging with nitrogen. 1.8 mL of TOP and
80 nmol of CdSe seed particles in hexane were added. The hexane was removed in vacuo
at 80 °C over a period of one hour. The PF8 dissolved well in the reaction mixture. The

following steps were identical to the procedure described in Method A.

Method C: Addition directly after the Growth of the Nanorods

The CdSe/CdS NRs were synthesized as described in Chapter 3.4.5. After the growth time
of 8 min had been over, the PF8-Ph-PA (100 equiv. vs. CdSe seeds) dissolved in 1 mL of
TOP was added at 350 °C. Afterwards, the work-up was performed as described for the
unfunctionalized standard CdSe/CdS NRs.
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5.4.7 Synthesis of Polyfluorene CdSe/CdS/CdS Hybrid Nanorods

Using Cd-Polyfluorene Precursors

The synthesis of hybrid particles followed the same protocol as the synthesis of
CdSe/CdS/CdS NRs described in Chapter 3.4.5. But in this case, the Cd-precursor solution
was prepared by diluting a mixture of a solution of Cd-oleate in octadecene and a solution
of Cd-PF8-oleate in octadecene with additional amounts of octadecene to yield a total
injection volume of 3 mL. In comparison to the synthesis of unfunctionalized
CdSe/CdS/CdS NRs, an additional annealing step (1 h at 150 °C) after the precursor

addition was introduced.

Addition of Functionalized Polyfluorene Directly After Shell Growth

The synthesis of CdSe/CdS/CdS NRs was performed as described in Chapter 3.4.5, but
after the addition of Cd-oleate and octanethiol had been completed, a 80 °C hot solution
of phenylphosphonic acid (PF8-Ph-PA) or phenylcarboxylic acid (PF8-Ph-COOH)
functionalized polyfluorene dissolved in 2 mL of octadecene was added at 310 °C. The
mixture was cooled down to 150 °C, annealed for 1 h, and then worked up according to

the synthesis of pure CdSe/CdS/CdS NRs.
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Encapsulation of (Hybrid)
Inorganic Nanocrystals in Polymer
Nanoparticles and Single-Particle

Photoluminescence Experiments

6.1 Introduction

Single semiconductor nanocrystals are an interesting material for photoluminescence
studies on the single-particle level. These systems can serve as model system to study the
interplay between charge carriers, photons and phonons in a fully quantized system.168
Moreover, these materials are relevant for their potential use as single-photon sources.162
For these experiments, single particles are required. For this purpose, a very dilute
dispersion of the nanoparticles can be spin coated onto a substrate. However, the stability
of bare semiconductor nanocrystals against environmental influences, mechanical
manipulation and strong optical excitation is limited.141143 Thus, the nanocrystals are
often embedded in a continuous polymer matrix. Thereby, the nanocrystals obviously lose
their single-particle character, and mechanical manipulation of individual nanocrystals
becomes impossible. As shown by Leitenstorfer and co-workers, the placement of a single
nanocrystal embedded in a PMMA shell into a plasmonic bullseye resonator with the tip
of an AFM can lead to an efficient enhancement of the nanocrystal’s emission.34 For this
procedure, individual particles which are large and mechanically stable enough to be
moved around with an AFM tip are needed. The encapsulation of spherical CdSe/CdS QDs
into cross-linked PMMA particles by a miniemulsion polymerization is a proven solution
to ensure a high mechanical as well as optical stability of the nanocrystals.1>0 Moreover,
the nanocrystals are efficiently mechanically decoupled from the substrate which allows

to study the interplay between photons, charge carriers and phonons in a fully quantized
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system.168 The chemical background of the embedding techniques is explained in detail in
the general introduction (Chapter 1.3 ).

CdSe/CdS dot-in-rod nanorods (NRs) feature a strongly polarized emission, a permanent
dipole moment, and both high absorption coefficients and high QYs.4169.172173 Moreover,
they have recently been identified as promising single-photon emitters, which might
exhibit efficient trion (quasiparticle consisting of two electrons and one hole or two holes
and one electron) emission due to reduced Auger recombination.2170.171 These facts
render NRs and especially hybrid NRs interesting for single-particle PL studies. However,
to the best of our knowledge, no procedure for the encapsulation of single CdSe/CdS NRs
into polymer particles has been reported so far. NRs show a strong tendency to align due
to the strong attractive interactions between individual particles.263268269 Moreover, NRs
are even more hydrophobic than spherical QDs which further impedes their embedment
in rather hydrophilic polymer particles, such as PMMA particles. Therefore, the
development of an encapsulation process to embed CdSe/CdS NRs and PF8 CdSe/CdS
hybrid NRs into larger polymer particles was one objective of this chapter.

One main aim of this research was the generation of charged inorganic CdSe-based
emitters by a charge transfer between the nanocrystal and bound conjugated polymer
chains (polyfluorene). As part of her dissertation, Carla Negele encapsulated CdSe/CdS
nanocrystals into polyfluorene particles by a miniemulsion polymerization.2’? However,
the conjugated polymer was not chemically bound to the nanocrystals. Due to the high
amount of conjugated polymer in the close proximity of the nanocrystals, the optical
properties of these hybrid particles were mainly dominated by the polymer. Nevertheless,
a partial quenching of the polymer fluorescence around the QDs was reported. During his
dissertation, Tjaard de Roo synthesized CdSe/CdS PF8 hybrid particles by a direct
approach and by a grafting-from approach, which were successfully encapsulated into
cross-linked PMMA particles.’>0 However, especially the particles obtained by the
grafting-from approach showed a low colloidal and optical stability. For both particle
systems, no charging of the inorganic nanocrystals has been observed in single-particle
PL experiments yet.

In Chapters 5.2.2 and 5.2.3, the synthesis of PF8 CdSe/(CdS)2(ZnS)2 hybrid QDs and PF8
CdSe/CdS/CdS hybrid NRs was reported. The nanocrystals in these systems revealed
excellent optical properties (high QYs, narrow emission line widths). Moreover, an
efficient energy transfer (ET) from the polyfluorene to the nanocrystal resulting in

fluorescence of the latter was detected indicating the strong coupling between the two
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semiconductor materials. Therefore, these new promising hybrid particles were
embedded into polymer particles to make them suitable for single-particle PL studies. So
far, both the nanocrystals and the hybrid particles in the single-particle PL studies have
only been excited by a laser at a wavelength of ~530-570 nm outside the absorption
range of PF8. In doing so, only a hole transfer from the valence band (VB) of an excited
nanocrystal to the VB of the polymer — requiring a tunneling process — was possible
(Scheme 6.1, b). The new hybrid particles were simultaneously excited by a LED at
A =370 nm, a wavelength of strong PF8 absorption. Given the energy levels of the polymer
and the nanocrystals, the excitation of the polymer should allow additional two processes:
Scheme 6.1. Possible formation of charged CdSe/CdS nanocrystals by charge transfer processes

with PF8 ligands upon optical excitation. Processes b and c require a tunneling of the hole through
the CdS shell layer.
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Firstly, an electron transfer from the conduction band (CB) (LUMO) of photoexcited PF8
to the CB of the nanocrystal should become possible, which would lead to a charging of
the CdSe core. Secondly, an ET from the photoexcited polymer to the nanocrystal is
possible and was also detected for ensemble PLE measurements at room temperature. A
subsequent hole transfer from the VB of the excited nanocrystal to the VB of the polymer
could additionally lead to a charged nanocrystal. The charging of the CdSe core and the
formation of a trion was indeed observed for PF8 hybrid CdSe/CdxZn1xS QDs and PF8
CdSe/CdS/CdS hybrid nanorods. The charged nanocrystals are presumably formed by an
electron transfer between the two semiconductor materials. The formed charged
inorganic emitters indeed show a PL fine structure consisting of a single emission line, a
significantly shortened fluorescence lifetime and an increased PL intensity as compared

to their uncharged counterparts.
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6.2 Results and Discussion

6.2.1 Encapsulation of Graded-Shell Quantum Dots by a

Miniemulsion Polymerization Approach

The synthesis of CdSe/(CdS)x(ZnS)ygraded-shell QDs of high optical quality was described
in Chapter 3.2.3. These QDs have the potential to replace the comparatively lower quality
CdSe/CdS QDs synthesized by a SILAR process which have been used for single-particle
PL studies so far. Moreover, these QDs serve as a reference material for the charging
experiments with CdSe/(CdS)2(ZnS)2 PF8 hybrid QDs.

The QDs were encapsulated into cross-linked PMMA particles by a miniemulsion
polymerization approach (Scheme 1.6) based on a procedure developed by Carla Negele
and Tjaard de Roo in course of their dissertations.!>%178 The oil phase in these
encapsulations consisted of MMA, hexadecane, cross-linking reagent, AIBN and the QDs
dispersed in toluene. The aqueous phase consisted of water and sodium dodecyl sulfate
(SDS) as surfactant. A miniemulsion was generated by ultrasonication with a sonotrode,
and afterwards the polymerization was conducted at 75 °C. The results for the embedding
of the four different CdSe/(CdS)x(ZnS)y (x,y = 1-2) samples are shown in Table 6.1. In
order to yield a reference sample, the QD sample CdSe/(CdS)2(ZnS)2 was also embedded
with a mixture of 7 : 3 vol% of MMA/EHMA as this has proven to be beneficial for the
encapsulation of hybrid particles (Table 6.2). In all experiments, particles with a size
around 60 nm (number average hydrodynamic diameter obtained from dynamic light
scattering (DLS)) and a narrow size distribution (PDIpLs < 0.1) were obtained. Also, the
embedding in the mixture of MMA/EHMA (experiment 2) yielded particles with an
average size in this range. In experiments 1-2 and 4-5, the QYs of the dispersions were
decreased from 85-87% for the non-embedded QDs to 49-56% upon encapsulation. In
former studies, a decrease in QY was observed for the embedding of CdSe/CdS QDs. Tjaard
de Roo, for instance, reported a decrease from ~40% to 20-30%.15° The embedded
graded-shell CdSe/(CdS)x(ZnS)y QDs show superior properties (in terms of QY) in
comparison to the CdSe/CdS QDs in the encapsulated state. The decreased QY of
encapsulated QDs compared to non-embedded QDs is probably caused by the change of
the chemical environment. Moreover, QDs can be deteriorated by contact with radicals
and water during the heterophase radical polymerization.143.271 [n experiment 3, the QY

was even lowered down to 25% but from a starting value of only 67%. However, in this
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experiment the CdSe QDs covered with 2 monolayers (ML) of CdS and 4 ML of ZnS were
used, which in general possess inferior optical properties due to the relatively thick and
strain inducing layer of ZnS. Regarding the QY measurements, it has to be emphasized that
the reported QYs of non-embedded nanocrystals and of the embedded nanocrystals are
ensemble averages. For single-particle PL. measurements, the optical properties of the
single particles are essential and not the ensemble average. However, experimental
experience has shown that the probability to randomly pick or find a single particle which
is ‘bright’ and optically stable in single-particle PL measurements is higher for dispersions
with a higher ensemble QY. As single-particle measurements are very time-consuming, it
is not feasible to screen many encapsulated QD dispersions. Therefore, dispersions
showing a high ensemble QY are preferentially selected for these measurements.

Table 6.1. Encapsulation of CdSe/(CdS)«(ZnS), QDs into polymer particles by a miniemulsion
polymerization approach.

monomer d2 dn? QYqo? QYemb.©

4 QD PDI

[mL] [nm]  [nm] [%] [%]
1 CdSe/(CdS)z(ZnS): MMA 92 66 008 87 52
2 CdSe/(CdS)2(ZnS). Ml\g‘;/_ EOHPI,V[A 82 58 008 87 49
3 CdSe/(CdS)z(ZnS) MMA 85 56 010 67 25
4 CdSe/(CdS)s(ZnS): MMA 90 65 008 85 64
5  CdSe/(CdS)4(ZnS)s MMA 90 56 010 86 56

Encapsulation conditions: Aqueous phase: 80 mL of degassed H20 and 100 mg of SDS; oil phase: 100 pL of
n-hexadecane, 1 mL of monomer, 10 pL of ethylene glycol dimethacrylate, 10 nmol (0.6 ml) of QDs in
toluene, 10 mg of AIBN; 2 min ultrasonication with a sonotrode at 60% intensity; polymerization for 5 hours
at 75 °C. a: Z-average, number average diameter and PDI obtained by DLS. b: Ensemble QY of the non-
embedded QDs measured in toluene. c: Ensemble QY of the embedded QDs measured in Hz20.

The size and QY of the CdSe/(CdS)x(ZnS)y PMMA multi-shell particles renders them highly
usable for single-particle spectroscopy studies. However, also the adjustment of
embedding statistics is required, as only polymer particles containing exactly one QD per
particle can be used. In Figure 6.1, TEM images of CdSe/(CdS)z(ZnS)2 QDs embedded in
PMMA are displayed. Most of the particles are empty (~60%; in total 175 particles
counted), many contain exactly one QD (~35%) and only a few particles are occupied by
several QDs (~5%). Due to the interaction of the polymer particles with the TEM beam,
resulting in melting and fusion of the polymer particles, it remains challenging in some

cases to tell whether a particle contains several QDs or was formed from several particles
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containing individual QDs. Within experimental error, the relative portion of empty
polymer particles, single QD polymer particles, and polymer particles with multiple QDs
corresponds to a statistical distribution of the QDs over the polymer particles.1>! This
finding suggests, that there is no tendency for QD aggregating in the original miniemulsion
polymerization mixture.

In single-particle PL studies, only a limited number of particles can be analyzed due to the
time-consuming nature of the measurement. Therefore, promising particles containing
QDs are often pre-selected based on their PL emission intensity. Thereby, unfortunately
preferentially particles containing several nanocrystals, which cannot be used as single-
photon source, are selected. However, this process is not disturbed by empty polymer
particles. A high proportion of empty polymer particles is not directly detrimental for
single-particle PL studies, however, can be prejudicial to the placement of individual
particles into optical resonator systems without a prior PL-based preselection. Thus, the
percentage of particles containing several QDs in the dispersion should be low and lower
than the proportion of single QD particles. Therefore, the obtained distribution is well
suited for the intended measurements.

The encapsulation of the other CdSe/CdxZni1xS QDs yielded similar desirable results
concerning the incorporation (cf. Figure 8.46 for exemplary TEM images) of the QDs.

In summary, CdSe/CdxZnixS QDs were successfully encapsulated in PMMA-based
polymer particles, and given their superior optical properties as compared to the

CdSe/CdS particles, they are a promising reference material for single-particle PL studies.

Figure 6.1. TEM images of CdSe/(CdS).(ZnS)2 QDs encapsulated in cross-linked PMMA particles.
The blue arrows indicate polymer particles with one QD and the red arrows particles with several
QDs per particle.
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6.2.2 Encapsulation of Polyfluorene-Functionalized Quantum

Dots by a Miniemulsion Polymerization Approach

The synthesis of high-quality hybrid particles consisting of PF8 and CdSe-based QDs by
various methods was reported in Chapter 5. In order to evaluate the optical properties
on the single-particle level and to perform charging experiments on these hybrid
nanocrystals, they were encapsulated into larger polymer particles. By the miniemulsion
polymerization approach CdSe/CdxZnixS graded-shell QDs were successfully
encapsulated in PMMA particles with a size around 60 nm (Chapter 6.2.1). Therefore, the
same approach was investigated for the encapsulation of different hybrid particles. In
experiments 1,2 and 7-9, hybrid particles obtained by a ligand exchange reaction between
functionalized PF8 and QDs were encapsulated, whereas in experiments 3-6 hybrid
particles obtained by a direct approach were encapsulated (Table 6.2). In experiments 1
and 2, hybrid particles consisting of CdSe/CdS QDs and PA-Ph-PF8-MA were encapsulated
into cross-linked PMMA particles following the same protocol as for the embedding of the
unfunctionalized graded-shell QDs (Chapter 6.2.1). The polymer was end-functionalized
with a polymerizable end group which might facilitate encapsulation. The two hybrid
particles differ in the amount of bound PF8 chains (~120 vs. ~100, cf. Table 5.1). In both
experiments, uniform polymer particles (PDI ~0.1) with a hydrodynamic diameter of
60 nm and 66 nm, respectively, were obtained. The QY decreased from 49% for non-
embedded QDs dispersed in toluene to only 30% for the QDs encapsulated in PMMA
particles dispersed in water. This decrease was accompanied by an increase of the PF8
emission (factor ~1.5) compared to the QDs’ emission (Figure 6.2) due to the embedding
process. Moreover, the emission maximum of the nanocrystals was blue shifted by 1-2 nm
during the embedding process due to a change in the permittivity of the surrounding
medium.

Besides the optical properties, also the embedding statistic is important for the use as
single-photon source. In Figure 6.3, TEM images of the dispersion are shown. Apparently,
the functionalization of PF8 with a polymerizable end group did not significantly improve
or deteriorate the embedding process. For both samples the embedding statistics are
comparable: most particles are empty (~60%, 200 particles were analyzed for each
sample) many particles contain exactly one QD (~25%) but also a significant number of

particles contain several QDs (~15%). However, for many larger particles containing
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several QDs, it is not clear if they were formed by fusion of several particles during the

TEM analysis.
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Figure 6.2. PL spectra (Aexc. = 380 nm) of PF8 CdSe/CdS hybrid QDs embedded in PMMA particles
dispersed in water and the corresponding non-embedded hybrid particles dispersed in toluene.
Aexc. = 380 nm is visible due to scattering on the relatively large polymer particles. The PL spectra
are normalized at the maximal emission wavelength of the QDs.

These particles were investigated in single-particle PL studies (Chapter 6.2.4). However,
they turned out be relatively ‘dark’ and optically unstable, thus unsuitable for the
intended use as single-photon source. Therefore, in the experiments 3-6 selected hybrid
particles consisting of high-quality graded-shell QDs and PF8-Ph-PA, which had been
synthesized by a direct approach (Chapter 5.2.2), were encapsulated into cross-linked

PMMA-based polymer particles.

Figure 6.3. TEM images of CdSe/CdS PA-Ph-PF8-MA hybrid particles encapsulated in PMMA. Left:
CdSe/CdS particles mixed with 175 equiv. of PA-Ph-PF8-MA and right QDs mixed with 140 equiv.
PA-Ph-PF8-MA. Red arrows mark particles with several QDs per particles. Blue arrows mark
particles with one QD per particle.
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Table 6.2. Encapsulation of PF8 QD hybrid particles into polymer nanoparticles by a
miniemulsion polymerization approach.
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Particles used in experiments 1,2 and 7-9 were synthesized by a ligand exchange (Chapter 5.2.1), hybrid
QDs in experiments 3-6 were synthesized by a direct approach (Chapter 5.2.2). Encapsulation conditions:
Aqueous phase: 80 mL of degassed H20 and 100 mg of SDS; Oil phase: 100 pL of n-hexadecane, 1 mL of
monomer, 10 pL of ethylene glycol dimethacrylate, 10 nmol (0.6 ml) of QDs in toluene, 10 mg of AIBN; 2 min
ultrasonication with a sonotrode at 60% intensity; polymerization for 5 hours at 75 °C. a: Z-average, number
average hydrodynamic diameter and PDI obtained by DLS. b: Ensemble QY of the non-embedded hybrid
QDs dispersed in toluene. c: Ensemble QY of embedded hybrid QDs dispersed in H20 d: Only 5 nmol of QDs
and 50% of all other reagents used.

For the encapsulation, QDs which had been synthesized with the addition of 75 equiv. and
160 equiv. of PA-Ph-PF8 respectively, were chosen. In experiments 3 and 5, the QDs were
encapsulated into cross-linked PMMA particles. The organic phase turned slightly turbid
when the hybrid QDs were added to the mixture of monomer, hexadecane and cross-
linker indicating a destabilization and partial agglomeration of the QDs. Therefore, in
experiments 4 and 6 a mixture of 0.7 mL of MMA and 0.3 mL of EHMA was used as
monomer as the colloidal stability of the hybrid QDs should be improved due to the more
hydrophobic monomer EHMA. The mixture of MMA/EHMA, hydrophobe and cross-linker
did not turn turbid upon QD addition which confirms the improved colloidal stability of

the hybrid QDs in this monomer mixture. The polymer particles consisting of
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PMMA-co-PEHMA were slightly larger than the homo-PMMA particles (44 nm and 47 nm
vs. 50 nm and 63 nm). The QY of the QDs in the polymer dispersion was lower than the
QY of the QDs dispersed in toluene. In experiment 3-4 (QDs with 75 equiv. of PF8), the QY
of the QDs in the PMMA and PMMA-co-PEHMA dispersion is quite similar (45% vs. 50%).
However, for experiments 5-6 (QDs with 160 equiv. of PF8) the QY of the PMMA-co-
PEHMA dispersion is significantly higher (50% vs. 30%) which is probably caused by the
better dispersibility of PF8 and QDs in the EHMA-copolymer than in the homo-PMMA.

In Figure 6.4, the PL spectra of the encapsulated hybrid QDs are compared to the PL
spectra of the toluene dispersions of the non-embedded hybrid QDs. The PF8 emission
(relative to the QD emission) in the polymer dispersion is weaker than the PF8 emission
in the toluene dispersions which can have several reasons: In the toluene dispersions of
the hybrid QDs not all PF8 is bound to the QDs and thereby not quenched by the QDs. After
the miniemulsion polymerization, unbound PF8-Ph-PA is most likely located inside the
nonconjugated polymer particles due to its low solubility in water. Embedded in the
nonconjugated polymer particles, also the ‘free’ conjugated polymer is now more likely to
be in close proximity to the QDs and a part might be quenched by the QDs. Also, not all
polymer particles contain QDs, but probably contain PF8 chains which were not bound to
QDs. The QY of PF8 dissolved in toluene is ~95% but the QY of PF8 embedded in particles
or of stabilized PF8 particles dispersed in water is only in the range of 45%.200270

The embedded hybrid QDs still possess a strong ET from excited PF8 to the QDs
(Figure 6.4, right). The encapsulation of the hybrid QDs in PMMA-co-PEHMA impacted
the morphology of the PF8 polymer. Encapsulated in PMMA, the PF8 is present in a glassy
phase; however, embedded in PMMA-co-PEHMA the PF8 is partially present in the more
ordered mesomorphic -phase. This difference is indicated by a red shift of the PL spectra
(maximum shifted from 417 nm to 438 nm) which is caused by an increased conjugation
length of the polymer chains.272 The portion of PF8 in the (3-phase is relatively small which
is reflected in only a small peak at 432 nm in the UV-VIS spectra of the dispersion which
is attributed to the (-phase (Figure 8.47). PF8 present in the 3-phase strongly contributes
to the ET from the PF8 to the QD which is evidenced by the pronounced peak at 432 nm
in the PLE spectrum. The formation of the $-phase is probably triggered by interactions
between the long octyl side chains of PF8 and the 2-ethylhexyl side chains of incorporated
EHMA.
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Figure 6.4. PL (Aexc. = 380 nm) and PLE (Ager. = 590 nm) spectra of PF8 CdSe/(CdS)2(ZnS), hybrid
QDs dispersed in toluene (black line), encapsulated in PMMA particles (blue lines) and in PMMA-
co-PEHMA particles (orange lines). The PL spectra are normalized at the maximal emission of the
QDs. The PLE spectra are normalized at 300 nm.

TEM images of the dispersions obtained in experiment 5-6 are shown in Figure 6.5. In
both experiments, most particles are empty (75% and 75%; 150 particles were analyzed
in both experiments). However, within experimental error the number of particles with 2
or more QDs per particles is higher for the embedding in PMMA (10% vs. 5%). Thus, the
number of particles containing a single QD is higher for the encapsulation in PMMA-co-

PEHMA (20% vs. 15%) particles than for the encapsulation in pure PMMA.
eng:apsul‘atgd in PMMA' encapsulated in PMMA-co-PEHMA

Figure 6.5. TEM images of the dispersions obtained in experiment 5 (left) and 6 (right). Polymer
particles containing one QD are marked with blue arrows, particles containing several QDs are
marked with red arrows.
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The slightly more favorable encapsulation in the PMMA-co-PEHMA copolymer is probably
caused by the better dispersibility of the hybrid QDs in the monomer mixture of MMA and
EHMA than in pure MMA.

In experiments 7-9, the encapsulation of graded-shell QDs which had been functionalized
with the conjugated nonconjugated block copolymers PA-PF8-b-PEHMA, PA-PF8-b-
PMMA and PA-PF8-b-PS was investigated. The aim of the functionalization with these
block copolymers was a potentially better incorporation in the respective polymer
particles due to a favorable interaction between the nonconjugated block of the polymer
and the monomer (mixture) and formed polymer. The QDs functionalized with the PA-
PF8-b-PMMA and PA-PF8-b-PEHMA block copolymer, respectively, were encapsulated in
a mixture of MMA and EHMA (70/30 vol% and 50/50 vol%, respectively). The QYs of the
resulting polymer dispersions of 55-60% were, as expected, lower than the QY of the non-
embedded QDs dispersed in toluene (86-90%).

In experiment 7, the use of PA-PF8-b-PMMA-functionalized QDs led to an agglomeration
of the QDs during the embedding process (Figure 6.6). The PA-PF8-b-PEHMA-
functionalized particles were embedded in a 1:1 mixture of MMA and EHMA (entry 8).
The resulting polymer interacted strongly with the electron beam during TEM
measurements resulting in melting and fusion of the particles, which hampers conclusion
on the encapsulation statistics. However, the TEM images show many spots with clusters
of nanoparticles and it seems that many particles formally contained several QDs. In
experiment 9, PA-PF8-b-PS-functionalized QDs were encapsulated in styrene. The QY of
the QDs decreased significantly from 86% for the non-embedded QDs to only 38% due to
the miniemulsion polymerization. One reason for this significant decrease in QY might be
that many QDs are located at the interface to the aqueous phase which has been shown to
be potentially detrimental for the optical properties.31.149 Very uniform particles (PDI
0.01) with a hydrodynamic diameter around 75 nm were formed. However, most particles
are empty (78%, 175 particles were analyzed in total), many particles contain several QDs
(15%) and fewer particles contain exactly one QD (7%). This distribution indicates a
partial agglomeration of QDs during the formation of the miniemulsion which deems this
dispersion less suited for single-particle PL measurements compared to the dispersions
obtained in experiments 3-6.

None of the particle dispersions containing the conjugated nonconjugated block
copolymers is particularly suitable for single-particle spectroscopy studies, as they do not

contain a high proportion of particles with exactly one QD per particle compared to
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particles with several QDs. The functionalization with the block copolymers led to an
increased agglomeration of the QDs during the miniemulsion procedure, which is
presumably caused by favorable interactions between the rather long polymer chains.
However, the encapsulation of graded-shell CdSe/(CdS)2(ZnS)2 QDs functionalized with
PA-Ph-PF8 was successful in terms of optical properties (high QY, ET from PF8 to QD) and
embedding statistics. Therefore, these particles were considered more suitable for single-

particle PL and charging studies and preferentially further analyzed (Chapter 6.2.5).

QDs functionalized with PA-PF8-b-PMMA QDsjfunctionalized
encapsulated in PMMA-co-PEHMA encse . PS

ST

Figure 6.6. TEM images of dried dispersions obtained in the encapsulation experiments (entries
7-9) employing conjugated nonconjugated block copolymer-functionalized QDs. The blue arrows
mark particles with one QD, the red arrows mark particles with several QDs.
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6.2.3 Encapsulation of CdSe/CdS Nanorods and CdSe/CdS/CdS
Polyfluorene Hybrid Nanorods by a Miniemulsion

Polymerization Approach

As pointed out previously, CdSe/CdS NRs and PF8-functionalized hybrid NRs are an
interesting material for single-particle PL measurements and especially charging
experiments. For this purpose, they were encapsulated into polymer nanoparticles.
Compared to the embedding of spherical hybrid particles, the encapsulation of NRs was
more difficult due to the strong attractive forces between individual NRs, their tendency
to align into superstructures and their larger size. The nonconjugated polymer shell has
to fulfill certain prerequisites: it has to be of adequate size in the range of roughly
60-150 nm. It must not be too sticky which would prevent the placement of the particles
into resonator structures via an AFM tip. This fact requires the use of polymers with a
sufficiently high Tg. Moreover, the polymer has to be transparent for light in the range of
300-700 nm. Therefore, the dispersibility of CdSe/CdS NRs in various monomers was
investigated (Table 6.3).

Table 6.3. Dispersibility of CdSe/CdS NRs in various monomers.

monomer appearance after centrifugation2
Sty clear no precipitation
DOMA clear no precipitation
MMA precipitation complete precipitation
MMA/EHMA 70/30 turbid partial precipitation
MeMBL turbid partial precipitation
MeMBL/DOMA 50/50 slightly turbid partial precipitation
MeMBL/DOMA 20/80 clear no precipitation

Sty: styrene (Tg(PS) 100 °C); DOMA: dodecyl methacrylate (Tg(PDOMA) -56 °C); MMA: methyl methacrylate
(Tg(PMMA) 105 °C); EHMA: 2-ethylhexyl methacrylate (Tg(PEHMA) -10°C); MeMBL: a-methylene-y-
valerolactone (Tg(PMeMBL) 220 °C). In all experiments 5 nmol of NRs and 1 mL of monomer were used. a:
Centrifugation at 4000 g for 2 min.

CdSe/CdS NRs are dispersible in styrene (Sty) but precipitate in pure MMA. a-Methylene-
y-valerolactone (MeMBL) shows a similar reactivity to MMA, is less hydrophilic than MMA
and the resulting polymer PMeMBL has a very high Tg of 220 °C.273.274 The mixing of
CdSe/CdS NRs with MeMBL did not cause an instantaneous precipitation of the NRs, but

a slight turbidity was noted. CdSe/CdS NRs are dispersible in dodecyl methacrylate
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(DOMA). However, homo-PDOMA has a Tg of -56°C and is very sticky at room
temperature. The NRs are well dispersible in a mixture of 80/20 DOMA/MeMBL and only
a slight turbidity is observed in a 50/50 mixture.

Therefore, the embedding in these mixtures of MeMBL and DOMA was investigated.
Table 6.4 summarizes the encapsulation conditions and results for the embedding of
CdSe/CdS NRs in various monomers and monomer mixtures.

Table 6.4. Encapsulation of semiconductor CdSe/CdS or CdSe/CdS/CdS NRs into polymer
nanoparticles by a miniemulsion polymerization approach.

1NR/  22NRs/

n (NR) monomer LINR) ~ q,p PDIb Qe particled particled
[nmol] [nm]  [nm] [%]
[%] [%]
1 7 MMA 30 63 0.17 34(50) ag. a.g.
MMA/EHMA
2 7 70/30 30 65 0.13 48(50) a.g. a.g.
3 0 Sty = 74 0.02 = = =
4 7 Sty 30 70 0.03 20(32) 15 15
5 7 Sty 20 88 0.2 36(52) 20 35
Sty/DOMA
6 0 85/15 - 120 0.13 - - -
Sty/DOMA
7 7 85/15 30 126 0.16 35(40) n.p. n.p.
DOMA/MeMBL
8 0 80,20 - 95 0.06 - - -
DOMA/MeMBL
9 0 50/50 = 90 0.09 = = =
DOMA/MeMBL
10 7 80/20 30 84 0.05 25(32) n.p. n.p.
DOMA/MeMBL
11 7 50/50 30 91 0.04 30(32) 30 5
DOMA/MeMBL
12 7 50/50 20 84 0.07 35(52) 30 5
a DOMA/MeMBL
13 5 50/50 20 110  0.07 53(78) 20 5
A DOMA/MeMBL
14 5 50/50 30 82 0.1 40(70) 25 5

General conditions: Oil phase: 1 mL of monomer, 10 uL of 1,4-divinylbenzene, 100 uL of n-hexadecane,
10 mg of AIBN, 0.3 mL of NRs in toluene, aqueous phase: 80 mL of H20, 100 mg of SDS; 3 min ultrasonication
(sonotrode at 60% intensity); polymerization at 75 °C for 5 h. a: CdSe/CdS/CdS NRs used. b: Determined by
DLS. c: First value is the QY of the NRs embedded in polymer particles dispersed in water, value in brackets
is the QY of non-embedded NRs dispersed in toluene. d: Determined by analyzing at least 150 particles in
TEM images. a.g. = agglomerated; n.p. = not possible.
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In experiments 1-2, the encapsulation of CdSe/CdS NRs in PMMA and PMMA-co-PEHMA
was investigated. The same conditions as for the encapsulation of graded-shell hybrid QDs
were used (Table 6.2). However, in both experiments a pronounced clustering of several
NRs in a single polymer particle was observed (Figure 8.48). This finding might be
explained by the limited colloidal stability of the NRs in MMA.

The NRs are well dispersible in styrene, thus the encapsulation in polystyrene and styrene
copolymers was analyzed (entries 3-7). The same miniemulsion polymerization
conditions as used for the polymerization of MMA can be used for the polymerization of
styrene (entry 3) yielding uniform particles with a diameter of 74 nm. Using these
conditions, the encapsulation of NRs with a length of 20 nm and 30 nm, respectively, was
investigated (entries 4-5). Embedding 30 nm long NRs did not change the size of the
obtained nanoparticles significantly (70 nm vs. 74 nm). As expected, the QY of the NRs
decreased during the embedding process (32% vs. 20%). Most particles (70%) are not
filled with NRs. However, the number of particles containing one NR (15%) is equal to the
number of particles containing 2 or more NRs (Figure 6.7). The embedding statistic was

less favorable for the encapsulation of short (L =20 nm) NRs yielding more particles

containing several NRs (35%) than particles containing exactly one NR (20%).

Figure 6.7. TEM images of the encapsulation of CdSe/CdS NRs in PS nanoparticles (left, entry 4)
and in PDOMA-co-PMeMBL nanoparticles (right, entry 11). Particles containing one NR are
marked with blue arrows, particles containing several NRs are marked with red arrows.

As the encapsulation of NRs in PS particles delivered dispersions which are not
particularly suitable for single-particle measurements as they contain an unfavorable

high proportion of particles enclosing several NRs, the encapsulation into further
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monomer mixtures was studied. The NRs are well dispersible in DOMA; however, PDOMA
is very sticky and has a low Tg of -56 °C. Therefore, a mixture of Sty and DOMA of
85/15vol% was used. Miniemulsion polymerization of this mixture yielded larger
particles (120 nm) as compared to the polymerization of styrene (74 nm). Only a slight
decrease in QY from 40% for non-embedded NRs to 35% for embedded NRs occurred.
However, it was not possible to determine the encapsulation statistics. No individual
particles but a polymer film was observed in TEM images. This film formation could be
caused by interaction of the polymer with the electron beam or the dispersion could show
a low minimum film-forming temperature. This finding is an indication for the formation
of soft and sticky particles which would also render them unsuited for mechanical
manipulations with the AFM. Therefore, the combination of DOMA with the monomer
MeMBL was studied for the encapsulation of NRs as PMeMBL has a very high Tg of 220 °C.
First, mixtures of DOMA and MeMBL (80/20 vol% and 50/50 vol%) were polymerized
without addition of NRs (entries 8-9). These mixtures could be copolymerized under the
previously established miniemulsion polymerization conditions, and uniform particles
with sizes around 90 nm were formed. Using the 80/20 mixture for the encapsulation of
NRs (entry 10), again particles were formed which tend to melt and fuse under the TEM
beam or even during the drying process. However, using a 50/50 vol% mixture of the two
monomers for the encapsulation of CdSe/CdS NRs, uniform polymer nanoparticles were
formed, and individual particles can be clearly identified in the TEM images of the dried
dispersion (Figure 6.7). Additionally, the QY decreased only marginally from 32% to 30%
during the embedding process. As 30% of the particles contain exactly one NR and only
5% contain 2 or more NRs, also the embedding statistic is favorable for single-particle PL
measurements. Additionally, short CdSe/CdS NRs (L = 20 nm) could be successfully
encapsulated (same favorable embedding distribution as experiment 11) using this
monomer mixture (entry 12). This approach was also used for the encapsulation of the
CdSe/CdS/CdS NRs of higher optical quality (entries 13-14). Although these NRs feature
a slightly different ligand shell compared to the standard CdSe/CdS NRs, the
encapsulation was successful and dispersions with high QYs of 53% and 40%,
respectively, were obtained. Additionally, the ratio between empty particles (65-70%),
particles with exactly one NR (20-25%) and particles containing several NRs (5%) is
favorable. The combination of a monomer in which the NRs are well dispersible with a

monomer whose corresponding polymer has a very high Tg seems to be ideally suited for
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the encapsulation of semiconductor NRs. However, it was not yet clear if this copolymer
also performs well in terms of optical and mechanical stability and isolation properties in
single-particle PL measurements.

Therefore, a second encapsulation approach into styrene nanoparticles was also pursued.
Leiza and co-workers reported the encapsulation of CdSe/ZnS QDs into large (D = 100-
200 nm) PS and PS/PMMA nanoparticles, thereby minimizing the fluorescence loss over
time.31 Employing their approach for the synthesis of PS particles, significantly larger
polymer particles with a diameter of 130 nm compared to the previously synthesized
PMMA or PS particles with a diameter of 65-90 nm, were formed (entry 1, Table 6.5).
This increase in size was expected as the ratio of monomer to surfactant was drastically
increased (here: 26 mg of SDS per mL of monomer; previously 100 mg/mL). Using this
approach, the encapsulation of short (L = 20 nm) and long (L = 30 nm) CdSe/CdS as well
as CdSe/CdS/CdS NRs was successful (Table 6.5 and Figure 8.49 for exemplary TEM
images) as dispersions with high QYs and favorable encapsulation statistics (20-25% of
single NR particles and only around 5% of particles containing several NRs) were
obtained.

Table 6.5. Encapsulation of semiconductor CdSe/CdS and CdSe/CdS/CdS NRs into larger
polystyrene nanoparticles by a miniemulsion polymerization approach.

1NR/  =2NRs/

4 n (NR) monomer LINR) ~ du® PDIb Qv particlec particled
[nmol] [nm] [nm] [%] [%] [%]

1 0 Sty - 133 0.01 - - -

2 7 Sty 30 128 001  30(32) 25 5

3 7 Sty 20 110 0.18 38(55) 20 5

42 5 Sty 30 104 002  46(70) 20 5

5a 5 Sty 20 103 0.02 64(78) 20 5

General conditions: Oil phase: 2.3 mL of Sty, 84 puL of n-hexadecane, 21 puL of p-divinylbenzene, 0.6 mL of
NRs in toluene; aqueous phase: 25 mL of H20, 42 mg of SDS, 21 mg of NaHCO3, sonication with a sonotrode
at 80% intensity for 4 min, addition of 10 mL of H20 and 21 mg of SDS after sonication; addition of 4 mL of
H20 and 11 mg of potassium peroxydisulfate at 75 °; polymerization at 75 °C for 6 h. a: CdSe/CdS/CdS NRs
encapsulated. b: Determined by DLS. c: The first value is the QY of the NRs embedded in polymer particles
dispersed in water, the value in brackets is the QY of the non-embedded NRs dispersed in toluene. d:
Determined by analyzing at least 150 particles in TEM images.

The final dispersions have a solid content in the range of 4.5-5.3 wt% which fits well to
the theoretical value of 5.2 wt% and indicates a high monomer conversion (>86%) during

the polymerization. Many NRs are located at the periphery of the particles which might
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lead to a deterioration of the optical properties over time as the NRs might come into
contact with the aqueous phase or even migrate into the aqueous phase. Therefore, the
particles were overcoated with a second shell of cross-linked PMMA as Leiza and co-
workers showed that this can preserve the optical properties of the nanocrystals.31 A
theoretically 15 nm thick shell of cross-linked PMMA was deposited onto the PS seed
particles (see Chapter 6.4.3 for experimental details). The optical properties did not
change due to the additional shell, no secondary nucleation was observed, and the size
increase fits well to the theoretical value (Figure 8.50).

As two different approaches were successfully developed for the encapsulation of
semiconductor NRs, also PF8 CdSe/CdS/CdS hybrid NRs were encapsulated into PS and
PDOMA-co-PMeMBL nanoparticles (Table 6.6). Short (L = 18 nm) and long (L = 27 nm)
CdSe/CdS/CdS hybrid NRs which had been functionalized with 200 equiv. of PF8-PA in a
direct approach (Chapter 5.2.3) were successfully encapsulated. Therein, the QY
decreased only slightly from 76-77% to 45-55%. The obtained dispersions possess
embedding distributions (see Figure 6.8 for exemplary TEM images) which are favorable
for single-particle PL measurements as many particles (15-30%) contain exactly one
hybrid NR while only a few particles contain 2 or more particles (2-5%).

Table 6.6. Encapsulation of PF8-functionalized CdSe/CdS/CdS hybrid NRs into polymer
nanoparticles.

L de Qe 1NR/  22NRs/
# PF8-PA/NR  monomer (NR) " PDIc particlee  particlee
o
(nm] [ ol o) (%]
DOMA/MeMBL
1a 200 18 120 0.05 45(76) 25 5
50/50
2b 200 Sty 18 109 0.01 50(76) 20 5
DOMA/MeMBL
3a 200 27 109 0.07 55(77) 30 5
50/50
4b 200 Sty 27 105 02 50(77) 15 2

a: Encapsulated according to conditions in Table 6.4. b: Encapsulated according to conditions in Table 6.5.
Half of the PS particles were coated with an additional layer of cross-linked PMMA. c: Determined by DLS
measurements. d: The first value is the QY of NRs embedded in polymer particles dispersed in water, the
value in brackets is the QY of the non-embedded NRs dispersed in toluene. e: Determined by analyzing at
least 150 particles in TEM images.

The PS particles were furthermore coated with an additional shell of cross-linked PMMA

(theoretical thickness 15 nm) which did not change the optical properties in terms of QY
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but a size increase fitting to the theoretical value was observed (Figure 8.51). The optical
properties of the NRs encapsulated in PS/PMMA or in PDOMA-co-PMeMBL are

comparable in terms of QY.

Figure 6.8. TEM images of the dried dispersions obtained in experiments 3 (left) and 4 (right),
Table 6.6. Particles containing one NR are marked with blue arrows and particles containing
several NRs are marked with red arrows.

In Figure 6.9, the PL and PLE spectra of the dispersions obtained in experiments 1-2
(Table 6.6) are compared to the spectra of the same non-embedded hybrid NRs dispersed
in toluene. In the PL spectra, no significant change in the PF8 emission intensity (relative
to the NRs emission intensity) is evident due to the embedding process. In contrast, during
the embedding of PF8 CdSe/CdxZni1xS hybrid QDs (entries 3-6, Table 6.2), the PF8
emission intensity (relative to the QDs’ PL intensity) decreased significantly (Figure 6.4).
This divergence is most likely caused by the difference in the percentage of PF8 bound to
the nanocrystals before the embedding, as only bound PF8 is quenched by the
semiconductor nanocrystals. In case of the QDs, only 35-65% of the PF8 was bound
whereas basically all PF8 (>95%) was bound to the NRs before the miniemulsion process.
After the encapsulation, the PL of the PF8 is still nearly completely quenched by the NRs
indicating that the PF8 is still completely bound to the NRs. Additionally, the PLE spectra
of the hybrid NRs dispersed in toluene and encapsulated in PS/PMMA particles dispersed
in water are basically identical and a strong ET from excited PF8 to the NRs occurs
indicating the strong interaction between the two materials. The encapsulation in the
PDOMA-co-PMeMBL copolymer partially changed the conformation of the PF8 from the
glassy phase to the (-phase which is evidenced by a strong red shift of the PL and PLE
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spectra. Moreover, the PLE spectra features a pronounced peak at 432 nm which is typical
for PF8 in the (3-phase.

These aqueous dispersions consisting of PF8-functionalized CdSe/CdS/CdS hybrid NRs
(PF8 completely bound to the NRs before the miniemulsion process) encapsulated in
PS/PMMA or PDOMA-co-PMeMBL polymer nanoparticles show a favorable embedding
distribution and a strong ET from the PF8 to the nanocrystals and are therefore

interesting for further single-particle PL experiments.
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Figure 6.9. PL (Aexc =380 nm, left) and PLE (Age =605 nm, right) spectra of PF8-PA
CdSe/CdS/CdS hybrid NRs dispersed in toluene (black line) and the same hybrid NRs
encapsulated in PS/PMMA core-shell polymer nanoparticles (orange line, experiment 2,
Table 6.6) and encapsulated in a PDOMA-co-PMeMBL copolymer nanoparticles (blue line,
experiment 2, Table 6.6) both dispersed in water.

6.2.4 Single-Particle Micro-Photoluminescence Measurements

on Encapsulated Semiconductor Nanoparticles

The single particle PL experiments were performed by Pascal Gumbsheimer and Frieder
Conradt in the experimental physics group of Prof. Dr. Alfred Leitenstorfer at University
of Konstanz. The presence of single QD emitters can be confirmed by a second-order
photon correlation as a function of time delay measurements (g(2)) recorded with a
Hanbury-Brown and Twiss setup.27>

In this chapter, encapsulated CdSe/CdxZni-xS QDs and CdSe/CdS/CdS NRs, which had not
been functionalized with PF8, were analyzed by single particle micro-photoluminescence
experiments at cryogenic temperatures of T = 4-6 K.

The graded-shell CdSe/CdxZnixS QDs turned out to be exceptionally well suited for
single-particle measurements. Already CdSe particles covered with a shell consisting of

2 ML of CdS and 2 ML of ZnS were bright and stable. As the fluorescent active core of these
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QDs also consists of CdSe, the CdSe/(CdS)2(ZnS)2 QDs show the typical PL fine structure
of a neutral, non-perfectly spherical wurtzite-type CdSe QD (Figure 6.10) consisting of
three emission lines (F, A1, A2).26276 They are caused by the transition from the exciton
ground states (X0-GS) to QD-GS. The energetically lowest X°-GS to QD-GS transition (F) is
nominally dipole-forbidden which explains why its intensity is only slightly higher

compared to the dipole-allowed transition A1 at higher energy.26
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Figure 6.10. a: Highly resolved PL spectrum at cryogenic temperature (T =6 K; Aexc. = 532 nm,
Pexe. = 240 nW) of a single CdSe/(CdS)2(ZnS). QD embedded in a PMMA-co-PEHMA particle. Inset:
Lower resolution PL spectrum showing the zero-phonon line (ZPL) and the first and second
longitudinal-optical (LO) phonon replica. b: Energy scheme: Excitation of the QD to the quasi-
continuum (QC) is followed by rapid non-radiative relaxation y to the exciton ground states
(X0-GS) and a radiative recombination to the QD ground state (QD-GS) resulting in three fine
structure lines (A1, A2 and F) which are well resolved in the PL spectrum. In the PL spectrum, also
the acoustic phonon (AC) replica are visible. The measurement data were provided by Frieder
Conradt (Leitenstorfer group, University of Konstanz).

Moreover, the acoustic (AC) phonon replica are well visible and the first and second
longitudinal-optical (LO) phonon replica are well resolved demonstrating the quality and
stability of these embedded QDs. The QDs are brighter than the currently employed
CdSe/CdS QDs which will be beneficial to reduce the measurement time in future
quantum-optical studies. Thus, the better ensemble optical properties of the graded-shell
CdSe/CdxZn1xS QDs as compared to CdSe/CdS QDs are also reflected in single-particle
measurements. Importantly, these CdSe/(CdS)2(ZnS)2 QDs (roughly 25 analyzed so far),

which were not functionalized with PF8, did not exhibit any characteristics typical for a

charged QD.2 Even additional excitation with an UV LED (Aexc. = 370 nm, a wavelength of

aIn the past, only two QDs (not functionalized with PF8) out of roughly 300 analyzed CdSe/CdS QDs showed
PL properties typical for a charged QD in single particle PL studies.
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strong PF8 absorption) did not change the PL properties of the QDs and they still showed
the typical PL fine structure of a neutral CdSe/CdS QD. Therefore, these QDs are an
excellent reference material to study the influence of functionalization with polyfluorene
(Chapter 6.2.5).

As pointed out previously, CdSe/CdS NRs are also an auspicious material for single-
particle PL measurements. Therefore, CdSe/CdS/CdS dot-in-rod NRs, which had been
encapsulated in polymer particles (cf. Chapter 6.2.3), were analyzed in PL measurements
at cryogenic temperatures. Figure 6.11 (a) shows an exemplary highly resolved PL
spectrum of an encapsulated (entry 5, Table 6.5) single NR (L ~ 20 nm, W ~5 nm). The
single CdSe/CdS/CdS NRs were highly emissive and optically stable during the PL
measurements. Moreover, a PL fine structure consisting of three distinct emission lines
was revealed for the zero-phonon line and the related first LO phonon replica. For the
syntheses of CdSe/CdS/CdS NRs and CdSe/CdxZn1«S graded-shell QDs, the same type of
non-perfectly spherical wurtzite-type CdSe seed QDs were used. As the fluorescence in
both multi-shell nanocrystals occurs in the CdSe core, a similar PL fine structure for both
types of nanocrystals was expected. Noteworthy, the observation of PL fine structure
consisting of multiple emission lines indicates emission from an uncharged CdSe-based
emitter. Fluctuations of the PL intensity occurred over time; however, a multi-line PL fine
structure was observed continuously (Figure 6.11 b). Therefore, these NRs are also

suitable as reference material to study the influence of PF8 functionalization.
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Figure 6.11. Exemplary highly resolved PL spectrum (a) and PL time trace (b) of an encapsulated
CdSe/CdS/CdS NR (T=4.3K, Acxc. =540 nm, Pex =150nW). The measurement data were
provided by Frieder Conradt (Leitenstorfer group, University of Konstanz).
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6.2.5 Controlled Charging of Encapsulated Hybrid
Semiconductor Nanocrystals in Single-Particle Micro-

Photoluminescence Experiments

One major aim of this research was the generation of charged CdSe-based emitters, by
charge transfer processes between tethered conjugated polymer chains and the inorganic
emitter. A CdSe emitter in the trion (T) state should show a single dipole-allowed T-GS to
QD-GS transition, a significantly shortened PL lifetime and a higher PL intensity compared
to the neutral emitter.258277.278 These features render charged CdSe-based nanocrystals
attractive for ultrafast quantum-optical studies and as potential single-photon source in
ultrafast amplifiers or quantum computers. The formation of trion states has been
randomly reported for individual CdSe/CdS or CdSe/ZnS QDs at cryogenic temperatures
where a spurious photo charging of the QDs supposedly took place.260276.278 Moreover,
charged colloidal QDs and trion states were observed for QDs which had been charged by
applying a voltage to a thin film of QDs.258 However, the controlled formation of charged
CdSe-based nanocrystals on the single-particle level by the interaction with a conjugated
polymer ligand is an unexplored field.

CdSe/CdxZn1-xS graded-shell QDs which had been functionalized with phenylphosphonic
acid end-functionalized PF8 in a direct approach (chapter 5.2.2) and encapsulated in
cross-linked PMMA-co-PEHMA particles (chapter 6.2.2) were employed in these studies.
In Figure 6.12 (a), the PL time trace of an individual hybrid QD is shown. The emitter was
excited at A = 532 nm outside the absorption range of the PF8 polymer (t1). After 15 s, the
emitter was additionally illuminated with a UV LED (A = 370 nm) in the absorption range
of PF8 (tz2). After 5 s of illumination with UV light (t3), the PL maximum of the QD shifted
by 18.8 meV to lower energies and the integrated emission intensity increased
significantly (~3). The PL emission continued at this wavelength after the additional
illumination with UV light had been stopped (t4). A similar red shift (20 meV) of the PL
maxima and an increase in the PL intensity was also occasionally observed for hybrid QDs
— not for the corresponding unfunctionalized nanocrystals — which were not
additionally illuminated by UV light (Figure 6.12 b), but still by the laser. The significant
red shift of the emission maxima and the increased PL intensity are indications for a
charging of the QDs and the formation of CdSe trions. The formation of these trion states
should be additionally manifested in a change of the PL fine structure and fluorescence
lifetime of the QDs.
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Figure 6.12. a) PL intensity of a single PF8 CdSe/CdxZn1..S hybrid QD (T = 4.2 K, Aexc. = 532 nm,
Pexe. = 240 nW) as function of time and energy (center). On the left, single PL spectra (integration
time 1s) at certain time steps of the measurement are shown. The spectra display the
fundamental and 1. LO phonon replica emission lines. From 15 to 40 s measurement time, the
sample is additionally illuminated with UV light (Aexc. = 370 nm, right). b) Same measurement on
another hybrid QD without additional UV light illumination. The figure was provided by Frieder
Conradt (Leitenstorfer group, University of Konstanz).

In Figure 6.13 (a), exemplary highly resolved PL spectra of a hybrid QD before
illumination with UV light (left) and after illumination with UV light and red shift of the
PL maxima (right) are displayed. Additionally, the PL decay curves of a hybrid QD before
and after occurrence of the red shift of the PL. maxima are displayed (Figure 6.13 b). The
QD before the red shift of the PL maxima, shows a PL fine structure typical for an
uncharged emitter consisting of three distinct X°-GS to QD-GS transitions.2” After the red
shift of the PL maxima occurred, the highly resolved PL spectrum of the hybrid QD
displays a single optical transition (X-) with the related AC phonon replica. Additionally,
the PL intensity was increased (factor ~3), as expected for a charging of the emitter. The
observed change in the PL properties indicate the presence of a CdSe emitter in the trion
state which can be formed by charging and excitation of the inorganic emitter.2’8 The
changes in the PL dynamics corroborate this hypothesis. The uncharged QD (Figure 6.13
b, left) exhibits a biexponential PL decay with lifetimes of t1 = 55 ns and 12 = 2 ns for the
two contributions, respectively, which we relate to the dipole-forbidden F transition (t1,
88% contribution) and to the dipole-allowed A1l and A2 transitions (t2, 12%
contribution). The PL decay of the presumably charged QD (Figure 6.13 b, right) is
dominated (92% contribution) by a fast radiative recombination (t1= 2 ns), which we

assign to the dipole-allowed fundamental trion (X-) resonance.
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Figure 6.13. a) Highly resolved PL spectra (T = 4.2 K, Aexc. = 532 nm, Peyc. = 240 nW) of a single PF8
CdSe/CdxZn1«S hybrid QD before (left) and after (right) illumination with UV light. b) Radiative
lifetime measurement (data points, T = 4.2 K, excitation 0.1 eV above QD emission energy) of a
single hybrid QD in the presumably uncharged (left) and presumably charged (right) state. The
black solid lines indicate least-square fits according to a biexponential decay model. The two
contributions (d; and d) are depicted with dashed lines. Comparing the PL decay of a charged and
uncharged QD reveals a tremendous lifetime shortening of the prominent contribution for the
charged QD. The measurement data and curve fitting were provided by Frieder Conradt
(Leitenstorfer group, University of Konstanz).

As such PL properties were not observed for unfunctionalized CdSe/CdxZn1xS QDs, we
attribute this behavior to an interaction between the inorganic emitter and the bound PF8
chains. The formation of CdSe trion states can be explained by a charge transfer between
the conjugated polymer ligands and the inorganic emitter and subsequent excitation of
the negatively charged QD. The charging can be explained by two different processes
given the relative energy levels of the inorganic emitter and conjugated polymer
(Scheme 8.1). In Figure 6.12, it was shown that additional excitation with light in the
absorption range of PF8 led to a charging of the emitter. This charging can be accounted
for by an electron transfer from the CB of photoexcited PF8 to the CB of the CdSe core
(Scheme 6.2, left). The hole remains trapped on the conjugated polymer chain. A charging
of the inorganic emitter also occasionally occurred without additional illumination in the
absorption range of the PF8 polymer (Figure 6.12, right). This effect can be explained by
a hole transfer from the VB of an excited QD to the VB of the polymer ligand (Scheme 6.2,

right). This process requires a tunneling through the CdS/ZnS shell. Given the energy
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levels of the graded shell, it should act as hole blocking layer, however, as the shell is
relatively thin (2 monolayers of CdS and 2 monolayers of ZnS), the occurrence of a
tunneling process is reasonable. As shown by ensemble PLE measurements, the QD can
also be excited by an energy transfer from excited PF8 to the inorganic emitter. This
process competes with the electron transfer, and probably decreases the efficiency of the
stimulated charging by illumination with UV light. However, after the energy transfer,
there is still the possibility of a hole transfer process leading to a negatively charged QD
as illustrated on the right side in Scheme 6.2.

Scheme 6.2. Charging of a graded-shell CdSe/CdxZn1..S QD by two mechanisms. Left: An electron
is transferred from the CB of photoexcited PF8 to the CB of the CdSe core. Right: A hole is

transferred from the VB of an excited QD to the VB of PF8 by a tunneling process through the
CdS/ZnS shell.
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CdSe/CdS nanorods (NRs) are also an interesting material for the generation of charged
nanocrystals as they feature a reduced Auger recombination.? Therefore, also the newly
synthesized CdSe/CdS/CdS PF8 hybrid NRs (Table 6.6, entry 3, L = 28 nm, 200 equiv. of
PF8), which had been encapsulated in PDOMA-co-PMeMBL particles were analyzed in
single-particle PL studies. In Figure 6.14, an exemplary highly resolved PL spectrum (a)
and a PL time trace (b) of such a hybrid nanocrystal are presented. The PL spectrum
features a single fundamental emission line (X-) with the related AC and first LO phonon
replica, whereas unfunctionalized NRs show a PL fine structure consisting of three
emission lines (Figure 6.11). This finding indicates the presence of a trion state and the
formation of a charged CdSe-based emitter due to the functionalization with PF8. The PL

time trace reveals a very stable emission (single emission line) over a long period of time
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(100 s). Compared to quasi-spherical QDs, only minimal fluctuations and very discrete
fluctuations of the emission wavelength due to the quantum-confined Stark effect were
observed.279.280 The extraordinary stability of NRs’ emission is demonstrated by a PL time
trace measurement on a cluster of several polymer particles where several NRs exhibit a
very stable emission (single emission lines) over a period of at least 1000 s (Figure 8.52).
As the NRs show a constantly strong PL intensity without ‘dark’ periods, Auger-
recombination in the charged nanocrystals seems to be, as expected, strongly suppressed.
Moreover, the emission intensity of these hybrid nanorods was higher compared to the
charged hybrid QDs (maximal height of the X- transition: ~90 cps for rods vs. 22 cps for
QDs). Preliminary studies on these hybrid NRs revealed that all of these NRs were
constantly charged even without additional illumination with UV light and no discharging

has been detected, so far.
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Figure 6.14. Highly resolved PL spectrum (a) and PL time trace (b) of a single PF8 CdSe/CdS/CdS
hybrid nanorod encapsulated in PDOMA-co-PMeMBL (Aexe. = 532 nm, Pexe. = 509 nW, T = 4 K). The
single fundamental emission line indicates the presence of a charged CdSe-based emitter. The
measurement data were provided by Frieder Conradt (Leitenstorfer group, University of
Konstanz).

The functionalization of CdSe/CdxZn1xS QDs and CdSe/CdS/CdS NRs with PF8 had the
intended influence on the optical properties of the inorganic emitter and allows for a
charging of the inorganic emitter by a charge transfer processes between the PF8 and the
nanocrystals. Thereby, trion states are formed which show a single emission line, an
increased PL intensity and a shorter PL lifetime compared to the neutral emitter.
According to preliminary studies, the charging efficiency, emission stability and intensity
of the hybrid polyfluorene CdSe/CdS/CdS NRs are superior as compared to the graded-
shell hybrid QDs. Therefore, the PF8 hybrid QDs and PF8 hybrid NRs are auspicious for

the use as single-photon sources in ultrafast quantum-optical studies. The detailed
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analysis of these particles concerning the influence of the polymer shell, charging
statistics, stability, PL lifetimes and use as single-photon source will be part of the PhD

thesis of Frieder Conradt in the physics groups of Prof. Dr. Alfred Leitenstorfer.
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6.3 Summary and Conclusion

In this chapter, the encapsulation of semiconductor (hybrid) nanocrystals into polymer
nanoparticles by a miniemulsion polymerization approach was investigated. Graded-shell
CdSe/(CdS)2(ZnS)2 were successfully encapsulated into cross-linked PMMA or PMMA-co-
PEHMA particles with a size around 60 nm. The QY of the QDs decreased from 87% for
non-embedded QDs to 49-52% for the embedded QDs but was still significantly higher
than the QY of embedded CdSe/CdS QDs which only show a QY in the range of 20-30%.
Mostly empty particles (~60%), a high percentage of single QD particles (~35%), and only
a few particles occupied by several QDs (~5%) were obtained, thus an encapsulation
distribution favorable to single-particle PL experiments.

The graded-shell QDs were functionalized with PA-PF8-b-PMMA, PA-PF8-b-PS and PA-
PF8-b-PEHMA block copolymers in a ligand exchange reaction (Chapter 5.2.1). The
nonconjugated blocks were introduced to facilitate the encapsulation in the respective
methacrylate (or styrene) monomer and polymer, respectively. However, the
functionalization with these block copolymers caused (partial) agglomeration of the QDs
during the miniemulsion process and only an insignificant proportion of polymer
particles containing single QDs were obtained. Thus, dispersions which are not
particularly suitable for single-particle PL experiments.

Nonetheless, the encapsulation of graded-shell QDs which had been functionalized with
the homo-type polyfluorene PF8-Ph-PO(OH)2 resulted in an embedding distribution
favorable to single-particle PL measurements. Mostly empty particles (~75%), many
particles with exactly one QD per particle (~15%) and fewer particles containing several
QDs (~10%) were obtained. The encapsulation in a mixture of MMA/EHMA of
70/30 vol% resulted in a slightly improved encapsulation in terms of QY and embedding
statistics compared to the embedding in pure cross-linked PMMA. The hybrid QDs feature
a strong ET from photoexcited PF8 to the nanocrystals which is also observable for the
encapsulated hybrid QDs.

In the next step, an encapsulation for the embedding of semiconductor CdSe/CdS NRs and
PF8 functionalized CdSe/CdS/CdS hybrid NRs by a miniemulsion polymerization
approach was developed. The encapsulation in PMMA or PMMA-co-PEHMA led to an
agglomeration of the NRs and an insufficient percentage of polymer particles containing
asingle NR were obtained. The solution for the successful encapsulation (retention of high

QY and favorable embedding distribution) was the usage of a mixture of the monomers
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dodecyl methacrylate (DOMA) and a-methylene-y-valerolactone (MeMBL) in a ratio of 1:1
in combination with a cross-linking agent. DOMA ensures the dispersibility and colloidal
stability of the NRs in the monomer mixture whereas MeMBL enables the formation of
sufficiently hard and non-sticky particles. The particle size was around 90 nm, and a slight
decrease in the QY of the NRs was observed (32% — 30% for long NRs and 52% — 35%
for short NRs) during the embedding process. The QY of the optical higher-quality
CdSe/CdS/CdS NRs decreased from 70-78% for non-embedded NRs down to 40-55%.
Additionally, it was also possible to embed NRs in large (D = 130 nm) cross-linked PS
particles which were overcoated by a PMMA shell (thickness ~ 15 nm) to ensure the
optical stability of the NRs. Using these procedures, also PF8-functionalized
CdSe/CdS/CdS NRs were successfully encapsulated into polymer nanoparticles
(Figure 6.15). Furthermore, for the embedded hybrid NRs a strong ET from the polymer
to the NRs could still be observed.
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Figure 6.15. TEM image of PF8-Ph-PO(OH). CdSe/CdS/CdS hybrid NRs embedded in PDOMA-co-
PMeMBL nanoparticles (left). Sketch of such a hybrid particle (right top) and PL (Aexc. = 380 nm)
and PLE (Aqer. = 605 nm) spectra of the corresponding dispersion (right bottom).

The newly synthesized graded-shell CdSe/(CdS)2(ZnS)2 QDs encapsulated in PMMA-co-
PEHMA polymer particles were analyzed in single-particle PL measurements at 4-6 K.
These particles were exceptionally well suited for these experiments and brighter than
the previously employed CdSe/CdS QDs. Importantly, for these particles no charging of
the inorganic emitter was detected. Also, encapsulated CdSe/CdS/CdS NRs were analyzed

in single-particle PL measurements. These NRs were highly emissive and featured a multi-
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line PL fine structure similar to the fine structure observed for graded-shell QDs,
indicating emission from uncharged nanocrystals.

The long-term objective of this research was the formation of charged semiconductor
inorganic nanocrystals by a charge transfer between the conjugated polymer PF8 and the
CdSe-based nanocrystals. PF8-functionalized CdSe/(CdS)z(ZnS)2 graded-shell QDs, which
had been encapsulated into cross-linked PMMA-co-PEHMA particles, could be switched
from a neutral to a charged state which was reflected in the PL fine structure of the single
particles (Figure 6.16). Before the switching, the PL spectrum shows a PL fine structure
consisting of three distinct emission lines (F, A1, A2), thus the typical excitonic band edge
states of a neutral QD. After charging, the PL spectrum exhibits a single PL emission line,
which is typical for a charged CdSe QD during optical excitation. Additionally, PL decay
measurements of a charged and uncharged QD revealed a tremendous lifetime shortening
upon charging. We attribute the charging process to an electron transfer from the
conjugated polymer PF8 to the inorganic emitter. This process can be triggered by
exciting the polymer with UV light (electron transfer from the PF8’'s CB to QD’s CB) or by

resonant excitation of the QD (hole transfer by tunneling from the QD’s VB to the VB of

the polymer).
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Figure 6.16. a) Highly resolved PL spectra of a single CdSe/Cd.Zn1«S PF8 hybrid QD before (left)
and after charging (right) by interaction with the bound PF8 ligands. b) Schematic illustration of
the formed charged and excited QD (negative trion).

The charging of the CdSe-based emitter was also witnessed in single-particle PL
measurements on polyfluorene CdSe/CdS/CdS hybrid nanorods. Preliminary studies
revealed that all of the analyzed nanorods were charged even without additionally
illumination with UV light. Moreover, the nanorods featured a very stable emission in the

charged state and only minimal fluctuations in the emission wavelength were observed.
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The functionalization of graded-shell CdSe/CdxZn1xS QDs and CdSe/CdS/CdS nanorods
with polyfluorene had the anticipated impact on the optical properties in single-particle
PL studies: A charge transfer between the two semiconducting materials leads to a
charging of the inorganic emitter and the formation of a trion state. The charged
nanocrystals exhibit a single emission line with the related phonon replica, an increased
PL intensity, and a shortened fluorescence lifetime compared to their uncharged
counterparts. Therefore, these hybrid nanocrystals are an alluring material for the further
use as single-photon sources in ultrafast quantum-optical studies and might potentially

be used in ultrafast amplifiers.
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6.4 Experimental Section

6.4.1 Materials and General Considerations

All chemicals were used as received unless stated otherwise. Standard organic solvents
and chemicals were obtained from various commercial suppliers such as Sigma-Aldrich,
ABCR, VWR and Roth. 2-Ethylhexyl methacrylate (EHMA) (> 99%, stabilized with MEHQ),
a-methylene-y-valerolactone (>97 %, stabilized with HQ) and dodecyl methacrylate
(> 97%, stabilized with MEHQ) were acquired from TCI. Methyl methacrylate (MMA)
(99%, contains <30 ppm MEHQ as inhibitor), ethylene glycol dimethacrylate (98%,
contains 90-110 ppm MEHQ as inhibitor), p-divinylbenzene (85%, stabilized with 4-tert-
butylpyrocatechol), styrene (> 99%, contains 4-tert-butylcatechol as stabilizer), 2,2'-
azobis(2-methylpropionitrile) (98%) and sodium dodecyl sulfate (> 99%, dust free
pellets) were from Sigma-Aldrich.

Deionized water was distilled under a nitrogen atmosphere. Methacrylate and acrylate
monomers were filtered over basic aluminum oxide, dried over 4 A molecular sieves,
degassed by three freeze-pump-thaw cycles and stored inside a glovebox at -30 °C.
Styrene was vacuum transferred, degassed by three freeze-pump-thaw cycles and stored

inside a glovebox at -30 °C.

6.4.2 Analytical Methods

Photoluminescence measurements and Quantum Yield Determination:
Ensemble emission spectra and quantum yields were measured using a Hamamatsu
Absolute PL Quantum Yield Measurement System C9920-02 equipped with an integrating

sphere. QY measurements were performed at Aexc. = 450 nm.

Absorption spectroscopy (UV-VIS spectroscopy):
Absorption spectra were recorded on a Varian Cary 100 scan spectrometer with the

solvent as reference. If not otherwise stated, toluene was used as solvent.

Photoluminescence Excitation Measurements:
Photoluminescence spectra, photoluminescence excitation spectra and fluorescence

lifetimes were measured on a PicoQuant FluoTime 300 spectrometer.

Transmission Electron Microscopy (TEM):

TEM micrographs were taken using a Jeol JEM-2200FS transmission electron microscope

using a FEG with 200 kV acceleration voltage or using a Zeiss Libra 120 employing a LaBs
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emitter with 120 kV acceleration voltage. Samples were prepared by drop casting 2 pL of
a diluted particle dispersion on a TEM grid (Quantifoil S 7/2 + 2 nm C, Cu 400).

Particle size and distributions were obtained by measuring the diameter of at least 150
particles in TEM images. Nanocrystal encapsulation efficiencies were determined by

analysis of a minimum of 150 clearly distinguishable polymer particles in TEM images.

Dynamic Light Scattering:

Dynamic light scattering experiments were performed on a Malvern Nano-ZSEN 3600
particle sizer (173° back scattering, 633 nm LASER wavelength). The Malvern Zetasizer
software 7.13 was used to analyze the autocorrelation function, yielding z-averages,
intensity mean particle sizes, number mean particle sizes, size distributions and

polydispersity indices (PDI; < 0.1 narrow).

Determination of Solid Content by Gravimetry:
The solid content of the polymer dispersions was determined on a Sartorius Moisture
Analyzer MA45. Around 2 g of the polymer dispersion was distributed on the heating pan

and heated to 200 °C until a constant weight was obtained.

6.4.3 Procedures for the Encapsulation of Quantum Dots

The encapsulation of spherical QDs or hybrid QDs by a miniemulsion polymerization
procedure is based on a method which was developed by Negele et al.30 and improved by
Tjaard deRoo150.

Exemplary procedure:

0.1 mL of hexadecane, 10 mg of 2,2’-azobis(2-methylpropionitrile) (AIBN) and 10 nmol of
QDs (CdSe/CdxZnixS or PF8 @ CdSe/CdxZnixS) in 0.6 mL of toluene were dissolved in
0.01 mL of ethylenglycol dimethacrylate and in 1 mL of the respective monomer (e.g.
methyl methacrylate) or monomer mixture. In a 100 mL Schlenk tube, 100 mg of SDS was
degassed and dissolved in 80 mL of degassed and distilled water. The organic phase was
added on top of the aqueous phase and emulsified by sonication with an ultrasonotrode
(Bandelin GM3200 ultrasonotrode with KE76 tip, operated at 120 W) at 60% intensity for
2-3 min. During the emulsification process, the reaction mixture was cooled in an ice bath
to prevent polymerization. Under vigorous stirring the generated miniemulsion was
heated to 75 °C and polymerized for 5 hours under a nitrogen atmosphere followed by

stirring in an open tube at 60 °C overnight.
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6.4.4 Procedures for the Encapsulation of Nanorods

Encapsulation of Nanorods Similar to the Encapsulation of Quantum Dots

NRs (CdSe/CdS or CdSe/CdS/CdS) were embedded as described for the encapsulation of
QDs. Here, 1,4-divinylbenzene was used as cross-linking agent and different monomers
(e.g. dodecyl methacrylate, a-methylene-y-valerolactone or styrene) or monomer mixture

were used.

Encapsulation of Nanorods into Large Polystyrene Spheres by Miniemulsion
Polymerization

This approach is based on a procedure developed by San Luis et al. for the encapsulation
of spherical QDs.31

Exemplary Procedure:

The aqueous phase was prepared by degassing 42 mg of SDS and 21 mg of NaHCO3 and
dissolving them into 25 g of degassed and distilled water.

The organic phase was prepared by mixing 2.3 mL of styrene, 84 mg of hexadecane, 21 mg
of 1,4-divinylbenzene and the NRs dispersed in toluene (0.6 mL). This mixture was stirred
for ten minutes and then added on top of the aqueous phase. The miniemulsion was
prepared by ultrasonication with an ultrasonotrode (Bandelin GM3200 ultrasonotrode
with KE76 tip, operated at 120 W) at 80% intensity for 4 min. During the emulsification
process, the reaction mixture was cooled in an ice bath to prevent polymerization.
Afterwards, a mixture of 21 mg of SDS and 10 g of distilled water was added, and the
mixture heated to 75°C. In order to start the polymerization 11 mg of potassium
peroxodisulfate dissolved in 4 g of distilled water was added. The polymerization was

conducted for 6 hours at 75 °C.

Addition of an Additional Poly(methyl methacrylate) Shell onto Polystyrene
Particles

Polystyrene particles were coated with an additional cross-linked PMMA shell. The
amount of MMA needed was calculated by the solid content of the dispersion and size
(DLS number average) of the initial particles and the desired shell thickness assuming the
polystyrene particles to have a density of 1.05 g/mL.

Exemplary procedure: To 20 mL of a polystyrene dispersion, 2 mg of AIBN was added, the

mixture heated to 75 °C, and a mixture of MMA and 1,4-divinylbenzene (1 w% with
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respect to MMA) was added via a syringe pump with an injection rate of 0.25 mL/min.

The mixture was stirred under a nitrogen atmosphere at 75 °C for 3 hours.

6.4.5 Single-Particle Micro-Photoluminescence Experiments

The single-particle micro-photoluminescence experiments were conducted by Frieder
Conradt and Pascal Gumbsheimer in the physics group of Prof. Dr. Alfred Leitenstorfer at
the University of Konstanz.

The measurements were performed on a home-built PL measurement set-up. Details on

the set-up and measurement procedure can be found in ref.280
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Tethering semiconductor conjugated polymers to semiconductor nanocrystals yields
hybrid particles which are of particular interest for opto-electronic devices such as solar
cells, light-emitting diodes and flexible electronics. Moreover, these particles are an ideal
system to perform fundamental quantum-optical studies concerning the interplay
between charges, photons and phonons in a quantized system. Additionally, these
particles are promising as potential single-photon sources for research in the field of
ultrafast control of single electrons and photons. However, the controlled and
reproducible synthesis of hybrid particles of high optical quality with the conjugated
polymer directly tethered to the nanocrystals’ surface was an unresolved challenge.

The synthesis of high-performance hybrid particles required nanocrystals with excellent
optical properties. Based on a reported procedurel, graded-shell CdSe/CdxZn1-xS quantum
dots (QDs) were successfully synthesized. These QDs showed high QYs around 87% and
a narrow size distribution (~10%). Already CdSe seed particles overcoated with 2
monolayers of CdS and 2 monolayers of ZnS exhibited a high QY of 87% (Figure 7.1).
Upon deposition of the CdS shell, as expected, a red shift of the optical properties occurred
due to the formation of a quasi-type-2 heterostructure. The deposition of ZnS led to an
alloying of the CdS and ZnS layer which caused a blue shift of the optical properties and a
type-1 heterostructure was formed.! Especially thin-shelled CdSe/(CdS)2(ZnS)2 QDs are
promising for the functionalization with conjugated polymers, as the thin shell should
facilitate energy and charge transfer processes. Anisotropic hybrid CdSe/CdS nanorods
(NRs) are another interesting material for single-particle PL studies and charging
experiments, as they have been shown to feature a reduced Auger recombination and to
exhibit efficient trion emission.2 High-quality CdSe/CdS NRs (length 20-40 nm, width
~5nm) were successfully synthesized based on a literature-known procedure
(Figure 7.1).# Similar to a procedure developed by Bawendi and co-workers181 an
additional CdS shell (2 monolayers) was deposited on these NRs in order to improve their

optical quality. This deposition resulted in a significant increase in the QY of the NRs
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(35-42% > 75-78%). Moreover, it was revealed that the surface of these CdSe/CdS/CdS
NRs is partially covered by oleic acid, which should be beneficial for the functionalization

with conjugated polymer chains.
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Figure 7.1. Overview over the synthesized high-quality semiconductor nanocrystals. Left:
CdSe/(CdS)2(ZnS)2 QDs. Center: CdSe/CdS NRs. Right: CdSe/CdS/CdS NRs.

For the functionalization of nanocrystals with conjugated polymers, precisely
functionalized polymers, bearing a functional group capable of binding to the
nanocrystals’ surface, were required. Multi-valent polymer ligands might facilitate the
functionalization of the nanocrystals and enable a higher degree of functionalization.
Additionally, conjugated nonconjugated block copolymers were targeted, as the
nanocrystals’ functionalization could facilitate the subsequent encapsulation of the
hybrid particles into polymer nanoparticles. The controlled Suzuki-Miyaura cross-
coupling polymerization (cSMCCP) is a powerful tool for the synthesis of
heterodifunctional polymers. A novel and straightforward approach to the synthesis of
conjugated nonconjugated copolymers by sequential cSMCCP and controlled radical
polymerization was developed. As a first step, well-defined heterodifunctional
polyfluorenes (PF8) (Mw/Mn < 1.2; DPn 5-20) featuring a phosphonate group (initiating
chain end) and a radically polymerizable or ATRP-initiating group (terminating chain
end) were generated by catalytic chain growth (Figure 7.2).

Three-coordinate Pd(II) initiators generated in situ from the respective arylbromide and
chloro|(tri-tert-butylphosphine)-2-(2-aminobiphenyl)] palladium(II) were shown to
perform equally well compared to the corresponding tediously isolated Pd(II) complexes.
The resulting polymers were directly employed for the synthesis of conjugated
nonconjugated copolymers without further intermediate conversion steps (Scheme 7.1).
Controlled atom transfer radical polymerization (ATRP) of styrene (Sty), methyl
methacrylate (MMA) or 2-ethylhexyl methacrylate (EHMA), respectively, from PF8
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macroinitiators under appropriate conditions afforded narrowly distributed diblock
copolymers free of homopolymers. The diethyl phenylphosphonate group of these
polymers could be transformed selectively to the corresponding phosphonic acid — only
phosphonic acids bind strongly to CdSe or CdS surfaces and not the corresponding alkyl

phosphonates — without cleavage of any carboxylic acid esters present in the polymers.
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Figure 7.2. MALDI-TOF mass spectra (top) and 'H NMR spectra (bottom) of the PF8
macromonomer Phos-PF8-Sty (left) and the PF8 macroinitiator Phos-PF8-AlkylBr (right) which
were synthesized by cSMCCP. Reprinted with permission from ref.5> Copyright 2019 American
Chemical Society.

Controlled radical copolymerization of PF8 macromonomers bearing a styrene-type end
group with styrene or methacrylates, respectively, gives access to novel conjugated
nonconjugated comb polymers. The number of PF8 side chains per backbone chain can be
tuned by the ratio of the two monomers employed (here: polymers chains with on average
2-14 side chains were synthesized). Notably, this approach allows the incorporation of
functional end groups, as demonstrated here for phosphonates. The latter are relevant for
binding to nanoparticle and macroscopic surfaces. The multivalent character of the comb
polymers is of particular interest, as it may allow for an efficient and strong attachment

to nanoparticles. For the intended functionalization of CdSe-based nanoparticles, the
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phosphonate groups of these comb polymers were selectively transformed to the
corresponding phosphonic acids. However, the deprotected comb polymers showed a
reduced solubility in nonpolar solvents compared to their protected counterparts which
limited their application as nanoparticle ligands.

Notwithstanding, two novel species of conjugated nonconjugated copolymers (block and

comb) were synthesized in an unprecedented straightforward way.

Scheme 7.1. Straightforward synthesis of conjugated nonconjugated block copolymers by
sequential ¢cSMCCP and activators regenerated by electron transfer atom transfer radical
polymerization (ARGET ATRP). Adapted from and with permission from ref.> Copyright 2019
American Chemical Society.
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Hybrid particles of CdSe-based nanocrystals and PF8 were synthesized by direct ligand
exchange reactions as well as by direct approaches employing various functionalized
PF8s. The binding of the polymer was proven and quantified by multi-wavelength
analytical ultracentrifugation measurements.

CdSe/CdS QD hybrid particles were successfully synthesized by a direct ligand exchange
reaction with phenylphosphonic acid end-functionalized polyfluorene (PF8-Ph-PO(OH)z,
DPn =10) bearing a radically polymerizable group as second terminus. Around 70% of the
added polymer chains (175 equiv. with respect to the QDs added) were bound to the
nanocrystals and unbound PF8 could be separated by centrifugation. The fluorescence of
PF8 bound to nanocrystals was completely quenched and a quantitative energy transfer

(ET) to the nanocrystal was observed, resulting in emission of the nanocrystal exclusively.
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Such an ET only took place when the polymer was bound to the QDs and not for a simple
physical mixture.

The novel diblock (PO(OH)2-PF8-b-PEHMA, PO(OH)2-PF8-b-PMMA and PO(OH)2-PF8-b-
PS) and multi-valent comb copolymers (PO(OH)2-PF8-Sty-co-PEHMA, PO(OH)2-PF8-Sty-
co-PMMA, PO(OH)2-PF8-Sty-co-PS) were used in direct ligand exchange reactions to
functionalize CdSe/CdxZni1xS QDs of high optical quality. The binding affinity of the
diblock copolymer PO(OH):-PF8-b-PEHMA was comparable to the polyfluorene
PF8-Ph-PO(OH)2 and around 50-60% (~100 equiv. added) of the polymer chains were
tethered to the nanocrystals. The binding of the other two copolymers was less efficient
due to their inappropriate solubility properties. The addition of the multi-valent comb
polymers to QD dispersions led to a partial precipitation of QDs and polymer. However,
the remaining polymer was strongly bound to the QDs and basically all remaining
polymer in the dispersion was bound to the nanocrystals.

The functionalization of QDs during their synthesis, by adding the polymer at high
temperatures and/or at an early stage of particle formation, might be beneficial for the
functionalization. Thus, a subsequent separate ligand exchange reaction with isolated and
purified QDs is not necessary. PF8 graded-shell CdSe/(CdS)z(ZnS)2 hybrid QDs were
synthesized by a novel direct approach. The phosphonic acid (benzyl or phenyl) end-
functionalized PF8 (DPn=10) was added directly during the nanoparticles’ synthesis after
the deposition of the CdS shell or the ZnS shell, respectively. Addition of the polymer after
the deposition of the CdS shell disturbed the further particle formation. However, adding
the polymer after the deposition of the ZnS shell, monodisperse QDs of high optical quality
(QY = 78-84%, d = 6.1 nm, size distribution ~10%) were obtained and a high degree of
the added polymer was bound to the nanocrystals (27-160 chains/QD were added, 35-
80% bound). The binding was slightly improved by adding the polymer at a higher
temperature (150 °C vs. 310 °C). However, it appears that a maximum of roughly 55
chains can bind to one QD (roughly 10% of surface ligands would be PF8 chains). A strong
ET from excited PF8 to the QDs was observed which scales qualitatively with the amount
of bound polymer chains. Phenylphosphonic acid-functionalized PF8 was found to bind
slightly better than benzylphosphonic acid-functionalized PF8. Remarkably, the single
‘insulating’ CH2 group between the conjugated m-system and the binding group in the
benzylphosphonic acid-functionalized polymer already reduced the ET intensity

significantly (roughly 25%) compared to the phenylphosphonic acid-functionalized
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polymer. Hybrid QDs showed a slightly faster PL decay than unfunctionalized QDs which
hints at an additional charging of the QDs due to the functionalization with PF8. Due to

their solubility properties, the conjugated nonconjugated copolymers were found less
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Figure 7.3. Functionalization of graded-shell CdSe/(CdS):(ZnS). QDs with PF8 in a direct
approach. Left: [llustration of the synthesis approach. Center: Exemplary TEM images and a photo
of a hybrid QD dispersion under UV light illumination. Right: Illustration of the energy transfer
process.

The functionalization of CdSe/CdS NRs by various approaches was basically unsuccessful
as the NRs’ surface is completely covered with strongly binding X-type phosphonic acids
which could not be displaced by the functionalized polymers to a significant extend.
However, two functionalization approaches (Figure 7.4) for CdSe/CdS/CdS NRs, with
surfaces partially occupied by more weakly binding oleate ligands and with superior
optical properties compared to the standard CdSe/CdS NRs, were successfully developed.
In the first approach, Cd-PF8-Ph-X (X=-COOH or PO(OH)2) was used as additional
precursor besides Cd-oleate in the deposition of the outer CdS shell. The formation of the
CdS shell was not disturbed and high-quality NRs (QY = 71-80%) were obtained. Only by
using Cd-PF8-Ph-PO(OH)2 hybrid NRs (45-65% of bound PF8) were formed, whereas
PF8-Ph-COOH did not bind. In the second approach, the free-acid-functionalized polymers
PF8-Ph-PO(OH)2 or PF8-Ph-COOH, respectively, were directly added at 310 °C after the
deposition of the second CdS shell had been completed. For PF8-Ph-COOH, no significant
binding took place. In contrast, basically all PF8-Ph-PO(OH)2 in the dispersion was bound
to the nanocrystals. This method allowed to partially control the amount of PF8 bound to
the NRs — a complete binding was observed for adding up to 300 equiv. of polymer to the
nanocrystals. The PL decay of hybrid NRs was slightly shortened compared to

unfunctionalized NRs which could be a hint at an additional charging of the NRs due to a
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charge transfer process with the polymer. Additionally, the fluorescence of bound PF8
was completely quenched and an ET from excited PF8 to the NRs was observed

(Figure 7.4). The intensity of this ET scales linearly - in the analyzed range - with the

amount of bound PF8.
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Figure 7.4. Functionalization of CdSe/CdS/CdS nanorods with functionalized PF8 by two
methods (left). The photoluminescence excitation spectra (Ad¢ec. = 605 nm) show an increasing ET
from PF8 to the NRs with an increasing amount of bound polymer (center). Exemplary TEM image
of hybrid NRs and a schematic illustration of the ET process from the PF8 to the NR (right).

For all synthesized hybrid nanocrystals, the ET from the polyfluorene to the inorganic
nanocrystal was only detected, if the polymer was directly tethered to the nanocrystals’
surface. A simple physical mixing of unfunctionalized PF8 and nanocrystals did not yield
hybrid particles and no ET processes could be observed in these systems.

In order to utilize these hybrid particles in single-particle micro-photoluminescence
studies, in charging experiments, and potentially as single-photon source, they were
encapsulated into larger polymer nanoparticles. Graded-shell CdSe/(CdS)2(ZnS)2 QDs
were successfully encapsulated into cross-linked PMMA or PMMA-co-PEHMA
(70/30 vol%) particles with sizes around 60 nm by a modified reported miniemulsion
polymerization approach.39150 The QY of the QDs decreased from 87% for non-embedded
QDs to 49-52% upon encapsulation which still excelled the QY of embedded CdSe/CdS
QDs which only showed values in the range of 20-30%. Mostly empty particles (~60%),
a high percentage of single QD particles (~35%), and only a few particles occupied by
several QDs (~5%) were obtained. This result indicates that in the miniemulsion
polymerization approach, the QDs did not aggregate unfavorable, and thus an

encapsulation distribution favorable to single-particle PL experiments was gained.
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Graded-shell QDs were functionalized with either PO(OH)2-PF8-b-PMMA, PO(OH)2-PF8-
b-PS or PO(OH)2-PF8-b-PEHMA block copolymers in a ligand exchange reaction. The
nonconjugated blocks were used to facilitate the encapsulation in the respective
methacrylate (or styrene) monomer and polymers, respectively. However, the
functionalization with these block copolymers caused a (partial) clustering of the QDs and
an unfavorable small fraction of particles containing a single QD were obtained, thus
encapsulation distributions not particularly suited for single-particle PL studies.
Nevertheless, the encapsulation of graded-shell QDs, which had been functionalized with
the polyfluorene PF8-Ph-PO(OH)2, in cross-linked PMMA particles by a miniemulsion
polymerization was successful. As anticipated, mostly empty particles (~75%), many
particles with exactly one QD per particle (~15%) and only few particles containing
several QDs (~10%) were obtained. The encapsulation in a mixture of MMA/EHMA of
70/30 vol% and a cross-linking agent resulted in a slightly improved encapsulation in
terms of QY and embedding statistics compared to the embedding in pure cross-linked
PMMA particles. The hybrid QDs featured a strong ET from photoexcited PF8 to the
nanocrystals which was also observable for the encapsulated hybrid QDs.

In the next step, an encapsulation for the embedding of semiconductor CdSe/CdS NRs and
PF8-functionalized hybrid NRs by a miniemulsion polymerization approach was
developed. The encapsulation in PMMA or PMMA-co-PEHMA particles under the same
conditions as employed for spherical QDs led to a clustering of the nanocrystals in single
polymer particles. A successful encapsulation (retention of high QY, embedding
distribution favorable to single-particle PL experiments) was achieved by using a mixture
of the monomers dodecyl methacrylate (DOMA) and a-methylene-y-valerolactone
(MeMBL) in a ratio of 1:1 in combination with a cross-linking agent. In this approach,
DOMA ensures the dispersibility and colloidal stability of the NRs in the monomer
mixture, whereas MeMBL enables the formation of sufficiently hard and non-sticky
particles. Additionally, it was also possible to embed NRs in large (D = 130 nm) cross-
linked PS particles which were overcoated by a PMMA shell to ensure the optical stability
of the NRs. Using these two procedures also PF8-functionalized CdSe/CdS/CdS NRs were
successfully encapsulated into polymer nanoparticles (Figure 7.5). The embedded PF8-
functionalized CdSe/CdS/CdS hybrid NRs still featured a strong ET from excited PF8 to
the NRs.
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Figure 7.5. TEM image of PF8-Ph-PO(OH), CdSe/CdS/CdS hybrid NRs embedded in PDOMA-co-
PMeMBL nanoparticles (left). Sketch of an embedded hybrid particle (right top). Exemplary PL
(Aexc. = 380 nm) and PLE (Aqec. = 605 nm) spectra of a hybrid particle dispersion (right bottom).
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One main goal of this research was the generation of charged CdSe-based nanocrystals for
the use as single-photon source in ultrafast quantum-optical studies. CdSe/CdxZn1xS
graded-shell QDs encapsulated in PMMA-co-PEHMA particles were well suited for
single-particle PL measurements and brighter than the previously employed CdSe/CdS
QDs. The PL fine structure of these QDs features three distinct emissions lines (F, A1, A2),
thus the typical excitonic band edge states of a neutral QD. The fundamental lowest energy
transition is normally dipole-forbidden, resulting in a long fluorescence lifetime of the
nanocrystal. Also, encapsulated CdSe/CdS/CdS NRs were analyzed in single-particle PL
measurements. These NRs were highly emissive and showed a multi-line PL fine structure
similar to the fine structure reported for graded-shell CdSe/CdxZn1xS QDs. Importantly,
none of the nanocrystals, which had not been functionalized with polyfluorene, featured
PL characteristics associated with a charged nanocrystal.

Due to the functionalization with PF8, the PL properties of the graded-shell QDs changed
fundamentally. The inorganic emitter of these hybrid QDs could be charged which was
reflected in the PL fine structure of the single particles (Figure 7.6 a). The PL spectrum
before the charging process shows three distinct emission lines (F, A1, A2), which are
typical for a neutral emitter. After charging, the PL spectrum exhibits a single PL emission
line (X-) which indicates the formation of a CdSe trion. Moreover, an increase in the PL
intensity and a tremendous fluorescence lifetime shortening were observed which

additionally corroborate the formation of a CdSe emitter in the trion state.
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Figure 7.6. a) Highly resolved PL spectra (T=4.2K, Acc =5321nm, Pexe =2400nW) of a
polyfluorene CdSe/CdxZn1S hybrid QD in the neutral (left) and charged state (right.) b) PL decay
(data points, T = 4.2 K, excitation 0.1 eV above QD emission energy) of a neutral (top) and charged
(bottom) PF8 CdSe/CdxZn1.«S hybrid QD. Comparing the PL decay of a charged and uncharged QD
reveals a tremendous lifetime shortening of the prominent contribution to the PL decay upon
charging. Black lines = biexponential fit; green dotted line = instrument response function.

We attribute the charging process to an electron transfer from the conjugated polymer
PF8 to the inorganic emitter. This process can be triggered by additionally exciting the
polymer with UV light (electron transfer from PF8 conduction band (CB) to QD CB) or by
a resonant excitation of the QD (hole transfer by tunneling from the QD’s valence band
(VB) to the VB of the polymer). Due to the formation of a trion state, the fundamental
optical recombination became dipole-allowed, which was reflected, as anticipated, in an
increase in the PL intensity and a shortened fluorescence lifetime of the nanocrystals
(Figure 7.6).

The charging of the inorganic emitter was not only be witnessed for quasi-spherical
hybrid QDs, but also for anisotropic encapsulated CdSe/CdS/CdS polyfluorene hybrid NRs
(Figure 7.7). The highly resolved PL spectra of these hybrid NRs feature a PL fine
structure consisting of a single emission line (X-), which indicates the presence of charged
emitters. Preliminary studies revealed that all of the analyzed nanorods were charged
even without additional illumination with UV light and no discharging processes have
been observed, so far. Moreover, the charged nanorods showed a very stable emission (no
‘dark’ periods), only a minimal fluctuation in the emission wavelength and a higher PL
intensity as compared to the quasi-spherical hybrid QDs.

In conclusion, it was proven that tethering conjugated polymer chains to inorganic
semiconductor nanoparticles can indeed unlock new properties of the inorganic emitter

(here: formation of trion states). These novel hybrid nanocrystals are an interesting
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material for the use as single-photon sources in potential future ultrafast quantum-optical

applications such as quantum computers or ultrafast single-photon amplifiers.
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Figure 7.7. a) Highly resolved PL spectrum (Aexc. =532 nm, Pex =509 nW, T=4K) of an
encapsulated polyfluorene CdSe/CdS/CdS hybrid nanorod. The single emission line (X-) with the
related phonon replica indicates the presence of a charged emitter. b) PL time trace of a charged
nanorod demonstrating the stability of the emission (single emission line) over time. c) Schematic
illustration of the negatively charged and excited CdSe/CdS nanocrystal which was presumably
formed by a charge transfer between the conjugated polymer and the inorganic emitter and
excitation of the nanocrystal.
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8.1 Synthesis of Multi-Shell Semiconductor

Nanocrystals
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Figure 8.1. Absorption spectra of CdSe QDs synthesized according to the method by Manna and
co-workers* with removal of water after the complexation of CdO. The removal of water led to a
broadening of the particle size distribution and a slower growth of the particles. HWHM is the half
width at half maximum on the low energy side of the first exciton transition peak.
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Figure 8.3. Absorption, photoluminescence (Aexc. = 380 nm) and TEM images of CdSe/CdS NRs
which were synthesized by employing CdSe seeds which were prepared according to method A
(Scheme 3.1).
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Figure 8.4.1H-NMR (400 MHz, 300 K, CDCl3) (bottom) and 31P{{H}-NMR (162 MHz, 300 K, CDCl3)
of CdSe/CdS NRs. Unbound phosphonic acids would show a sharp signal in the phosphorus NMR
spectrum; therefore, it can be concluded that the phosphonic acids are completely bound to the
nanorods.
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Figure 8.5. 1H-NMR (400 MHz, 300 K, CDCl3) spectra of CdSe/CdS/CdS NRs, and oleic acid for
comparison. The increased chemical shift of the olefinic protons (marked with A) and the
disappearance of the triplet signal of the a-protons next to the carboxylic acid group (marked with
B) indicate that the oleic acid is bound to the nanocrystals.
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8.2 Heterodifunctional Conjugated Polymers:
Additional NMR, MALDI-ToF MS Spectra and

GPC Traces
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Figure 8.6. MALDI-TOF MS spectra of polyfluorene Phos-PF8-Sty synthesized by an isolated
initiator (top, experiment 1, Table 4.1) and by an in situ formed initiator (bottom, experiment 2,

Table 4.1). The main signals arise from the polymer shown. Both polymers are quantitatively

double functionalized with the expected groups. Reprinted with permission from ref.5 Copyright

2019 American Chemical Society.
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Figure 8.7. MALDI-TOF MS spectrum of Phos-PF8-Dithioester obtained in experiment 4, Table

4.1. Assigned peaks are labelled.
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Figure 8.8. MALDI-TOF mass spectrum of Phos-PF8-AlkylBr obtained in experiment 7 (Table
4.1). The polymer was synthesized using the in situ Pd initiator system (Ini2) and CsF as base for
activation and polymerization. Most chains lack a phosphonate terminus which evidences that
bromo(4-diethoxyphosphoryl-phenyl)(tri-tert-butylphosphine)palladium (II) was only formed in
alow yield and most chains were initiated from monomer-derived initiators. Also, the yield of the
polymerization was low (~ 20%). Reprinted with permission from ref.5 Copyright 2019 American

Chemical Society.
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Figure 8.9. MALDI-TOF mass spectrum (top) and H NMR (400 MHz, CD2Cl, 300 K) spectrum
(bottom) of the polyfluorene Phos-PF8-AlkylBr obtained from experiment 8 (Table 4.1) which
was end-capped overnight using K,CO3 as base. All chains bear a phosphonate moiety, but the
alkylbromide moiety was partially degraded by elimination and ester hydrolysis. Reprinted with
permission from ref.5 Copyright 2019 American Chemical Society.
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Figure 8.10. Molecular weight distributions (determined by GPC) for Phos-PF8-AlkylBr
macroinitiators with different chain lengths (experiments 9-12, Table 4.1). The poly dispersity

index is below 1.2 for all polymers shown. Reprinted with permission from ref.> Copyright 2019

American Chemical Society.
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Figure 8.11. 1H NMR (400 MHz, CDCl;, 300 K) spectra of the polymer Phos-PF8-Sty before and
after deprotection with TMS-Br. During the deprotection not only the signals of the P-O-CH2-CH3

group (blue rectangle) have vanished but also the olefinic signals (green rectangle) have

disappeared.
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Figure 8.12. 'H NMR (400 MHz, CDCl3, 300 K) spectra of the polyfluorene Phos-Ph-PF8 (top) and
the deprotected polymer PF8-Ph-PA (bottom). A complete deprotection of the diethyl
phenylphosphonate moiety is proven by the disappearance of the signals of the P-O-CHz-CH3

group (red rectangle).
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Figure 8.13. MALDI-TOF mass spectra of the polyfluorene Phos-Ph-PF8 (top) and the deprotected
polymer PF8-Ph-PA (bottom).
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Figure 8.14. 'H NMR (400 MHz, CD,Cl; resp. CDCI3, 300 K) spectra of the polyfluorene Phos-Bn-
PF8 (top) and the deprotected polymer PA-Bn-PF8 (bottom). A complete deprotection of the

diethyl benzylphosphonate moiety is proven by the disappearance of the signals of the P-O-CH:-
CH3s group (red rectangle).
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Figure 8.15. MALDI-TOF mass spectra of the polyfluorene Phos-Bn-PF8 (top) and the deprotected
polymer PA-Bn-PF8 (bottom). Note, that the intensity of phosphonic acid-functionalized polymers
is often underrepresented in MALDI-TOF mass spectra.
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Figure 8.16. 'H NMR (400 MHz, CDCl3, 300 K) spectra of the polyfluorene COOtBu-Ph-PF8 (top)
and the deprotected polymer COOH-Ph-PF8 (bottom). A complete deprotection of the carboxylic
ester moiety is proven by the disappearance of the signals of the C-O-C(CH3)3 group (red oval).
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Figure 8.17. MALDI-TOF mass spectra of the polyfluorene COO!Bu-Ph-PF8 (top) and the
deprotected polymer COOH-Ph-PF8 (bottom).
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Figure 8.18. 1H-NMR (400 MHz, 300 K, CD»Cl; or thf-d8) spectra of the polythiophene Phos-
P3HT-MA (top) and the deprotected polymer PA-P3HT-MA (bottom).
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Figure 8.19. MALDI-TOF mass spectra of the polythiophene Phos-P3HT-MA (top) and the

deprotected polymer PA-P3HT-MA (bottom).

8.3 Synthesis of Conjugated Nonconjugated

Diblock Copolymers: Selected NMR Spectra
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Figure 8.20. Exemplary DOSY NMR spectrum (400 MHz, CDCl, 300 K) of Phos-PF8-b-PMMA. The
red line serves as a guide to the eye to show that all signals arising from the polymer have the

same diffusion coefficient. Reprinted with permission from ref5 Copyright 2019 American

Chemical Society.
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Figure 8.21. Comparison between the 'H NMR spectra (400 MHz, CDCl3, 300 K) of the Phos-PF8-
AlkylBr macroinitiator (gray) and the Phos-PF8-b-PMMA diblock copolymer (black). The singlet
at 2.11 ppm corresponding to the methyl groups of the ATRP initiator moiety is absent in the
spectrum of the block copolymer, which evidences the complete consumption of the
macroinitiator. Reprinted with permission from ref.5 Copyright 2019 American Chemical Society.
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Figure 8.22. Exemplary 1H NMR spectra (400 MHz, CDCl3, 300 K) of the Phos-PF8-b-PS block

copolymer obtained in experiment 7, Table 4.2. Reprinted with permission from ref.5 Copyright
2019 American Chemical Society.
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Figure 8.23. Exemplary DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of a Phos-PF8-b-PS diblock
copolymer. Reprinted with permission from ref.5s Copyright 2019 American Chemical Society.
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Figure 8.24. Exemplary DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of a Phos-PF8-b-PEHMA

diblock copolymer. Reprinted with permission from ref.5 Copyright 2019 American Chemical
Society.
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Figure 8.25. 1H NMR spectrum (400 MHz, CDCl3, 300 K) of the diblock copolymer Phos-PF8-b-
PEHMA obtained in entry 11, Table 4.2. The number of EHMA-derived units per chains was
calculated by setting the integral of the aromatic backbone to the same value as in the
macroinitiator. The integral of protons D was obtained by subtraction of 4 from the combined
integral of A and D and divided by 2 to yield the number of EHMA units per PF8 chain. Reprinted
with permission from ref.> Copyright 2019 American Chemical Society.
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Figure 8.26. Exemplary DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of a deprotected PA-PF8-
b-PMMA block copolymer. The black line serves as a guide to the eye to show that all signals
belonging to the polymer have the same diffusion coefficient.
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8.4 Conjugated Nonconjugated Comb Polymers:
Additional NMR spectra and GPC traces
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Figure 8.27. 'H NMR spectrum of the comb polymer Phos-PF8-Sty-co-PS obtained in

experiment 3, Table 4.3. Reprinted with permission from ref.> Copyright 2019 American
Chemical Society.
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Figure 8.28. Exemplary DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of a Phos-PF8-Sty-co-PS
comb polymer. Reprinted with permission from ref.5 Copyright 2019 American Chemical Society.
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Figure 8.29. Exemplary DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of a Phos-PF8-Sty-co-
PMMA comb polymer. Reprinted with permission from ref.> Copyright 2019 American Chemical
Society.
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Figure 8.30. Molecular weight distribution (GPC) of random copolymers of Phos-PF8-Sty and
EHMA. Left: Ratio of EHMA to Phos-PF8-Sty in the final comb polymer is 49/1 (Table 4.3, entry
8). Right: Ratio of EHMA to Phos-PF8-Sty in the final comb polymer is 16/1 (Table 4.3, entry 9).
Reprinted with permission from ref.5 Copyright 2019 American Chemical Society.
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Figure 8.31. 1H NMR spectrum (400 MHz, CDCl;, 300 K) of the random copolymer Phos-PF8-Sty-
co-PEHMA obtained in experiment 8 (Table 4.3). The ratio of EHMA units to Phos-PF8-Sty was
calculated by setting the integral of the aromatic backbone to the same value as in the
macroinitiator. The integral of protons D was obtained by subtraction of 4 from the combined
integral of A and D and divided by 2 to yield the ratio of EHMA units to Phos-PF8 chains in the
comb polymer. Reprinted with permission from ref.5 Copyright 2019 American Chemical Society.
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Figure 8.32. Exemplary DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of a Phos-PF8-Sty-co-

PEHMA comb polymer. Reprinted with permission from ref.5 Copyright 2019 American Chemical
Society.
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8.5 Hybrid Particles by a Direct Ligand
Exchange: Additional Figures, Spectra, etc.

Scheme 8.1. Schematic energy levels of a PF8 CdSe/CdxZn14S hybrid particle. Energy levels are

based on literature values.?3.2425281
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Figure 8.33. Photos of the dispersion (entry 1, Table 5.1) after preparative centrifugation. Left:
Supernatant dispersion. Right: Sediment redispersed in toluene. As the supernatant is still deep
red, indicating the presence of QDs, no quantitative separation of the (hybrid) QDs took place.
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Figure 8.34. Absorption spectra of CdSe/CdS PF8 hybrid particles obtained a direct ligand
exchange approach (entries 1-2, Table 5.1). For one sample (orange line), the native QD ligands
had been exchanged with pyridine before the functionalization with PA-PF8-MA. After the ligand
exchange reaction, the hybrid particles were separated from unbound PF8 by preparative
centrifugation. Both spectra are normalized at a wavelength of 420 nm to the QD concentration.
The PF8 is completely bound to the nanocrystals in both samples as proven by MW-AUC

measurements.
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Figure 8.35. Absorption (left), photoluminescence (Aexc. =380 nm; center) and
photoluminescence excitation spectra (Agec. = 650 nm) of CdSe/CdS QDs, PA-P3HT and PA-P3HT
CdSe/CdS hybrid QDs. The hybrid particles were synthesized by a direct ligand exchange reaction
using 175 equiv. of P3HT vs. QDs. As the emission bands of P3HT and the QDs overlap, the hybrid
QDs are not particularly suitable for high-resolution single-particle PL measurements.
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PA-PF8-b-PEHMA: 300 nm; 10000 rpm
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Figure 8.36. MW-AUC measurement data for the sedimentation of the PA-PF8-b-PEHMA hybrid
particles obtained in experiment 2 (Table 5.2) tracked at 300 nm (left) and 380 nm (right).

Figure 8.37. Photos under UV light illumination of the dispersion obtained in experiments 5-7,

Table 5.2. In these experiments, the QDs were functionalized with conjugated nonconjugated

comb copolymers by a direct ligand exchange reaction. In all three experiments a precipitate was

formed (right photos) which could be separated from the supernatant dispersion (left) by

centrifugation (5000 g).
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PA-PF8-Sty-co-PEHMA: 300 nm; 10000 rpm PA-PF8-Sty-co-PEHMA: 380 nm; 10000 rpm
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Figure 8.38. MW-AUC data for the sedimentation of the comb copolymer hybrid particles
obtained in experiments 5-6 (Table 5.2) tracked at 300 nm (left) and 380 nm (right). The
sedimenting hybrid particles consist of several species (marked with blue ovals).
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8.6 Functionalization of CdSe/(CdS)2(ZnS):
Quantum Dots by a Direct Approach:

Additional Figures, Spectra, etc.
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Figure 8.39. TEM images of PF8-functionalized CdSe/(CdS)2(ZnS); hybrid particles. Images show
particles obtained in experiment 7, Table 5.4.

detection at 380 nm; 25000 rpm detection at 300 nm; 25000 rpm
- T T 1.00 T T . T

1.25
3 1.00 3 0.75}
c - sedimentation of c
§ o75f AADS=082 o Partlcles s [T
§ § 0.50 ]
< 0.50F < AAbs = 0.41 sedimentation of QDs

0.25} 0.25¢ / /_// s

: unbound PF8

o.oo 1 1 1 1 o.oo 1 1 1 1
6.0 6.2 6.4 6.6 6.8 7.0 6.0 6.2 6.4 6.6 6.8 7.0

radius (cm) radius (cm)

Figure 8.40. MW-AUC measurement data of the PF8 CdSe/(CdS).(ZnS): hybrid QDs (75 chains
PA-Ph-PF8) obtained in entry 2, Table 5.4. The sedimentation was tracked at A = 300 nm where
the absorption of the PF8 is negligible, and at A = 380 nm where both NRs and PF8 absorb. The
species causing the remaining absorption at 300 nm did not sediment even at 60000 rpm and is
most probably a low molecular weight organic impurity. At A = 380 nm, a complete sedimentation
was observed at 60000 rpm.
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8.7 Hybrid Particles Consisting of CdSe/CdS or
CdSe/CdS/CdS Nanorods and PF8: Additional

Spectra, Figures, etc.
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Figure 8.41. MW-AUC data for the dispersion obtained in experiments 3(a and b) and 6 (c and d),
Table 5.6. The sedimentation of the “hybrid” particles was tracked at A = 380 nm and the
sedimentation of the NRs at A =420 nm.
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Figure 8.42. Exemplary TEM images of short PF8 CdSe/CdS/CdS hybrid nanorods.
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a) 100 eq. PF8-COOH; 380 nm; 14000 rpm b) 100 eq. PF8-COOH; 420 nm; 14000 rpm
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Figure 8.43. MW-AUC data for the dispersions obtained in experiments 9 (a and b) and 12 (c and
d), Table 5.6. The sedimentation of the “hybrid” particles was tracked at A = 380 nm and the
sedimentation of the NRsat A =420 nm.
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Figure 8.44. Photoluminescence spectra (Aexc. = 380 nm) of a hybrid particle dispersion (left), a
physical mixture of CdSe/CdS/CdS NRs and unfunctionalized PF8 (center), and PF8 (right). TMS-
Cl was added to the samples to remove all ligands from the nanocrystals’ surface, and the PL
intensity recorded over time.

Annotation: Trimethylsilylchloride can be used to detach all ligands from the surface of
nanocrystals, thereby the PL of the nanocrystals was diminished and the integrated PL
intensity of the formerly bound and quenched PF8 increased significantly (factor 8) in the

case for hybrid NRs (Figure 8.44 left). In a physical mixture of polymer and NRs
(Figure 8.44 center), the PL intensity of the polymer only increased minimally (5%),
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whereas the PL intensity of pure PF8 in solution did not change after the addition of TMS-
Cl (Figure 8.44 right). This indicated that only the fluorescence of bound PF8 is strongly

quenched by the semiconductor nanocrystals.

Table 8.1. Fluorescence lifetimes of PF8-functionalized CdSe/CdS/CdS hybrid nanorods. The
fluorescence lifetimes belong to the PL decays shown in Figure 5.18. The decay of the
nanocrystals was fitted by a biexponential decay function and the decay of the polymer by a mono
exponential function using the FluoFit software package.

# Aexc.[nm] Aemi[nm]  T1[ns] T2 [ns] <Ti;:;;ity> X
CdSe/CdS 405 590 38 12 17 1.01
CdSe/CdS/CdS 405 605 36 16 23 1.03
hybrid NRs 405 605 36 15 19 LOs
CdSe/CdS 485 590 38 12 17 1.03
CdSe/CdS/CdS 485 605 38 16 23 1.06
hybrid NRs 485 605 38 16 20 1.08
PF8-PA 405 414 0.39 . 0.39 LIz
PF8in hybrid NRs 405 414 0.39 - 0.39 1.09

0 T T T 0 P
10 20 30 40 4 6 8 10 12
length (nm) width (nm)

Figure 8.45. Exemplary TEM images of long (L = 27 nm) CdSe/CdS/CdS PF8-PA hybrid NRs.
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8.8 Encapsulation of Nanoparticles and Single-
Particle Spectroscopy: Additional Spectra,

Images, Figures, etc.

Figure 8.46. TEM images of CdSe/(CdS)4(ZnS)4 QDs encapsulated in cross-linked PMMA particles.
The blue arrows indicate particles with one QD per polymer particle and the red arrows indicate
particles containing several QDs.

normalized absorbance

300 400 500 600
wavelength (nm)

Figure 8.47. Absorption spectra of CdSe/(CdS)2(ZnS): polyfluorene hybrid particles embedded in

PMMA-co-PEHMA polymer nanoparticles which were obtained in experiments 4 (blue) and 6
(black), Table 6.2.
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Figure 8.48. TEM images of the dried dispersions obtained in experiments 1-2, Table 6.4:
CdSe/CdS NRs encapsulated into cross-linked PMMA particles (left) and embedded into cross-
linked PMMA-co-PEHMA particles (right).

Figure 8.49. TEM images of the dried dispersion (CdSe/CdS NRs encapsulated in cross-linked PS
particles) obtained in experiment 2, Table 6.5. The blue arrows indicate polymer particles with
one NR and the red arrows indicate polymer particles containing several NRs.
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Figure 8.50. DLS traces (number based) of the dispersion obtained in experiments 3 (left) and 4
(right), Table 6.5, before (blue line) and after deposition of an additional PMMA shell (orange
line).
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Figure 8.51. DLS traces (number based) of the dispersion obtained in experiments 2 (left) and 4
(right), Table 6.6, before (blue line) and after deposition of an additional PMMA shell (orange
line).
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Figure 8.52. Highly resolved PL time trace of a cluster of encapsulated PF8 CdSe/CdS/CdS hybrid
nanorods with clearly separated PL maxima. All of the rods were permanently charged and
featured a very stable emission over a period of at least 1000 s (after 1000 s, a slight drift of the
sample stage caused a decrease in intensity). The rods showed independent fluctuations in their
emission wavelengths, indicating that they are locally separated and experiencing different local

electric fields.
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