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Abstract

1| Abstract

This work is focused on systematic studies of the correlation between the morphology of semi-
conductor nanoparticles (NPs), their luminescence properties and the application relevant fea-
tures of polymer microparticles (PMPs) stained with these NPs. These PMPs are of consider-
able importance for various elds of life science, as they can be applied as sensors/reporters or
carriers for medical/diagnostic purposes as well as for instrument calibration and bead-based
assays. The luminescence is introduced in the form of di erent inorganic, semiconductor NPs
and can be utilized for the identi cation and readout (e.g., quanti cation or localization) of
the resulting PMPs. This is performed with optical methods such as uorescence microscopy,
ow cytometry (FCM) and uorescence spectroscopy, enabling the PMPs to act as a marker or
carrier for barcodes. For these applications, the precise control of the luminescence properties
and surface chemistry of the PMPs, and hence of the spectral characteristics of the employed
NPs, is of high importance. Both luminescence and surface chemistry of the PMPs directly
in uence their suitability for speci c use, e.g. via the interaction with their environment or

su cient signal intensity for uorescence readout. The synthesis of PMPs, with or without
luminophore, can be performed by di erent methods. Common synthesis approaches include
(mini)emulsion and suspension polymerization, micro uidic approaches and dispersion poly-
merization, with the latter being employed in this work because of its simplicity, low cost and

good reproducibility.

The synthesis of luminescent, quantum dot (QD)-stained polystyrene microparticles (PSMPSs)
was rst developed and optimized for CdSe/CdS-QDs (see Scholtet al., Luminescence encod-
ing of polymer microbeads with organic dyes and semiconductor quantum dots during poly-
merization, Scienti c Reports 12.1 (2022), p. 12061). Apart from nanoscale luminophores
such as QDs, molecular luminophores such as organic dyes have been long employed for the
synthesis of PMPs. While the incorporation of dyes is comparatively easy and well stud-
ied, the use of luminescent NPs such as QDs often goes along with challenges such as NP
aggregation or excessive loss of uorescence intensity. However, they also present signi cant

advantages over dyes, such as a much better photostability or their very symmetric and narrow
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Abstract

emission spectra. Semiconductor NPs typically can be excited by a wide range of irradiation,
as their absorbance spectra are very broad. This enables the simultaneous excitation of NPs
of di erent colors/sizes, composition or shape. These factors prompted the development of
a simple, but e cient and optimized synthesis of NP-stained PSMPs, overcoming the pre-
senting challenges and ensuring su cient luminescence in the nished particles for future
applications. Challenges that were encountered and addressed include the signi cant loss of
NP uorescence, NP aggregation/separation during the synthesis combined with insu cient
incorporation into the polymer matrix, leakage of the NPs from the nished beads and a very
broad PSMP size distribution.

The incorporation of both molecular luminophores such as organic dyes, and nanoscale lu-
minophores such as semiconductor QDs into polymer beads can be performed by di erent
means. These include post-synthetic swelling, the layer-by-layer (LbL) method, and addition
before/during the polymerization procedure. The latter was employed in this work, as it
often enables better NP homogeneity and sterical incorporation into the beads, as well as the
simultaneous synthesis of a large amount of PSMPs with a high variability in bead size. An
adaptation of the synthesis for di erent kinds of NPs is possible. In addition, the synthesis
route can play a huge role for the luminescence properties and location in the beads of the

employed NPs, which was investigated and con rmed in this work.

The in uence of the polymerization reaction on NPs such as QDs, or even more so nanoplatelets
(NPLs), is generally much more signi cant than on dye molecules. This triggered the sys-
tematic investigation of nanoscale, core/shell-type luminophores of di erent shell thicknesses,
materials/composition and shapes before, during and after the PSMP synthesis (see Scholtz
et al., Correlating Semiconductor Nanoparticle Architecture and Applicability for the Con-
trolled Encoding of Luminescent Polymer Microparticles, submitted toChemistry of Materials
(2023)). This investigation yielded important insights into the suitability of individual NPs

for this synthesis, including the in uence of NP anisotropy. The utilized characterization
methods include uorescence spectroscopy (emission intensity, uorescence lifetime (FLT)),
integrating sphere spectroscopy (photoluminescence quantum yield (PLQY)) and confocal
laser scanning microscopy (CLSM). Luminescent NPs employed include CdSe/CdS-QDs,
CdSe/zZnS-QDs, CdSe/CdS-quantum rod (QR), and CdSe/CdS-NPLs to cover a variety of
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particle morphologies, while still ensuring su cient comparability through choosing the same

particle architecture (core/shell) and the same core material for all NPs.

The synthetic in uence of PSMP surface functional groups (FGs) is also explored in this
work (see Scholtzet al., In uence of nanoparticle encapsulation and encoding on the surface
chemistry of polymer carrier beads,Scienti ¢ Reports 13.1 (2023), p. 11957). To enable
applications that require speci ¢ moieties binding to the PSMP surface, FGs such as carboxy
groups must rst be introduced. These FGs control the surface charge of the beads, thus
also directly in uencing their colloidal stability. The interaction with their environment, and
accordingly with biological systems, depends signi cantly on the number and type of surface
FG, which makes the synthetic control of this factor application relevant. The total and ac-
cessible amount of surface FGs can be in uenced signi cantly by the exact synthesis route,

directly in uencing the PSMP suitability for potential applications.

The nanoscale equivalents of PSMPs, namely polystyrene nanoparticles (PSNPs), are also
commonly employed, and are included in this work (see Srivastavat al., Dual color pH
probes made from silica and polystyrene nanoparticles and their performance in cell studies,
Scienti ¢ Reports 13.1 (2023), p. 1321). Because of their smaller size, they are predominantly
used for biochemical applications, e.g. in cell studies, as markers and sensor particles, for drug
delivery, and as reporters in immuno assays. These particles can also be surface modi ed and
provided with additional moieties, e.g. sensor dyes that detect changes in temperature, oxygen
or pH. Thus, they can help with imaging di erent cell regions, or the monitoring of changes in
the particle environment. This work includes the synthesis of PSNPs stained with the organic
dye Nile Red (NR) and provided with a second, pH sensitive dye on the patrticle surface. The
resulting PSNPs were employed for the selective staining and imaging of lysosomes in lung

cancer cells with CLSM.
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Kurzzusammenfassung

2| Kurzzusammenfassung

Diese Arbeit konzentriert sich auf die systematische Untersuchung des Zusammenhangs zwi-
schen der Morphologie von Halbleiter-Nanopartikeln (NPs), ihrer Lumineszenzeigenschaften
und den anwendungsrelevanten Charakteristika von Polystyrol-Mikropartikeln (PMPs), die
mit diesen NPs gefarbt wurden. Diese PMPs sind von groyer Bedeutung fir verschiedene
Bereiche der Naturwissenschaften, da sie sowohl als Sensoren/Reporter oder Tragermate-
rialien zu medizinischen/diagnostischen Zwecken, als auch fiur Instrumentkalibrierungen und
partikelbasierte Tests verwendet werden kdnnen. Die Lumineszenz wird dabei in Form von
verschiedenen, anorganischen Halbleiter-NPs eingeflihrt und kann genutzt werden, um die
resultierenden PMPs zu identi zieren und auszulesen (z.B. fir Quanti zierung oder Lokalisie-
rung). Dies wird mit optischen Methoden wie Fluoreszenzmikroskopie, Durch usszytometrie
und Fluoreszenzspektroskopie durchgefihrt, was dazu fuhrt, dass die PMPs als Kennzeichnung
oder Trager fur Barcodes verwendet werden kdnnen. Fir diese Anwendungen ist es wichtig,
prazise Kontrolle Gber die Lumineszenzeigenschaften und Ober dchenchemie der PMPs, und
damit auch Uber die spektralen Eigenschaften der verwendeten NPs, zu haben. Sowohl die
Lumineszenz als auch die Ober &chenchemie der PMPs bein ussen direkt ihre Eignung fur die
spezi sche Nutzung, z.B. Uber die Interaktion mit ihrer Umgebung oder ausreichende Signalin-
tensitat fir das Auslesen der Fluoreszenz. Die Synthese von PMPs, mit oder ohne Luminophor,
kann mit verschiedenen Methoden erreicht werden. Zu den Ublichen Syntheseansatzen zahlen
(Mini)Emulsions- und Suspensionspolymerisation, Mikro uidik und Dispersionspolymerisati-
on. Der letzte Ansatz wurde aufgrund der einfachen Durchflhrbarkeit, geringer Kosten und

guter Reproduzierbarkeit fir diese Arbeit gewahilt.

Die Synthese von Quantenpunkt (QD)-gefarbten Polystyrol-Mikropartikeln (PSMPs) wurde
zuerst fir CdSe/CdS-QDs entwickelt und optimiert (siehe Scholtzet al., Luminescence en-
coding of polymer microbeads with organic dyes and semiconductor quantum dots during
polymerization, Scienti c Reports 12.1 (2022), p. 12061). Neben nanoskaligen Luminopho-
ren wie QDs werden auch molekulare Luminophore wie organische Farbsto e bereits seit

langem fir die Synthese von PMPs verwendet. Wahrend die Einbringung von Farbsto en
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Kurzzusammenfassung

vergleichsweise einfach und gut untersucht ist, treten bei der Verwendung von lumineszenten
NPs Herausforderungen wie NP-Aggregation oder exzessiver Verlust der Fluoreszenzintensitat
auf. Allerdings bieten sie auch deutliche Vorteile gegentuiber Farbsto en, wie deutlich besse-
re Photostabilitat oder ihre symmetrischen und schmalen Emissionsspektren. Halbleiter-NPs
kénnen Ublicherweise von einem breiten Spektrum an Strahlung angeregt werden, da ihre
Absorptionsspektren sehr breit sind. Dies ermdéglicht die gleichzeitige Anregung von NPs mit
unterschiedlichen Farben/Gréyen, Zusammensetzungen oder Formen. Diese Faktoren veran-
lassten die Entwicklung einer einfachen, aber e zienten und optimierten Synthese von NP-
beladenen PSMPs, wobei die auftretenden Herausforderungen Uberwunden und eine ausrei-
chende Lumineszenz der resultierenden Partikel fir zukinftige Anwendungen erreicht wurden.
Aufgetretene Herausforderungen beinhalten die signi kante Minderung der NP-Fluoreszenz,
NP-Aggregation/Separierung wahrend der Synthese kombiniert mit unzureichendem Einbau
in die Polymermatrix, Ausbluten der NPs aus den fertigen Partikeln und eine sehr breite
Groyenverteilung der PSMPs.

Der Einbau von sowohl molekularen Luminophoren wie organischen Farbsto en, als auch
nanoskaligen Luminophoren wie QDs in Polymerpartikel kann Gber verschiedene Anséatze er-
reicht werden. Diese beinhalten eine Quellprozedur im Anschluss an die Synthese, die Schicht-
fur-Schicht-Methode (auch layer-by-layer (LbL)), und Zugabe vor/wahrend der Polymerisa-
tionsprozedur. Die letzte Methode wurde in dieser Arbeit angewandt, da sie hau g bessere
NP-Homogenitat und sterischen Einbau in die Polymerpartikel ermdglicht, sowie die simultane
Synthese einer groyen Menge an PSMPs mit einer hohen Variabilitdt beztglich Partikelgroye.
Fur verschiedene Arten von NPs ist eine Anpassung der Synthese moéglich. Zudem kann der
Syntheseweg eine sehr groye Rolle fir die Lumineszenzeigenschaften und Lage der NPs in den

PMPs spielen, was in dieser Arbeit untersucht und bestatigt wurde.

Der Ein uss der Polymerisationsreaktion auf NPs wie QDs, oder noch mehr auf Nanoplattchen
(NPLs), ist im Allgemeinen sehr viel signi kanter als auf Farbsto molekule. Dies stiey eine sy-
stematische Untersuchung an, die sich mit nanoskaligen Kern/Schale-Luminophoren verschie-
dener Schalendicken, Materialien/Zusammensetzung und Form vor, wahrend und nach der
Synthese beschéftigt (siehe auch Scholt al., Correlating Semiconductor Nanopatrticle Archi-
tecture and Applicability for the Controlled Encoding of Luminescent Polymer Micropatrticles,

eingereicht in Chemistry of Materials (2023)). Diese Untersuchung ergab wichtige Einsichten
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in die Eignung von individuellen NPs fur diese Synthese, auch bezlglich des Ein usses von NP-
Anisotropie. Die angewandten Charakterisationsmethoden beinhalten Methoden wie Fluo-
reszenzspektroskopie (Emissionsintensitéat, Fluoreszenzlebensdauer (FLT)), Ulbricht-Kugel-
Spektroskopie (Photolumineszenz-Quantenausbeute (PLQY)), und Konfokale Laser-Raster-
Mikroskopie (CLSM). Verwendete, lumineszente NPs beinhalten CdSe/CdS-QDs, CdSe/ZnS-
QDs, CdSe/CdS-QRs und CdSe/CdS-NPLs um eine breite Palette an Partikelmorphologien
abzubilden, wahrend die Vergleichbarkeit durch die gemeinsame Kern/Schale-Architektur und

das gleiche Kernmaterial gewéhrleistet bleibt.

Der synthetische Ein uss von funktionellen Gruppen (FGs) auf der PSMP-Ober dche wurde
ebenfalls in dieser Arbeit untersucht (siehe auch Scholtet al., In uence of nanoparticle en-
capsulation and encoding on the surface chemistry of polymer carrier beadScienti c Reports
13.1 (2023), p. 11957). Um Anwendungen zu ermoglichen, die die Anbindung von verschiede-
nen Einheiten an die Partikelober ache erfordern, miissen FGs wie Carboxylgruppen auf der
Ober &che der PSMPs angebracht werden. Diese FGs kontrollieren die Ober achenladung der
Partikel, und bein ussen damit auch direkt ihre kolloidale Stabilitat. Die Interaktion mit der
Umgebung, und deshalb auch mit biologischen Systemen, hangt stark von der Anzahl und
Art der FGs auf der Partikelober &che ab, weshalb synthetische Kontrolle Uber diesen Faktor
von groyer Bedeutung ist. Die totale und zugéngliche Menge an FGs kann stark durch die
exakte Syntheseroute beein usst werden, was wiederum direkten Ein uss auf die Eignung der

PSMPs fiir potentielle Anwendungen hat.

Die nanoskaligen Aquivalente der PSMPs, genannt Polystyrolnanopartikel (PSNPs), werden
ebenfalls allgemein verwendet und sind Teil dieser Arbeit (siehe auch Srivastawt al., Du-

al color pH probes made from silica and polystyrene nanoparticles and their performance
in cell studies, Scienti ¢ Reports 13.1 (2023), p. 1321). Durch ihre geringere Grbye werden
sie vorwiegend flir biochemische Anwendungen genutzt, z.B. in Zellstudien, als Markierung
und Sensorpartikel, zum Wirksto transport, und als Reporter in Immuntests. Diese Partikel
kénnen ebenfalls ober &chenmodi ziert und mit weiteren Gruppen/Einheiten versehen wer-
den, z.B. Sensorfarbsto e, die Unterschiede in Temperatur, Sauersto oder pH detektieren.
Damit kdnnen sie helfen, verschiedene Zellregionen sichtbar zu machen, oder auch die Ver-

folgung von Anderungen im Umfeld der Partikel. Diese Arbeit beinhaltet die Synthese von

Page 7



Kurzzusammenfassung

PSNPs beladen mit dem organischen Farbsto Nilrot (NR) und versehen mit einem weite-
ren, pH-sensitiven Farbsto auf der Partikelober ache. Die resultierenden PSNPs wurden flr
die selektive Einfarbung und das Sichtbarmachen von Lysosomen in Lugenkrebszellen mittels

CLSM eingesetzt.
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3| Introduction

The theoretical chapter of this work is divided into three main topics. First, section 3.1
introduces PMPs and polymer nanoparticles (PNPs) with their intended applications and
properties, as well as their possible synthesis procedures. The following section 3.2 is dedi-
cated to luminescent semiconductor NPs, providing insights into semiconductor fundamentals
and di erent particle compositions and shapes. Alongside the properties, applications and
syntheses of the di erent NPs, a comparison with organic dyes as luminophores is provided.
The last section 3.3 brings together the two preceding sections by addressing luminescent
PMPs, comparing di erent synthesis routes and stating relevant properties for subsequent
applications. Finally, section 3.4 combines all addressed topics to highlight the motivation for

this work and the objectives resulting from it.

3.1| Organic Polymer Microparticles (PMPs) and Poly-
merization Techniques

3.1.1| Introduction to PMPs

De nition

Synthetic microparticles generally cover a wide range of materials, including not only various
polymers and silica, but also metals, glass and ceramics. By de nition, they have sizes of 0.5
1000um. Polymer microspheres are among the most commonly produced microparticles, and
in addition to the "solid" polymer microspheres, there are also microcapsules with a "hollow
core" in which solids, liquids or gases are encapsulatéd.

The PMPs synthesized in this work have a spherical shape and consist of polystyrene, some-
times copolymerized with divinyloenzene (DVB), with a size of about 0.5 3um. There are
several possible approaches to the synthesis of such PMPs, which will be presented in the
following subsections. This section focuses on PMPs as a class of materials, while speci cally

luminescent PSMPs will be discussed in section 3.3.
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Applications

PMPs are widely used materials in the life sciences. They are highly versatile in their own
right and also o er the possibility of incorporating smaller entities such as luminophores or
magnetic particles into the polymer matrices. This can present a number of advantages,
such as protecting the incorporated material from environmental factors such as heat, UV
irradiation, oxidation and extreme pH conditions.[!! It can also help to improve the general
handling of the incorporated material, especially if it is (cyto)toxic. Most importantly, the
addition of optically active components allows PMPs to be tracked with optical methods
such as spectroscopy or microscopy. Luminescent PMPs, e.g., are valuable assets for sensing,
imaging and labelling applications2® Luminescent NPs or molecular luminophores such as
dyes can introduce identi able labels such as barcodes to the PMPs, making them useful for
bioanalytical and diagnostic studies. This topic will be discussed in more detail, speci cally
for luminescent PMPs, in section 3.3. The controlled release of drugs or other compounds
from the polymer matrix is also possible with stained PMPs!! In addition, PMPs are indus-
trially produced for use as texturing elements in coatings or paints, in adhesives, toners and
cosmetics, for instrument calibration and for the production of packaging®!

PMPs di er in their design, which can be tuned to best suit a speci ¢ application. The repro-
ducibility of the PMP synthesis is generally of high importance, particularly in terms of both
particle composition and size distribution, as the application of the particles is only possible

with de ned properties.

Properties

A major challenge of PMP synthesis is the reproducible production of particles with the same
surface chemistry. Surface FGs in uence the interaction of the PMPs with their environment,
resulting in the surface charge, and together with particle size and concentration, determining
the (colloidal) stability of PMPs. [7:8] Apart from the distance between individual particles in

a dispersion, which can be in uenced by changing the concentration, Coulomb and van der
Waals forces play a critical role in colloidal particle stability.”] Thus, the PMPs experience
attractive and repulsive forces, which can be arti cially in uenced by introducing changes to
the particle surface. If the attractive forces become too strong, this leads to particle aggrega-
tion, and sometimes accelerated sedimentation. To prevent (in the case of PNPs) or decelerate

this process, the PMPs can be stabilized by introducing charged FGs (e.g., carboxy or amino
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groups) to the particle surface, which leads to electrostatic repulsion. Another approach is
to add long-chain ligands to the surface of the PMPs to create steric repulsion, which occurs
when the electron clouds of the ligand atoms overlap due to close proximity. A combina-
tion of both methods for electrosteric stabilization is also possiblé! Irrespective of surface
modi cations, very large PMPs will always experience sedimentation over time, depending on
the dispersant, simply due to their size and mass. The surface chemistry and charge of the
particles not only in uence their colloidal stability, but also to a large extent their reactivity,
biocompatibility and -particle distribution. [ This is particularly important for biochemical
applications, where surface FGs are required for the attachment of various moieties to the
particle surface. Examples include dyes/sensof$%11 linker molecules!*? biomolecules such
as proteins['314 probes such as ribonucleic acid (RNA) and deoxyribonucleic acid (DNAH®]
or even antifouling reagentd®! This topic is discussed in more detail in subsection 3.3.4, in-

cluding the introduction of the FGs to the particle surface.

As mentioned above, another important factor is the particle composition, e.g. the choice of
the polymer matrix. PMPs made from natural polymers such as alginate, gelatin, cellulose or
chitosan typically show varying degrees of synthesis reproducibility in terms of particle size
and properties. Synthetic PMPs have a much better batch-to-batch reproducibility and purity,

making them promising candidates for applications where bead uniformity is essenti&l?! The

polymers that form the PMPs can have a carbon-only main chain with possible heteroatoms
in the side chains, including materials such as polystyrene (PS), poly(methyl methacry-
late) (PMMA), polyacrylates or polyacrylamide. [1”] A heteroatomic main chain is also possible
with materials such as poly(lactides), poly(amino acids), and poly(caprolactones). Polymers

with carbon-only main chains are generally more stable and do not degrade as easf§l

In addition to particle composition and surface chemistry/charge, size/size distribution, shape,
number of particles per batch and optical properties are important factors to consider for po-
tential applications of PMPs. As the particle size has a major in uence on the physicochemical
properties and biological behaviour of the PMPs, it is an aspect that needs to be controlled
very precisely. This can be done by choosing a suitable synthesis method and polymer ma-
trix, as described in section 3.1 (see also Table 1). The size not only has a direct in uence on

particle sedimentation rates and surface area, but also determines cell uptake e ciency and,
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in general, how the particles interact with their environment.®29 Size distribution is simi-
larly important, as many PMP properties are dependent on the particle size. For example,
polydisperse PMP batches exhibit broadened emission bands, making it di cult to read out
barcoded particles. In addition, the interaction with the particle environment, such as cell
uptake, di ers in polydisperse samples.

While most PMPs are spherical, it is also possible to synthesize them in di erent shapes
such as rods, discs or bred??21 Like the particle size, the shape and porosity of PMPs also
in uence cell uptake and behaviour in biological systemd2®l The synthesis of non-spherical
PMPs typically requires more complex approaches and/or templates for particle formation.
The reproducibility of the PMP synthesis, taking into account all the aforementioned prop-
erties, is the most important characteristic to consider. This is particularly important for
industrial production, and to provide reliable results in all areas of application. The applica-
tion relevant optical properties of the PMPs are highly dependent on other particles and/or
molecules added to the polymer, e.g. dyes or luminescent NPs bound to the PMP surface or

embedded in the matrix. This topic is discussed in section 3.3.

Analytics

Typical analytical techniques used to investigate polymer particle size, size distribution and
shape include dynamic light scattering (DLS)[22231 FCM[24.25] and scanning electron mi-
croscopy (SEM)/transmission electron microscopy (TEM)[26:271 The Brunauer Emmett Teller
(BET) method, size exclusion chromatography (also used for size selection), di erent porosime-
try and porometry approaches, and even electron microscopy image analysis are commonly
used for porosity determination[28:29 For molecular weight determination, gel permeation
chromatography/size exclusion chromatography (GPC/SEC)[3 matrix-assisted laser desorp-
tion/ionization time-of- ight mass spectrometry (MALDI-TOF MS), B viscometry®? and
IH-nuclear magnetic resonance (NMR) spectroscop}?! are used. Examples of the methods

used to analyze PMPs in this work are given in section 4.2.

3.1.2| Overview of Polymerization Procedures

Generally, heterogeneous/particle yielding polymerization procedures are carried out in two-

phase systems, consisting at least of the chosen monomer or the formed polymer as one phase,
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and an immiscible liquid (called polymerization medium in the following paragraphs) as the
second phasé& The additionally needed initiator, often a free radical generator, can be sol-
uble either in the monomer or the liquid polymerization medium, depending on the type of
polymerization. This will be explained in more detail in the next subsections for the individ-
ual polymerization procedures. Apart from free-radical initiators, polymerizations can also
be initiated thermally, or by irradiation (photopolymerization) or high pressure, depending
on the monomer(s) and desired outcome. This work is focused on free radical polymerization,
which will be explained in detail in the next paragraph. Normally, at least one surfactant is
added to the mixture to emulsify the monomer and/or stabilize the forming polymer particles
or monomer droplets®* Surfactant-free polymerization reactions are possible, but less com-

mon, e.g. for surfactant-free emulsion polymerization®!

The mechanism of a free-radical polymerization is depicted in Figure 1. This approach is
widely applied and well studied. It can be used for a broad range of monomers and reac-
tion conditions, with simple implementation and low costs compared to other, competing
processes. It does, however, show limitations regarding the control over the molar weight dis-
tribution and macromolecular architecture of the generated polymer, as well as over copolymer
composition.[36] The traditional free-radical mechanism can, however, be in uenced, e.g., by
addition of a chain-transfer agent to gain more control over the mentioned factors. There-
fore, the so-called reversible addition-fragmentation chain-transfer (RAFT)-polymerization
has been developed, with a thiocarbonylthio compound (e.g., thiocarbamates or dithioesters)
as the chain-transfer, or RAFT, agent[®6:37 This is a robust and versatile process with the
possibility of activation and deactivation of the polymer chain radicals, which enables good

control over the molar ratio of copolymer components.

The three main variations of particle producing polymerization reactions are called emulsion,
suspension and dispersion polymerization and will be described in the following subsections.
They are distinguished by the particle formation mechanism, which largely depends on the
solubility of the monomer(s), the radical starter, and the surfactant(s) employed in the syn-
thesis. The accessible size range for polymer particles produced from these syntheses ranges
from only 10 nm to several mm. The size and shape of the PMPs is in uenced by di erent

factors such as reaction temperature, stirring speed, and the amount of monomer(s), radical
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starter and surfactant. The in uence and its extent are di erent for the individual procedures

and were investigated in more detail for the dispersion polymerization in this work .

Figure 1: Depiction of the mechanism of a free-radical polymerization, exemplary for the
radical initiator azobisisobutyronitrile (AIBN) and the monomer styrene, with a)
heat-induced initiation of the formation of two radicals from AIBN with the gener-
ation of nitrogen gas; b) polymer chain propagation and formation of a PS chain;
¢) termination by recombination of two PS chain radicals or a polymer chain and
an AIBN radical; and d) transfer of the polymer chain reactivity to a monomer,
polymer or solvent molecule.

To introduce surface FGs to the formed PMPs, an additional monomer with the desired
functionality can be added when most of the initial polymer is depleted, usually toward the end
of the polymerization reaction. The new monomer can now take part in the polymerization
reaction, and is thus mostly found on the surface of the particles. This can signi cantly
in uence their surface chemistry and later ability to form bonds with di erent moieties. In

addition, it is possible to add another monomer such as DVB to the reaction mixture to

achieve crosslinking of the polymer network.
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3.1.3| Emulsion Polymerization

Figure 2: Schematic depiction of the emulsion polymerization process with monomer(s) in-
soluble and the initiator soluble in the polymerization medium, with a) primary
particle nucleation directly from the polymerization medium; b) monomer droplets
stabilized by surfactant molecules, acting mostly as suppliers of monomer; and c)
surfactant micelles swollen with monomer as nucleation centers.

The most popular way to synthesize PMPs and PNPs is the radically initiated emulsion poly-

merization reaction. Here, the monomers are insoluble or poorly soluble in the employed

polymerization medium, and monomer droplets are emulsi ed, usually into an aqueous so-
lution of a surfactant, by applying shear forces (e.g., through stirring)!®8! This yields an
oil-in-water emulsion, with the monomer forming droplets with sizes of about 1Qum that
are stabilized by adsorbed surfactant molecules. In addition, surfactant micelles are formed
with aggregates of around 50 100 molecules when the surfactant concentration is above the
critical micelle concentration (CMC). 28 These micelles swell through absorption of monomer
molecules to a size of about 10nm. The monomer droplets and monomer-swollen micelles
both serve as starting points for nucleation and polymer particle growth upon addition and
activation of the water-soluble free-radical starter. In addition, polymer particles of about

50 500nm are formed as intermediates through homogeneous nucleation from the residual

monomer molecules in the aqueous phas&! Both the swollen micelles (if the concentration

of surfactant is above the CMC) and the polymer particles contribute to the formation of the
nal polymer particles, while the initially formed monomer droplets play a minor role and

mostly act as suppliers of monomer moleculd$® The segregation of the polymer chains in
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the small particles allows for high polymerization rates with simultaneously high molecular
weight.[®8] The emulsion polymerization process is schematically depicted in Figure 2.

The size and shape of the polymer particles are partly determined by the hydrophilic-lipophilic
balance (HLB) value of the surfactant/®®! The HLB is de ned as a measure for the balance of
hydrophilic and lipophilic moieties of a surfactant molecule, which takes into account their size
and strength. By increasing the surfactant concentration, the size of the micelles and thus,
the size and number of formed particles can be in uenced. Commonly produced polymers via
this procedure include PS and PMMA, with mostly water-soluble initiators such as potassium
persulfate (PPS). Emulsion polymerization is used for the synthesis of nonporous PMPs, as
porosity is not readily achievable with this procedure. This is a result of the polymerization
mechanism, where the initiation, chain growth and main monomer presence are all located at

di erent places.[?8

There are two popular subtypes of the emulsion polymerization procedure. The rst is the
so-called miniemulsion polymerization, where the monomers are dispersed by strong mechan-
ical agitation or homogenization into droplets of less than 0.5m in size!*% In addition to the
usual ionic surfactant, a strongly hydrophobic co-surfactant/-stabilizer (e.g., a long-chain fatty
alcohol such as cetyl alcohol) is introduced*!] The large interfacial area between monomer
droplets and polymerization medium, combined with a low concentration of surfactant (well
below the CMC), leads to nearly complete adsorption of the surfactant to the monomer
droplets. This prevents the formation of micelles3®! Particles formed by homogeneous nu-
cleation in the polymerization medium cannot be stabilized because of the low surfactant
concentration, so they simply enter the monomer droplets and there, further take part in
the polymerization reaction.[38 Therefore, the monomer droplets are the only source of par-
ticle nucleation. The nucleation occurs by a free radical migrating into the droplets. As
usually only one free radical is present in each droplet, this segregation of propagating poly-
mer chains from each other during the reaction enables very high molecular weights of over
1,000,000 g/moll3849] |n addition, the formed polymer beads are almost identical in size to
the initial monomer droplets, enabling the synthesis of very small particles of 50-500 nm in
sizel*! The size distribution of particles produced with emulsion polymerization is mostly in-
uenced by the employed amount of initiator and stabilizer, with a higher amount of initiator

and a lower amount of stabilizer leading to narrower distributions!*?! Diameters have been
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reported to deviate between <1% up to nearly 10%, which additionally depends on the reac-
tion time. [*3! Apart from free radical polymerization, also polycondensation and polyaddition
procedures are possible with this method?®!

The second popular subtype of emulsion polymerization is called microemulsion polymeriza-
tion. It is performed by strongly increasing the amount of surfactant past the CMC to create
micelles!®® The thus formed microemulsion is thermodynamically stable, and all monomers
are included in the formed micelles. The resulting particles are 10 100 nm in size, with the
initiator being either soluble in the monomer or in the polymerization medium. This method
is employed much less frequently than the miniemulsion polymerization, partly because the
surfactant concentration has to be carefully adjusted to avoid the formation of a continuous

network instead of discrete micelled38!

3.1.4| Suspension Polymerization

Suspension polymerization is a procedure where the initiator is soluble in the monomer, and
both the initiator and monomer are insoluble in the polymerization medium (often water).
By adding a suitable surfactant and applying a mechanical shear force such as stirring, the
monomer is dispersed in the polymerization medium in the form of small droplet8*38] This

is schematically depicted in Figure 3.

Figure 3. Schematic depiction of the suspension polymerization process, with the initiator
soluble in the monomer, and both insoluble in the polymerization medium.
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The shear forces, often assisted by a small amount of surfactant, lead to the formation
of an emulsion that can either be oil-in-water or water-in-oil, depending on the chosen
monomer/polymer. The suspension only forms when the reaction is initiated, with the
monomer droplets acting as points of nucleation and PMP growth, the forming polymer
being insoluble in the reaction medium and suspended in it with the help of surfactant
molecules. The monomer soluble initiator is what separates suspension from emulsion poly-
merization, e ectively changing the place of initiation, and thus the whole mechanism of the
polymerization.[?8! The reaction kinetics are assumed to be similar to bulk or solution polymer-
ization. The monomer droplets act as individual microreactors with little to no exchange of
monomer and no solvent present at the site of polymerizatiof?*38! Like for the miniemulsion
polymerization, the monomer droplet size is almost identical to that of the formed polymer
particles, producing beads with sizes of about 10m to 2 mm.[3438l This leads to very high
conversion rates of monomer to polymer up to roughly 100 %. By lowering the amount of sur-
factant, the interfacial tension and thus, the size of the monomer droplets (and the resulting
polymer particles) can be decreasetf*4

A variety of monomers can be converted to PMPs with a suspension polymerization. Indus-
trially important materials include PS, poly(vinyl chloride) (PVC), polyacrylates and polyac-
etates, polyacrylamide, but also natural gumd3#! A typical initiator for oil-in-water suspension

is AIBN, enabling the performance of the reaction between 58C 100 °C. As a surfactant,
polyvinylpyrrolidone (PVP) is commonly employed. In contrast, water-in-oil suspensions are
performed at 20°C 50 °C with a water-soluble initiator such as PPS, and cellulose or am-
phiphilic oligomer surfactants[**! Classic suspension polymerization yields nonporous PMPs,
but the procedure can readily be modi ed with the addition of a porogen (e.g., crosslinkers,

a nonsolvent or linear polymers) to create beads with di ering porosityt2€]

3.1.5| Dispersion Polymerization

The dispersion polymerization, which was employed in this work, is a common method for
the synthesis of polymer microspheres in a single batch proce$sMonodisperse polymer par-
ticles in the low micrometer size range were originally di cult to produce, as conventional
emulsion polymerization only produces polymer spheres with sizes of 4im, and suspension
polymerization yields particles with sizes of >5um. While it is possible to use emulsion poly-

merization in a seeded growth approach to produce polymer beads of a few micrometers in
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size, this is much more time-consuming than a single batch synthesi®. This prompted the
investigation of dispersion polymerization reactions as an alternative. Also, the monodisper-
sity of particles produced with a dispersion polymerization is typically much better than that

of particles synthesized by classical emulsion and suspension polymerization procedufes.

Figure 4. Schematic depiction of the dispersion polymerization process, with both initiator
and monomer soluble in the polymerization medium.

The dispersion polymerization starts from a homogeneous solution of the monomer(s), the
initiator and surfactant(s) in the polymerization medium. It can be distinguished from an
emulsion and a suspension polymerization through the good solubility of the monomer in
the employed polymerization medium, which changes to insolubility and precipitation of the
formed polymer particles. Because of this, dispersion polymerization is considered a variety
of precipitation polymerization. The growing, insoluble polymer beads are then stabilized
by the surfactant(s), as depicted in Figure 4. The amount of surfactant has to be carefully
adjusted to enable su cient particle stabilization, but avoid micelle formation to prevent the
development of an emulsion when exceeding the CMC. Typical polymer matrices produced
with this method include PS, PMMA and polymethacrylates, the resulting PMPs and PNPs
often being stabilized with PVP.[6l The reaction is performed between 56C 100 °C, similar to

a suspension polymerization, and depends on the employed initiator (often AIBN). Dispersion
polymerization yields mostly nonporous and non-crosslinked PMPs, although crosslinking,

and thus porosity, is possible to a limited degreéd?®
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3.1.6 | Micro uidic Approaches

For certain applications, it is of high importance that the synthesized PMPs have a high
reproducibility in terms of size, structure and staining e ciency. [#6:47] For this reason, droplet
micro uidic approaches have been developed for the emulsion-based synthesis of highly uni-
form PMPs. The micro uidic devices create monomer droplet emulsions from streams of
immiscible uids, which can be tuned by factors such as uid ratios, ow speed, and or-
der of emulsion (e.g., oil-in-water-in-oil is considered a double emulsion/second ordéf¥!
This method is very versatile and o ers a high degree of control over particle size, shape
and porosity, enabling the synthesis of complex particle architectures, also of non-spherical
shapel*’] Drawbacks include very low production rates, which are di cult to increase because
of the reactor setupsl?®! It is also quite complex, time-consuming and takes speci ¢ expertise
to develop a working and calibrated droplet-based micro uidic system. Micro uidic devices
are available commercially, but require a high degree of customization and research to create
working systems for the synthesis of PMPs. This is why, up until now, this method is mainly
used for the laboratory-scale synthesis of highly monodisperse and complex PMPs, e.g. for the

use as drug delivery agents with controlled release properties, or for non-spherical particlé§!

3.1.7| Comparison of Polymerization Procedures

In Table 1, the properties of the PMPs resulting from the above described polymerization

procedures are summarized and compared to give an overview of the achievable results.
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3.2| Luminescent Semiconductor Nanoparticles (NPs)

If at least one dimension of a material is between 1 100 nm in size, it is considered a nanoma-
terial. This is consistent with the updated de nition of a nhanomaterial recommended by the
European Commission*®l Based upon the matrix material, nanomaterials (referred to here
as NPs) are divided into di erent classes such as inorganic (e.g., semiconductors or metals),
organic (e.g., polymers, carbon structures and liposomes) and hybrid materials. NPs can be
synthesized in various shapes, e.g., from spherical, over rod-shaped, to cubic, triangle, and
hexagonal shapes, as well as core and core/shell materials, consisting of a single material or
presenting heterostructures consisting of di erent materials. This will be exemplarily dis-
cussed for thesis-relevant semiconductor NPs in subsection 3.2.1, including an introduction
of di erent semiconductor NP heterostructures such as semiconductor core/shell QDs, QRs,
and NPLs. Due to their small size, NPs exhibit properties that are not displayed by the
respective bulk materials. They have an exceptionally high surface-to-volume-ratio, which
can contribute to a higher reactivity, and can display unique optical and electrical, but also
thermal, magnetic and mechanical properties, depending on the NP materiat® The ver-
satility concerning material(s), chemical composition, particle architectures, and functional
properties renders NPs a very attractive class of materials for a broad range of (potential) ap-
plications in life and material scienced®® Examples for speci ¢ applications will be discussed

in subsection 3.2.1 for semiconductor NPs.

For a nanomaterial such as a semiconductor QDs, size e ects can arise that result purely from
quantum mechanical e ects (so-called quantum size e ects), yielding optical, electronic, and
catalytic properties that are distinctly di erent from those of the respective bulk material. (5%

In semiconductor NPs, con nement of the charge carriers (electrons and holes) occurs if
at least one particle dimension is less than 10nm in size, leading to a change in, e.g., the
optical properties and band structure, which opens up new features, functionalities, and
applications for the resulting nanomaterials!®? To explain this e ect, the surface of a NP
can be regarded as a potential barrier that e ectively con nes charge carriers, generated e.qg.,
upon light absorption by the material in the NP. According to the model of the patrticle in the
box, the energy of such a con ned electron increases with decreasing size of the box, which
is equivalent to the particle diameter in this case. With decreasing patrticle size, the energy

levels start to split and become increasingly more discrete. Hence, the importance of quantum
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size e ects increases for smaller particles, revealing larger bandgals8 This e ect is called
size guantization and is depicted schematically in Figure 5. The displayed energy diagram
shows the valence and conduction band of a semiconductor with decreasing size, including the
decrease in energy level density and the simultaneously increased bandgap. This quantum size
e ect accounts for the unique properties of semiconductor NPs that are distinct from those
of the bulk material as well as from the respective molecules or aton{e>>* The size of the
bandgap and the energetic positions of the valence and conduction band are very important for
the optical, electrochemical, and catalytic properties of the NPs, as this de nes the chemical
potential of a semiconductor and determines the energy that can be absorbed or released by

the material.

Figure 5: Size quantization e ect, displayed schematically for the band structure of a semi-
conductor. Included are also the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of a molecular system.

In the case of semiconductor NPs, the illumination with light of a higher energy than the
respective bandgap leads to the excitation of an electron {gnegative) from the valence to
the conduction band, creating a respective hole (h, positive) in the valence band. Both
charge carriers are attracted by Coulomb forces, which leads to a bound state of electron
and hole. This electrically neutral quasiparticle with a (restricted) mobility is called exciton.
The distance between both charge carriers of an exciton is referred to as the Bohr radius.
The e ective masses of both electron and hole are in uenced by the type and size of the
semiconductor material.

The radiative recombination of the excited electron and hole pair, leading to the emission of a

photon, is called photoluminescence. Due to the size quantization e ect, not only the optical
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bandgap and the onset of absorption are shifted to higher energies for smaller particles/a
larger bandgap, but also the emission is hypsochromically shifted. This demonstrates how the
optical properties of such semiconductor NPs can be tuned by changing their size and shape
through synthetic strategies providing control over these properties. Such strategies have been
developed for di erent NPs consisting of, e.g., lI/VI, 1lI/V and IV/VI semiconductors. (521 The
wavelength of the emitted photons, and thus the emission color, are not only in uenced by
particle size, but also by the NP shape and environment. The NP core material and the
material and thickness of the inorganic surface passivation shell also play a major role for the
NP luminescence. Such shells are commonly utilized to block trap sites on the core surface
for charge carriers, they are described in the following subsections.

The lifetime of the exciton is dependent on the material and the presence of trap sites within
the NP bandgap, that can act as binding sites for electrons and/or holes. Such trap or
defect states can delay the radiative recombination of the charge carriers and its probability.
Trap states are typically created through defects in the semiconductor material, like lattice
vacancies or inclusions, especially at the particle surfade® To prevent or at least minimize
the number of defect states at the NP surface, semiconductor NPs are commonly surface
passivated. A surface passivation is achieved by forming an inorganic shell of a dierent
semiconductor material with larger bandgap around the particles. This can e ectively saturate

a high number of interface trap states and improve the photoluminescence (PL) properties
of the NPs, reducing or blocking a long lived broad defect state emission and giving rise to
the desired narrow and symmetric bandgap luminescence of high PLQ¥8 Additionally, a
layer of organic surface ligands is coordinatively bound to the particle surface to ensure a
good dispersibility and colloidal stability of the core and core/shell NPs. As detailed in the
next subsection, the surface passivation and the ligand shell have a signi cant in uence on
the optical properties of the NPs by decreasing the in uence of the particle environment. In
the following subsection, the optical properties of di erent semiconductor (hetero)structures

will also be discussed.

3.2.1| Semiconductor NP Architectures

Depending on the number of con ned dimensions, di erent NPs are distinguished: QDs are
spherical, and thus con ned in three dimensions, while QRs are con ned in two and quantum

wells only in one dimension. The colloidal equivalent of quantum wells are called NPLs. Here,
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the exciton Bohr radius comes into play, which is between 1 10 nm for most materials. In
this subsection, three di erent variants of semiconductor NPs with varying dimensionality
are discussed in more detail to highlight their di erences and importance. In Figure 6, the
QDs, QRs and NPLs that were employed in this work are displayed to highlight their di erent

structures and compositions.

Figure 6: Di erent NP shapes and compositions, with core/shell-QDs, dot-in-rod-QRs and
core/shell-NPLs, schematically displayed for the particle compositions employed in
this work.

While the size quantization e ect comes into e ect for all three dimensions concerning QDs,
this is not the case for the other NPs. As QRs are elongated in one dimension, the size
gquantization only comes into e ect for the other two dimension, and the 2D-NPLs are only
a ected in one dimension. The speci c (optical) properties of the individual NPs, which are

a ected signi cantly by their shape, are discussed in the following paragraphs.

Quantum Dots (QDs)

Optical Properties and Applications

Typically, spherical semiconductor nanocrystals with sizes of <10nm are called QDs. They
often have a core/shell particle architecture (see Figure 6) and are stabilized with an (or-
ganic) ligand layer. Commonly employed materials for QD synthesis are 1l/VI, 11I/V and
IVIVI semiconductors. They exhibit broad absorption spectra and narrow, symmetric emis-

sion bands with a low full width at half maximum (FWHM). Together with a relatively
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high photostability exhibited by most of these materials, these properties have lead to their
employment in various elds of application over the last decades. To name some of their
many applications, QDs are used for bioanalytical and bioimaging studies (e.g., labeling and
imaging, particle-based assaysf#>7 611 in photonic and electronic applications such as light-
emitting diodes (LEDs)!%2 and photovoltaics[®3! and as photocatalystsl62-64 While the rst

QDs were composed of Cd-based semiconductors such as CdSe and/or CdS, the recent devel-
opment focuses on less toxic, heavy-metal free materials such as IK®, Ag,S°8! and ternary
QDs,[8% put also carbon- and silicon-based particle&167:68] However, Cd-based QDs are still
widely employed, e.g., due to their good PL properties, including a high PLQY. As the syn-
thesis of these QDs is well researched, it is easily reproducible and a precise and extensive

tunability regarding size and optical/electronical properties is possible®®]

QD Heterostructures

The combination of di erent semiconductor materials to create a heterostructure in one par-
ticle is very common to optimize NP functional properties, such as their PL and performance
in applications. Three types of QDs can be distinguished, depending on the band structure
of the employed materials, and thus the (de)localization of the charge carriers created upon
energy input (exciton) throughout the heterostructure.®¥ In the case of two-material QDs
such as depicted in Figure 7, type | heterostructures consist of a core material with a smaller
bandgap than that of the shell material. The band edges of the core material are located in
the bandgap of the shell material, which leads to electron and hole localization in the core.
For type Il structures, the bandgaps of core and shell are aligned in such a way that it is
energetically favorable for one of the charge carriers to remain in the core, and for the other
in the shell material. The quasi-type Il can be considered as a combination of type | and
I, as only one charge carrier is localized either in the core or in the shell, depending on the
combined semiconductor materials. For CdSe/CdS-QDs, this means the hole is localized in
the CdSe cord’? The energetic di erence between a localization in the core or shell is very
low for the other charge carrier. Thus, it is delocalized over the whole core/shell-structure.
While type | and quasi-type Il heterostructures generally exhibit better PL properties, the
charge separation in type Il heterostructures is favorable for applications such as (photo)catalysis

and photovoltaics 7172
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Figure 7: Schematic representation of the three semiconductor heterostructure types with
band structures and charge carrier probability densities, exemplarily shown for QDs.
The localization for type Il can be reversed, i.e. the hole can be localized in the
shell and the electron in the core, depending on the respective materials.

Synthesis Approaches

Semiconductor QDs are commonly synthesized by wet-chemical processes such as colloidal,
hydrothermal or microwave-assisted synthese$ll Other possible synthesis methods include
self-assembly (e.g., through application of strain or external electrodes), selective area epitaxy
or growth on vicinal substrates[’ In this work, the focus is set on colloidal QD synthesis.
Two of the most commonly employed colloidal synthesis approaches for QDs are theot-
injection method and the heat-up method. The hot-injection method was rst published by
Murray et al. in 199373 and exploits the principle of supersaturation: Only one precursor is
present during the heating period, and the other is added at high temperatures. This rapidly
cools down the reaction mixture, which leads to critical supersaturation and formation of
seed crystals, which are created as long as the supersaturation is critical. Then, the seed
crystals grow until the solution has reached the saturation concentratiort’4! As this leads to
very monodisperse particles if the nucleation period is kept short, this method has evolved
to be the most popular one for QDs. Theheat-up method is often more straightforward, as
usually all reactands are combined before the synthesis, before the mixture is heated and the
precursors start to decompose. The resulting monomers form seed crystals, and eventually
grow to the nal QD size. To colloidally stabilize the forming QDs, organic ligand molecules

are present during both types of reactions, sometimes simultaneously acting as solvents.
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For the typically performed shelling of the semiconductor core particle with a surface passi-
vation consisting of another semiconductor, di erent approaches can be utilized that vary in
complexity. For dispersed QDs, it is possible to add a new precursor to a heated dispersion
of the core particles. This is either performed via a step-by-step addition of the precursor
for a layer-by-layer buildup of the shell, or continuously, slow and highly diluted. In both
approaches, the precursors are decomposed and form the shell around the core patrticles. The
step-by-step addition o ers precise control over the thickness and its size distribution, but
the added amount of precursor for a new shell layer has to be calculated and the shell growth
performed individually, which can be quite time-consuming’® The continuous, slow addition
over a longer time frame at low precursor concentration enable the synthesis of thicker shells
in only one step, but a subsequent tempering step is needed. During the tempering, the crys-
tal structure of the shell material is reorganized, leading to spherical QDs. The formation of
an alloy between core and shell material through intramolecular di usion is possible with this
method. This can be an advantage, as it helps to anneal crystal defects and can signi cantly
improve the luminescence properties of the QDE®!

The thickness of the QD shell has a signi cant impact on their optical properties, as the
charge carrier transfer rates increase with increasing shell thickne$s! In addition, the strain
put on the QD core increases with increasing shell thickness, causing stress and the formation
of crystal defects that act as trap sites. Combined, these phenomena lead to longer exciton
lifetimes, and thus slower decay kinetics for QDs with a large shell, but also to a reduced
PLQY because of an increase in nonradiative relaxation. Due to this, the shell thickness of
a QD is typically chosen and adjusted speci cally for an intended applications to meet its

speci ¢ needs.

Quantum Rods (QRs)

QRs, also called nanorods, are an example of anisotropic (semiconductor) nanoparticles with
unique optical properties that gained interest in the 1990878! They can easily be assembled

into (macro)structures, and often even show self-assembly, which makes them promising can-
didates for the formation of, e.g. macroscopic aerogels with the optical properties of the

nanomaterial retained!”® Similar to QDs, there are di erent types of band alignments de-

pending on the QR composition, which are displayed schematically in Figure 8.
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Figure 8: Schematic representation of the semiconductor QR heterostructure types with band
structures and charge carrier probability densities.

Semiconductor QRs are commonly prepared by synthesizing a QD as the core, and then
growing the cylindrical shell around it in a so-called seeded growth approach. The choice
of surfactants/ligands is of utmost importance for the anisotropic growth of the particles!’
The anisotropy is, in this case, mainly controlled by the chosen surfactants present during the
synthesis, which show varying binding energies to the di erent crystal faces of the forming
nanoparticle. This encourages growth in the direction of crystal faces with a weaker bond to
the surfactant molecules, allowing for shape tunability through the choice of surfactant.

A common property of all heterostructures with a rod-shaped shell is the di erence in di-
mensions between the core and the surrounding rod, which exhibits a much larger volume
than the core. This leads to the optoelectronic properties largely depending on the rod/shell
material, with the aspect ratio (length divided by width) of the QR being used as a measure
for this in uence. 8% As the length of the rod can be tuned by changing synthesis parameters,
there is a high variability regarding QR emission maxima. Anisotropic semiconductor NPs
such as QRs are particularly useful for applications such as lasers, LEDs and solar cells, where
polarized emission is needel®! Combined with their high extinction coe cient, this makes

them promising candidates for non-linear optical applications.

Nanoplatelets (NPLSs)

Luminescent nanoplatelets (NPLs) are a relatively new class of luminescent semiconductor
NPs, and can be produced in their colloidal form since 20081 As the thickness can be con-

trolled atomically precise in the range of a few nm, the quantum con nement in this direction
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is strong. This leads to very narrow emission bands that are only marginally in uenced by
the lateral dimensions of the NPL[8%82] Due to the very high tunability of their thickness,
NPLs o er unique electronical and optical properties and have gained a lot of interest over the
last two decadesd®d As for QDs, the introduction of an additional semiconductor material,
e.g., as a shell or crown around the particle core, can strongly in uence and enhance the
NPL optical properties. If the second material is only added laterally, core/crown-NPLs are
created without a ecting the particle thickness. If the growth is proceeding in all directions,
this results in the formation of core/shell-NPLs. The type of shell growth can signi cantly
in uence the type of heterostructure created. For example, in the case of CdSe/CdS het-
erostructures, core/crown-NPLs present type | structures (due to the high electron binding
energy) 83! while core/shell-NPLs present as quasi-type Il (reduced con nement; comparable
to CdSe/CdS-QDs)[®4 This opens up even more opportunities for the tuning of the optical
properties than QD structures. Examples for NPL heterostructures are exemplarily displayed

in Figure 9.

Figure 9: Schematic representation of the three semiconductor NPL heterostructure types
with band structures and charge carrier probability densities, type | and quasi-type
Il exemplarily displayed for CdSe/CdS-NPLs.

Additionally, the type of heterostructure has a signi cant in uence on the NPL stability
against changes in particle environment. This is why a core/crown-architecture, where the
CdSe core is better protected, was chosen for this work. Also, the surface ligands are highly
important for the NPL properties because of the high surface-to-volume ratid®®! The in uence

of the ligand shell is even more pronounced than for QDs. Like QRs, NPLs tend to self-
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assemble and can form stacked (macro)structure8€®! and as another class of anisotropic NPs

with polarized emission, can similarly be employed for non-linear optics.

3.3| Luminescent PMPs

3.3.1| Applications and Properties

Luminescent PMPs, like PNPs, are widely employed and well studied materials. The parti-
cles are stained with di erent luminophores, which can be molecular such as organic dyes, or
nanoscale such as semiconductor or lanthanide-based NB&. They are frequently used for
instrument calibration, but also as sensor/reporter particles!? e.g. for bioimaging!®! and as
labels in bioanalytical and medical/diagnostic applications!*®! This includes the usage as car-
riers for bead-based assays, e.g. for biomarker detection or DNA sequencifg,but also sens-
ing of biomolecular interactiond®”-88l or as drug carriers. With their ability to be encoded with
several luminophores in speci ¢ ratiod#%:°%) PMPs can be employed for color multiplexing and,
e.g. be read out by a ow cytometer or with uorescence spectroscopy/microscopl##:91 93]
When combined with magnetic NPs (e.g. iron oxide), the (luminescent) PMPs can be em-
ployed for immuno-separationl®2949%1 |n addition, both PMPs and PNPs can be used for
anti-counterfeiting and as security/authentication labels.[89-90:9] For all applications, the sur-
face chemistry of the beads is of high importance for the binding of antibodies, proteins or
analyte-responsive dyes to the PMP surface.

Especially for luminescent PMPs, the optical properties of the particles are of high importance.
Luminescence properties such as emission intensity, maximun ) and the FWHM of the
band, but also uorescence lifetime and the corresponding PL decay kinetics, or the PLQY
can serve as easily detectable particle characteristics. This enables the study of biological
interactions when the PMPs are stained with organic dyes or luminescent NPs. Through the
choice of the luminophore and staining procedure, these properties can be tuned to a certain

degree, which is explained in the following subsection in more detail.
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3.3.2| Luminophore Staining Methods

Staining During Polymerization

The staining procedure during the polymerization reaction, which was utilized in this work, is
among the most common preparation routes for luminophore-stained PMPs. It is suitable for
both organic dyes$?” 100 and luminescent NPs[?2:101108] wjth the luminophore dissolved or
dispersed in the monomer and the incorporation performed during the polymerization proce-
dure. It can provide a homogeneous luminophore distribution, especially for larger PMP, but
requires luminophore stability against the reaction conditions (presence of radicals, elevated
temperature etc.) and a su cient solubility/dispersibility in the polymerization mixture. [10°]
This approach enables a comparatively simple, one-step synthesis for PMP staining, but
often goes along with a loss in uorescence intensity and PLQY for the staining with semi-
conductor NPs[?2] Despite its limitations, this approach has been employed for a large variety
of hydrophobic dyes and di erent NPs[2227] Mostly, Cd-based NPs such as CdSe-, CdTe- or
CdSe/ZnS-QDs stabilized with trioctylphosphine (TOP)/trioctylphosphine oxide (TOPO) lig-
ands are employed and stained into PMPs of di erent compositions. Commonly used materials
include PS, with or without crosslinking, e.g. with DVB or PMMA, [13:22.26,27,101 108,110 115]
poly(lactic-co-glycolic acid) and polyisoprend16119 The beads are often synthesized by
(mini)emulsion, dispersion or suspension polymerizatiof:3-101108,111,113,114,120] mostly de-
pending on the desired bead size, with more complex micro uidic approaches increasing in
importance 1211251 A polymerizable ligand is occassionally added onto the NP surface to
enhance the polymer compatibility and improve incorporation into the PMPs[22:26.27.110,112]
However, no systematic studies have been performed yet to correlate the PL of the initial
semiconductor NPs with those of the bead-encapsulated NPs. This is crucial to identify
optimal NP structures and reaction parameters to preserve the initial luminescence features
of the NPs. In this work, the utilized NPs for the staining of PMPs were successfully expanded
from spherical QDs to other NP shapes, namely QRs and NPLs. Apart from the di erent
shapes, the NP composition was also varied by introducing two di erent shell materials for
the core/shell-QDs (CdSe and ZnS, respectively - see subsection 5.11%Y. This opens up
new possibilities regarding potential applications of luminescent PMPs, as NPs with di erent
composition and shape can introduce additional or improved (optical) features to this material
class. Those include even narrower emission bands, more e cient energy transfer and the

access to more colors with a high brightnesg?26!
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Post-synthetic Swelling

The post-synthetic swelling approach to PMP staining with dyes or NPs is relatively straight-
forward and well established, and commercial beads can be employ&8127 1291 |n this proce-
dure, the premanufactured PMPs, commonly made from PS or PMMA, are swelled through
the addition of an apolar organic solvent containing the luminophores, such as tetrahydrofuran
(THF). This allows the luminophores to penetrate the PMP matrix and di use into the beads.
PMPs are available in a variety of sizes and surface functionalities, making this procedure quite
versatile. However, the process can still be quite challenging, as the choice of solvent for a
speci ¢ luminophore in uences not only their luminescence properties, but especially in the
case of NPs also their size and colloidal stability. An unwisely chosen solvent can lead to
luminescence quenching and aggregation/agglomeration of the NB%.93.129.130] |n addition,
the pore size distribution inside the PMPs can in uence the NP size distribution, which can
turn out to be inhomogeneous. Poor reproducibility, a generally low staining density, and a
possible NP leakage from the PMPs can be the result$?®! Therefore, post-synthetic swelling

is more common for molecular luminophores such as organic dyes than for luminescent NPs.
If surface FGs are present on the PMPs during the swelling procedure, this can lead to NP
accumulation on the bead surface, as shown in this work (see subsection 5.1.2). Here, it
was demonstrated that the CdSe/CdS-QDs accumulated on the PSMP surface, most likely
because of their a nity to bind to the COOH FGs. 26!

Layer-by-layer Technique

Another popular approach to fabricate luminophore-stained PMPs is the layer-by-layer de-
position onto smaller particles!?®95131133] |t is |less commonly used than the procedures
described above, but provides an interesting alternative when luminophore staining only at
the particle surface, or in a de ned area of the bead, is desired or compatible with the intended
application. This can be the case if the luminophore is supposed to directly interact with the
particle environment, or to spatially separate di erent luminophores. The procedure involves
the subsequent deposition of layers of oppositely charged polyelectrolytes, at least one of
which contains the luminophore, onto preformed PMPs as template&3l Here, premanufac-
tured/commercially available particles can be employed as templates. The method is limited
to surface staining due to its nature. This can later lead to di culties with bioconjugation,

as the surface chemistry of the PMPs is signi cantly altered and may have to be modied
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again for the attachment of speci ¢ moieties. The method is still relevant for bioanalytical
applications, e.g. as drug-release layers can be includéd? While layer-by-layer deposition

is reasonably precise in terms of layer thickness, it can still lead to a broadening of the PMP
size distribution when distributing several layers, and a number of puri cation steps have to
be performed(2>131.134] This can result in a loss of material and makes the whole procedure
quite time-consuming and tedious, although it is still very versatile regarding layer thickness
and choice of luminophore. With this procedure, the incorporation of di erent luminophores,
or NPs in general, that are spatially separated from each other can be realized, e.g. by adding
an unstained layer in-between the luminophore-stained layerg3®!

This procedure has been reported both for molecular luminophores such as organic dyes and
di erent luminescent NPs, but its in uence on the PL properties of NPs has not yet been

evaluated systematically.

Comparison of Staining Methods

Each of the previously described PMP staining methods has its distinct advantages and
drawbacks, which are summarized in Table 2. For this work, the incorporation during the
polymerization reaction was chosen mainly because of its high versatility and accessibility.
After optimization, this procedure allows for the performance of a straightforward, accessible
and reproducible synthesis with high yield and versatility regarding PMP size and crosslinking
of the polymer matrix. The layer-by-layer distribution is signi cantly more time consuming,
and the well-established swelling procedure was ruled out because of its limits regarding
PMP size, signi cantly lower yield per batch and often insu cient homogeneity of the NP

distribution in the beads.
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Table 2.: Comparison of dierent routes to preparing NP-stained PSMPs - with the lu-
minophore incorporated during the polymerization, via post-synthetic swelling or
with layer-by-layer-deposition.

Incorporation  During Post-synthetic Layer-by-layer
procedure polymerization swelling deposition
Advantages Size easily adjustable  Use of commercial Use of commercial
PSMPs PSMPs
Simple one-step Simple and Spatial separation
synthesis straightforward of luminophore§39]

Versatile: size,
crosslinking

High yield

Good luminophore
distribution [22]

Versatile: good
transferability to

other polymers/NPs

Less time
consuming

Monodisperse PSMPs

(commercial)

Versatile: layer
thickness/structure (134!

Disadvantages

Time-consuming

Possible loss of PL:
reaction conditiongd??!
need to be optimized

Less monodisperse
Dispersibility of

luminophore in
monomer(sJ1°°]

Lower vyield

Possible loss of PL:

choice of solvenf3°!

needs to be optimized

Possible leakdt®!

Choice of size
limited (commercial
PSMPs)

Possible accumu-
lation of NPs on
PSMP surfacé?S]

Possibility of
inhomogeneous
distribution

Tedious and
time-consuming

Loss of material
due to puri cation
Less monodisperdé’!

Limited to surface

staining

Surface chemistry
is modi ed
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3.3.3| Inorganic Semiconductor NPs vs Organic Dyes as Lumi-

nophores for PMP Staining

Although luminescent NPs have been used for the staining of PMPs or PNPs for quite some
time now, it it still far more common to use organic dyes®”-98:127.136] The staining procedures
for polymer particles with dyes are relatively well established and mostly lead to homoge-
neously stained bead$t?”] In contrast to this, the (homogeneous) staining of PMPs with
NPs is far more complex. The luminescence properties of NPs considerably depend on their
composition and surface chemistry, which is why exposure to harsher conditions during the
staining procedure often leads to a loss in luminescence intensi}>128] Due to their colloidal
nature and signi cantly larger size compared to dye molecules, and/or due to their surface
properties, a less homogeneous particle staining can occur. Aggregation of the NPs during
the staining process is also quite common, which can lead to only partial incorporation into
the PMPs, and again a loss in luminescence intensitg®! This can happen when the number
of NP surface ligands is modi ed during the staining process, e.g., by ligand removal through
the solvent, and this introduces additional trap states on the NP surface. Because of this, it is
important to ensure a good colloidal stability and polymer compatibility of the employed NPs,
e.g. by introducing an additional ligand or exchanging the existing one&%°3 In addition,
conventional semiconductor NPs, especially those based on heavy metals such as Cd, can be
more toxic for biological systems than most dye&t27.136.137]

Apart from these di culties, many NPs have signi cant advantages over organic dyes. An
important point is the often much better photostability and brightness of, e.g., semiconductor
NPs such as QDs, which enables longer usability and illumination times of the luminescent
PMPs.1119.137] This can be important, e.g. for microscopically tracking the luminescent beads
within cells or in an assay, or for the long-time use of a device operating with luminescent
PMPs. The optical properties of semiconductor NPs enable the simultaneous excitation and
spectral discrimination of di erent NPs in one sample or bead. This is ideal for barcoding of
the synthesized particles with a library of complex patternsi!28] In the case of organic dyes,
a spectral discrimination is complicated by their broader emission spectra, and the spectral
overlap between absorption and emission favoring spectral crosstali®!

To highlight the di erences for dyes and semiconductor NPs as potential luminophores for

PMP and PNP staining, their respective properties are summarized in Table 3.
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Table 3.: Comparison of organic dye and NP properties relevant to their employment as lu-
minophores for polymer particle staining. Information partly obtained from Resch-
Gengeret al.,’8 and the preceding paragraphs.

Property Organic dyes Semiconductor NPs
Size Molecules (ca. 0.5nm) Depending on dimensionality,
between <10 and about 100 nm
Absorption Discrete bands Increase towards ultraviolet (UV)
wavelengths, broad
Emission Asymmetric bands with Symmetric bands with small
high FWHM FWHM
FLT 1 10ns, mono-exponential 10 150 ns, typically multi-
decay exponential decay kinetics
PLQY 5 100% 10 100%
Spectral multiplexing  Possible, but only for Ideally suited, easy combination
speci ¢ dyes, up to 4 of up to 5 colors
Photostability Relatively low, su cient Typically high for most materials

for some applications
Polymer compatibility Very high for hydrophobic Depends on surface chemistry,
dyes, low for hydrophilic ~ from not to highly compatible
Toxicity Depends on dye, very low Depends on NP, typically high
to high (due to heavy metal leakage)

3.3.4| PMP Surface Chemistry

The surface chemistry of PMPs is of utmost importance for their application. FGs on the
bead surface provide anchors for di erent (recognition) moieties, such as sensor molecules,
proteins, poly(ethylene glycol) (PEG) or antibodies, and generally play a major role in how
the PMPs interact with their environment. Colloidal stability and reactivity, but also cellu-

lar uptake and general biocompatibility and -distribution are determined by particle surface
chemistry and sizel® Charged surface FGs can be introduced to ensure the colloidal stability
of PMPs, as electrostatic repulsion between individual particles is elicited by the formation
of a double-layer of counterions around the charged FGs. This was discussed in detail in
section 3.1.

For biochemical applications, it is often necessary that the PMPs are biocompatible. As the
surface of the PMPs is what interacts with the environment, controlled surface functionaliza-
tion is a useful tool to enable or enhance biocompatibility of (luminescent) PMPs. As a lot
of biomolecules have both primary amines and carboxy groups, the choice of PMP surface
FGs can be used to control which of the biomolecule FGs bind to the particles, and which

are left unbound, e.g. for further reactions. Such controlled functionalization of the PMPs
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can help to improve hydrophilicity and biocompatibility, but also in uences biological trans-
port/biodistribution and cell uptake mechanisms.[*3% A prominent example is PEG, which
is hydrophilic and biologically inert, and can act as a stabilizing agent in biological systems
when attached to PMPs by so-called PEGylation4%141] |t not only makes the PMPs inert
to their environment, but also prevents aggregation and hinders non-speci c cell interactions,
and as such has been approved by the U.S. Food and Drug Administration (FDA) for internal
use, e.g. as a stabilizing agert*?l Hydrophobic PMPs with highly positive surface charge
are especially prone to interact with anions on cellular membranes. The use of hydrophilic,
anionic or even neutral FGs can not only greatly improve biocompatibility, but also signi -

cantly reduce or even prevent cyto- or systemic toxicityi139:143.144]

The introduction of surface FGs is commonly performed by choosing a suitable co-monomer
which bears the desired functionalitied?6-14%1 Commonly chosen FGs include carboxy and
amino functionalities, as they provide anchor points for post-synthetic functionalization with
more complex groups or larger molecules. These can then be attached, e.g. covalently by
organic chemistry reactions145146] Both carboxy and amino groups are widely employed
for PMP surface functionalization, as a variety of moieties can be attached to them and they
0 er negative (carboxy) or positive (amino) surface charge. The attachment of (bio)molecules
and/or dyes with amino functionality to the PMPs can be performed by formation of an amide
bond 147149 and moieties with carboxy or ester groups can bind to amino-functionalized
PMPs.[150152] There are other FGs that can be utilized as PMP surface FGs, e.g. thidk>3:154]
aldehyde!155:156] or azide groupsi®] to enable a variety of possible reactions and attachment

of di erent moieties.

3.4 | Motivation and Objectives

As luminophore-stained and encoded PMPs are widely applied in a plethora of elds, it is
essential to have procedures at hand that enable the controlled, simple, and cost-e ective
synthesis of such particles. This requires knowledge about the in uence of di erent reaction
parameters, and in turn enables control and tuning of the PMP size. This makes the synthesis
more versatile and adaptable. Although a range of publications addressing the synthesis of
luminescent PMPs exists, there has been a signi cant lack of systematic assessments of the

employed procedures, which was performed in this work.

Page 38



Introduction

In addition, it is important to know how the synthesis conditions and the staining into the
polymer matrix a ect the employed NPs, especially regarding their PL properties. A sys-
tematic study linking the changes in NP properties induced by the polymerization reaction,
e.g. regarding the PLQY value, to NP composition and shape has not been published be-
fore. However, such an insight helps to predict the behaviour of newly employed NPs for the
staining, and to choose suitable NPs for the desired outcome. This is an important and new
aspect of luminescent PMP synthesis addressed in this work.

Another important point is the surface chemistry of the synthesized PMPs, which plays a
major role in the particle interaction with its environment, and also the ability to attach
speci ¢ moieties to the PMPs surface. Consequently, the introduction of suitable FGs to the

surface of luminescent PMPs was also explored.

To summarize, this work targeted the following goals:

" The development of a synthetic procedure to obtain QD-stained, luminescent PSMPs
with a facile, reproducible and tunable dispersion polymerization procedure - with QDs
present during the reaction. Optimization of the PL features of the bead-incorporated
QDs.

Surface functionalization with carboxy groups of QD-stained, luminescent PSMPs. Anal-
ysis and comparison of the surface FG amount and PL properties of comparable beads

prepared by di erent synthesis routes.

Systematic study of the in uence of the dispersion polymerization procedure on the
PL properties of NPs with di erent composition, shell thicknesses, shape and surface

chemistry.

These three main goals are closely linked to one another, and are each addressed and examined
in individual publications. [22:2627] This work overcomes existing challenges connected with
the synthesis of luminescent PMPs, such as the signi cant quenching of luminophore PL,
while simultaneously introducing new materials such as NPLs to the optimized, reproducibly
fabricable PMPs. With knowledge and control over all these factors, the synthesis parameters
and employed NPs can be adjusted to individual needs, and highly versatile and tunable,

luminescent PMPs are the outcome.
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4| Methods for Luminescent PSMP Syn-

thesis and Characterization

4.1| Synthesis Procedures

4.1.1| Synthesis of Luminescent Semiconductor NPs

Semiconductor Core/shell-QDs with Di erent Shell Thicknesses and Composition

Figure 10: Normalized absorbance and emission spectra with PLQY values of all employed
core/shell-QDs in hexane, with schematic depictions of the QD structure. The
image was adapted from Scholtzt al. (2023)[27]

The syntheses of CdSe/CdS- and CdSe/ZnS-core/shell-QDs were performed by J. Gerrit Eck-
ert (Leibniz Universitat Hannover) according to a modi ed procedure established from Car-
bone et al., Nightingale et al. and Chen et al..[’6:158159] The synthesis procedures for the
employed QDs are described in detail in the supplementary information (SI) of Scholtet al.
(2022)22 and Scholtz et al. (2023)[26:27] |n short, the CdSe core particles were synthesized
with a hot-injection approach, with CdO and Se as precursors. The CdS shell growth was
initiated by simultaneous addition of diluted solutions of the precursors Cd(oleate) and 1-
octanethiol to the heated core particle dispersion over two hours. To synthesize QDs with dif-
ferent shell thicknesses, the amount of added precursors was varied, and for ZnS shell growth,
the precursor Cd(oleate)» was exchanged with Zn(oleate). In Figure 10, the absorbance and

emission spectra, and the PLQY values of all synthesized QDs are illustrated.
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