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ABSTRACT 9 

Abstract 

 

This work deals with the application of CdSe nanoplatelets (NPLs) for imaging and energy 

transfer. NPLs are semiconductor nanocrystals which experience 1D quantum confinement due to 

their geometry, thus behaving as colloidal quantum wells. The 1D quantum confinement enables 

new possibilities relative to the well-studied 3D confined quantum dot counterpart. In the 

framework of imaging and energy transfer, this includes the possibility of overcoming the problem 

of inhomogeneous broadening, arising from colloidal synthesis of nanocrystals and the possibility 

of increasing the absorption cross section of the particle without changing its band gap i.e. its 

spectral properties. To utilize the excited state of NPLs to do useful work is a matter of controlling 

how they are quenched. In essence, this is done by controlling the distance between the NPL and 

their potential quenchers. In this work, triplet energy transfer was achieved by close attachment of 

9-anthracene carboxylic acid ligands on NPLs to allow Dexter-like energy transfer. Förster 

Resonance Energy Transfer was achieved through similar means by using an organic fluorophore, 

which absorbs in the region of the NPLs’ photoluminescence. The photoexcited NPLs were also 

used to catalyze the transformation of nitrobenzene to azoxybenzene, without overreduction to 

aniline. When fluorescence is desired for application in imaging, the quenchers are put aside by 

introducing a shell of CdZnS and organic polymer, isolating the surface of the NPL electronically 

and chemically. This work also shows the benefit of the polymer coating, allowing the NPLs to be 

colloidally stable in biological medium and withstanding the conditions for encapsulation, 

allowing them to be used as imaging markers to visualize nanocarriers. In short, this work 

demonstrates the viability of NPLs for imaging and energy transfer applications and revealed key 

parameters relevant to develop the NPLs better for such applications.  
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Zusammenfassung 

 

Diese Arbeit befasst sich mit CdSe-Nanoplättchen (NPLs) für Bildgebung und 

Energieübertragung. NPLs sind Halbleiter-Nanokristalle, die aufgrund ihrer Geometrie eine 1D-

Größenquantisierung erfahren und sich somit wie kolloidale Quanten-Wells verhalten. Die 1D-

Größenquantisierung ermöglichte neue Möglichkeiten im Vergleich zur gut untersuchten 3D-

Größenquantisierung im Quantenpunkt-Pendant. Für die Bildgebung und den Energietransfer 

schließt dies die Möglichkeit ein, das Problem der inhomogenen Verbreiterung zu überwinden, das 

sich aus der kolloidalen Synthese von Nanokristallen ergibt, sowie die Möglichkeit, den 

Absorptionsquerschnitt des Teilchens zu erhöhen, ohne seine Bandlücke, d.h. seine spektralen 

Eigenschaften, zu verändern. Um den angeregten Zustand von NPLs zu nutzen, muss man 

kontrollieren, wie die angeregten Zustände „gequencht“ werden. Im Wesentlichen geschieht dies 

durch die Steuerung des Abstands zwischen den NPLs und ihren potenziellen Quenchern. In dieser 

Arbeit wurde die Triplett-Energieübertragung durch enge Bindung von 9-Anthracen-

Carbonsäureliganden an NPLs erreicht, um eine Dexter-ähnliche Energieübertragung zu 

ermöglichen. Der Förster-Resonanzenergietransfer wurde auf ähnliche Weise durch die 

Verwendung eines organischen Fluorophors erreicht, das im Bereich der Photolumineszenz der 

NPLs absorbiert. Die photoangeregten NPLs wurden auch verwendet, um die Umwandlung von 

Nitrobenzol in Azoxybenzol ohne eine Überreduktion zu Anilin zu katalysieren. Da 

Photolumineszenz für die Anwendung in der Bildgebung erwünscht ist, wurden die Quencher 

„ausgeschlossen“, indem eine Hülle aus CdZnS und organischem Polymer eingeführt wurde, 

wodurch die Oberfläche des NPLs elektronisch und chemisch isoliert wurde. Diese Arbeit zeigt 

auch den Vorteil der Polymerbeschichtung, die es ermöglicht, dass die NPLs im biologischen 

Medium kolloidal stabil sind und den Bedingungen für die Verkapselung standhalten, so dass sie 

als bildgebende Marker zur Visualisierung von Nanocarriern verwendet werden können. Kurz 

gesagt, diese Arbeit demonstriert, wie die speziellen Eigenschaften von NPLs für Bildgebungs- 

und Energieübertragungsanwendungen optimal genutzt werden können und offenbarte 

Schlüsselparameter, die für eine weitere Entwicklung der NPLs für solche Anwendungen relevant 

sind.  
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Context 

 

In the field of materials science, we always strive to develop newer and better materials. 

More precisely, we aim to achieve greater tunability of properties, create robust systems and 

challenge what we believe to be the fundamental limits. The field of nanomaterials is one of the 

greatest examples of this, as it has changed the way we thought of materials completely. By 

adjusting the structure in nanoscale, it is possible to obtain new properties that are completely 

different from the material’s usual bulk property. This change can arise from several reasons. One 

is grounded in the fact that the surface of a material behaves differently to its bulk due to the 

presence of dangling bonds. Since the surface area per unit mass of nanomaterials are so large, 

their behavior is much more affected by the nature of these surfaces compared to the materials 

usual bulk form. The other reason for the change in property arises due to the increasing role of 

quantum effects, namely quantum confinement. Quantum confinement gave birth to a whole new 

field of fluorescent materials based on semiconductors. 

 

Years of development lead to optimized samples of semiconductor quantum dots, made of 

variety of different materials, giving a vast range of different properties for almost every 

application imaginable. However, the property control of quantum dots suffers from a fundamental 

issue. The quantum confinement in the quantum dots is controlled by the length of the quantum 

confinement, in other words the particle size. Due to the colloidal synthesis of quantum dots, 

particles will always have a size distribution, so it is impossible to precisely control the size of 

quantum dots. Therefore, the resulting material will always have some inhomogeneous broadening. 

This will alter processes which demand precise control of energies like energy transfer since every 

particle will transfer energies slightly differently. So even for acceptors with a good match to the 

quantum dots emission wavelength will have some energy losses from the sub optimally aligned 

sub population in the quantum dot sample. 

 

As of now, the best way to prepare semiconductor nanocrystals is through colloidal 

synthesis since alternative methods tend to create undesirable defect states. In order to obtain high 

quality semiconductor nanocrystals and avoid inhomogeneous broadening, a new approach should 

be taken. To do this, quantum confinement in the nanocrystal must be changed from 3D quantum 
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confinement inside a quasi-sphere to a 1D quantum confinement inside a quasi 2D nanocrystal. 

These quasi 2D nanocrystals, known as nanoplatelets (NPLs) or colloidal quantum wells have 

thicknesses of few nanometers and lateral sizes of tens of nanometers. As a result of this 

anisotropic geometry, the quantum confinement highly depends on the thickness, which can be 

controlled in an atomically precise fashion. This leads to the possibility of avoiding 

inhomogeneous broadening since every NPL with the same thickness have the same bandgap so 

they can emit exactly the same way, without being much affected by the colloidal distribution in 

their lateral size. 

 

Consequently, it is possible to increase the absorption cross-section of NPLs by extending 

their lateral size. This feature is known as absorption cross-section scaling and allows NPLs to 

reach higher absorption cross sections than quantum dots. Therefore, by using NPLs, we are able 

to study a system possessing precisely defined emission while having the high and broad 

absorption profile of nanocrystals. This also enables us to understand how nanocrystals transfer 

their energy without disturbance from inhomogeneous broadening. In addition, the number of 

binding sites on the surface of NPLs can be increased without affecting the energy levels. These 

parameters give room to a larger space of possibility to optimize energy transfer systems and 

opportunity to design platforms previously not achievable by quantum dots e.g. blue emitting 

nanocrystal with a very large particle size. 

 

The main project of this work is precisely to look at how the energy transfer of NPLs works 

and if we can benefit from larger absorption cross-sections, in Dexter-like transfer, FRET and 

photocatalyst systems. We also look at the photoluminescence of NPLs framework of imaging, 

taking advantage of their high absorption cross sections to develop bright markers. The results 

from these studies highlights the benefits of using NPLs but also the complications coming from 

their quasi 2D geometry (e.g. interaction with ligands) which could be used as a guide to design 

improved NPL based systems in the future. 
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Chapter 1: Introduction - Theories and State of The Art 

 

1.1 Properties of CdSe NPLs 

This section will expand on the topics discussed in context and discuss the basic properties 

of NPLs relevant to the studies conducted in this work. 

 

Quantum Confinement in Nanocrystals 

Bulk semiconductors, consisting of many atoms, form valence bands and conduction 

bands1 (Figure 1.1). These bands are separated by an energy gap. If we provide more energy than 

the gap, we can promote an electron from the valence band to the conduction band. The formation 

of bands in bulk material from energy levels in atoms is due to the immense number of atoms 

interacting with one another by overlapping orbitals.1 The result of the combination of those 

orbitals is many energy levels, so close to one another that they are almost indistinguishable. Hence, 

they can be grouped together into what is called a band.  

 

If we try to decrease the size of the bulk material, the number of atoms decreases. In other 

words, when the particle size is small, the number of atoms that contribute orbitals also decreases.1 

Eventually the gaps between the combination of orbitals become distinguishable again, closer to 

an atom or molecule. This transition from bulk to molecular characteristic is what is observed in 

nanomaterials and is a result of quantum confinement.2 
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Figure 1.1. Electronic states of different materials. Lines represent the energy level of orbitals. As 

orbitals interact with one another, the energy gap becomes so close that they resemble more of a 

band. Figure is adapted and modified from Sigma Aldrich.3 

 

The transition from bulk to nanocrystal can be determined more concretely from the 

dimensions of the material, when its size goes below the calculated Bohr radius e.g. CdSe < 4 nm, 

InAs < 29 nm.4 The Bohr radius can be thought of as how much space the delocalized electron 

needs to feel “free”. When the materials’ dimensions go under the Bohr radius, the electron is 

affected and starts to be confined. This confinement effect can be modelled by the particle in a box 

model, where the box size will determine the energy levels the electron can be allowed in. For 

quantum dots this model portrays the confinement in three dimensions due to the material being 

smaller than the Bohr radius in x, y and z direction. 

 

This changes for NPLs since their lateral dimensions are larger than the Bohr radius, while 

their thicknesses are below. This means that their electrons are only weakly confined in their lateral 

dimensions but are strongly confined in their thickness. Therefore, the quantum confinement 
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mainly happens in one dimension. As a result, the NPLs are no longer like particle in a box but 

rather a quantum well. Extension of the lateral sizes will have minor effects on the quantum 

confinement (Figure 1.2) in NPLs, therefore their energy levels are effectively independent of the 

lateral size (unless it too goes under the Bohr radius). This has a profound implication to the 

properties of NPLs discussed in the next sections. 

 

Figure 1.2. Relationship between the degrees of quantum confinement to the energy gaps. 

 

High Absorption Cross Sections in NPLs 

The absorption cross sections of nanocrystals increase with the particle size.5-7 Although 

QDs possess naturally high absorption cross sections compared to standard organic dyes, their 

sizes are limited to values below the material’s Bohr radius to keep the quantum confinement 

effects. NPLs are different in this regard, as they can continuously increase their lateral size to 

increase the absorption cross sections, while retaining the quantum confinement by keeping the 

thickness to a few nanometers. This makes it possible to have NPLs with absorption cross sections 

many folds of QDs (Figure 1.3). The same principle applies to the two-photon absorption cross 

section, making NPLs the material with the highest two photon absorption cross section to date.7 

This property is highly versatile for practical applications since it is possible to reach the same PL 

signals as QDs with lower excitation power or obtain greater signals with equal excitation power. 

The former case is potentially relevant in cases like in vivo microscopy or energy harvesting from 

sunlight while the latter for single particle detection or alike. 
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Figure 1.3. Absorption cross section of nanocrystals increase with their size. a) Lateral size 

dependent absorption cross section of 4ML NPLs. b) Two-photon absorption cross sections of 

various nanocrystal geometries. Absorption cross sections increase when the volume of the crystal 

increases i.e. their size. NPLs have greater scaling compared to other nanocrystal geometries and 

can therefore achieve the highest two-photon absorption cross section. Figure is adapted with 

permission from The Journal of Physical Chemistry C 2015 (47) 26768-267756 and Nano Letters 

2015 (8) 4985-4992.7 

 

Absolute Control of Energy Levels 

Due to the formation mechanism of NPLs,8 their thickness can be synthesized in an 

atomically precise manner. In the colloidal synthesis of CdSe NPLs, the 1 and 2 monolayer NPLs 

are unstable (discussed in later section, Figure 1.7.) so this starts off with 3 monolayer NPLs (4 

layers of Cd, 3 layers of Se). The thickness can be increased to 4 monolayers, 5 monolayers and 

so on until 8 monolayers.9 The effect of increasing the monolayer thickness is increasing the length 

of a quantum well (Figure 1.2).  

 

By careful purification, it is possible to separate the different monolayer (ML) NPLs and 

obtain pure fractions of NPLs (Figure 1.4a-c). This is typically due to the lateral size difference of 

each ML fraction, for example the 3ML side product of 4ML NPL synthesis are much larger (edge 

length ~50 nm vs ~20 nm), so they agglomerate easier relative to 4ML NPLs. One may contrast 

this with quantum dots, where the next larger dot would only be less than a nanometer different in 

size, thus they are practically impossible to separate. The possibility of obtaining pure ML fractions 
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is a huge boon to the field of nanocrystals, as NPLs enables to an unprecedented degree of spectral 

purity – seen by the narrow emission peak (Figure 1.4a-c, FWHM ~10 nm) and caused by NPLs 

of equal thicknesses emitting the same way. An obvious application of this is to improve the color 

range of displays10 (Figure 1.4d) but it can also be used to get homogeneous energy transfer from 

NPLs to small molecule acceptors as done in this work (chapter 2). 

 

Figure 1.4. Absorption and emission properties of CdSe NPLs with 3MLs (a), 4MLs (b) and 5MLs 

(c). NPLs emit in a spectrally pure fashion, as seen by their narrow PL (FWHM ~8 nm). This 

property is interesting for application in large gamut displays, shown in the chromaticity diagram 

(d). Figure 1.4d is adapted with permission from ACS Nano 2019 (5) 5326-5334.10 
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Surface Functionalization and Ligand Coverage 

Possessing Cd and Se atoms, we can expect that the surface chemistry of QDs and NPLs 

would follow traditional Cd and Se chemistry. To understand the whole picture however, we would 

have to look at the crystal facets of the nanocrystals. For typical CdSe QDs in a zincblende crystal 

structure, (100), (110) and (111) facets are exposed due to their quasi-spherical shape (Figure 1.5a). 

The (100) surface are Cd terminated, which leaves it with dangling bonds from the Cd atoms and 

can be thought of as a charged facet. These dangling bonds are in reality passivated by the fatty 

acid molecules introduced as the precursors in the synthesis.  

 

The (111) facet contains exposed Cd and Se atoms and is therefore neutral. Since the COO- 

group from the fatty acids are charged, they cannot simply interact with the (111) facets. Several 

studies showed that these facets are passivated by Cd(RCOO-)2 when the nanocrystals are just 

formed.11-13 This surface is labile12 and is prone to damage in case the Cd complex leaves, the Se 

gets exposed and oxidized.  

 

For NPLs however, the picture is quite different since their surface only consists of (100) 

facets.14 Thus, the ligands can only bind in one way to the Cd surface. This makes the ligand-NPL 

interactions much easier to control, since the behavior of the ligands is homogeneous in NPLs.  
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Figure 1.5. a) Comparison of crystal facets between QDs and NPLs. (100) facets are charged facets 

while (111) facets are neutral. b) Different possible binding modes of ligands to the nanocrystal 

facets. c) Different ligand displacement mechanisms. Figure is adapted and modified from 

Chemical Communications 2017 (53) 388-39114 with permission from The Royal Society of 

Chemistry and Science 2015 (347) 615-61613 with permission from AAAS. 

 

Cd2+ is a metal ion with an intermediate hardness in the hard soft acid base principle.15 

Thus it can bind not only to RCOO- but also other common electron rich ligands like RS- and R3N. 

It also interacts with weak nucleophiles like the ROH in alcohols. These groups can all be plausibly 

used as anchor groups to attach functional ligands i.e. energy acceptors to the surface of NPLs. In 

scope of this work two of the groups are noteworthy, the COO- and the S-. 

 

The exchange to COO- is relatively mild in most cases so it could occur without significant 

quenching of the PL.11 Quenching is very apparent in presence of N or S- and could be commonly 

seen in the intermediate steps during the preparation of core/shell NPLs when octylamine or 

thioacetamide is added. The quenching effect is solely dependent on the surface of CdSe NPLs 
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since once the surface is protected (e.g. by synthesizing a shell of over the NPLs) addition of 

amines will no longer quenches the PL.  

 

Due to the direct effect of the surface functionalization to the NPL’s PL, the ligand 

exchange process can be monitored by observing the change in lifetime of the NPLs at increasing 

quencher concentrations. The result of this titration can be confirmed by an independent 

measurement of heat change during isothermal titration calorimetry. As the ligands interact with 

the surface of the NPLs, heat can be released or absorbed and this heat change from the binding 

event can be monitored. This result can then be compared to the quenching of fluorescence. These 

two titration techniques were demonstrated in chapters 2 & 3. 

 

According to both titration methods, the large lateral size of NPLs allows hundreds of 

ligands to bind to the surface of NPLs. This result is a consequence of the easy binding to the 

charged (100) surface and allows all ligands to bind exactly the same way. It also supports the 

homogeneous energy transfer from NPLs to small molecule ligands. 

 

1.2 Colloidal Stability of Nanoparticles 

In the previous section we have seen how ligands can alter the surface of NPLs and how 

the geometry of the nanocrystal can affect the binding of the ligands to the surface. Another major 

aspect of ligands on NPLs is how they impact the colloidal stability of the dispersion. This is 

important when agglomeration needs to be avoided – for example when NPLs want to be uptaken 

by cells – or when agglomeration is needed – for example to separate NPLs from a mixture of 

colloids with different stability. To understand this, we will briefly review two concepts regarding 

nanoparticle stability. 

 

DLVO Theory 

The DLVO (Deryaguin and Landau,16 Verwey and Overbeek17) theory combines the effect 

of van der Waals attraction and electrostatic repulsion to explain the agglomeration behavior of 

dispersions quantitatively. This was done by considering the energy-distance relationship of the 

two forces. 
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The van der Waals force is attractive (hence negative (-) energy) and calculated by 

summing the contribution from all interacting pairs of atoms that make up the particles. Shape 

needs to be accounted in this case, which is done by integrating over the total volume of the particle. 

By using the Derjaguin approximation,18 the interaction energy G(D) between two spheres and 

two flat surfaces are as follows: 

Two spheres 

𝐺(𝐷) = −
𝐴

6𝐷

𝑅1𝑅2

𝑅1 + 𝑅2
 (𝐸𝑞. 1.1) 

Two surfaces (per unit area) 

𝐺(𝐷) = −
𝐴

12𝜋𝐷2
 (𝐸𝑞. 1.2) 

Where R is the radius of the particle, D is the distance between the particle and A is the 

Hamaker constant given by: 

𝐴 = 𝜋2𝐶𝜌1𝜌2 (𝐸𝑞. 1.3) 

Where C is a constant for interaction energy, which depends on the molecule’s property 

and is distance independent, and ρ is the number density of the surface. 

 

For the electrostatic repulsion, an electrical double layer is considered. The first layer is 

formed from the adsorption of charged molecules while the second layer is formed from the 

equilibrium of charged counterions around the first layer. This is given by: 

Two spheres 

𝐺 =
64𝑘𝐵𝑇𝑅𝜌∞𝛾2

𝜅2
𝑒−𝜅𝐷 (𝐸𝑞. 1.4) 

Two surfaces 

𝐺 =
64𝑘𝐵𝑇𝜌∞𝛾2

𝜅
𝑒−𝜅𝐷 (𝐸𝑞. 1.5) 

Where kB is the Boltzmann constant (1.38×10-23 J K-1), ρꝏ is the number density of ion in 

bulk solution, γ is the reduced surface potential given by: 

𝛾 = tanh (
𝑧𝑒𝜓0

4𝑘𝐵𝑇
) (𝐸𝑞. 1.6) 

and the Debye screening length 1/κ is given by: 
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𝜅 = √∑
𝜌∞𝑖𝑒2𝑧𝑖

2

𝜖𝑟𝜖0𝑘𝐵𝑇
𝑖

 (𝐸𝑞. 1.7) 

Where z is the valency of the ion, ψ0 is the potential on the surface, ε0 is the vacuum 

permittivity and εr is the relative static permittivity. 

 

To prevent the particles from overlapping, an additional term called the Born repulsion 

(1/D12) is added to give the final equation as the sum of all contributions: 

 

𝐺(𝐷) = −
𝐴

6𝐷

𝑅1𝑅2

𝑅1 + 𝑅2
+

64𝑘𝐵𝑇𝑅𝜌∞𝛾2

𝜅2
𝑒−𝜅𝐷 +

1

𝐷12
 (𝐸𝑞. 1.8) 

The interactions and the contributions can be summarized in the plot in Figure 1.6. 

 

 

Figure 1.6. Total interaction predicted from DLVO theory at increasing distance (red curve). 
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Steric Stabilization 

In addition to electrostatic stabilization, particles and droplets can be stabilized sterically 

by surfactants and polymers. This occurs by adsorption of the latter to the surface of the former.19 

Steric stabilization is widespread, because it can work in both aqueous and non-aqueous solvents, 

where the dielectric constant/relative permittivity εr of the latter is low and allows the use of non-

ionic surfactants and polymers.20 This makes the stabilization robust because it is insensitive to the 

electrolyte concentration.19 

 

When the surfactant adsorbs to the surface of a particle, it creates an adsorbed layer with 

the thickness δ (Figure 1.7). If the solvent can dissolve the surfactant well, the surfactant’s tail in 

the adsorbed layer may be strongly solvated.20 The solubility of the tail is important because the 

tail forms a random coil on the surface.21 

 

 

Figure 1.7. Particles in relatively a) poor solvated and b) well solvated conditions with adsorbed 

layer thickness δ and separation distance D. 

 

The more solvated the tail, the larger the size of the random coil (radius of gyration).21 This 

means an increase in the layer’s thickness δ in well solvated conditions. 

 

Two particles can approach one another until the separation D decreases to 2δ. In this case, 

the particles start to repel one another due to the compression of the adsorbed layers, relative to 

their ideal equilibrium conformation.20 This repulsion arises from two effects, one of which is the 
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unfavorable mixing of the adsorbed layers when the layer is well solvated, and the other is the 

decrease in configurational entropy when the layers overlap.20 

 

To create effective steric stabilization, the surface of the particle should be fully covered 

by the surfactant, as any uncovered area can induce agglomeration by van der Waals interaction. 

The surfactant should also be strongly bound to the surface to prevent any displacement when the 

particles approach one another. In addition, the surfactant’s tail should be well solvated and would 

ideally form a layer with δ > 5 nm. This would reduce the probability of weak flocculation.20 

 

Depletion Attraction  

For small solutes that do not interact with the particle surface (depletants), there is a region 

around the particle called the excluded volume. The solute cannot enter this volume due to loss of 

entropy. If the concentration of these solutes is high, osmotic pressure builds up and pushes the 

particles closer to one another to decrease the total excluded volume. This results in attraction of 

the particles to one another, hence agglomeration. For flat particles, the gain in excluded volume 

is greater than spherical particles, which makes NPLs agglomerate easily.  
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1.3 Colloidal Synthesis of CdSe NPLs 

The synthesis of core only CdSe NPLs is done by a colloidal approach.22, 23 This creates 

NPLs ranging from 3MLs up to 8MLs.9 The thickness can be further increased by using a layer by 

layer approach on existing NPLs24, 25 , which goes up to NPL thicknesses of 11 MLs.25 However 

they typically lose out on the useful properties like PL due to the imperfection of the method that 

creates defect sites.26 Thus core CdSe NPLs should be synthesized directly to the appropriate 

thickness practical applications. 

 

Formation of Anisotropic NPLs instead of Isotropic QDs 

In the colloidal synthesis of NPLs, short chain carboxylate cadmium salt is introduced to a 

mixture of long chain carboxylate cadmium salt and selenium. The difference in solubility creates 

a situation where the crystal growth is no longer limited by diffusion. As the crystal nuclei has its 

symmetry broken stochastically, crystal growth can occur in the wide facet or the narrow facet 

(Figure 1.8A). Growth in the narrow facet is kinetically much more favorable, hence the formation 

of NPLs. As a result of the energetics in the crystal formation of NPLs, the traditional synthetic 

method of NPLs from its cadmium carboxylate salt and selenium precursors can produce only 3, 

4 and 5ML NPLs (Figure 1.8b).  
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Figure 1.8. Energetics and formation mechanism of NPLs. a) Once the crystal nucleus has its 

symmetry broken stochastically, crystal growth can occur either in the wide facet or the narrow 

facet. In the experimental conditions for the formation of NPLs, the growth is much more favoured 

in the narrow facet, hence the formation of anisotropic nanocrystals. b) Energy barrier for the 

formation of different NPL MLs. c) Possible ways to tune the energies to achieve different ML 

thickness. White dot: synthesis without halides. Yellow dot: synthesis with halides. Figure is 

reprinted with permission and modified from Nature Materials 2017 (16) 743–748,8 and Chemistry 

of Materials 2020 (1) 566-574.26 

 

The selectivity of the reaction to the different ML products can be tuned by simply 

changing the reaction temperature. However, this approach is limited since the 3ML NPLs 

produced this way cannot reach high QYs and are always large. Furthermore, they tend to have 

more of a round geometry instead of a rectangle. This suggests that the NPLs may be formed 

rapidly, then etched at the corners due to rapid dissolution back to its monomers resulting in the 

rounded edges.27, 28 The reason for this is the low reactivity of Se powder, which demands a high 

temperature (at least 180°C) to start forming NPLs.  

 

The key to overcome this constraint is to modify the reactivity of the precursors. By using 

a more reactive Se precursor, the reaction could be done at a lower temperature. This affords slower 

growth and formation of high quality 3ML NPLs.29 Meanwhile, changing the Cd precursor to 

include halides, the energetics of the NPL surface can be modified to produce 6, 7 and 8 ML NPLs.9, 

26, 30 (Figure 1.8c) 
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1.4 Colloidal Synthesis of Core/Shell NPLs 

As mentioned in the earlier section, the surface of NPLs is highly sensitive to quenchers. 

In applications where high PL is desired, isolating this surface from potential quenchers is desirable. 

One typical way to do this for nanocrystals in general is by synthesizing a protective shell around 

the core. For applications in aqueous environments or biological medium for example, the 

introduction of a shell to CdSe NPLs is crucial to increase the robustness of NPLs by reducing 

their surface sensitivity. A variety of materials can be used as the shell but for purposes of 

protection, ZnS type I shell,31 CdS quasi-type II shell32-34and the mixture CdZnS are most often 

used.  

 

Figure 1.9. Band diagram of core (blue) shell (red) structures and their naming conventions. 

 

Type I shells isolate the excited state within the core, which makes it difficult to quench 

after addition of 4-5 MLs of shell material (Figure 1.9). Meanwhile in the case of CdSe/CdS, there 

is a small conduction band offset, making it a quasi-type II structure where electrons delocalize 

and the hole remains in the core.31  

 

The synthesis of a shell could be done by three main ways: atomic layer deposition35, one 

pot synthesis36, 37 and hot injection38-41. Although atomic layer deposition could form the shells 

layer by layer, making them useful for applications where thin shells are required, the shell 

synthesis used for this work are solely for the purpose of protection. Therefore, only the latter two 

methods are discussed. 

 

One pot synthesis method could be done in open air at room temperature, making it highly 

convenient when the objective is simply to give the NPLs some protection. Unfortunately, the 
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method suffers from reproducibility issues in terms of quantum yield, hence should not be used 

for applications where the quantum yield is critical. As a result, the one pot synthesis approach did 

not find widespread use as one of the major selling points of NPLs is their potential to be bright 

emitters. 

 

Just by looking at the similar reagents, it could be said that the hot injection method is the 

ideal evolution of the one pot synthesis. The major difference is the sulfur precursor is added 

slowly to the reaction mixture set at high temperatures (typically 300 °C). The high temperature 

facilitates the growth of high quality shell due to uniform growth and minimization of interfacial 

strains from atomic reorganizations.38 NPLs with near unity QY can already be achieved through 

the use of a CdS shell.38 Latest developments however opted to use a mixed shell CdZnS (Figure 

1.10) because of the better colloidal stability of NPLs with Zn terminated surfaces.41 

 

 

Figure 1.10. Steady state and time resolved spectra of some core/shell NPLs. a) PL of NPLs emit 

at wavelengths ~600 nm, greatly red-shifted compared to core NPLs shown in Figure 1.4. b) Time 

resolved PL of the core/shell NPLs changes with different shell composition. The NPL with the 

highest PLQY uses the CdSe/CdS/ZnS composition, which also exhibits the longest lifetime. This 

suggests that the shell has successfully isolated the excited state the most from its surroundings 

and promotes quenching mainly through PL. Figure is adapted and modified with permission from 

Chemistry of Materials 2019 (22) 9567-9578.39 



CHAPTER 1: INTRODUCTION - THEORIES AND STATE OF THE ART 29 

1.5 Photoluminescence (Fluorescence) 

Semiconductors are able to absorb photons with energy equal or greater to their bandgap. 

The absorption of photons promotes electrons from the valence band to the conduction band and 

leaves a hole in the valence band. Once in the conduction band, the energy can be released by 

going back into the valence band. The simplest way to release this energy is by the emission of 

photons with equal or lower energy to the excitation energy. Recall the band diagram in Figure 1.1 

for the quantum dots. If the energy provided to the material exceeds the bandgap, the energy is 

dissipated quickly (usually thermally) until the excited state goes to the lowest part of the 

conduction band. Then it can re-combines with a hole in the valence band to emit a photon. The 

same could be observed for molecules with their molecular orbitals. The photon emission occurs 

mostly from the lowest excited state in accordance with Kasha’s rule. Due to this behavior, the 

photon usually emits at longer wavelengths than the excitation wavelength. The shift in wavelength 

is called Stokes shift. 

 

This emission process is in general described as photoluminescence. The term fluorescence 

is specific to the relaxation from an excited state to a ground state with the same spin, typically 

from singlet excited state to singlet ground state. Practically almost all photoluminescence events 

in organic molecules is the latter because of the low likelihood of a spin flip or crossover in the 

absence of heavy elements. In semiconductor nanocrystals, the spin of the excited state is ill 

defined,42-44 thus to avoid confusion we refer to the process as the more general term 

photoluminescence (PL). 

 

The PL lifetime of NPLs are in the range of 4 – 10 ns (<τ> amplitude weighted average) 

and decreases at lower temperatures.23 This is a relatively slow process compared to quenching 

mechanisms such as energy transfer, which happens in ps timescales. In other words, PL occurs if 

the energy of the excited state is not consumed by other faster quenching mechanisms discussed 

in the next sections. There are many applications where high PL is needed e.g. fluorescence 

microscopy, therefore in such cases the excited state should be protected from the possibility of 

going through alternative quenching mechanisms. 
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1.6 Photoluminescence Quenching via Defects and Trap States 

In crystal structures, there are typically areas where there is some deviation from the perfect 

crystal. These areas are called defects and they can occur within the crystal or on the surface. The 

presence of these defects can influence the electronic levels of the semiconductor by, for example, 

creating sub band gap trap states (Figure 1.11).45 These trap states can act as new quenching 

pathways, which may be non-radiative. The quenching process via a trap state tends to be much 

faster than PL, thus they usually lead to stark reduction in PL quantum yields.46 

 

 

Figure 1.11. Energy level diagram of semiconductors in the presence of trap states. Upon 

excitation (blue arrow), the excited electron in the conduction band can re-combine with the hole 

as usual in the valance band and perform radiative recombination (PL, red arrow). However, it 

could also be quenched by sub-bandgap trap states which may result in nonradiative recombination 

or trap state emission in some cases. 

 

Defects could be created upon the synthesis of a nanocrystal or changed later by processes 

which affect the nanocrystal surface. The contribution of defects could be roughly estimated by 

the PL quantum yield (QY) of the NPLs. After synthesis, PLQY of NPLs typically lies around 

50%, unless the synthesis is well optimized. With these NPLs, several works have shown the 

possibility of making core/shell NPLs with near unity QYs.38-41 Formation of a shell could 

passivate or repair surface and perhaps anneal defects out of the NPL core through the energy 

provided in the high temperature process.  
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On the other hand, the number of defects could be increased by simply introducing the 

NPLs to harsh environment e.g. acidic conditions. Introducing NPLs to harsh environments can 

etch the surface of NPLs and creates deviation from the perfect crystal surface, effectively denying 

the PL of NPLs by favoring non-radiative quenching. Thus, to best retain high PLQY, the surface 

of NPLs should be as isolated as much as possible from the external environment. 

 

1.7 Photoluminescence Quenching via Energy Transfer 

If the excited state is quenched by the presence of a suitable acceptor, energy transfer occurs. 

Energy transfer can take place through many different mechanisms which will be covered in the 

next sections. Each mechanism possesses different requirements for acceptors and distances thus 

the dominant energy transfer pathway can be deduced by measuring characteristic relationships of 

the transfer process (Figure 1.12). 
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Figure 1.12. Examples of monitoring energy transfer process in a FRET system (a & b) and in a 

triplet energy transfer system (c & d). a) Steady state PL of QD decreases while PL of dye increases 

as more dye is added. b) Stern-Vollmer plot based on the quenching of QD indicating the increase 

in FRET efficiency with increasing dye ratio. c) Transient absorption of QD and dye at different 

times. Signal of QD decreases while signal of dye increases, suggesting triplet transfer. d) Changes 

in PL and transient absorption relative to the QD and dye. Figure a and b are adapted with 

permission from Journal of the American Chemical Society 2008 (51) 17242-1724347 while figure 

c and d are adapted from Nature Communications 2020 (11) 28.44 

 

Exciton Sizes in NPLs 

Since energy transfers are distance dependent, one must know how exactly the distances 

are defined to fully understand the transfer process. The promotion of an electron to the valence 

band creates an electron-hole pair, which is one example of an exciton. Several studies showed 

that the exciton in NPLs are not delocalized over the entire platelet at room temperature and 

attempted to determine their size. 48-50 Transient absorption measurements done by Li et al. and 
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Morgan et al found the exciton is localized in an area of tens of nm2. Meanwhile, magneto-optical 

spectroscopy by Brumberg et al. showed that the exciton is localized in a radius of 1 - 1.5 nm. 

These results have big implications for the energy transfer in NPLs since it means that the density 

of acceptor (ligands) per surface area should matter more than simply the number of acceptor 

(ligands) per NPL.  

 

Dexter-like Energy Transfer for Triplet Transfer and Upconversion 

Dexter energy transfer (also known as Dexter electron exchange) is a close range (~10Å)51 

energy transfer involving the interaction of orbitals (Figure 1.13). This mechanism conserves the 

spin of the electrons52 and describes a variety of processes including triplet energy transfer.53, 54  

 

Figure 1.13. Dexter energy transfer in molecules. Note that the donor D and acceptor A do not 

gain or lose electrons, nor do the overall spin change. 

 

The rate of a Dexter energy transfer (kET) is given by: 52 

𝑘𝐸𝑇 ∝
ℎ

2𝜋
𝑃2𝐽𝑒−

2𝑟
𝐿  (𝐸𝑞. 1.9) 

Where h is the Planck’s constant, P is an experimental constant, r is the separation from the donor 

to acceptor, L is the sum of the van der Waals radii of the donor and acceptor and J is the spectral 

overlap integral given by: 

𝐽 = ∫ 𝑓𝐷(𝜆)𝜀𝐴(𝜆)𝜆4d𝜆 (𝐸𝑞. 1.10) 

In the case of triplet energy transfer from nanocrystals to molecules, Mongin et al. 

discovered that the mechanism is also Dexter-like.54 Triplet energy transfer has gained interest in 

the nanocrystal community due to the high absorption cross section of nanocrystals and the mixed 

spin state of the nanocrystal’s exited state.42-44 This potentially allows the possibility of increasing 
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the efficiency of triplet sensitization by reducing the energy losses in spin crossover found in 

traditional systems based on organic molecules and porphyrins.55-60 The higher efficiency can play 

a significant role in applications like triplet-triplet annihilation (TTA) upconversion, a process that 

could aid harvesting the red regions of the solar spectrum to boost the blue region, which has 

application to improve the efficiency of solar cells.  

 

Up to now, designs based on QDs focused on using polycyclic aromatic hydrocarbons 

(PAHs) as the surface ligand acceptor. The specific PAH used is customized to the nanocrystal by 

changing the number of aromatic rings61-63 or the binding group64, 65 to tune the triplet energy or 

improve the surface binding and transfer rate to the ligands (Figure 1.14).  
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Figure 1.14. Examples of a variety of functionalized PAHs used as ligands for triplet energy 

transfer. PAHs were chosen based on their compatibility with the different QDs. Figures were taken 

and modified with permission from Chemical Science 2017 (8) 5488-5496,63 Chemistry of 

Materials 2020 (4) 1461-1466,65 and Journal of the American Chemical Society 2019 (25) 9769-

9772,61 respectively. 

 

The most common and well-studied combination is perhaps using CdSe QDs with 9-

anthracene carboxylic acid (CdSe-ACA).54, 64-68 Recent results show that this system faces 

bottlenecks related to the fundamental properties of QDs, that is surface sensitivity, low number 

of ligands/QD and interference of trap states. 

 

NPLs can undergo the ligand exchange with COO- much more smoothly due to the 

identical charged (100) surface on all terminating facets. Some of these surfaces are large in 

comparison to QDs, which allows high number of ligands to bind/NPL. NPLs can also be more 

easily synthesized without mid-bandgap trap states, which can simplify the study of the energy 

transfer behavior to the surface acceptors. 

 

Once the nanocrystal sensitizes triplets to the ACA (Figure 1.15), the triplets can be 

transferred to emitters like perylene or 9, 10 – diphenyl anthracene (DPA). Two emitters can use 

their triplet energy to do a triplet-triplet annihilation, emitting a photon from the singlet excited 

state with double of the triplet energy, thus resulting in upconversion.  
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Figure 1.15. Energy level diagram for triplet-triplet annihilation upconversion process using NPL-

ACA conjugate as donor and perylene as acceptor/emitter. 1) NPLs are excited to their singlet state. 

2) Spin crossover occurs which changes the spin of the excited species to triplet. 3) Triplet transfer 

to perylene. 4) Two perylenes in triplet state combine to form one perylene in the singlet excited 

state and one perylene in ground state. 5) Perylene emits excited energy as blue photon. 

 

This process happens in solution where the emitters are freely diffusing. For the TTA 

upconversion to occur, two of the excited emitters have to meet, which is difficult if the population 

of excited emitter is low. Thus, at low excitation power, there is a quadratic dependence of the 

upconversion intensity to the excitation power. This dependence switches to a linear one after a 

certain point. The point where the dependence switches from quadratic to linear is called the 

threshold intensity Ith,
69 and it represents the efficiency of the upconversion system. The lower the 

Ith, the more efficient the system is, since it requires less excitation power to reach the point where 

the there are enough triplets present to consistently annihilate with one another. For an NPL-ACA-

emitter system, this would mean that the first triplet transfer from NPL-ACA and the second triplet 

transfer from ACA-emitter will both have to be very efficient. The factors that make the transfer 

efficient is the focus of my project and will be discussed in detail in the upconversion chapter of 

this thesis (Chapter 3).  
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Electron / Hole Transfer for Photocatalysis 

The same reasons to use NPLs for triplet generation could also be said for excited state 

generation. Photocatalysis could be done by using the excited electrons and holes generated in 

nanocrystals. Some work has been done with QDs (Figure 1.16), showing that they could be 

versatile photocatalysts at low loading concentrations and little optimization.70  

 

 

Figure 1.16. Generation of electron-hole pair in semiconductor nanocrystals allows photocatalysis 

by donating electrons or holes to the organic species and therefore acting as a one electron oxidant 

and a one electron reductant. Figure obtained from Journal of the American Chemical Society 2017 

(12) 4250-4253,70 and is reproduced with permission under the terms of ACS AuthorChoice. 

 

The NPLs’ absorption cross section scaling makes them able to reach very high absorption 

cross sections and absorb light easily at low molar concentrations. Furthermore, since the 

nanocrystals are colloids, they can be separated easily from the products and solvents by 

centrifugation, thereby acting as a dispersible heterogeneous catalyst with high surface areas. In 

this case NPLs have another advantage over QDs since NPLs are less colloidally stable. This 

means that they can be more easily separated from the reaction mixture at lower centrifugation 

speeds. Furthermore, the NPLs could theoretically be re-dispersed and re-used for another reaction, 

provided that the agglomeration is reversible and the re-dispersion step does not damage the 
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catalytic property of the NPLs. These features overall make NPLs attractive for a cost-effective 

alternative to traditional, previous metal-based photocatalysts. 

 

Förster Resonance Energy Transfer (FRET) 

FRET, sometimes referred to as fluorescence resonance energy transfer, is a non-radiative 

energy transfer that occurs through the resonance of dipoles between the donor and the acceptor. 

For FRET to occur, the dipoles must be able to interact with one another (Figure 1.17). This means 

that they must not be orthogonal and not too far apart (in nanometer range).71 The emission of the 

donor must also match the energy of the absorption of the acceptor despite the non-radiative nature 

of the transfer. 

 

 

Figure 1.17. a) Jablonski diagram of the FRET process b) Dipole alignment between donor and 

acceptor. If dipoles are orthogonal, FRET will not take place. Figure is adapted and modified from 

Nikon.72 

 

Due to the small stokes shift of NPL PL, NPLs undergo relatively high homo-FRET when 

the particles are close to one another.73 This could happen in high dispersion concentrations or 

when the NPLs are dispersed in poor solvents. A common example could be seen when ethanol is 

added to an NPL dispersion in hexane.74-76 In such case the PL is quenched but when the NPLs are 

precipitated and re-dispersed in pure hexane, the PL returns. This means that the ethanol did not 

quench the PL by damaging the surface of NPLs but instead induced agglomeration, which 

promotes self-quenching by homo-FRET to NPLs with defects.73  
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Organic molecules are prime candidates for FRET acceptors since their properties can be 

tailored to function by modifying their chemical structures. Using the tailored molecules directly 

for their intended function can be inefficient because organic molecules generally possess low 

absorption cross sections. This means that a high concentration of molecules is needed to accept 

the energy from donors or from direct excitation with light, which may not be feasible for practical 

applications if the molecule is difficult to synthesize in large amounts. Nanocrystals can assist the 

absorption process by acting as a sensitizer. QDs have been utilized often for this application 

therefore there has been many examples and studies, including some that shows the energy transfer 

follows a FRET model.77-84  

 

When trying to mimic the same system with NPLs, two major differences must be 

considered. The first is related to the dipole moment. QDs have two-dimensional degenerated 

emission transition dipole moment of the lowest excitonic transition,85 but the acceptors will orient 

themselves randomly relative to the spherical surface of the QDs. This makes the interaction of 

the dipoles between donor and acceptor randomly oriented. However, NPLs’ dipole moment is 

fixed in the same plane as the lateral axes and their large lateral area compared to the narrow side 

facets makes interactions with the basal planes much more likely.86 This makes a difference to the 

orientation factor (Figure 1.18) when the acceptor is on the basal planes of the NPLs or on the 

edges.87 
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Figure 1.18. Dependence of orientation factor <κ2> when the interaction is to the basal planes of 

the NPLs (a) or the edge of the NPLs (b). Figure is taken and modified with permission from Nano 

Letters 2019 (7) 4297-4305.87 

 

The second consideration is the surface binding of the acceptor to the NPLs. NPLs can be 

laterally large and allow binding of hundreds of acceptors on the surface. But at the same time the 

exciton in the NPLs was measured to be smaller than the size of the NPLs.49 This suggests that the 

exciton are localized in areas of tens of nm,2,50 or even in a smaller radius of 1 – 1.5 nm,48 

depending on the measurement technique. If the localization is indeed so small in reality, it 

suggests that a high ligand coverage density is needed to get the acceptor near the exciton.  
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1.8 Imaging 

Labelling is a common technique in imaging to detect samples with “unremarkable” 

characteristics. By labelling the target with a marker, we can distinguish it from the surroundings. 

This approach is routinely used in biology where samples are stained with fluorescent dyes and 

imaged with light microscopy. Although super resolution fluorescence microscopy is developing 

at a rapid pace, the resolution is still far from the resolution of electron microscopy.88  

 

Furthermore, fluorescence microscopy is very difficult in deep-tissue due to the scattering 

and absorption of the short wavelength excitation beam (Figure 1.19). Near infra-red or infra-red 

absorbing organic molecules are rare and often absorb weakly. These reasons make it challenging 

to get high signal/noise ratio from the traditional fluorescent markers when using with one-photon 

excitation for deep-tissue fluorescence microscopy. 

 

Figure 1.19. Tissue penetration depth for light at different wavelength. Figure adapted from 

University of Liège.89 
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Quantum dots can get around this problem, thus they have enjoyed increased usage in 

bioimaging. They can be easily excited by two or more photons in NIR or IR regions (Figure 1.20) 

which allows deep tissue imaging,90, 91 and they can also be applied in cross correlation microscopy 

(known as correlated light electron microscopy or CLEM) to show the labelled samples in both 

fluorescence and electron microscopy.  

 

 

 

Figure 1.20. In vivo deep-brain structural multiphoton imaging using three-photon excitation. The 

three-photon fluorescence signal F3P is given by 𝐹3𝑃 = 𝐶 × 𝜂𝜎3 × 𝜑 × 𝐿𝑃𝑎𝑟 , where C is the 

marker concentration, η is the fluorescence quantum yield, σ3 is the three-photon absorption cross 

section, φ is the collection efficiency (photodetector), LPar is a parameter determined by the 

excitation laser.90, 92-95 Right plot shows the product of quantum yield and absorption cross section 

of QDs vs. organic dyes, which highlights the superior property of QDs for multiphoton absorption 

and fluorescence. Figure reprinted with permission from Nano Letters 2019 (8) 5260-5265.95 

 

This achievement was enabled by the successful phase transfer of QDs from organic 

solvents to water. QDs can be transferred to water by ligand exchange or polymer coating.96, 97 

Commercially available water dispersed QDs tend to be in the polymer coated forms98 due to their 

higher stability and the isolated surface99 of the nanocrystals from potentially harsh environments 

and quenchers found in complex biological media. 

 

NPLs have properties which are of great boon to this field, higher multi photon absorption 

cross section and rectangular geometry. Higher absorption cross sections mean the NPL markers 
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can be excited at lower powers to obtain the same fluorescent signals as other markers. This is 

highly beneficial because it reduces the background signals from auto fluorescence, and when 

measuring cells and tissues, lowers the possibility of photo-induced damage to the biological 

sample. Meanwhile the rectangular geometry makes them easy to spot in electron microscopy 

since they are distinguishable from the many spherical entities in cells. This unambiguous shape 

makes NPLs convenient markers in electron microscopy since their identity does not need to be 

confirmed by a complementary method like energy-dispersive X-ray spectroscopy (EDX). 

 

Transferring NPLs have proven to be challenging due to the flat geometry. Lim et al. argues 

that the curvature of NPLs makes it challenging to directly use methods applied to QDs hence they 

specifically designed lipoproteins that could accommodate the rectangular geometries of NPLs.100 

Other examples use ligand exchange by 3-mercapto propionic acid (MPA)101 or direct attachment 

of polymers with thiol groups to the surface of NPLs.102 Though as seen in QDs’ case, polymer 

coating would be the desirable approach for the phase transfer of NPLs in order to safely protect 

the surface of NPLs from the medium. 
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1.9 Cell Uptake and Protein Corona 

Uptake of nanoparticles must be known in order to understand how nanoparticle markers 

interact with biological objects and when attempting to develop a nanocarrier based drug delivery 

system. The cell uptake process is rather complex, conducted by a machinery of proteins. To get 

an idea of the mechanism, the nanoparticle’s properties like size and charge is correlated to the 

uptake result. However, this picture is incomplete as it does not take into account the protein corona.  

 

Protein corona is a shell of proteins that adsorbs to the surface of nanoparticles upon 

entering biological medium. This is highly important because it changes the biological identity of 

the nanoparticle, affecting how the nanoparticle interacts with its surroundings. For example, the 

protein corona can cover transferrin functionalized nanoparticles and make them lose their 

targeting ability (Figure 1.21). 

 

 

Figure 1.21. Effect of protein corona on the identity of nanoparticles. a) Nanoparticle surface is 

functionalized with transferrin which allows it to interact with antibody or targeted receptors on 

cells. b) Functionalized nanoparticle is exposed to protein, which changes its biological identity. 

The antibody can no longer recognize the nanoparticle. Figure adapted and modified with 

permission from Nature Nanotechnology 2013 (8) 137–143.103 
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The proteins in the cell uptake mechanism may also recognize the corona and decides based 

on this biological identity whether the nanoparticle may enter or not. Although the size and charge 

of nanoparticles may play big roles in the protein corona formation, there are other factors to 

consider such as the dynamics of protein adsorption to the surface. 

 

Most nanoparticles and nanocapsules have ligands and surfactants on the surface which are 

dynamic surfaces, affected by equilibrium and changes in the environment. It is less often the case 

that a nanoparticle has a static surface. The influence of a dynamic surface versus a static surface 

to the protein corona composition will be covered in more detail in this thesis (Chapter 6) by 

comparing nominally equivalent nanoparticles with static and labile surface dynamics. 
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1.10 Motivation and Outline 

Excitation by light is the ideal way to add energy into a sample or a system because of its 

high efficiency, spatial and temporal control. Light energy is also highly abundant and can be taken 

directly from sunlight, provided that the material can absorb a broad range of wavelengths. CdSe 

NPLs possess broadband and large absorption cross sections, which makes them very easy to 

excite with a variety of light sources. This advantage makes them very useful in situations where 

there are few NPLs available e.g. single particle fluorescence imaging, or when excitation 

intensities are low e.g. in vivo imaging (to avoid damage to cells) or in solar energy harvesting 

(especially in cloudy weather). 

 

However, the absorption of light is just half the challenge when designing NPLs for 

practical applications. The other half is how we use the absorbed energy. For example, NPLs 

excited by sunlight can perhaps emit the photon by photoluminescence to sensitize a catalyst with 

a narrow absorption profile. Alternatively, it could transfer the energy directly to the substrate and 

act as a catalyst itself. If we would like to tailor the NPLs to a specific application e.g. bioimaging, 

FRET, photon upconversion, photocatalysis, etc. control of how the energy is used (in other words 

the quenching pathway) would be necessary to avoid wasting the harvested energy for unwanted 

processes. 

 

Control over the quenching pathway gives us the ability to direct the energy transfer of a 

photoexcited NPL. As seen in the previous section, we can do this through the selection of surface 

ligands. Inert ligands prevent induced quenching of the excited state by sterically hindering access 

to the surface, given that the ligand packing is dense and the surface binding is not labile. This 

allows relatively slow decay pathways to occur, such as photoluminescence. On the other hand, 

reactive ligands and small molecules, which can directly interact or access the NPLs’ surface, are 

bound to have strong interaction to the NPLs because of their close distance. This enhances 

interactions that are strongly distance dependent e.g. energy transfer and charge transfer. When the 

quencher ligand or small molecule is close, energy transfer is fast – therefore favored over simple 

photoluminescence. Furthermore, the interaction can even be enhanced by having multiple 

molecules near or bound to one NPL. Hence, detailed understanding of the NPLs’ surface 

chemistry is critical for tailoring them towards specific applications. 
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I analyze in chapter 2 the FRET transfer efficiency from different sized NPLs to 

conjugated fluorophores. FRET is well known for its sensitive distance dependence, which can be 

varied in NPLs by changing their lateral size since the exciton is localized. We confirm the 

localized exciton by the lateral size dependence in NPL-fluorophore FRET, instead of taking the 

pure spectroscopic approach on the NPLs alone in previous studies. Smaller NPLs can be quenched 

by fewer fluorophores/NPL, indicating the effectiveness of the energy transfer. This is because in 

small NPLs the randomly placed fluorophore and exciton are on average closer to one another. 

This consideration is important when designing efficient NPL-fluorophore system since fewer 

fluorophore/NPL on the surface will reduce unwanted self-quenching. 

 

I utilize the photoexcited NPLs in a similar manner in chapter 3, where the energy transfers 

into ligands capable of triplet sensitization. The NPL-ligand conjugate sensitized freely diffusing 

emitters in solution and enabled triplet-triplet annihilation upconversion. We reveal how the 

interaction of the ligands on the surface of the NPLs can create unwanted loss mechanisms, which 

can explain the low upconversion efficiency of NPL based sensitizers in literature.  Here we show 

the close ligand packing on the surface played a critical role, since it adjusts the energy levels and 

dictates the direction of energy transfer of the system. The packing decreased the triplet energy of 

the sensitizer, leading to back transfer from the emitter with similar triplet energy. It also appears 

to promote some triplet-triplet annihilation on the surface, leading to back transfer. Our findings 

aid future design of NPL based upconverters by showing which loss mechanisms contribute to the 

low efficiency of the current system. 

 

In chapter 4, I describe how we looked into the chemical transformation of freely diffusing 

substrates catalyzed by NPLs. The surface of the NPLs allows free access of the small substrates 

to the photoexcited catalyst, as they are covered by the native fatty acid ligands. NPLs absorb light 

very well with their high absorption cross section and broad absorption spectra, which makes them 

effective catalysts at low mol% loadings. To demonstrate the viability of NPL catalysts, we chose 

the reduction of nitrobenzene to azoxybenzene, which the NPLs can catalyze without completely 

reducing it to aniline. All 3ML, 4ML and 5ML NPLs can catalyze the reaction thanks to their near-

constant conduction band energy. But the conversion of nitrobenzene increases by using thicker 

NPLs, which we attributed mainly to the broader absorption spectrum and higher 
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photoluminescence quantum yields, enhancing the absorption of light from the white LED 

excitation and the consecutive electron transfer. This example shows the potential of NPLs to 

catalyze commodity small molecules to high value products in an energy efficient manner. 

 

Conversely in chapter 5, I show an effective method to disperse NPLs in water, isolate it 

from its surroundings and deny surface access through a combination of a polymer coating and a 

CdZnS shell. This contrasts existing methods to disperse NPLs in water that relies on ligands and 

leaves the surface accessible. The key to this method is the interaction between the surface ligands 

and the polymer coating. Surface ligands alone are subject to equilibrium so without the polymer 

coating, NPL surface may be accessible due to detachment of ligands or simply insufficient ligand 

coverage density. I selected oleic acid ligands, which interacts favorably to the side chains of an 

amphiphilic polymer, forming a robust polymer coating. A polymer coating creates a hydrophobic 

barrier against the hydrophilic surrounding and makes the NPLs both colloidally and chemically 

stable. 

 

I affirm this idea through a comparative study in chapter 6 where I compare the 

photoluminescence and colloidal stability of ligand exchanged NPLs and polymer coated NPLs in 

biological medium. Exposure of the NPLs to the medium forms a coating of proteins around the 

nanoparticle, known as the protein corona. The protein corona analysis shows different set of 

proteins binding to the NPL samples, despite the similarity in particle shape, size, surface charge 

and functional groups (COO-) – the commonly studied parameters for nanoparticle cell uptake. 

Our study implies that the protein corona is affected by the dynamics of the ligand binding, where 

they are free to equilibrate in the ligand exchanged case, while in contrast “locked” by interaction 

to the polymer in the polymer coated case. The difference in surface chemistry dynamics ultimately 

influences the uptake of NPLs into cells. This again highlights the benefit of understanding the 

surface when developing materials for specific applications. 

 

Finally, I show in chapter 7 an ongoing collaboration project using our platform in 

bioimaging. Here we marked bio-polymeric nanocapsules with NPLs and localized by correlated 

light and electron microscopy (cLEM). Rectangular NPLs can be unambiguously identified by 

transmission electron microscopy alone, unlike existing spherical markers resembling cellular 
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components. The polymer coating protects the photoluminescent properties of the NPL during the 

encapsulation step and their high dispersibility in water keeps them in the aqueous phase during 

the miniemulsion process. This makes the encapsulation of NPLs straightforward and thus readily 

used as a cLEM marker for bio-polymeric nanocarriers in general.  
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Chapter 2: Lateral Size-Dependence in FRET between Semiconductor Nanoplatelets and 

Conjugated Fluorophores 

 

This chapter is based on the following publication: 

Lateral Size-Dependence in FRET between Semiconductor Nanoplatelets and Conjugated 

Fluorophores. Henry Halim, David Trieb, Niklas Huber, María Martínez-Negro, Lars-Arne Meyer, 

Thomas Basché, Svenja Morsbach, Kai A. I. Zhang and Andreas Riedinger. Journal of Physical 

Chemistry C., 2020, 45, 25028-25037. Reproduced with permission under the ACS AuthorChoice 

Creative Commons Attribution 4.0 International license. 

 

My contributions to the project were: Data analysis and application of the FRET model to 

the data, development of an estimate to predict the optimal size of NPLs for FRET and our 

fluorophore, additional spectroscopy measurements. NPL synthesis and spectroscopic data 

recording was done by David Trieb. The synthesis of the fluorophore was done by Niklas Huber. 

The synthesis of bis(stearoyl)selenide was done by Angelika Manhart. The synthesis of cadmium 

myristate was done by Paul Kolpakov. The ITC experiments were done by María Martínez-Negro. 

 

2.1 Introduction 

Organic fluorophores play an indispensable role in a variety of applications, including 

bioimaging, sensing, and photocatalysis.104-108 Their versatility arises from the fact that their 

properties can be fine-tuned by changing their molecular structures. However, their absorption 

cross-sections are lower and of narrow band-width compared to inorganic materials.109 This limits 

the choice of excitation wavelengths and requires higher excitation powers for image acquisition 

with organic fluorophores in (bio) imaging applications, and an increased loading of the 

photocatalyst and/or high excitation powers in photocatalysis with organic fluorophores. 

Semiconductor nanocrystals possess size-tunable absorption bands and absorption cross-

sections,5-7 are relatively photostable110 and can act as sensitizer for molecules in their proximity.77-

84 Therefore, the combination of semiconductor nanocrystals with organic fluorophores could be 

useful for applications where excitation intensities are low, e.g. absorption of sunlight without 

concentrators. To make this principle work, the energy absorbed by the nanocrystals must be 

transferred to the organic fluorophore, e.g. via FRET.111 
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FRET occurs when the nanocrystal and the organic fluorophore are in close proximity, 

oriented in a suitable angle and if there is a sufficient spectral overlap between the nanocrystal 

emission with the fluorophore absorption band. Since the absorption and emission bands of quasi-

spherical nanocrystals (quantum dots, QDs) are size-dependent, concurrent and independent 

tuning of the absorption cross-section (by the size) and the spectral overlap (also by size) is 

problematic. Anisotropic semiconductor nanoplatelets (NPLs),22 also known as colloidal quantum 

wells, overcome this issue. The atomically precise thickness of few atomic layers of NPLs (e.g. 

made from CdSe) is smaller and the lateral extension larger than the Bohr exciton radius.23 Due to 

this highly anisotropic structure, NPLs exhibit large absorption cross sections and the spectral 

position of the absorption and emission bands only depend on the thickness, while the lateral 

extensions determine the absorption cross-section.6 Furthermore, their flat and well-defined 

surfaces should simplify their surface chemistry. 

 

This implies that it should be beneficial to conjugate NPLs with organic fluorophores in a 

donor-acceptor FRET couple. This arrangement would allow to significantly broaden the 

absorption bandwidth and boost the absorption cross-section of the conjugate by using laterally 

large NPLs as the sensitizer. 

 

However, recently Brumberg et al. measured the size of the exciton in NPLs via magneto-

optical spectroscopy and concluded that excitons are not delocalized across the lateral dimensions 

of the NPL but rather localized within a radius in the range of 1.0-1.5 nm.48 By employing transient 

absorption spectroscopy Li et al.49 and Morgan et al.50 have reported much larger exciton sizes in 

the range of several tens of nanometers. While the discrepancies of the various measurements are 

still under debate, a common finding is exciton localization at room temperature.  Thus, in laterally 

extended NPLs, the fluorophore would have to be in close proximity to the localized exciton in 

order to allow for efficient energy transfer. For FRET, this would mean a distance not much further 

than the Förster radius. Based on this, it would be important for practical applications to know the 

largest possible NPL size one can use as a sensitizer, without losing too much of the FRET 

efficiency due to large exciton-acceptor separation distance.  
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 Here I present our findings on the FRET between 3 mono-layer (ML, defined as the 

number of Se layers in zinc blende CdSe across the thickness) thick CdSe NPLs and a carboxyl-

functionalized diethienyl benzothiadiazole derivative [DBTCA, 5-(7-(thiophen-2-

yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-carboxylic acid].  DBTCA has an excellent spectral 

overlap with 3ML CdSe NPLs’ photoluminescence (PL) and its derivatives found applications in 

the field of photovoltaics112, 113 and photocatalysis.114, 115 Therefore, we used it as a model system 

for our study, using the carboxyl group of DBTCA as anchor for the Cd-terminated NPL facets. 

By varying the DBTCA coverage on the surface of differently sized NPLs, we found a relationship 

between the size and the FRET efficiency. The analysis of the FRET behaviors observed in this 

work confirms that excitons are indeed of a small radius and stochastically distributed in CdSe 

NPLs. This shows that an optimum lateral size and fluorophore coverage exists and simply 

increasing the absorption cross-section by using larger NPLs is detrimental to the sensitization 

efficiency of small organic molecules. This finding will serve as a useful guideline for developing 

more efficient nanocrystal sensitizer systems for FRET based photocatalysis and fluorescent 

imaging. 
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2.2 Results and Discussion 

Synthesis and Functionalization of 3ML NPLs 

In order to get a good spectral overlap between the NPLs and DBTCA, 3 ML thick CdSe 

NPLs were selected as the donor (Figure 2.1a). The emission peak of 3ML NPLs lies at 462 nm, 

close to the absorption maximum of DBTCA at 446 nm. This results in a large overlap integral J 

of 2.2 x 1015 nm4M-1cm-1.  

 

 

Figure 2.1. Properties of 3ML CdSe NPLs and DBTCA. a) Absorption (dark blue/red line) and PL 

spectra (pale blue/red dotted line) of NPLs/DBTCA in toluene. Inset shows the structure of 

DBTCA. The overlap integral J between the NPL’s PL emission and DBTCA’s absorption is 2.2 × 

1015 nm4M-1cm-1. b) TEM image of the small NPLs with average lateral area of 150 nm2. c) TEM 

image of the medium NPLs with average lateral area of 600 nm2. d) TEM image of the large NPLs 

with average lateral area of 710 nm2. Scale bars correspond to a length of 100 nm. 

 

To study the influence of the lateral size in the FRET with DBTCA we first had to develop 

a synthesis pathway for high quality 3ML NPLs of adjustable lateral dimensions. First, we 

synthesized laterally small NPLs (surface area of ~ 150 nm2, Figure 2.1b “NPL 150”) with a 

modified protocol from the work of Riedinger et al.29 These NPLs were laterally extended with a 

seeded growth synthesis based on the method developed by Tessier et al.116 in order to obtain a 

series of laterally larger NPLs (Figure 2.1 c & d, “NPL 600” and “NPL 710”).  

 

Using our modified procedure, we were able to produce three differently sized NPLs with 

narrow lateral size distribution and a relatively regular shape (Figure 2.1 b-c). As expected, the 

lateral size extension increased the absorption of the NPLs linearly with the lateral area (Figure 

2.2), which agrees with previous findings in 4ML and 5ML NPLs.6  
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Figure 2.2. Absorption spectra of pure 3ML NPLs in hexane at equal molar concentration. Larger 

NPLs exhibit higher absorbance due to their larger absorption cross sections. 

 

After having a series of differently sized 3ML NPLs at hand, we first had to look into the 

chemistry of DBTCA with the NPL surface. Since FRET is strongly distance dependent, it is 

important to know whether the DBTCA, when mixed with NPLs in toluene, is freely diffusing or 

directly bound to the surface of the NPLs. 

 

We analyzed this by isothermal titration calorimetry (ITC). If the binding of DBTCA to the 

surface atoms is favored by equilibrium, addition of DBTCA to NPLs will result in a heat release 

or absorption upon interaction of the carboxylic group with the Cd-terminated NPL surfaces. Note 

that the lack of carboxylic group results in no binding (Experimental section Figure 2.13). If the 

equilibrium disfavors binding, no appreciable heat change will occur due to few products. In our 

experiments, the binding of DBTCA to NPLs’ surface indeed absorbs heat (Figures 2.3), which 

shows that binding is favored and could also be used to quantify the maximum number of DBTCA 

per NPL. Based on the observed heat changes (negative Gibbs free energy, indicating surface 

binding) we determined the thermodynamic reaction parameters of the titration by careful fitting. 

We found that ΔH = 20.4 ± 1.2 kJ/mol, ΔS = 180.0 ± 2.9 J/molK, ΔG = -33.2 ± 0.4 kJ/mol and Kd 

= 1.6 ± 0.2 ×10-6 M. The negative Gibbs free energy in relation to positive enthalpy and entropy 
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indicates that the process is entropically driven, most likely due to unlocking of the rotational 

degrees of freedom of the myristic acid released into solution after exchange with DBTCA, further 

changes of  the solvation shell, and inter-DBTCA - interactions in solution.117, 118 Meanwhile, 

the small dissociation constant Kd indicates that the DBTCA binding to the NPLs is highly favored. 

Noteworthy, the entire NPL surface can participate in binding. This enhances the binding 

probability significantly, similar to the situation of macromolecules with multiple binding sites 

(for details see Experimental section Figure 2.15).119  

 

We confirmed the favorable binding by kinetic experiments (Figure 2.4). This suggests that 

all DBTCA introduced to the system bind to the NPL until the surface is fully covered. Furthermore, 

we observed the inflection point (reaction stoichiometry) at a ligand coverage of 0.61 DBTCA/nm2 

(Figure 2.3). In terms of DBTCA/NPL, this corresponds to 1.8×102, 7.0×102, 8.4×102 

DBTCA/NPL for NPLs 150, 600, 710, respectively. When the DBTCA/NPL ratio exceeds those 

values, we should only see changes resulting from free excess DBTCA in solution, in the steady 

state PL and time resolved PL measurements of the NPLs and the DBTCA.  
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Figure 2.3. a) Exemplary ITC measurement of DBTCA titrated to NPL 450 in toluene. Results are 

shown in DBTCA coverage per nm2. Data shows integrated heats after subtraction of dilution heats 

together with an independent binding model fit. Molar ratio at full coverage corresponds to 0.61 

DBTCA/nm2. b) Corrected heat rates of the titration of DBTCA to NPLs and into pure toluene 

(dilution experiment).  

 

Table 2.1. Thermodynamic parameters from ITC. 

 

 

Figure 2.4. Kinetics of DBTCA binding to 3ML NPLs. a) NPL PL at 462 nm rapidly decreases as 

DBTCA is added. b) DBTCA PL at 565 nm rapidly increases as DBTCA is added. After the initial 

decrease/increase, the PL stays constant. 

Kd (M) Ka (M-1) ΔH (kJ/mol) ΔS (J/molK) ΔG (kJ/mol) n/NPL n/nm2 

(1.6 ± 0.2)*10-6 (6.7 ± 1.2)*105 20.4 ± 1.2 180.0 ± 2.9 -33.2 ± 0.4 556 ± 29 0.61 ± 0.03 
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Estimation of Förster Radius Based on FRET Equation 

The energy transfer from photoexcited semiconductor nanocrystals to suitable organic 

ligands can often be described through FRET based mechanisms47, 79, 120, 121 with few exceptions.83, 

122 For NPLs, this will involve the interaction between the transition dipole of the exciton and the 

transition dipole of the fluorophore. When the NPLs are excited, the position of the exciton on the 

NPL is unknown.87 This means that we cannot use the traditional assumption of center-center 

distance of donor and acceptor since the donor (the exciton) exhibits a stochastic distribution of 

residence within the NPL. Thus, the distance between the donor and the acceptor must be measured 

from the center-to-center distance of the exciton and DBTCA rather than the center of NPLs 

(Scheme 6.1). However, since the position of the generated exciton is unknown, we must estimate 

this by statistical means by using the DBTCA surface coverage. As the surface coverage increases, 

the likelihood of the exciton to be near to DBTCA increases.  

 

Figure 2.5. Surface binding of DBTCA on the (100) basal planes of 3ML CdSe NPLs. The left 

DBTCA is positioned within the exciton radius while the right is positioned outside the radius. 

Red atoms represent Cd while yellow atoms represent Se. Atomic sizes are not to scale. Green 

arrows indicate the dipole moment of DBTCA. 

 

Energy transfer via FRET can occur efficiently as long as the DBTCA lies within the 

Förster Radius (R0) of the NPL-DBTCA and the orientation factor  for the conjugate is non-zero. 

Once the energy is transferred to the DBTCA, the molecule can relax back to its ground state by 

emission of a photon. However, this process could be complicated by the possibility of (partial) 

self-quenching from dimerization/oligomerization of nearby DBTCA molecules123 on the surface 

of NPLs at high ligand coverage (refer to Figure 2.6). 
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Figure 2.6. a) DBTCA PL Intensity at increasing DBTCA/NPL ratio using NPL 150 with direct 

excitation to DBTCA (500 nm). Ratio was adjusted by keeping DBTCA concentration constant 

and varying NPL concentration to facilitate comparison. Decreasing intensity suggests increasing 

contribution of self-quenching at high ligand coverage. b) DBTCA PL lifetime at increasing 

DBTCA/NPL ratio using NPL 150 with direct excitation to DBTCA (500 nm). Decreasing PL 

lifetime suggests DBTCA is more easily quenched at higher coverage, presumably due to closer 

distance of neighboring DBTCA. 

 

Based on the properties of the three differently sized NPLs and DBTCA, R0 can be 

estimated using Equation 2.1,124 in order to estimate expected distances for efficient FRET 

(Table 2.2).  

𝑅0
6 = 8.79 × 10−11(nm2Mcm) ×

𝛷𝐽𝜅2

n4
      (𝐸𝑞. 2.1) 

Here, Φ is the quantum yield of the donor, κ2 is the orientation factor between the donor-

acceptor, n is the refractive index of the solvent and J is the overlap integral, given by Equation 

2.2:125 

𝐽 = ∫ 𝑓𝑑𝑜𝑛𝑜𝑟(𝜆)𝜀𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟(𝜆)𝜆4d𝜆      (𝐸𝑞. 2.2) 

 

Here, f is the normalized fluorescence intensity of the donor and ε is the molar extinction 

coefficient of the acceptor. Since the transition dipole moment in NPLs is mainly oriented in 
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plane126, the orientation factor κ2 will change when the DBTCA binds to the basal planes or the 

side facet. Erdem et al. demonstrated that κ2 is 1/3 when a point-like donor dipole interacts with 

the basal plane of NPLs but is enhanced to 5/6 when it interacts with the side facet of the NPLs.87 

Since small NPLs have a greater contribution of side facet area compared to basal plane area 

(Table 2.3), we accounted for this difference for the determination of effective orientation factor 

κeff
2 (Table 2.2).  

 

Table 2.2. Estimated κeff
2 and R0 of the possible donor-acceptor pairs in this study. Estimation 

details are shown in Table 2.3. 

 

 

R0 of the NPLs are calculated using Equation 2.1 and are found to lie in a similar range 

(Table 2.2). The differences are mainly due to the different QYs of the NPL samples (Experimental 

section Figure 2.14 and Table 2.6). Note that the distance dependence in this work is not (1/r4), 

unlike in the study by Erdem et al.,87 since the distance-dependence is determined by the 

dimensionality of the acceptor (DBTCA in our case) as shown by Martínez et al.127 

 

Interestingly R0 of the homo FRET between DBTCA molecules is in the same range as the 

FRET process between NPLs and DBTCA, which implies self-quenching will always be a possible 

decay pathway for the DBTCA when its surface-bound concentration is sufficiently high. 

 
NPL 150 NPL 600 NPL 710 DBTCA 

QYDonor  0.48±0.048 0.05±0.005 0.02±0.002 0.80±0.080 

JDonor→DBTCA  (nm4M-1cm-1) 2.20 x 1015 2.20 x 1015 2.20 x 1015 5.36 x 1014 

Estimated κeff
2 0.40 0.37 0.37 0.67 

R0 Donor→DBTCA (nm) 4.4 3.0 2.6 4.1 
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Table 2.3. Estimation of effective orientation factor <κeff
2> and R0 based on the different <κ2> 

when DBTCA is bound to the basal planes of NPLs or the side facets of NPLs.   

Under the assumption that DBTCA acts as a point dipole, the orientation factor between 

NPLs and DBTCA   changes from 1/3 when interacting with basal plane to 5/6 when interacting 

with side facets.87 The contribution of each <κ2> depends on the population of DBTCA bound to 

the basal planes or the side facets. Taking this into account, <κeff
2> can be calculated by 

Equation 2.3: 

 

 < 𝜅𝑒𝑓𝑓
2 > = % 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑏𝑎𝑠𝑎𝑙 × 𝑏𝑎𝑠𝑎𝑙 𝑝𝑙𝑎𝑛𝑒𝑠 < 𝜅2 >  + % 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑖𝑑𝑒 𝑓𝑎𝑐𝑒𝑡𝑠 × 𝑠𝑖𝑑𝑒 𝑓𝑎𝑐𝑒𝑡𝑠 < 𝜅2 >

  (𝐸𝑞. 2.3) 

 

NPL 150 NPL 600 NPL 710  

0.48±0.048 0.05±0.005 0.02±0.002 QY NPLs (±10%) 

2.20E15 2.20E15 2.20E15 Overlap integral (J 
NPL-DBTCA

) 

    

1/3 1/3 1/3 Basal planes <κ
2
>87 

5/6 5/6 5/6 Side Facets <κ
2
>87 

    

6.2±0.6E3 6.4±0.6E2 2.6±0.3E2 R
0

6
 Basal planes (nm6) 

1.5±0.2E4 1.6±0.2E3 6.4±0.6E2 R
0

6
 Side facets (nm6) 

    

4.3±0.1 2.9±0.1 2.5±0.1 R
0
 Basal planes (nm) 

5.0±0.1 3.4±0.1 2.9±0.1 R
0
 Side facets (nm) 

150±42 598±186 712±103 Average lateral area (nm
2
) 

11±3 22±7 24±4 Average Side facet area (nm
2
) 

3.00±0.84E2 1.20±0.37E3 1.42±0.20E3 Basal planes area (nm
2
) 

44±12 89±28 97±16 Side facets area (nm
2
) 

0.87±0.08 0.93±0.06 0.94±0.03 Contribution from Basal planes 

0.13±0.08 0.07±0.06 0.06±0.03 Contribution from Side facets 
    

0.40±0.04 0.37±0.02 0.37±0.01 <κeff

2
> 

7.4±1.5E3 7.1±1.1E2 2.8±0.4E2 R
0

6
 Effective (nm6) 

4.4±0.1 3.0±0.1 2.6±0.1 R
0
 Effective (nm) 
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Lateral Size Dependent FRET 

To assess size and concentration dependencies in NPL-DBTCA FRET couples 

experimentally, we conjugated various amounts of DBTCA with the NPLs by mixing the two 

components at different ratios in toluene. As shown in Figure 2.8 a-c, the PL intensities of the 3ML 

NPLs decrease with increasing concentrations of DBTCA while the DBTCA PL intensities 

increases first and decreases again after a certain critical surface coverage is reached. Furthermore, 

we observed subsequently decreasing NPL PL lifetimes upon binding of DBTCA (Figure 2.7). We 

confirm the FRET based nature of these phenomena by analyzing the quenching of the donor 

(NPL) PL and the concomitant enhancement of the acceptor (DBTCA) PL in Figure 2.9.  

 

 

Figure 2.7. PL behavior of the three NPL sizes with and without DBTCA in steady state conditions 

(a-c) and time resolved conditions (d-f). DBTCA/NPL ratios were 66, 216 and 228 for NPL 150, 

600 and 710 respectively, which is where max DBTCA PL occurs (refer to Table 2.4). 
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Figure 2.8. Left side: Plots of integrated PL intensities of NPL and DBTCA versus DBTCA/NPL 

ratios. PL values are plotted after correction with respect to the quantum yield (Table 2.2) and 

subtraction of predicted trap state contributions. Data points were fitted with exponential growth 

and decay functions to quantify the rate of increase or decrease of PL using |τ|. For NPL 150 (a), 

energy transfer from the NPL donor to the DBTCA acceptors appears to proceed quantitatively up 



CHAPTER 2: LATERAL SIZE-DEPENDENCE IN FRET BETWEEN SEMICONDUCTOR 

NANOPLATELETS AND CONJUGATED FLUOROPHORES 63 

to a DBTCA/NPL ratio = 66, indicating a FRET-type process with little influence of trap states 

and self-quenching. For NPL 600 (c) and NPL 710 (e) the influence of alternative quenching 

mechanisms becomes more dominant, leading to larger discrepancies of |τ|. Right side: FRET 

efficiencies as a function of DBTCA/NPL ratios calculated according to equation 2.4 (see below) 

for DBTCA PL enhancement and Equation 2.5 for NPL PL quenching. For NPL150, FRET 

efficiencies for both NPL and DBTCA rise equally fast in early stages as seen in (b) and levels at 

near unity, supporting the notion of quantitative energy transfer. The losses of FRET efficiency 

when viewed from the DBTCA PL (d and f respectively) again indicate the contributions of trap 

states and self-quenching: 

 

𝜂𝐹𝑅𝐸𝑇 =

𝐹𝐷𝐵𝑇𝐶𝐴
𝑄𝑌𝐷𝐵𝑇𝐶𝐴

⁄

𝐹𝑁𝑃𝐿
𝑄𝑌𝑁𝑃𝐿

⁄ +
𝐹𝐷𝐵𝑇𝐶𝐴

𝑄𝑌𝐷𝐵𝑇𝐶𝐴
⁄

  (𝐸𝑞. 2.4) 

 

As predicted from R0 values of DBTCA-DBTCA homo FRET (Table 2.2), self-quenching 

starts to occur at high DBTCA/NPL ratios where the average DBTCA-DBTCA distance becomes 

increasingly shorter. As a result of self-quenching, the DBTCA PL intensity peaks at certain 

DBTCA/NPL ratios (Figure 2.9d, dotted arrows). Beyond this point, self-quenching starts to 

become the dominant relaxation pathway. The maximum PL intensity is reached at 66, 216 and 

228 DBTCA/NPL ratios for NPLs 150, 600 and 710 (Table 2.4). 
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Figure 2.9. FRET between NPL and DBTCA at different DBTCA/NPL ratios. a – c) PL spectra of 

differently sized NPLs with increasing DBTCA concentrations. Samples were excited with a blue 

LED (λ = 369 nm, FWHM ~10 nm) where DBTCA weakly absorbs. NPL PL (λ = 462 nm) 

decreases as DBTCA concentration increases, while the DBTCA PL (λmax = 565 nm) increases. 

The small peak at ~510 nm stems from a small amount of 4ML CdSe NPL impurities. d) Change 

of DBTCA steady state PL intensity. PL increases from near zero at low DBTCA and reaches a 

maximum at certain DBTCA/NPL ratio (dotted arrows) until the PL intensity decreases again. The 

position of the maximum PL shifts to higher DBTCA/NPL ratios for larger NPLs. e) FRET 

efficiency calculated from donor quenching (equation 2.5) of differently sized NPLs at different 

DBTCA/NPL ratios. Solid lines indicate fits with equation 2.6. f) FRET efficiency calculated from 

donor quenching of differently sized NPLs at equal DBTCA coverage. 

 

The larger number of DBTCA required to reach this maximum on larger NPLs can be more 

easily understood by looking at the PL normalized to the number of ligands per surface area of 

each NPL in the series (DBTCA/nm²). As shown in Table 2.4 (third row), the coverage values for 

the three NPLs are in the same range, with smaller NPLs being more tolerant to higher coverage. 
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Table 2.4. DBTCA/NPL ratios and ligand coverage values for the three NPLs in different 

situations: maximum DBTCA PL intensity (from Figure 2.9d), maximum coverage (obtained from 

Figure 2.3, ITC turnover point). We approximate the NPLs surface area by considering only the 

planes. 
 

NPL 150 NPL 600 NPL 710 

DBTCA/NPL at max. PL 66±5 216±13 228±18 

DBTCA/NPL at max. coverage 1.8±0.1×102 7.3±0.4×102 8.7±0.5×102 

DBTCA/nm2 at max. PL 0.22±0.02 0.18±0.01 0.16±0.01 

DBTCA/nm2 at max. coverage 0.61±0.03 0.61±0.03 0.61±0.03 

Avg. DBTCA-DBTCA distance (nm) at max. PL 2.1 2.4 2.5 

Avg. DBTCA-DBTCA distance (nm) at max. coverage 1.3 1.3 1.3 

 

If we convert the coverage to the average separation distance of DBTCA-DBTCA (row 5), 

we obtain distances of 2.1-2.5 nm. These distances are clearly below the calculated R0 of DBTCA-

DBTCA (Table 2.2) and represents the point where self-quenching starts to dominate as relaxation 

pathway. 

 

The shorter DBTCA-DBTCA distance for small NPLs implies that there is some tolerance 

to have the DBTCA close to one another before they efficiently quench. We attribute this to the 

higher relative amount of DBTCA ligands bound to the side facet that terminate the lateral 

expansion of the NPLs (Table 2.3). Binding to the small facets will change the orientation of the 

molecule, and thus the orientation factors κ² for DBTCA homo FRET and the desired NPL-

DBTCA FRET. The orientation factor κ2 of DBTCA-DBTCA will decrease for cases where one 

molecule is bound to the narrow and one is bound to the wide facets since they would be roughly 

orthogonally oriented to each other. Meanwhile, the NPL-DBTCA orientation factor will 

increase,87 since the transition dipole moment of NPLs lie in their flat plane,86 opening the 

possibility of (nearly) co-parallel transition dipole moment orientations in the best case. This 

difference, along with some unspecified losses observed in the large NPLs (Figure 2.8), could 

explain why NPL 710 need ~3.5× more DBTCA to only reach ~2× PL intensity compared to 

NPL 150. 
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The quenching of the NPL PL has been calculated by Equation 2.5 where FRET is the FRET 

efficiency. Moreover, in a first approximation, Equation 2.6125 has been fitted to the data, keeping 

in mind that r as well as R0 can be widely distributed: 

 

𝜂𝐹𝑅𝐸𝑇 = 1 −
𝐹

𝐹0
  (𝐸𝑞. 2.5) 

 

𝜂𝐹𝑅𝐸𝑇 =
𝐷𝐵𝑇𝐶𝐴 𝑁𝑃𝐿⁄

𝐷𝐵𝑇𝐶𝐴 𝑁𝑃𝐿⁄ + (
< 𝑟 >

𝑅0
)

6    (𝐸𝑞. 2.6) 

 

We made a plot of FRET efficiency as function of DBTCA/NPL ratios (Figure 2.9e) and 

fitted the data with Equation 2.6. These fits yielded <r>/R0 values of 1.62, 2.28 and 2.36 for NPL 

150, 600 and 710, respectively. The lower <r>/R0 values for smaller NPLs indicate that it is easier 

to reach high FRET efficiencies using small NPLs at equal DBTCA/NPL ratios.  

 

By looking at the DBTCA coverage (DBTCA/nm2) instead of DBTCA/NPL ratios, we 

found that the three NPLs exhibit similar FRET efficiencies at the same coverage (Figure 2.9f). 

This supports the idea that the excitons are localized rather than completely delocalized across the 

entire NPL, since the coverage shows the density of acceptors in the local proximity.  

 

Interestingly, when DBTCA/nm2 > 0.5, the FRET efficiency obtained by donor quenching 

converges to a value around 0.8 – 0.9. This happens close to when the surface of the NPLs is fully 

covered by the DBTCA ≈ 0.61 DBTCA/nm2 (ITC, Figure 2.3 and Table 2.4). Based on this, we 

can conclude that the FRET efficiency between NPLs and DBTCA does reach its maximum at the 

highest possible ligand coverage. 

 

However, if we compare the maximum DBTCA surface coverage to the surface coverage 

at maximum DBTCA PL (Table 2.4, row 1 and 2), we find the maximum PL at much lower surface 

coverage relative to the surface coverage where maximum FRET efficiency occurs. Therefore, we 

can conclude that although the energy is transferred to the DBTCA efficiently when the surface is 

fully covered, it will undergo subsequent (partial) self-quenching processes. In other words, when 
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using NPLs as sensitizers for fluorophores, it is best to minimize the self-quenching effects rather 

than maximize the FRET efficiency. 

 

Qualitative Estimation of Ideal NPL Size for NPL-DBTCA FRET 

Since the excitons in NPLs have a small radius and their location of residence is 

stochastically distributed, the size of NPLs must play an important role. With increasing ratio of 

DBTCA/NPL, the denser the DBTCA packing on the NPL surface becomes. At increasing ligand 

coverage, the probability of a DBTCA molecule to be situated near the exciton becomes higher. 

Therefore, if the FRET efficiencies are high at low DBTCA amounts, the DBTCA must already be 

placed where it can interact with the exciton efficiently. We evaluated this tentatively by looking 

at the steepness of the slopes in Figure 2.10.  
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Figure 2.10. Exponential growth fits to the curves in Figure 2.9e. Exponential growth 

denominators obtained from fits are highlighted in dark blue, green and purple for NPL 150, NPL 

600 and NPL 710 respectively.  

 

The slope corresponds to the reciprocal probability of the DBTCA being positioned next 

to the generated exciton. To interpret this parameter qualitatively, we fitted the curves with an 

exponential growth function (Figure 2.10a-c). The steepness of the exponential growth is measured 

by the denominator of the exponent and scales linearly with the lateral area of the NPLs (Figure 

2.11a, grey line). While this fit is not based on a physical model, a linear dependency could also 

be obtained by fitting the curves using equation 2.6 (Figure 2.11a, red line, refer to Figure 2.9e for 

the corresponding fits). This finding agrees well with the assumed uniformly distributed density 

of excitons in NPLs by Erdem et al.87 
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Figure 2.11. Determination of NPL size where DBTCA is always expected to be positioned close 

to the exciton. a) Extra-polation of the exponential growth denominator, determined from the fit 

of the slopes of Figure 2.10 using an exponential growth function. Result of the fits using Equation 

2.6 are shown in red for comparison. The fits do not include Poisson statistics since it introduces 

negligible changes of the results, smaller than the error margin of the measurements (Table 2.7). 

The denominator approaches zero at lateral size of 78.5 nm2. b) Sketch of square NPL with lateral 

size ≈78.5 nm2, with illustration of the exciton radius and R0.  

 

When the exponential growth denominator approaches zero, the exponential growth 

function becomes infinitely steep. This means that the increase in FRET efficiency becomes 

infinitely fast as DBTCA binds to the NPLs’ surface. In other words, DBTCA is always next to the 

exciton regardless of the binding site. By extrapolation we can obtain the critical NPL size where 

this phenomenon can occur (Figure 2.11a, blue region).  
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Since our study was done on roughly square NPLs, this size corresponds to square NPLs 

with dimensions of ~9 nm x 9 nm, slightly smaller than two times the sum of the exciton radius 

and average R0, avg (average over all R0 in Table 2.2 = 3.3 nm) for the NPL-DBTCA FRET couple 

(Figure 2.11b). Although the localization of the exciton and the DBTCA binding are subject to 

statistical distributions, our qualitative estimation enables us to propose NPL sizes where high 

average FRET efficiencies could be reached without using high dye concentrations. 

 

2.3 Conclusions 

Our results on the FRET between 3ML CdSe NPLs to DBTCA ligands can be best 

described by dipole-dipole interactions between DBTCA and excitons in NPLs with radii in the 

range of few nanometers, exhibiting stochastically distributed locations of residence in the NPL. 

We observed the influence of this distribution by comparing the FRET efficiency of NPL-DBTCA 

pairs, using differently sized NPLs. For laterally small NPLs, FRET efficiencies increase rapidly 

at low DBTCA/NPL ratios, which indicates that the probability of DBTCA to be positioned near 

the exciton is high. Conversely for large NPLs, the FRET efficiency increases slowly until the 

conjugate reaches similar DBTCA surface densities, highlighting the dependence of FRET to 

surface coverage per unit area rather than DBTCA/NPL ratios. For smaller NPLs, there is a greater 

population of DBTCA that is positioned on the side facets, which experience less self-quenching 

compared to DBTCA positioned on the basal planes due to changes in the orientation factor. 

Therefore, increasing the absorption cross-section of NPLs by using large NPLs is accompanied 

with increased separation between exciton and the acceptors, the most critical parameter in FRET 

(1/r6). Thus, optimal sensitization by NPLs should aim to use smaller NPLs to enhance FRET from 

exciton to acceptor molecule. Noteworthy, even small NPLs have significantly higher absorption 

cross sections compared to their spherical counterparts128 the coupled system could benefit from. 

From our findings and estimations, these small NPLs should be isotropic in the lateral dimensions 

(e.g. square), with the edge length smaller than 9 nm to maximize the probability of the DBTCA 

to be located close to the exciton. The fluorophore density should also not be around 

0.2 fluorophores/nm2 on the surface, to minimize self-quenching. This result should aid the design 

of efficient NPL-fluorophore systems for sensing, imaging and photocatalysis.   
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2.4 Experimental Section 

Chemicals. n-Hexane (95%) was purchased from Fischer scientific. Methyl acetate (99%) 

was purchased from Merck KGaA. 1-octadecene (ODE, 90%), cadmium acetate dihydrate (98%) 

were purchased from Acros organics. Selenium powder (99.999%), methanol (100%) were 

purchased from Alfa-Aesar. Toluene (99.8%) was purchased from VWR chemicals. Oleic acid 

(90%), cadmium nitrate tetrahydrate (98%), myristic acid (>98%) were purchased from Aldrich. 

All chemicals were used as received without further purification. 

 

Synthesis of cadmium myristate. Cadmium myristate was prepared from its nitrate salt 

using standard literature methods.129-131 Cadmium nitrate (1.23 g) was dissolved in 10 mL of 

methanol. Sodium myristate (3.13 g) was dissolved in 100 mL of methanol. The solutions were 

stirred well separately for 10 minutes until they are clear. Then, they were mixed together and 

stirred for 30 minutes at room temperature. The resulting white precipitate (Cd Myristate) was 

filtered, rinsed three times using cold methanol and dried under vacuum overnight. The white 

powder was stored at room temperature in the dark. 

 

Synthesis of bis(steaoryl)selenide. Bis(stearoyl)selenide was prepared using LiAlHSeH 

as the selenating agent.132 To prepare the LiAlHSeH, LiAlH4 (0.76 g, 20 mmol) was added to a 

suspension of Se powder (1.92 g, 24 mmol) in 200 mL THF at -10 °C under argon atmosphere. 

The mixture was stirred for 30 min. The LiAlHSeH was formed in situ as a grayish dispersion. 80 

mmol (27.2 mL) of stearoyl chloride was slowly added to the dispersion of 20 mmol LiAlHSeH. 

The mixture was stirred at -10 ºC under nitrogen atmosphere. After 2 h, 5 mL of deionized water 

was added to quench unreacted reagents. The organic reaction mixture was diluted with 300 mL 

of diethyl ether and washed four times with 100 mL brine. Bis(stearoyl)selenide was crystallized 

at 20 °C (12 h), filtered, and dried under high vacuum for 12 h. The resulting white flakes were 

stored in a nitrogen filled glove box. 

 

Synthesis of laterally small 3ML NPLs (NPL 150).29 In a three necked flask, 127.5 mg 

(0.225 mmol) of cadmium myristate and 17.3 mg (0.065 mmol) of Cd(OAc)2·2 H2O were 

dispersed in 15 mL ODE. This mixture was heated up to 100 °C and degassed under vacuum during 

15 min. Afterwards the mixture was heated up to 140 °C under argon. At this temperature, a 
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solution of 45.8 mg (0.075 mmol) of bis(steaoryl)selenide dissolved in 1 mL of anhydrous toluene 

was added with a syringe. One minute later, 52 mg (0.195 mmol) Cd(OAc)2·2 H2O was added. 

The mixture was kept heated at 140 °C with an oil bath for five days. After five days, the mixture 

was cooled down to room temperature. Then 0.5 mL oleic acid was added. The reaction mixture 

was transferred to a centrifuge tube, the volume was filled up to 15 mL with hexane and the mixture 

was centrifuged at 5000 rpm (2599 g) for 10 min. The supernatant of this centrifugation was diluted 

with 15 mL of methyl acetate to induce agglomeration of the NPLs and centrifuged again at 8000 

rpm (6654 g) for 10 min. The precipitate of this centrifugation was re-dispersed in 5 mL hexane. 

The resulting solution was clear yellow and contained pure 3 ML NPLs. 

 

Preparation of 0.1M Se-ODE solution. 46.5 mL of ODE was introduced to a three necked 

flask and degassed under vacuum for 15 min at 100 °C. Afterwards, the ODE was heated up to 

180 °C under argon and 393 mg (4.976 mmol) selenium dispersed in 3.3 mL toluene was added. 

The Se-ODE mixture was heated up to 205 °C during 25 min. During this period, the color of the 

mixture changed from grey to yellow. Then mixture was kept at 205 °C for 30 min. Then the 

solution was cooled to room temperature and transferred to a nitrogen-filled glovebox. 

 

Seeded growth of 3ML NPLs to obtain larger lateral sizes (NPL 600, NPL 710). We 

synthesized NPL 600 and NPL 710 from lateral extension of NPL 150. 5 mL ODE, 2 mL NPL 150 

(8.40×10-7 M, based on absorption), 12.8 mg cadmium myristate and 8.5 mg Cd(OAc)2·2 H2O 

were degassed at 100 °C for 15 min. Then the solution was heated up to 190 °C under argon. 1.0 

mL/1.5 mL Se-ODE (for NPL 600/NPL710 respectively) was introduced using a syringe pump at 

speed of 50 μL/min. The reaction was stopped by cooling down to room temperature with a water 

bath. As the reaction was cooling, the syringe pump was stopped at 100 °C and 1 mL of oleic acid 

was added at 60 °C. After reaching room temperature, the reaction mixture was diluted with 5 mL 

methyl acetate to induce agglomeration of the NPLs and centrifuged at 8000 rpm for 10 min. The 

precipitate was re-dispersed with 5 mL hexane. No side products from the formation of new crystal 

nuclei or sample losses from loss of NPLs were found after purification. 

 

Synthesis of 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (DBT).114 
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4,7-Dibromobenzo[c][1,2,5]thiadiazole (1.15 g, 3.91 mmol), tributyl(thiophen-2-

yl)stannane (2.73 mL, 8.61 mmol) were added to a previously dried Schlenk tube and dissolved in 

dry THF (40 mL). The solution was degassed with argon for 15 min, PdCl2(PPh3)2 (55 mg, 0.08 

mmol) was added and the mixture was heated to 70°C for 12h. After cooling to room temperature, 

THF was evaporated and the residue was taken up in DCM (50 mL). The organic phase was 

extracted with water (3 × 25 mL) and brine (25 mL). After drying with anhydrous MgSO4 and 

filtration, the resulting solution was concentrated by evaporation. The crude product was 

recrystallized in methanol followed by washing with cold hexanes (100 mL). 4,7-Di(thiophen-2-

yl)benzo-2,1,3-thiadiazole was obtained as red needles (1.07 g, 91%). 

1H NMR (300 MHz, CDCl3) δ 8.10 (d, 2H), 7.83 (s, 2H), 7.45 (d, 2H), 7.21 (t, 2H) ppm. 

13C NMR (75 MHz, CDCl3) δ 152.72, 139.47, 128.13, 127.62, 126.92, 126.07, 125.86 ppm.  

N.B. DBT alone does not bind to NPL surface without the carboxylic acid group. 
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Figure 2.12. Control experiment using DBT (DBTCA without the carboxylic acid group). No 

binding occurs. 
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Synthesis of 5-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-

carboxylic acid (DBTCA). 

Step 1: In a dried Schlenk tube, DBT (650 mg, 2.16 mmol) and DMF (469 µL, 6.06 mmol) 

were dissolved in 1,2-dichloroethane (20 mL). POCl3 (217 µL, 2.38 mmol) was slowly added to 

the solution. The mixture was stirred at 80 °C for 24 h. After cooling to room temperature, saturated 

ammonium acetate solution (20 mL) was added and left stirring for 30 min. DCM (20 mL) was 

added and the organic phase was extracted with water (3 x 20 mL) and brine (20 mL). The 

combined organic phases were dried over MgSO4 and concentrated through rotary evaporation.  

The crude product was purified by column chromatography with hexanes/ethyl acetate (gradient 

from 2:1 to 0:1 v/v) and 5-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-

carbaldehyde (380 mg, 53%) was obtained as red powder.  

1H NMR (300 MHz, CDCl3) δ 9.97 (s, 1H), 8.17 (s, 2H), 7.97 (d, 1H), 7.89 (d, 1H), 7.83 

(d, 1H), 7.50 (d, 1H), 7.23 (t, 1H) ppm. 

13C NMR (75 MHz, CDCl3) δ 183.14, 152.58, 152.52, 148.71, 143.52, 139.01, 136.93, 

128.50, 128.35, 128.18, 128.06, 127.91, 127.51, 125.39, 124.46 ppm. 

 

Step 2: In a dried Schlenk tube 5-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-

yl)thiophene-2-carbaldehyde (150 mg, 0.46 mmol) was dissolved in acetone (12 mL) and the 

solution was cooled to 0°C in an ice bath. Potassium permanganate (87 mg, 0.55 mmol) was added 

and the reaction was stirred at room temperature for 8h. The mixture was concentrated via rotary 

evaporation and the residue was dissolved in a solution of N,N-diisopropylethylamine in 

acetonitrile (10 vol%) and left stirring for 2h. A slurry of ion exchange resin (DOWEX IX8 

chloride form 200-400 mesh) in acetonitrile was prepared and loaded into a short column. The 

product solution was then absorbed onto the column and washed several times with acetonitrile 

and DCM. For elution, trifluoroacetic acid in DCM (5 vol%) was passed through the column. After 

washing the resulting organic phase with brine and drying over MgSO4, the solution was 

concentrated to dryness. 5-(7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophene-2-

carboxylic acid was obtained as red powder (139 mg, 89%).  

1H NMR (500 MHz, d6-DMSO, 373K) δ 8.14 (m, 2H), 8.05 (d, 1H), 8.04 (d, 1H), 7.79 (d, 

1H), 7.71 (d, 1H), 7.25 (t, 1H) ppm. 
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13C NMR (125 MHz, d6-DMSO, 373K) δ 162.27, 151.50, 151.49, 144.04, 137.98, 135.12, 

132.87, 127.97, 127.64, 127.58, 127.12, 126.78, 126.28, 125.37, 123.87 ppm. 

 

 Sample preparation for FRET experiments. A stock solution of DBTCA was prepared 

by dissolving 1.6 mg pure powder in 33.78 mL toluene ([DBTCA] = 1.375×10-4M). Dispersions 

of NPL 150, NPL 600 and NPL 710 were diluted with 600 µL toluene in a 700 µL quartz cuvette 

and adjusted to the same molar concentration of 4.87×10-8 M. The NPL samples were characterized 

with absorption, steady state and TCSPC (time correlated single photon counting) PL spectroscopy. 

Then 1 µL of the DBTCA stock solution was mixed to the NPL dispersion and the samples were 

characterized again by absorption, steady state and TCSPC PL spectroscopy. This process was 

repeated until a ratio of ~700 DBTCA/NPL was reached. 

 

Sample preparation for kinetic experiments. NPL 150, NPL 600 and NPL 710 were 

diluted to a volume of 600 µL with toluene in a four sided cuvette to molar concentration of 

1.95×10-7 M, 4.83×10-8 M and 4.0×10-8 M in order to reach the same absorption. Then 40 µL of 

the DBTCA stock solution (described in previous paragraph) was added. PL spectra was taken 

every second for a duration of 10 min. 

 

Transmission electron microscopy (TEM). To provide the TEM images of the NPLs, 10 

μL of a sample was diluted with hexane and drop-casted to a carbon coated copper TEM-grid. 

Within one minute, the hexane fully evaporated. Afterwards the sample was analyzed with a JEOL 

JEM-1400 TEM at an acceleration voltage of 120 kV. The sizes of the NPLs were measured from 

the TEM-images with ImageJ. The geometry of the NPLs were assumed to be perfect squares. For 

typical size determination, 100 to 200 NPLs were measured. 

 

Steady state absorption spectroscopy. The absorption spectra were measured using an 

Agilent Cary 60 Spectrophotometer or Avantes spectrophotometer, consisting of Avantes 

AvaLight-DH-S-BAL as the UV-Vis light source passing through a neutral density filter (optical 

density = 2.0) and fiber-coupled to an Avantes SensLine AvaSpec-HSC-TEC detector. 
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Steady state photoluminescence (PL) spectroscopy. Photoluminescence spectra were 

recorded using an Avantes SensLine AvaSpec-HSC-TEC spectrophotometer in 90° geometry. A 

Prizmatix Silver high power LED was used as the excitation source (emission peak 369 nm, 

FWHM ∼ 10 nm). 

 

Time resolved PL spectroscopy / time-correlated single photon counting (TCSPC). PL 

lifetime measurements were conducted with a FluoTime200 time-correlated single photon 

counting setup. Samples were excited with a blue laser at 380 nm, which was controlled by 

PicoQuant PDL 800-D. The signal was detected using a micro-channel plate photomultiplier tube 

that was connected to PicoHarp 300 time-correlated single photon counting system. NPL PL 

signals were read at 462 nm while DBTCA signals were read at 565 nm. The instrument response 

function was measured using a dispersion of silica nanoparticles (LUDOX® HS-40 colloidal 

silica) in water. Lifetime of the NPLs were fitted with a double exponential function, while lifetime 

of DBTCA was fitted with a monoexponential function. The lifetimes of the pure components are 

shown below for reference. 
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Figure 2.13. PL lifetimes of the NPLs and DBTCA with their corresponding double exponential 

(a) and monoexponential (b) fits. Lifetimes obtained from fits are shown in the table below. 

 

Table 2.5. Lifetimes of the components obtained from exponential fitting (Equation 2.7). 

𝐼(𝑡) = 𝐴1 ∙ 𝑒
−

𝑡
𝜏1 + 𝐴2 ∙ 𝑒

−
𝑡

𝜏2    (𝐸𝑞. 2.7) 

 

Sample NPL 150 NPL 600 NPL 710 DBTCA 

A1 /counts 510±20 320±20 260±10 160±10 

𝝉𝟏 / ns 11.1±0.4 10.5±0.5 11.6±0.5 8.0±0.4 

A2 / counts 1090±90 600±70 510±50 - 

𝝉𝟐 / ns 1.6±0.1 1.4±0.2 1.5±0.2 - 

Amplitude 

weighted <τ> / ns 

4.6 4.6 4.8 8.0 

Intensity weighted 

<τ> / ns 

8.9 8.7 9.5 8.0 

 

Determination of quantum yields (QYs). Quantum yields were determined relative to a 

reference dye133 and conducted in open air. Rhodamine 6G was dissolved in absolute ethanol. 3ML 

CdSe NPLs were diluted in hexane until the sample absorption approached a value of 0.1 at the 

wavelength of 370 nm. The photoluminescence of the samples were recorded at that concentration 

using blue LED excitation at 369 nm (FWHM ~ 10 nm). Further dilution of the samples allowed 

us to obtain a linear fit between the sample absorption and the integrated photoluminescence, 
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which was compared to the Rhodamine 6G standard linear fit to obtain the quantum yield of the 

samples. 

 

Figure 2.14. Linear fit of integrated absorption against integrated photoluminescence of NPLs and 

Rhodamine 6G reference. Integrated absorption was measured between 364 – 374 nm, based on 

the excitation wavelength and FWHM of the LED (369 nm, FWHM 10 nm). Slopes of the linear 

fit and calculated QY are shown in the table below. 

 

Table 2.6. Calculation of QYs of NPLs based on Rhodamine 6G and Equation 2.8. 

Sample NPL 150 NPL 600 NPL 710 Rhodamine 6G 

Slope 29188 3151 1346 58124 

Solvent Hexane Hexane Hexane Ethanol 

𝒏𝑫 solvent 1.3272 1.3272 1.3272 1.3611 

QY (±10%) 48 5 2 95 
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QYNPL = QYDye ∙
slopeNPL

slopedye
∙ (

nD,NPL 

nD,Dye
)

2

 (𝐸𝑞. 2.8) 

 

Isothermal titration calorimetry (ITC). ITC experiments were performed with a Nano 

ITC Low Volume from TA Instruments (Eschborn, Germany). The temperature was set to 25 °C 

during all measurements. The effective cell volume was 170 µL and a stirring rate of 350 rpm was 

chosen for all experiments. During each experiment 50 µL of the DBTCA ([DBTCA] = 1.0×10-4 

M in toluene) were titrated into a toluene dispersion of NPLs with lateral size of 454 nm2 (NPL 

450, [NPL 450] = 3.3×10-8 M) with titration steps of 25 × 2 µL. Additionally, the same DBTCA 

solution was titrated into pure toluene to determine the heat of dilution. The temporal spacing 

between injections was set to 300 s. The integrated heats for each titration were analyzed with after 

subtraction of the heat of dilution using the NanoAnalyze software, version 3.5.0 by TA 

Instruments.134 Measurements were performed in triplicate and fit parameter mean values and 

standard deviation were calculated from these measurements. 

 

All obtained heat changes ∆𝑞 were analyzed with a fit according to an independent binding 

model. 135, 136 (equation 2.9). This model assumes that a ligand L independently binds to one site 

of a NPL M without any cooperativity effects.  

 

∆𝑞 = (
(𝑁[𝑀]𝐾𝑎+[𝐿]𝐾𝑎+1)−√(𝑁[𝑀]𝐾𝑎+[𝐿]𝐾𝑎+1)2−4𝑁𝐾𝑎

2[𝑀][𝐿]

2𝐾𝑎
) − [𝑀𝐿]𝑛−1∆H∆𝑉𝑐𝑒𝑙𝑙  (Eq. 2.9) 

 

From the fit, the stoichiometry 𝑁 , association constant 𝐾𝑎  and enthalpy change ∆𝐻  are 

obtained, whereas [𝑀] is the concentration of the NPLs, [𝐿] the concentration of the ligand, [𝑀𝐿] 

the concentration of the formed complex and ∆𝑉𝑐𝑒𝑙𝑙 the change of the total cell volume during the 

titration. To calculate the entropy change ∆𝑆  of the reaction, the reaction isotherm equation 

(equation 2.10) was combined with the Gibbs-Helmholtz equation (equation 2.11) and solved for 

∆𝑆 (equation 2.12). 
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∆𝐺 = −𝑅𝑇 ∙ ln 𝐾𝑎          (Eq. 2.10) 

∆𝐺 = ∆𝐻 − 𝑇 ∙ ∆𝑆          (Eq. 2.11) 

∆𝑆 = 𝑅 ∙ ln 𝐾𝑎 +
∆𝐻

𝑇
          (Eq. 2.12) 

 

Here ∆𝐺 is the Gibbs free energy, 𝑅 is the universal gas constant and 𝑇 the temperature, so 

that for known 𝐾𝑎 and ∆𝐻 the entropy change can be calculated. 
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Figure 2.15. Ratio of bound DBTCA calculated from the dissociation constant from ITC. Here a 

model of macromolecules with multiple binding sites was used.137 

 

𝑟 =
∑ 𝑖(𝑛

𝑖
)(

[𝐿]
𝐾𝑑

𝑛
𝑖=1 )𝑖

1 + ∑ 𝑖(𝑛
𝑖
)(

[𝐿]
𝐾𝑑

𝑛
𝑖=1 )𝑖

  (𝐸𝑞. 2.13) 
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Where r is the ratio of bound ligands: unbound ligands, [L] is the initial ligand 

concentration and Kd is the dissociation constant. And: 

 

𝐵𝑜𝑢𝑛𝑑/𝑇𝑜𝑡𝑎𝑙 𝐷𝐵𝑇𝐶𝐴 =  
𝐵𝑜𝑢𝑛𝑑 𝐷𝐵𝑇𝐶𝐴

𝐵𝑜𝑢𝑛𝑑 𝐷𝐵𝑇𝐶𝐴 + 𝐹𝑟𝑒𝑒 𝐷𝐵𝑇𝐶𝐴
=

𝑟

𝑟 + 1
   (𝐸𝑞. 2.14) 

 

Poisson statistics applied to 5 selected scenarios using NPL 150 

 

𝜂𝐹𝑅𝐸𝑇 = ∑ 𝑃(𝜆

∞

𝑘=0

, 𝑘)
𝑑

𝑑 +
𝑟

𝑅0

6  (𝐸𝑞. 2.15) 

Equation 2.15: Equation 2.6 with Poisson statistics. d = DBTCA/NPL 

Where 𝑃(𝜆, 𝑘) =
𝜆𝑘𝑒−𝜆

𝑘!
 

 

Rearrange for r/R0 

𝑟

𝑅0
= ∑ 𝑃(𝜆

∞

𝑘=0

, 𝑘)√
𝑑

𝜂𝐹𝑅𝐸𝑇
− 𝑑

6

 (𝐸𝑞. 2.16) 

 

Table 2.7. Comparison of r/R0 obtained from equation 2.6 vs. equation 2.15. 

DBTCA/NPL FRET r/R0 w/o Poisson r/R0 w/ Poisson % error 

5 0.222 1.61(2) 1.57(7) 2.1 

10 0.367 1.60(8) 1.59(2) 1.0 

20 0.535 1.61(0) 1.60(0) 0.6 

30 0.634 1.60(9) 1.60(1) 0.5 

70 0.801 1.61(0) 1.60(3) 0.4 

 

 

Noteworthy, the DBTCA/NPL ratio of interest in our study starts at 66 DBTCA/NPL, 

where the maximum PL intensity of DBTCA occurs. At such a high ratio, the error introduced by 

excluding Poisson statistics is between 0.4 – 0.5%, hence we excluded the analysis due to the large 

number of data points in our data set and the tedious nature of the summation. 
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Chapter 3: Intermolecular Interactions Between Anthracene Ligands on CdSe Nanoplatelet 

Surfaces Create Loss Mechanisms in Triplet-Triplet Annihilation Upconversion by Back 

Transfer 

 

In the previous chapter I showed how organic fluorophores can be sensitized by NPLs by 

a FRET mechanism. This chapter uses an anthracene-based ligand, which is sensitized by a Dexter-

like mechanism instead in order to receive the energy as a triplet. The anthracene ligand in the 

triplet state transfers the energy to emitters in solution allowing annihilation upconversion. This 

chapter is based on an unpublished paper draft. 

 

My contributions to the project were: Synthesis of CdSe nanoplatelets, initial condition 

screening, characterization and optimization of the upconversion system, and data analysis. 

Further characterization and data analysis were done by Alessandra Ronchi. Transient absorption 

measurements were done by Ricardo Baez. ITC experiments were done by Dr. María Martínez-

Negro. Cadmium myristate was synthesized by Paul Kolpakov. 

 

3.1 Introduction 

Sensitized triplet-triplet annihilation upconversion (sTTA-UC) 42, 43, 57, 58, 62, 138-156 is a 

strategy to improve the current UC process,58, 139, 148, 157-163 which has applications in in 

photovoltaics,157, 160 anti-counterfeit,164, 165 fluorescence bioimaging,166-168 and high sensitivity 

oxygen detection.169, 170 Traditional sensitizers based on organic molecules can reach high UC 

quantum yields (QYs) as high as 30%, close to the maximum theoretical value of 50%.145 To 

continue improving the UC-QYs, loss mechanisms in sTTA-UC pathway must be identified and 

removed from the process. 

 

A recent development in sTTA-UC uses nanocrystals as sensitizers because of their broad 

absorption range, high absorption cross sections and more importantly, mixed triplet-singlet 

excited states.152-154 This mixed state minimizes the energy loss when generating triplets since 

intersystem crossing is no longer necessary. Unfortunately, using nanocrystals comes with their 

own set of problems, hence current nanocrystal sensitizers using quantum dots have yet reached 

the same efficiency as the traditional sensitizers. Ronchi et al. recently showed that quantum dots 
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have intrinsic limitations due to how their surfaces interact with the surface ligands, leading to 

quenching via surface defects and hole withdrawal.171 Hence it is challenging to achieve efficient 

sTTA with quantum dot sensitizers. 

 

Colloidal quantum wells or quasi 2D nanoplatelets (NPLs) is an alternative nanocrystal 

that serve as a promising solution. Due to their geometry, zinc blende NPLs only have one type of 

crystal facet (100) on their surface, unlike quantum dots which has more than two different types 

of facets. This makes surface-ligand interactions simpler because binding of ligands on (100) facets 

is favourable on charged (100) surface,11-13 reducing formation of surface defects during ligand 

exchange. Moreover, Zhou et al. showed that ligands shift the absolute band energies of NPLs,172 

alter the driving force of hole transfer.173 This feature can be tuned to favour triplet energy transfer 

and suppress competition from hole withdrawal. 

 

Recently, VanOrman et al. demonstrated modest green-blue TTA-UC-QYs using NPLs and 

diphenylanthracene (DPA) emitters.174 They attribute the modest UC-QYs due to the NPLs having 

higher oscillator strengths, which is beneficial to absorb the excitation wavelength but will also 

strongly absorb the upconverted photons. Stacking of NPLs also hindered the effectiveness of their 

system since it effectively lowered the number of accessible ligands to generate triplets for the 

emitter molecules. However, these explanations are incomplete since they do not account for 

possible loss mechanisms related to surface chemistry. Although NPLs exhibit simpler surface-

ligand interactions compared to QDs, the influence of a flat surface on the ligand-ligand interaction 

complicates the overall surface chemistry. Thus, it is crucial to know if the new surface chemistry 

introduces new loss mechanisms and determine whether there are ways to avoid them. 

 

In this work, we showed multiple mechanisms that limit the sTTA-UC efficiency in hybrid 

decorated NPL and emitter dispersion. We also confirmed that the binding of 9-anthracence 

carboxylic acid (9-ACA) ligands is strong and facile, facilitating fast and efficient triplet transfer 

from NPL to 9-ACA. By studying the triplet transfer to the surface ligands ET1 as a function of 

the nanocrystal coverage with the ligands, we found that intermolecular interactions between 

ligands play a crucial role that affects both the surface coverage dynamics and the ET1 efficiency. 

These interactions induce competitive ultra-fast energy losses. Moreover, the formation of ligand 
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aggregates on NPLs’ surface induce a shift of the ligand triplet exciton energy and affects the TTA 

in solution depending on the emitter’s triplet level. This energy shift must be considered to 

optimize the triplet transfer ET2 towards the annihilator moiety. The ligand aggregates also open 

a new relaxation pathway by TTA on the surface of NPLs, evidenced by delayed PL from NPLs. 

Our results therefore indicate intermolecular ligand interactions must be considered to avoid 

competitive processes for the design of NPL based hybrid triplet sensitizers. Accounting for these 

mechanisms would allow nanocrystal sTTA UC to match the UC performances of full organic 

counterparts, while benefitting from broad absorption range and high absorption cross sections. 

 

3.2 Results and Discussion 

To best account for the NPL-ligand surface interactions, we first quantified the ligand 

binding behaviour to NPL surfaces via isothermal titration calorimetry (ITC). We titrated a 2×10-3 

M solution of ACA into a 2×10-7 M dispersion of NPLs and measured the heat change resulting 

from the ligand exchange process (Figure 3.1C, bottom). For this process, we used a 80:70:15 

hexane:toluene:THF solvent mixture that we utilized later for the UC system (refer to Figure 3.1a). 

This solvent composition improves the solubility of all components, particularly the ACA due to 

their low solubility in pure toluene. Thus, we were able to identify the turnover point for the ligand 

binding where the surface of the NPLs is fully covered (1.4 ACA/nm2), assuming homogeneous 

coverage of NPL surfaces. This value is a significant reduction of coverage () compared to the 

native fatty acid ligands, having a footprint of ~0.3 nm2 and  > 3.3 nm-2.12, 156  

We calculated the thermodynamic parameters by fitting the triplicated measurement to 

determine how favourable ACA binding is to the surface over the native ligands. The binding of 

ACA to the NPLs exhibits a positive enthalpy (ΔH) and entropy (ΔS). At room temperature this 

results in a negative Gibbs free energy (ΔG), which means the ligand exchange is entropically 

driven. The entropy gain likely comes from the detachment of the native myristic acid ligands that 

gain rotational degrees of freedom in the solvent, changes in the solvent shell and the inter 9-ACA 

- interactions in solution.  

The negative ΔG also means a small dissociation constant (Kd = 3.0×10-6 M), which 

indicates the equilibrium favours the exchange to 9-ACA over the native ligands. Using this 
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dissociation constant, we determined the ratio of bound ligands for a given 9-ACA/NPL ratio by 

assuming a model of a macromolecule with identical independent binding sites.119 In this study, 

the lowest  we used was 0.5 ACA/nm2, which corresponds to 127 ACA/NPL. At this ratio, the 

model predicts that >99.1% are bound to the surface of the NPLs (see Experimental section. 

Equation 3.1 and 3.2 for details). Therefore, it is safe to assume that every 9-ACA introduced in 

the mixture binds to the NPLs surface until saturation. 

 

Figure 3.1. (a) Energy flux in the sTTA upconversion process in hybrid systems. Upon absorption 

of a green photon by the NPLs, the exciton energy is transferred via energy transfer ET1 to the 

triplet collector ligand that then populates the triplet state of the emitter via  ET2. The annihilation 

of two emitter triplets (TTA) results in the formation of a high-energy fluorescent singlet state 

responsible for the upconverted blue luminescence. (b) Energy diagram and mechanistic picture 

of the CdSe NPL electronic energies shift due to the presence of 9-ACA surface ligands, as 

calculated by Weiss and co-workers172 (c) Top. Absorption and photoluminescence (PL) spectra of 

pristine NPLs dispersed in hexane and TEM microscopy image of drop casted nanocrystals. 

Average lateral size is 15.5 nm × 8.2 nm (127.1 nm2). Bottom. ITC of NPLs with ACA ligands 

measured in three different runs. The average inflection point occurs at 1.4 ACA/nm2. 
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We studied the effect of the ligand exchange on the NPL emission and the ET1 dynamics 

(triplet transfer from NPL to ligand, Figure 3.1a) by cw and time resolved photoluminescence 

spectroscopy as function of  Figure 3.2a shows how the NPL photoluminescence intensity 

decreases by increasing . To gain a better understanding of the process involved in the emission 

quenching, we looked into the time resolved spectra at 550 nm (Figure 3.2b). The pristine NPLs 

show an almost single exponential emission intensity decay with a characteristic lifetime of 8.5 ns. 

By changing the solvent from hexane to the solvent mixture, we observe a dramatic drop of the 

zero-time intensity 𝐼0 of about one order of magnitude, as well an acceleration of the emission 

lifetime (Figure 3.2b, horizontal dashed line). This suggests some introduction of defects, 

quenching of the optical exciton by ultrafast electron trapping and/or the creation of an NPL sub-

population which are non-emissive.175-178 Interestingly, adding 9-ACA to the NPLs partially 

recovers 𝐼0 at partial surface coverage ( = 0.5 nm-2) and slightly accelerates the emission lifetime, 

due to the ET1 to ligands.  

 

By further increasing the 9-ACA content in the solution up to have nominal ligand densities 

above the full coverage values ( > 1.4 nm-2), we observed a progressive acceleration of the decay 

time, in agreement with an enhanced ET1 rate and yield. Figure 3.2c shows ET1 reaches maximum 

value of 90% at nominal  = 24 nm-2. Transient absorption (TA) experiments further confirm the 

occurrence of ET1. Figure 3.2e shows the TA in the nanosecond time range for a dispersion with 

and without surface-bound ACA ( = 24 nm-2).  
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Figure 3.2. (a) Relative photoluminescence (PL) spectrum of CdSe nanoplatelets (NPLs) 

dispersion as function of the nominal ligand density  and (b) corresponding time resolved PL 

spectra recorded at 550 nm under pulsed excitation at 532 nm (pulse width 1 ns, repetition rate 10 

MHz). The dashed horizontal line marks the zero-time loss of the PL intensity when pristine NPLs 

are move form native solved hexane to the mixture employed for the ligands exchange. (c) Zero-

time intensity (I0) and energy transfer efficiency (𝛷𝐸𝑇
1 ) as a function of  derived from the time 

resolved data in panel b. (d) Time resolved spectrum of the NPLs dispersion series recorded at 550 

nm under pulsed excitation at 450 nm (pulse width 150 fs, repetition rate 76 MHz). (e) Transient 

absorption (TA) spectrum in the nanoseconds time scale of a NPLs and decorated NPLs (NPL*,  

= 24 nm-2) under pulsed excitation at 510 nm (repetition rate 200 Hz). (f) Time resolved TA 

spectrum recorded at 550 nm. (g) TA spectrum in the milliseconds time scale. (h) Time resolved 

TA spectrum at 430 nm. The solid line is the fit of data with a single exponential decay function 

with characteristic lifetime t= 0.9 ms. 

 

We did not detect substantial differences in the wavelength-resolved spectrum, which is 

dominated by the NPL band edge photoluminescence at 550 nm. Conversely, the time resolved 

spectrum at this wavelength reported in Figure 3.2f again shows an acceleration of emission 

lifetime, in agreement with the dynamics observed in the photoluminescence experiments 

previously discussed. On the other hand, the decorated nanostructures show an absorption peak at 
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430 nm in the milliseconds time range (Figure 3.2g), absent in the pristine NPLs, which 

corresponds to the energy of the T1-Tn transition in the 9-ACA ligand.179 Moreover, the time 

resolved spectrum at 430 nm in Figure 3.2h indicates an excited state lifetime of about 1 ms, in 

good agreement with the lifetime of the 9-ACA triplet state T1.
54 These findings unambiguously 

demonstrate efficient ET1 from the NPL exciton to 9-ACA ligand triplets pivotal for the sTTA 

upconversion process. 

 

Parallel to the exciton lifetime acceleration, the experiments also show a progressive 

reduction of 𝐼0   at high . This suggests the occurrence of ultrafast processes that reduce the 

fraction of active NPLs for UC. As discussed above, the addition to small amount of 9-ACA allow 

a substantial recovery of the 𝐼0 loss due to the solvent change. This suggests 9-ACA can passivate 

the trap sites where fatty acids were removed.  However, the PL recovery is not complete. We 

ascribe this fact to two factors. First, the steric hindrance of 9-ACA is significantly larger than of 

the native ligands. Surface passivation is effective with high density native fatty acids, but the 

same passivation is not possible with 9-ACA because of its larger size despite their low Kd Thus, 

the ligand exchange introduced defects and the time zero loss with  =  0.5 nm-2 can be quantified 

as  𝜂 =
𝐼𝛴

𝐼0
⁄ = 0.5, where 𝐼𝛴 is the zero-time intensity at the given  and 𝐼0 is the value in pristine 

NPLs. This loss cannot be ascribed to the charge transfer to ligands, since ultrafast time resolved 

measurements reported in Figure 3.2d, do not show any significant quenching in the hundreds of 

ps time scale. Electron transfer to ligands can also be excluded given the ligand-induced energy 

level shift reported by Zhou et al.172 that disables hole transfer from NPLs to attached 9-ACAs. 

Further increase of 9-ACA induces an additional zero-time loss bringing 𝜂 down to 0.03 at  = 24 

nm-2 (Figure 3.2c). Time resolved measurements suggest the appearance of an additional exciton 

quenching process, with increasing efficiency at larger  characterized by a rate constant in the 

order of tens of picoseconds. 

 

In order to shed light on the ligand exchange dynamics and on this unexpected quenching 

at ultrashort times, we performed a series of absorption measurements on decorated NPLs. Figure 

3.3a shows the calculated average intermolecular distance R between attached 9-ACA molecules 

on the NPLs surface estimated by assuming a homogeneous distribution. The calculation shows 
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that for  < 3 nm-2, R takes values much larger than the typical − stacking intermolecular 

distance between two anthracene moieties of 3.5 Å.180 Thus, for    nm-2, we should expect the 

appearance of the interaction between close packed anthracene cores of the ligands. However, the 

absorption data in Figure 3.3b suggest a completely different scenario. The 9-ACA absorption 

spectrum in the solvent mixture is reported for reference.  

 

 

Figure 3.3. (a) Intermolecular distance R between ligands attached on the CdSe nanoplatelet 

(NPL) as function of the nominal surface density  of ligands. The dotted horizontal line indicated 

the distance R = 3.5 Å at which the − stacking interaction is effective between two 9-ACA 

conjugated ligand molecules. (b) Absorption spectrum of the 9-ACA ligand in 80:70:15 

hexane:toluene:THF (10-6 M) and of the decorated NPLs dispersions as a function of . The dotted 

vertical lines mark the energy of the 0-0 vibronic transition at lowest coverage level  
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( =  nm-2) and in the ligand isolated molecule. (c) Sketch of the decorated NPLs at low (top) 

and high (bottom) coverage level. In the high-coverage configuration the close packed ligands 

allow for diffusion of triplets generated by energy transfer (ET’) enabling TTA and the production 

of delayed luminescence from the NPL upon quenching of the upconverted singlets created by 

TTA. (d) Time resolved photoluminescence (PL) spectrum at 550 nm of NPL, decorated NPL 

( =  nm-2) and decorated NPLs in solution with emitters DPA and perylene, respectively, 

under pulsed excitation at 532 nm (200 Hz) in hexane:toluene:THF. 

 

Each spectrum features the typical vibronic replicas series of the anthracene core, due to 

the coupling of the electronic transition with C-H stretching modes. Importantly, we notice that 

the absorption maxima positions in decorated NPLs with  ≤ 1.4 nm-2 is red shifted with respect 

to the free ligand of about 40 meV, which corresponds to reorganization energy value measured 

for anthracene molecules condensation by means of − stacking.181  At larger  values, the 

absorption peaks becomes broader as the result of the convolution of the spectra of both anchored 

and free ligands in solutions, in agreement with the maximum coverage level achievable discussed 

above. These results suggest the formation of an island of ligands, as sketched in Figure 3.3c, with 

9-ACA bonded on the nanocrystal surface in an aggregated form.  

 

The formation of the aggregated ligand islands allows us to explain the observed ET1 

dynamics. At low , the 9-ACAs do not attach uniformly to NPLs but prefer to bind on regions 

where other 9-ACAs are present. This results in the formation of 9-ACA islands on the surface of 

NPLs and can be rationalized by the gain in free energy from − interactions. The low ET1 yield 

and the time zero loss at low  (Figure 3.2c.) further supports this because ACA aggregates will 

not extract localized NPL excitons48 as efficiently as uniformly distributed ACA.  At higher   the 

average ET1  rate and yield measured on the nanocrystal ensemble increase because NPLs are 

effectively covered by more aggregated 9-ACAs that at some point should form a layer of stacked 

molecules (Figure 3.3c).  

 

Time resolved photoluminescence experiments supports our hypothesis of dense ACA 

coverage on NPL surfaces. The intermolecular distances between stacked anthracenes are small 
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enough to allow the diffusion of the ligand triplet exciton on the NPLs surface within the 9-ACA 

ensemble. Therefore, if two triplet excitons are sensitized simultaneously on the same nanocrystals, 

they can experience TTA and generate an upconverted high energy singlet state. In this case, the 

singlet is promptly quenched by the NPLs through fast Förster resonance ET because of their 

extreme proximity and of the complete resonance between the energy of the ligand’s singlet and 

the NPL absorption. In such a scenario, the NPL can show delayed (~ms) fluorescence emission 

by TTA, which is kinetically ruled by the triplet diffusion by hopping within the ligand of the NPLs. 

As hinted by the TA experiments in Figure 3.2g, the presence of a delayed fluorescence form NPLs 

is confirmed by the data shown in Figure 3.3d, which reports a slow emission at 550 nm from 

decorated NPLs in dispersion. The slow build-up of the emission intensity and its slow 

recombination dynamics in millisecond time range suggest a slow diffusion of long living triplets 

within the layer of stacked ligands, enabling in situ TTA on a single nanocrystal. Though it may 

be possible that the TTA can occur between 9-ACA on different NPLs, we found the diffusion 

constant of NPLs to be in the order of ~2×10-11 m2/s37 and the collision rate to be approximately 

0.6 collisions/s for a NPL concentration of 5×10-8 M, which should be too slow relative to the 

triplet diffusion within a single NPL. We may also rule out the possibility of back transfer via 

thermally activated delayed PL due to the large energy gap between the NPLs and the triplet state 

of ACA (2.25 – 1.83 = 0.42 eV). This gap is further enhanced by the aggregation of ACA on the 

surface of NPLs, which further disfavors this back transfer pathway. 

 

Conversely, no emission is detected in native NPLs and, remarkably, no emission can be 

detected after adding annihilators/emitters to the solution. The presence of annihilators deplete the 

ligand triplet population by ET2. This result demonstrate that the delayed fluorescence is directly 

related to the presence of unquenched ligand triplets on the NPLs surfaces. This finding suggests 

the possibility to drive and control bi-molecular interactions directly on the light harvester surface, 

thus allowing the possibility of an artificial photochemical nano-reactor. On the other hand, the 

clear presence of aggregates close to the NPLs surface can also results in the creation of additional 

quenching dark states, which can be responsible of the additional observed ultrafast losses. Further 

experiments are ongoing in this direction in order to point out the global effect of the ligand’s 

interactions on the NPLs excited states properties.  
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To observe the consequence from the redshift of triplet electronic energy of ACA on  ET2, 

we measured the performance of decorated NPLs as sensitizers for sTTA upconversion in solution 

with two emitters, namely the DPA and perylene. Specifically, ET2 should be slightly exothermic 

in order to avoid back transfer of triplets. Considering the energy of DPA triplet (1.77 eV) and the 

red shift from 1.83 eV to 1.80 eV of the surface-bound 9-ACA, the energy difference between 

aggregated ACA and DPA is only 30 meV. This means that at room temperature, ligand and 

annihilators triplets are nearly isoenergetic. Therefore, ET2 to DPA may be disfavored from the 

lack of a forward driving force.44 On the other hand, triplet energy difference is 170 meV in the 

case of perylene, large enough to prevent any back-transfer upon collision between excited 

perylenes and decorated NPLs. (Figure 3.4a) 

 

Plotting the UC PL intensity vs. excitation power density reveals lower threshold intensity 

for perylene annihilators compared to DPA. This observation agrees with our hypothesis, since if 

DPA triplets are being back transferred to the ACA, a higher excitation density would be needed 

to generate a high enough population of DPA triplets. Meanwhile for perylene, back transfer is 

thermodynamically difficult, therefore it would be easier to excite enough perylene for them to 

start TTA. We note that this loss mechanism is unique to NPLs since the energy shift of aggregated 

ACA is a result of the facile aggregation of ACA on a flat surface. This example truly highlights 

the impact surface chemistry can have on the sTTA-UC process. 
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Figure 3.4. (a) Misalignment of triplet levels. (b-e) TTA-upconversion with NPLs + ACA using 

perylene and DPA as acceptors. Samples were excited with a 532 nm green laser. b) Power 

dependent PL spectra of the system with perylene acceptors. c) Power dependent PL spectra of the 

system with DPA acceptors. d) Upconversion PL intensity of perylene as a function of power 

density demonstrating the predicted quadratic to linear trend. Threshold intensity was found to be 

2 W/cm2. e) Upconversion PL intensity of DPA as a function of power density demonstrating the 

predicted quadratic to linear trend. Threshold intensity was found to be 8 W/cm2. Loss of 

upconversion signal was observed in both cases at excitation power ~25 W/cm2. 

 

3.3 Conclusions 

By studying the surface chemistry and binding of 9-ACA to NPLs in detail, we identified 

loss mechanisms in NPL sTTA-UC process. The first loss mechanism is due to the introduction of 

surface defects from ligand exchange. 9-ACA can partially passivate the NPL surface after ligand 

exchange but due to their bulk, they cannot passivate the surface as well as the native fatty acid 

ligands. The second and third loss mechanism stems from the aggregation of 9-ACA promoted by 

the flat surface of NPLs. By the energy shifts in the absorption spectrum, we showed that 9-ACA 

binds to the surface of the NPLs through the formation of islands rather than a homogeneous 

surface distribution. This has two major effects, one of which is allowing the possibility of TTA 
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on the surface of NPLs when the triplets are not quenched by emitters (DPA/perylene), resulting 

in delayed NPL luminescence. We are currently running experiments to confirm the TTA 

mechanism by studying the power dependence of this back transfer. The second effect is the shift 

of 9-ACA triplet energy level, which has a major impact when using emitters with similar triplet 

energies e.g. DPA, as it facilitates undesirable back transfer and increases the TTA-UC threshold 

efficiency. Based on our findings we believe that sTTA-UC with NPLs still has much potential to 

improve. Future research should focus on tuning the steric properties of surface ligands and the 

electronic properties of the emitter to get the optimal band alignment. 

 

3.4 Experimental Section 

Materials 

1-Octadecene (technical grade 90%, O806-1L), oleic acid (technical grade 90%, 364525-

1L), Cadmium acetate dihydrate (Cd(OAc)2(H2O)2, 98%, 317131000) was purchased from Acros 

Organics. Selenium powder -200 mesh (Se, 99.999%, 36208) was purchased from Alfa Aesar. 

Hexane (95% n-hexane, analytical reagent grade, H/0355/21), toluene (analytical reagent grade ≥ 

99.8%, T/2300/17) and tetrahydrofuran (THF, analytical reagent grade 99.99%, T/0701/17) was 

purchased from Fisher Chemical. 9-Anthracene carboxylic acid (99% A8,940-5), perylene (≥99%) 

and 9,10-diphenylanthracene (DPA) were purchased from Aldrich. Absolute ethanol (20821.330) 

was purchased from VWR chemicals. 

 

All molecules were used as received. All samples for photophysical studies were prepared 

and sealed in a glove box under nitrogen atmosphere, with oxygen concentration below 0.1 ppm 

and water concentration below 0.5 ppm (unless otherwise stated). 

 

Preparation of Cadmium Myristate [Cd(myristate)2]  

Cadmium myristate was synthesized following a modified protocol by Hendricks et al.182 

Briefly, 5.75 g CdO and 20 mL acetonitrile were combined in a 100-mL round-bottom flask and 

the mixture was stirred and cooled in an ice bath. Then, 0.7 mL trifluoroacetic acid and 6.2 mL of 

trifluoroacetic anhydride were added. After 10 min, the ice bath was removed and the flask heated 

at 50 °C until the solution turned white. In a 500-mL Erlenmeyer flask, 20.6 g myristic acid, 180 

mL 2-propanol, and 14.0 mL of triethylamine were mixed and stirred. The cadmium 
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trifluoroacetate solution was then slowly added to the myristic acid solution while stirring. The 

resulting white precipitate was vacuum filtered through a fritted glass funnel and rinsed thoroughly 

with methanol. The final product was dried in a vacuum oven at 40 °C and stored under ambient 

conditions. 

 

Synthesis of 5-monolayer-thick (5 ML) CdSe Nanoplatelets (NPLs)  

Our CdSe NPL synthesis was slightly modified from a protocol by Tessier et al.75 Briefly, 

170 mg Cd(myristate)2, 12 mg Se powder, and 15 mL ODE were added to a 100-mL round-bottom 

flask and degassed under vacuum for 30 min. Then, the mixture was heated up to 240 °C under 

N2. At 200 °C, 80 mg Cd(acetate)2 dihydrate was added. The mixture was kept at 240 °C for 8 min. 

Afterwards, the reaction flask was cooled using an air gun to 150 °C. During this cooling step, 0.5 

mL OA was added when the temperature reached 180 °C. Once at 150 °C, the flask was placed in 

a water bath and cooled to room temperature (RT), and then 5 mL hexane was added. The mixture 

was centrifuged at 7500 rpm (5849 g) at 25 °C for 10 min. The precipitate was re-dispersed in 5 

mL hexane and centrifuged at 7000 rpm (5095 g) for 8 min. Unwanted 3-monolayer-thick NPLs 

were removed as the precipitate. The 5-monolayer thick NPLs in the supernatant were then stored 

in the dark under ambient conditions until needed.  

 

Transmission Electron Microscope (TEM) 

Samples were prepared by dropcasting a hexane dispersion of the NPLs onto a carbon 

coated copper TEM grid. The grid sat on filter paper during the dropcasting to assist the drying of 

solvent. TEM imaging was done using JEOL1400 TEM with an acceleration voltage of 120 kV. 

 

Centrifugation 

Centrifugation was done using a Sigma spin control 3-30k centrifuge. Centrifugations were 

done with the 19776 rotor (6 x 50 mL tubes, fixed angle). 

 

Preparation of Samples for Photophysical Studies and ITC 

To maximize the dispersibility/solubility of NPLs, ACA and perylene/DPA, the sample was 

dissolved in a solvent mixture of hexane, THF and toluene (ratio 80:15:70). For the upconversion 

experiments, stock solutions of each component were prepared in a glove box (NPLs in hexane, 
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ACA in THF and perylene/DPA in toluene) and the three components were mixed to the desired 

ratio right before each measurement. Samples were loaded into cuvettes and sealed with glue and 

parafilm to prevent oxygen from entering. For the titration experiments (fluorescence lifetime and 

ITC), each component was dispersed in the mixed solvent before mixing to avoid changing the 

ratio of the solvent mixture during the titration process. 

 

UV-Vis Absorption Measurements 

To measure the absorption spectra we used either an Agilent Cary 60 Spectrophotometer 

or Avantes spectrophotometer, consisting of Avantes AvaLight-DH-S-BAL as the UV-Vis light 

source passing through a neutral density filter (optical density = 2.0) and fiber-coupled to an 

Avantes SensLine AvaSpec-HSC-TEC detector. 

 

Quantum Yield Measurement 

Quantum yield measurements were made relative to reference dyes133 and conducted in 

open air. Rhodamine 6G was dissolved in absolute ethanol. CdSe core only NPLs were diluted in 

hexane until the absorbance approaches a value of 0.1 at the wavelength of 370 nm. The 

photoluminescence of the samples was recorded at that concentration using blue LED excitation 

at 369 nm (full-width half maximum, FWHM ~ 10 nm). Further dilution of the samples allowed 

us to obtain a linear fit between the sample absorption and the integrated photoluminescence, 

which was compared to the Rhodamine 6G standard linear fit to obtain the quantum yield of the 

samples. 

 

Upconversion Study and Power Dependence 

For the steady-state continuous wave (CW) photoluminescence (PL) measurements, a 

Coherent Verdi CW laser at 532 nm was used as excitation source, coupled with a portable 

spectrometer (USB2000+VIS-NIR, Ocean Optics) with bandpass of 1 nm for signal detection. The 

excitation laser beam is Gaussian shaped, with a spot diameter of 194 μm. Shape and spot size 

were measured following the knife-edge method.  
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Time Resolved PL Measurement  

The time-resolved PL measurements were carried out using the 532 nm II harmonic of a 

Nd:YAG pulsed laser (LaserExport Co. LSC-DTL-374QT, pulse width 5 ns), while the signal of 

up-converting sample was recorded modulating the 532 nm laser with a TTi TG5011 

wavefunctions generator, with a time resolution better than 0.1 μs (5 ns pulse width). For signal 

detection, a Triax 190 from J-Horiba monochromator with 0.5 nm bandpass was used with a 

Hamamatsu R94302 photomultiplier coupled with an Ortec 9353 multichannel scaler, with a 

temporal resolution of 0.1 ns.  

 

Transient absorption (TA) 

Transient absorption at picosecond timescale was done with the HELIOS Ultrafast System 

spectrometer. Millisecond timescale measurements was done with the EOS Ultrafast System 

spectrometer using excitation wavelength of 510 nm, power 22 mW and repetition rate of 200 Hz.  

 

Isothermal Titration Calorimetry (ITC) 

ITC experiments were performed with a Nano ITC Low Volume from TA Instruments 

(Eschborn, Germany). The temperature was set to 25 °C during all measurements. The effective 

cell volume was 300 µL, and a stirring rate of 350 rpm was chosen for all experiments. The data 

of heat vs. molar ratio were analyzed with an independent binding model using NanoAnalyze 

software, version 3.5.0 by TA Instruments.  
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Table 3.1 Full thermodynamic parameters obtained from ITC 

 

[NPLs] = 2E-7 M 

[9-ACA] = 0.002 M 

 

Independent Binding Model 

To predict the ratio of bound ligands to the unbound ligands at a given Kd and ligand/NPL 

ratio, we applied the following equation: 

 

𝑟 =
∑ 𝑖(𝑛
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  (𝐸𝑞 3.1) 

 

Where r is the ratio of bound ligands/unbound ligands, [L] is the initial ligand concentration 

and Kd is the dissociation constant. 

 

For the lowest 9-ACA coverage in our study (0.5 9-ACA/nm2), there are approximately 

127 9-ACA/NPL, given the average lateral size of our NPLs is 127.1 nm2. This results in r= 113.6:1. 

Converting this into percentage: 

𝐵𝑜𝑢𝑛𝑑/𝑇𝑜𝑡𝑎𝑙 9 − 𝐴𝐶𝐴 =  
𝐵𝑜𝑢𝑛𝑑 9 − 𝐴𝐶𝐴

𝐵𝑜𝑢𝑛𝑑 9 − 𝐴𝐶𝐴 + 𝐹𝑟𝑒𝑒 9 − 𝐴𝐶𝐴
=

𝑟

𝑟 + 1
   (𝐸𝑞 3.2) 

Gives a value of 99.1% bound 9-ACA.  

 NPLs + 9-ACA - 

a 

NPLs + 9-ACA - 

b 

NPLs + 9-ACA - 

c 

Average 

ΔH (kJ/mol) 200.8 184.3 215.0 200.1 ± 12.5 

ΔS (J/mol·K) 779.1 722.8 830.8 778.0 ± 44.1 

ΔG (Kj/mol) -31.46 -31.16 -32.68 -37.8 ± 0.6 

Kd (M) 3.07E-06 4,05E-06 1,88E-06 3E-6 ± 8E-8 

Ka (M-1) 3.25E5 2.88E5 5.32E5 3.7E5 ± 1.0E5 

n (M) 1224 1249 1234 1235 ± 10 
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Chapter 4: White Light Photoredox Catalysis of Nitrobenzene to Azoxybenzene Using 

Semiconductor Nanoplatelets 

 

In the previous chapter I showed how dispersed colloidal NPLs can transfer their energy to 

freely diffusing small molecules, causing them to be excited to their triplet states and ultimately 

releasing the energy as light. Here the NPLs transfer their energy in the form of electrons, allowing 

a chemical transformation in the form of photocatalysis. Thanks to the large absorption cross 

sections of the NPLs, they can be used at minute mol% loadings, which makes them highly cost 

effective photocatalysts as they also absent of expensive metals. This chapter is based on an 

unpublished paper draft. 

 

My contributions to the project were: Synthesis, purification and characterization of 3, 4, 

5 monolayer nanoplatelets. Synthesis of bis(stearoyl)selenide was done by Angelika Manhart. 

Synthesis of cadmium myristate was done by Paul Kolpakov. Cyclic voltammetry measurements, 

photocatalysis experiments and conversion product quantification were done by Niklas Huber. 

 

4.1 Introduction 

White light photocatalysis is challenging due to the narrow spectrum and low absorption 

of organometallic and organic molecular photocatalysts. This means high catalyst loadings are 

necessary to absorb enough light, which is uneconomical since organometallic catalysts use 

precious metals, while organic photocatalysts can be difficult to synthesize and are typically less 

photostable. Cadmium chalcogenide nanoplatelets (NPLs) can be easily synthesized without any 

precious metals, are highly photostable, possess broad absorption spectra and extremely high 

absorption cross sections.6, 7 Thanks to these properties, they have found applications in 

photocatalysis fields for example H2 generation.183 Here we demonstrate the potential of CdSe 

NPLs as photocatalysts by the transformation of nitrobenzene to azoxybenzene using NPLs of 

different monolayer (ML) thicknesses under white LED excitation. 

 

By varying the NPL thickness, we modify the bandgap of the NPL to be 2.68/2.43/2.25 eV 

for 3/4/5 ML NPLs. Interestingly, this has a minor effect on the conduction band of the NPLs and 

changes only the valence band. Thus, the catalysis proceeds at low catalyst loadings (70 µmol%) 
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for all 3/4/5 ML NPLs, without over-reduction of the nitrobenzene to aniline. 5ML NPLs results 

in the highest conversion after 24 h, which we attribute mainly to the broader absorption spectrum 

and the higher photoluminescence quantum yields, effectively absorbing and using more of the 

while light. After the reaction, the NPLs can be easily separated from the mixture by simple 

centrifugation or by trapping the NPLs inside a dialysis tube. We also demonstrate the scalability 

of the reaction by conducting the photocatalysis in gram-scale. Our work clearly shows the 

potential of NPLs as a new class of cost effective photoredox catalyst. 

 

Figure 4.1. Schematic of the reaction and photographs of the NPL samples at equal molar 

concentration. 

 

4.2 Results and Discussion 

To prepare NPLs suitable for photocatalysis, we synthesized 3, 4, 5 ML NPLs using 

cadmium myristate precursors. This yielded NPLs dispersed in hexane, stabilized with myristate-

passivated surfaces. To ensure that the excited state of the NPLs live long enough for reaction, we 

measured the time resolved photoluminescence (PL) of the NPLs (refer to Experimental Section 

Figure 4.7 for details). By fitting the decay curves with a double exponential fitting, we determined 

the effective lifetime of the NPLs to be in a range between 5.3 to 7.1 ns (Experimental Section 

Table 4.2). There are no major differences between the different ML thicknesses, suggesting that 

the recombination rate of the electrons and holes in the NPLs are also similar. 
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Figure 4.2. Properties of the CdSe NPLs with different monolayer (ML) thickness. TEM images 

of a) 3ML (left), 4ML (middle) and 5ML (right) NPLs. Scalebar corresponds to a length of 100 nm. 

NPLs are rectangular in shape with average lateral area of 130±10 nm2, 190 ±40 nm2, 170 ±20 

nm2 for 3, 4 and 5 ML NPLs respectively. b) Absorption and photoluminescence (PL) spectra of 

the NPLs. c) valence, conduction band energies and the bandgap of NPLs with different ML 

thicknesses obtained by cyclic voltammetry (CV). 

 

Due to the broader absorption range of thicker NPLs, 5ML NPLs can absorb more yellow-

green light (Figure 4.2b). This gives a significant advantage when using the white LED source 

(Figure 4.3) since the region between 510 nm – 550 nm is a large part of the white spectrum. In 

addition, from TEM measurements (Figure 4.2a), the lateral areas of the NPLs are 130/190/170 

nm2 for 3/4/5 ML NPLs respectively. For the same NPL thickness, the lateral area of the NPLs 
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increase the molar absorption cross sections linearly.6 This means that the larger 4ML and 5ML 

NPLs has a slight advantage in absorption cross section over the 3ML NPLs as well.  
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Figure 4.3. Spectrum of white LED emission used in the reactions (grey line). Colored lines show 

relative regions where the 3, 4, and 5 ML NPLs absorb. For relative integration areas, see 

experimental section Table 4.1. 

 

To do a reduction using a photocatalyst, the energy of the conduction band must be 

appropriate to the substrate. We determined the energy of the valence band and the conduction 

band by cyclic voltammetry. Inamdar et al.184 and Kucur et al.185 have previously measured similar 

quantum dot systems using cyclic voltammetry, while Spittel et al.186 showed that they could also 

identify the band edge positions of CdSe quantum dots and NPLs with potential-modulated 

absorption spectroscopy (EMAS) – albeit the complications with the bleach model for the NPLs 

resulting in discrepancies. By cyclic voltammetry measurements, we found that the conduction 

bands of the NPLs match the energy for this reaction and are very similar across different 

thicknesses (Figure 4.2c). Meanwhile the valence bands change through the different bandgaps, 

which allows us to study the effect of the bandgap to the performance of the photocatalyst. Based 

on our measurement, we opted for the photoreduction of nitrobenzene for our NPL system. This 

reaction is challenging because the nitrobenzene could easily be reduced to aniline, which is a 

common and low value product relative to azoxybenzene. Dai et al. has demonstrated this reaction 
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at room temperature using graphitic C3N4, where they were able to do selective conversion to 

azobenzene (~1000 Euros/kg) or azoxybenzene (2800 Euros/kg), without over-reduction to aniline 

(~10 Euros/kg).187 However, their photocatalyst’s absorption is restricted to mainly in the violet 

(410 nm) and blue (450 nm) regions, which hampers their usage in sunlight (peak emission λmax 

~500 nm).188, 189 In contrast, NPLs have broad absorption spectra and they are able to absorb in 

green (4ML NPLs lowest-energy exciton peak = 510 nm, 5ML NPLs = 549 nm). More recently, 

Wang et al. showed that the reaction could also be catalyzed by a nanocomposite of CQDs/ZnIn2S4, 

which does absorb light at a broad range of wavelengths.190 However, quantum dot absorbers do 

not possess as high of absorption cross section as NPLs and the requirement for a nanocomposite 

makes the catalyst preparation more complex.  

 

As a result of the similar conduction band energies, all 3, 4 and 5 ML NPLs were able to 

catalyze the reduction. We monitored the conversion of the nitrobenzene at different time points 

using GC over a period of 24 h (Figure 4.4). 
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Figure 4.4. Conversion of nitrobenzene to azoxybenzene at different time points, using NPL 

photocatalyst of different ML thicknesses and white LED excitation. 

 

The conversion of the nitrobenzene to azoxybenzene is higher for samples catalyzed with 

thicker NPLs at all time points. We attribute this to the more efficient harvesting of white light of 

the thicker NPLs, amplified by the higher PL quantum yields of 5ML NPLs, which allows more 

photoexcited NPLs to catalyze the conversion over the same period. Note that this improved 

conversion cannot be explained by the increased PL quantum yields alone, as the increase in 

conversion is greater than the difference in quantum yield (e.g. 4ML vs. 3ML = ~1.5× conversion 

at 24 h, but 1.3× PL quantum yield). Interestingly, we observed a time offset at the start of the 

reaction where no conversion occurs with a duration of approximately 2 h. 

 

To explain this phenomenon, we looked into the mechanism of the conversion (Figure 4.5a). 

Azoxybenzene gradually forms through a two-step reduction reaction where nitrobenzene is 
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converted to azoxybenzene and then may be reduced to azobenzene depending on the reaction 

conditions.187 During the initial stage of this mechanism, it is likely that there is a buildup of the 

intermediates nitrosobenzene, N-phenylhydroxylamine and azoxybenzene, before they are further 

reduced to azobenzene. Unfortunately, we were not able to detect the former two intermediates in 

GC, likely due to the strong affinity of them to the GC columns. 

 

Figure 4.5. Changes in conversion related to different experimental condition. 

 

The top scheme of Figure 4.5 shows the final optimized reaction condition using 

acetonitrile toluene mixed solvent, TEOA as a base, and Hantzch ester as a hydrogen source. 

Acetonitrile was necessary mix for the solvent to increase the polarity and stabilize the charge 

separated state of the photoexcited NPLs. Without acetonitrile, the conversion drops from ~90% 

to ~40% for a 24 h reaction, while addition of too much acetonitrile colloidally destabilizes the 

NPLs and induces agglomeration. Agglomeration of NPLs reduces the free surface area of the 

NPLs that are able to participate in the reaction. In addition, the excited states could be lost more 

easily through homo-FRET between NPLs and quenching at defected NPL sub population.73 We 

verified the role of the NPLs by the control experiment C and showed no conversion in the absence 

of NPLs. Similar to the findings of Dai et al., we also observed loss of conversion in the presence 
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of air (control experiment D).187 By using aniline as the substrate (control experiment E), we 

confirmed that the reaction does not reduce the nitrobenzene first to aniline then re-oxidize them 

to azoxy/azo-benzene. Lastly, we show that the conversion decreases; by using CuCl2 as the 

electron scavenger, in the absence of Hantzch ester and TEOA, which supports the mechanism of 

an electron-initiated process and that our selection of reagents is optimal for the reaction conditions. 

 

For the gram scale production of azoxybenzene, we utilized 6×10-8 M NPLs (80 µmol%) 

in a 500 mL flask (Figure 4.6). The photocatalysis proceeds, however at a lower conversion at 

24 h compared to the small-scale experiments. This may be due to the lower intensity of the 

excitation source spread over the larger volume. We are currently finding ways to improve the 

yield of the product and confirming the reaction conditions suitable for the large-scale 

experiment. 

 

 

Figure 4.6. Photograph of the upscaled reaction setup. a) as mixed, b) under experimental 

condition. 

 

4.3 Conclusions 

We found that NPLs can photocatalyze the conversion of nitrobenzene to azoxybenzene 

using white light, with increasing conversion for thicker NPL MLs. This was possible due to the 

near-equivalent energies of the conduction band of the NPLs, despite the larger bandgaps of the 

thicker NPLs. The larger bandgaps enabled the 5 ML NPLs to absorb more photons, which 

explains their high conversion after 12 h. Our thicker NPLs also exhibited higher PL quantum 
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yields, which may have further helped the efficient transfer of electrons to the nitrobenzene 

substrates. The NPL catalysts can be used in large-scale reactions and are able to be separated 

easily by centrifugation. Further experiments are ongoing to improve the conversion of the large-

scale reactions and to potentially recycle the precipitated photocatalyst, which should improve the 

viability of NPLs in future industrial applications. Investigation of functional group tolerance for 

the NPL photocatalysts are also under way. 

 

4.4 Experimental Section 

Chemicals. n-Hexane (95%) was purchased from Fischer scientific. Methyl acetate (99%) 

was purchased from Merck KGaA. 1-octadecene (ODE, 90%), cadmium acetate dihydrate (98%) 

were purchased from Acros organics. Selenium powder (99.999%), methanol (100%) were 

purchased from Alfa-Aesar. Toluene (99.8%) was purchased from VWR chemicals. Oleic acid 

(90%), cadmium nitrate tetrahydrate (98%), myristic acid (>98%) were purchased from Aldrich. 

All chemicals were used as received without further purification. 

 

Synthesis of Cadmium myristate. Cadmium myristate was prepared from its nitrate salt 

using standard literature methods.129-131 Cadmium nitrate (1.23 g) was dissolved in 10 mL of 

methanol. Sodium myristate (3.13 g) was dissolved in 100 mL of methanol. The solutions were 

stirred well separately for 10 minutes until they are clear. Then, they were mixed together and 

stirred for 30 minutes at room temperature. The resulting white precipitate (Cd Myristate) was 

filtered, rinsed three times using cold methanol and dried under vacuum overnight. The white 

powder was stored at room temperature in the dark. 

 

Synthesis of Bis(steaoryl)selenide. Bis(stearoyl)selenide was prepared using LiAlHSeH 

as the selenating agent.132 To prepare the LiAlHSeH, LiAlH4 (0.76 g, 20 mmol) was added to a 

suspension of Se powder (1.92 g, 24 mmol) in 200 mL THF at -10 °C under argon atmosphere. 

The mixture was stirred for 30 min.  The LiAlHSeH was formed in situ as a grayish dispersion. 80 

mmol (27.2 mL) of stearoyl chloride was slowly added to the dispersion of 20 mmol LiAlHSeH. 

The mixture was stirred at -10 ºC under nitrogen atmosphere. After 2 h, 5 mL of deionized water 

was added to quench unreacted reagents. The organic reaction mixture was diluted with 300 mL 

of diethyl ether and washed four times with 100 mL brine. Bis(stearoyl)selenide was crystallized 
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at 20°C (12 h), filtered, and dried under high vacuum for 12 h. The resulting white flakes were 

stored in a nitrogen filled glove box. 

 

Synthesis of 3ML NPLs.29 In a three necked flask, 127.5 mg (0.225 mmol) of cadmium 

myristate and 17.3 mg (0.065 mmol) of Cd(OAc)2·2 H2O were dispersed in 15 mL ODE. This 

mixture was heated up to 100 °C and degassed under vacuum during 15 min. Afterwards the 

mixture was heated up to 140 °C under argon. At this temperature, a solution of 45.8 mg (0.075 

mmol) of bis(steaoryl)selenide dissolved in 1 mL of anhydrous toluene was added with a syringe. 

One minute later, 52 mg (0.195 mmol) Cd(OAc)2·2 H2O was added. The mixture was kept heated 

at 140 °C with an oil bath for five days. After five days, the mixture was cooled down to room 

temperature. Then 0.5 mL oleic acid was added. The reaction mixture was transferred to a 

centrifuge tube, the volume was filled up to 15 mL with hexane and the mixture was centrifuged 

at 5000 rpm (2599 g) for 10 min. The supernatant of this centrifugation was diluted with 15 mL of 

methyl acetate to induce agglomeration of the NPLs and centrifuged again at 8000 rpm (6654 g) 

for 10 min. The precipitate of this centrifugation was re-dispersed in 5 mL hexane. The resulting 

solution was clear yellow and contained pure 3 ML NPLs. 

 

Synthesis of 4ML and 5ML NPLs. Our CdSe NPL synthesis was slightly modified from 

a protocol by Tessier et al.75 Briefly, 170 mg (0.3 mmol) Cd(myristate)2, 12 mg (0.15 mmol) Se 

powder, and 15 mL ODE were added to a 100-mL round-bottom flask and degassed under vacuum 

for 30 min. Then, the mixture was heated up to 240 °C under N2. At 200 °C, 80 mg (0.3 mmol) 

Cd(acetate)2 dihydrate was added. The mixture was kept at 240 °C for 8 min. Afterwards, the 

reaction flask was cooled using an air gun to 150 °C. During this cooling step, 0.5 mL OA was 

added when the temperature reached 180 °C. Once at 150 °C, the flask was placed in a water bath 

and cooled to room temperature (RT), and then 5 mL hexane was added. The mixture was 

centrifuged at 7500 rpm (5849 g) at 25 °C for 10 min. The precipitate was re-dispersed in 5 mL 

hexane and centrifuged at 7000 rpm (5095 g) for 8 min. Unwanted 3-monolayer-thick NPLs were 

removed as the precipitate. The 4-monolayer or 5-monolayer thick NPLs in the supernatant were 

then stored in the dark under ambient conditions until needed. 
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Transmission Electron Microscope (TEM). Samples were prepared by drop casting a 

hexane dispersion of the NPLs onto a carbon coated copper TEM grid. The grid sat on filter paper 

during the drop casting to assist the drying of solvent. TEM imaging was done using JEOL1400 

TEM with an acceleration voltage of 120 kV. 

 

Estimation of Cd atoms/NPL. Average sizes of NPLs were determined from the TEM 

images using ImageJ. The NPLs were modelled using VESTA, accounting for the zinc blende 

crystal structure and the lattice parameters. The total number of atoms in a NPL was obtained from 

the model and the number of Cd was calculated by: Total number of atoms × (Monolayer of Cd / 

Total number of monolayers). Cd atoms/NPL = 2950, 5470, 5750 Cd/NPL for 3, 4, 5ML NPLs 

respectively. 

 

Steady state absorption spectroscopy. The absorption spectra were measured using an 

Agilent Cary 60 Spectrophotometer or Avantes spectrophotometer, consisting of Avantes 

AvaLight-DH-S-BAL as the UV-Vis light source passing through a neutral density filter (optical 

density = 2.0) and fiber-coupled to an Avantes SensLine AvaSpec-HSC-TEC detector. 

 

Steady state photoluminescence (PL) spectroscopy. Photoluminescence spectra were 

recorded using an Avantes SensLine AvaSpec-HSC-TEC spectrophotometer in 90° geometry. A 

Prizmatix Silver high power LED was used as the excitation source (emission peak 369 nm, 

FWHM ∼ 10 nm). Relative PL quantum yield of the NPL samples were found to be approximately 

30%, 40% and 80% for 3, 4, and 5 ML NPLs respectively. 

 

Photocatalysis at 2 mL scale. 15 µL Nitrobenzene (0.15 mmol), 27 µL TEOA, 25 mg 

Hantzsch Ester, 300 µL NPLs (stock concentration 3.4E-7 M), 510 µL Acetonitrile was added to 

1190 µL toluene (final catalyst concentration 5.0E-8 M = 0.00007 mol%). The mixture was 

bubbled with argon and then sealed and stirred under white LED exposure for 24 h. Aliquots were 

taken and assessed with GC. 
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Table 4.1. Relative integral covered from the white LED based on the absorption range of the 

NPLs. 

Sample Absorption range Relative white LED integral 

3ML - 470 nm 1 

4ML - 520 nm 2.2 

5ML - 559 nm 5.8 

 

 Time-Resolved PL Spectroscopy/Time-Correlated Single-Photon Counting (TCSPC). 

PL lifetime measurements were conducted with a FluoTime200 time-correlated single-photon 

counting setup. Samples were excited with a laser at 380 nm, which was controlled by PicoQuant 

PDL 800-D. The signal was detected using a microchannel plate photomultiplier tube that was 

connected to a PicoHarp 300 time-correlated single-photon counting system. NPL PL signals were 

read at 462 nm, 510 nm and 550 nm for 3ML, 4ML and 5ML NPLs respectively. The instrument 

response function was measured using a dispersion of silica nanoparticles (LUDOX HS-40 

colloidal silica) in water. Lifetimes of the NPLs were fitted with a double exponential function. 

 

 

Figure 4.7. Normalized PL lifetimes of NPLs with different ML thicknesses. 
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Table 4.2. Lifetimes of the components obtained from double exponential fitting (Equation 4.1). 
 

A1 T1 (ns) A2 T2 (ns) Intensity Weighted <T> Amplitude Weighted <T> 

3ML 75.6 14.1 207 2.1 10.6 5.3 

4ML 96.8 15.7 202 3.0 12.1 7.1 

5ML 54.2 12.9 260 3.7 7.6 5.3 

 

𝐼(𝑡) = ∫ 𝐼𝑅𝐹(𝑡′)
𝑡

∞

∑ 𝐴𝑖𝑒
−

𝑡−𝑡′
𝜏𝑖

2

𝑖=1

𝑑𝑡′(𝐸𝑞. 4.1) 

Where: 

IRF Instrument response function 

Ai Amplitude of the ith component, in counts 

𝜏i Lifetime of the ith component, in nanoseconds 

 

Fit results gave X²(reduced) of 1.0653, 1.0343 and 1.0570, which confirms a good fit to the data 

points. 
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Cyclic Voltammetry (CV). Cyclic voltammetry measurements were carried out on a 

Metrohm Autolab PGSTAT204 potentiostat/galvanostat with a three-electrode-cell system, glassy 

carbon electrode as the working electrode, Hg/HgCl2 electrode as the reference electrode, platinum 

wire as the counter electrode. 
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Figure 4.8. Cyclic voltammograms of NPLs with different ML thicknesses. 
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Chapter 5: Water-Dispersed Semiconductor Nanoplatelets with High Fluorescence 

Brightness, Chemical and Colloidal Stability 

 

In the previous three chapters, I showed how NPLs are useful for energy transfer when the 

acceptor molecules can access the surface. Now I move on to the application for imaging, where 

the energy stays with the NPLs until it decays as photoluminescence. 

 

This chapter is based on the following publication: 

Water-dispersed semiconductor nanoplatelets with high fluorescence brightness, chemical and 

colloidal stability. Henry Halim, Johanna Simon, Ingo Lieberwirth, Volker Mailänder, Kaloian 

Koynov and Andreas Riedinger. Journal of Materials Chemistry B., 2020, 8, 146-154. Reproduced 

with permission under a Creative Commons Attribution 3.0 Unported Licence. 

 

My contributions to the project were: The synthesis of CdSe NPLs, synthesis and 

optimization of the CdZnS shell synthesis, synthesis of the amphiphilic polymer for the coating, 

development and optimization of the polymer coating method, characterizations by spectroscopy 

and standard TEM. High resolution TEM was done by Dr. Ingo Lieberwirth, FCS was done by 

Dr. Kaloian Koynov. Cell experiments were done by Dr. Johanna Simon. 

 

5.1 Introduction 

Semiconductor nanocrystals are the ideal fluorescent light emitters in terms of spectral 

properties and long-term stability.191-194 Quasi-two dimensional semiconductor nanoplatelets 

(NPLs) are the new generation of these nanocrystals, having unique physical properties compared 

to the traditional quasi-spherical semiconductor nanocrystals, known as quantum dots (QDs).22, 23, 

32 CdSe NPLs can by synthesized by colloidal methods so that every particle in the ensemble has 

exactly the same thickness of an integer number of atomic layers, while being extended in the other 

two dimensions.8, 29 As a result, every NPL experiences the same level of quantum confinement 

(across their thickness) and the ensemble and single particle spectral properties are nearly 

identical.76 The absence of inhomogeneous broadening leads to exceptionally narrow line widths.23 

In conjunction with high fluorescence quantum yield (QY)32 and large one and two-photon 

absorption cross section,7 NPLs make promising fluorescent markers in biological systems where 
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often more than one fluorescent label is used at the same time. Labels with high spectral brightness 

facilitate multiplexed imaging by reducing spectral cross-talk. 

 

However, as with many semiconductor nanocrystals, cadmium chalcogenide NPLs are 

synthesized in organic solvents but biological studies are conducted in aqueous media. Whilst there 

are numerous literature on the phase transfer of QDs to water,191 there exist only a limited number 

of examples to date of the transfer of NPLs into water.100-102 This may relate to the specific 

geometry of the NPLs imposing additional challenges during the phase transfer. In particular, the 

higher agglomeration tendency of NPLs during coating procedures relative to QDs originates from 

large contact area between the flat surfaces of NPLs. This makes it challenging to transfer 

individual NPLs into aqueous phase without accidentally inducing agglomerative stacking of 

NPLs instead.195 Even if the transfer could be done by simple ligand exchange,196 the fluorescence 

properties of the NPLs still need to be considered since such a process usually damages the surface 

of the NPLs and quenches the fluorescence. Simple ligand exchange also leaves the surface of the 

NPLs exposed and accessible to chemical attacks. This makes them more prone to surface damage 

and subsequent loss in fluorescent brightness. 

 

In the first example of NPL phase transfer, Lim et al. carefully considered the geometry of 

the NPLs.100 They used a combination of phospholipids, detergents and membrane scaffold 

proteins that match the geometry of NPLs in order to wrap them around the NPLs. Before the 

transfer process, they grew a shell of CdS around the CdSe core NPLs to maintain some of the 

fluorescence of the NPLs through the transfer (QY 4.3% in hexane, 1.6% in water).100 The 

biomolecular encapsulation material gave their NPLs specific characteristics in cellular 

environment, enabling e.g. rapid cellular uptake. However, this encapsulation technique relies on 

costly protein synthesis limiting the scalability of this method. 

 

Following the ligand exchange approach, two developments were made to improve the 

properties of the final product.102, 101 Kechkeche et al. used a two-step ligand exchange to first 

transfer the NPLs into aqueous phase using simple, small molecular ligands followed by 

attachment of tailor made, water soluble polymer as the final coating to disperse the NPLs in a 

aqueous environments of high ionic strength.102 The advantage of this method is that the polymers 
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could be customized to contain useful functional groups and the transfer method is scalable. 

However, the requirement for a special, finely tuned polymer and being a two-step method perhaps 

hampers the wide use of this method in the community. Meanwhile, Shendre et al. focused on the 

retention of fluorescent properties and synthesized core/crown/shell NPLs applying only the ligand 

exchange method to transfer the NPLs to water.101 Although they were able to reach very high QYs, 

Kechkeche et al. pointed out that ligand exchange with small hydrophilic thiol ligands can only 

stabilize the NPLs for a short term due to the oxidation of the thiol groups and the weak binding 

of monodentate ligands.101 

 

To simplify the encapsulation and water transfer of NPLs we exploited a commonly used 

polymer coating strategy previously applied to a wide range of nanoparticles of isotropic 

geometry.197, 97 Here, the hydrophobic side-chains of dodecyl-grafted-poly(isobutylene‐alt‐maleic 

acid) interacts via hydrophobic forces with the hydrophobic ligands of nanocrystals, while the 

anhydride units provide a large number of negatively charged carboxylate group on the outer 

surface after water transfer. Importantly, this one-step procedure utilizes only cheap and 

commercially available starting materials, making this method easy to use and also scalable. 

Furthermore, by generating a hydrophobic inter-layer between the nanoparticles and the 

hydrophilic backbone of the dodecyl-grafted-poly(isobutylene‐alt‐maleic acid) (Figure 5.1), the 

nanoparticles are able to withstand harsh conditions (e.g. low pH ~4.7 as found in some cellular 

compartments like the lysosome).99, 198 This polymer coating has also been shown to make 

nanocrystals accumulate selectively in the liver sinusoidal endothelial cells, which may be useful 

for studies related to regulatory T-cell based therapies.199 Thus, bringing this well established and 

studied polymer coating to the NPLs certainly could foster their widespread use in bioimaging. To 

do this, the aforementioned agglomeration challenge related to the flat, anisotropic shape of NPLs 

must be solved. 
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Figure 5.1 Illustration of polymer coating. Hydrophobic regions are highlighted in yellow. 

 

5.2 Results and Discussion 

Much like the existing attempts to transfer the NPLs into water, we employed core/shell 

NPLs for the water transfer. Applying our polymer coating method to core only CdSe NPLs 

resulted in degradation of the NPLs when we added the borate buffer (pH 12) to the polymer-NPLs 

mixture as seen by the change in absorption and PL spectra (Figure 5.2). 

 

 

Figure 5.2. Absorption and fluorescence spectrum of water transferred 4ML core only NPLs. The 

broadened peaks suggest the NPLs were damaged during the water transfer. 
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To overcome this issue, 4 monolayer (ML, number of selenium atoms across the thickness) 

thin CdSe NPLs with lateral sizes of 43±8 nm ×12±2 nm and oleic acid surface ligands were coated 

with a graded CdZnS shell according to a procedure described by Mahler et al.36 The spectral 

properties of the NPLs before and after shell growth are shown in Figure 5.3 together with the 

corresponding transmission electron microscopy (TEM) micrographs. At the end of the core/shell 

synthesis, the NPLs were precipitated from the reaction mixture and re-dispersed in chloroform. 

In some published protocols a post treatment step consisting of the addition zinc nitrate and oleic 

acid is applied to stabilize the properties of the NPLs.36 The zinc nitrate improves the spectral 

properties of the NPLs by passivating S dangling bonds200 while the oleic acid helps to preserve 

the colloidal stability. 

 

Figure 5.3. Characterization of the NPLs. (a) Absorption spectrum (black) and fluorescence 

spectrum (red) of 4ML CdSe NPLs in hexane. (b) Absorption spectra (black) and fluorescence 

spectra (red) of CdSe/CdZnS core/shell NPLs in chloroform. (c) TEM image of 4ML NPLs. (d) 

TEM image of core/shell NPLs. 
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Interestingly, we found that this post treatment step is crucial for successful phase transfer 

of NPLs from non-polar solvents to water. To do the phase transfer,97 the core/shell NPLs in 

chloroform are mixed with a solution of amphiphilic polymer (dodecyl-grafted-poly(isobutylene‐

alt‐maleic acid), with 75% of the anhydride rings opened by dodecylamine and the rest remains 

closed as anhydride groups). The mixture is dried with a rotatory evaporator and re-dispersed in 

chloroform through several cycles to ensure even coating. After the final evaporation, boric acid 

buffer (pH 12) is added to the dried film to open all the anhydride rings. NPL samples which did 

not undergo the Zn(NO)3/oleic acid post-treatment do not phase transfer after polymer coating, 

while NPLs that received the post-treatment undergo the phase transfer. To understand this 

phenomenon, we conducted a test with and without the zinc nitrate and oleic acid to figure out 

whether the effect is due to the zinc nitrate, the oleic acid or both components (Figure 5.4).  

 

 

Figure 5.4. Study of the effect of oleic acid and zinc nitrate on the phase transfer of core/shell 

NPLs. Top photographs show the study conducted on the system without post treatment after the 

core/shell synthesis. Bottom photographs show the study conducted on the system with post 

treatment and methyl acetate purification to remove the excess oleic acid introduced in the post 

treatment step. 
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In the case without post treatment, samples without oleic acid addition shows red colour in 

the bottom chloroform layer. This indicates that the NPLs preferentially stays in the organic solvent 

instead of the aqueous solvent. The samples with oleic acid addition show a colourless chloroform 

layer. This indicates that the NPLs prefers to stay in the aqueous layer (dyed orange with 

fluoresceinamine). This effect is independent of the presence or absence of zinc nitrate. 

 

In the post treatment, oleic acid was introduced (bottom row). The oleic acid should bind 

to the surface of the NPLs and exchange with the octylamine ligands introduced in the core/shell 

synthesis. The excess oleic acid is removed by precipitating the NPLs with methyl acetate and re-

dispersing the NPLs in chloroform. To determine whether an excess of oleic acid is needed for the 

phase transfer, additional oleic acid was added to two of the four samples containing in the 

presence and in the absence of zinc nitrate. After the polymer coating and the addition of the basic 

buffer, all samples dispersed in water. Addition of chloroform layer is colourless which indicates 

that the NPLs prefer to stay in the aqueous layer.  

 

Note the effect of excess oleic acid on the samples: with excess oleic acid the aqueous layer 

is cloudy while without the layer is clear. Overnight storage of the samples shows the cloudy 

aqueous layer become clear with the generation of a white interlayer between the two phases. The 

white substance is likely to be the precipitated excess polymer mixed with oleic acid micelles. The 

same is observed for the samples without post treatment. 

 

The results clearly show that oleic acid plays a key role in the polymer coating step and 

phase transfer while zinc nitrate alone does not work. However, the effect of oleic acid at this point 

was ambiguous since it could have changed the system in two different ways. Firstly, free oleic 

acid at high concentrations could act as a solvent at low pressure during the chloroform evaporation 

step since it does not evaporate. Avoiding complete dryness in the system could keep the NPLs 

dispersed, which could prevent irreversible agglomeration. Secondly, surface-bound oleic acid 

could facilitate the polymer coating if it acts as a ligand that interacts better with the dodecyl side 

chain of the polymer coating compared to the octylamine ligands introduced in the core/shell 

synthesis step. To determine whether the excess oleic acid plays a role in the phase transfer, we 

removed the excess oleic acid by precipitating the core/shell NPLs with methyl acetate before the 
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polymer coating. This way, during the chloroform evaporation, the NPLs do not stay as a viscous 

liquid at 1 mbar pressure, but rather are embedded in a solid polymer film. It turns out that 

removing the excess oleic acid not only allows phase transfer (Figure 5.4) but also makes the 

transfer happen faster. For samples with excess oleic acid it takes a few hours to fully disperse 

polymer coated NPLs in water while the samples precipitated with methyl acetate acid transfers 

completely within a few minutes. 

 

After dispersion in water, the samples contain polymer coated NPLs and excess polymer 

in the form of micelles which can be detected by either gel electrophoresis (Figure 5.5) or TEM 

(Figure 5.6).  

 

Figure 5.5. Photographs of samples after gel electrophoresis taken under UV (greyscale) and under 

ambient conditions (coloured). Brown spots are polymer coated NPLs. Purple spots are standard 

gel loading dye (purple 6x, typically used for DNA staining). Yellow spots are fluoresceinamine 

labelled polymer. In the left image, NPLs before sucrose gradient separation in the right lane was 

compared to the polymer only in the left lane. Based on the image under UV, excess polymer is 

present. In the right image, the same test was done with NPLs after sucrose gradient separation. 

Excess polymer was not observed in this case.  
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Figure 5.6. TEM images of core/shell NPLs after polymer coating and phase transfer with uranyl 

acetate staining. Left TEM image shows NPLs before sucrose gradient purification. White arrows 

indicate bright circles, which are remains of the excess polymer in the sample in the form of 

spherical micelles. Middle photograph shows the section of NPLs taken from the sucrose gradient 

separation. Right image shows sample purified with sucrose gradient centrifugation. Micelles are 

no longer present in this sample. Additional high resolution TEM images of the NPLs can be found 

in Experimental section Figure 5.17. The absence of micelles was also confirmed by polymer 

coating the NPLs with fluoresceinamine labelled polymer and checking the fluorescence signal in 

gel electrophoresis (Figure 5.5). 

 

To remove the excess polymer, we purified the NPLs with a sucrose density gradient 

(Figure 5.6).201 Here, we note that purification by gel electrophoresis may be too harsh as we 

observed a drastic loss in QY for NPLs purified this way. Purification of NPLs by sucrose gradient 

yields NPLs with negligible loss in QY (see Table 5.1).  

 

Table 5.1. Quantum yields measured in this study. Samples in the first row are the standards used. 

Sample QY ± 10% Sample QY ± 10% 

Rhodamine 6G 

(Ethanol) 

94% Sulforhodamine 101 

(Ethanol) 

95% 

Core only NPLs 

(Hexane) 

50% Core/Shell NPLs 

(Water) 

21% 

Core/Shell NPLs 

(Hexane) 

30% QDs 

(Water) 

65% 

Core/Shell NPLs 

(Water) 

25%   
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To demonstrate the effect of the polymer coating to the chemical stability of the NPLs, we 

monitored the fluorescence spectrum of the NPLs at pH 1.8 – 12.2 environments (Figure 5.7). We 

observed minor changes in fluorescence intensity from the NPLs. This suggests that the polymer 

coating indeed protects the NPLs from the external aqueous environment (detailed information in 

Experimental section, Figure 5.15 and 5.16). For salt concentrations in physiological conditions 

(< 14 g/L), no increase in scattering signals were observed which suggests the absence of 

agglomerates. 

 

 

Figure 5.7 Basic properties of core/shell NPLs. a) Absorption spectra (black) and fluorescence 

spectra (red) of CdSe/CdZnS core/shell NPLs in chloroform (solid line) and water (dashed line). 

b) Fluorescence lifetime measurements of core/shell NPLs before phase transfer (in hexane, black 

decay curve) and after phase transfer (in water, red decay curve). Double exponential fitting 

(Figure 5.14) of the fluorescence decay gave lifetimes of 14.1 ns and 1.0 ns for NPLs in hexane 

and 13.7 ns and 1.3 ns for NPLs in water. c) Fluorescence intensities of polymer coated NPLs in 

different pH environments. pH values were adjusted by adding hydrochloric acid for the acidic 

conditions and by adding sodium hydroxide for the basic conditions. The full absorption and PL 

spectra of the samples are found in Figure 5.15. 

 

Overall, we have achieved a water transfer process, which largely preserves the spectral 

shape (Figure 5.7a) and the QY of the NPLs (Table 5.1). To gain further understanding of the 

optical properties, we conducted fluorescence lifetime measurements of the core/shell NPLs in 

hexane and polymer coated core/shell NPLs in water. From these experiments, we have found that 

there are only minor changes in the fluorescence lifetime of the NPLs before and after the phase 

transfer (Figure 5.7). In the double exponential fitting (Figure 5.14), we found only slight 
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variations in the short and long-lived components. Thus, water transfer did not introduce surface 

defects to a significant extent. The negligible change in lifetime also shows that the thick CdZnS 

shell and polymer coating efficiently shield excitons from the dielectric of the solvent.  

 

To ensure the quality of our phase transfer and purification, we studied the properties of 

our water dispersed NPLs with TEM (Figure 5.6) and fluorescence correlation spectroscopy 

(FCS)202 (Figure 5.8) and compared them to commercially available Quantum Dots (QDs, Thermo 

Fisher Qdot™ 655 ITK™ Carboxyl Quantum Dots, see Figure 5.9). From the TEM images and 

the FCS data, we confirmed that we transferred NPLs individually to water rather than as 

agglomerates. This is also reflected in the fluorescence intensity time trace (inset in Figure 5.8) 

that shows no spikes, which would be expected if agglomerates were present. 

 

 

Figure 5.8. FCS data of core/shell NPLs and Rh 6G used as reference standard. Normalized 

experimental autocorrelation curves of the NPLs (red squares) and Rh 6G (black circles) measured 

upon one photon excitation at 488 nm in water. The solid lines represent the corresponding fits 

with equation (5.2). Inset shows the fluorescence intensity time trace of the NPLs with no spikes 

from agglomerates. 
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Figure 5.9. Absorption spectra (black) and fluorescence spectra (red) of CdSe/CdZnS core/shell 

NPLs (solid line) and commercial Qdot™ 655 ITK™ Carboxyl QDs (dotted line) in water. 

 

To use the NPLs for bioimaging, we would need to confirm that the NPLs also do not 

aggregate (agglomerate) in biological medium. Thus, we also tested the behaviour of the NPLs 

under physiological conditions by performing FCS studies in human serum. Typical 

autocorrelation curve of the NPL dispersed in human serum is shown in Figure 5.10. A fit with 

equation (5.2) yielded a hydrodynamic radius of 16.5 nm after accounting for the plasma viscosity 

as in earlier studies.203 This value that is only ~ 4 nm larger than the one measured in water, 

probably due to protein corona formation,204 indicates that the NPLs are still well dispersed and 

show no aggregation in human serum. This is further confirmed by the fluorescence intensity time 

trace (inset in Figure 5.10) that shows no spikes caused by aggregates.  
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Figure 5.10. FCS data of core/shell NPLs in human serum. Experimental autocorrelation curve of 

the NPLs (red squares) measured upon one photon excitation at 488 nm in human serum. The solid 

line represents the corresponding fit with equation (5.2). The deviation at short lag times is 

probably caused by a more complex photo-physics (blinking behaviour) of the NPLs upon 

formation of protein corona that cannot be described well with the single exponent term in equation 

(5.2). Inset shows the fluorescence intensity time trace of the NPLs with no spikes from 

agglomerates. 

 

In bioimaging experiments, a good fluorophore should be as bright as possible to increase 

the signal-to-noise ratio that inherently suffers from autofluorescence.205 The fluorescence 

brightness of a sample is given by equation 5.1: 

 

𝐹𝐵 ∝ 𝜀 ∙ 𝜑 eq. 5.1 

 

Where FB is fluorescence brightness, 𝜀  is the molar extinction coefficient and 𝜑  is the 

quantum yield. Given the very high absorption cross section of NPLs,7 the brightness of our 

samples should be extremely high, even at moderate quantum yields. We assessed this by 

comparing the FB of our NPLs to commercially available QDs in FCS (Figure 5.11).  
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Figure 5.11. FCS studies of QDs and NPLs dispersed in water. a) Normalized experimental 

autocorrelation curves of the two samples (symbols) measured upon one photon excitation at 

488 nm (a) and two photon excitation at 800 nm (b). The data points were fitted. The solid lines 

represent the corresponding fits with equation (5.2). The fluorescent brightness (FB) was 16 (QDs) 

and 26 kHz/particle (NPLs) with excitation at 488nm and 2.1 (QDs) and 5.6 kHz/particle (NPLs) 

with excitation at 800 nm. c, d) Power dependence of the FB of the QDs and NPLs at an excitation 

wavelength of 488 nm (c) and of 800 nm (d).  

 

Despite the modest QYs of our core/shell NPLs (QY ~20%), we found that the core/shell 

NPLs exhibit around two-to-three-fold higher FB (26 vs. 16 kHz/particle for 1-photon excitation 

and 5.6 vs. 2.1 kHz/particle for 2-photon excitation as measured by FCS under same experimental 

conditions in each case) compared to the QD standards (QY ~70%). This increase in fluorescence 

brightness is consistent with the higher molar extinction coefficient of our NPLs  
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(1.72×107 M-1cm-1) in comparison to the QDs (3.00×106 M-1cm-1, see Figure 5.12). The effect is 

especially apparent for the two photon excitation case where the NPLs are known to have huge 

two photon absorption cross section.7 We would like to note that, with more advanced shell growth 

methods206 the QY of future NPL samples could be brought close to unity, which should allow for 

a further 3-5 fold increase of their fluorescence brightness.  

 

 

Figure 5.12. Calibration curve used to determine the molar extinction coefficient of the NPLs at 

488 nm. The concentrations were calculated from ICP-OES data. 

𝐹𝐵 ∝ 𝜀 ∙ 𝜑 

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝐹𝐵 =
𝜀𝑁𝑃𝐿

𝜀𝑄𝐷
×

𝜑𝑁𝑃𝐿

𝜑𝑄𝐷
=

1.72 × 107

3.00 × 106
×

0.2

0.7
= 1.64 

 

The measured ratio of fluorescence brightness obtained from FCS = 26/16 = 1.63, which agrees 

well with the calculation. 

 

To investigate the performance of NPLs in bioimaging experiments, we incubated different 

concentration of NPLs (18-150 µg/mL) with RAW264.7 macrophages in the absence (0%) or 

presence of 10% FBS. Cellular uptake of NPLs into macrophages was quantitatively analysed by 

flow cytometry (Figure 5.13a, b) and verified by confocal laser scanning microscopy (Figure 

5.13c).  
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Figure 5.13. Cellular uptake of CdSe/CdZnS core/shell NPLs by RAW264.7 macrophages. 

Different concentrations of NPLs (18-150 µg/mL) were added to RAW264.7 cells in cell culture 

medium containing 0% FBS or 10% FBS for 24 h. Cellular uptake was quantified by flow 

cytometer and the amount of NPL positive cells in % (a) or the median fluorescence intensity 

(MFI) is shown (b). (c) The intracellular localization of the NPLs was confirmed by confocal laser 

scanning microscopy (cLSM). RAW264.7 cells were treated with NPLs for 24 h. The cell 

membrane was stained with CellMask Green and is pseudo-colored in green and NPLs are pseudo-

colored in red. The scale bars correspond to 20 m. 

 

To prove that the fluorescence intensity of the NPLs is not quenched after cell uptake, NPLs 

were added to RAW264.7 cells for 24 h. Twenty-four hours after NPLs incubation, the NPLs were 

localized in phagolysosomes, which have an acidic pH between 4.5-6.5.207, 208 Our stability 

experiments (see Figure 5.7, additionally Experimental section 5.15 and 5.16) suggest that the NPL 

photoluminescence is not quenched under these harsh conditions, due to the robust polymer 

coating.  

 

With flow cytometry, we determined a concentration dependent cellular uptake of the NPLs 

by RAW264.7 macrophages after 24 h. Additionally, we saw that the presence of FBS in the cell 
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culture medium slightly reduced the cellular uptake. This effect has also been observed in literature 

for spherical nanoparticles and is attributed to the adsorption of serum proteins towards the NPLs 

surface (protein corona formation).209, 210 Finally, with confocal laser scanning microscopy (cLSM), 

we could verify the intracellular localization of the NPLs in the presence or absence of serum after 

24 h. Internalized NPLs had a bright, fluorescent signal, were distributed inside the cell and did 

not accumulate on the cell membrane. Overall, these results indicate that the NPLs are highly 

suitable for bio imaging. 

 

5.3 Conclusions 

In this work, we have demonstrated the phase transfer of NPLs into aqueous medium using 

a cheap, one-step polymer coating method. The main challenge of applying this method to NPLs 

was the agglomeration problems inherent to the flat platelet shape, which was overcome by the 

post treatment of the core/shell NPLs with oleic acid. This method not only offers practical 

advantages over the other existing NPL phase transfer methods102, 100  but also application 

advantages in terms of a hydrophobic protection layer between the NPL and the aqueous 

environment. The protection layer provides high chemical stability (pH 1.8 – 12.2) and colloidal 

stability in high ionic strength media ([NaCl] 5.8 – 11.7 g/L) and in human serum. We have shown 

the NPLs retain their fluorescent properties also inside a cell, as shown in the bioimaging 

experiments. From these results, we believe that the combination of the superior chemical stability 

and colloidal stability of these NPLs in biological media along with the extremely high FB will 

foster the widespread use of these NPLs for all sorts of imaging applications. 
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5.4 Experimental Section 

Materials 

1-Octadecene (technical grade 90%, O806-1L), oleic acid (technical grade 90%, 364525-

1L), cadmium nitrate tetrahydrate (CdNO3(H2O)4, 98%, 642045-100G), zinc nitrate hydrate 

(ZnNO3(H2O), 99.999%, 230006-25G), poly(isobutylene-alt-maleic anhydride) (85%, average 

Mw ~6000, 12-200 mesh, 531278-250G), Dulbecco’s Phosphate Buffered Saline and sodium 

chloride were purchased from Aldrich. Cadmium acetate dihydrate (Cd(OAc)2(H2O)2, 98%, 

317131000) was purchased from Acros Organics. Selenium powder -200 mesh (Se, 99.999%, 

36208) and 1-octylamine (99%, B24193) was purchased from Alfa Aesar. Hexane (95% n-hexane, 

analytical reagent grade, H/0355/21) and tetrahydrofuran (THF, analytical reagent grade 99.99%, 

T/0701/17) was purchased from Fisher Chemical. Chloroform, stabilized with amylene (100%, 

83627.290), absolute ethanol (20821.330), and sodium hydroxide (NaOH, 1 mol/L 1N, UN1824) 

were purchased from VWR Chemicals. Thioacetamide (TAA, >98%, T0187) and 1-dodecylamine 

(>97%, D0980) was purchased from TCI. Boric acid (>99.8%, 6943.1) was purchased from Carl 

Roth GmbH and Qdot™ 655 ITK™ Carboxyl Quantum Dots were purchased from Thermo Fisher. 

Human blood serum was obtained from six healthy donors at the Transfusion Center of the 

University Clinic of Mainz, Germany, in accordance with the Declaration of Helsinki. For serum 

generation, blood was clotted overnight and centrifuged according to the standard procedure. All 

serum batches were pooled together and stored at -20 °C. For the serum preparation, blood is 

naturally coagulated so there were no additives used.  

 

Synthesis of 4 Monolayer (4ML) Thick CdSe NPLs 

The 4ML CdSe NPLs were prepared modifying the procedure published by Mahler et al.36 

Briefly, 60 mL of 1-octadecene, 320 mg (1.20 mmol) of Cd(OAc)2(H2O)2, and 879 µL (787 mg, 

2.79 mmol) of oleic acid were added into a 100 mL three-neck flask. The mixture was degassed 

under vacuum while stirring at 110 °C for 90 min. After stopping the vacuum and putting the flask 

to argon, 48 mg (0.607 mmol) of Se powder was swiftly added into the flask and the temperature 

was set to 240 °C. When the temperature reached 205 °C, 160 mg (0.600 mmol) of 

Cd(OAc)2(H2O)2 was introduced into the reaction mixture and the reaction proceeded for 15 min 

at 240 °C. The mixture was then cooled to room temperature using a water bath and 6.7 mL of 
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oleic acid was added. The mixture was centrifuged for 10 min at 5000 rpm (2599 g), the 

supernatant was discarded and the precipitated NPLs were re-dispersed in 12 mL hexane. 

 

Synthesis of Cd0.33Zn0.67S Shell 

The shell synthesis to create core/shell NPLs was done by modifying an existing 

procedure.36 Briefly, 6 mL of the as-synthesized 4ML NPLs (optical density at 510 nm was 30) 

were added into a 50 mL round bottom flask. In a separate flask, 300 mg (3.99 mmol) of TAA, 

3 mL (18.2 mmol) of octylamine and 9 mL of chloroform were combined, stirred for a few seconds 

and then sonicated in an ultrasound bath until the TAA dissolved. The TAA solution was added to 

the NPL solution while stirring. The mixture was stirred further for a couple of minutes. Then 

500 µL of CdNO3 solution (0.2 M in ethanol) and 1000 µL of ZnNO3 solution (0.2 M in ethanol) 

were added into the mixture while stirring. The flask was capped and left to stir for 24 h in ambient 

conditions. 

 

To stop the reaction and obtain the product, the mixture was first concentrated by 

evaporating some of the solvent using a rotatory evaporator at approximately 280 mbar, 40 °C for 

a couple of minutes. Then the concentrated mixture (volume approx. 15 mL) was centrifuged for 

10 min at 8000 rpm (6654g), the supernatant was discarded, and the precipitated NPLs were 

suspended in 15 mL chloroform. To better stabilize the NPLs and to facilitate the polymer coating, 

300 µL of ZnNO3 solution (0.2M in ethanol) and 600 µL of oleic acid were added into the solution 

while stirring and the solution was kept at ambient conditions for a couple of days for PL recovery. 

 

To remove the excess oleic acid introduced in this step, methyl acetate was added to the 

chloroform dispersion of core/shell NPLs (chloroform:methyl acetate = 1:1 v/v). The NPLs were 

precipitated by centrifugation and re-dispersed in chloroform. 

 

Synthesis of Dodecyl-Grafted-Poly(isobutylene‐alt‐maleic acid) 

The amphiphilic polymer was synthesized according to the method described elsewhere.97 

Briefly, 105.3 mg (0.662 mmol monomer units /1.10x10-5mmol polymer) of poly(isobutylene-alt-

maleic anhydride), 4.6 mg (0.013 mmol, equivalent to 2% of monomer units) of fluoresceinamine, 

92.0 mg (0.497 mmol, equivalent to 75% of monomer units) of 1-dodecylamine and 25 mL of THF 
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were combined in a 50 mL round bottom flask containing a magnetic stir bar. Note that the 

fluoresceinamine is used as a label to visualize the polymer and can be left out if unnecessary. 

Then a reflux condenser was attached and the mixture was heated to reflux. After approximately 

10 minutes, the solution turned clear and it was kept refluxing for 18 hours. Then the solution was 

brought back to room temperature and the THF was removed using a rotatory evaporator. 13.24 mL 

of chloroform was then added to the solid polymer film to make a 0.05 M solution (based on 

monomer concentration). 

 

Preparation of Boric Acid Buffer 

To prepare the buffer, 80 mL of distilled water and 245.6 mg (3.972 mmol) of boric acid 

were mixed until the boric acid dissolved. Then a 1 N solution of NaOH was added into the boric 

acid solution until it reached pH 12. 

 

Polymer Coating of NPLs and Phase Transfer 

To coat the NPLs with the polymer, 7.5 mL of the core/shell NPLs (optical density = 2.574 

at lowest-energy exciton peak) was added into a 2.125 mL polymer solution in a 50 mL round 

bottom flask. The flask was gently shaken for a few seconds and the mixture was then evaporated 

gently using a rotatory evaporator until all the solvent is removed (approx. 10 min, 40°C water 

bath). The remains were re-dispersed in chloroform, re-evaporated again for a total of three times 

to ensure even coating. Then 30 mL of boric acid buffer (pH 12) was added to open the remaining 

anhydride rings of the polymer in the dried polymer and NPLs mixture. The flask was gently 

shaken for 10 min for complete dispersion in water. 

 

Sucrose Gradient Separation 

To remove the excess polymer introduced in the polymer coating step, the NPLs were run 

through a sucrose density gradient. Water dispersed core/shell NPLs were concentrated with 

Amicon® Ultra-15 Centrifugal Filter (Mw cutoff 100k) by centrifuging the sample at 6.9k rpm 

(5000g) for 15 min. This step also removes small molecule impurities e.g. free fluorescienamine 

if the labelled polymer coating is used. Sucrose solutions with 30/35/40/45/50/55% sucrose were 

prepared by dissolving 338.1/402.9/470.6/541.3/614.8/691.9 mg sucrose in 1 mL water each. 

Sucrose gradients were prepared by taking 200 µL sucrose solutions (highest % first) and adding 



CHAPTER 5: WATER-DISPERSED SEMICONDUCTOR NANOPLATELETS WITH HIGH 

FLUORESCENCE BRIGHTNESS, CHEMICAL AND COLLOIDAL STABILITY 133 

them layer by layer into a 1.5 mL Eppendorf tube without shaking. After six layers of different 

sucrose concentrations, 100 µL of concentrated core/shell NPLs was added to the top and the tube 

was centrifuged at 16.6k RPM (20000g) for 45 min at room temperature. The NPLs penetrate into 

the sucrose gradient (see Figure 5.6), therefore the sucrose above the NPLs was discarded. The 

sucrose gradient containing the NPLs was diluted with water and concentrated with Amicon filters 

to wash off the sucrose. The washing was repeated three times to ensure that the sucrose is removed. 

 

Centrifugation 

Centrifugation was done using a Sigma spin control 3-30k centrifuge. Centrifugation for 

the sucrose gradient separation was done with the 12110 – H rotor (12 × 1.5 mL tubes, fixed angle) 

while all other centrifugations were done with the 19776 rotor (6 × 50 mL tubes, fixed angle). 

 

UV-Vis Absorption Measurements 

To measure the absorption spectra we used either an Agilent Cary 60 Spectrophotometer 

or Avantes spectrophotometer, consisting of Avantes AvaLight-DH-S-BAL as the UV-Vis light 

source passing through a neutral density filter (optical density = 2.0) and fiber-coupled to an 

Avantes SensLine AvaSpec-HSC-TEC detector. 

 

Photoluminescence Measurements 

Photoluminescence spectra were recorded using an Avantes SensLine AvaSpec-HSC-TEC 

spectrophotometer in 90° geometry with a Prizmatix Silver high power LED as excitation source 

(emission peak 369 nm, FWHM ~ 10 nm). 

 

Quantum Yield Measurements 

Quantum yield measurements were made relative to reference dyes.133 Rhodamine 6G and 

Sulforhodamine 101 were dissolved in ethanol. CdSe core only NPLs and CdSe/CdZnS core/shell 

NPLs were diluted in hexane. Polymer coated CdSe/CdZnS core/shell NPLs were diluted in 

distilled water. Samples were diluted until the absorbance approaches a value of 0.1 at the 

wavelength of 370 nm. The photoluminescence of the samples were recorded at that concentration 

using blue LED excitation at 369 nm (full-width half maximum, FWHM ~ 10 nm). Further dilution 

of the samples allowed us to obtain a linear fit between the sample absorption and the integrated 
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photoluminescence, which was compared to the Rhodamine 6G/Sulforhodamine 101 standard 

linear fit to obtain the quantum yield of the samples. 

 

Fluorescence Lifetime Measurements 

Fluorescence lifetime measurements were conducted with a FluoTime200 time-correlated 

single photon counting setup. Samples were excited with a green LED at 500 nm which was 

controlled by PicoQuant PDL 800-D. The signal was detected using a micro-channel plate 

photomultiplier tube that was connected to PicoHarp 300 time-correlated single photon counting 

system. The instrument response function was measured using a dispersion of silica nanoparticles 

(LUDOX® HS-40 colloidal silica) in water. 

 

 

 

Figure 5.14. Fluorescence lifetime measurements of core/shell NPLs before phase transfer (in 

hexane, black) and after phase transfer (in water, red). Green solid line shows double exponential 

fitting of the fluorescence decay of the core/shell NPLs in hexane. Lifetimes obtained from fit were 

14.1 ns and 1.0 ns. Blue dashed line shows double exponential fitting of the fluorescence decay of 

the core/shell NPLs in water. Lifetimes obtained from fit were 13.7 ns and 1.3 ns.  
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The fitting was done with the following equation: 

𝐼(𝑡) = ∫ 𝐼𝑅𝐹(𝑡′)
𝑡

∞

∑ 𝐴𝑖𝑒
−

𝑡−𝑡′
𝜏𝑖

2

𝑖=1

𝑑𝑡′ 

Where: 

IRF Instrument response function 

Ai Amplitude of the ith component, in counts 

𝜏i Lifetime of the ith component, in nanoseconds 

X² Quality of fitting 

 

Sample X²(reduced) [σ] A1 [counts] 𝜏1 [ns] A2 [counts] 𝜏2 [ns] 

Core/Shell NPLs in hexane 1.049 169.0 14.1 126.7 1.0 

Core/Shell NPLs in water 1.011 129.1 13.7 142.6 1.3 
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Stability of NPLs at Different pH and Salt Concentrations Over Time 

 

Figure 5.15. Absorption and PL spectra of water dispersed core/shell NPLs at different pH 

environments. The spectra remain stable for over 3 hours except in the case in pH 1.8 due to the 

agglomeration of NPLs over time, caused by the protonation of the COO- groups on the polymer 

coating. 
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Figure 5.16. Absorption spectra of NPLs dispersed in Dulbecco’s phosphate buffered saline (PBS) 

buffer at different NaCl concentrations. Signals from scattering are not visible until the NaCl 

concentration goes over 14 g/L. 

 

Gel Electrophoresis 

Gel Electrophoresis was conducted in 1% agarose gel and tris acetate-EDTA (TAE) buffer 

(pH 8.3). The voltage applied was 10 V/cm for duration of 40 min. Typical sample loading used 

10 µL of concentrated core/shell NPLs per well. 

 

Transmission Electron Microscope (TEM) 

Samples were prepared by dropcasting a hexane/chloroform/water solution of the NPLs 

onto a carbon coated copper TEM grid. The grid sat on filter paper during the dropcasting to assist 

the drying of solvent. Routine TEM imaging was done using JEOL1400 TEM with an acceleration 

voltage of 120 kV. Microstructural characterization was done using a FEI Tecnai F20 TEM with 

an acceleration voltage of 200 kV. 
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Figure 5.17. Transmission electron microscopy image of polymer coated core/shell NPLs after 

phase transfer. NPLs are well distributed which indicates that the NPLs are individually coated 

(see also FCS in Figure 5.8). 

 

Fluorescence Correlation Spectroscopy (FCS) 

Serum containing samples were prepared 30 min prior to the experiments by diluting 1 part 

of NPL stock solution with 20 parts serum. Experiments were performed on a commercial setup 

LSM 880 (Carl Zeiss), with a Zeiss C-Apochromat 40×/1.2W water immersion objective. The one 

photon excitation was done by an Argon Laser (488 nm) and the two photon excitation by a Ti:Sa 

laser (Spectra Physics) operating at wavelength of 800 nm and providing ~ 100 fs long pulses at 

repetition rate of 80 MHz. In both cases the emission in the range 550-700 nm was detected using 

a Quasar spectral detection unit (Carl Zeiss) operating in single-photon counting mode. The 

excitation power given in Figure 5.11 refers to the power after the objective. Eight-well 

polystyrene-chambered cover glass (Nunc™ Lab-Tek™, Thermo Fisher Scientific) was used as a 

sample cell. For each solution, a series of 10 measurements with a total duration of 5 min were 

performed at room temperature (23 °C). The fluctuations of the fluorescent intensity I(t)=I(t)-

<I(t)> were recorded and analyzed by an autocorrelation function 

G()=1+<I(t)I(t+)>/<I(t)>2. For an ensemble of identical freely diffusing fluorescence species, 

G() has the following analytical form (Equation 5.2)  

 

𝐺(𝜏) = 1 + ⌊1 +
𝑓𝑇

1−𝑓𝑇
𝑒−𝑡/𝜏𝑇⌋

1

𝑁

1

[1+
𝑡

𝜏𝐷
]√1+

𝑡

𝑆2𝜏𝐷

 eq.  (5.2) 
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Here, N is the average number of diffusing fluorescence species in the observation volume, 

fT and T are the fraction and the decay time of the triplet state or blinking contribution, D is the 

lateral diffusion time and S is the so-called structure parameter, S = z0/r0, where z0 and r0 represent 

the axial and radial dimensions of the observation volume. Furthermore, the lateral diffusion 

time, D, is related to the respective diffusion coefficient, D, through D=r0
2/4D. The 

experimentally obtained G() were fitted with eq. (5.2), yielding the corresponding diffusion times 

and subsequently the diffusion coefficients of the fluorescent species. Finally, the hydrodynamic 

radii RH were calculated using the Stokes-Einstein relation: RH=kBT/6πηD, where kB is the 

Boltzmann constant, T is the temperature, and η is the viscosity of the solvent. Furthermore, FCS 

yielded also the fluorescent brightness (FB) of the studied species defined as the ratio between the 

detected average fluorescent intensity and the mean number of fluorescent species in the 

observation volume, FB=<I(t)>/N. As the value of r0 depends on the specific characteristics of the 

optical setup, a calibration was performed using a reference standard with known diffusion 

coefficient, namely Rhodamine 6G, D=4.14x10-10m2/s in water at 25°C. 

 

Inductively Coupled Plasma - Optical Emission Spectrometry  

(ICP-OES) 

All measurements were performed with an ACTIVA M spectrometer (Horiba Jobin Yvon, 

Bernsheim, Germany) equipped with a Meinhardt‐type nebulizer, a cyclone chamber, and 

controlled by ACTIVAnalyst 5.4 software. The following conditions were applied: 1200 W 

forward plasma power, 12 L · min−1 Ar flow and 15 rpm pump flow. The water dispersed NPLs 

were diluted in MilliQ water prior to measuring to reach ion concentrations in the range of 2-20 

mg/L. The carbon emission line at 193.026 nm (for the Cd measurements) and the argon emission 

line at 404.442 nm (for the Zn measurements) were used as the reference lines. Measurements 

were performed three times per emission line, using three different elemental emission lines. As 

baseline correction, a dynamic underground correction provided by the software was used. The 

emission lines chosen for the characterization of the respective elements were: Cd: 326.105 nm, 

346.620 nm, 361.051 nm; Zn: 202.548 nm, 206.200 nm, 213.857 nm. 
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The concentration of the NPLs was determined by the following equation: 

𝑁𝑃𝐿 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑑2+𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑑2+𝑝𝑒𝑟 𝑁𝑃𝐿
 

 

Where the number of Cd2+ per NPL was found by calculating the theoretical number of 

Cd2+ per NPL. This value was obtained by using a crystal structure model with thickness of 

5ML/4ML/5/ML shell/core/shell thickness and lateral sizes measured from TEM. The theoretical 

value was confirmed from the stoichiometry between Cd and Zn: the predicted Cd:Zn ratio in one 

platelet was found to match well with the actual ratio of Cd:Zn measured by ICP. 

 

Cell Culture 

RAW 264.7 cells (DZMS, Germany) were maintained in Dulbecco Modified Eagle 

Medium (DMEM) supplemented with 10% FBS, 100 IU/mL penicillin and 100 μg/mL 

streptomycin. All components were obtained from Thermo Fisher, USA. The cells were splitted at 

80% confluency two or three times per week. 

 

Flow Cytometry 

 RAW264.7 cells were seeded out in 24-well plates (100 000 cells/well) in DMEM with all 

supplements. The next day, the medium was removed and NPLs were added to cells at a 

concentration between 18-150 µg/mL in DMEM with all supplements or DMEM without FBS. 

After 24 h, cells were detached with trypsin-EDTA (Gibco, Germany), centrifuged (500 g, 5 min) 

and resuspended in PBS (1 mL). Flow cytometry measurements were performed on an Attune NxT 

flow cytometer (Thermo Fisher, USA). 

 

Confocal Laser Scanning Microscopy (cLSM) 

RAW 264.7 cells (50 000 cells/well) were seeded in Ibidi iTreat-dishes (IBIDI, Germany). 

The next day, the medium was removed and NPLs were added to cells at a concentration of 18 or 

37 µg/mL in DMEM with all supplements or DMEM without FBS. After 24 h, the NPLs were 

removed and the cell membrane was stained with CellMask Green (dilution 1:5000 in PBS, 

Thermo Fisher, USA). Images were acquired on a Leica TCS SP5 II microscope with an HC PL 
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APO CS 63x/1.4 oil objective using the LAS AF 3000 software. NPLs are pseudo-colored in red 

and the cell membrane is pseudo-colored in green.  
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Chapter 6: Surface Dynamics of Nominally Equivalent Nanoparticles Governs Cell Uptake 

Behaviour 

 

In the previous chapter I showed that a polymer coating can disperse core/shell NPLs in 

water and protect them from harsh conditions. Here I compare the polymer coated NPLs with 

ligand exchanged NPLs, another approach to disperse NPLs in water. Remarkably, the two 

methods allow NPLs to be dispersed in aqueous medium without changing their shape, size and 

surface charge. This allows a comparison between the two different phase transfer methods and 

study the influence of surface dynamics where the ligands are more labile and the polymer coating 

is more static. This chapter is based on an unpublished paper draft. 

 

My contributions to the project were: Synthesis and characterization of water dispersed 

nanoplatelets using polymer coating and ligand exchange. Cell experiments and protein corona 

analysis were done by Dr. Johanna Simon. FCS measurements were done by Dr. Kaloian Koynov. 

DLS measurements were done by Christine Rosenauer.  

 

6.1 Introduction 

Nanoparticles have incredible potential as a platform for bio-applications such as drug 

delivery and bioimaging, however their uptake mechanism into cells is highly complex and relies 

on many parameters. To understand their uptake mechanism systematically, studies have 

simplified the parameters into major groups, for example the particle size, charge and functional 

groups.211 These parameters influence the interaction with the proteins in the biological medium, 

hence dictates; the protein corona surrounding the nanoparticle, its biological identity and 

ultimately its cell uptake mechanism. However, such parameter studies assume that the parameters 

are static, which may be problematic since the parameters depend on the particles’ surface 

consisting of ligands subject to dynamic equilibrium. Here we show the influence of surface 

dynamics to the cell uptake of nanoparticles by designing a nominally equivalent system in terms 

of size, shape, charge and functional groups but different in their surface dynamics. 

 

As the platform for this study we selected CdSe/CdZnS nanoplatelet as the nanoparticle 

model, which can be dispersed in water by ligand exchange with hydrophilic ligands or 
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amphiphilic polymer coating. Both methods have minor influence in the shape and size of the 

nanoparticle, possess the same terminal functional groups (COO-) thus similar surface change. The 

ligand exchanged surface is subject to dynamic equilibrium while the polymer coating contains 

multiple alkyl side chains that creates a static surface by multiple hydrophobic interaction with the 

native surface ligands.  

Analysis of the protein corona revealed major differences in protein compositions 

surrounding the ligand exchanged and polymer coated nanoplatelets after exposure to human 

serum and human plasma. Photoluminescence spectroscopy implies the proteins in serum and 

plasma can interact directly with the Cd surface of the ligand exchanged NPLs instead of just the 

COO- functional groups, while the same does not happen to the polymer coated NPLs due to the 

static nature of the polymer coating. The difference in protein interaction led to differences in 

colloidal stability of the nanoplatelets in human serum and the cell uptake amount. This data 

highlights the unnoticed potential of surface dynamics as a major parameter of study when 

determining the uptake mechanism of nanoparticles into cells. 

 

6.2 Results and Discussion 

To determine the effect of surface dynamics on the uptake of nanoplatelets (NPL), we 

designed a system with equivalent particle size, chemical groups and surface charge. Polymer 

coated NPLs (POLY) were prepared based on our previous findings37 while 3-mercaptopropionic 

acid ligand exchanged NPLs (MPA) were prepared based on a recent publication by Shendre et 

al.101 A static surface is achieved by the polymer coating due to the multiple interaction of a single 

polymer chain to multiple fatty acid ligands on the surface of the NPLs while a dynamic surface 

is achieved instead when the interaction of a MPA ligand takes place through just a monodentate 

binding mode. The two-phase transfer method did not alter the size and shape of the CdSe/CdZnS 

NPLs as shown in Figure 6.1A and B respectively.  

 

In both cases, the NPLs are dispersed by the negative charge coming from the hydrophilic 

COO- groups on the surface of the polymer coating and on the ends of the MPA ligands. (Figure 

6.1C and D) Based on the zeta potential measurements (Figure 6.1E), both NPLs are negatively 

charged, with zeta potential around - 40 mV. This indicates that the COO- group density is also 

similar. 
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Figure 6.1. Particle size and surface charge characterization of NPLs dispersed by COO- groups. 

TEM image of A) polymer coated and B) MPA ligand exchanged NPLs used in this work. Average 

lateral size of the NPLs are 600 nm2. Details of size measurement are shown in Table 6.1. 

Simplified sketch of the surface functionality for C) polymer coated and D) MPA ligand exchanged 

NPLs. Long fatty acid chains are shortened by brackets for clarity. E) Zeta potential at pH 7 in 

0.001 M KCl solution. Error bars indicate the zeta deviation.  

 

Using both types of NPLs, we performed cell uptake experiments with cancer cells (HeLa). 

Without incubation in human serum, both NPLs are strongly binding to HeLa cells (Figure 6.2A, 

black bars and Figure 6.2B). However, in the presence of human serum, the cell uptake behaviour 

is significantly altered. The uptake of MPA NPLs is strongly decreased, while the uptake of POLY 

NPLs remain relatively constant (Figure 6.2B grey bars). 
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Figure 6.2. Cell interaction of NPLs with HeLa cells in the absence of serum (0% HS) or with 

serum (10% HS) after 24 h. A) The amount of NPL fluorescent positive cells was determined by 

flow cytometry. B) Confocal laser scanning microscopy images of the cells after incubation of 

MPA-coated NPLs (left) and Polymer coated NPLs (right) in the absence of serum (0% HS). The 

cell membrane is pseudo-coloured in green while the NPLs are pseudo-coloured in red. 

 

This indicates that there is a clear difference in the interaction of MPA NPLs in contrast to 

POLY NPLs with serum proteins.  To explain this phenomenon, we looked at the surface dynamics 

of the MPA and POLY NPLs. As shown in Scheme 1, the interaction of MPA ligands to the Cd/Zn 

surface of NPLs is held by a monodentate Cd-S or Zn-S bond. Previous studies have shown that 

the interaction of MPA to the Cd/Zn surface of nanocrystals is labile.212 The reason that the bond 

is labile is partly due to the monodentate nature, which does not benefit from any chelate effect, 

meaning that it loses more entropy of disorder compared to ligands which can chelate e.g. proteins 

with multiple thiol groups. Another reason is that the thiol group can be prone to oxidation which 
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will prevent it from interacting with the Cd surface over time. This lability results in a dynamic 

surface, which is in constant equilibrium with the surrounding environment. Proteins and small 

molecules often contain nucleophilic groups (e.g. amine, thiol), which can potentially participate 

in this equilibrium and interact directly with the surface of NPLs.  

 

Meanwhile, the surface of POLY NPLs is static213 since the backbone of the polymer has 

multiple interaction with the fatty acid ligands on the surface. Both the fatty acid ligands and the 

backbone are hydrophobic, which forces the COO- groups to stay on the outside and the 

hydrophobic groups to be buried to minimize interaction with water. As a result, spontaneous 

detachment of the polymer is very unlikely,213 since it will expose the hydrophobic groups to the 

aqueous environment. Furthermore, the Cd surface of the NPLs is concealed, which means that 

the thiol groups of proteins can hardly interact with POLY NPLs.  
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Scheme 6.1. Surfaces of NPLs for MPA ligand exchanged (top) and polymer coated (bottom). Red 

spheres represent Cd/Zn atoms in the NPLs’ shell, pale yellow spheres S atoms. 

 

By using photoluminescence (PL) spectroscopy, we rationalised our hypothesis illustrated 

in scheme 1. Figure 6.3A and B shows that changes in PL of both MPA NPLs and POLY NPLs 

respectively. First, we compared the PL of NPLs in water and saline dispersion, which stayed 

relatively constant. This indicates that the PL change is not influenced by salt. In the presence of 

serum, the PL intensity of MPA NPLs is quenched significantly while for POLY NPLs it remains 

constant. This suggests that the proteins do have a more direct interaction for MPA NPLs. 

 

We rationalized the quenching in PL by considering two scenarios. The first possibility is 

if the quenching is caused by direct surface damage to the NPLs. Nucleophilic groups in serum 

could influence the equilibrium of the NPL ligands and strip them off the surface. This would lead 

to improper passivation of the NPLs, therefore PL quenching. Another possibility is quenching 

from agglomeration. The interaction of NPLs to serum proteins could destabilize the NPLs and 
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induce agglomeration. When NPLs are stacked and close to each other (distance < ~5 nm), they 

can undergo homo-FRET.73, 214 In a batch of NPLs with QY<100%, homo-FRET from bright NPLs 

to dark NPLs would overall lead to quenching of PL intensity.73 Since the agglomeration is 

dependent on the protein interaction to NPLs, the PL quenching is also indicative of the surface 

binding selectivity of serum protein to MPA NPL and POLY NPL. 

 

 

Figure 6.3. PL spectra of NPLs in water (grey lines), NaCl solution at physiological salt 

concentration (blue lines) and in human serum (pink lines). A) MPA ligand exchanged NPLs. B) 

Polymer coated NPLs. 

 

To further assess, the interaction of serum and plasma proteins with NPLs having a static 

polymer or a more dynamic MPA surface coating, a thorough protein corona analysis was 

conducted (Figure 6.4). Therefore, NPLs were incubated with serum/plasma for 1 h at 37 °C. 

Subsequently, free or loosely bound proteins were removed via several washing steps. The amount 

that was strongly attached to surface of the NPLs was determined by Pierce Assay and the proteins 

were identified via high resolution mass spectrometry measurements (LC-MS). The Pierce assay 

shows that both NPLs strongly adsorb serum/plasma proteins whereas MPA NPLs adsorbed more 

protein material compared to POLY NPLs (Figure 6.4A). Based on LCMS protein classification, 

we discovered that the types of protein that interact with MPA NPLs and POLY NPLs vary 

significantly. In particular, the MPA NPLs have high contribution from coagulation proteins 

(Figure 6.4B). The differences in proteins was also demonstrated in the heat map (Figure 6.4C), 
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showing a high contribution from kininogen-1 for MPA NPLs. In contrast to that, a higher number 

of immunoglobulins (Ig gamma 1 and 2) and serum albumin adsorbs to POLY NPLs. 

 

 

Figure 6.4. Protein corona analysis of polymer coated NPLs (POLY) and ligand exchanged NPLs 

(MPA) after incubation in human serum and human plasma. A) Quantification by pierce assay of 

samples, showing amount of proteins in μg/mg NPL. B) LCMS protein classification. C) Heat map 

illustrating the relative quantity of the most abundant proteins found in LCMS protein 

identification. 

 

Induced by this selective protein binding, the colloidal stability in serum and plasma varies 

greatly between the two samples. For POLY NPLs, the particles remain stable in the presence of 

serum proteins as we observed in DLS (Experimental section Figure 6.5) and fluorescence 

correlation spectroscopy (FCS) (Experimental section Figure 6.6). Consistent with our previous 

study,37 the hydrodynamic radii increase slightly in the presence of proteins, likely due to the 

formation of protein corona (Figure 6.6 and Table 6.2). Furthermore, we observed no agglomerates 

of POLY NPLs in FCS and retention of the particle brightness, which agrees with the PL 

measurements in Figure 6.3. Although the results of the fitting215 show that aggregates are present 

in the DLS measurements (Table 6.1), our FCS experiment show that these aggregates are non-

fluorescent. This suggests that the presence of POLY NPLs induced some aggregation of the serum 

proteins. 



CHAPTER 6: SURFACE DYNAMICS OF NOMINALLY EQUIVALENT NANOPARTICLES 

GOVERNS CELL UPTAKE BEHAVIOUR 150 

 

In contrast, MPA NPLs sediment over time in presence of human serum. Using 

fluorescence microscopy (Experimental section Figure 6.7), we observed the formation of micron 

sized agglomerates of MPA NPLs. Considering that coagulation proteins contribute to a large 

proportion to the MPA NPL’s protein corona, we hypothesize that these proteins promote 

agglomeration of MPA NPLs and drastically alter the uptake behaviour of the particles. Our 

findings highlight that the interaction between nanoparticles and proteins in solution is determined 

not only by the size, the shape, the surface charge and the type and concentration of surface 

chemical groups, but also by surface dynamics. We show that surface dynamics is a determining 

factor for the interaction of nanoparticles with proteins and thus must be considered as critical 

parameter in the formation of protein corona and cellular uptake.  

 

6.3 Conclusions 

We showed how surface dynamics can influence the cell uptake of nanoparticles by using 

water dispersed NPLs as a model system. Our model allows us to isolate the influence of surface 

dynamics by keeping the commonly studied parameters the same, particularly the size, shape, 

surface change and chemical functionality. Ligand exchanged NPLs exhibited high surface 

dynamic and participated in equilibrium with the surrounding complex environment. This induced 

the formation of different protein corona around the NPL samples and changed their biological 

identity and surface parameters. As a result, ligand exchanged NPLs were colloidally destabilized 

and agglomerated. Polymer coated NPLs remained stable after interaction with the surrounding 

proteins and can be taken up by cells. Our study encourages future research to have greater 

awareness of the surface dynamics of nanoparticles, especially for surfaces covered by ligands. 
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6.4 Experimental Section 

Materials 

1-Octadecene (technical grade 90%, O806-1L), oleic acid (technical grade 90%, 364525-

1L), cadmium nitrate tetrahydrate (CdNO3(H2O)4, 98%, 642045-100G), zinc nitrate hydrate 

(ZnNO3(H2O), 99.999%, 230006-25G), poly(isobutylene-alt-maleic anhydride) (85%, average 

Mw ~6000, 12-200 mesh, 531278-250G), ethylenediamine absolute (H2NCH2CH2NH2, >99.5%, 

03550-250ML) and 3-mercaptopropionic acid (HSCH₂CH₂CO₂H, 99+%, M5,80-1) were 

purchased from Aldrich. Cadmium acetate dihydrate (Cd(OAc)2(H2O)2, 98%, 317131000) was 

purchased from Acros Organics. Selenium powder -200 mesh (Se, 99.999%, 36208) and 1-

octylamine (CH3(CH2)7NH2 ,99%, B24193) was purchased from Alfa Aesar. Hexane (95% n-

hexane, analytical reagent grade, H/0355/21) was purchased from Fisher Chemical. Chloroform, 

stabilized with amylene (100%, 83627.290), absolute ethanol (20821.330) and sodium hydroxide 

(NaOH, 1 mol/L 1N, UN1824) were purchased from VWR Chemicals. Thioacetamide (TAA, 

>98%, T0187) and 1-dodecylamine (>97%, D0980) was purchased from TCI. Boric acid (>99.8%, 

6943.1) was purchased from Carl Roth GmbH. 

 

Synthesis of 4 Monolayer (4ML) Thick CdSe NPLs 

4ML thick CdSe NPLs were synthesized by a modified procedure published by Mahler et 

al.36 Briefly, 60 mL of 1-octadecene, 320 mg (1.20 mmol) of Cd(OAc)2(H2O)2, and 879 µL 

(787 mg, 2.79 mmol) of oleic acid were combined inside a 100 mL three-necked flask attached to 

a water-cooled condenser. The mixture was stirred and degassed under vacuum at 110 °C for 

90 min. After stopping the vacuum line, the flask was filled with argon and 48 mg (0.607 mmol) 

of Se powder was swiftly added into the flask. Then the temperature of the heating mantle was set 

to 240 °C. When the temperature in the flask reached 205 °C, 160 mg (0.600 mmol) of 

Cd(OAc)2(H2O)2 was added into the mixture and the reaction proceeded for 15 min at 240 °C. 

Afterwards the flask was cooled to room temperature using a water bath and 6.7 mL of oleic acid 

was injected. The mixture was centrifuged for 10 min at 5000 rpm (2599 g), the supernatant was 

discarded. Finally, the precipitated NPLs were re-dispersed in 12 mL hexane. 
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Synthesis of Cd0.33Zn0.67S Shell 

The CdZnS shell was synthesized using a one-pot method, modified from an existing 

procedure.36 Briefly, 6 mL of the as-synthesized 4ML NPLs (with optical density at 510 nm = 30) 

were added into a 50 mL round bottom flask containing a stir bar. In a separate flask, 300 mg 

(3.99 mmol) of TAA, 3 mL (18.2 mmol) of octylamine and 9 mL of chloroform were gently mixed 

and then sonicated in an ultrasound bath until all the TAA dissolved. The TAA solution was added 

to the NPL solution while stirring. After a couple of minutes, 500 µL of CdNO3 solution (0.2 M in 

ethanol) and 1000 µL of ZnNO3 solution (0.2 M in ethanol) were added into the mixture. The flask 

was sealed with a glass stopper and left to stir for 24 h in ambient conditions. 

 

To be able to precipitate the NPLs, the mixture was first concentrated by evaporating a 

portion of the solvent using a rotatory evaporator at approximately 280 mbar, 40 °C for a couple 

of minutes. Then the concentrated mixture (volume approx. 15mL) was centrifuged for 10 min at 

8000 rpm (6654 g), the supernatant was discarded, and the precipitated NPLs were re-suspended 

in 15 mL chloroform. To better stabilize the NPLs, 300 µL of ZnNO3 solution (0.2 M in ethanol) 

and 600 µL of oleic acid were added into the NPL dispersion while stirring and the mixture was 

kept at ambient conditions for a couple of days for PL recovery. 

 

To remove the excess oleic acid introduced in this step, methyl acetate was added to the 

chloroform dispersion of core/shell NPLs (in the ratio of chloroform:methyl acetate = 1:1 v/v). 

The NPLs were precipitated by centrifugation and re-dispersed in chloroform. 

 

Synthesis of Dodecyl-Grafted-Poly(isobutylene‐alt‐maleic acid) (polymer) 

The amphiphilic polymer was synthesized according to the method described by Riedinger 

et al.97 Briefly, 105.3 mg (0.662 mmol monomer units /1.10x10-5mmol polymer) of 

poly(isobutylene-alt-maleic anhydride), 92.0 mg (0.497 mmol, equivalent to 75% of monomer 

units) of 1-dodecylamine and 25 mL of THF were combined in a 50 mL round bottom flask 

containing a magnetic stir bar. Then a reflux condenser was attached and the mixture was heated 

to reflux using an oil bath. After approximately 10 min, the solution turned clear and it was kept 

refluxing for 18 h. Then the solution was brought back to room temperature and the THF was 
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removed using a rotatory evaporator. 13.24 mL of chloroform was then added to the solid polymer 

film to make a 0.05 M solution (based on monomer concentration). 

 

Phase Transfer by Polymer Coating 

The NPLs were coated with the amphiphilic polymer and subsequently transferred to water 

using a method developed by Halim et al.37 To coat the NPLs with the polymer, 7.5 mL of the 

core/shell NPLs (optical density = 2.574 at lowest-energy exciton peak) was added into a 2.125 mL 

polymer solution in a 50 mL round bottom flask. The flask was gently shaken for a few seconds 

and the mixture was then evaporated gently using a rotatory evaporator until all the solvent is 

removed (approx. 10 min, 40 °C water bath). The remains were re-dispersed in chloroform, re-

evaporated again for a total of three times to ensure an even coating. Then 30 mL of boric acid 

buffer (pH 12) was added to open the remaining anhydride rings of the polymer in the dried 

polymer and NPLs mixture. The flask was gently shaken for 10 min for complete dispersion in 

water. 

 

The excess polymer was removed by sucrose gradient centrifugation and the sucrose was 

washed away by rinsing the NPLs with water while they were trapped in an Amicon filter (Mw cutoff 

= 100k). The molar and weight concentration of the core/shell NPLs were determined from their 

relationship with the sample absorbance calculated in the previous study.37 

 

Phase Transfer by 3-Mercaptopropionic Acid Ligand (MPA) 

For the ligand exchanged NPLs, the NPLs were transferred to water by replacing the native 

oleic acid ligands with MPA based on a two-step method reported by Shendre et al.101 First, a 

concentrated dispersion of core/shell NPLs (optical density = 9.0 at lowest-energy exciton peak) 

was added to a small 4 mL glass vial containing a stir bar. While the dispersion was stirring, 167 

µL of ethylenediamine was added and the mixture was left to stir for 1 h. A fresh solution of MPA 

(0.15 M) was then prepared by diluting 13.1µL of MPA in 1mL milliQ water. 500 µL of the diluted 

MPA was added to the NPL dispersion. The mixture was left to stir for 20 min and was 

subsequently transferred to a 1.5 mL Eppendorf tube to allow phase separation of chloroform and 

water. To assist the phase separation, the tube was gently centrifuged at 800 g for 3 min. The top 

aqueous layer containing the NPLs was carefully removed using a mechanical pipette. 
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The excess MPA was washed away by rinsing the NPLs with water while they were trapped 

in an Amicon filter (Mw cutoff = 100k). The molar and weight concentration of the core/shell NPLs 

were determined from their relationship with the sample absorbance calculated in the previous 

study.37 

 

Dynamic Light Scattering (DLS) of Water Dispersed NPLs 

All light scattering experiments were performed with an ALV-CGS 8F SLS/DLS 5022F 

goniometer equipped with eight simultaneously working ALV 7004 correlators and eight QEAPD 

Avalanche photodiode detectors (ALV, Langen, Germany). A HeNe laser (632.8 nm, 25 mW output 

power) was utilized as the light source. The dispersion medium (milliQ water, DMEM + 10% 

human serum, 100% human serum and 100% human plasma) were all filtered with 0.2 µm Millex-

GS, 0.22 µm syringe filter before use. Concentrated NPL dispersions were diluted in the medium 

and incubated for 1 hour before measurement at 37 °C. 

 

Figure 6.5. Size determination of polymer coated NPLs in serum and plasma by dynamic light 

scattering.  

 

Autocorrelation function (black squares) of NPLs in A) human serum and B) human plasma. 

Scattering angle = 30°. The red line in A) represents the forced fit composed of the sum of 

individual components while the blue line in A) and B) represent the fits with an additional 

aggregation function. 
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Table 6.1. Hydrodynamic radii and intensity contributions of polymer coated NPLs in human 

serum and plasma. 

 
 

I% Protein I% NPL I% Prot. Aggr. Rh Protein Rh NPL Rh Prot. Aggr. 

Human Serum 79.2 9.6 11.2 20.7 nm 31.1 nm 117.2 nm 

Human Plasma 96.6 3.4 0 35.2 nm 31.1 nm N/A 
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Fluorescence Correlation Spectroscopy (FCS) of Water Dispersed NPLs 

 

Figure 6.6. Normalized experimental autocorrelation curves of polymer coated NPLs dispersed in 

water (black), serum (red) and plasma (blue) obtained from FCS. Measurements were conducted 

using one photon excitation at 488 nm. 

 

Table 6.2. FCS fit results of polymer coated NPLs in different media.  

Polymer coated TD (μs) Rh (nm) FB (kHz/particle) 

Water 1117 25 50 

DMEM + 10% HS 1371 31 50 

Human Serum 2246 33 40 

Human Plasma 2371 34 40 
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Agglomeration of MPA Ligand Exchanged NPLs in Presence of Proteins Observed by 

Fluorescence Microscopy 

Experiments were performed on a commercial setup LSM 880 (Carl Zeiss). Measurements 

were conducted using one photon excitation at 488 nm. 

 

Figure 6.7. Protein mediated agglomeration of MPA ligand exchanged NPLs visualized by 

fluorescence microscopy. A) NPL agglomerates in DMEM + 10% serum. B) NPL agglomerates in 

100% serum. C) NPL agglomerates in 100% plasma. 

 

Zeta Potential of Water Dispersed NPLs 

Zeta potential measurements were performed with a Zetasizer Nano Z (Malvern 

Instruments GmbH, Herrenberg, Germany) in a 10−3 M KCl sample dispersion. ξ-potentials of -

41.9 mV and -36.2 mV were determined for the polymer coated and ligand exchanged NPLs 

respectively. 
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UV-Vis Absorption Measurements 

To measure the absorption spectra we used either Agilent Cary 60 Spectrophotometer or 

Avantes spectrophotometer, consisting of Avantes AvaLight-DH-S-BAL as the UV-Vis light source 

passing through a neutral density filter [optical density, O.D. = 2.0] and fiber-coupled to an Avantes 

SensLine AvaSpec-HSC-TEC detector. 

 

Photoluminescence Measurements 

Photoluminescence spectra were recorded using an Avantes SensLine AvaSpec-HSC-TEC 

spectrophotometer in 90° geometry with a Prizmatix Silver high power LED (emission peak 

368.65 nm, FWHM ~ 10 nm). 

 

Transmission Electron Microscope (TEM) 

Samples were prepared by dropcasting an aqueous dispersion of the NPLs onto a carbon 

coated copper TEM grid. The grid sat on filter paper during the dropcasting to assist the drying of 

solvent. Routine TEM imaging was done using JEOL1400 TEM with an acceleration voltage of 

120 kV. 

 

Cellular Uptake of Nanoplatelets by HeLa cells Using Flow Cytometry 

HeLa cells (obtained from ATCC® CCL-2™) were cultured in Dulbecco Modified Eagle 

Medium (DMEM, Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL 

penicillin, 100 mg/mL streptomycin and 2 mM glutamine (all from Thermo Fisher, Germany). 

Cells were split about two or three times a week at 80-90% confluency. For cell uptake studies, 

cells were detached with 2.5% trypsin (Gibco, Germany) and seeded out in 24-well plates (100 

000 – 150 000 cells/well) in cell culture medium with 10% FBS. After overnight incubation, the 

medium was changed to serum-free medium. Nanoplatelets (37.5 µg/mL) were added to cells in 

serum-free cell culture medium (-HS) or cell culture medium containing 10% human serum (+HS) 

for 24 h at 37 °C.  For flow cytometry analysis, cells were detached and measurements were 

performed on an Attune NxT flow cytometer (Thermo Fisher, USA). 
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Cellular Uptake of Nanoplatelets by HeLa cells Using Confocal Laser Scanning 

Microscopy (cLSM) 

To visualize the intercellular localization of the nanoplatelets in Hela cells, confocal laser 

scanning microscopy (cLSM) images were taken. as employed. The cell membrane was stained 

with CellMask DeepGreen (stock solution: 5 mg/mL, Thermo Fisher). 50 000 cells in DMEM with 

10% FBS were seeded out into 8-well µ-Slides (ibidi). After an overnight incubation, the cells 

were treated with the respective sample in medium with 0% HS or with 10% HS. After 24-hour 

incubation with the nanoplatelets at a concentration of 37.5 µg/mL, the wells were washed with 

PBS to remove unbound nanoplatelets. Afterwards, the cells were directly imaged. Cell membrane 

staining was conducted shortly before the cLSM analysis for 3-5 min in the dark using CellMask 

Deep Green (Dilution of stock solution: 1:1.000 in PBS). Confocal laser scanning microscopy 

images were taken on the LSM SP5 STED Leica Laser Scanning Confocal Microscope (Leica, 

Germany), composed of an inverse fluorescence microscope DMI 6000CS equipped with a multi-

laser combination using a HCX PL APO CS 63 x 1.4 oil objective.  

 

Purification of Protein Corona 

Nanoplatelets (1 mg) were incubated with 1 mL of human serum or human plasma at 37 °C 

for 1 h. Protein coated nanoplatelets were centrifuged (20 000 g, 30 min, 4 °C), the supernatant 

was removed and the pellet was washed with 1 mL PBS solution. This step was repeated three 

times. Finally, the strongly attached corona proteins were desorbed from the surface with an 

aqueous solution containing 2 wt% SDS supplemented with 62.5 mM Tris-HCL and the sample 

was incubated for 5 min at 95 °C. After a last centrifugation step, the supernatant was taken, which 

contained the corona proteins. The protein concentration was analyzed using a Pierce 660 nm 

Protein Assay (Thermo Fisher, Germany) according to manufacturer’s instructions.  

 

SDS-PAGE of the Protein Corona 

Corona proteins (1-2 µg in 26 µL) were incubated with sample buffer (10 µL) and reducing 

agent (4 µL) for 10 min at 70 °C. Further the solution was applied onto a 10% NuPAGE Bis-Tris 

Gel and the gel was run at 120 mV for ~1 h. The protein bands were visualized by the SilverQuest 

Silver Staining Kit according to the manufacturer’s instructions. 
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In-solution Digestion 

SDS was removed via Pierce detergent removal columns (Thermo Fisher, Germany) 

according to the manufactures´ instruction. Tryptic digestion was carried out according to former 

reports. 216 217 218 Briefly, proteins were precipitated using a ProteoExtract protein precipitation kit 

(Merck Millipore, Germany) overnight. After centrifugation, the protein pellet was resuspended in 

RapiGest SF (Waters, USA) dissolved in 50 mM ammonium bicarbonate (Sigma Aldrich, 

Germany) and the samples were incubated at 80 °C for 15 min. For reduction, dithiothreitol (5 mM, 

Sigma Aldrich, Germany) was added to the solution for 45 min at 56 °C. In the following, proteins 

were alkylated with iodoacetoamide (15 mM, Sigma Aldrich, Germany) for 1 h in the dark. In a 

last step, a protein:trypsin ratio of 50:1 was used for tryptic digestion (incubation time 15-18 h at 

37 °C). The digestion was stopped with hydrochloric acid (Sigma Aldrich, Germany). Finally, 

resulting peptide sample was centrifuged (14 000 g, 15 min, 4 °C) to remove degradation products 

of RapiGest SF. 

 

Liquid Chromatography-Mass Spectrometry (LC-MS) 

Samples were diluted with 0.1% formic acid and spiked with 50 fmol of Hi3 EColi 

Standard (Waters, USA) for absolute protein quantification. LC-MS measurements were 

performed with a nanoACQUITY UPLC system coupled to a Synapt G2-Si mass spectrometer 

(Waters, USA). A nanoLockSpray source was used for electrospray ionization (ESI) in positive 

ion mode. The mass spectrometer was operated in resolution mode performing data-independent 

experiments (MSE). Data was processed with MassLynx 4.1, proteins were identified with 

Progenesis QI and a reviewed human data base was downloaded from Uniprot. The absolute 

amount of each protein was calculated based on the TOP3/Hi3 approach.219 A list of all identified 

proteins and the absolute amount in fmol or relative amount in % is given in a separated excel 

document. 
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Chapter 7: Polymeric Nanocarriers with Hydrophilic Nanoplatelet Markers 

Unambiguously Localized by Correlative Light and Electron Microscopy 

 

In the previous chapter I showed how NPLs can be taken up by HeLa cells and that they 

can be imaged by fluorescence microscopy. Here I present a study where we took advantage of the 

fluorescent property and the electron dense property of the NPLs. This allows complementary 

imaging using light and electron microscopy to track samples which are relatively challenging to 

visualize in electron microscopy such as polymeric nanocarriers. This chapter is based on an 

unpublished paper draft written for an ongoing collaboration. 

 

My contributions to the project were: Synthesis and characterization of water dispersed 

nanoplatelets, spectroscopy of encapsulated nanoplatelets. Encapsulation and capsule analysis 

were done by Marie-Luise Frey. TEM was done by Shen Han and Yeliz Yangazoglu. Fluorescence 

microscopy was done by Anke Kaltbeitzel. Cell experiments were done by Dr. Johanna Simon. 

 

7.1 Introduction 

Polymeric nanocarriers are hard to track within cells since they cannot be clearly identified: 

they require either fluorescent markers to see with light microscopy (LM) or electron-dense 

markers to see with electron microscopy (EM). By using a marker visible in both EM and LM, one 

can track the marked nanocarrier in high resolution EM, at the same time highlighting the 

nanocarrier with color in LM from the grayscale surroundings generated by EM. This combination 

of techniques is called correlative light and electron microscopy (cLEM).88 In cell biology, cLEM 

is often used to make proteins or cell interactions visible in organisms and cells, but also to track 

nanocarriers in a biological surrounding.220-223 However current markers to track nanocarriers like 

quantum dots cannot be visualized readily – they are difficult to distinguish from cellular 

components, due to their small size (~5 nm) and spherical shape.224, 225 This means additional 

elemental analysis (e.g. EDX or ESI) must be done to confirm the identity of the quantum dots to 

ultimately locate the nanocarrier.226-228 Here we developed a convenient method to localize 

nanocarriers by using large (20-50 nm), highly absorbing,7 rectangular nanoplatelets (NPLs), 

resulting in unambiguous identification of the markers. 
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We demonstrate the potential of our new marker by visualizing, hence localizing, a model 

system of NPL-marked polymeric nanocapsules (NCs) taken up by macrophages. We encapsulated 

NPLs into biocompatible NCs, a type of drug delivery vehicle, by a polyaddition at the droplet 

interface in inverse miniemulsion. The key to success of the NPL markers hinged on the protective 

coating on the NPLs that endows them with a hydrophilic surface. This coating makes NPLs both 

easy to disperse in aqueous medium and protects the NPLs’ surface37 from major damage during 

the encapsulation process, thus retaining high fluorescence after encapsulation. We used NCs made 

of hydroxylethyl starch (HES) or bovine serum albumin (BSA), crosslinked at the interface with 

toluene diisocyanate (TDI), forming a dense polymeric shell.229, 230 The NPLs were added to the 

aqueous dispersed phase prior to the miniemulsion process, leading to the encapsulation of the 

NPLs into the NCs.   

 

The NCs containing NPLs were then taken up by macrophages in a time-dependent manner. 

The NCs were easy to detect in EM and LM thanks to the NPLs’ unique rectangular shape, large 

size and high absorption cross sections,7 which lead to high sample brightness and easy detection 

in LM at low excitation powers. CLEM, as combination of both microscopy techniques, resulted 

in an unambiguous localization by visualization of  NPL-containing NCs  inside the cells (provided 

no degradation of capsules during the study). We are currently conducting further analysis on this 

data to reveal details of the fate of NCs, such as their distribution in the cell and the population of 

NCs in the late endosomes. 

 

7.2 Results and Discussion 

We accomplished encapsulation of the NPLs into biocompatible NCs by adding water-

dispersible NPLs into the aqueous phase of a miniemulsion. Under the assumption of a Poisson 

distribution of the NPLs inside the NCs, we employed an excess of NPLs per expected NCs to 

achieve a labeling of all capsules. We calculated the number of NCs per mL using the 

hydrodynamic radius and the solid content of the expected NCs dispersion. 
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Table 7.1 Calculation of added NPLs for encapsulation into HES and BSA Nanocapsules (NCs) 

 NC diameter at 90°/ nm 

(sample 10:1 from table 1) 
Radius/ nm Volume of one NC/ m3 

234 117 6.71 x 10-21 

Solid content of dispersion/ 

wt% 

mL NC in 1 mL dispersion, if 

density = 1 g/cm3 

Volume of NC in 

dispersion/ m3 

0.714 0.00714 7.14x10-9 

 

Amount of NCs/ mL =
Volume of one NC/m3

Volume NCs in dispersion/m3
 

=
7.14 x 10−9

6.71 x 10−21
=  1.064 × 1012 𝑁𝐶𝑠/𝑚𝐿 

 

Since the total volume of the BSA NC dispersion is 16.55 mL, a total amount of NCs in 

dispersion is approximately 1.76 x 1013 NCs. NPLs concentration obtained was 1.99 x 1015 

NPLs/mL. Therefore, for a 10:1 ratio 88.64 µL, for a 5:1 ratio 44.32 µL and for a 1:1 ratio 8.86 µL 

of NPLs dispersion needs to be added to the mixture. According to previously performed 

experiments and expected capsule diameters, 57.02 µL (10:1), 28.51 µL (5:1) and 5.70 µL (1:1) 

were added. 

 

Then, HES or BSA respectively, were added into the aqueous dispersed phase and 

emulsified in cyclohexane with a surfactant. By adding the crosslinker toluene diisocyanate (TDI) 

to the generated miniemulsion, a polyaddition at the interface of the droplets is performed, leading 

to the formation of a polymeric shell. In order to use the NCs for cell experiments, they must be 

redispersed in aqueous solution. We analyzed sizes of the obtained BSA NCs (Table 7.2) and HES 

NC (Table 7.3) with encapsulated NPLs in three different ratios in cyclohexane as well as the zeta 

potentials after redispersion in water. Furthermore, we analyzed morphologies of the obtained BSA 

NCs in cyclohexane by TEM (Figure 7.1). 
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Table 7.2 Physicochemical properties of BSA NC with encapsulated NPLs in different ratios. 

Hydrodynamic radii where determined using multiangle DLS (30 – 150°) with a standard deviation 

of 10%. Dispersions were filtered with a PTFE syringe filter (pore size 5 µm) prior to measurement. 

 

Table 7.3 Size distributions of HES NC with different ratios of encapsulated NPLs measured at an 

angle of 90°. 

 

Sample Rh/ nm (cyclohexane) PDI in cyclohexane 

10:1 NPLs:NC 149 ± 67 nm 0.193 

5:1 NPLs:NC 148 ± 101 nm 0.263 

1:1 NPLs:NC 140 ± 103 nm 0.247 

 

 

Figure 7.1 TEM micrographs of BSA NC listed in Table 1 in cyclohexane. White scalebars 

indicate a length of 200 nm. 

 

The NCs obtained after encapsulation of different NPLs ratios, showed hydrodynamic radii 

of around 200 nm in cyclohexane as well as in water and a polydispersity index (PDI) of around 

0.2. The ζ-potential of all capsules was negative. Table 1 demonstrates that there are no significant 

changes in size and surface charge upon encapsulation of different NPLs concentrations. A 

Ratio 

(NPLs:NC) 
R

h
/ nm 

(cyclohexane) 

R
h
/ nm 

(water) 

PDI (90°) in 

cyclohexane  
PDI (90°) in 

water 
ζ-potential/ mV in 

water 

10:1 200 ± 20 202 ± 20 0.248 0.207 -27.8 ± 4.42  

 5:1 226 ± 23 192 ± 19 0.179 0.202 -30.0 ± 3.86  

 1:1 218 ± 22 218 ± 22 0.183 0.219 -29.3 ± 4.11  
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reduction of the fluorescence intensity of the green fluorescent label FITC (fluorescein 

isothiocyanate) in dependency of the amount of encapsulated NPLs, confirmed successful 

encapsulation. FITC was attached to the surface of BSA NCs containing NPLs and it is assumed 

that the reduction of median fluorescence intensity (MFI) is caused by an absorption of the green 

fluorescence by the red one due to close proximity of both dyes (Figure 7.2) as measured by 

applying flow cytometry. Furthermore, we analyzed the morphology of the BSA NCs with NPLs 

(5:1) by cryo-TEM (Figure 7.3 C) and display the optical properties of the NCs with encapsulated 

NPLs (Fig. 7.3 A and B).  

 

 

Figure 7.2 Flow cytometry measurements of FITC labeled BSA NC with encapsulated NPLs. A: 

MFI of red fluorescence of the NPLs. B: Reduction of FITC MFI in percent caused by 

encapsulation of NPLs. 
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Figure 7.3 A) Fluorescence intensity measurements of BSA NC with encapsulated NPLs in 

different ratios in cyclohexane. B) Fluorescence intensity measurements of BSA NC with 

encapsulated NPLs in different ratios in water. C) cryo-TEM in water of BSA NC containing NPLs 

in a 5:1 ratio. 

 

Figure 7.3 A demonstrates the fluorescence emission spectra of BSA NC containing 

different NPLs concentrations in cyclohexane. The NPLs inside the NC show an emission 

maximum at 646 nm at 590 nm excitation. As expected, the 10:1 ratio shows the strongest 

fluorescence signal, while the signal is decreasing for the other ratios. When the NCs are 

transferred to water, the fluorescence intensity decreases for all the ratios (Figure 7.3 B). For the 

emission spectra of the 1:1 ratio only a very weak signal can be detected. Figure 7.3 B also 

demonstrates that there is only a very small difference in fluorescence intensity between the 10:1 

ratio and the 5:1 ratio after water transfer. The cryo-TEM micrograph in Figure 7.3 C shows that 

the BSA NCs are spherical and that they contain at least one NPL per NC encapsulated. Based on 

the cryo-TEM micrographs and the minimal gain of PL intensity for the 10:1 ratio (Figure 7.3 B), 

we selected the 5:1 ratio as the optimized ratio for labelling the NCs. After successful water transfer, 

RAW264.7 macrophages were incubated with different concentrations of BSA NCs containing 

NPLs (5:1) and different incubation times of the cells were compared (Figure 7.4). 
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Figure 7.4 Cell uptake of BSA NCs + NPLs with and without incubation in fetal bovine serum 

(FBS) into RAW 264.7 macrophages for different concentrations and different time periods.  A) 

Percentage of cells found containing NCs and median fluorescence intensity analyzed by flow 

cytometry with and without addition of 10% FBS. B) Confocal laser scanning microscopy images 

of the cell samples after uptake of BSA NCs for two concentrations and in a time-dependent 

manner. The cell membrane is pseudocoloured in green while the NPLs are shown in red. C) 

Percentage of positive cells found containing NCs after time-dependent incubation of 75 µg/mL 

and 300 µg/mL of NCs into RAW267.4 macrophages. 

 

Figure 7.4 A shows that the uptake of NCs into macrophages appears to be concentration-

dependent. We found one third of macrophages positive for NCs containing NPLs at a 

concentration of 18 µg/mL, while at 150 µg/mL NCs we found up to approximately 90% of 

macrophages positive. Addition of 10% fetal bovine serum (FBS) does not show a significant 
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difference in uptake behavior, either suggesting no formation of protein corona around the BSA 

NCs or that the FBS proteins are biologically similar or identical to the BSA proteins. Analysis of 

the median fluorescence intensity (MFI) of the same incubated cells, indicates a similar result.  

 

Next to the concentration dependency of the uptake, we observed also a time-dependent 

uptake of the BSA NCs (Figure 7.4 B and C) and in addition, confocal laser scanning microscopy 

(cLSM) proves uptake of the NC containing NPLs (Figure 7.4 B). Comparison of three 

experiments with different incubation times which were performed simultaneously, revealed that 

the uptake into the macrophages was time-dependent. In a first experiment, we incubated 

macrophages with NCs containing NPLs for 2 h and we immediately analyzed the uptake by cLSM 

(Figure 7.4 B, left panel), while in a second experiment, after 2 h incubation, we interrupted 

incubation for 24 h and observed the cells afterwards by cLSM (Figure 7.4 B, middle panel). In a 

third experiment, we continuously incubated cells with NC containing NPLs for 24 h (Figure 7.4 

B, right panel). These three experiments allow us to determine whether the cell uptake is slow 

(~24 h) of fast (<2 h) and monitor where the NCs may be localized or degraded in the cell once 

the cell stops taking up new capsules. 

 

Furthermore, we determined the positive cells by flow cytometry (Figure 7.4 C). Figure 

7.4 B again proves concentration-dependent uptake of NC into the cells, since higher fluorescence 

intensities can be observed for an incubation with 300 µg/mL of NCs than for the incubation with 

the same capsules at a concentration of 75 µg/mL. For the different time periods, we observed an 

increased fluorescence intensity after an incubation period of 24 h in comparison to a 2 h 

incubation time. As displayed in Figure 7.4 C, a slightly higher percentage of fluorescent cells is 

detectable after the NC uptake was stopped and kept for 24 h (2 h uptake + 24 h no uptake) than 

after immediate analysis of the cells (2 h uptake) at concentration of 75 µg/mL, which is clearly 

increased at a concentration of 300 µg/mL (2 h). Moreover, Figure 2 C demonstrates, that there is 

no significant increase of positive cells detectable after a 24 h incubation time in comparison to 

2 h incubation with a 24 h period of no uptake, which suggests, that the macrophages already 

reached their maximum uptake capacity after 2 h of incubation. A period of 24 h after incubation 

could perhaps lead to degradation of the BSA NC inside the cells, resulting in the release of the 

encapsulated NPLs. 
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After analysis of the uptake behavior of the macrophages towards the NCs containing NPLs 

by cLSM and flow cytometry, we embedded the cells into a matrix and analyzed the slices by TEM. 

Figure 7.5 shows a macrophage containing BSA NCs with encapsulated NPLs in a 5:1 ratio. 

 

Figure 7.5 TEM images of the cellular uptake and intercellular localization of BSA NCs + NPLs. 

Cells were incubated with NC at a concentration of 300 µg/mL for 24 h. The cells were washed 

after 1 h with PBS and fresh cell growth medium without further NCs was added and incubated 

for 23 h. A) BSA NCs + NPLs in RAW 264.7 cells in vesicles, scale 2000 nm B) 500 nm C) 200 

nm D) 100 nm. 
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Figure 7.5 B demonstrates, that the NCs are stored in vesicles inside the cells. The high 

cell loading of 300 µg/mL of NCs appears to overload the vesicles and deform the shape of the 

capsules, though it does not cause apoptosis to the cells, as shown in Figure 7.5 B. The NCs keep 

their core-shell structure during uptake and the encapsulated NPLs are visually clearly setting apart 

from the NCs due to their high electron-density and rectangular shape, thus clearly identifying the 

NCs inside the cell. In the different magnifications, the high concentration of NCs inside the 

vesicles is visible, while the NPLs are randomly distributed inside the NCs. A lot of NCs just 

contain one NPL, which again supports the assumption that at least a 5:1 ratio of NPLs in 

comparison to NCs is necessary to encapsulate at least one NPLs per NC.  

 

To unambiguously identify the NCs containing NPLs inside the cell, we performed 

correlative light and electron microscopy (cLEM). 
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Figure 7.6 BSA NCs + NPLs in RAW 264.7 cells a.) CLEM Image (TEM and cLSM) of BSA NCs 

+ NPLs (the BSA NCs with a concentration of 300 µg/mL, incubated for 1 hour with RAW 264.7 

cells, washed and kept for 23 hours before measurement), scale bar 1µm b.) & c.) High 

magnification images of BSA NCs + NPLs. 

 

Figure 7.6 reveals different parts of a macrophage which show red fluorescence. The red 

fluorescence is derived from the NPLs inside the NCs and is overlapping to a large extent with the 

optical findings of the NPLs in the electron microscopy images, thus clearly identifying the NCs 

inside the cell. Figure 7.6 b and c which represent magnifications of bright areas in the macrophage, 

demonstrate vesicles, filled with NC containing NPLs inside the cell. In this macrophage, it is 

again evident that the high uptake of NCs did not trigger apoptotic processes. This is confirmed 

by the performance of a cytotoxicity assay, which showed high cell viability of the macrophages 

incubated with different concentrations of NCs containing NPLs (5:1) in the presence of FBS 

(Figure 7.7). 
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Figure 7.7 Cell viability of RAW264.7 macrophages after incubation with different concentrations 

of BSA NC containing NPLs (5:1) with fetal bovine serum (FBS) and without. 

 

7.3 Conclusions 

We demonstrated that NPL containing NCs can be detected and unambiguously localized 

by cLEM. The encapsulation of the NPLs into biocompatible NCs could be accomplished without 

disturbing the NC formation and damaging the NPLs’ properties, obtaining a stable dispersion with 

high fluorescence intensity. We were able to adjust different NPL concentrations inside the NCs 

and obtained reproducible size distributions. The bright fluorescent signal indicated the NCs were 

taken up inside macrophages in a time-dependent manner. Combined with cLEM, we could even 

see the different parts of macrophages where the NCs are taken up. 

 

With the help of our method, NCs with aqueous cores can be readily visualized by cLEM 

inside a cell using NPLs as markers. We are currently doing more detailed analysis on our images 

to better understand the role of uptake amount relative to the capsule degradation and the fate of 

the NCs inside the cells, in particular where they are localized at different times. This localization 

method should be extendable to polymeric nanocarriers in general, making it very important for 

future research on cell uptake mechanisms and may reveal the metabolic pathway of an 

encapsulated drug.  
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Final conclusions and outlooks 

 

Through the works in this thesis I described how the surface of NPLs play a role in the 

optimization of their properties for applications in imaging and energy transfer. Chapter 2, 3 and 

4 relates to the transfer of energy to small organic molecules, while chapter 5, 6 and 7 relates to 

retention of PL at different conditions so that the NPLs can become bright markers in biological 

applications. This work contributes to the understanding of how the nanocrystal geometry can 

influence their interaction with small molecules and polymer, which is helpful for their 

applications in bioimaging, photon upconversion and photocatalysis. 

 

In chapter 2, we saw how NPLs transfer their energy to DBTCA fluorophores conjugated 

to the surface of the NPLs. The localized exciton in the NPLs means that the DBTCA coverage 

density mattered more than the DBTCA/NPL ratio to get high FRET efficiency. The flat geometry 

allowed the DBTCA to be close to each other at high coverage density, which results in self-

quenching between DBTCA. To minimize this problem, fewer DBTCA needs to be on the surface 

of one NPL, while keeping the FRET from the exciton to the DBTCA high. Since FRET is highly 

distance dependent, we were able to estimate that smaller NPLs should be able to keep the high 

FRET efficiency at low DBTCA/NPL ratio and proposed this approach as one way to minimize 

energy loss from self-quenching.  

 

We explored more about the energy losses in chapter 3, in the framework of triplet-triplet 

annihilation upconversion. Here the ACA ligands could aggregate on the flat surface of NPLs, 

shifting the energy level of ACA, which impacted the upconversion process by creating the 

possibility of back transfer. This highlights how important surface interaction is when designing 

energy transfer system as it can affect the energetic alignment. Knowing this opens new 

possibilities to prevent the energy loss e.g. bulkier ligands, or to utilize the energy shift for some 

intended application. 

 

In chapter 4, we saw how NPLs can be used for white light photocatalysis though the model 

reaction of nitrobenzene to azoxybenzene. The near-equal conduction band energies of the 3, 4 and 

5 ML NPLs allows the 5ML NPLs to take advantage of their broader absorption wavelengths, 
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leading to greater conversion. This was also supported by the higher quantum yields of the 5ML 

NPLs compared to the two thinner NPLs. From this study, we see the possibility of reduction 

photocatalysis with even thicker NPLs could further increase the white light absorption. 

 

The development of the polymer coating in chapter 5 shows how the surface ligands can 

aid the interaction between the NPLs with the amphiphilic polymer. This helped to overcome the 

facile agglomeration of NPLs during the phase transfer to water. The polymer coated NPLs show 

high fluorescent brightness in one and two-photon excitation, despite their modest quantum yields, 

thanks to their high absorption cross sections. The polymer coating also makes the NPLs 

colloidally stable and chemically inert. 

 

The robustness of the polymer coated NPLs is demonstrated in chapter 6, where they were 

compared to ligand exchanged NPLs. The PL of the polymer coated NPLs is more difficult to 

quench and they do not agglomerate as easily in protein containing medium. This was a result of 

the lower surface dynamics of the polymer coated NPLs compared to the ligand exchanged NPLs 

with higher surface dynamics. This difference – unrelated to the commonly studied parameters of 

particle, size, shape and charge – influenced the interaction with the protein corona and ultimately 

the uptake to the cells.  

 

Additionally, we used the high brightness and high electron density of NPLs as microscopy 

markers, to localize polymeric nanocapsules and try to understand their uptake to cells in chapter 

7. The rectangular geometry of NPLs and their large lateral size makes it possible to 

unambiguously identify them in the electron microscope, which circumvents the need of elemental 

analysis to confirm the identity of the marker. With this new marker, we can analyze the uptake of 

nanocapsules and other nanocarriers in detail and uncover their uptake mechanism. 

 

Overall, this thesis showed how NPL properties and energy transfer processes can be tuned 

through the understanding of surface interactions. Future works can utilize this idea for a broader 

scope in the bioimaging field and photocatalysis field. This could lead to nanocrystal-based 

systems with higher performance (e.g. fluorescence brightness, photocatalytic conversion).  
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