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Summary

1. Summary

1.1 Summary in English

In this work, CdSe based quantum dots (QD) are functionalized with
B-tetraaminophthalocyanine dye molecules to create a functional organic-inorganic
semiconductor hybrid material. This process is optimized to achieve a solution-processable
material, allowing for the controlled preparation of highly homogenous QD films. The dual
nature of the material leads to two individually addressable optical resonances, which are
exploited in an optical read/ optical write process, creating complex optical patterns. During
this process, a positive and negative fluorescence contrast are created depending on the
employed excitation wavelength. This is enabled by a fluorescence enhancement of the
guantum dot under excitation, in conjunction with a fluorescence bleaching of the organic dye
under ambient excitation conditions. The result of the patterning process is strongly
dependent on the excitation wavelength used during writing and read out of the pattern,
allowing for the use of both positive and negative fluorescence contrast simultaneously
depending on the wavelength. Further investigations reveal that the presence of the organic
dye not only enables negative optical patterning, but also enhances the contrast during
positive patterning. We show a new approach to functionalize inorganic semiconductor QDs

with functional organic molecules and highlight the possibilities arising from this combination.

1.2 Zusammenfassung in Deutsch
In dieser Dissertation werden CdSe Quanten Dots (QD) mit B-tetraaminophthalocyanin

Farbstoff Molekilen funktionalisiert, um anorganische-organische hybrid Halbleiter
Materialien zu synthetisieren. Diese Synthese wird optimiert, um ein fllissig verarbeitbares
Material zu erzeugen, welches fiir die Praparation von moglichst homogenen QD Hybrid
Filmen verwendet werden kann. Die Dualitdt dieses Materials fihrt dazu, dass es zwei
individuell adressierbare optische Resonanzen aufweist, welche in einem optischen
Lese/Schreibprozess ausgenutzt werden, um komplexe optische Muster zu erzeugen. In
diesem Prozess werden sowohl ein positiver als auch ein negativer Fluoreszenzkontrast
erzeugt, welche abhéangig sind von der benutzten Anregungswellenldnge. Das wird ermoglicht
durch die Fluoreszenzverstarkung der QDs unter Anregung, in Verbindung mit der
Photobleichung des organischen Farbmolekils unter Anregung in atmospharischen

Bedingungen. Das Ergebnis des optischen Strukturierungsprozesses hangt stark von der
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Summary

Anregungswellenlange ab, welche fiir den optischen Schreibprozess und den anschlieRenden
Ausleseprozess verwendet wird. Dies sorgt dafiir, dass gleichzeitig ein positiver und negativer
Fluoreszenzkontrast abgebildet werden kénnen, abhangig von der verwendeten Wellenlange.
Weitere Untersuchungen zeigen, dass das Vorhandensein des organischen Farbmolekiils nicht
nur die Erzeugung eines negativen Fluoreszenzkontrastes ermoglich, sondern ebenfalls zu
einer Verstarkung des positiven Kontrastes beitragt. Wir zeigen einen neuen Ansatz fir die
Funktionalisierung von anorganischen Halbleiter QD mit funktionellen organischen Molekiilen
und heben die neuen Verwendungsmoglichkeiten hervor, die sich aus dieser Kombination

ergeben.
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2 Introduction

The first CdSe based quantum dots (QD) were already used in the early 20™ century
incidentally, through incorporation into silicate glasses giving them a yellow-reddish
coloration.! The first syntheses of well-defined colloidal CdSe semiconductor QDs were
published at the beginning of the 1990s and have since been of great scientific interest, due
to their excellent properties as fluorescence emitters. 23 Through constant development, CdSe
QDs today are some of the most well-researched and known representatives of
semiconductor nanoparticles available.

Today there are a wide variety of established synthetic approaches, using different precursors,
solvents and stabilizing agents to obtain CdSe QDs with clearly defined shape and size
distributions. 4® This allows for specific control of the optical absorption and emission
properties of the QDs, which are directly linked to their physical properties. 7 Great efforts
have been undertaken to further elucidate the changes in the electronic structure and
resulting optical properties of the QDs in comparison to the bulk material. The understanding
of the change in optical properties, due to the size and shape of the CdSe Quantum emitter,
allowed for the engineering of the optical properties without changing the chemical
composition of the material. 8

This tunability lead to their implementation in a range of optical and electric applications, for
example as solar cell material or as highly stable fluorescence markers for medical purposes.
910To further tailor the optical and electric properties of these CdSe QD based materials, they
can be functionalized using organic molecules as surface Ligands replacing the native ligand
shell. One example for such a modification is the introduction of organic dye molecules such
as phthalocyanines as optical sensitizing agents. Here, the organic dye functions as an optical
antenna, extending the optical absorption of the combined material to the near Infra-red
region of the optical spectrum and increasing the overall conversion rate.!

More recently, semiconductor QDs have received increasing attention for application as
absorber materials in optical patterning processes.'>'? This patterning process exploits the
fact that CdSe QDs show an increase in fluorescence quantum yield under above-bandgap
excitation, in ambient conditions. Using this, the optical pattern is written into the material
using optical excitation of the QDs, generating a positive fluorescence contrast. The pattern
can then be depicted through imaging of the spatial fluorescence distribution.

11
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Contrary to this, a negative fluorescence contrast has been difficult to achieve and has shown
low pattern stability, due to destruction of the CdSe QDs. To address this limitation, we
introduce a hybrid material of B-tetraaminophthalocyanine functionalized CdSe QDs.

In this work, we present synthetic approaches to remove the native ligand shell of the
synthesized CdSe QDs and replace them with B-tetraaminophthalocyanine molecules forming
an organic inorganic semiconductor hybrid material. We aim to establish the optical
properties of this new QD based hybrid material through absorption and emission
spectroscopy and further process it into highly ordered QD films. After establishing the
structural properties, these films are used to create complex optical patterns under laser
excitation, employing a confocal fluorescence microcopy setup. The changes in optical

properties due to the patterning process are investigated by fluorescence spectroscopy.
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Theoretical Background

3 Theoretical Background

3.1 Quantization of physical properties in semiconductor nanoparticles
The main interest in nanoparticle-based materials results from the physical properties that

can be exhibited by materials reaching the nanometer size domain compared to their bulk
material counterparts and can no longer just be explained using classical physics. Due to the
small size of particles used in this work, which are below 5 nm, the material, electronic and
optical properties show clear quantization effects which can be explained using quantum
mechanics. In the following, a summary of the quantum mechanical basis governing the
physical properties of nanoparticles will be undertaken. This by no means is meant as an
overarching approach to quantum mechanics as a whole or a full understanding of
nanoparticle specific properties, as this would be outside the scope of this work. This work will
focus on the explanation of a “particle in a box” model and how it relates to the physical
properties of nanoparticles as an explanation for band like structures in crystalline
nanoparticles and the resulting optical and electronic properties. For a comprehensive
understanding of the basics of quantum mechanics the reader is encouraged to further study
the sources cited in this chapter and the following books that provided the basis for this
work:14-16

e G. Wedler, H. J. Freund, Lehrbuch der physikalischen Chemie 6. Auflage, Wiley-VCH,

Weinheim, 2012.
e P. Atkins, J. Paula, Physikalische Chemie 5. Auflage, Wiley-VCH, Weinheim, 2013.
e W. Gopel, CZiegler, Einfiihrung in die Materialwissenschaften: Physikalisch-chemische

Grundlagen und Anwendungen, Vieweg+Teubner Verlag, 1996.

3.1.1 Particle in a box model

The particle in a box model lends itself as an explanation on a quantum mechanical basis for
the quantum confinement observable in the nanoparticles used in this work. The basis for this
model is the Schrodinger equation for a free moving particle defined as:

h? d? 1

Ay = Ey with Al = — ~—
P Y with 5 A2

If we solve this for the Energy E we obtain the following general solution:
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£ _k2h2 5
kKT om

For a freely moving particle, equation 2 can be solved for all possible values of k, meaning
there is no quantization of the movement energy in a free moving particle.
The result of this is the specialized case of the particle in a box, when we start to restrict the
free movement of the particle as shown in Figure 1 (left) in a one-dimensional system in which
the particle is enclosed in two potential walls at x = 0 and x = L. This means that inside the box
between 0 and L, there is no potential (V=0), which instantaneously increases to infinity (V=
o) below 0 or above L. Inside the potential walls, the solution for the Schrédinger equation is
identical to a freely moving particle and we can use the general solution from Equation 2
describing the particle as a wave function inside the walls of the box. Due to the restrictions
of the box model, the wave function must have a value of zero at the potential walls x=0 and
x=L, only allowing for integer values of k resulting in this more specialized form of the
Schrodinger equation:
h2
En = gmiz

with the Planck constant h = 2mh and the quantum number n= 1,2, 3, ..., the length of the

n? 3

box L and the particles mass m. As n can only take integer values, the energy of a particle in
this system is clearly quantized. The Equation also shows us that the distance between energy
levels increases with higher guantum numbers due to the quadratic nature of the equation as

shown in Figure 1 (right).
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Figure 1: Left-Schematic visualization of the “particle in a box” concept for the first three quantum numbers n as
wavefunctions. The Potential barriers V(x) for x<0 and x> L are assumed to be infinitely high. Right-Schematic visualization
of the resulting Energy levels of excited particles in a box for the first eight quantum numbers, showing the increasing

distance between energy levels with higher quantum numbers.

The particle in a box model can be used as an explanation for the quantization effect observed
in semiconductor quantum dots (QD). To do this, we want to take a closer look on the

electronic structure of semiconductors.

3.1.2 Semiconductor nanoparticles

As shown in the particle in a box model, an electron in a solid material can only occupy certain
electronic states that are limited by the material properties or, as in our model, the spatial
limitations that are forced upon them. Contrary to the model of an isolated particle, in a three-
dimensional material the electronic properties emerge from the interaction of multiple atoms,
which leads to an overlap of electronic states forming energy bands. The bands can be
described by the density of states (DOS), which specifies how many available states can be
occupied by electrons with a given energy as shown in Figure 2. In solid state physics the
occupation of these energy bands with electrons in a material is indicated by the Fermi energy
Er, which is defined as the energy between the highest occupied electronic state and the
lowest unoccupied electronic state of a material, in its ground state at a temperature of 0 K.
Looking at a semiconductor crystal, the valence band lies below Erand is therefore filled with
electrons. Contrary to that, the energetically higher lying conductance band is deprived of

15
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electrons. Both bands are separated through the bandgap, a region in which no allowed
electronic states exist that can be occupied by electrons. This bandgap varies depending on
the semiconductor material that is observed and is responsible for the optical electronic

properties of the semiconductor.

A Fl
uorescence
E
a) Bulk b) Nanocrystal c) Excitation d) Relaxation

CB
[T S S ————————

VB

[] electron filled
>

DOSs
Figure 2: Schematic visualization of the semiconductor density of states (DOS) correlated to the energy E. The density of
states below the fermi Energy level E¢ are filled with electrons, while the energy levels above are unoccupied and can be
populated by exciting electrons. a) DOS of bulk semiconductor material with electron filled valence band (VB) and
unoccupied conduction band (CB). b) Splitting of CB and VB into a molecule orbital-like DOS inside semiconductor
nanocrystals. c) Excitation of electrons by light from the VB in the CB. d) Relaxation of electrons under light emission from

the CB to the VB.

Upon shrinking the size of a semiconductor crystal, a point is reached where the properties
change from the above described bulk semiconductor to those of a nanoparticle
semiconductor (Figure 2 a,b).1”"'° This happens when the spatial dimensions of the crystal
become smaller than the exciton Bohr radius of the material. In this case, the electric wave
function of the particle is spatially confined compared to the bulk material. This spatial
confinement leads to a change of the continuous energy bands of the bulk material into more
discrete energy levels, similar to a “particle in a box model” shown in Figure 2b, which
influences the effective bandgap of a semiconductor nanocrystal compared to the bulk
semiconductor.

16
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As shown in Figure 2 (c. d), through optical or thermal excitation electrons from the valence
band can be transferred into the conductance band bridging the bandgap of the material,
which can then be available as free charge carriers in the material. During this process, a hole
is created in the valence band, together with the excited electron it forms an exciton, a
so-called quasi particle. Through relaxation of the excited electron under emission of radiation
or heat, the electron and hole can recombine back to their initial state. If the excitation and
subsequent relaxation of the system is achieved through the absorption and emission of light,
the process is either called fluorescence or phosphorescence depending on the timescale of
the relaxation. Fluorescence is a major characteristic of semiconductor QDs.

The bandgap energy of a nanocrystal Egnc is calculated as the sum of the bandgap energy of
the bulk material Eg sukand the energy of the quantum confinement E,;c and the energy from
the Coulomb interactions between electrons and holes in the nanocrystal E:

h?m 1,765¢2

2mepr? £

Eg,NC = Eg,Bulk + ch —E; = Eg,Bulk +

with m,, as the reduced electron hole mass, e as the elemental charge, ¢, as the dielectric
constant at infinite frequencies and the crystal radius r. As shown in Equation 4 E, is
correlated to the size of the nanocrystal with 1/r2, resulting in a smaller nanocrystal having
an increasingly larger bandgap energy. For CdSe-nanoparticles, we would expect a bandgap
with an energy larger than ~1.7 eV that has been observed for the bulk material.?®?? CdSe
nanocrystals show a band gap somewhere in the range of 1.8-4.0 eV for a particle size
between 5 and 2 nm, with slight variations depending on synthetic approach and the
technique used to determine the bandgap.?>~2° In Figure 3, a theoretical calculation of the
DOS of a CdSe nanocrystal can be seen. The calculation confirms a change of the general band
structure compared to the bulk material, albeit with an expectedly larger bandgap.?®

The calculations confirm the broadening of the bandgap from bulk CdSe to a nanoparticle with
a radius of 1 nm. Looking at the difference in the energies of the valence band edge (VBE) and
conduction band edge (CBE), the bandgap is calculated. For the bulk material, this results in a
bandgap of 1.72 eV (CBE -3.52 eV, VBE -5.24 eV) and a much larger bandgap of 4.1 eV (CBM -
2.17 eV, VBM -6.27 eV) for the nanoparticle.

17
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Figure 3: Theoretically calculated density of states in CdSe bulk material and a 1 nm radius nanocrystal of CdSe. The Zero
is the vacuum Energy. The theoretical calculations show a clear change in the band structure of the QD compared to the
bulk material. The CBE of the nanoparticle at -2.17 eV and the VBE of -6.27 result in a calculated bandgap of 4.1 eV
compared to the smaller calculated bandgap of the bulk material of 1.72 eV (CBE -3.52 eV, VBE -5.24 eV). This figure has
been taken from the work of L.W. Wang and A. Zunger as an abridged version.26 Copyright 1996 The American Physical
Society.

Although a CdSe nanoparticle shows similar behavior as described by the particle in a box

model, the potential barrier is not infinitely high like in the theoretical model but is dictated
by the structure of the particle surface and the chemical environment. These finite potential
walls are unable to contain the wavefunction fully inside the range of the particles and allow
for it to tunnel through the potential barriers. This allows for the wavefunction of
nanoparticles to potentially overlap with another nanoparticle or with electrons in molecule
orbitals that are spatially close. Hence, we also have to consider the environment of the
nanoparticle and consider its influence on the optical and electric properties of the

nanoparticle (chapter 3.2).

3.1.3 Defects and their influence on the optical properties

All discussed electronic and optical features of nanoparticles have assumed a structurally
perfect nanocrystal, but defects in the crystal structure are rather common. These defects can
have various reasons and are mostly created at borders of crystal domains, such as the
surface, or through impurities in the bulk material. In nanoparticles, the surface plays a major
role as it, compared to the bulk material, makes up a much larger portion of the crystal.
Surface defects can be created due to missing atoms or incomplete passivation of the surface
through ligand molecules, as will be discussed in the upcoming chapter 3.2. These
irregularities can introduce additional electronic states in the semiconductor nanoparticle
band structure. This can for example create electronic states inside the bandgap, which are
then called trap states, as shown in Figure 4. 2728
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Figure 4: a) Schematic representation for DOS for an imperfect nanocrystal with trap states that are located inside the
bandgap. Trap states can be induced due to unsaturated surface atoms, either through b) incomplete surface saturation
with ligands or c) missing surface atoms. d) Trap states can allow for alternative, non-radiative recombination pathways

or recombination under emission of light with a longer wavelength due to the lower energy difference.

These trap states and can influence the optical properties of the QD through so called trapping
processes. Trap states provide secondary relaxation pathways that are either nonradiative or
result in emission of light with longer wavelength, as the energy difference to the valence
band is diminished. Both pathways result in a reduction of the main fluorescence efficiency of
the nanocrystal. In such a trapping process, an electron assumes an interband trap state
instead of recombining with the valence band hole under the emission of light. As the overall
number of available electrons in one semiconductor nanocrystal is extremely low, a high
number of trap states that possess a long lifetime can effectively deactivate the fluorescence
of the nanoparticle for the duration of the trapping.?® This effect is called blinking and is
unwanted in fluorescence applications as it reduces the overall quantum yield of the
nanoparticle.30-32

To further understand the creation of surface trap states, we need to take a look at the role
of surface ligands during the synthesis of the QDs and how they can contribute to the optical
and electric properties of our QDs.
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3.2 The Role of QD surface and surface ligands in optical properties
As shown above, the size and crystal structure of a semiconductor QD directly relates to its

electronic and optical properties. Therefore, a great amount of effort in QD research is focused
on precisely controlling these properties. This can be achieved in a variety of ways, for example
through variation of the precursor chemicals, solvents or differences in the synthetic
approach, such as hot injection or heat-up synthesis.*3334 This allows for particles of varying
sizes and shapes, which can be stabilized by different surface molecules. In most cases, this
native ligand shell contains long chained fatty acids, phosphine oxides or amines (Figure 5 (a-
c)), that bind to the surfaces and provide colloidal stability, i.e. prohibition of aggregation, via

steric and electrostatic repulsion of the particles.

a) CHs b) (\/‘\/‘\/CH3 <)
HoN

o} O=P s |
| HsC

HO CHs

Figure 5: lllustration of different stabilizing agents and ligand molecules. a) Oleic acid, b) Trioctylphosphineoxide, c)

Oleylamine.

Besides stabilization, the native ligand shell also provides a passivation of the QD surface to
eliminate surface trap states as discussed in the previous chapter. Hereby, the assumption is
that ligands bind to under-coordinated surface atoms and the resulting molecular orbitals
hybridize with valence or conduction band states to passivate and eliminate surface traps, as

shown in Figure 6. 3>3°
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Figure 6: Schematic representation of trap state elimination through ligand molecules. Image taken from the work of A.J

Houtepen.3¢ Copyright 2016 American Chemical Society.

Based on this model, ligands can be categorized into three different types according to the

number of electrons the ligand uses to form a bond with the surface. Figure 7 gives a

schematic overview of the three different types of ligands and their bonding behavior.

L-Type ligands are two electron donors (Lewis acids) such as amines that bind with Lewis acidic

surface sites. X-Type ligands such as carboxylates or trioctylphosphineoxide (TOPO) provide

one electron to form a bond and Z-type ligands are two electron acceptors that can bind to

electron donating surface sites.
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Figure 7: Schematic visualization of ligand types. a) L-type ligands as two electron donors. b) X-type ligands functioning as
one electron donor. C) Z-type ligands act as two electron acceptors to form a bond. Image taken from the work of A.J.

Houtepen.3¢ Copyright 2016 American Chemical Society.

Through careful selection of the stabilizing ligands, surface trap states can be mostly
eliminated and the overall fluorescence properties can be enhanced. The most used ligands
in QD synthesis provide a good passivation of the nanoparticle surface, while also allowing for
steric separation of the particles through their long-chained molecule structure.

In addition to the saturation of surface trap states, the low dielectric constant of the ligand
shell on the QDs surface and the surrounding medium make stabilization of charges on the
surface unfavorable, confining the exciton recombination to the particle core. In contrast, a
chemical environment with a high dielectric constant has been shown to increase the
likelihood of charge transfer to the particle surface and stabilizes surface trap states,
diminishing the quantum yield of the QDs. 3738

Complementary to the passivation of the QD surface through the native ligand shell, additional
steps can be taken after the synthesis to optimize the optical properties and functionality of
the QDs. An alternative way to passivate the QD surface and remove trap states is through
growth of an inorganic passivation shell on the QD’s surface. In the case of CdSe QDs, this is
often done with a layer of cadmium sulfide, whose crystal structure is similar enough to allow
for epitaxial growth avoiding defects, while the difference in the bandgap position is large
enough to restrict the exciton to the QDs core. This enables a reliable inorganic saturation of

dangling surfaces bonds effectively eliminating the majority of surface trap states. 341
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3.3 CdSe based hybrid materials
By itself, a material produced from colloidal CdSe QDs can already be considered a hybrid

system as it contains the inorganic QDs and their organic ligand shell. The native ligand shell
of CdSe QDs after synthesis consists mainly of long chained inert molecules that provide
surface saturation and colloidal stability in solution.*® On the other hand, these native ligands
are themselves mostly inert and function as an isolating barrier between QDs and are not ideal
for a variety of QD applications, which require electric conductivity, solubility in polar solvents
or biocompatibility.*>=* This can be addressed through the exchange of the inert ligands with
molecules with different anchoring groups, chain lengths, functional groups and polarities.
The exchange of the native ligand shell with functional molecules allows for further
modification of the optical and electric properties of the resulting hybrid material, while
preserving the main properties of the QDs. In this chapter, we want to discuss different
approaches for the exchange of the native ligand shell for functional molecules and provide a
short overview of the physical properties that can be modified due to this exchange. As the
focus of this work is centered around CdSe based hybrid materials, the ligand exchange

methods discussed in the following will be on the example of CdSe QDs.
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Figure 8: Schematic of ligand exchange using excess pyridine to displace the native Trioctylphosphine Oxide (TOPO) ligand
shell. a) Equilibrium between bound TOPO ligands and unbound ligands in solution. b) Replacement of TOPO though excess
pyridine in solution shifting the surface equilibrium towards pyridine stabilization.

The native ligand shell in a colloidal QD solution is the result of an equilibrium of ligand
molecules that are attached to the surface and free molecules in solution, as shown in Figure

8. This equilibrium can be exploited to introduce new molecules into the ligand shell of the
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QD by providing the new molecule in large excess into the solution, which shifts the
equilibrium in favor of the excess molecule. One of the earliest examples for this direct
exchange of ligands is the replacement of trioctylphosphine oxide type ligands through
pyridine as a ligand, performed by the groups of Bawendi and Alivisatos, through heating of
the QDs in pyridine as a solvent.>*® The resulting ligand shell is a mixture of the native ligands
and the excess molecule, where the displaced amount of native ligand molecules is mostly
dependent on the affinity of the ligands to bind to the surface of the QDs, such that molecules
with a higher binding affinity more easily replace ligands with a smaller one. The differences
in binding affinity are dependent on a multitude of factors such as the QD surface composition
and ligand binding type (chapter 3.2).

Another very successful approach, that is explored in this work, is to first displace the native
ligand shell with small inorganic species, which has been mostly utilized to increase charge
transport in QD films, as their native ligand shells usually provide great insulation of the QDs
to each other. The group of Eychmiiller et al. has published a simple two step procedure for

the ligand exchange of CdSe QDs using ammonium iodine and n-butylamine, as shown in

Figure 9.4
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Figure 9: Schematic of ligand exchange of the native organic, long-chained ligand shell with a hybrid, organic-inorganic
ligand shell. a) Native ligand shell of long-chained organic molecules stabilizing QDs in non-polar solvents (hexane). b)
Transfer of QDs into N-methylamine formamide solvent through ligand exchange with Ammonium iodide salt resulting in
inorganic stabilization. c) Transfer of QDs into chloroform solvent through ligand exchange using an excess of n-butylamine,
creating a hybrid organic inorganic ligand shell. The modified graphic is taken from the work of Eychmiiller et al. 4 Copyright

2017 American Chemical Society.

In this approach, the high affinity of iodine ions to bind to the QD surface is exploited to

transfer the CdSe QDs from nonpolar to a highly polar solvent, while forming an
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electrostatically stabilized QD solution. To further improve the stability and handling of the
colloidal QD solution, a second exchange using an excess of butylamine is performed resulting
in hybrid iodine/butylamine stabilized QDs. As butylamine has a rather weak binding affinity
to the QD surface and is a volatile compound, it can be easily replaced by other molecules or
even be removed through increasing temperatures. Functional molecules can then be
introduced through the already described direct ligand exchange, by decorating the QDs with
an excess of functional molecules. This exchange procedure using solvent transfer and
electrostatic stabilization allows for the exchange with functional molecules that are
otherwise unable to replace the native ligand shell due to their comparatively low binding
affinity.

3.4 Properties of organic semiconductors on the example of Phthalocyanines
Phthalocyanines (Pc) are a well-known group of metal complexes that through their high
stability and strong blue/green color scheme where initially used as pigments and are
characterized by a planar structure of four isoindole units linked by nitrogen atoms, analogous

to porphyrins as shown in Figure 10.
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Figure 10: Schematic of unmodified metal-free phthalocyanine molecules (left) and 4,4,4“,4'-tetraamino phthalocyanine

M=H,,Cu,Ni,Fe

(4APc) with varying metal centers (right).

They have become a subject of great interest in research for their high stability and chemical
flexibility, that enables the preparation of a variety of differently substituted derivates
allowing to tailor their electronic, optical and physical properties to suit a variety of
applications, such as solar cells, optical switching and cancer treatment.*’=%° This flexibility is

further increased through the variety of available different metal centers and their ability to
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either function as electron accepting or donating complexes and has led to their further study
as catalytic species.”9°!

In this chapter, we want to discuss the optical, electric and physical properties of
4,4, 4" 4" "-tetraamino phthalocyanine (4APc) molecules with different metal centers and how
they enable us to fine-tune the properties of CdSe based hybrid materials. The phthalocyanine
species used in this work have been modified through the addition of four amino-groups to
the outer rings of the molecule structure as shown in Figure 10 to increase their binding
affinity to the QD surface and increase the solubility in polar solvents. As the research of the
physical, optical and electronic properties of these 4APc complexes is still in progress, we will
mostly refer to the unsubstituted phthalocyanine complexes, as their properties are well

documented and should give a good indication for the behavior of the substituted species.

3.4.1 Optical properties

The use of 4APc molecules in the CdSe based hybrid materials adds their specific absorption
and emission properties to the material. The 4APc molecules possess a broader absorption
range than CdSe QDs, which reaches into the near infrared spectrum at up to 780 nm for thin
films, whereas CdSe QD are limited to the visible spectrum at around 630 nm. Phthalocyanine
complexes usually exhibit two strong absorption bands, the so-called B-band at around

300-400 nm and the Q-band at around 650-700 nm, as shown in Figure 11
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Figure 11: Absorption spectrum of zinc-phthalocyanine with distinct B- and Q-absorption bands. The B-band absorption is
caused by the transition of electrons from the ground state (So) to the second excited state (S;), while the Q-band
absorption is related to the transition from the ground state (So) to the first excited state (S;).Spectral data taken from

“The Porphyrin Handbook” vol 16 Copyright 2003 Elsevier Inc. 52
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These bands are the result of electron transitions in the pi-system of the molecule, where the
B-band is caused by the transition from the highest occupied molecule orbital (HOMO) to the
second excited state and the Q-band is the transition from the HOMO to the lowest
unoccupied molecule orbital (LUMO). The Q-band mostly dominates the optical properties of
the phthalocyanine molecule and is responsible for its green-blue coloration. The HOMO-
LUMO transition responsible for the Q-band absorption can be shifted through change of the
phthalocyanine complexes metal center, as theoretical models and absorption studies have

shown (Figure 12).
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Figure 12: Schematic visualization of calculated molecule orbital energy levels in phthalocyanine complexes with varying
metal central atoms. The energy levels of the molecule orbitals can change significantly by changing the central metal
atom. Most noticeable here is the change in energy for the HOMO LUMO transition that governs the position of the Q-
band absorption. Schematic taken from the work of Liao and Schreiner.>3 Copyright 2002 Wiley Periodicals LLC

The species discussed in this work (Fe, Ni, Cu and metal free) where chosen to represent the

variety of electronic structures in phthalocyanines, with the calculated HOMO-LUMO

transition energies ranging from 1.38 eV for iron phthalocyanine up to 1.53 eV for the metal
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free phthalocyanine species.”*>> Additionally to the changes of the metal center, the addition
of substituent groups to the ring system can further change the electronic and optical
properties of the phthalocyanine complex. The addition of four Amino groups to the ring
systems, as in the molecules used in this work has been studied by the example of tetra amino
zinc phthalocyanine (Zn4APc) by the group of Liu et al.>® These studies show a significant red
shift of the Q-band absorption maxima of the tetra amino zinc phthalocyanine from 670 nm
to 765 nm compared to zinc phthalocyanine without the NH; functionalization.

It has been shown by the Scheele group that the use of Zn4APC molecules in a CdSe based
hybrid material even allows for the excitation with 847 nm laser sources that would normally
not show interactions with CdSe QDs as it is above the first excitonic transition of the QDs and
mostly outside of the absorption range of the QD material.>’ The broad absorption of the tetra
amino phthalocyanines should allow for manipulation using higher wavelength laser
excitation such as 633 nm and above that show low interaction with the QD material. Using
this divergence in absorption properties should allow for the targeted excitation of both
components and their specific fluorescence using different excitation wavelengths.
Furthermore, the fluorescence of phthalocyanine molecules is sensitive to degradation under
laser excitation in the presence of atmospheric oxygen and water, which makes
phthalocyanines an ideal candidate for fluorescence patterning creating a negative

fluorescence contrast under laser excitation (see chapter 3.5).%85°

3.4.2 Dielectric properties

As already discussed in chapter 3.2, the optical and electrical properties of QDs are not only
dependent on their material and size but are also dependent on their surrounding medium.
To further elaborate on this, we now want to discuss the change of the dielectric environment
that occurs through replacement of the native ligand shell of the CdSe QDs with 4APc
molecules. The relative electric permeability or dielectric constant of the surrounding medium
is an indication for the ability of a material to stabilize charges. The native ligand shell of
synthesized CdSe is mostly comprised of long chained molecules, such as oleic acid or
trioctylphosphineoxide, that show a generally low dielectric constant of 2.1 and 2.5,
respectively.®%6! [n comparison, phthalocyanines with their extended 16 electron pi-system
have been shown to have a higher dielectric constant of 2.7 and higher, which is tunable

through selection of the central metal atom of the complex. This enables us to create a
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material where the QDs are placed in a dielectric environment with an adjustable dielectric
constant ranging from 2.74 for zinc-phthalocyanine up to 8.9 for iron-phthalocyanine.?27%7 This
change in the chemical environment has to be considered when looking at the optical
properties of the CdSe QDs in the resulting hybrid material, as it has been shown that the
guantum confinement in the particle is dependent on the dielectric properties of the
surrounding material or solvent.®® The removal of the isolating shell and the change to an
environment with higher dielectric constant has been shown to increase interparticle coupling
and should be visible in a shift of the optical and electronic properties of the QDs.6%7!
Furthermore, a chemical environment with a higher dielectric constant allows for easier
transfer of charges to the particle surface, which can improve the electronic conductivity, but
can also lead to the stabilization of trap state charges on the surface, diminishing the

fluorescence quantum yield of the material (see chapter 3.1.3).37:38

3.4.3 Catalytic properties

The flexibility of the electronic structure of phthalocyanine metal complexes through
substitution of the metal center has also made them subject for catalytic studies, as they have
been shown to function as either electron donor or acceptor centers enabling a variety of
reactions.”® In this work, we want to especially focus on the activation of oxygen through
phthalocyanine complexes as both the diminishment of the phthalocyanine fluorescence and
increase of the QD fluorescence under excitation are predicated on their respective oxidative
processes. All metal-phthalocyanine complexes used in this work have been demonstrated to
function as oxygen activating catalyst forming an oxygen binding intermediate allowing for
the use of molecular oxygen as readily available oxidation agent. Although all metal
phthalocyanine complexes show oxidative properties, most recent research focused on the
use of Iron phthalocyanine-based complexes for oxidative purposes. As shown in Figure 13
iron complexes allow for the bonding of oxygen species to the metal center of the complex
and subsequent homo- or heterolytic cleaving of the oxygen-oxygen bond.”? In this process
either radical or charged oxygen species are created and released from the complex. These
reactive oxygen species (ROS) are then available as oxidation agents or can transform into

further ROS though reaction with the environment.
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Figure 13: schematic for possible pathways for forming reactive oxygen species under a) homolytic oxygen cleavage and
b) heterolytic oxygen cleavage on the example of mono- and binuclear iron complexes. The cleaving of the oxygen bond
allows for the creation of radical and ionic oxygen species that can further react to form a variety of reactive oxygen

species. Schematic taken from the work of Sorokin and Kudrik.”2 Copyright 2011 Elsevier

3.5 Optical patterning using semiconductor materials
Recently, semiconductor QDs have been used as very efficient absorber materials in optical

patterning processes.’? As shown in previous chapters, CdSe QDs are ideal for this as they are
available through a variety of synthetic methods that allow for precise control of size, shape
and crystal structure of the particles and their resulting optical properties.*3334 There are a
variety of methods that are currently used to produce fluorescence patterns from CdSe QDs,
which can be divided in two general strategic approaches.

One approach to creating a pattern of interest is by manipulating the stabilizing ligand shell
that surrounds the CdSe QDs and allows for solution processability. In this process, the
stabilizing ligands undergo structural or chemical transformation under irradiation with UV
light, electron beam or X-rays that drastically change the particles solubility due to cross
linking or protonation.'273-76 The spatial pattern can be achieved either through targeted
control of the beam, directly writing the pattern into the material or application of a mask that
contains the desired pattern. After irradiation, unaltered particles can be removed by a

washing process leaving only the irradiated material to shape a pattern as shown in Figure 14.
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Figure 14: Schematic of optical patterning via ligand modification under irradiation to modify solution processability. a)
Irradiation with a mask containing the desired pattern modifying the exposed stabilizing ligands. b) Washing with an

appropriate solvent to remove the modified QDs. c) Finished pattern of unaltered QDs.

Another approach is the direct transformation of the optical properties of the absorber
material to create a pattern. Photo-degeneration via optical irradiation of either the surface
ligand or the surface of the QDs has been successfully applied to change the spatial properties
of the fluorescence. For the first approach, CdSe QDs are functionalized with a photo sensitive
fluorescence quencher such as polyviologen. Degradation of this molecule through irradiation
will restore the initial fluorescence yield and result in a positive fluorescence contrast.”’

Furthermore, it has been shown that a thin oxide layer on top of the CdSe QDs is beneficial for
the overall quantum vyield during the photooxidation process. It has been shown that the
above-bandgap optical excitation of CdSe QDs under ambient conditions leads to a smoothing
of the surface by oxidation of defect centers. This eliminates trap states, as shown in Figure
15 and, thus, improves the overall radiative recombination and quantum vyield of the
particles.”®8! The creation of a cadmium oxide (CdO) layer on the particle surface further

saturates any dangling bonds (see Chapter 3.2), resulting in a positive fluorescence contrast.
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« surface defects @ surface atoms oxidized surface atoms

Figure 15: Visualization of gradual oxidation of surface atoms through targeted laser light excitation and resulting

elimination of surface defects and resulting trap states.

Using this process, CdSe QD materials have been utilized to create optical patterns either using
an optical mask to control the spatial resolution, or through targeted excitation with a focused
laser beam.®? As shown in Figure 16, the targeted laser excitation can be used to directly write
optical patterns in the CdSe QD material.

488 nm readout

488 nm excitation writin positive fluorescence contrast

Figure 16: Schematic of positive fluorescence contrast writing with CdSe QDs. Excitation using 488 nm laser source resulting
in a positive fluorescence contrast pattern.

The majority of CdSe based fluorescence patterning utilizes a positive fluorescence contrast
because a negative contrast has been challenging to realize and often results in the
destruction of the QD material.

To allow for a high-resolution patterning, while also providing the ability for wavelength-
dependent excitation in the patterning and imaging process, a confocal laser microscopy setup

using a 488 nm and 633 nm excitation laser is used in this work.

32



Theoretical Background

3.6 Confocal microscopy
The following section is meant to give the reader a brief overview of the theory of confocal

microscopy and the concepts governing resolution limits. A more detailed discussion of all
these aspects can be found in the references cited in this chapter and especially in the
following books that have been used as reference:8384

e Pawel B. James, Handbook of Biological confocal Microscopy, 2" Edition, Springer,

Berlin, 1995

e Gu Min, Advanced Optical Imaging Theory, 1%t Edition, Springer, Berlin, 2000
Microscopy has been one of the most essential tools of scientists for over a century, the ability
to optically resolve even the smallest structures in our environment led to an immeasurable
amount of scientific discoveries. The identification of ever smaller structures was driven by
the constant improvement of the optical components used in microscopic setups, which
resulted in ever higher spatial resolution.
In optical microscopy, the spatial resolution is limited by diffraction, so that even a point-like
source will have a blurred image, which can be described by the so-called point spread
function (PSF) of the optical system.®>8 The PSF limits the spatial distance Ax at which two
point-like sources can be distinguished from a single source, thus determining the resolution
of the microscope. The PSF for a perfect lens with a circular aperture can be described as a so-
called airy disc, which is a circular diffraction image of the point like source with a central
bright disk and weaker concentric dark and bright rings. This structure is a result of the
refraction of the light and the resulting positive and negative interference of the scattered
light resulting in this disc-like structure. Ernst Abbe defined the minimal distance Ax, based on

the airy disk radius, to distinguish between two PSFs as:

A
= 0.6098 —
nsina NA

Ax is the distance of two separate objects at which they can still be distinguished from each

Ax = 0.6098

other and A is the wavelength of the light used. The Term msin«a is also known as the
numerical aperture (NA) and is a measure for the ability of an optical system to focus light, or
the maximum collection angle of an optical system. According to Abbe, two point like sources
can be distinguished if Ax is larger than the value given in equation 5. In Figure 17, a schematic

representation of the PSF is shown.
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Figure 17: (a)-(c) show the line section produced by two different point-like sources (blue and red dashed line) together
with their sum (black line). The distance between the maxima of both objects is defined by Ax. (a) The distance Ax is smaller
than the value given by equation 5 and the 2 sources cannot be distinguished. (b) The distance Ax is chosen in a way that
both sources can be distinguished, as the first minimum of the black curve is located at the maximum of the red curve and
vice versa, this configuration is called the Rayleigh criterion. (c) The distance Ax is much larger and both sources can be

clearly distinguished.

The case when two point-like sources cannot be distinguished from each other is represented
in Figure 17 (a), when the distance Ax between the two line sections (red and blue dashed
line) of the Airy disc is smaller than the value given by Equation 5 and their sum (black) appears
as one point-like source. In Figure 17 (b), Ax is chosen as the minimal distance under which
the two point-like sources can be distinguished from each other. In this case, the maximum of
the blue dashed curve coincides with the first minimum of the red dashed curve and illustrates
the minimum distance defined by Equation 5, which is also called the Rayleigh criterion. Under
consideration of the Rayleigh criterion, the PSF can be distinguished in the image plane (black
line). Figure 17 (c) illustrates the case of an even larger Ax between the two PSFs where both
point-like sources can be easily distinguished from each other.

As we can see from Equation 5 the spatial resolution of an objective lens depends on the
refractive index n and the wavelength A and can therefore be increased by decreasing the
wavelength or increasing the refractive index. To change the refractive index, an oil immersion
objective can be used as the refractive index of oil with ~1.5 is generally higher than the one
of air ~1.0, which is the normal surrounding medium in most microscopes.?’ The use of smaller
wavelengths of light is usually limited due to the nature of the investigated objects and the

wavelength range that it interacts with.
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The Rayleigh criterion gives us a good impression of the resolution of an microscopy objective
lens, nevertheless the value according to Equation 5 tends to underestimate the lateral
resolution.® Furthermore, these considerations only concern conventional microscopy and
further steps can be taken to increase the optical resolution, for example in fluorescence
microscopy. This has been shown by Marvin Minsky, who patented a microscopy setup to
spatially filter the signal of the microscopy images by placing a Pinhole (PH) with a radius in
the order of the Airy disc into the image plane in 1957.2° This allows for a strong discrimination
of out of focus light in the image beam, which is referred to as “the confocal principle” as

shown in Figure 18.
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Figure 18: Schematic drawing of the confocal principal for achieving high axial resolution along the optical axis. In this

method, a pinhole (PH) is placed in the image plane to reduce out-of-focus light (z<0 in blue, z>0 in red). This way, only

light emerging from the focal plane (z=0, shown in green) can pass the PH, while out of focus signal gets drastically

reduced.

As shown in Figure 18 the axial resolution is enhanced in confocal microscopy by placing a PH
in the image plane (confocally). In this setup, the focus z=0 and the one of the PH position are
conjugated to each other and allow only light emerging from the object in the focus plane z=0
(green beam) to pass the PH. This way, out-of-focus light from (z#0, red and blue beam)
outside the image plane, that would otherwise contribute to the image as noise, does not
reach the detector. In confocal microscopy, the axial resolution is given by:

A_Zn/l 6
2= 4Naz

Here, nis the refractive index, A the wavelength of the beam and NA is the numerical aperture
of the setup. The use of this PH in confocal microscopy can lead to an increase of lateral

resolution of up to a factor of 1.4 and the spatial filtering significantly reduces out-of-focus
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light which is favorable in case of denser samples. Due to the focused excitation beam in
confocal microscopy, the image of the sample must be obtained through scanning the sample
or the beam and obtaining the image point by point. Sample scanning is done through the use
of a piezo driven microcontroller stage, that moves the sample through the focal point in x-y
direction, collecting the image point by point.

In the context of this work, a home-built confocal scanning fluorescence microscope as
described in chapter 4.1.2 is used to selectively excite a CdSe QD hybrid material and create
optical patterns, which can be visualized by imaging the material after the patterning. The high
spatial resolution of the scanning microscopy setup allows for the direct creation of detailed
fluorescence contrast patterns on a pum scale without the use of an optical mask.”®
Furthermore, though the use of laser light as the excitation source, a wavelength-selective
patterning process becomes possible, allowing for a positive and negative fluorescence

response.

4 Experimental

4.1 Methods and Instruments
All measurements and preparations described in the following chapter are done by myself, if

not further specified.

4.1.1 UV-vis Absorption spectroscopy

All absorption spectra in the spectral range from 200 nm to 800 nm are recorded using a
Cary Series 5000 UV/vis Spectrometer from Agilent Technologies, using the inbuilt Software
Instrument Cary 5000 version 2.24. All spectra are acquired under ambient conditions at room
temperature (25°C) in a cuvette of 1 cm pathlength for solutions and Menzel microscopy cover
slides (12x12 mm) for films and are evaluated using OriginPro, Version 8.0 from Origin Labs.
To ensure consistency in the measurements, background spectra are taken beforehand using

an empty cuvette or cover slide and subtracted utilizing the spectrometer software.

Size evaluation using absorption spectroscopy

To evaluate the size distribution of CdSe QDs in colloidal solution, the method published by
the group of Peng et al. was used. °° Here, 10 pL of the synthesized and fully cleaned QD

solution in Hexane is diluted through addition of 3 mL of hexane. Absorption spectra are
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acquired according to the procedure described above and the particle size is evaluated

according to the formula:

D = (1.6122 * 1079)A* — (2.6575 * 1076)A3 — (1.6242 * 1073)A2 — (0.4277)1 + 41.57 7

With D (nm) as the diameter of the nanoparticle and A (nm) as the wavelength of the first
excitonic absorption peak of the solution spectra as seen in Figure 19. Similarly, the
concentration of the solution can be determined through the extinction coefficient of the
sample with the formula:

€ = 5857(D)%%5 8
Using the QD diameter D taken from equation 7 the extinction coefficient € of the solution is
calculated. The concentration ¢ of the solution can then be calculated using Lambert Beer’s

law:

c=-
€

With A as the absorption intensity of the first excitonic absorption peak of the solution and

the calculated extinction coefficient €.
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Figure 19: Absorption spectrum of colloidal CdSe QDs. Using a Lorentzian fit to determine the wavelength of the first

excitonic absorption peak, to determine size and concentration of the colloidal QDs.

4.1.2 Confocal fluorescence microscopy

All fluorescence experiments were performed with a home-built inverted confocal microscope

as seen in Figure 20 by myself and Jonas Hiller. 9192
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Figure 20: Schematic drawing of the experimental microscopy setup. The dashed rectangles indicate the excitation and the
detection beam path. M1-5: mirrors, BS: beam splitter, MO: microscope objective, APD 1,2: avalanche photodiodes, CCD:
charged coupled device sensor. The excitation beam path consists of a 488 nm and a 633 nm laser diode as excitation
sources, which are operated in CW mode. The excitation light source can be switched through use of mirror (M2) and is
focused with an immersion oil objective lens (NA=1.25) onto the sample which is scanned through the focus. The same
objective lens is used to collect the detected signal, which is guided through a beam splitter (BS) to the detection path. The

detected signal can either be guided to a spectroscopic unit or two different avalanche photodiodes (APD 1,2) for imaging.

The microscopy setup can be divided into two major parts, the excitation and detection beam
path indicated In Figure 20 by the dashed rectangles. An iBeam-Smart (488 nm) and a DL100
(633 nm) diode laser with a SYS DC110 control unit from Toptica Photonics served as excitation
light source and a mirror (M2) allows to switch between these laser sources. The excitation
laser beams were focused on the hybrid nanocomposite film with a high numerical aperture
objective lens (NA=1.25), which is also used to collect the detected signal. The laser sources
were used in continuous wave mode and the laser intensity in the diffraction limited focus

was approximately 9 kW/cm? for 488 nm and 0.4 kW/cm? for 633 nm. In the detection beam
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path, the mirrors M3 and M4 can be used to guide the collected signal either to a
spectroscopic unit or to two avalanche photodiodes (APD 1,2). Luminescence patterns are
recorded by raster scanning the sample through the focus and using an APD for detection.
Spectra are recorded using an Acton-SpectraPro SP-2300 with a coupled Andor iDus DV401A
CCD Camera. This microscopy setup allows for spot sizes of 1,39*103m? (488 nm) and
2,46*103m? (633 nm) and theoretically enables pattern writing and read out in a resolution

close to the diffraction limit.

4.1.3 Atomic force microscopy imaging

Atomic force microscopy (AFM) images are taken using the Scan Asyst, Peakforce-HR function
of the Bruker Multimode 8 AFM microscope using a NanoScope V Controller. Samples are
prepared using dip-coating and drop-casting procedure with 15x15 mm silicon chips as a

substrate.

4.1.4 Scanning/Transmission electron microscopy imaging

Scanning Electron microscopy (SEM) and Scanning transmission electron microscopy (STEM)
images are recorded with a Hitachi SU8030 Scanning electron microscope by Elke Nadler and
Andre Maier. SEM samples are prepared using dip-coating and drop-casting procedure with
15x15 mm silicon chips as a substrate. TEM samples are prepared through drying 10 uL of a

7 UM CdSe QD solution in hexane on a carbon coated TEM grid.

4.1.5 Raman spectroscopy

Raman spectra are recorded using a Horiba Jobin YvonLabram HR 800 spectrometer in the
group of Prof. Dr. Frank Schreiber. The scattered light was detected by a CCD-1024 x 256-
OPEN-3S9 detector. A He:Ne laser 633 & 532 nm laser excitation were used to excite the
sample. Samples are prepared using dip-coating and drop-casting procedure with 15x15 mm

silicon chips as a substrate.
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5 Synthesis

Parts of this chapter have been already published by myself in the Article: ”Simultaneous
positive and negative optical patterning with dye-sensitized CdSe quantum dots”.*3
Specifically the Segments: 5.1.2 “Hot Injection Synthesis of CdSe with mixed Ligands”, 5.2
“Phase transfer of QDs using Ammonium lodide and hybrid ligand shell with n-butylamine”
and 5.3 “Hybrid nanocomposite film preparation using dip coating” which were performed

and written by myself.

5.1 Synthesis of phthalocyanine linker molecules
This Synthesis is performed by Markus Katzenmeyer

Copper-4,4‘,4“,4"tetranitrophthalocyanine (Cu4APc) is synthesized according to the
procedure described by Jung et. al.®*

Metal free 4,4',4",4"-tetranitrophthalocyanine (H4APc) is synthesized according to a
procedure described by Alzeer et al.*> Zinc-phthalocyanine is here cooked in pyridine-HCl for
17 h at 120°.

Nickel-4,4",4"",4"""-tetranitrophthalocyanine (Ni4APc) and
iron-4,4",4”",4"""-tetranitrophthalocyanine (Fe4APc) are purchased from ABCR GmbH.
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CdSe Synthesis
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Figure 21: Schematic of experimental setup for CdSe particle synthesis. Setup includes a Three-necked round bottom flask

with magnetic stirring, temperature controller, injection valve and Dimroth cooler connected to a Schlenk line.

5.1.1 Hot Injection Synthesis of CdSe with TOPO Ligands

The CdSe QDs are prepared according to the method described by Bawendi et al.> A 50 mL
three-necked round bottom flask is loaded with 3 g trioctylphosphine oxide (TOPO), 280 mg
octadecylphosphonic acid (ODPA), 60 mg cadmium Oxide (CdO) and is heated under vacuum
for 1 h at 150°C. The degassed reaction mixture is put under a nitrogen atmosphere and
heated up to 320°C under stirring, until it forms a clear solution. CdO residue is removed
through carefully swirling the reaction flask. After the reaction mixture reaches a stable
temperature of 320°C again, 1 mL trioctylphosphine is injected and the mixture is heated up

to 380°C. At 380°C a degassed solution of 0.5 mL of 1 M selenium in trioctylphosphine (TOPSe)
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is quickly injected into the mixture, which instantaneously turns red and the heating mantle is
kept at 380°C for a certain time to control the size of the QDs, which is summarized in Table
1. After removing the heating mantle, the mixture is cooled down to room temperature. When
the temperature of the reaction mixture is below 60°C, 10 mL ethanol are added to precipitate
the QDs. The precipitated mixture is moved into a centrifuge vial and rotated with 2600 g for
10 min after which the supernatant is discarded. The particles are cleaned by redispersing
them in 2 mL Hexane and precipitating them two times using Acetone and once using Ethanol.
The precipitated mixture is centrifuged with 2600 g for 10 min. The cleaned particles are dried

under vacuum, redispersed in 3 mL of hexane and stored under nitrogen atmosphere.

QD-Size Reaction time in min (at 380°C)
3.0£0.1nm/3.0nm 0 (remove heating after injection)
3.5+0.1nm/3.5nm 1.5
40+0.1nm/4.1nm 3
45+0.2nm/4.6 nm 5

Table 1 : Reaction times and resulting nanoparticles size distribution for a range of CdSe particles from 3.0 nm to 4.5 nm.
Characterization

Particle sizes are initially determined using the method published by Peng et al.°° The mean
particle size in the solution is determined by correlating the first maximum of the UV-vis
absorption (Figure 22a) of the colloidal particle solutions with a STEM image-based size
investigation. These results are confirmed by manual counting of at least 100 particles using
the software ImageJ (Figure 22b) and applying a Gaussian fit resulting in the size distributions
listed in Table 1. The obtained size distribution is in good agreement with the results of the

UV-vis absorption measurement and shows only a small deviation from the mean value.

0,54 a ) 40
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Figure 22: a) UV-vis absorption spectra of 3.5 + 0.1 nm CdSe NP with size distribution analysis (inset) using STEM images b).
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5.1.2 Hot Injection Synthesis of CdSe with mixed Ligands

The CdSe QDs are prepared using a modified literature procedure described by Eychmiiller et
al.* A three-necked round-bottom flask is loaded with 167.7 mg of CdO, 8 g of TOPO, 2.2 mL
of oleic acid (OA), 8 g of hexadecylamine (HAD), 45.8 mL 1-octadecene (ODE) and kept under
vacuum for 2 h. The mixture is stirred and heated up to 300°C in a nitrogen atmosphere until
a clear solution is formed. Before injection, the mixture is cooled down to 275°C and kept at
this temperature for 0.5 h. Degassed solutions of 1.6mL (1M) TOPSe, 6.4 mL
trioctylphosphine (TOP) and 8.0 mL of ODE are quickly injected into the reaction mixture,
which turns to a dark red color. After 25 min of reaction time at 275°C, the heating is removed
and the mixture is quickly cooled using a stream of pressurized air. When the temperature of
the mixture falls below 100°C, the QDs are precipitated by adding 10 mL of ethanol. The
precipitated mixture is centrifuged, the supernatant discarded and the particles redissolved
in hexane.

To further remove synthesis educts and excess ligands, the particles dissolved in hexane are
precipitated using acetone, centrifuged and then redissolved in hexane. This step is repeated
twice-using ethanol for precipitation. The cleaned particles are dissolved in hexane and stored

in a nitrogen atmosphere.

Characterization

The particle size of 4.7 £ 0.2 nm is determined using the method published by Peng et al.*° The
mean particle size in the solution is determined by correlating the first maximum of the UV-
vis absorption (Figure 23 a) of colloidal particle solutions with a SEM image-based size
investigation. These results are confirmed by manual counting of at least 100 particles using
the software ImageJ (Figure 23b) and applying a Gaussian fit. The obtained size distribution is
in good agreement with the results of the UV-vis absorption measurement and shows only a

small deviation from the mean value.
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Figure 23: a) UV-vis absorption spectra of 4.7 + 0.2 nm CdSe NP with size distribution analysis (inset) using SEM images b).

5.1.3 Heat Up Synthesis of CdSe with OA and MA Ligands

The CdSe QDs are synthesized according to a method described by Cao et al.® For preparing
the Cd-precursor, a three-necked round bottom flask is loaded with 22.5 mg CdO, 80 mg
myristic acid, 5 mL ODE and heated to 100°C under vacuum for 10 min. The mixture is heated
up to 240° C in a nitrogen atmosphere and constantly stirred until it forms a clear solution.
Residue of CdO is removed through careful swirling of the reaction flask. The mixture is left to
cool down to 60°C without removing the heating mantle.

After adding 13 mL ODE, the reaction mixture is heated to 90° C and left under vacuum for
1 h. The reaction mixture is cooled down to 60° C and selenium oxide and cadmium acetate
are added according to Table 2. The reaction mixture is heated up to 240° C in a nitrogen
atmosphere at a rate of 10° C/min, while slowly turning red. Upon reaching 240° C, a mixture
of 2mL ODE and 1mL OA is slowly added over 5 min, while maintaining the reaction
temperature of 240° C. After a reaction time according to Table 2, the heating mantle is
removed and the mixture is left to cool down to room temperature.

The nanoparticle reaction mixture is cleaned according to the method described by Dempsey
et al to remove residual ODE and excess ligand molecules.®® After cooling down, 40 ml of
toluene are added to the reaction mixture and the solution is split into eight equal parts. Each
part is precipitated, by adding 5 mL acetone and centrifuging at 2600 g for 10 min. The white
precipitate is removed, and the portions combined again. The particles are precipitated using
100 mL of methanol and centrifuging at 2600 g for 10 min. The supernatant is carefully
removed from the red colored oily precipitate and the particles are redispersed in 20 mL of

toluene. The particles are further cleaned by adding 20 mL methanol and centrifuging at
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2600 g for 10 min. The supernatant is discarded, and 14 mL dichloromethane (DCM) are added
to the oily precipitate. The mixture is cleaned by precipitating five times with 14 mL ethanol
and centrifuging at 14000 g for 10 min, discarding the supernatant and redispersing the
precipitate in 14 mL DCM. The final precipitate is cleaned by removing the supernatant and
adding 7 mL acetone. The mixture is sonicated shortly to disperse the precipitate and
centrifuged at 14000 g rpm for 5 min, this step is repeated four times to remove residual ODE.
The cleaned particles are dried under vacuum for 5 min, redissolved in 4 mL of hexane and

stored under nitrogen atmosphere.

NP Size (SEM/UV-vis) | CdAc; in mg Oleic Acid Injection Reaction Time after
OA injection
3.0£0.1nm/3.0nm - at reaching 240°C 25 min
3.5+0.1nm/3.6nm - 5 min after reaching 240°C 60 min
43+0.2nm/4.3nm 4 mg at reaching 240°C 60 min

Table 2: Reaction times and resulting nanoparticles size distribution for a range of CdSe particles from 3.0 nm to 4.3 nm.

Characterization

Particle sizes are initially determined using the method published by Peng et al.°® The mean
particle size in the solution is determined by correlating the first maximum of the UV-vis
absorption (Figure 24a) of colloidal particle solutions with a SEM image-based size
investigation. These results are confirmed by manual counting of at least 100 particles using
Image) (Figure 24b) and applying a Gaussian fit resulting in the size distributions listed in Table
2:. The obtained size distribution is in good agreement with the results of the UV-vis

absorption measurement and shows only a small deviation from the mean value.

absorption (a.u.)
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Figure 24: a) UV-vis absorption spectra of 4.1 + 0.1 nm CdSe NP with size distribution analysis (inset) using SEM image b).
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5.2 Phase transfer of QDs using Ammonium lodide and hybrid ligand shell with
n-butylamine
The CdSe QDs are stripped of their native ligand shell using a modified procedure described

by Eychmiiller et al.* 50 mg of ammonium iodide are dissolved in 1 mL of N-methylformamide
(NMF) in a 12 mL vial and the QD solution in hexane (10 mg/L) is added on top to create a two-
phase system. The two-phase system is stirred vigorously for 30 min during which the QDs
transfer from the top to the bottom phase that changes from colorless to dark red.

After letting the system separate, the red bottom phase containing the QDs is removed and
the now colorless top phase is discarded. The QDs dissolved in NMF are rinsed 3 times using
2 mL hexane and then precipitated using toluene to remove excess iodide. In case of
incomplete precipitation, small amounts of acetone can be added (acetone: toluene, 1: 10).
The precipitated QDs are centrifuged and redispersed in 500 pL of fresh NMF. The supernatant
is discarded.

The QDs in NMF are precipitated using 200 uL n-butylamine (BA), centrifuged and the
supernatant discarded. The pellet is then redissolved in chloroform or tetrahydrofuran (THF)

and stored in a nitrogen atmosphere.

NMR spectra

13C NMR spectra are acquired to investigate the exchange from the long-chained native
TOPO, OA and HDA ligand shell after the synthesis to mainly n-butylamine stabilized particles.
As we can clearly see, the spectra (Figure 25) show a very different peak profile before (blue)
and after the exchange (red). The native particle spectra feature 4 peaks (2-5) at
128.7 ppm (2), 127.6 ppm (3), 124.8 ppm (4) and 20.1 ppm (5) that can be assigned to
C-Atoms in long alkyl chains, such as oleic acid, which was added to stabilize our particles.
These Peaks also show small satellite peaks (Figure 25a), which we attribute to a mixed signal
of oleic Acid (OA) and remaining hexadecylamine (HAD) and trioctylphosphine oxide (TOPO).
We further observe a peak at 137.5 ppm (1), which we assign to the double bonded carbon
from remaining octadecene solvent from the synthesis. After the ligand exchange (red), those
peaks can no longer be observed and instead four Peaks at 42.0 ppm (6), 36.0 ppm (7),
20.0 ppm (8) and 13.9 ppm (9) appear, which can be clearly attributed to the 4 carbon atoms

of n-butylamine as the new stabilizing agent.
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Figure 25: 13 C NMR spectra of CdSe particle solution before (blue) and after (red) ligand exchange procedure. Clear indication
of long chained molecules before the exchange (1-5) being replaced by n-butylamine (6-9). Small satellite signals

(blue/magnified) indicate a mixture of long chained molecules in the native ligand shell.

Ci3 shift (ppm) Multiplett Assignment
1 137.5 s octadecene
2 129.2 t Oleic acid
3 126.9 t Oleic acid
4 124.8 t Oleic acid
5 20.2 m Alkyl chains mainly oleic acid
6-9 42.0, 36.0, 20.0, 13.9 S n-Butylamine

Table 3: Peak assignment of 13C NMR-spectra (Fig), showing a ligand shell consisting of mainly oleic acid (2-5) before the

ligand exchange and n-Butylamine after the exchange.

5.3 Sample preparation
The hybrid nanocomposite films are prepared on functionalized 12 mm glass microscope

cover slides or alternatively 15 mm doped silicon wafer with a 200 nm silicon oxide surface
layer. The glass substrates are cleaned by submersion in an aqueous solution of chromo
sulfuric acid for 3h and subsequently rinsed using deionized water and methanol. The silicon
substrates are cleaned with an optical wipe and acetone. The substrate is then cleaned by
sonication in acetone, hexane and ethanol for 5 minutes each and put into a plasma cleaner
for 10 min. The cleaned substrates are functionalized by submerging them in a solution of
100 puL (3-mercaptopropyl) trimethoxy silane (MPTMS) in 5 mL hexane overnight. The solution

is then discarded, and the substrate is washed twice using hexane and dried at 60°C for 5 min.
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5.3.1 Hybrid nanocomposite film preparation using dip coating
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Figure 26: Schematic for dip coating procedure to obtain phthalocyanine functionalized CdSe films on glass or silicon oxide

surfaced substrates. Dipping into a CdSe particle solution (1) for 20s followed by washing in Chloroform (2). Subsequent

dipping in a ligand solution in DMSO (3) for 20s and cleaning in DMSO (4). This sequence is repeated as often as needed.

For dip coating, the functionalized substrate is submerged in a chloroform QD solution for two
minutes, washed twice using fresh chloroform and dried on a hot-plate at 100°C. During this
first submerging, the CdSe QDs can bind to the MPTMS molecules on the functionalized
substrate surface and any unbound particles and excess n-butylamine are washed away
afterwards. The substrate is then placed in a saturated solution of Fe4APc in dimethyl
sulfoxide (DMSO) for 20 s, washed twice using fresh DMSO and dried on a hot-plate at 100°C.
This functionalizes the particles with 4APc molecules which can now function as further
binding sites for additional particle layers. The previous steps are repeated by dipping the
substrate into the particle or ligand solution for 20 s and washing it in the corresponding
solvent afterwards and drying at 100°C at the end of a cycle. This cycle is repeated at least 20
times in total to obtain a sufficiently thick film (~100 nm). The film is then annealed at 150°C
for 30 min.

For preparation of the reference material containing only QDs, the exact same steps are
employed, substituting the 4APc solutions with the pure solvents and adding additional cycles
to compensate for the lack of a linker molecule, which leads to a visibly slower buildup of the

Qb film.
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5.3.2 Hybrid nanocomposite film preparation using drop casting

CdSe drying
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Figure 27: Schematic for drop casting procedure to obtain phthalocyanine functionalized CdSe films on glass or silicon oxide

surfaced substrates. Deposition of ligand solution in DMF on the substrate (1), with subsequent addition of CdSe particle

solution in THF (2), which is then dried (3) resulting in functionalized CdSe films.

For drop casting silicon substrates (15x15 mm), the functionalized substrate is placed on a hot-
plate. The substrate is covered with 120 uL of a saturated Fed4APc solution in
N,N’-dimethylformamide (DMF) and 80 uL of a 7 uM CdSe QD solution in THF. The substrate
with the QD phthalocyanine mixture is dried at 60°C for 30 min. To remove excess ligand, the
substrate is washed twice using DMF and annealed at 150°C for 30 min. For drop casting onto

the smaller glass substrates (12x12 mm), the used amounts are adjusted to 60 ul of a 7 uM

QD solution in THF and 100 ulL of a saturated Fe4APc solution.
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6 Results

Parts of this chapter have been already published by myself in the Article: ”Simultaneous
positive and negative optical patterning with dye-sensitized CdSe quantum dots”.®3 All

associated measurements and preparations were performed and described by myself.

6.1 Synthesis of CdSe based hybrid materials

One of the more recent approaches in the field of semiconductor nanoparticle materials is to
exchange the native ligand shell on the QD surface for functional molecules to modify the
properties of the QD material and make them more attractive for specific applications in optics
and electronics.*’~%° CdSe QDs as used in this work are one of the best researched and well-
known representatives of semiconductor QDs and are signified by their distinct absorption
and emission spectra in the visible spectral range. A prominent target of investigation for
changes in the optical properties of the CdSe QDs has been the modification with organic
semiconductor molecules such as phthalocyanines. Previous works use the incorporation of
modified phthalocyanine molecules into the ligand shell of CdSe QDs in solution, modifying
the optical response of the hybrid material, suggesting a coupling of the two semiconductor
components.?”~° Another approach is to use chemical vapor deposition to place a layer of
phthalocyanine molecules on top of a CdSe QD film to form a hybrid system, where the two
semiconductor materials are separated by the ligand shell of the QDs but show optical
coupling between the components.19%19! Expanding on those CdSe-phthalocyanine hybrid
materials, the aim of this work is a new approach to directly chemically couple phthalocyanine
onto the QD surface, replacing the native ligand shell and preparing well-structured thin films
to characterize their structural and optical properties.

To create our functional hybrid materials, we replace the native ligand shell with 4,4,4",4"-
tetranitrophthalocyanine (4APc) molecules. Preliminary tests have shown that a direct
exchange, as published by Scheele et al, is not possible with a CdSe QD based system, due to
the difficulties with replacing the most common surface ligands such as oleic acid and
phosphine oxide ligands.19%1%3 To facilitate the addition of 4APc species to the surface, the
native ligands are first removed using the method published by Eychmidiller et al. and replaced
by a mixture of ammonium iodide and n-butylamine, which grants stability in polar solvents.

Further, n-butylamine is easily exchanged with 4APc molecules due to its volatility. This
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represents a new approach to easily functionalize CdSe QDs with phthalocyanine molecules

and incorporate them into a QD organic hybrid semiconductor material.

6.1.1 Structural analysis using SEM images and AFM

The CdSe QD based hybrid material films discussed in this chapter are prepared using the
previously described drop casting and dip coating procedures (chapter 5.3). Silicon wafers
(15x15 mm) with a 200 nm silicon oxide layer are used for preparation of SEM and AFM
imaging samples and Menzel microscope cover slides (12x12 mm) are used as substrates for
optical measurements. All images presented in the coming chapters are obtained from CdSe
QD films functionalized with Fe4APc molecules with a QD size of 4.7 £ 0.2 nm, as they are also
used in the patterning experiments in the coming chapter 6.2.

Visually, both the dip coating (Figure 28 a,c) and drop casting technique (Figure 28 b,d) lead
to complete and even coverage of the substrate with the CdSe QD hybrid material. Both, the
silicon (a,b) and glass substrates (c,d), seem equally suited for the film preparation. The drop
casted films show a slightly different coloration, which can be attributed to the larger amount
of material that is deposited on the substrate surface using the drop casting method and the

larger thickness of the material.

Figure 28: Images of completely covered silicon (a,b) and glass substrates (c,d) using dip coating (a,c) and drop casting (b,d)

preparation.
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Figure 29 shows SEM images of the CdSe hybrid material films on silicon substrates prepared
by dip coating (a,b) and drop casting (c,d). The dip coating procedure results in a homogenous
coverage of the whole substrate as seen in (a) containing only a few differentiable layers,
which shows only occasional small holes (b). In comparison, the films created using the drop
casting method continue showing an uninterrupted coverage of the whole substrate, but the
film structure is visibly less homogenous (c) and shows visible depressions and small cracks on
the nm scale in the hybrid material (d). Upon closer investigation, the film shows no preferred
structural motive and the particle structure seems entirely random without overarching
structural domains as observed by other groups.'%419 Evaluating the shape and size of the
nanoparticles appears consistent with the data obtained from the as synthesized colloidal
particle solutions in chapter 5.1.2, containing spherical particles with a size of 4.7 £ 0.2 nm.
This indicates the retention of the initial physical particle properties throughout the ligand
exchange and film preparation procedure without any sintering effects through the heat

treatment during preparation.

Figure 29: SEM images of hybrid material thin films created through drop casting using CdSe QDs and Fe4APc molecules. a)
Image of complete coverage of the substrate with the QD hybrid material showing cracks and material indentations due to

drying effects. b) No obvious ordered structure motive or overarching structural domains can be observed.
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Figure 30: AFM images of CdSe hybrid films created through dip coating (a,b) and drop casting (c,d). For film thickness
evaluation, an incision is made and the height difference from substrate to film is measured on the border (a,c). Roughness

is evaluated by measuring the root mean square value of the height difference in an undisturbed 10x10 um area (b,d).

In order to further investigate the film structure and thickness, AFM images of the substrates
are acquired as shown in Figure 30. Images are acquired from the previously described SEM
image substrates, which are prepared using dip coating (a,b) and drop casting (c,d). To
evaluate the film thickness, an incision to the substrate surface is made (a,c) and the height
difference to the substrate surface is measured on the films edge and presented in Table 4.
The AFM images are further used to investigate the roughness of the hybrid QD films and
compare the root mean square (RMS) value of the height differences in a 10x10 um area of

undisturbed QD hybrid material film as shown in Figure 30 b,d.
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Dip coating (20 cycles) Drop casting
Thickness 115 nm £ 8 nm 232 nm 12 nm
Roughness (RMS) 24.3 +3 nm 31.2+3nm

Table 4: Comparison of CdSe hybrid material film thickness and surface roughness (root mean square) depending on the

preparation method.

Film preparation using 20 cycles of dip coating with Fe4APc as ligand results in a film consisting
of at least 24 nanoparticle layers. The film shows an average height of 115 nm + 8 nm and an
average root mean square (RMS) roughness of 24.3 + 3 nm using an average of 20
measurements of the films surface, as exemplarily shown in Figure 30 a,b.

We can obtain a good coverage using the drop casting method resulting in a thicker film
consisting of at least 50 nanoparticle layers. The film shows an average height of 232 nm £ 12
nm and a larger RMS roughness of 31.2 + 3 nm using an average of 20 measurements of the
films surface area of 10 by 10 um, as shown in Figure 30 c,d.

Both the drop casting and dip coating method allow us to completely cover the substrate with
a homogeneous film of QD hybrid material. The dip coating approach allows for the controlled
layer by layer assembly of the QD hybrid material film.1% The thickness of the film is controlled
by the number of dip coating cycles that are applied and the binding affinity of the 4APc
species. This results in a generally more homogeneous film showing fewer and smaller
structural defects and an overall lower surface roughness. In comparison, the drop casted
films are generally thicker and show a rougher surface with nm scale cracks and depressions
leading to a higher surface roughness, compared to films prepared via dip coating (Table 4).
The larger thickness of the drop casted films is easily explained by the larger amount of QD
material that is used in the preparation compared to the dip coating approach. Films of a larger
thickness can be prepared via dip coating through additional dip cycles in the preparation of
the substrate, whereas a reduction in QD solution volume or concentration below a certain
threshold in the drop casting method leads to poor substrate coverage or an unevenly

distributed film (Figure 31).
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Figure 31: Image of in homogeneously and partially covered silicon substrate due to insufficient CdSe QD particle amount.

6.1.2 UV-vis absorption

As a basic characterization of the finished films, UV-Vis spectra are acquired (Figure 32).
Throughout the ligand exchange procedure (Figure 32a 1,2) and in films without
phthalocyanine (Figure 32a 3), the absorption spectra remain unchanged which indicates the
preservation of the original size and shape of the nanoparticles, as particularly the position of
the first excitonic transition (1Sh-1Se) at 612 nm is very sensitive towards changes of the
morphology. The UV-Vis spectra also show that n-butylamine stabilized particles are
successfully functionalized with phthalocyanine (Figure 32b 4), resulting in a very broad
absorption around 688 nm due to the electronic transition from the highest occupied
molecule orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The resulting
spectrum of the functionalized film (Figure 32b 5) displays both the electronic transition from
the HOMO to the LUMO of the phthalocyanine molecule and the 1Sh-1Se transition of the CdSe
QDs, which is also slightly shifted from 612 nm to 615 nm (Figure 32b inset). This small
redshift in the 1Sp-1S. absorption can be attributed to the change in the dielectric
environment of the QDs as butylamine is replaced by phthalocyanine molecules, which have
a larger dielectric constant than the native ligand shell. Overall, the absorption spectra of the
colloidal QD solutions and prepared QD hybrid films indicate the preservation of the initial QD

properties, while successfully functionalizing them with 4APc molecules.
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Figure 32: a) Comparison of UV-Vis absorption spectra of native CdSe particle solution (1) after ligand exchange with
butylamine (2) and prepared as unfunctionalized film (3). b) Comparison of UV-Vis spectra of an unfunctionalized CdSe

particle film (3), a spectrum of Fe-phthalocyanine (4) and a CdSe particle film functionalized with Fe-phthalocyanine (5).

6.1.3 Raman spectroscopy

To further monitor the ligand exchange with different 4APc species, Raman spectra are
acquired after the film preparation using dip coating (Figure 34). All spectra are dominated by
the extremely strong signal of the longitudinal optical phonon mode of CdSe (1) at 207 cm™?
and its first and second overtone at 415 cm™?! (2) and 621 cm™? (3) assigned in Table 5.107.108
After functionalization with different 4APc species (Ni, Cu, Fe and metal free) (Figure 33)
additional Raman signals between 680 - 1600 cm™? can be observed, which are characteristic
for vibrations of the phthalocyanine molecules and stretching motions of the ring structure
and are assigned according to the literature sources (Table 5 4-15).19°-111 The difference in the
variety of Raman signals and their intensity can be attributed to the degree of
functionalization of the QD film with the 4APc molecule. The different 4APc show varying
binding affinities to the QDs surface resulting in films of different optical thickness, which is
directly correlated to the intensity of the observed Raman signals. The difference in signal
intensity between CdSe and the functionalizing phthalocyanine molecules can be mainly
attributed to a strong difference in overall material concentration as the functionalized films
are thoroughly washed after the ligand exchange to eliminate any unbound excess ligand
molecules, and n-butylamine/iodine capped CdSe particles have been observed to exhibit a

strong phonon resonance.'? The presence of phthalocyanine signal after intensive washing is

a good indication for strong binding of the molecule to the QD surface.
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Figure 33: Schematic structure of 4,4",4”",4""" tetraaminophthalocyanine (4APc) molecules, containing different metal center

atoms of Copper (Cu), Nickel (Ni), Iron (Fe) and as metal free variant (H,).
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Figure 34: Comparison of Raman spectra of unfunctionalized CdSe films and after ligand exchange with various

phthalocyanine species containing Fe, Ni, Cu metal centers and the metal free variant (H,).

Peak | CdSe CdSe + | CdSe + |CdSe + | CdSe + Assignment
Fe4APc | Ni4APc | Cu4APc | 4APc
(1/cm) | (1/em) | (1/cm) | (1/cm)

1 207 207 207 207 207 CdSe Phonon

2 415 415 415 415 415 CdSe Phonon

3 621 621 621 621 621 CdSe Phonon

4 691 690 684 Bridging C-N-C sym. deform.

Pyrrole ring OP bend
5 721 724 721 722 Macrocycle stretch/central
ring twisting

6 748 750 Central ring contraction

7 1019 C-H deformation aryl C-C
stretch

8 1024 C-H deformation aryl C-C
stretch

9 1126 1124 1123 1126 Macrocycle stretch/ C-H bend

10 1185 1182 1183 1186 pyrrole ring breathing

11 1353 1351 1355 1350 indole

12 1443 1441 1440 1442 indole

13 1511 1530 1516 N-H macrocycle ring stretch
benzene

14 1551 1608 1538 Macrocycle in plane stretch

15 1611 1605 NH, deformation

Table 5: Raman spectroscopy signal assignment of the main features in CdSe and phthalocyanine hybrid film spectra

according to literature,107-111
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6.1.4 Summary

Using n-butylamine stabilized CdSe QDs according to the exchange method by Eychmiller et
al., we can exchange the native particle ligand shell and replace it with different 4APc species.
Using either dip coating or drop casting, the 4APc functionalized QDs are used to create
homogeneous CdSe hybrid material films using glass cover slides and silicon as substrates.
The substrates are analyzed using SEM imaging to ascertain the substrate coverage on a nm
scale and show complete coverage of the whole substrate for either preparation method. The
layer-by-layer preparation of the QD hybrid film through dip coating generally results in a
smoother film with fewer structural defects. The characterization of the hybrid films using
AFM imaging further supports this by showing a lower surface roughness of the dip coating
films, compared to the drop casting method. Additionally, AFM images are used to measure
the average film thickness of 232 nm + 12 nm for drop casted films and 115 nm + 8 nm for dip
coated samples using 20 cycles of dip coating. Using the dip coating approach, the film
thickness can be controlled through the number of dip coating cycles that are employed,
whereas drop casted films show an insufficient or inhomogeneous coverage below a QD
solution concentration of 2.4 uL (7 uM) per mm? of substrate surface.

UV-Vis absorption spectra throughout the preparation process show the retention of the
initial QD properties, indicating that the original size and shape are maintained. A slight red
shift in the first absorption minimum of the QDs in the hybrid material can be attributed to a
change in the dielectric environment, further confirming the functionalization with the 4APc
molecules. For further investigation of the functionalization in the finished film, Raman
spectra are acquired. The functionalization of the QDs with 4APc species can be confirmed

and the Raman signals are assigned according to literature.
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6.2 Optical patterning
Using the QD hybrid material described in the previous chapter, it is possible to receive a

wavelength dependent fluorescence response under photoexcitation due to the distinct
difference in resonance of the two semiconductor components. CdSe QDs are known to profit
from photoactivation of the quantum yield during above bandgap excitation, under ambient
conditions.’®-80113114 \While conversely the conjugated rni-system of the 4APc molecules tends
to get degraded by near resonant excitation of the HOMO-LUMO transition, leading to the
extinction of its fluorescence, resulting in a negative fluorescence contrast.>®°° This effect is
used to create optical patterns with a confocal scanning microscopy setup using a 488 nm and

633 nm laser source for optical excitation as shown in Figure 35.
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Figure 35: Optical write/read-out experiments on thin films of CdSe QDs functionalized with Fe4APc. (a) 488 nm write/488
nm read. (b) 488 nm write/633 nm read. Both panels show the same part of the sample, which was optically patterned
under the same conditions. (c) A different part of the sample optically patterned at 633 nm and read-out at 633 nm. (d)
The same patterned sample region as in (c), but under 488 nm read-out. Adapted with permission from ref 93, Copyright

2019 AIP Publishing.
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Using a 5um scan window as the basic pixel unit of our image, a pattern is written in the CdSe
hybrid film due to photoactivation of the QDs at a wavelength of 488 nm with a laser intensity
of approximately 9 kW/cm?2. To read out the written pattern, the whole area of the picture is
scanned using the same 488 nm laser with much lower intensity and the fluorescence signal
is recorded as shown in Figure 35 a. The readout using the 488 nm laser is mostly sensitive to
the spatial distribution of the 1Sh-1Se transition in the CdSe QDs, which absorbs predominantly
at this wavelength. In contrast, only a small portion of laser light is expected to be absorbed
by the phthalocyanine molecules as their absorption cross-section at 488 nm is comparably
small. Conversely, this leads to a readout with 633 nm excitation that predominantly probes
the spatial variation of the HOMO-LUMO recombination of the phthalocyanine molecules so
that the changes in the fluorescence of the QDs cannot be detected, as seen in Figure 35 b.
Excitation using the 633 nm laser is used to create a negative fluorescence contrast due to
bleaching of the fluorescence resulting from the HOMO-LUMO recombination of the
phthalocyanine. The negative fluorescence contrast is then probed through scanning the area
using a low intensity 633 nm excitation (Figure 35 d). When the same area is probed using
488 nm excitation, a positive fluorescence contrast in the CdSe QDs is observed induced
through the below bandgap excitation (Figure 35 c). In total, this leads to four different
experiments that can be observed in Figure 35 :488 nm write/488 nm read (a), 488 nm
write/633 nm read (b), 633 nm write/488 nm read (c) and 633 nm write/633 nm read (d). It
must be noted that (a)/(b) and (c)/(d) are fluorescence contrast images from the same area
of the sample which are patterned under the same conditions. All patterns created using this
approach are irreversible and stable for a long time, especially if samples are stored under
nitrogen atmosphere and exclusion of light. Preliminary investigations show that QD hybrid
films with Fed4APc functionalized 4.7 nm QDs show the most promising results in the

patterning experiment and were used for all further investigations mentioned in this chapter.

6.2.1 Positive fluorescence contrast patterning

During fluorescence excitation using a 488 nm laser source, the CdSe QDs in the hybrid
material show a steady increase in overall fluorescence emission. To evaluate the fluorescence
emission development, spectra are taken every 10 s over a 15 minutes time interval. As shown
in Figure 36, the CdSe emission continuously increases over the duration of the measurement

and the center wavelength undergoes a constant blueshift. This can be attributed to the
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elimination of surface trap states due to oxidation of the QDs under ambient conditions as
shown in the literature. 7278 The creation of a small oxide shell on the QDs surface has been
shown to be beneficial to the overall quantum vyield through further passivation of the QD
surface. Furthermore, the continued oxidation of the particle leads to a blue shift in the
emission due to shrinking of the effective QD size, increasing the quantum confinement and

shifting the fluorescence emission to lower wavelengths. 11>
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Figure 36: Fluorescence spectra over time under 488 nm excitation of a CdSe QD (4.7 nm) film functionalized with Fe4APc
molecules. Overview during 15 min excitation, spectra are taken every 10 s of excitation time. A continued increase of the
fluorescence intensity is visible, together with a blue shift of the emission peak of about 10 nm. Inset: Overview of the
fluorescence intensity (blue lines, right scale) and center wavelength of the emission (red and black line, left scale)

development during excitation over 15 min.

When the sample is placed under a nitrogen stream during the experiment, a clear reduction
of the oxidation speed can be observed (Figure 36 Inset blue lines) due to the elimination of
environmental oxygen and water. The initial oxidation under the nitrogen stream can be
attributed to oxygen contamination during the sample transfer, this process slows down after
the oxygen is consumed, whereas the oxidation under ambient conditions continues.

If the excitation is continued indefinitely, a point is reached where the quantum yield does not
increase any further. Further excitation of the QD hybrid film leads to an overall decrease of
the fluorescence emission and the QD spectra start to become irregular as shown in (Figure
37). This can be continued until the CdSe QD fluorescence is completely bleached. When
compared with the spatial distribution of the fluorescence on the substrate, we can observe
that the QDs are so far oxidized, that they no longer function as a fluorescence emitter

resulting in an overall negative fluorescence contrast in the spatial readout (Figure 37 b).
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Additionally, the fluorescence of the Fe4APc molecules under excitation, as seen in the

633 nm readout (Figure 37 b) is diminished, resulting in a negative fluorescence contrast.
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Figure 37: a) Fluorescence spectra over time under 488 nm excitation. Overview during 15 min excitation, spectra are
acquired every 10 s of excitation time. Continuous decrease of the fluorescence intensity due to break down of the CdSe
QpDs. A fit of the final spectra no longer corresponds to the usual Lorentzian fit model of the CdSe QDs. b) Spatial scan of
the fluorescence intensity under different readout wavelengths showing fluorescence enhancement in the initial state of

the material and negative fluorescence contrast after excitation due to destruction of the CdSe QD hybrid material.

Using an unfunctionalized CdSe film, a similar fluorescence increase and blue shift in the
spectra can be observed. If we compare the fluorescence intensity change of a
n-butylamine/iodine stabilized QD film vs Fe4APc functionalized QDs in the hybrid material
(Figure 38) under identical excitation conditions, we observe a faster development of the

fluorescence enhancement in the presence of the Fe4APc molecule as shown in Figure 38 b.
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Figure 38: a) Fluorescence spectra of CdSe-Fe4APc (top) QDs and of CdSe-I"/BA QDs (bottom) under 488 nm excitation for
0 min (red) and 15 min (blue). b) Fluorescence intensity increase (right axis) and spectral shift (left axis) of the same samples

as those analyzed in a) for consecutive time intervals. Adapted with permission from ref 9. Copyright 2019 AIP Publishing.
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6.2.2 Negative fluorescence contrast

In the fluorescence spectrum of the CdSe-Fe4Apc QD film under 633 nm excitation, we
observe the excitation of the distinct phonon bands of the CdSe QDs below 650 nm (Figure
39 a,b asterisk) for the hybrid film (a) and the unfunctionalized CdSe QD film (b). The CdSe
phonon bands remain stable over the minute excitation period and do not contribute to the
negative fluorescence contrast observed in the 633 nm spatial readout. Furthermore, the
unfunctionalized CdSe film does not exhibit a negative fluorescence contrast in the 633 nm
spatial readout of the sample.

As a second component of the spectra, we can observe the broad fluorescence of the Fe4APc
molecules in the range of 650 nm to 800 nm, due to the radiative recombination of the
HOMO-LUMO transition of the phthalocyanine, which rapidly diminishes over the excitation
period. This applies especially to the fluorescence intensity around 700 nm, where the neat
FedAPc film exhibits strong phonon bands (Figure 39 a Inset). This decrease in fluorescence
intensity can be attributed to the instability of Fe4APc molecules under near resonance
excitation in ambient conditions, leading to the oxidation of the functional molecule and

subsequent elimination of its fluorescence response.
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Figure 39: (a) Fluorescence spectra under 633 nm excitation of the hybrid material after 0 min (blue) and 15 min (red)
continuous excitation. Phonon modes of the CdSe lattice are signaled by asterisks. At this wavelength only the
phthalocyanine is excited, which leads to a broad fluorescence signal. The spectral region of the fluorescence from the
phthalocyanine due to radiative recombination of the HOMO-LUMO transition is highlighted with a black square. The inset
magnifies this spectral region and provides the fluorescence spectrum of the neat phthalocyanine in black for comparison.
(b) Fluorescence spectra under 633 nm excitation of CdSe QDs functionalized with OA/HDA after 0 min (blue) and 15 min

(red) continuous excitation. Adapted with permission from ref °3. Copyright 2019 AIP Publishing.
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As shown in Figure 40 b, the Fe4APc molecules contained in the QD hybrid material
deteriorate at a faster rate compared to a film of the neat molecules. One of the major factors
in this is again the accessibility of ambient oxygen for the oxidation process as shown by a
much lower decomposition rate of the experiment under nitrogen atmosphere (Figure 40 b).
Any initial oxidation under the nitrogen stream can be attributed to oxygen contamination

during the sample transfer.
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Figure 40: a) Fluorescence spectra of CdSe-Fe4APc (top) and of Fe4APc neat molecules (bottom) under 633 nm excitation
for 0 min (red) and 15 min (blue). b) Fluorescence intensity decrease of the same samples as those analyzed in a) for

consecutive time intervals.

6.2.3 Summary

In this chapter, Fe4APc functionalized CdSe QD hybrid films are used as optical patterning
material, allowing for two wavelength dependent optical resonances to be exploited. It is
shown that these two different components can be exploited during an optical write/read
patterning experiment to create complex patterns on the micrometer scale, simultaneously
employing positive and negative fluorescence contrast depending on the read/write laser
wavelength. This is enabled by the fluorescence enhancement of the QDs under near-resonant
excitation in combination with the fluorescence bleaching of the HOMO-LUMO transition
during excitation of the phthalocyanine moiety. For further investigation of the wavelength
dependent fluorescence patterning, emission spectra are taken over the whole excitation
period under ambient conditions and with the sample placed in a nitrogen stream.

Investigating the fluorescence enhancement under 488 nm excitation shows a consistent

increase of the emission intensity and a blueshift of the center wavelength emission. These
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processes are attributed to the steady oxidation of the QDs surface leading to the elimination
of surface trap states thus enhancing the overall quantum yield. The blue shift is a result of
the shrinking of the QDs size due to oxidation, which leads to a higher quantum confinement.
The oxidation of the QDs was further verified by placing the sample in a nitrogen stream,
which led to a significant reduction of the fluorescence enhancement through elimination of
ambient oxygen and water.

Constant monitoring of the 4APc fluorescence elimination under 633 nm excitation shows no
significant change in the excitation of the CdSe QD, while the broad 4APc fluorescence gets
diminished. We attribute this to the destruction of the 4APc molecules under excitation in
ambient conditions as unfunctionalized QDs under the same conditions show no negative
fluorescence contrast whatsoever under 633 nm readout. This is verified by the significantly
slower diminishment of the fluorescence in the nitrogen stream, eliminating ambient oxygen
and water. Furthermore, the presence of 4APc molecules in the QD hybrid film not only
enables a negative fluorescence contrast under 633 nm excitation, but also enhances the
contrast during positive patterning.

Overall, we can show that this CdSe QD hybrid material allows for a new approach in optical
patterning, enabling the wavelength dependent use of negative and positive fluorescence

contrast to create complex optical patterns on a um scale.

7 Discussion

In this work, we show an easy and versatile approach for functionalizing CdSe based QDs with
4,4’,4” 4" -tetraaminophthalocyanine molecules, while observing the optical properties of
the material from the QDs synthesis throughout the functionalization and preparation of thin
films (chapter 6.1). For the film preparation, dip coating and drop casting procedures are
established and the resulting films are investigated using AFM and SEM imaging and to
determine their coverage, homogeneity, thickness and general structure. Incorporation of the
4APc organic semiconductor molecules into the QD hybrid material structure is further
verified through Raman spectroscopy.

Utilizing the divergence in optical properties of the two semiconductor moieties in the hybrid
material optical patterns are fabricated through wavelength dependent excitation of the

different components. The dual functionality of the material is used to produce optical
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patterns on the um scale, simultaneously employing a positive or negative fluorescence
contrast. To further elucidate the temporal progression of this process, continuous emission
spectra are acquired and the intensity and speed of the contrast development under varying
conditions is investigated (chapter 6.2).

Preparation of 4APc functionalized CdSe hybrid material films

Preliminary experiments have shown that a direct exchange, as performed on lead sulfide QDs
by the Scheele group, is not possible due to the high stability of the native ligand shell
surrounding the synthesized CdSe QDs.19%193 We establish a new synthetic approach using a
method published by Eychmiiller et al., exploiting the binding affinity of inorganic halide
species to the CdSe surface, to remove the native ligand shell and stabilize the QDs in a polar
solvent through a n-butylamine/iodide hybrid functionalization.* The volatility of the
n-butylamine hybrid functionalization allows for the direct exchange with 4APc molecules in
solution, allowing for the further processability of the material into QD hybrid nanostructures.
This approach allows for direct binding of the 4APc molecules to the QD surface compared to
similar hybrid materials, which are prepared without removal of the native ligand shell. These
materials have been prepared through layered deposition of the material via CVD, molecular
beam epitaxy, or coordination of the phthalocyanine molecule into the native ligand shell in
solution under use of specialized phthalocyanine derivates. 97/9%100,101

Furthermore, as shown via NMR spectroscopy this hybrid stabilization of the QDs can be used
for CdSe QDs obtained through a variety of synthetic routes, covering the most common
stabilizing agents currently used in CdSe synthesis.*®3* The n-butylamine/iodide stabilized
QDs provides us with a universal approach for functionalization of CdSe QD with organic
semiconductor molecules. Through dip coating, QD hybrid material films are prepared that
through investigation via SEM and AFM imaging show a complete and homogeneous coverage
of either glass or silicon oxide on silicon wafer substrates. The dip coating method enables the
assembly of the QD hybrid material from solution, through layer by layer deposition of QDs
interlinking them with our functional 4APc molecule similar to the process first described by
Bethell (Figure 41).1% In this process, the QDs are initially coordinated to the substrate by
MPTMS functionalization. The stabilizing n-butylamine/iodide ligands are removed through

washing with DMSO and subsequent heating of the film. The QD surface is then functionalized
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with phthalocyanine, providing new coordination centers and allowing for the binding of
additional QDs.
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Figure 41: Schematic visualization of layer by layer deposition of n-butylamine/iodide stabilized CdSe QD on an MPTMS

functionalized substrate. The initial QD layer is coordinated to the substrate via the MPTMS functionalization. The QDs are
immobilized through washing and drying, removing the hybrid ligands. Functionalization with phthalocyanine enables

coordination of additional QD layers.

This method results in homogeneous, tightly packed films with a surface roughness
comparable to films of similar thickness, prepared from colloidal QDs reported in
literature.'¢-118 Additionally, SEM imaging and UV-Vis absorption spectroscopy show that the
initial size and shape of the QDs are retained throughout the preparation, allowing for the
fabrication of a material that combines both components without altering their respective
properties (Figure 29,Figure 32). This is further verified by Raman spectroscopy, showing a
distribution of the QDs and 4APc molecules throughout the entire film (chapter 6.1.3). The
assigned signals from literature vary only in the intensity between the different 4APc species,
which can be explained through their varying binding affinity to the particle surface resulting
in a higher concentration of molecules present in the film. This is further underlined by the
observation that the films exhibit stronger Raman signals from their respective 4APc molecule
as well as the fact that they are visually thicker and show a larger absorption in the UV-vis
spectra. In this case, the larger binding affinity of the molecules leads to a higher
functionalization degree of the QD surface, increasing the probability for coupling of further
QDs to the surface in the next deposition cycle. In comparison, films prepared using the drop
casting method are obtained through mixing of the QD and 4APc solutions on the substrate
and the film is precipitated through drying of the solvent. The dried films are washed to
remove access 4APc molecules and exhibit identical UV-Vis absorption and Raman spectra.
Structurally, they are slightly less homogeneous on the nm scale with small cracks and

depressions, resulting in an increase of overall surface roughness from 24.3 + 3 nm to
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31.2+3 nm. The generally thicker films obtained through drop casting are also more
susceptible to cracking during the drying process, which is generally avoided through the layer
by layer approach of the dip coating procedure. Despite these disadvantages, the drop casting
method presents the opportunity to prepare homogeneous films through simple mixing of
stock solutions and subsequent drying. This allows for the large-scale preparation of samples
in a short amount of time. The nanometer scale holes and depressions in the drop casted film
are below the resolution limit of our patterning process and therefore negligible, which makes
the drop casting approach viable for the preparation of patterned samples.

Optical patterning using Fe4APc functionalized CdSe QD films

The functionalization of CdSe QDs with Fe4APc molecules allows for the creation of optical
patterns, simultaneously employing a positive and negative fluorescence contrast dependent
on the excitation wavelength used in the write/read process. The divergence in optical
absorption and electronic structure allows for the wavelength selective emission excitation of
the two different moieties (Figure 42). Excitation using a 488 nm source is used to obtain the
fluorescence of the CdSe QDs due to their higher absorption cross-section. In comparison, the
energetically lower HOMO-LUMO transition of the Fe4APc molecules is excited using the

633 nm laser source.
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Figure 42: Comparison of UV-Vis absorption properties and electronic structure of the CdSe QDs and Fe4APc molecules of
the hybrid material. a) UV-Vis absorption spectra of CdSe QDs and 4APc films with the two different laser excitation
wavelengths. b) comparison of the 1S,-1S. transition of the QDs and the HOMO-LUMO transition of Fe4APc using different
laser wavelengths. Energy levels for the HOMO/LUMO transition of Fe4APc and the CdSe QDs are taken from theoretical

energy level calculations and measurements.23-2553,119
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In general, optical patterning using CdSe QDs aims to exploit the increase in quantum vyield
that can be observed at near resonant excitation of the QD under ambient conditions. In
addition, functional molecules for the creation of patterns may be employed. Additional
functionalization of the QDs is either used to influence the solution processability of the
material allowing a photolithography like process, or to act as a switchable fluorescence
quencher.”>7>120 |rradiation of the fluorescence quencher in turn restores the initial QY of the
CdSe material resulting in the optical pattern. In contrast, the functionalization of CdSe with
FedAPc molecules as presented in this work adds additional patterning possibilities. It
introduces a negative fluorescence contrast obtained through the fluorescence bleaching
during excitation of the HOMO-LUMO transition of the molecules. >%>°

The positive fluorescence contrast of the QDs under 488 nm excitation can be clearly
attributed to the oxidation of the QDs surface and the subsequent elimination of trap states.
7881 This is further supported by the long-term stability of the obtained patterns and the
irreversibility of the enhancement. In contrast, the temporary enhancement through surface
coordination of water and oxygen seems unlikely, as no recovery of the enhancement can be
observed during excitation in a nitrogen atmosphere. 1* Furthermore, we observe that the
functionalization of the CdSe QDs with Fe4APc enhances the development of a positive
fluorescence contrast through oxidation of the surface, compared to unfunctionalized QDs
(Figure 38). The oxidation of the QDs surface is attributed to the photo-induced production of
reactive oxygen species (ROS).}?17123 Hereby, the exciton created by the above bandgap
excitation reacts with surface bound oxygen molecules to create ROS, which in turn can
oxidize the surface atoms of the QD. However, the exact nature of the ROS species and the
mechanism of the surface oxidation are still being discussed in literature. Similar to this,
phthalocyanine metal complexes are well known photooxidation agents, generating ROS
under photoexcitation. Especially iron phthalocyanine has been of great research interest due
to its catalytic functionality in organic oxidation reactions. *° From this we propose that the
functionalization with Fe4APc provides a second pathway for the generation of ROS, which

results in the observed faster oxidation of the QDs (Figure 43).
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Figure 43: Schematic visualization of ROS generation through CdSe QDs and Fe4APc molecules under laser excitation. a)
Generation of ROS through interaction with the exciton of the QD. The exciton can be formed through excitation of
electrons to the conduction band at 488 nm excitation or below bandgap excitation through trap states (TS) at 633 nm. b)
Generation of ROS through interaction of oxygen with the exciton of the HOMO-LUMO transition of phthalocyanine at

633 nm excitation. The generation of ROS near the QD surface results in the steady oxidation of the QD.

This is supported by the observed strong enhancement of the QD fluorescence, through below
bandgap excitation of the particles using a 633 nm laser source. Below bandgap excitation of
the QDs allows only for the formation of excitons using energetically lower trap states and
reducing the overall efficiency due to the very low absorption cross-section of the QD material
at 633 nm, whereas the Fe4APc molecules efficiency with its energetically lower HOMO-LUMO
transition should not be impeded and its absorption cross-section is maximized at 633 nm. We
suggest that under 633 nm excitation, the majority of the generated ROS species originates
from the iron-phthalocyanine complex, leading to the observed strong fluorescence
enhancement of the QDs, even at below bandgap excitation. Specialized measurements for
the generation of ROS under varying excitation wavelengths need to be performed to further
corroborate this.

The second aspect in the functionalization of the QDs with Fe4APc molecules is the change of
the dielectric constant in the environment of the QDs. The phthalocyanine species used in this
work have a generally larger dielectric constant from € = 2.74 to € = 8.9 compared to the
native ligand shell € ~2.5 of the QDs, whereby iron phthalocyanine stands out with the largest
dielectric constant of € = 8.9. It has been shown that a change in the QDs environment to a

higher dielectric constant is beneficial to increase the quantum vyield by stabilizing surface
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charges from trap states and enabling the coordination of oxygen to the surface trap state.'?
This further facilitates the creation of ROS through the exciton from the trap state excitation
on the QD surface.

The generation of ROS species through Fe4APc under 633 nm excitation was further exploited
to generate a negative fluorescence contrast, slowly degrading the molecules through the ROS
and diminishing the fluorescence of the HOMO-LUMO transition of the molecule. This is
supported by the reduction of the oxidation speed under elimination of ambient oxygen and
water during excitation in a nitrogen stream. We observe that the molecule fluorescence of
the neat Fe4APc is more resistant to oxidation than in the QD hybrid material. It has been
shown that the stacked configuration of phthalocyanine molecules in well-ordered films and
molecule dimers reduces the generation of ROS significantly, resulting in the higher oxidation
stability of the neat Fe4APc film.12>"12Furthermore, in the QD hybrid film a low concentration
of Fe4APc molecules is distributed over a large active QD surface providing better access of
ambient oxygen to the molecules than in the neat molecule film. Coordination of the
phthalocyanine molecules to the QDs surface also puts strain on the ring structure of the

molecule, making it more susceptible to oxidation.

8 Conclusion

In this work, we present a simple and direct approach for the preparation of functionalized
CdSe QD hybrid materials. Through a two-step exchange procedure using n-butylamine/iodide
hybrid stabilized QD as an intermediate, we are able to prepare homogenous films of QD
hybrid material using dip-coating and drop-casting. This shows that phthalocyanine molecules
can be used in this procedure to functionalize and interlink the CdSe QDs in the assembly,
leading to a hybrid material.

AFM and SEM imaging are used to investigate the structural properties, such as surface
roughness and thickness of the films, in relation to the preparation method. This showed that
the careful, layer by layer assembly through dip coating allows for preparation of well-
structured highly homogenous QD films. The drop casting approach in comparison allows for
quick preparation of films through simple mixing of stock solution, while leading only to a

slight increase in the overall roughness of the films. UV-Vis absorption and Raman

72



Outlook

spectroscopy are used to show the presence of 4APc molecules throughout the QD hybrid
material film.

Hybrid material films prepared on glass slides are employed to create optical patterns using a
confocal microscopy setup, allowing for resolutions of the patterns close to the diffraction
limit. Due to the divergence in optical resonance of the two components, this hybrid material
allows for wavelength dependent optical patterning. Positive and negative optical patterning
is achieved simultaneously during writing or reading. While patterning using a positive
fluorescence contrast has been well established in literature, negative fluorescence contrast
has been challenging and often suffers from low pattern stability. The QD hybrid material is
an ideal candidate to address this challenge. Optical writing resonant to the excitonic
transition of the QDs results in a positive fluorescence contrast, while writing near resonantly
to the HOMO-LUMO transition of the organic dye leads to negative contrast. Furthermore,
we are able to show that the functionalization of CdSe QDs with 4APc species also shows
synergistic effects, providing not only additional optical properties but further enhancing the

QDs capabilities.

9 Outlook

This work only presents the foundation for further investigations, and additional applications
of the prepared materials would have exceeded the scope of this dissertation. The preparation
methods presented in this work for CdSe based QD hybrid materials could easily be expanded
upon to include other functional molecules. Preliminary tests have shown that the used 4APc
species can be substituted by functional porphyrins or other dyes. The readily replaced hybrid
n-butylamine/iodide stabilization of the QDs allows for functionalization with different
molecules species, provided they possess an appropriate binding group and are processible in
DMF or DMSO. This should allow for access to a wide variety of additional CdSe QD based
hybrid materials.

Additionally, the phthalocyanines are commonly used to functionalize CdSe for a variety of
other applications, such as photocatalysis, solar cells and medical applications. 4~%° The CdSe
QD hybrid materials presented in this work could be further investigated for use in these

applications. Especially the use as heterogenic catalytic material for oxidative reaction merits
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further investigation, as the oxidation capabilities of the hybrid material have already been
demonstrated in this work.

The patterning process presented in this work is realized through manual scanning excitation
of a 5 um? area, functioning as a pixel of the complete image, which can then be revealed
through low intensity excitation and recording of the whole image area. In a subsequent
experiment, we aim to further increase the complexity and resolution of the patterned
images, as the confocal microscopy setup should allow for a resolution close to the diffraction
limit. Preliminary results using a programmable laser controller for the creation of the patterns
result in highly complex optical patterns on the nanometer scale, as shown in Figure 44.
Through the homogeneity of the material response, the patterning process could be further
enhanced to incorporate pixels with different excitation writing durations, therefore allowing

a scaling of the fluorescence contrast within the image.

Figure 44: Refractive imaging of a laser printed pattern using a CdSe QD based hybrid material substrate. The automated

printing process allows for the production of complex patterns on a nm scale in a short amount of time.
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Figure 1: Left-Schematic visualization of the “particle in a box” concept for the first three
guantum numbers n as wavefunctions. The Potential barriers V(x) for x<0 and x> L are
assumed to be infinitely high. Right-Schematic visualization of the resulting Energy levels
of excited particles in a box for the first eight quantum numbers, showing the increasing
distance between energy levels with higher quantum numbers. 15

Figure 2: Schematic visualization of the semiconductor density of states (DOS) correlated to
the energy E. The density of states below the fermi Energy level Er are filled with
electrons, while the energy levels above are unoccupied and can be populated by exciting
electrons. a) DOS of bulk semiconductor material with electron filled valence band (VB)
and unoccupied conduction band (CB). b) Splitting of CB and VB into a molecule orbital-
like DOS inside semiconductor nanocrystals. c) Excitation of electrons by light from the
VB in the CB. d) Relaxation of electrons under light emission from the CB to the VB. 16

Figure 3: Theoretically calculated density of states in CdSe bulk material and a 1 nm radius
nanocrystal of CdSe. The Zero is the vacuum Energy. The theoretical calculations show a
clear change in the band structure of the QD compared to the bulk material. The CBM of
the nanoparticle at -2.17 eV and the VBM of -6.27 result in a calculated bandgap of 4.1
eV compared to the smaller calculated bandgap of the bulk material of 1.72 eV (CBM -
3.52 eV, VBM -5.24 eV). This figure has been taken from the work of L.W. Wang and A.
Zunger as an abridged version.?® Copyright 1996 The American Physical Society. 18

Figure 4: a) Schematic representation for DOS for an imperfect nanocrystal with trap states
that are located inside the bandgap. Trap states can be induced due to unsaturated
surface atoms, either through b) incomplete surface saturation with ligands or c) missing
surface atoms. d) Trap states can allow for alternative, non-radiative recombination
pathways or recombination under emission of light with a longer wavelength due to the
lower energy difference. 19

Figure 5: Illustration of different stabilizing agents and ligand molecules. a) Oleic acid, b)
Trioctylphosphineoxide, c) Oleylamine. 20

Figure 6: Schematic representation of trap state elimination through ligand molecules. Image

taken from the work of A.J. Houtepen.3® Copyright 2016 American Chemical Society. 21
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Figure 7: Schematic visualization of ligand types. a) L-type ligands as two electron donors. b)
X-type ligands functioning as one electron donor. C) Z-type ligands act as two electron
acceptors to form a bond. Image taken from the work of A.J. Houtepen.3® Copyright 2016
American Chemical Society. 22

Figure 8: Schematic of ligand exchange using excess pyridine to displace the native
Trioctylphosphine Oxide (TOPO) ligand shell. a) Equilibrium between bound TOPO ligands
and unbound ligands in solution. b) Replacement of TOPO though excess pyridine in
solution shifting the surface equilibrium towards pyridine stabilization. 23

Figure 9: Schematic of ligand exchange of the native organic, long-chained ligand shell with a
hybrid, organic-inorganic ligand shell. a) Native ligand shell of long-chained organic
molecules stabilizing QDs in non-polar solvents (hexane). b) Transfer of QDs into N-
methylamine formamide solvent through ligand exchange with Ammonium iodide salt
resulting in inorganic stabilization. c) Transfer of QDs into chloroform solvent through
ligand exchange using an excess of n-butylamine, creating a hybrid organic inorganic
ligand shell. The modified graphic is taken from the work of Eychmiiller et al. # Copyright
2017 American Chemical Society. 24

Figure 10: Schematic of unmodified metal-free phthalocyanine molecules (left) and
4,4, 4" 4""-tetraamino phthalocyanine (4APc) with varying metal centers (right). 25

Figure 11: Absorption spectrum of zinc-phthalocyanine with distinct B- and Q-absorption
bands. The B-band absorption is caused by the transition of electrons from the ground
state (So) to the second excited state (S2), while the Q-band absorption is related to the
transition from the ground state (So) to the first excited state (S1).Spectral data taken
from “The Porphyrin Handbook” vol 16 Copyright 2003 Elsevier Inc. >2 26

Figure 12: Schematic visualization of calculated molecule orbital energy levels in
phthalocyanine complexes with varying metal central atoms. The energy levels of the
molecule orbitals can change significantly by changing the central metal atom. Most
noticeably here is the change in energy for the HOMO LUMO transition that governs the
position of the Q-band absorption. Schematic taken from the work of Liao and
Schreiner.>® Copyright 2002 Wiley Periodicals LLC 27

Figure 13: schematic for possible pathways for forming reactive oxygen species under a)

homolytic oxygen cleavage and b) heterolytic oxygen cleavage on the example of mono-
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and binuclear iron complexes. The cleaving of the oxygen bond allows for the creation of
radical and ionic oxygen species that can further react to form a variety of reactive oxygen
species. Schematic taken from the work of Sorokin and Kudrik.”? Copyright 2011 Elsevier

30

Figure 14: Schematic of optical patterning via ligand modification under irradiation to modify
solution processability. a) Irradiation with a mask containing the desired pattern
modifying the exposed stabilizing ligands. b) Washing with an appropriate solvent to
remove the modified QDs. c) Finished pattern of unaltered QDs. 31
Figure 15: Visualization of gradual oxidation of surface atoms through targeted laser light
excitation and resulting elimination of surface defects and resulting trap states. 32
Figure 16: Schematic of positive fluorescence contrast writing with CdSe QDs. Excitation using
488 nm laser source resulting in a positive fluorescence contrast pattern. 32
Figure 17: (a)-(c) show the line section produced by two different point-like sources (blue and
red dashed line) together with their sum (black line). The distance between the maxima

of both objects is defined by Ax. (a) The distance Ax is smaller than the value given by
equation 5 and the 2 sources cannot be distinguished. (b) The distance Ax is chosen in a

way that both sources can be distinguished, as the first minimum of the black curve is
located at the maximum of the red curve and vice versa, this configuration is called the
Rayleigh criterion. (c) The distance Ax is much larger and both sources can be clearly
distinguished. 34
Figure 18: Schematic drawing of the confocal principal for achieving high axial resolution along
the optical axis. In this method, a pinhole (PH) is placed in the image plane to reduce out-
of-focus light (z<0 in blue, z>0 in red). This way, only light emerging from the focal plane
(z=0, shown in green) can pass the PH, while out of focus signal gets drastically reduced.

35

Figure 19: Absorption spectrum of colloidal CdSe QDs. Using a Lorentzian fit to determine the
wavelength of the first excitonic absorption peak, to determine size and concentration

of the colloidal QDs. 37
Figure 20: Schematic drawing of the experimental microscopy setup. The dashed rectangles
indicate the excitation and the detection beam path. M1-5: mirrors, BS: beam splitter,

MO: microscope objective, APD 1,2: avalanche photodiodes, CCD: charged coupled
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device sensor. The excitation beam path consists of a 488 nm and a 633 nm laser diode
as excitation sources, which are operated in CW mode. The excitation light source can be
switched through use of mirror (M2) and is focused with an immersion oil objective lens
(NA=1.25) onto the sample which is scanned through the focus. The same objective lens
is used to collect the detected signal, which is guided through a beam splitter (BS) to the
detection path. The detected signal can either be guided to a spectroscopic unit or two
different avalanche photodiodes (APD 1,2) for imaging. 38
Figure 21: Schematic of experimental setup for CdSe particle synthesis. Setup includes a Three-
necked round bottom flask with magnetic stirring, temperature controller, injection valve
and Dimroth cooler connected to a Schlenk line. 41
Figure 22: a) UV-vis absorption spectra of 3.5 £ 0.1 nm CdSe NP with size distribution analysis
(inset) using STEM images b). 42
Figure 23: a) UV-vis absorption spectra of 4.7 £ 0.2 nm CdSe NP with size distribution analysis
(inset) using SEM images b). 44
Figure 24: a) UV-vis absorption spectra of 4.1 £ 0.1 nm CdSe NP with size distribution analysis
(inset) using SEM image b). 45
Figure 25: 13 C NMR spectra of CdSe particle solution before (blue) and after (red) ligand
exchange procedure. Clear indication of long chained molecules before the exchange (1-
5) being replaced by n-butylamine (6-9). Small satellite signals (blue/magnified) indicate
a mixture of long chained molecules in the native ligand shell. 47
Figure 26: Schematic for dip coating procedure to obtain phthalocyanine functionalized CdSe
films on glass or silicon oxide surfaced substrates. Dipping into a CdSe particle solution (1)
for 20s followed by washing in Chloroform (2). Subsequent dipping in a ligand solution in
DMSO (3) for 20s and cleaning in DMSO (4). This sequence is repeated as often as
needed. 48
Figure 27: Schematic for drop casting procedure to obtain phthalocyanine functionalized CdSe
films on glass or silicon oxide surfaced substrates. Deposition of ligand solution in DMF
on the substrate (1), with subsequent addition of CdSe particle solution in THF (2), which
is then dried (3) resulting in functionalized CdSe films. 49
Figure 28: Images of completely covered silicon (a,b) and glass substrates (c,d) using dip

coating (a,c) and drop casting (b,d) preparation. 51
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Figure 29: SEM images of hybrid material thin films created through drop casting using CdSe
QDs and Fe4APc molecules. a) Image of complete coverage of the substrate with the QD
hybrid material showing cracks and material indentations due to drying effects. b) No
obvious ordered structure motive or overarching structural domains can be observed.

52

Figure 30: AFM images of CdSe hybrid films created through dip coating (a,b) and drop casting
(c,d). For film thickness evaluation, an incision is made and the height difference from
substrate to film is measured on the boarder (a,c). Roughness is evaluated by measuring
the root mean square value of the height difference in an undisturbed 10x10 um area
(c,d). 53

Figure 31: Image of in homogeneously and partially covered silicon substrate due to
insufficient CdSe QD particle amount. 55

Figure 32: a) Comparison of UV-Vis absorption spectra of native CdSe particle solution (1) after
ligand exchange with butylamine (2) and prepared as unfunctionalized film (3). b)
Comparison of UV-Vis spectra of an unfunctionalized CdSe particle film (3), a spectrum of
Fe-phthalocyanine (4) and a CdSe particle film functionalized with Fe-phthalocyanine (5).

56

Figure 33: Schematic structure of 4,4°,4"",4”"" tetraaminophthalocyanine (4APc) molecules,
containing different metal center atoms of Copper (Cu), Nickel (Ni), Iron (Fe) and as metal
free variant (H>). 57

Figure 34: Comparison of Raman spectra of unfunctionalized CdSe films and after ligand
exchange with various phthalocyanine species containing Fe, Ni, Cu metal centers and
the metal free variant (Hy). 58

Figure 35: Optical write/read-out experiments on thin films of CdSe QDs functionalized with
Fe4APc. (a) 488 nm write/488 nm read. (b) 488 nm write/633 nm read. Both panels show
the same part of the sample, which was optically patterned under the same conditions.
(c) A different part of the sample optically patterned at 633 nm and read-out at 633 nm.
(d) The same patterned sample region as in (c), but under 488 nm read-out. Adapted with
permission from ref %3, Copyright 2019 AIP Publishing. 60

Figure 36: Fluorescence spectra over time under 488 nm excitation of a CdSe QD (4.7 nm) film

functionalized with Fe4APc molecules. Overview during 15 min excitation, spectra are
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taken every 10 s of excitation time. A continued increase of the fluorescence intensity is
visible, together with a blue shift of the emission peak of about 10 nm. Inset: Overview
the of fluorescence intensity (blue lines, right scale) and center wavelength of the
emission (red and black line, left scale) development during excitation over 15 min. 62
Figure 37: a) Fluorescence spectra over time under 488 nm excitation. Overview during 15 min
excitation, spectra are acquired every 10 s of excitation time. Continuous decrease of the
fluorescence intensity due to break down of the CdSe QDs. A fit of the final spectra no
longer corresponds to the usual Lorentzian fit model of the CdSe QDs. b) Spatial scan of
the fluorescence intensity under different readout wavelengths showing fluorescence
enhancement in the initial state of the material and negative fluorescence contrast after
excitation due to destruction of the CdSe QD hybrid material. 63
Figure 38: a) Fluorescence spectra of CdSe-Fe4APc (top) QDs and of CdSe-I"/BA QDs (bottom)
under 488 nm excitation for 0 min (red) and 15 min (blue). b) Fluorescence intensity
increase (right axis) and spectral shift (left axis) of the same samples as those analyzed in
a) for consecutive time intervals. Adapted with permission from ref °3. Copyright 2019
AIP Publishing. 63
Figure 39: (a) Fluorescence spectra under 633 nm excitation of the hybrid material after 0 min
(blue) and 15 min (red) continuous excitation. Phonon modes of the CdSe lattice are
signaled by asterisks. At this wavelength only the phthalocyanine is excited, which leads
to a broad fluorescence signal. The spectral region of the fluorescence from the
phthalocyanine due to radiative recombination of the HOMO-LUMO transition is
highlighted with a black square. The inset magnifies this spectral region and provides the
fluorescence spectrum of the neat phthalocyanine in black for comparison. (b)
Fluorescence spectra under 633 nm excitation of CdSe QDs functionalized with OA/HDA
after 0 min (blue) and 15 min (red) continuous excitation. Adapted with permission from
ref 3. Copyright 2019 AIP Publishing. 64
Figure 40: a) Fluorescence spectra of CdSe-Fe4APc (top) and of Fe4APc neat molecules
(bottom) under 633 nm excitation for 0 min (red) and 15 min (blue). b) Fluorescence
intensity decrease of the same samples as those analyzed in a) for consecutive time

intervals. 65
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Figure 41: Schematic visualization of layer by layer deposition of n-butylamine/iodide
stabilized CdSe QD on an MPTMS functionalized substrate. The initial QD layer is
coordinated to the substrate via the MPTMS functionalization. The QDs are immobilized
through washing and drying, removing the hybrid ligands. Functionalization with
phthalocyanine enables coordination of additional QD layers. 68

Figure 42: Comparison of UV-Vis absorption properties and electronic structure of the CdSe
QDs and Fe4APc molecules of the hybrid material. a) UV-Vis absorption spectra of CdSe
QDs and 4APc films with the two different laser excitation wavelengths. b) comparison
of the 1Sh-1Se transition of the QDs and the HOMO-LUMO transition of Fe4APc using
different laser wavelengths. Energy levels for the HOMO/LUMO transition of Fe4APc and
the CdSe QDs are taken from theoretical energy level calculations and measurements.?3"
25,53,119 69

Figure 43: Schematic visualization of ROS generation through CdSe QDs and Fe4APc molecules
under laser excitation. a) Generation of ROS through interaction with the exciton of the
QD. The exciton can be formed through excitation of electrons to the conduction band
at 488 nm excitation or below bandgap excitation through trap states (TS) at 633 nm. b)
Generation of ROS through interaction of oxygen with the exciton of the HOMO-LUMO
transition of phthalocyanine at 633 nm excitation. The generation of ROS near the QD
surface results in the steady oxidation of the QD. 71

Figure 44: Refractive imaging of a laser printed pattern using a CdSe QD based hybrid material
substrate. The automated printing process allows for the production of complex patterns

on a nm scale in a short amount of time. 74
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