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Introduction 1

1. Introduction

Materials in the nanometre size regime possess properties which are distinctly different
from their corresponding bulk properties. The properties are also size dependant, which
means that they are controllable by synthetic means. With the developments of colloidal
synthetic approaches to produce almost perfect nanoparticles, with respect to size
distribution, shape and crystal structure, intense interest in the application of these
materials has arisen. Special interest exists in the area of biomedical applications.
Semiconductor nanoparticles with size tuneable luminescence are perfect candidates for
fluorescent labelling, which is a common way to study the interactions of biomolecules
on the cellular and the integrative level. Since the dimensions of nanoparticles are smaller
or comparable to those of cells, viruses or genes, magnetic nanoparticles can be directed
close to the biological entity of interest and still be manipulated with an external field,
thus offering new possibilities for application in biomedicine.

Synthesized by wet chemical approaches, the obtained nanometre-sized materials can be
handled as easily as ordinary liquids, but are limited to solvents which are compatible
with the stabilising organic shell, which is determined by synthetic demands. The organic
shell is an integral part of a colloidal nanoparticle system, which provides colloidal and
overall stability in solution and, being a shield to the environment, determines the
chemical behaviour of the colloid. Since the shell is loosely bonded to the inorganic
nanoparticle core, it can be manipulated with, even completely exchanged, giving the
possibility of tailoring the properties of the nanoparticles.

Replacement of the organic shell, so-called ligand exchange, is a very frequently
employed method to achieve the phase transfer of nanoparticles from organic, non-polar
solvents to aqueous ones. The molecules used for building a new ligand shell should
possess a functionality through which a connection with the nanoparticle can be achieved,
as well as a suitable water-soluble part. The choice of molecules which can build a ligand

shell and stabilise nanoparticles in solution is very broad, however, it is always necessary
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to look one step further and choose the most suitable one for the intended application.
When biomedical applications are involved, besides water-soluble, the use of a
biocompatible and non-toxic organic shell is the natural choice. Poly(ethylene oxide), in
addition to its good water-solubility, is known to be a well-suited material for biomedical
applications, and is thus a highly desirable material for use as a stabilising organic shell
for nanoparticles. Poly(ethylene oxide) alone cannot bind to nanoparticles and must first
be functionalised in order to be used as a stabilising ligand.

Within the frame of this study, poly(ethylene oxide) ligands for the stabilisation of
aqueous colloidal solutions of nanoparticles will be prepared. The main aim in the design
of suitable poly(ethylene oxide)-based ligands is to introduce functional groups,
preferably at the end of the polymer chain, which can make a connection to the
nanoparticles. Once the poly(ethylene oxide)-based ligands are connected to the
nanoparticle, the solubility properties will be determined by this new water-soluble
organic shell. A method to achieve ligand exchange and phase transfer to water will be
developed. Properties, such as colloidal stability under different conditions and
photostability of the water-soluble nanoparticles important for future application, will be
investigated. In a case where multidendate ligands were used, the possibility of
crosslinking the organic shell around the inorganic core, in order to further stabilise a
polymer-nanoparticle complex, will be investigated.

The nanoparticle-polymer conjugates obtained in this way do not only have desirable
solubility properties, but can also be thought of as new hybrid materials, consisting of an
inorganic hydrophobic core and an organic hydrophilic part, both of which can be
designed separately. Amphiphilic block copolymers, which consist of hydrophilic and
hydrophobic parts, are prone to spontaneous organisation (self-assembly) in aqueous
solutions into structures that can be predicted and controlled by knowing the balance of
the constituents of the molecule. Similarly, as in the case of a block copolymer, the
possibility of controlling the organisation of nanoparticle-polymer conjugates in an
aqueous solution, by the choice of each of the inorganic and organic constituents, as well

as by the ratio of both, will be explored.
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2. Background

2.1 Size quantisation effect

Nanoparticles are small crystals of a few hundred to a few thousand atoms with
dimensions on the nanometre scale. Due to their small size, their properties differ
significantly from those of the corresponding bulk material."* First, the large surface to
volume ratio, where a large fraction of the atoms of such a crystal are situated at the
surface, contributes to their different properties to those of larger crystals, in which these
atoms do not play a major role in the overall behaviour of the material. Second, the
electronic structure in this size regime is also influenced by size (size quantization effect),
whereby semiconductor nanocrystals, with which this work is mostly concerned, are the
most illustrative examples with which to explain this phenomenon. For semiconductor
materials, the energy difference between the highest occupied and the lowest unoccupied
electron energy state (conduction and valence band, respectively) is a material constant
called the band gap, E;. When excited to the valence band, an electron forms a bound
state with the positive hole, which remains in the conduction band, through Coulomb
interactions, a so-called Wannier exciton. Imagined as a hydrogen atom, an exciton can
be described by the Bohr radius. Values of the Bohr radius of some semiconductors, such
as CdSe, are between 1 and 50 nm. When the size of the crystal approaches the value of
the Bohr radius of the exciton, the energy of the exciton is increased due to the
confinement of the electron and a hole within the crystal. The final result is that with
decreasing size of the nanocrystal, the band gap is increased. This phenomenon is known
as quantum confinement or size quantization effect. Using the effective mass
approximation,’ the increase in the band gap with decreasing radius of a nanoparticle is

quantitatively expressed by the following relationship:
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2 2
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where, E, is the band gap of the bulk material. The positive contribution of the
confinement energy is described by the second term with a 1/R* dependence, where h is

the Plank constant, m’

. and m, the effective mass of the electron and the hole,
respectively, and m, the mass of an electron at rest. The third term describes the
contribution of the Coulomb attraction, which varies as a function of 1/R; & is the

dielectric constant of the semiconductor and &, the dielectric constant of vacuum. For

small values of R, the confinement term is dominant, making E grater than E,. For large
values of R, the value of E approaches that of E,.

The size quantization effect can be explained using the linear combination of atomic
orbitals (LCAO) theory.® By combination of the atomic orbitals, an equal number of
molecular orbitals (MO) are formed (Figure 2.1.1). With increasing number of atoms, the

number of MO increases, and the MO merge into bands for an infinite number of atoms
(bulk).
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Figure 2.1.1. Evolution of molecular orbitals into bands

(N represents the number of atoms)



Background 5

Nanocrystals lie between molecules and infinite crystals with increasing distance between
the highest occupied molecular orbital and the lowest unoccupied molecular orbital as the
number of building atoms (the size) of the nanocrystal decreases.

Macroscopic manifestations of the changes of the band gap are the shifts in absorption
onset and the luminescence peak position with changing size of the semiconductor
nanocrystal. Thus, by changing the size, different spectral colours of the emission from
semiconductor fluorophores can be chosen. By changing the material from ZnS and ZnSe
over CdSe and CdTe to PbS and PbSe, the whole spectrum from UV to infrared can be
covered in narrow peaks. Apart from fundamental interest in nanometre-sized materials,
such properties offer great possibilities for various applications where their luminescence
response to light excitation can be utilised.

Since the properties of nanometre-sized materials are size dependant, it is obvious that a
great necessity exists in both fundamental investigations as well as in the development of
applications for a synthetic approach to be chosen which results in samples with a narrow

size distribution.

2.2 Synthesis of narrow size distribution semiconductor colloids

To obtain nanoparticles nearly free from structural defects and with a good size
distribution, the high temperature organic approaches are still unrivalled. This type of
synthesis was first described for CdX (X =S, Se, Te) in 1993° and since then a number of
improvements have resulted, however, the principles have remained the same. The
synthesis consists in the pyrolytic decomposition of precursor molecules in the presence
of surfactant molecules (so-called ligands) such as tri-n-octylphosphine oxide (TOPO),
which was employed in the first described synthesis of CdSe by this method. In addition
to TOPO, a number of other surfactants, such as alkylamines, phosphonic or fatty acids,
can be used. With the use of carefully chosen high boiling organic surfactants and the
proper precursor molecules, other types of nanoparticles, such as CoPt; and Fe;O4, with
very good size distribution and high crystallinity can also be prepared by this method.*’

In a typical synthesis, the surfactant molecules are heated to high temperatures, around
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300 °C, and then precursor molecules are injected, whereby nucleation occurs. The role of
the surfactant molecules during the synthesis is to form a complex with the atoms on the
surface of the nanoparticles as well as with the precursor atoms, thus preventing
uncontrollable growth of the nanoparticles. The reaction only occurs at elevated
temperatures and, hence, the growth of the nanoparticles can be stopped once the desired
size is attained by decreasing the temperature. For semiconductor nanoparticles, the
growth can easily be followed by means of optical spectroscopy.

In semiconductor nanoparticles, the surface atoms can give rise to states with a high
electron affinity (surface traps), which can lower the luminescence efficiency by acting as
centres for non-radiative processes. To reduce the non-radiative processes, the
nanoparticles are usually coated with a higher band gap material by the same reaction
approach. The precursor for the shell growth is slowly added to the unpurified reaction
mixture and a temperature is chosen at which the nucleation of the shell precursor does
not occur. The reaction conditions chosen can also allow the growth to be preferentially
epitaxial. Thus core/shell nanoparticles are obtained which exhibit higher luminescence
efficiencies and improved photochemical stability compared to the bare core
nanoparticles.

As the same surfactant molecules are used for the growth of the shell, as were employed
for the synthesis of the core, the nanoparticles are covered with a layer of these organic
molecules (ligands) which have a functional group through which they bind to the surface
atoms of the nanoparticles. These ligands provide solubility and colloidal stability of the
nanoparticles, preventing them to agglomerate, which allows for the easy handling of
these inorganic crystals as with ordinary liquids. The solubility characteristics of the
surfactant molecules will in this way determine the final solubility properties of the
nanoparticles. However, the conclusion that the solubility of a ligand in a certain solvent
means that the nanoparticle can be dissolved in the same solvent is not given. At this
stage, the nanoparticles are not soluble in highly polar solvents, such as methanol,
although TOPO alone is soluble in such solvents. Upon the addition of methanol, the
polar group of the loosely bound TOPO molecules forms strong bonds with the methanol
molecules, thus allowing agglomeration of the nanoparticles. The usual way of purifying

the nanoparticles is, thus, through precipitation with methanol. The precipitate, still
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containing some, more strongly bonded TOPO  molecules, can be
re-dispersed in chloroform. In each purification step, some of the more loosely bonded
ligands are lost, leading eventually to irreversible agglomeration of the nanoparticles.
While the surfactant molecule is attached to the nanoparticle through its polar head group,
which does not contribute to the solubility characteristic of the nanoparticles, the
hydrophobic aliphatic chain of the surfactant molecule determines the solubility and
allows the nanoparticles to be dispersed in solvents such as chloroform, toluene and
hexane. Thus, the nanoparticles synthesized through this advanced synthetic approach are
non-polar and insoluble not only in polar organic solvents but also in water, which is the

ultimate goal.

2.3 Water solubility

Fluorescence imaging is one of the strongly emerging fields in biology and medicine, and
semiconductor nanoparticles are certainly finding a very representative place among the
fluorophores which can be employed.*'’ In the first published application of
semiconductor nanoparticles in biolabelling experiments, where the water solubilisation
strategy was simultaneously proposed, their advantages over organic fluorophores were
convincingly presented.'""'? Unlike organic dye molecules, these inorganic nanocrystals
are less sensitive to environmental changes and have lower rates of photodegradation,

allowing long-term experiments.
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Figure 2.3.1. Comparison of the absorption and emission characteristics of CdSe

nanoparticles of different size and the organic dye Rodamine 6G

Narrow emission and broad absorption spectra compared to the very broad emission peak
and narrow excitation window of organic fluorophores are further advantages of
nanoparticles (Figure 2.3.1). The emission colour of the nanoparticle fluorophore can be
tuned by only changing the size of chemically identical species, which can be excited
with the same wavelength light, since their absorption characteristics do not differ
significantly in the low wavelength region. Whereas to observe multiple colours with
organic dyes, chemically different species must be used and for each dye the most
suitable experimental conditions (such as the excitation light wavelength) must be
chosen.

These properties have induced a large interest in the use of semiconductor nanoparticles
for imaging experiments. To provide for such extraordinary properties, the best synthetic
method as described in the previous section is the usual choice, with the consequence that
the obtained materials are neither water- nor bio-compatible. Thus, the first step in any
further bioapplication of such materials is to make them water soluble. In an ever
increasing number of reviews on the bioapplication of nanoparticles, special emphasis is
always given to the water solubility issue.">** Although very sophisticated methods for
the phase transfer of nanoparticles have been developed, the universal answer to the

aqueous solubility problem still does not exist. Generally all the developed methods to
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make nanoparticles water-soluble can be divided into two basic strategies: ligand

exchange reactions and encapsulation in micelle-like structures (Figure 2.3.2).

Ré Hsﬁo(o“
H\?} ,/{ {/{ Ligand exchange

Figure 2.3.2. Schematic representation of the two strategies employed to make

nanoparticles water-soluble
2.3.1 Solubilisation by ligand exchange

In the ligand exchange procedures, the original hydrophobic layer of organic molecules is
replaced with suitable ligands which should possess a functionality reactive toward the
surface atoms of the nanoparticle at one end and a water compatible functionality on the
other end of molecule. In the first described ligand exchange experiment,'’ the ligand
used was mercaptoacetic acid, which possesses an SH binding group and a carboxylic
group, which provides water-solubility through the repulsive electrostatic interactions of
the charged COO™ groups. The use of different mercaptohydrocarbonic acids is very
broad since the phase transfer is relatively simple to perform. In addition to

9

: : 12427 .28 )
mercaptoacetic acid, mercaptopropionic, mercaptoundecanoic and



10 Background

mercaptobenzoic acid® have also been used. The so-obtained nanoparticles are suitable
for further ligand exchange with biological molecules functionalised with groups reactive
toward the nanoparticle surface, such as thiolated nucleic acids.”’ Although broadly used,
nanoparticles stabilised with mercaptohydrocarbonic acids have many disadvantages. The
bond between the SH group and the nanoparticle is dynamic so that excess ligands must
be present in the solution. Crosslinking of the ligand shell around the nanoparticle has
been proposed as a solution for the poor stability of the nanoparticle/ligand complex.
Usually, silane molecules with an SH functionality for binding to the nanoparticle surface
and a polar group for water compatibility are used.'>*** First the ligand exchange is
performed leaving methoxy groups exposed to the solvent. The silane molecules are then
crosslinked by reaction of the methoxysilane groups, resulting finally in stabile siloxane
bonds. To improve the biocompatibility, these silanised nanoparticles can be further
functionalised with poly(ethylene oxide), PEO. With this strategy, where the ligand is
directly bonded to the nanoparticle, crosslinking of the carboxyl groups of the
mercaptohydrocarbonic acids and further hydrophilisation with cysteine molecules have
also been proposed.’* Procedures involving crosslinking of the ligand molecules,
although providing a much improved stability, are tentative and yields are low, which is
the main reason why they are not more widely used. Another approach to increase the
stability of water-soluble nanoparticles is the use of polydendate ligands, such as
dihydrolipoic acid.*> Multidendate ligands were also used with phosphine,*® phosphine
oxide,”” amino®® or carboxylic groups.” In many of these examples, the stabilisation in
water was not provided for by the electrostatic repulsion of the charged groups. The
disadvantage of nanoparticles stabilised through repulsion of the charged groups (as in
the case of mercaptohydrocarbonic acids) is the poor stability in solutions of low pH and
high  ionic  strength. To  overcome  this  problem, ligands  with
non-charged groups, such as dithiothreitol, can be employed.*’ Moreover, the stabilisation
of nanoparticles can be also achieved through steric stabilisation by the repulsion of the
polymeric chains. PEO with two binding SH groups have been shown to greatly improve
the properties of water-soluble nanoparticles compared to mono or bidendate
mercaptohydrocarbonic acids.*’ One interesting example of ligands used in the ligand

exchange procedure are certainly dendron molecules, where the highly branched structure
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of the ligand was shown to be not only successful in providing the colloidal stability of an
aqueous dispersion of nanoparticles, but also to have a positive impact on the chemical
and photostability of these conjugates.*

In ligand exchange procedures, simultaneously with changes in the colloidal properties of
the nanoparticles, the luminescence efficiencies can be greatly affected, since the surface

states of the nanoparticles are very sensitive to any change.

2.3.2 Encapsulation of the nanoparticles in micelle-like structures

The second strategy to make nanoparticles water-soluble does not involve ligand
exchange and thus allows the original ligands to almost completely determine the
luminescence properties. In this approach, an additional layer of organic amphiphilic
molecules is added to the existing ligand layer of the original nanoparticles. The
amphiphilic molecules possess a hydrophobic part which reacts with the hydrophobic
molecules on the nanoparticle surface through hydrophobic interactions, while the second
hydrophilic part ensures water solubility. In the first described experiment of this type of
stabilisation, phospholipid molecules were used with PEO in the water-soluble part of the
molecule.” The nanoparticles were trapped in ligand-formed, micelle-like structures.
Other types of polymers, such as copolymers with carboxylic groups in the backbone of
the molecule and hydrocarbon branches, were also used.** The side hydrocarbon branches
interact with the TOPO chains and charged carboxylic groups of the polymer backbone
ensure the water solubility of these structures. To obtain such polymers, poly(acrylic
acid) was grafted with octyl amine through EDC-coupling
(EDC = N-(-3dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride). The same
reaction of the carboxylic groups with EDC has been used to stabilise these conjugates
through the crosslinking of the carboxyl-group-containing shell. Also a commercially
available polymer with a similar structure and with the same working principle,
poly(maleic anhydride alt-1-tertadecene), was used.” As in the previous case, here also
some of the carboxylic groups had to be crosslinked after the encapsulation of

nanoparticles, in order to ensure the stability of such structures. Encapsulation with more
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complex structures, such as a triblock copolymer containing poly(butyl acrylate),
poly(ethyl acrylate) and poly(methacrylic acid) segments in which the carboxylic groups
were partially modified with octylamine and PEO, was also reported.”® Liposome
encapsulation, similar to the first described phospholipide system, resulting in directly
biocompatible nanoparticles has been performed.*’ The extent of agglomeration occurring
during encapsulation and, in the cases where it was used, during the crosslinking
procedure, is questionable and usually a poorly addressed issue. It can be easily imagined
that a great loss of nanoparticles occurs due to agglomeration during the preparation of
such conjugates. This can, however, in part be avoided by the proper choice of
concentration and reaction conditions. The encapsulation approach is, on the other hand,
quite general, since it relies on the hydrophobic interaction of the organic layer of
nanoparticles and is insensitive to the variation of the nanoparticle material. However, the
main criticism of this type of procedure lies in the size of the final product, which

increases through the formation of a multilayered structure.

2.3.3 Magnetic nanoparticles

There is a growing interest in magnetic nanoparticles for use in biomedicine.”® As with
semiconductor nanoparticles, magnetic nanoparticles of a good crystallinity and low
polydispersity are obtained with a hydrophobic ligand layer and, hence, they must be
made water-compatible. Very general encapsulation procedures, either with polymeric
ligands or phospholipids, were successfully applied for the water transfer of magnetic

- 1o 45,4950
nanoparticles.”™ "

There are also reports about ligand exchange using carboxylic or
phosphine groups as the binding groups for iron-oxide nanoparticles.’'~* Since the ligand
exchange procedure has the advantage of retaining the small size of the end product, this
strategy should be more broadly used in the case of magnetic nanoparticles, where a drop
in the luminescence intensity, which usually accompanies this procedure with

semiconductor nanoparticles, is not an issue.
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2.4 Properties of water-soluble nanoparticles

As may be seen from the previous section, the strategies to make nanoparticles
water-soluble are versatile and there is still no approach preferred over the other. Very
often the nanoparticles are made water-soluble in a way that will suite the potential
application the most. There are very few reports dealing with comparisons of any
important properties, such as optical properties, size and stability of the nanoparticles,

53.54 . . . . .
" If the size is an issue in the designed

after phase transfer using different procedures.
biological experiment, then the nanoparticles should be stabilised with a thin organic
layer which is, in turn, not the best choice when high stability to the influence of the
environment is required. The biocompatibility of nanoparticles is important for any type
of biological experiment. Regardless of the way in which the nanoparticles are brought
into an aqueous environment, they are very often, either during phase transfer or after it
has been performed, decorated with PEO molecules. PEO, which is known to be bio-inert
and non-toxic, is already broadly used in other fields of biotechnology. The non-specific
binding sometimes observed in biological experiments is usually prevented by addition
the of PEO to the nanoparticle coating.”

The increased interest in biological applications has raised the question of toxicity.”®™®
Nanoparticles comprising of Cd or Pb can be expected to be harmful if these ions are
released from the nanoparticles. The cytotoxicity correlates with the evolution of these
ions into the surrounding medium. Here also, the surface coating plays the determining
role in the release of these ions and, consequently, in the toxicity. It has been shown that
for nanoparticles covered with a thick polymeric coating, as opposed to those coated with
small molecules such as mercaptoacetic acid, the coating could prevent cytotoxicity.”” A
suitable coating does not only have a role as a barrier to the release of the liberated ions,
but can also affect the oxidation processes leading to the formation of these ions in the
first place.” Although the cytotoxicity of suitably coated nanoparticles does not appear to
be problematic for in vitro studies,” the impact that these materials will have in vivo

applications still needs to be determined. Again, here the coating will play a crucial role

in the final properties of these materials, not only as a barrier to the influences of the
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environment, but also in issues such as uptake, accumulation in tissues and release from
the body. As a starting point, the use of a non-toxic, non-immunogenic coating material,
such as PEO, should be considered.

Water-soluble nanoparticles designed to be used in biological applications do not only
have the role of a simple imaging probes. Conjugation with biomolecules is a step further
for the design of self-assembled nanostructures. Coating-directed arrangements of
nanoparticles by DNA through the self-assembly processes is of current interest in the
field of nanoengineering."” However, self-assembly is not limited only to biomolecules,
such as DNA, it is also a usual way by which, for example, amphiphilic molecules build
complex, although predictable, structures. From this aspect, engineering of the
nanoparticle coating is not just a simple way to achieve the desired properties, but can be
a powerful tool in controlling the structure of a nanoparticle/ligand conjugate with the

desired functionality as the next step.
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3. Results and Discussion

3.1 Synthesis and characterisation of CdSe/CdS and CdSe/CdS/ZnS

nanocrystals

As already presented, luminescent nanocrystals have superior properties compared to
organic dyes in several aspects, which recommends them for use in biolabelling
experiments. Water-based synthesis would be the natural choice for such materials since
the so obtained nanoparticles are hydrophilic and, therefore, more likely to be
biocompatible. However, nanoparticles obtained in water-based syntheses, especially
CdSe,”** have not yet reached the level of perfection that is found in nanoparticles
synthesised by the hot—injection synthesis method. Described for the first time in 1993,
the hot-injection method represents a milestone in synthetic methodology in the
wet-synthetic approach to obtain nanoparticles.’” The method consists of the rapid
injection of organometallic reagents (such as dimethyl-cadmium) into a hot coordinating
solvent (trioctylphosphine oxide, TOPO, at 300 °C) to produce homogenous nucleation.
The sudden temperature drop associated with the introduction of the room temperature
reagents prevents further nucleation. Increasing the temperature again to higher values
leads to the slow growth and annealing of the existing nuclei. Numerous adaptations of
this synthetic approach have been developed leading to nanoparticles with extremely
narrow size distributions and high quantum efficiencies.”> Within this frame work, the
hot-injection method was employed to produce high quality CdSe nanoparticles. A
“greener” chemical approach was used by which the hazardous dimethyl-cadmium was
replaced with cadmium-acetate, Cd(Ac),, along with the addition of the hexadecylamine
as a coordinating ligand.®* Previously it was also shown that the Cd(Ac),/pure-TOPO
system is much more reproducible than the Cd(CHs),/pure-TOPO system.*>%

One more advantage of the hot-injection method compared to others is the possibility of

building an inorganic passivation shell. Although organically-capped nanocrystals with
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very high luminescence efficiencies can be obtained (up to 85 % for samples without any
purification), they are still not robust enough for further manipulation. Their
photostability is also rather poor since the organic shell is flexible and dynamic allowing
the ambient chemical species to reach the surface of the nanoparticle. The robustness as
well as photostability can be improved by growing a shell of a higher band gap material
over the CdSe core. The lattice mismatch between CdSe and CdS is rather low (3.9 %),
allowing an easy epitaxial shell growth and providing good passivation.” For increased
stability, a shell of a higher band gap material is favourable, as is the case of ZnS.
However, the large lattice mismatch between CdSe and ZnS (~12%) induces strain at the
core-shell interface. To combine the advantages of both shell materials, nanocrystals with
a double shell have been synthesized, where the middle CdS shell serves as a “wetting”
layer to build the second ZnS shell.®*® These core/shell/shell nanoparticles are the most
stabile nanocrystals known to date.

Within the frame of this work, core/shell, CdSe/CdS, and core/shell/shell,
CdSe/CdS/ZnS, nanoparticles were synthesised for use in the further ligand exchange
experiments. In the following text, the synthetic route employed and the main properties

of the obtained nanoparticles are presented.

3.1.1 Core/shell, CdSe/CdS, nanoparticles

As already mentioned, the synthesis of CdSe/CdS nanoparticles was performed following
a “greener” chemical approach in a one pot procedure.® In the first step, the CdSe core is
produced in a yield low enough to allow for the unreacted Cd-precursor to be used in the
further steps. As the Cd source, cadmium-acetate dissolved in trioctylphosphine was
used. This solution was swiftly injected into a hot solution of Se in a coordinating mixture
consisting of trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), hexadecylamine
(HDA) and tetradecylphosphonic acid (TDPA). During the nucleation process, the
precursors combine to form small, unstable clusters, which, in the case of CdSe, can be

represented in the following simplified form:
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n Cd-TOPO + n Se-TOP = (CdSe), TOPO,, + (n-m) TOPO + n TOP

In the nucleation process, small amounts of the reactants are consumed. The further
growth of the formed nuclei goes via the consumption of the reactants remaining in the
solution. The reaction can be stopped at any point when the desired size of the
nanoparticles is attained, while leaving excess precursors for further shell growth.
Development of the size of the formed nanoparticles can be followed by spectroscopy,
and the typical temporal evolution of the absorption and photoluminescence, PL, spectra

is represented in Figure 3.1.1.
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Figure 3.1.1. Temporal evolution of the absorption and PL spectra of the growing CdSe

nanocrystals

The coordinating ligands provide not only the conditions for the building of the nanosized

material, but also have a determining role in the quality, size distribution, kinetics, shape
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even the crystal structure of the formed nanoparticles.”””’® As reported before, the amine
has a strong influence on the growth rate, quantum efficiency and size distribution of the
product compared to the TOPO systems.’"® As can be seen in 3.1.1, the size distribution,
as judged from the full width at half maximum of the PL spectra, remains narrow during
the course of the reaction. This allows the calculation of the diameter of the nanocrystals
from the position of the first absorption peak and, using published values of the size-
dependant extinction coefficients,”’ the concentration of the nanoparticles.

Tetradecylphosphonic acid and hexylphosphonic acids were recognized as the main
impurities in the technical TOPO which was used as the coordinating solvent in the first
published hot-injection synthesis with Cd(CHs), as the precursor. In the further
development of this synthetic approach, usually a mixed reaction solvent consisting of
high grade TOPO and phosphonic acids was used. It was found that without the addition
of the strong ligand, phosphonic acid, the Cd(CH3), decomposes at high temperatures and
a cadmium precipitate is generated in pure TOPO.”* Instead of phosphonic acids, fatty
acids were also used in combination with different Cd precursors, such as CdO and the

Cd salts of weak acids.®>"

When fatty acids were used as ligands, the growth rates were
so high that the isolation of small nanocrystals was not possible. It was also shown that
CdO as a precursor functioned only in the presence of either fatty acids or phosphonic
acids. However, it was demonstrated recently that CdSe nanocrystals can be obtained
from CdO in TOP/TOPO mixtures without the addition of any acid.”

In order to avoid the presence of a strong coordinating ligand such as TDPA in the
to-be-performed ligand exchange experiments, the influence of the amount of TDPA on
the growth of the nanoparticles was investigated. The growth of the nanoparticles during
the reaction was followed for different amounts of TDPA (0.4, 0.6 and 0.9 wt%,
calculated on the total mass of the reaction mixture). The change in the size of the

nanoparticles during the course of the synthesis is presented in Figure 3.1.2 for different

amounts of TDPA.
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Figure 3.1.2. The change in the size of the nanoparticle during the reaction with different

amounts of TDPA

Increasing the amount of TDPA strongly suppressed the growth of the nanoparticles.
While the size of the nanoparticle was 3.3 nm after 20 s of reaction with 0.4 wt% of
TDPA, this size was not achieved even after 20 min when the amount of TDPA was
increased to
0.9 wt%. TDPA acts as a strong ligand forming a Cd-TDPA complex (precursor) and also
binds to the surface of the formed nanocrystals, preventing further growth. This is in
accordance with a previous kinetic study of the preparation of CdSe in the presence of
oleic acid as a strong ligand.” In the case of oleic acid, it was found that it already has a
strong influence in the nucleation step, determining the number and the size of the nuclei
formed in the nucleation step. With increasing amount of oleic acid, the number of nuclei
formed decreases almost linearly and this behaviour was explained by the strong
complexation of oleic acid to Cd, which makes nucleation more difficult. To check
whether TDPA has a similar influence, the overall concentration of CdSe nanoparticles
after synthesis with different amounts of TDPA was calculated. Since the size distribution
does not change during the course of the reaction, it can be assumed that the
concentration of CdSe nanoparticles at the end of the synthesis is equal to the number of
nuclei formed. The findings were contrary to the case of oleic acid, namely the amount of
the TDPA had no influence on the number of formed nuclei. With increasing

concentration of the strong ligand, the number of CdSe nanoparticles was constant or
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slightly higher. A possible explanation of this difference may lie in the different manner
of the addition of the precursors and ligands. In the oleic acid case, the Cd-stock solution
already contained oleic acid before the reaction, hence complexation could have already
occurred before the reaction, while in the present case, the precursor Cd(Ac), was
dissolved only in TOP and injected into the reaction mixture which contained TDPA. On
injection, the competing processes, nucleation, complexation of the Cd and coordination
of the formed nuclei to TDPA, occur simultaneously. This indicates that TDPA has a
stronger effect in the growth phase than in the nucleation step in this case. Thus, the size
of the nanoparticles can only be varied by changing the duration of the growth, and
eventually, by changing the temperature of the injection.

During slow growth, the crystal structure of nanoparticles is more perfect with fewer
defects. The luminescence properties are strongly affected by the perfection of the
crystals. The luminescence efficiencies determined for CdSe nanoparticles obtained in the
presence of different amounts of TDPA change strongly. This difference cannot be
attributed only to the different size of the final nanoparticles, although there are reports
that PL efficiencies are lower for larger nanoparticles than for smaller ones.®>"" In all
cases, a decrease of the PL efficiency with increasing size of the nanoparticles was
observed during the growth. The efficiencies are lower for the nanoparticles grown with
lower amounts of TDPA, i.e., with higher growth rates (Figure 3.1.3). As may be seen in
Figure 3.1.3, the PL intensities of nanoparticles of similar sizes are higher when the

highest amount of TDPA is used.
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Figure 3.1.3. Changes in the PL intensities during the growth of nanoparticles with
different amounts of TDPA
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On the one hand, strong ligands which bind strongly to the nanoparticle surface should be
avoided when the nanoparticles are intended to be used in ligand exchange experiments.
On the other hand, in order to obtain highly emitting nanoparticles with good crystallinity
and a small number of crystal defects, the presence of strong ligands which provide for a
slow controllable growth are necessary. Thus, the CdSe nanoparticles were synthesised

with the highest amount of TDPA investigated.

To improve the luminescence yield and the stability of the nanoparticles, a shell of CdS
was built around the CdSe cores. This was done in a one pot synthesis via the slow
injection of H,S gas and using the excess Cd precursor remaining after the synthesis of
the cores. During the injection of H,S, a red shift in the absorption and PL spectra was
observed, showing the growth of the nanoparticles. Simultaneously, the luminescence

yield increased, as expected (Figure 3.1.4).
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Figure 3.1.4. Changes in the absorption and PL spectra after the growth of a CdS shell on
the CdSe cores

The size distribution broadens during the building of the shell, as can be seen from the
full width at half maximum of the luminescence peaks. It may be seen from the
transmission electron microscopy (TEM) images that the nanoparticles increased in
diameter while maintaining a spherical shape on formation of the CdS shell

(Figure 3.1.5).
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Figure 3.1.5. TEM and HRTEM images of CdSe (left) and CdSe/CdS (right)

nanoparticles

The high-resolution TEM images of both the CdSe core and CdSe/CdS core/shell
nanoparticles reveal a high crystallinity with continuous lattice fringes throughout the
whole particle. Especially in the case of the CdSe nanoparticle, the higher hexagonal

ordering is observed due to the very narrow particle size distribution and spherical shape.

3.1.2 Core/shell/shell, CdSe/CdS/ZnS, nanoparticles

The same simple synthetic approach, injection of H,S gas, was used for the synthesis of
CdSe/CdS/ZnS, core/shell/shell nanoparticles.”> To a solution of freshly prepared
CdSe/CdS nanoparticles, Zn precursor (zinc-acetate dissolved in HDA) was added which
further reacted with the injected H,S to produce a ZnS shell. The growth of the second
shell could also be observed by a red shift in the absorption and PL spectra during the
course of the reaction (Figure 3.1.6). Together with the observed shift towards lower
energies, the photoluminescence intensity further increased with the formation of a ZnS

shell.
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Figure 3.1.6. Absorption and PL spectra of core, core/shell and core/shell/shell

nanoparticles

As observed before, the increase in PL intensity with the building of the ZnS shell is not
as high as for the first CdS shell.”” However, the decrease in PL in all syntheses was also
not observed. It was argued before that during the growth of the ZnS shell the decrease of
PL efficiency can be observed for the thicker ZnS shells. This behaviour was attributed to
the possible formation of dislocations and cracks when the thicker shell was built up. The
absence of a decrease in the PL efficiency can be indirect proof that the thickness of the
ZnS shell is not greater than two monolayers. Calculations performed using the
composition of the reaction mixture, the number of nuclei formed and the reaction yield

have also shown that the thickness of the second shell should not exceed two monolayers.

Figure 3.1.7. TEM and HRTEM images of the CdSe core (left), the corresponding
CdSe/CdS core/shell (middle) and CdSe/CdS/ZnS core/shell/shell (right) nanoparticles
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As for the core/shell nanoparticles, the TEM images of core/shell/shell nanoparticles
indicate that the shape during the growth of the shells does not deviate very much from
spherical, although, in some cases, preferential growth was observed (Figure 3.1.7). The
crystal structure of all three types of nanoparticles is clearly observed in the HRTEM
images.

The powder XRD patterns of the core, core/shell and core/shell/shell nanoparticles are
shown in Figure 3.1.8. For all samples, peak broadening due to the small size of the
nanocrystals was observed for all reflections. The CdSe core diffraction pattern exhibits
peak positions corresponding to those of their bulk wurtzite crystalline structure. The
XRD pattern of CdSe/CdS core/shell nanoparticles has roughly the same shape as that of
the CdSe cores, but with the diffraction angles shifted to higher 20 values.
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Figure 3.1.8. Powder XRD patterns of the core, core/shell and core/shell/shell
nanoparticles (the bars indicate the positions of the reflections of bulk CdSe, CdS and
ZnS, from bottom to top)
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The shift in the peak position for the core/shell nanoparticles, together with a red shift in
the absorption spectra, indicates the formation of core/shell structures rather than alloying
ones.**®" A further shift towards higher 26 positions is observed for the core/shell/shell
nanoparticles. The positions of the reflections relative to pure ZnS are shifted toward
smaller 26 angles, indicating an expansion of the ZnS lattice. Simultaneously, the CdSe
core reflections are further shifted towards larger 26 angles, reflecting a compression of
the CdSe lattice. This can be an indication that the internal strain in the core/shell/shell
structures is not relaxed by the introduction of misfits and dislocations. The slight
broadening of the peaks in the core/shell/shell pattern, although the nanoparticles increase
in size, can be explained by the broad diameter distribution and irregular shapes, as
observed in the TEM-images.”® However, a distribution of the bond lengths resulting
from the strain is another possible explanation for the peak widths becoming slightly

larger.”’
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3.2 Synthesis and characterisation of poly(ethylene oxide)-based ligands

In order to design ligands suitable to transfer nanoparticles into water starting from
poly(ethylene oxide), it is necessary to introduce certain functional groups that can bind
to the nanoparticles of interest, preferably at the end of the PEO molecule — to
functionalise PEO. Amino and mercapto functionalities were chosen as binding groups

and in the both cases two different approaches to functionalise PEO were employed.

3.2.1 Poly(ethylene oxide)-b-(ethylene imine) synthesised via cationic polymerization

The first approach to introduce amino functionalities at the end of the PEO chain
involved a polymerisation procedure, which would result in a binding block of highly
defined structure. It is known that due to the labile hydrogen of the secondary amine
groups in the product polymer, the preparation of linear poly(ethylene imine), PEIL, by the
ring opening cationic polymerization of ethylamine yields a highly branched structure.*
Thus, the synthesis of linear poly(ethylene imine) was achieved through the hydrolysis of
poly(N-acylalkyleneimines). The poly(N-acylalkyleneimines) (or poly(oxazolines) POxz)
can be obtained by the isomerisation polymerisation of unsubstituted or 2-substituted-2-
oxazolines. The ring opening polymerisation of 2-oxazolines can be of ionic or covalent
nature, depending on the monomer and the initiator used.*' With sulphonates as initiators,
the polymerisation of 2-ethyl-2-oxazoline proceeds via ionic species. The cationic
propagation species are stabile; hence, the polymerisation has a living character and is
often used for the synthesis of block copolymers. The functionalisation of PEO with such
sulphonates results in a macroinitiator which can be employed in the subsequent
polymerisation of 2-oxazoline. Both approaches, the functionalisation of previously
synthesized OH-terminated PEO, as well as functionalisation as the end step in the
synthesis of PEO were reported.*>® In this work, the polymerisation of 2-ethyl-2-
-oxazoline was performed using a PEO-tosyl (PEO-Ts) macroinitiator which had
previously been synthesised using the second approach.** The polymerisation procedure

employed here was given in the same work. The degree of functionalisation was 95 %, as
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determined from the 'H-NMR spectrum. The molecular weight of the PEO-Ts
macroinitiator was 6080 g/mol. After thoroughly drying the macroinitiator in two
freeze-dry cycles with benzene, freshly distilled 2-ethyl-2-oxazoline was added. The

reaction takes place according to the following reaction scheme:

CH;CN N
O 0]}/\OTS + mN/—_\O . O O~ (I AN 0TSO

> A D

HN
m\
O o}n\L/\Nh;N\ oTs0. —— » O OIH\L/\N];\/NQ + TsOH
O o:ﬁ " J 80°C, 2 h O oé
Scheme 3.2.1. Cationic ring opening polymerisation of 2-ethyl-2-oxazoline to obtain

PEO-POxz

After the complete consumption of the monomer, the oxazolinium living end groups were
terminated by piperidine. The amount of monomer was varied to produce polymers with
5, 10 and 20 monomer units in the POxz block. The obtained poly(ethylene oxide)-b-(2-
-ethyl-2-oxazoline) was characterised by size exclusion chromatography (SEC) and
'H-NMR spectroscopy. The 'H-NMR spectrum of the PEO-POxz with 20 monomer units

in the second block is presented in Figure 3.2.1.
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Figure 3.2.1. '"H-NMR spectra obtained in CDCl; of the macroinitiator PEO-Ts (=) and
PEO-POxz-3 (==) with 20 monomer units in the POxz block

The methylene and methyl signals of the side group of POxz are clearly visible. The ratio
of the signals arising from the methylene groups of the PEO moiety at 3.65 ppm and from
the methyl group in the side group of the POxz moiety at 0.95 ppm was used to calculate
the corresponding block lengths. According to the calculated ratio of PEO and POxz
blocks, the composition of the polymer was in good agreement with the composition of
the feed (Table 3.2.1).

To finally obtain PEO-PEI, the synthesized PEO-POxz was hydrolysed with hydrochloric
acid and subsequently neutralised and purified over an ion-exchange resin. The reaction

procedure is presented in the following scheme:

1) HCY, reflux O

O O~k O - C,HsCOOH O]FL/\II\I]/“‘\/I\O
0 H

O 2) Lewatit resin

Scheme 3.2.2. Hydrolysis of PEO-POxz to obtain PEO-PEI
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As in the case of PEO-POxz, the obtained PEO-PEIs were characterised by SEC. It is
known that PEI and POxz strongly bind to the column filling and in some cases, it is not
possible to obtain elution curves of copolymers with long PEI or POxz blocks.* In the
case of the polymers synthesised within the framework of this study, where the PEI
(POxz) blocks were small compared to the PEO block, SEC was not problematic as was
the case for the longer PEI blocks. However, the precise molecular weight could not be
determined with certainty because some retardation of the polymer by the column filling
could not be excluded. The SEC elution curves of the synthesised PEO-PEIs as well as of

the intermediate PEO-POxzs are shown in Figure 3.2.2.
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Figure 3.2.2. SEC elution curves of the macroinitiator PEO-Ts, and the synthesized a)
PEO-POxzs and b) PEO-PEIs in DMF at 70 °C

As can be seen from Figure 3.2.2, the shift to lower elution times for the PEO-POxz
compared to the starting PEO-Ts was very small, corresponding to a small increase in the
polymer chain length relative to the first PEO block. In spite of the small POxz block
length and although the SEC traces were obtained by passing the polymers over the
columns at a high temperature to avoid interaction with column filling, retardation on the
column could not be excluded. Among the PEO-POxz copolymers, the polymer with the
highest molecular weight and the longest second block (PEO-POxz-3) has the longest
elution time, which should correspond to the smallest molecular weight. This behaviour

shows that the interaction with the column is more pronounced the longer the POxz
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block. For the PEO-PEI copolymers, interaction with the column filling was even more
pronounced. All the copolymers show longer elution times (smaller molecular weight)
than the starting PEO-Ts. The molecular weight distribution remains small, as is to be
expected from the nature of the cationic polymerisation synthesis. Thus, the composition
dispersity is very low. To obtain more information concerning the block lengths and,
consequently, the molecular weight, the "H-NMR spectra were analysed. As an example,
the overlaid '"H-NMR spectra of PEO-POxz and the corresponding PEO-PEI are shown in
Figure 3.2.3.
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Figure 3.2.3. "H-NMR spectra in CDCl; of PEO-POxz-3 (==) and the corresponding
PEO-PEI-3 (==) with 20 monomer units in the POxz and PEI block

The resonance signals at 0.98 ppm, ascribed to the methyl protons from the side groups in
the POxz block, disappeared completely, indicating the successful hydrolysis of PEO-
POxz. A shift from 3.47 to 2.78 ppm of the signal from the methylene protons adjacent to
the nitrogen in POxz is observed, also proving the complete transformation of the tertiary

amide groups in POxz to secondary amine groups in PEI. From the ratio of the integrals



Results and discussion 31

of the signals arising from methylene protons in the two blocks, the composition of the

copolymers was calculated and the results are presented in Table 3.2.1.

Table 3.2.1. The main characteristics of the PEO-b-POxz and PEO-b-PEI polymers

Polymer Mavr?, g/mol Mpb), g/mol PIY n(PEO) PEOxs or PEI
PEO-Ts 6080 6689 1.11

PEO-POxz-1 6488 6741 1.08 5
PEO-PEI-1 6204 6392 1.10 49
PEO-POxz-2 6983 7101 131 131 10
PEO-PEI-2 6414 6516 1.19 10
PEO-POxz-3 7973 6498 1.23 20
PEO-PEI-3 6834 6140 1.08 20

a) Calculated using the block lengths estimated from 'H-NMR spectra; b) M, and Pl are the
molecular weight from the peak maximum and polydispersity index from SEC measurements in
DMF at 70 °C, respectively; c¢) obtained from MALDI-TOF measurements; d) incompletely
hydrolysed sample

3.2.2 Functionalisation of poly(ethylene oxide) via the diisocyanate coupling reaction

The second approach to introduce amino groups into PEO-based ligands was the coupling
reaction between PEO and amino group bearing molecules. This simple approach consists
in the activation of PEO in the first step and coupling to the molecule of interest having a
suitable functional group (an amino group in the present case). Coupling reactions of
PEO to protein molecules is a well-developed area and the choice of possible reactions is
versatile.> More concretely, coupling strategies to obtain PEO-PEI block copolymers for
gene delivery systems or to be used as stabilisers in nanoparticle synthesis have also been

developed.®®"!

It was decided in this work to use the isocyanate coupling reaction, which,
compared to other developed activation methods, is the most elegant manner. The
complete reaction from the coupling constituents is performed in only two steps, applying
basically the same chemistry in both steps. Moreover, the reaction is performed without

side products, making the purification procedure an easy task, and, from the chemical
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nature of the isocyanate reaction, complete conversion is very easy to achieve in both
reaction steps. The isocyanate coupling reaction was successfully applied to graft PEO
onto high molecular weight branched PEL*" In the framework of this study, the grafting
of PEO onto small molecular weight branched PEI (423 g/mol) was performed, as well as
the coupling between PEO molecules and small molecular weight amines

(diethylenetriamine, DETA, and hexaethylenepentamine, HEPA) (Scheme 3.2.3).

0
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Scheme 3.2.3. Synthetic route of the synthesis of amino-functionalised PEO via the

diisocyanate coupling reaction

In the first step, hydroxyl terminated PEO was reacted with a difunctional isocyanate
(hexamethylenediisocyanate, HMDI) with the goal that only one of the functional groups
of HMDI reacts, while the second should serve as the active centre in the second step. In
order to prevent both isocyanate groups from reacting and, thus, forming a polymer of
double molecular weight, a large excess of HMDI was used. The unreacted isocyanate
was then removed in multiple precipitation steps, which were followed by IR
spectroscopy. The IR spectra obtained after each precipitation step are presented in

Figure 3.2.4. The strong absorption observed at 2269 cm™ corresponds to unreacted
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isocyanate. The bands appearing at 3339 and 1716 cm™ correspond to N-H and C=0O
stretching, respectively, from the formed urethane group. At 1106 cm™, the absorption

from the C-O ether stretching could be observed.
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Figure 3.2.4. FT-IR spectra of the starting PEO2000 and PEO2000-NCO after successive

purification steps

Under the conditions applied for the precipitation, only two cycles of precipitation were
necessary to remove all the unreacted isocyanate. As can be seen in Figure 3.2.4, after
two precipitations, the relative intensity of the isocyanate band compared to the C-O
stretch band did not change with further precipitations. All the polymers were,
consequently, purified in two precipitation steps. The purity of the synthesised PEO-NCO
was also confirmed by "H-NMR spectroscopy (Figure 3.2.5). The same intensities of the
signals arising from the methylene protons adjacent to the formed urethane bond (3.15
ppm) and the protons from the methylene group next to the isocyanate group (3.30 ppm)

indicate that no excess HMDI was present.
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Figure 3.2.5. "H-NMR spectrum in CDCl; of PEO2000-NCO after two precipitations

The formed PEO-NCO was further used to couple either a small amine molecule or a
branched poly(ethylene imine) of small molecular weight. In the case of the small amine
it was also important to avoid the formation of double molecular weight product and the
same strategy as in case of NCO activation was applied: a large excess of the amine was
employed. The progress of the reaction was followed by IR spectroscopy to show
complete conversion of the NCO groups. However, information about the final structure
was obtained from 'H-NMR spectroscopy. As an example, the 'H- NMR spectrum of
PEO2000-DETA is shown in Figure 3.2.6. From the ratio of the
ethylene oxide/ethylene imine units, the successful removal (in repetitive precipitation

steps) of excess DETA was also confirmed.
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Figure 3.2.6. 'H-NMR spectrum in CDCl; of PEO2000-DETA

In the case of the synthesis of PEO-PEI-branched, the final molecular structure was
predetermined by the composition of the reaction mixture. The polymers were designed
to have two PEO chains grafted onto each PEI molecule. The PEI-branched molecules
used had a molecular weight of 423 g/mol. ?C-NMR spectroscopy was used to confirm
the branched structure and to estimate the average number of secondary and primary
amino groups (Appendix 1). Also in this case, the disappearance in the IR spectrum of the
strong band of the NCO group confirmed the successful reaction, and the ratio of distinct
signals from the two different units (PEO and PEI) in the 'H-NMR spectrum was used to
confirm the desired structure.

The most useful characterisation to show if the reaction in which a double molecular
weight product is formed had occurred is SEC. This is important in the first step of the
synthesis (NCO activation of PEO) as well as in the second step in the synthesis of PEO
with a small amine. As can be seen in Figure 3.2.7, the formation of the double molecular
weight product was completely suppressed by the chosen ratio of HMDI to PEO for all
PEO molecular weight.
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Figure 3.2.7. SEC elution curves of PEO-NCO, PEO-DETA and PEO-PEI-branched and
the corresponding PEO of molecular weight of 2000 or 5000 g/mol

In the second step (coupling to the amine molecule), however, a small amount of
by-product with a double molecular weight was formed in both cases, as can be seen from
the appearance of a small second peak at low elution volume. However, the relative
abundance of the by-product is not high. The crucial point to avoid the formation of this
by-product is the ratio of the reactants. All the ratios tried smaller than the one here
applied (mole excess of the amine of 100) resulted in either exclusively the double
molecular weight product or this product was formed in much greater amounts than was
the case with the here chosen ratio. What is also striking in the elution curves of the PEOs
modified with a small amine is the strong shift towards high elution volumes, indicating a
strong adsorption of the polymer on the columns. This behaviour has already been
observed for PEO-b-PEI and the same explanation could be applied in this case, although
here it is more pronounced. The polydispersity of the PEO-PEI-branched is broad and
heterogeneity in the structure is very likely. The SEC elution curves of the
PEO-PEI-branched samples show, in addition to the main peak corresponding to the
desired product, a small peak with a position close to that of the starting polymer and a
shoulder in the high molecular weight region. Structures such as PEO-PEI-branched with
only one PEO branch or with more than two branches can not be excluded. However, the

main product is obviously the one with two branches, as was designed in the recipe.
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Under the applied reaction conditions, it was not possible to obtain PEO modified with
small amine without a large presence of the by-product from PEO of a molecular weight
of 1100 g/mol. Since in the case of this polymer the reaction to obtain PEO-PEI-branched
was also unsuccessful, it could be concluded that the NCO activation was not performed
successfully. However, SEC as well as 'H-NMR analysis of PEO1100-NCO gave the
expected results and confirmed the successful NCO-functionalisation of PEO1100. The
reason for this undesirable behaviour is probably due to the very low stability of
PEO1100-NCO connected with the greater reactivity of the shorter polymer.

The main characterisation results of all the synthesized polymers are summarised in Table

3.2.2.

Table 3.2.2. The main characteristics of PEO-DETA, PEO-PEHA and PEO-PEI-branched

polymers

Polymer Mheor, g/mol Mpa), g/mol R n(PEO)  Namino gmupsb)
PEO5000 5000 4923 1.06

PE05000-NCO 5168 5211 1.08

PE0O5000-DETA 5751 3045 1.30 112 2
PEO5000-PEHA 5400 4886 1.20 5
PEO5000-PEI-branched 10759 12330 1.38 6
PE02000 2000 1992 1.04

PE02000-NCO 2168 2195 1.06

PE02000-DETA 2271 1242 1.15 44 2
PEO2000-PEHA 2400 2112 1.10 5
PE02000-PEI-branched 4759 4370 1.34 6
PEO1100 1100 1151 1.04

PEO1100-NCO 1268 1428 1.06

PEO1100-DETA 1371 2727/1213° 23 2
PEO1100-PEHA 1500 2542/1340° 5
PEO1100-PEI-branched 2959 2772/1242° 6

a) M, and Pl are the molecular weight from the peak maximum and polydispersity index from SEC
measurements in DMF at 70 °C, respectively; b) theoretical number of secondary and primary amino
groups; ¢) M, of both peaks appearing in the SEC elution curves
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3.2.3 Poly(ethylene oxide) with SH end groups obtained via esterification with

mercaptopropionic acid

Mercapto groups are widely used as anchoring/binding groups in the synthesis of
nanoparticles, as well as in ligand exchange experiments. The potential of
mercapto-functionalised PEO is very high as mercapto group containing molecules are
not only used in the functionalisation of Cd-based nanoparticles, but also in other

systems, especially gold nanoparticles.”*

In order to obtain SH functionality on the
chain end of PEO, a simple approach, consisting of the esterification of the OH end group
of PEOs using mercaptopropionic acid (MPA), was employed. The OH end functionality
is easy to obtain at one end of the PEO chains, while the other chain end can be kept
protected during anionic polymerisation. In this way, this type of functionalisation opens
new routes for further functionalisation of the protected chain end of PEO. To prove the
concept of SH functionalisation via esterification, in this study commercial PEOs with an
OH group at one chain end were used, while the other end was a simple methylether
group.

Three PEOs of different molecular weight were functionalised following the same simple

reaction scheme:

o
H3CO{/\/O];/\OH + HOOC/\/SH% H3CO{/\/ 01;/\0)1\/\31{ + H0

160 °C, ~
Scheme 3.2.4. Synthesis of PEO-SH via esterification with mercaptopropionic acid

The SEC elution curves obtained after esterification and purification of the polymers

show the expected trends (Figure 3.2.8).
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Figure 3.2.8. SEC elution curves obtained in DMF at 70 °C of the PEO-SH polymers

A small shift toward shorter elution times (higher molecular weights) was observed. This
shift was smaller for higher molecular weights of the starting PEO, as expected from the
relative increase of the molecular weight.

The synthesis and the application of PEO modified with two SH groups, in analogy to the
frequently used bidendate dihydrolipoic acid, for the stabilisation and transfer of
nanoparticles to an aqueous environment has already been reported.' In order to obtain
PEO with two SH binding groups, the authors used a tentative three-step procedure. Here
a simple method to obtain a polymer with two SH binding groups at the end of the chain
by esterification with MPA is presented. A commercial PEO polymer from the Degussa
Company with two hydroxyl groups was used and the same chemistry as in the previous
case was applied. The chemical structure of the starting polymer and of the obtained PEO

with two SH groups are presented in Scheme 3.2.5.

0
A
oH bulk 0 0 SH
H3coJ(\/O]}Ao: X on 2no0c S °C.-24h H3CO+\/ ]"\/\ODCO\"/\/SH
0
+ 2H,0

Scheme 3.2.5. Reaction scheme for the synthesis of PEO-(SH),

As in the case of PEOs with one OH group, also here SEC showed that the molecular
weight was shifted towards higher values, while the polydispersity was not affected,
which was to be expected (Table 3.2.3.).

All the functionalised polymers were characterised by "H-NMR spectroscopy, whereby
the ratio of the signals of the methylene groups from the PEO moiety at 3.65 ppm and the



40 Synthesis and characterisation of poly(ethylene oxide) based ligands

methylene groups next to the formed ester bond at 4.27 ppm enabled the quantification of
the functionalisation of the polymers. As an example, the 'H-NMR spectrum of
PEO2000-SH is presented in Figure 3.2.9. Calculated from 'H-NMR spectra, the

functionalisation was complete in all cases, except in the case of PEO1100 (86%).

12 500 s

2 H3CO{/\2/O]:/\O)J\4/\SH
| J |

1\- N

2
é3co+\2/ O]:/\OH

s 43 2 L0
S, ppm

Figure 3.2.9. "H-NMR spectra in CDC; of the starting PEO2000 and the obtained

PEO2000-SH polymers

The main characteristics of the SH-functionalised PEOs are summarised in Table 3.2.3.

Table 3.2.3. The main characteristics of the obtained PEO-SH polymers

Polymer Mineor, g/mol M, gmol®  PI”  n(PEO) N (SH)"
PEO1100-SH 1228 1227 1.07 23 1
PEO2000-SH 2128 1929 1.04 44 1
PEO5000-SH 5128 4812 1.06 112 1
PEO1200-(SH), 1456 1465 1.08 23 2

a) M, and Pl are the molecular weight from the peak maximum and polydispersity index from SEC
measurements in DMF at 70 °C, respectively; b) theoretical number of mercapto groups at the end of the
polymer chain
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3.2.4 Poly(ethylene oxide) with SH end groups obtained via the Michael type

addition reaction

In order to produce PEO molecules having one or more SH groups, a Michael type
addition was used. This type of reaction (conjugate addition reaction between
electron-poor olefins and nucleophiles, such as thiols) has already been used for the
conjugation of peptides” to polymeric substrates and in the production of degradable

9697 It has also

bifunctional polymer networks for tissue engineering and control release.
found application in the functionalisation of polymers,”® as well as surface
functionalisation.” There are a number of strong points which recommend the
employment of this reaction: mild character and high yield; tolerance to a wide range of
functional groups, avoiding protection/deprotection steps; no necessity for a metal
catalyst.

In the framework of this study, the reaction between a molecule with four SH groups
(pentaerythritol tetrakis(3-mercaptopropionate)) and poly(ethylene oxide) with an
acrylate end group was performed. Since the employed PEO possessed an o-hydroxyl
group which does not interfere with the actual reaction, the thus obtained ligands, in
addition to a binding group, would possess a suitable functional group for further
functionalisation either before or after ligand exchange. The number of PEO branches can

be varied by varying the composition of the reaction mixture. The reaction pathway is

shown in Scheme 3.2.6.
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Scheme 3.2.6. Synthesis of (PEO)-(SH), molecules via a Michael type addition

This type of reaction is catalysed by electron-donor compounds and in this case pyridine
was chosen as the catalyst. The amount of catalyst required for a successful
functionalisation was investigated.

The reaction could be followed by IR spectroscopy by monitoring the disappearance of
the absorption peaks of the carbon-carbon double bond at 1636 and 1620 cm™ and the out
of plane stretch at 810 cm™. In Figure 3.2.10, the FT-IR spectra of the starting PEO with
an acrylate group and the spectra of the samples taken after 6.5 and 24 h of reaction are
presented. The reaction was performed with 1 equivalent of pyridine and the ratio of the

reactants was chosen to produce a molecule with two PEO branches.
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Figure 3.2.10. FT-IR spectra of the starting PEO-Acrylate and of the samples taken

during the reaction with pentaerythritol tetrakis(3-mercaptopropionate)

According to the complete disappearance of the band at 810 cm™ from the FT-IR spectra,
it could be concluded that the reaction was completed after 24 h. However, after
inspection of the "H-NMR spectra, some residual acrylate groups could still be observed,
although in the small amount of 1 %. Identical results were obtained for the synthesis of
the molecule with three PEO branches (2 % of unreacted acrylate groups after 24 h of
reaction). The amount of catalyst was then increased to 2 and 5 equivalents and the
reaction time was set at 24 h. As confirmed from the "H-NMR spectra, the conversion of
the acrylate group was complete after 24 h of reaction, with both 2 and 5 equivalents of
the catalyst. As an example, the 'H-NMR spectra of PEO-Acrylate and the product

obtained in the reaction with 5 equivalents of pyridine are shown in Figure 3.2.11.
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Figure 3.2.11. "H-NMR spectra in CDCl; of the starting PEO-Acrylate and the obtained
(PEO),-SH,

The length of the PEO, which was relatively small, allowed the direct calculation of the
number of SH groups from the strong signal at 1.67 ppm arising from the proton in the
mercapto group.

The final reaction conditions were set to be 24 h with 2 equivalents of the pyridine.
Molecules with one, two and three PEO branches and consequently three, two and one
SH groups, respectively, were synthesized. From the SEC curves presented in
Figure 3.2.12, the trend of increasing molecular weight in the series with increasing
number of PEO branches is clearly observed. The polydispersity of the samples increases
with increasing molecular weight. This fact, as well as the asymmetry of the signals in the
SEC elution curves could be the consequence of the formation of molecules having more

or less PEO branches than was predetermined by the composition of the reaction mixture.
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However, the increase of M, in the series indicates that the desired product was the main

product in the mixture.
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Figure 3.2.12. SEC elution curves obtained in DMF at 70 °C of PEO-Acrylate and PEO-
SH polymers

The main properties determined from the SEC elution curves and the 'H-NMR spectra of

the synthesised ligands are summarised in Table 3.2.4.

Table 3.2.4. The main characteristics of PEO-SH polymers synthesised via Michael type

addition reaction

Polymer Miheor, g/mol M,?, g/mol PI? N (SH)”
PEO-Acrylate 336 492 1.12

PEO-(SH); 785 727 1.19 3
(PEO),-(SH), 1161 1151 1.37 2
(PEO);-SH 1497 1448 1.51 1

a) M, and PI are the molecular weight from the peak maximum and polydispersity index from SEC
measurements in DMF at 70 °C, respectively; b) determined from "H-NMR spectra
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3.3 Ligand exchange with amino-functionalised poly(ethylene oxide)s

3.3.1 Ligand exchange with mono-amino poly(ethylene oxide), PEO-NH,

In the hitherto developed ligand exchange reactions for the phase transfer of
nanoparticles, usually small molecules were used with a suitable functionality for binding
to the nanoparticle surface on the one end of the molecule and a functionality for
providing water solubility on the other end. In the present approach, instead of a single
functional group (such as —OH or —COQ"), the poly(ethylene oxide), PEO, chain attached
to the nanoparticle surface should serve to render the nanoparticles water-soluble. Water
is a very good solvent for PEO due to hydrogen bonding between the water molecules
and the oxygen atoms in the polymer backbone. In a broader context, PEO is not a
strongly interacting polymer. Its inertness accounts for its wide use for surface treatment
to provide biocompatibility since surfaces covered with PEO have proven to be non-
immunogenic, non-antigenic and protein resistant. In order to be used for changing the
solubility of nanoparticles it must to be properly functionalised. One of the hitherto
employed functional groups which are known to interact with the surface of
nanoparticles, i.e., -NH,, —SH, —COOH, should be a part of the PEO molecule. Amino
groups are known to interact strongly with Cd sites''® on the nanoparticle surface, and it
was shown that amines used in the post-synthetic treatment of nanoparticles can improve,
in some cases, the luminescent properties.'”’ Poly(ethylene oxide) bearing one amino
group at the end of the polymer chain, PEO-NH;, with the structure shown in

Figure 3.3.1, was used as a ligand model to prove the feasibility of the idea.
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Rﬂ/\/ o]; RZ/\/NHz

Figure 3.3.1. Structural formula of the mono-amino PEOs (PEO500-NH,: R; = CHs, R, =
CH2CH20; PE02400-NH2 and PEO3200-NH21 R, = CHQCHQOSi(CH3)3, R, = C6H4; the

numbers in the abbreviations represent the molecular weight of the PEO

A simple experiment was performed by mixing chloroform solutions of nanoparticles and
mono-amino PEQO, in which the nanoparticles were exposed to the new potential ligands,
while the old one were still present in the solution. After evaporation of the solvent from
the chloroform solution containing nanoparticles and PEO-NH,, the obtained solid was
soluble in methanol, which is a non-solvent for nanoparticles covered with the
TOP/TOPO ligands used as stabilizing agents in their synthesis. In a control experiment
where only poly(ethylene oxide) dimethyl ether was used, the addition of methanol
caused the agglomeration of the nanoparticles. This showed that the amino groups
attached themselves to the nanoparticles to an extent high enough to maintain colloidal
stability in a solvent for the new capping ligands. The absorption and luminescence

spectra of the nanoparticles in chloroform and in methanol are shown in the Figure 3.3.2.

009 -

—— CdSe/ZnS-chloroform
\\ —— CdSe/ZnS-methanol
0.06- A —— CdSe/ZnS-chloroform
z —— CdSe/ZnS-methanol
£ =}
0.03
0.00 T T T T . : T T
300 400 500 600 700 800 500 550 600 650 700

A, nm A, nm
Figure 3.3.2. Absorption and luminescence spectra of CdSe/ZnS nanoparticles dispersed

in chloroform (capped with TOP/TOPO) and methanol (capped with PEO2400-NH,)

The nanoparticles retain all their characteristic features in the absorption as well as in the

emission spectra, although the luminescence efficiency in methanol was decreased.
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Using the simple method described above, it was not possible to dissolve the
nanoparticles in water. The possible reason could be an insufficient stabilization of the
nanoparticles by a ligand having only one anchor group, which can alone form bonds
with both the nanoparticles and the solvent. Increasing the number of binding groups
should in this case improve the stability. The second reason can be the destabilising effect
of the old ligands (TOP/TOPO), which are soluble in methanol but not in water, observed

previously with some other systems dealing with ligand exchange.™

3.3.2 Ligand exchange with poly(ethylene oxide)-b-(ethylene imine), PEO-b-PEI

In order to obtain stable nanoparticle-polymer conjugates, polymers with multiple
anchoring amino groups would be necessary. Polymers containing several secondary
amino groups, poly(ethylene oxide)-b-(ethylene imine), were synthesised. The structural
formula, with the characteristic block lengths of the polymers, is presented in

Figure 3.3.3.

O O]H\L/\Ilwkn\/}O PEO length: n = 131 (5764 g/mol)

O H PEI length: m=5, 10, 20

Figure 3.3.3. Structural formula of poly(ethylene oxide)-b-(ethylene imine), PEO-b-PEI

Since the very frequently employed method of direct phase transfer was not successful, a
simple method using block copolymers, to transfer the nanoparticles into water was
developed. The method consists of precipitation of the nanoparticles after the ligand
exchange using a non-solvent for the new capping groups. When the nanoparticles are
exposed to a large excess of the new ligands, ligand exchange occurs. As a method of
separation from the old ligands and a proof of ligand exchange, a non-solvent for the new
ligands should cause precipitation. As a non-solvent, hexane or cyclohexane (note that the
nanoparticles covered with TOP/TOPO are soluble in hexane) could be used. After

centrifuging, the obtained pellet was readily soluble in all solvents for the new capping
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groups, including water. A control experiment was performed in which
non-functionalised poly(ethylene oxide) was used. The addition of hexane to a
chloroform solution containing nanoparticles and polymer resulted in precipitation of the
polymer only, while the nanoparticles remained well dispersed in the chloroform/hexane
mixture. This control test showed that ligand exchange had occurred when the block
copolymer was used, excluding any possible agglomeration of the nanoparticles by the
polymer itself.

This method was also efficient for the phase transfer of nanoparticles using the
mono-amino PEOs, except the one with the lowest molecular weight (500 g/mol),
probably because of the incomplete precipitation of the low molecular weight PEO.
However, the aqueous solutions of nanoparticles with mono-amino PEOs were not
colloidally stable for longer times; the nanoparticles precipitated in a few hours up to one
day in the dark.

While the absorption properties of the nanoparticles were not altered by the ligand
exchange and phase transfer, the luminescence was strongly affected. The luminescence
intensities were measured to be less than 3 % for the nanoparticles in water, compared to
Rodamine 6G in ethanol. In Figure 3.3.4, the luminescence intensities of water-soluble
nanoparticles covered with PEO-b-PEIs, which were obtained with different
polymer/nanoparticle ratios during the ligand exchange, are compared.
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Figure 3.3.4. Relative PL intensities of CdSe/CdS nanoparticles in water stabilised with
PEO-b-PEI polymers with different PEI lengths: 5, 10 and 20
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It is noticeable that the PL intensities are higher when the polymer to nanoparticle ratio
was smaller for all the three polymers used. The possible reason can be the agglomeration
caused when the higher polymer/nanoparticle ratio was used. This assumption is strongly
supported by the observation that agglomeration was observed even in chloroform with
high amounts of the copolymer with 20 ethylene imine units. It was observed previously
that the luminescence of nanoparticles decreased when large amounts of a diamine
(ethylenediamine) were added to the solution, which was attributed to agglomeration
caused by the bifunctional ligand.'” Also, complete agglomeration was observed in
attempts to perform ligand exchange with dendritic poly(amidoamine) molecules which
contained 16 primary amino groups.'” In order to avoid agglomeration, the number of
amino binding groups had to be decreased by epoxidation. After transfer to water with the
ratios presented in Figure 3.3.4, some precipitation also occurred, so that the nanoparticle
solution had to be separated by centrifuging. The second observation is that there is no
proportionality in the change of the luminescence with increasing number of ethylene
imine groups. The PL first decreased when the number of binding groups was increased
from 5 to 10, which can be due to the presence of some agglomerates in the solution.
With further increase in the number of binding groups, the PL increases, although
agglomeration should be more pronounced. However, since the amount of agglomeration
is not known, it is difficult to draw any conclusion as to the real reason for such
behaviour of the PL.

The luminescence intensities of nanoparticles of two different sizes in chloroform and in

water are compared in Figure 3.3.5.
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Figure 3.3.5. a) Change in the PL intensity of CdSe/CdS nanoparticles after transfer into
water using a PEO-b-PEI with 5 PEI units; b) photograph of nanoparticles under
illumination with a hand lamp in chloroform (left) stabilized with TOP/TOPO and in
water (right) stabilized with PEO-b-PEI with 5 PEI units

The PL intensity of the smaller nanoparticles is much more reduced than that of the larger
nanoparticles. Although a higher sensitivity of the smaller nanoparticles could be
expected, because of their larger surface to volume ratio, agglomeration of the smaller
nanoparticles caused by the polymer could also play a role. The second reason for the low
PL efficiencies in both cases could be the high molecular weight of the polymers, which
prevented higher grafting densities of the ligands and, consequently, good passivation of
the nanoparticles could not be achieved.

The type of ligands, extent of surface coverage, as well as the solvent all have a profound
effect on the luminescence properties of nanoparticles. In the following text an attempt to

clarify the most important reasons for such low PL efficiencies is presented.
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3.3.3 Changes in the luminescence efficiency due to ligand exchange and change of

the medium

The synthetic approaches employed nowadays for the synthesis of CdSe nanoparticles
result in nanoparticles with high quantum yields due to their close to perfect structure
with very few crystal defects, which could provide a pathway for the non-radiative
recombination of the charge carriers. However, the processing of colloidal nanocrystals
usually involves the manipulation of the monolayer of organic ligands at the surface and
the surface environment of the nanoparticles. It was recognized that a change in the
surface has little effect on the energetics of the radiative recombination, and that the main
effect of such alterations is a change in the efficiency of luminescence.'® This fact must
be encountered, especially when ligand exchange and phase transfer processes are in
question.

The influence of amino functionalities has been observed and investigated in a number of
studies. The positive effect on the PL intensities of surface exchange with different
amines has been reported for CdSe, as well as for some other semiconductor
nanocrystals.'"'%1%” It was shown that the increase of the luminescence follows the
trend: primary>>secondary> tertiary amines.'”> However, there are reports showing that
the addition of n-butylamine to a nanoparticle solution quenches the luminescence.'**'*
Some authors experienced quite different behaviour from that previously reported for
nanoparticles in the presence of n-butylamine and attributed the differences to the
concentrations of the amine.''® It was also found that the behaviour of nanoparticles in
the presence of n-butylamine is strongly related to their size in certain nanoparticle size

M 1t was also shown that, under certain conditions, controlled etching of

regimes.
CdSe nanocrystals is amine-assisted.''* It is thus hard to predict the behaviour of a chosen
system, especially when more complex systems, such as core/shell nanoparticles and long
chain ligands, are involved. To investigate the influence of amino functionalities attached
to a long polymer chain on the luminescence of nanocrystals involved in this study,
ligand exchange experiments with polymeric ligands were performed and the changes in
the luminescence intensities were followed. In order to avoid the influence of the ligands

remaining from the synthesis (TOP/TOPO), first a ligand exchange with pyridine
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molecules was performed. The weak bond which pyridine forms and the subsequent easy
evaporation of the pyridine enable the nanoparticles to be exposed only to the ligand of
interest with low as possible residue of the original ligands. The ligand exchange steps

are schematically presented in Scheme 3.3.1.

a)

@ ,65°C, 2h

Precipitation with hexane

+ MW

Evaporation of the solvents

Scheme 3.3.1. Schematic representation of the ligand exchange with a) pyridine and

b) polymeric ligands

After the exchange with pyridine, a decrease in luminescence was observed, as reported
previously for CdSe nanoparticles.” Evaporation of the pyridine in a nitrogen flow
without the addition of the new ligands resulted in nanocrystals insoluble in chloroform.
The loss of solubility indicates that the pyridine ligands can be easily removed from the
nanoparticle surface, resulting in bare nanocrystals. A chloroform solution of different

polymers in varying amounts was added to the nanoparticle solution in pyridine, and the
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solvents were removed in a gas flow. The final result after four cycles of addition and
evaporation of the chloroform was that the nanoparticles were stabilised almost
exclusively with the ligand of choice. To check the influence of the primary amino group,
hexadecyleneamine, HDA, was also used as a ligand. The luminescence efficiency

changes of nanoparticles covered with different polymers, as well as HDA are presented

in Figure 3.3.6.
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Figure 3.3.6. Changes in the luminescence intensities of CdSe/CdS nanoparticles

dispersed in chloroform stabilised with TOP/TOPO, pyridine, HDA or polymeric ligands
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The exchange of the pyridine with the HDA increases the luminescence almost
proportionally to the amount of added ligand. For the higher ratios of HDA to
nanoparticles (500 and 1000), this increase was so pronounced that the thus obtained
nanoparticles had a higher PL intensity compared to the TOP/TOPO capped ones in
chloroform. Increased luminescence compared to pyridine capped nanoparticles was also
observed when PEO500-NH, was used as the ligand. The increase in luminescence was
proportional to the amount of added polymer, or HDA for smaller ratios of polymer to
nanoparticles and then it levelled off with further increase in the amount of ligand used in
the case of PEO500-NH,, while it continued to increase in the case of HDA
(Figure 3.3.7.).
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Figure 3.3.7. Relative increase in the PL intensity of CdSe/CdS nanoparticles after
pyridine ligand exchange with HDA and PEO500-NH;

It could be argued at this point that the higher molecular weight ligands, due to the more
difficult packing, cannot passivate the nanoparticles so efficiently as small molecules.
The results presented previously concerning the insensitivity of the luminescence
intensities on the molecular weight of the poly(N,N-dimethylaminoethyl methacrylate),

115

PDMA, are not in accordance with the ones presented here.” ” However, since the binding

groups in the case of PDMA are the side groups distributed along the polymer chain and
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previous studies on polymers with binding side groups have shown that such polymers
spread over the surface of the nanoparticles in order to maximise the number of contacts
per polymer chain''®, this difference can be attributed to the molecular structure with
respect to the position of the binding groups. The trend of lower PL efficiency with
increasing molecular weight was also observed when going from PEOS500-NH, to
PEO2400-NH; and PEO3200-NH,. There was not a large difference in the luminescence
intensities between nanoparticles stabilized with PEO2400-NH, and PEO3200-NH,,
probably due to the small relative increase in the molecular weight which cannot affect
the difference in the conformation of the polymer chain significantly.

Taking into account this argumentation, it is to be expected that in the case of block
copolymers, the luminescence intensities remain low due to the high molecular weight of

these ligands (Figure 3.3.8.).
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Figure 3.3.8. Comparison of the PL intensities of CdSe/CdS nanoparticles dispersed in
pyridine and in chloroform stabilised with different block copolymers PEO-b-PEI after
the pyridine/ligand exchange (the numbers indicate the ratio of copolymers to

nanoparticles)
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Only in the case of very low polymer/nanoparticle ratio are the luminescence intensities
slightly higher compared to the pyridine covered nanoparticles, and that only for the
copolymers with 5 and 20 EI moieties. This proves the potential of secondary amino
groups compared to pyridine to increase the luminescence even at so low a content.
However, the PL intensities are lower compared to nanoparticles stabilised with any of
the mono-amino PEOs. It is not clear at this point whether this is an influence of the
different type of binding groups or of the higher molecular weight of the copolymers
compared to the mono-amino PEOs. With increasing polymer content, the luminescence
decreased and was even quenched for very high amounts of polymer. Although no
observable agglomeration was detected, it can not be excluded, which would be the
explanation for the decrease of the PL intensities with higher contents of the polymer. No
trend was observed in relation to the number of PEI units in the polymer chain. It remains
unclear why the PL intensities are the lowest for almost all polymer/nanoparticle ratios
for the copolymer with PEI block having 10 EI moieties.

To check the influence of the solvent on the luminescence efficiencies of the
nanoparticles, a simple experiment was performed in which methanol was added
successively to dilute the chloroform solution of nanoparticles and the changes in the
luminescence were followed. The absorption and luminescence spectra were recorded
after each addition of methanol. Two different nanoparticles were used: CdSe/CdS and
CdSe/CdS/ZnS. In aging experiments performed on dilute solutions of nanoparticles, the
observed decrease of the luminescence intensity with time was attributed to the
desorption of ligands.'”'"’ In some cases the addition of ligands resulted in a recovery
and sometimes even improvement of the luminescence, which supports the hypothesis

that ligand loss was the reason for the observed deterioration of the luminescence.'"” I

n
order to check whether the applied extent of dilution could cause a loss of ligands, due to
the increased solubility, and consequently a decrease in luminescence, in parallel with the
dilution with methanol, the solution of nanoparticles was diluted to the same extent with
chloroform. The luminescence spectra obtained after successive dilution with chloroform

and methanol are presented in the Figure 3.3.9 and Figure 3.3.10, respectively, for

CdSe/CdS and CdSe/CdS/ZnS nanoparticles.
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Figure 3.3.9. Changes in the PL intensity with dilution with chloroform; the numbers in

the legend indicate the dilution factor (¢/cy with ¢ the actual and ¢ the initial

concentration)
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Figure 3.3.10. Changes in the PL intensity with dilution with methanol; the numbers in

the legend indicate the vol. % of methanol in the chloroform/methanol mixture

The extent of the applied dilution with chloroform did not have a strong effect on the
luminescence intensity of both types of nanoparticles. Some changes were observed,
which however, can be attributed to experimental error. Thus, if any desorption of ligands
did occur it was to an extent which did not have a significant effect on the PL

efficiencies.
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Dilution with methanol, however, had a more pronounced effect with both types of
nanoparticles. Although methanol is a non-solvent for the nanoparticles, no precipitation
was observed. As expected, the more robust CdSe/CdS/ZnS nanoparticles showed less
sensitivity to the environmental changes. As previously suggested, an increased polarity
of the solution and, concenquently, the increased solubility of TOPO can cause
desorption of the ligands, which results in a poorer passivation and lower PL

efficiency.'”

However, the most pronounced drop in the luminescence was observed for
a very low content of methanol (3 vol. %) and the further decrease in the luminescence
was not so pronounced, even for very high contents of methanol. An attempt to recover
the luminescence by the addition of TOPO molecules was not successful (dotted line in
Figure 3.3.10). This leads to the conclusion that, in addition to changing the absorption of
the ligands, solvents alone have an influence on the luminescence, by either binding to
the free sites on the nanoparticle surface or changing the local dielectric constant of the
surrounding medium. Murray et al. also attributed the inability to restore initial
luminescence by the addition of HDA to nanoparticles purified in multiple washing steps
with methanol, although some improvement was achieved, to the binding of methanol to
the vacancies on the CdSe surface.'”’

When the experience gained in the above experiments is applied to a
polymer-nanoparticle system, it is reasonable to expect that there would be a decrease in
the luminescence in these systems, compared with the luminescence of fully passivated
nanoparticles in apolar solvents, which is the usual luminescence value reported in the
literature. The surface coverage when large and bulky molecule are used instead of small
ones, and the change in the medium which promotes the solubility of the ligand and can
have an effect on the luminescence alone, are both reasons to expect a decrease in

luminescence of the nanoparticles after ligand exchange and phase transfer.
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3.3.4 Ligand exchange with amino-functionalised PEOs with different architectures
of the binding blocks

In order to obtain amino-functionalised PEOs with the possibility of easily changing the
type of the binding group, a new synthetic strategy was developed. Using the isocyanate
coupling reaction, PEOs with binding blocks of different architectures containing primary
as well as secondary amino groups were synthesised. Binding blocks containing the
amino functionalities: diethylenetriamine (DETA), pentaethylenehexamine (PEHA) and
branched polyethyleneimine (PEI-branched) of low molecular weight (423 g/mol), were
connected to PEOs of different molecular weights (2000 or 5000 g/mol). The structural
formulas of the polymers are presented in Figure 3.3.11. In the case of the polymer with
PEI as the binding block, the molecule was designed to have two PEO branches

connected to the binding core (PEI).
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Figure 3.3.11. Structural formulas of the amino-functionalised PEOs synthesised using

the diisocyanate coupling reaction

Transfer into water was achieved using the same procedure developed for the block

copolymers: precipitation using a non-solvent for the PEOs. The nanoparticles could be
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transferred into methanol as well as into water and the obtained concentrated solutions
were stable for months when kept in the dark at room temperature. The luminescence
efficiencies in methanol were generally higher than in water. This indicates that due to
the formation of strong hydrogen bonds some loss of the ligand occurred in water.
Compared to the PEO-b-PEI stabilized nanoparticles, the luminescence efficiencies in
water were higher with all these PEO ligands. Although a thorough study was not
performed and the molecular weights are not comparable, it can be indirectly concluded
that the primary groups are a better choice than the secondary ones for the passivation of
the nanoparticles. In Figure 3.3.12, the PL intensities of nanoparticles dispersed in water

with different PEO ligands are compared with the PL intensity of the TOP/TOPO capped

\

G

T
500 550 600 00

ones in chloroform.

Normalised PL intensity

A, nm

Figure 3.3.12. PL spectra of CdSe/CdS nanoparticles: == in chloroform and in water with,
— PEO2000-PEI-branched, = PEO2000-DETA, == PEO5000-PEI-branched, and
PEO5000-DETA

Interestingly, luminescence efficiencies (up to 20 % reproducible for different batches of
nanoparticles) as high as those for the TOP/TOPO capped nanoparticles in chloroform
were observed for the nanoparticles in water covered with PEO of 2000 g/mol modified

with diethylenetriamine. On the basis of the results of the ligand exchange experiments
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performed with polymeric ligands and the influence of the solvent on the PL described in
the previous section, it is surprising that luminescence efficiencies as high as those for
nanoparticles covered with small molecules in chloroform were obtained. The slight PL
intensity increase after ligand exchange with polymeric ligand is probably due to the poor
surface passivation of the starting nanoparticle sample."'” In order to promote mass
driven ligand exchange, low as possible content of the original ligands is desired and,
hence, all the samples were thoroughly washed before the ligand exchange procedure. At
the same time, an almost linear dependence of the PL intensity on the polymer to
nanoparticles ratio used in the ligand exchange procedure, was observed only in the case
of the polymer with which the highest PL intensities in water were achieved. The
influence of the polymer/nanoparticle ratio employed during ligand exchange on the PL

for different polymeric ligands is presented in Figure 3.3.13.
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Figure 3.3.13. Relative PL intensities of CdSe/CdS nanoparticles dispersed in water as a

function of the polymer/nanoparticle ratio employed during the ligand exchange

Except in the case of PEO2000-DETA, no dependence of the PL intensity on the
polymer/nanoparticles ratio was observed. The dependence observed for the

PEO2000-DETA ligand suggests that the PL intensity is directly related to the surface
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coverage of the nanoparticles and that it is very high when high PL intensities are
observed. In other cases, steric hindrance (bulky binding groups and high molecular
weights) prevents high grafting densities to be achieved. This leaves the surface states
unpassivated which allows the small molecules of polar solvents to approach the surface

of the nanoparticles, thus also affecting the luminescence.

Influence of pH and increased ionic strength

The most frequently used water soluble system obtained by the ligand exchange
procedure is that in which the nanoparticles are stabilised with mercaptoacetic acid.
However, these nanoparticles, which are electrostatically stabilised (by the repulsion of
the charged COO™ groups), are very sensitive to changes in the pH of the medium and
changes in the ionic strength. In this case, it is even impossible to obtain stable water
solutions in the pH region below 7. The stability and luminescence efficiencies in
solutions of different pH and ionic strength were investigated for nanoparticles stabilised
with amino-functionalised PEOs.

In these cases, it was possible to obtain stable nanoparticle dispersions in solutions with
pH as low as 4. In the course of a few weeks, however, the nanoparticles precipitated out
of the solutions with low pH values (4-7), while maintaining their luminescence in the
precipitate. The luminescence intensities of freshly prepared solutions of nanocrystals
stabilised with amino-functionalised PEOs in buffer solutions of different pH values are

compared in Figure 3.3.14.
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Figure 3.3.14. Relative PL intensities of nanoparticles dispersed in buffer solutions of a

different pH

In the region of low pH values, the luminescence intensities were lower compared to the
control sample in de-ionised water (K in the Figure 3.3.14). In the region of low pH
values, ionisation of the amino group occured and there were fewer amino groups with a
free electron pair remaining for coordination to the Cd sites. The more amino groups are
present in the binding unit (PEO-PEHA and PEO-PEI-branched), the less is the
luminescence affected with increasing proton concentration. All the samples which
showed a strong decrease in the luminescence intensity compared to the control sample
precipitated after three weeks, while the samples in solutions of high pH values were
stable for months. This experiment showed that amino-stabilised nanoparticles, although
having a limited stability in low pH media, could be efficiently used as fluorescence
probes in short-term experiments. For experiments where the pH value of the medium is
low, the natural choice would be nanoparticles stabilised with ligands containing a
binding group with a higher number of amino groups.

In addition to pH stability, the behaviour of nanoparticles capped with

amino-functionalised PEOs in aqueous solutions of various ionic strengths was
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investigated. Resistance to agglomeration in solutions of high ionic strength is important
for the possible application of these nanoparticles in intracellular studies, where the ionic
concentration is known to be high. Since PEO covered nanoparticles are not
electrostatically stabilised colloids, increasing the ionic strength of the solution should not
affect the colloidal stability. The colloidal stability, as well as the photoluminescence
properties, were investigated by dispersing PEO stabilised nanoparticles in solutions of
increasing concentration of NaCl, from 0.1 to 1 mol dm™. Over this concentration range
of NaCl, no agglomeration of the nanoparticles was observed and all the samples were
stable for months. The changes in the luminescence properties with increasing ionic

strength are presented in Figure 3.3.15.
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Figure 3.3.15. Relative PL intensities of CdSe/CdS nanoparticles dispersed in solutions of

different monovalent salt concentrations

A decreasing tendency of the luminescence was observed in all cases, except when the
polymer with five amino groups in the linear binding part was used as the stabilising
ligand. It was shown that the chain conformation of PEO is not affected by ionic strength
due to the absence of any interactions between the salt and PEO in pure water.''”'"® Thus,

a change in the grafting density as a consequence of a change in the conformation of the
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polymer is not to be expected. The reason for the decrease in the luminescence should be
searched for in the direct effects that charged species have either on the binding group of
the polymer or on the surface states of the nanoparticles. The presence of impurities of
unknown origin is a probable reason for the different behaviour of PEO-PEHA capped
nanoparticles. This ligand was synthesised using PEHA of technical grade and the low
luminescence intensities of aqueous nanoparticles covered with this ligand are likely to be
the result of the interaction of the impurities present with the nanoparticles. The increase
in the luminescence upon the addition of salt indicates that the negative effect that these
impurities have on the nanoparticles is somewhat screened. However, since the exact
nature of the impurities is not known, speculation about the type of interactions which
exist in the solutions with and without salt and possible further suppression of the

negative effects which these impurities have on the PL of water soluble nanoparticles is

difficult.

Application of amino-functionalised PEOs for other types of nanoparticles

The use of the developed amino-functionalised ligands and the method for ligand
exchange is not only limited to CdSe nanoparticles. Independent of the nature of the
ligands covering the surface of the nanoparticles after the synthesis, these amino-PEOs
could also be employed to obtain aqueous solutions of magnetic nanoparticles (such as
Fe;O4 and CoPt;). Photographs of aqueous solutions of different nanoparticles are

presented in Figure 3.3.16.

Figure 3.3.16. Different nanoparticles dispersed in the aqueous phase below a hexane

phase
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It was noticed that ligand exchange was promoted when the use of acid in the synthesis
was avoided. For magnetic nanoparticles synthesised in the presence of acid, it was
necessary to perform a thorough washing in multiple precipitation steps, up to the point
of precipitation before the ligand exchange. For Fe;O4 nanoparticles which were
synthesised using only HDA as the coordinating ligand, the pre-treatment before the
ligand exchange was the same as for the CdSe/CdS nanoparticles. Either the binding of
the carboxylic group is so strong that ligand exchange for amino-functionalised
molecules is not feasible, or a possible protonation of the amino groups prevents their
binding to the metal sites. TEM images of Fe;O4 nanoparticles before ligand exchange
and after transfer into water are presented in Figure 3.3.17. After transfer into water, no

agglomeration was detected.

Figure 3.3.17. TEM images of Fe;O4 nanoparticles dispersed in toluene (left) and in water

with PEO2000-DETA (middle) and PEO2000-PEI-branched (right)

Nanoparticles capped with PEO ligands are soluble not only in water, but in any solvent
for PEO, including chloroform. After ligand exchange with two types of
PEO-PEI-branched, differing in the molecular weight of the PEO, CoPt; nanoparticles
were dissolved in chloroform and analysed by TEM. TEM images of CoPt; nanoparticles
with different ligand shells are presented in Figure 3.3.18.



68 Ligand exchange with amino-functionalised poly(ethylene oxide)s

a = b T, S 3
a8 Y w0 e Sa®t 5,009
0e’c’ Sutletge @ ne %8 o0 20F 592,
(PS5 "E"d.. "*1‘? Q,’*‘?‘/"- e s P P

et stsetges le® P eonsess . ealoe®

%050 g0%,0% 0%00 .':0.,, '.."*_ 29 'ﬁ'___. -

.::..ﬁ‘:*'.:'. Ll ) '9".*.;.. ii.ha :{:I"'*ﬁ.

by, B 0 9Ta® O " 0y

n‘l.g, Y 3 .. sy Bt @ = o 8

; s oe *%s STORED ¥y

LR i‘eo e Tae a2ty  Tgu My
®seafuye e 0 pege 00y o ®

: L
| FF e ’ a i
Soga®des .“’Oa»n.-k.n"-r.“ L

.0. ‘.... ’w '.‘-‘\.aﬁaﬁﬁv.s‘. ‘: % :E ' :.‘ 4:.“3? A
_’...J:. : f“q-‘.i-.a.'* 69,8 0% 8o g f
L) ™ 7] ] e 80 S 2" Tage Ve ®
S . »

S
TR

8 e B 8y el Pe 0y

'*s.,..‘.u a8ae 9 ':a.‘;;o o 2
L AAATT T Y
t-a®s g i

r [ y
e * .1&.&&7&.“&':‘3
." "' 1 - ™
C ."""’"c..".nd'c e s 2 ®
..o’u:.,....o‘ 2 o 8 - .
e * % a0 °
. e 1 L L) e -
2 ® O.Q%.. i - P
P &
002 29%04 0.0, PO s ® L
0t ® %8 404000 P ® e
F.t!...‘.gl' w * ¢ 4 %
ﬁ“..@.."’..' ® ® & @ e L]
® *a el * L ]
- ®c o000 " * e ® ® >

® 0% 0eq,400
. 4

llo“il..o.".'ttto“ -
ee®e®00as Steoy * ® s e O
....0... .-.:...

& :
L L & w el
a® 00NN e L - e _» 1

50 nm

Figure 3.3.18. TEM images of CoPt; nanoparticles with a) a ligand shell from the
synthesis, b) after mixing with unmodified PEO5000 and after ligand exchange with c)
PEO2000-PEI-branched, and d) PEO5000-PEI-branched

As can be seen from the TEM images, the distance between the nanoparticles changes
with changing size of the stabilising ligand. In order to avoid the influence of different
concentrations on the coverage of the TEM grid, the same amounts of nanoparticles were
used in all the ligand exchanges, as well as the control experiments, and the nanoparticles
were dissolved in the same amount of solvent. The concentration of nanoparticles was the
same in all samples since no loss of nanoparticles occurred during the ligand exchange.
Thus, the difference in the distance between the nanoparticles can not be ascribed to the
difference in the concentration of the samples. The distance between the nanoparticles
covered with polymer is larger compared to the distances when small molecules are the
stabilising ligands (Figure 3.3.18 a, ¢ and d). The longer the polymer chain, the bigger is

the distance between the nanoparticles. Also, a control experiment with unmodified PEO
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of 5000 g/mol molecular weight was conducted. The distances between the nanoparticles
in the presence of unmodified PEO were not altered compared to the distances observed
in the sample with small molecules. This shows that the arrangement of the nanoparticles
is not affected by the presence of the polymer and that the different distances observed in
the samples after ligand exchange are the consequence of the different size of organic

shell as an integral part of the nanoparticle-polymer conjugate.

Size of nanoparticle-PEO conjugates and self-organisation

The size of the nanoparticles to be used in labelling experiments is of critical importance
for certain types of biological applications. The size of the nanoparticle-polymer
conjugate will, in the end, determine the specific use.”> Dynamic light experiments were
performed in order to investigate the changes in the size of the hydrodynamic radii of
nanoparticles capped with different polymeric ligands as a function of the size of the PEO

part of the molecule (Figure 3.3.19).
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Figure 3.3.19. Size distribution of CdSe/CdS nanoparticles before (in chloroform-
TOP/TOPO) and after ligand exchange (in water) with a) PEO-PEI-branched and b)
PEO-DETA ligands

The values of the obtained hydrodynamic radii are higher than the simple sum of the
radius of a particle and the length of a fully stretched polymer chain and cannot be taken
as absolute values. Even for the nanoparticles covered with TOP/TOPO ligands, the value
of 10 nm for the diameter is too high considering that the diameter of the nanoparticle

core determined from spectroscopy measurements is 3.3 nm. However, from this
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measurement, two conclusions can be reached: first, for both series, with increasing
polymer chain length, a trend of increasing hydrodynamic radius was observed, and
second, the formation of larger agglomerates can be excluded. Unexpectedly, the values
of the hydrodynamic radii in the PEO-DETA series were considerably larger compared to
the corresponding values in the PEO-PEI-branched series. It is to be expected that, for
example, nanoparticles covered with PEO2000-DETA and PEO200-PEI-branched would
show similar values of the hydrodynamic radii; however, the values were 22 and 9 nm,
respectively, which are too diverse to be attributed to a different packing of the PEO
ligands on the nanoparticle surfaces. Samples of nanoparticles covered with different
polymeric ligand were subjected to TEM analysis in order to reveal the reasons for the
difference in the hydrodynamic radii observed in the DLS measurements. The TEM

images are presented in Figure 3.3.20.

4 nm 40 nm

Figure 3.3.20. TEM images of water-soluble CdSe/CdS nanoparticles modified with a)
PEO2000-PEI-branched, b) PEO5000-PEI-branched, ¢c) PEO2000-DETA and d)
PEO5000-DETA
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In the PEO-PEl-branched series (Figure 3.3.20 a and b), single well-separated
nanoparticles were observed. Even though the samples were prepared by evaporation of
water from the TEM copper grid, which is associated with difficulties in obtaining a good
distribution of nanoparticles over the grid, it can be seen that the distances between the
nanoparticles change with the changing length of the PEO. In the PEO-DETA series, no
single particles were observed, only wormlike agglomerates. Inspection of a frozen
solution of the samples with cryo-TEM (Figure 3.3.21) showed that in the present case,
the observed wormlike micelles already existed in the solution and hence, that the

changes in the concentration during the evaporation of the solvent from the

Figure 3.3.21. Cryo-TEM images of water soluble CdSe/CdS nanoparticles modified with
a) PEO2000-PEI-branched, b) PEO5000-PEI-branched, ¢) PEO2000-DETA and d)
PEO5000-DETA
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TEM grid were not responsible for the formation of micelle aggregates. The larger values
of the hydrodynamic radii observed in the DLS measurements for the PEO-DETA series
are probably the consequence of the formation of wormlike micelles in the aqueous
solution of nanoparticles covered with these polymers.

Cylindrical micelle structures of copolymers loaded with nanoparticles have hitherto been

119-121
? However, all

observed for several combinations of nanoparticle-[block copolymers].
of these systems were prepared from polymers that alone can make different architectures
depending on the hydrophobicity/hydrophilicity ratio of the constituent units. In a control
experiment, it was confirmed by cryo-TEM that amino-functionalised polymers have no
tendency of organising themselves in water in the absence of nanoparticles, as expected
from their chemical composition. The structures observed here are unique self-organising
systems obtained only through interaction between the nanoparticles and the polymeric
ligands.

The first observation in the formation of a nanoparticle-polymer conjugate is that a
change in the morphology is induced by the change in the architecture of the polymeric
ligand. The effect of the geometry of an amphiphile on the aggregation behaviour has
already been observed for the poly(styrene)-poly(propylene imine), PS-dendr-PPI,
dendrimer molecules.'?* It was shown that in aqueous phases, PS-dendr-(NH;);, forms

spherical micelles, PS-dendr-(NH,);6 forms micellar rods and PS-dendr-(NH,)s forms

vesicular structures (Figure 3.3.22)
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Figure 3.3.22. Comparison of dendritic polymers which self-organise into different

morphologies depending on the molecular structure and the polymeric ligands

The argumentation of the effect of geometry of an amphiphile on the type of morphology
observed in the case of PS-dendr-PPI was supported by the Israelachvili theory of the
influence of tenside geometry on the self-assembly structure in solution.'”'** The
striking similarity of the architecture of the PS-dendr-PPI molecules and the PEO ligands
studied here, with the same effect on the morphology found in solution indicates the
similarity of the nature of the self-organisation of tenside molecules, block copolymers
and nanoparticle-polymer conjugates.

Further investigation of the conditions for the formation of different morphologies in an
aqueous dispersion of nanoparticles revealed that cylindrical micelles were formed only
for certain polymer/nanoparticle ratios applied during the ligand exchange

(Figure 3.3.23.)
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1200 600

400 - 150
Figure 3.3.23. TEM images of water soluble CdSe/CdS nanoparticles (with a diameter of
3.9 nm) obtained with different PEO2000-DET A/nanoparticle ratios (the numbers below

each image indicate the applied ratio) during the ligand exchange

For very high polymer/nanoparticle ratios, single particles were observed. By decreasing
the polymer/nanoparticle ratio, starting from the ratio of 600, the gradual formation of
cylindrical micelles can be followed. However, changing the polymer/nanoparticle ratio
within the limit applied in the case of PEO2000-DETA induced no change in the
morphology in the case of nanoparticle/PEO2000-PEI-branched conjugates
(Figure 3.3.24).
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600 200
Figure 3.3.24. TEM images of water-soluble CdSe/CdS nanoparticles (with a diameter of
3.9 nm) obtained with different PEO2000-PEI-branched/nanoparticle ratios (the numbers

below each image indicate the applied ratio) during the ligand exchange

The polymer/nanoparticle ratio at which the formation of cylindrical micelles is to be
expected is influenced by several factors, such as the pre-treatment of the nanoparticles
and the size of the nanoparticles. When smaller nanoparticles are employed, in order to
induce the formation of cylindrical micelles, the polymer/nanoparticle ratio had to be
lower than the one applied for the larger nanoparticles in order to obtain organised
structures (Figures 3.3.23. and 3.3.25). When, in the case of smaller nanoparticles, the
ratio was 300 (Figure 3.3.25), a few isolated self-organised structures are visible in the
TEM image, although the majority of the nanoparticles were individually encapsulated.
All other higher ratios gave simple spherical nanoparticle-polymer micelles containing a
single encapsulated nanoparticle. On decreasing the ratio to 150, on the other hand, the
vast majority of the nanoparticles were contained in self-assembled structures, with only

a very few individual nanoparticles.
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PEO2000-DETA Polymer/nanoparticle ratio ~ PEO2000-PEI-branched
1200
600
550
400
300
150
140
20 nm 20 nm

Figure 3.3.25. TEM images of water-soluble CdSe/CdS nanoparticles (with a diameter of

3.4 nm) obtained with different polymer/nanoparticle ratios during the ligand exchange
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As expected, with the PEO-PEI-branched ligand and smaller nanoparticles, it was also
not possible to obtain structures other than single nanoparticle-polymer conjugates even
with the lowest employed polymer/nanoparticle ratio (Figure 3.3.25.).

Further investigation of the dependence of the morphology changes on the type of ligand
was performed by changing the length of the binding part of the ligand with the same
architecture of the ligand and the same PEO length (PEO2000-PEHA versus PEO2000-
DETA). For the same polymer/nanoparticle ratio, while nanoparticles covered with
PEO2000-DETA (short binding block) were organising into cylindrical aggregates,
nanoparticles covered with PEO2000-PEHA (long binding block) were still well
separated, similar to the case when PEO2000-PEI-branched was used (Figure 3.3.26.).

PEO-DETA PEO-PEHA PEO-PEI-branched
Figure 3.3.26. TEM images of water-soluble CdSe/CdS nanoparticles obtained with

polymers having the same PEO length (PEO2000) but with different binding parts (the

polymer/nanoparticle ratio was the same (150) during the ligand exchange)

The type of self-assembly observed for nanoparticle-polymer conjugates resembles those
typical for tenside molecules and already observed for highly asymmetric, amphiphilic
block copolymers.'**"'*® Manipulation of the relative block lengths in the structure of the
block copolymer can lead to the formation of a variety of morphologies in a solution. One
way to describe and predict the preferred shape of the assembly of a block copolymer in
solution is influenced by the theory of the organisation of small surfactant molecules,

which is described by the value of a dimensionless packing parameter, P:'*

<1/3 spherical micelle

P=—

Vv P <1/2 cylindrical micelle
a,

1/2 -1 wvesicle
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where, for a small surfactant molecule, Vv is the volume fraction of the hydrophobic core
per surfactant molecule, | is the critical length of the hydrophobic part of the surfactant
and a9 is the optimal interfacial area per surfactant molecule. The packing parameter
theory takes into account the geometrical constraints for a given molecule which would
lead to the preferred formation of only one morphology. Thus, for a certain molecule with
a given Vv and |, and optimal ay, which depends only on the type of the polar surfactant
group, a spherical or cylindrical micelle, or a vesicle will be formed.

Interestingly, all the observed changes of the morphology of the nanoparticle-polymer
conjugates in the described experiments can be qualitatively described by the packing
parameter formalism. If the packing parameter formalism is to be applied in a
nanoparticle-polymer system, then | is the radius of the nanoparticle R, Vv is the partial
volume of the nanoparticle per polymer ligand and can be expressed as v = V/N, where N
is the number of polymeric ligands per nanoparticle and V the nanoparticle volume

(Figure 3.3.27).

Figure 3.3.27. Schematic representation of a surfactant micelle and a spherical

nanoparticle-polymer conjugate

The packing parameter would then be:

V4R’
Na,R 3Na,

As observed, the transition from spherical to cylindrical morphology is dependant on the

polymer/nanoparticle ratio used during the ligand exchange. It can be easily assumed that
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a proportionality exists between the polymer/nanoparticle ratio employed during the
ligand exchange and the total number of polymeric ligands attached to a nanoparticle (N)
after the ligand exchange. This is further supported by the observed change in the
distance between the nanoparticles (in the case where a good coverage of the TEM grid is
achieved) with changing nanoparticle/polymer ratio. As the polymer/nanoparticle ratio
decreases, the distance between the nanoparticles also decreases (Figure 3.3.25). When
this distance is thought of as being proportional to the amount of the polymer molecules
attached to the nanoparticle, this means that with decreasing polymer/nanoparticle ratio in
the ligand exchange experiments, the number of attached polymers also decreased. If the
number of ligands per nanoparticle decreases, then the packing parameter increases,
eventually reaching the critical condition for the formation of a cylindrical micelle.

On decreasing the size of the nanoparticle (R) for the same type of polymeric ligand
(constant ag), the number of attached polymeric ligands necessary to reach the critical
condition for cylindrical micelle formation should be lower. This can explain why
cylindrical micelles are observed at a lower polymer/nanoparticle ratio for smaller
nanoparticles.

Using a ligand with a longer or bulkier binding block, the optimal interfacial area a,
increases, meaning that a cylindrical micelles can be formed with a lower number of
polymeric ligands per nanoparticle for the ligand with a longer or bulkier binding part.
For the same polymer/nanoparticle ratio, cylindrical micelles were observed with
PEO2000-DETA, while in the case of ligands with more binding amino groups
PEO2000-PEI-branched and PEO2000-PEHA, single encapsulated nanoparticles were the
only morphologies observed.

According to the packing parameter model, when the critical condition for the formation
of a cylindrical micelle is close to 1/2, small vesicles are formed, which coexist with the
long cylindrical micelles. Only in case of PEO2000-DETA, structures resembling

vesicles were observed in the cryo-TEM images (Figure 3.3.28).
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polymeric ligand aggregates

Structures resembling vesicles were observed only with PEO2000-DETA and only
cylindrical micelles were present for the nanoparticles covered with PEO5000-DETA.
Under all restrictions concerning the observed vesicle-like structures, their absence with
PEO5000-DETA leads to the expected conclusion that the self-organisation is also
determined by the lengths of the PEO blocks.

It is natural to assume that the optimal interfacial area is determined by the type of the
ligand with respect to its binding group and the size of the ligand. The optimal interfacial
area is determined by the forces of interfacial tension between the hydrophobic surface
and water, and the repulsive forces between the polymeric chains. In a study of the
micellisation of block copolymers,'?’ a dimensionless packing parameter was introduced,

with formalistic analogy to the packing parameter for surfactant molecules:

b a,l

\'
0
where b is the average distance between the polymeric chains in the micelle corona and Vo
is the monomer volume of the core-forming, hydrophobic part of the block copolymer

molecule. In the analogy developed, b= A, V=NaVy and | = Navo'”

(where N, is the
degree of polymerization of the core building part of the molecule). This analogy allows a
direct correlation between the optimal surface area and the length of the hydrophilic

corona-forming part of the block copolymer to be derived. For a block copolymer, b is a
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function of the size of the hydrophilic part expressed through the degree of

polymerization (Ng) of this block and is given by the expression:

b=b,N;

127 the value of b for

Using the values of by and € given for alkylpoly(ethyleneglycol)s,
PE02000 was calculated to be 0.917 nm, and of b* = a, to be 0.841 nm”. The good
distribution of the nanoparticles on the TEM grid allowed the calculation (Appendix 2) of
the surface area per polymeric ligand for the nanoparticle-conjugates obtained for
different polymer/nanoparticle ratios. The obtained values are plotted in Figure 3.3.29.

and compared with b? = a, calculated using literature data.
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Figure 3.3.29. The dependence of the surface area per ligand molecule on the

polymer/nanoparticle ratio applied in the ligand exchange



82 Ligand exchange with amino-functionalised poly(ethylene oxide)s

At a PEO2000-DETA/nanoparticle ratio of about 300, cylindrical micelles began to form
(see Figure 3.3.25), as would be expected from the crossover section of the fitted data and
the calculated b* value (Figure 3.3.29). At a lower ratio of 150, the only structures
observed were cylindrical micelles, indicating that the surface area of the nanoparticle per
polymer should be well above the critical ay, if the structure were to stay spherical. The
argumentation of geometrical constraints employed in the development of the packing
parameter model for small surfactant molecules can also be applied to describe the
formation of cylindrical micelles in nanoparticle-polymer conjugates. It can be thought of
as when the critical value of b* = ay is reached, the interfacial tension between the bare
nanoparticle surface and water is so high that the attractive forces between the
nanoparticles drive the morphological changes and by mutual coalescence reduce the
surface area occupied by the ligand molecule. For the given system, in order to drive the
morphological changes further, the polymer/nanoparticle ratio should be very low,
bringing into question efficiency of the ligand exchange.

For the PEO2000-PEI-branched-nanopaticle conjugate, it is to be expected that the value
of the optimal ay is higher since the binding group is the bulky PEI and the ligand has a
branched structure. Additionally, the values of surface area of nanoparticle per polymer
molecule for this ligand are surprisingly low (Figure 3.3.29), which leads to the
conclusion that this system is far removed from spontaneous morphological changes.

The argumentation used so far leads to the logical conclusion that the morphological
changes going from spherical to cylindrical to vesicular structures for a given
nanoparticle and type of ligand would be easier to induce when a polymeric ligand of
lower molecular weight would be used. As shown in Figure 3.3.29, the critical value of
b? = a 1is at a lower value for PEO1100, which was also used to synthesise
amino-functionalised ligands. Attempts to obtain vesicles with ligand PEO1100-DETA
failed.
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Figure 3.3.30. Cryo-TEM images of CdSe/CdS nanoparticles covered with

PEO1100-DETA obtained with a polymer/nanoparticle ratio of 150 during the ligand

exchange

As can be seen in Figure 3.3.30, cylindrical micelles were the only structures observed.
The solution of nanoparticles was instable and precipitated readily. The reason can be the
poor quality of the synthesised ligand (see 3.2.2), containing a large amount of double
molecular weight by-product. However, the possibility that vesicle formation (which
means a further increase of the surface area per total volume of the formed structure) is
not sustainable because of the very large difference in the density of the core and that of

the corona forming material, can not be excluded.

Crosslinking of the organic stabilising shell

The main reason for the poor stability of nanoparticles, as well as for the problems
encountered during bioactivation of biocompatible nanoparticles is the dissociation of the
organic ligands from the inorganic core. In addition to the frequent use of multidendate
ligands, a strategy employed to overcome this problem is the crosslinking of the organic
shell around the nanoparticle, which would prevent the detachment of the ligands. There
are two reasons which recommend PEO-PEI-branched ligands for further stabilisation of

nanoparticle/ligand complexes through the crosslinking strategy. The first is the sufficient
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number of amino groups of the binding PEI-branched part, which could be involved in
the crosslinking reaction next to the surface of the nanoparticle. The second is that the
overall branched structure of the ligand should allow the molecule used for the
crosslinking to approach the inner binding part of the molecule (Scheme 3.3.3). In this
study an attempt was made to crosslink the PEO-PEI-branched polymeric shell using
hexamethylenediisocyanate, HMDI, as the crosslinking reagent, as it readily reacts with

the amino groups under mild conditions to form urea bonds.

g
CHCls, ~ 60 °C

PEO-PEI-branched g9 HMDI

P
K
A
v,

Scheme 3.3.3. Crosslinking of the PEO-PEI-branched ligands around the nanoparticles

using hexamethylenediisocyanate

The ligand exchange was performed with the ratio polymer/nanoparticles as low as 250 in
order to avoid the presence of free ligands in the solution. After the addition of the
crosslinker molecule to the nanoparticles in chloroform solution, the reaction of the
isocyanate with the amino group can be easily followed by IR spectroscopy through the
disappearance of the band at 2269 cm™, characteristic of the isocyanate group. In order to
investigate the optimal amount of the crosslinker, two different ratios of
hexamethylenediisocyanate/PEO2000-PEI-branched were used: 0.5/1, which is the lower
limit for the successful crosslinking and 2/1, which should lead to a higher crosslinking

density, however with a higher probability of interparticle crosslinking. After the
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completion of the reaction, as proved by IR spectroscopy, the nanoparticles remained
well dispersed in the solution and could withstand the subsequent purification steps and
phase transfer, indicating that interparticle crosslinking had not occured to a significant
extent. The absorption spectroscopic characteristics of the nanoparticles remained
unaltered after the crosslinking reaction. The PL intensities of the nanoparticle after
transfer to water were comparable with those of the nanoparticle covered with unreacted

PEO2000-PEI-branched (Figure 3.3.31).
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Figure 3.3.31. Absorption and luminescence spectra of water-soluble CdSe/CdS
nanoparticles of two different diameters (3.9 nm upper row and 3.4 nm lower row) before
(uncrosslinked) and after the crosslinking reaction with two different ratios of

HMDI/PEO2000-PEI-branched

Based on the presented experimental evidence, it can be stated that

hexamethylenediisocyanate can be successfully applied for the reaction of the
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PEO-PEI-branched ligands after performance of the ligand exchange reaction. However,
it is not certain if the reaction occurred on the ligand layer around the nanoparticles or
whether free ligands were involved in the reaction. Reaction of free ligands with
hexamethylenediisocyanate would lead to the formation of an insoluble high molecular
weight product, the presence of which was not detected, showing that this reaction was
not the main event occuring during the crosslinking. However, the participation free
ligands in the reaction, even to a small extent, would decrease the probability of the
crosslinking of the ligand shell around the nanoparticles, leading to the insufficient
stabilisation. In studies of the crosslinking of organic dendron molecules around
nanoparticles, it was shown that the nanoparticles with a crosslinked shell exhibit
improved chemical stability against the action of a strong acid and a strong oxidant
compared to those with an uncrosslinked shell.'””'?* The main reason for such an
improvement of chemical resistance is the hindered diffusion of etchant molecules
through the crosslinked undynamic organic shell. In order to reveal the nature of the
organic shell of nanoparticles in this work, etching experiments with hydrochloric acid
were performed before and after crosslinking. Two different nanoparticle sizes were used.
The change in the optical density at the first absorption maximum with exposure time was
used as a measure of the deterioration of the nanoparticles due to the action of

hydrochloric acid (Figure 3.3.32).
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Figure 3.3.32. Optical density change during the reaction of CdSe/CdS nanoparticles of
two different diameters (3.9 nm left and 3.4 nm right ) with HCI before (uncrosslinked)
and after the crosslinking reaction using two different ratios of

HMDI/PEO2000-PEI-branched
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As can be seen from Figure 3.3.32, the nanoparticles after performance of the
crosslinking reaction were more stable against the action of hydrochloric acid in both
cases. However, a clear trend of increased stability with increasing amount of
crosslinking agent was not observed. This fact, as well as the low reproducibility of the
results lead to the conclusion that the increased stability of the nanoparticles can be a
consequence not of the slower diffusion of the etchant through the crosslinked organic
shell, but of the consumption of the acid in the hydrolysis reactions of the ligands (in the
reaction with hydrolysable urea and urethane) themselves. Thus, the etching reaction was
performed with a strong oxidant, in which case reaction with the organic shell can be
completely excluded. The results of the temporal change of the optical density during the

oxidation of the nanocrystals with H,O, are presented in Figure 3.3.33.
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Figure 3.3.33. Temporal change of OD of CdSe/CdS nanoparticles (3.4 nm) during the
reaction with H,O, before (uncrosslinked) and after the crosslinking reaction with two

different ratios of HMDI/PEO2000-PEI-branched

As opposed to that observed for the reaction with hydrochloric acid, the oxidation of the
nanocrystals by H,O, proceeded at almost the same rate regardless of the treatment
applied to the polymer shell. At this point, it can be speculated that either the polymeric

shell was not crosslinked and thus not making a sufficient barrier to the oxidant
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molecules, or that the shell is crosslinked but that the crosslinking in this is case not an
efficient barrier to the diffusion of H,O,. Although the differences were rather small, it
can be observed that the untreated nanoparticles and the nanoparticles treated with the
lowest amount of HMDI are showed the highest resistance to the action of H>O,. Such a
trend can be explained if detachment of the PEO2000-PEO-branched during the
crosslinking reaction is assumed. However, in that case, higher amounts of insoluble
products would be formed during the crosslinking with the higher amount of HMDI,
which was not observed. It seems that the first argumentation of insufficient crosslinking
or insufficient hinderance of the diffusion of H,O, is more likely.

In the present case the chemical stability experiments might not be the most suitable way
to prove the crosslinking of organic shell (which is crosslinked just next to the inorganic
core), as it is in a case where the outer part of organic shell was crosslinked.'**!%’

To determine whether with crosslinking the stability of the nanoparticle-polymer
conjugate is improved with respect to the dissociation of the polymeric ligands from the
nanoparticle surface, long-term experiments in which the luminescence efficiency, which
should be affected by ligand dissociation, was followed with time for the crosslinked and

uncrosslinked samples (Figure 3.3.34).
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Figure 3.3.34. Temporal change in the luminescence intensity of the nanoparticles
stabilized with PEO2000-PEI-branched (uncrosslinked) and after the reaction of the
polymeric shell with HMDI (crosslinked) with two different ratios of
HMDI/PEO2000-PEI-branched
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The decrease in the PL intensity over ten days, caused by the dissociation of the ligands
from the nanoparticle surface, was the same for all the investigated samples, i.e. the
sample with an untreated shell and two samples in which the PEO2000-PEI-branched
shell had been treated with two different amounts of the crosslinking agent. The results
obtained also indicate, as assumed from the previous oxidation experiment, that the
crosslinking of the PEO2000-PEI shell did not occurr to an extent high enough to prevent
the ligands from leaving the surface of the nanoparticle. The possible reason can be an
ineffecient diffusion of the crosslinking agent, HMDI, through the thick PEO shell, which
is thus hindered to reach and react with inner PEI binding part. Thus, shorter PEO could
be a better choice for the design of the PEO-PEI ligands suitable for further crosslinking.
A further reason could be small PEI binding part of the ligand. By using a branched PEI
of higher molecular weight, the number of active amino groups available for the
crosslinking reaction would be increased. Simultaneously, the larger binding part of such
a molecule, from the packing argumentation, would provide for a less dense organic
layer, facilitating also in this way the diffusion of the crosslinking agent. Optimisation is
also possible in the choice of the crosslinking agent, which could be smaller than the one

employed here.
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3.4 Ligand exchange with mercapto-functionalised poly(ethylene oxide)s

3.4.1 Ligand exchange with linear mercapto-functionalised poly(ethylene oxide)

As previously stressed, the most frequently employed method to transfer nanoparticles
from apolar, non-protic solvents to water is to perform ligand exchange with a small
bifunctional molecule possessing a suitable water-compatible functionality. The mercapto
(or thiol) group is the functional group most frequently used to bind to nanoparticles. In
the previous subchapter, it was shown that PEO can serve to render nanoparticles water
soluble while having a suitable functionality to bind to the Cd sites. To broaden the
approach, mercapto groups were also used as anchoring groups attached to the end of
PEO chains. PEOs with the structural formulas given in Figure 3.4.1, having one or two
thiol groups at the end of the chain, were synthesised by an esterification reaction using

mercaptopropionic acid.

PEO1100-SH

O
col™ o PEO2000-SH

PEOS5000-SH

H
mcot™~°h 0X PEO1200-(SH),

Figure 3.4.1. Structural formulas of PEOs with a thiol end group; the numbers in the

abbreviations represent the molecular weight of the PEO

PEO molecules with SH functionality also have great potential for the stabilisation of a

variety of types of nanoparticles, since molecules containing thiol groups can be used for
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the stabilisation of Au, CdTe and Fe;0,. 13013 Contrary to the effect of thiols on the
luminescence of CdTe, a number of studies of CdSe nanoparticles indicated that ligand
exchange with thiol-containing molecules usually leads to a reduced luminescence
intensity compared to the starting nanoparticles. This remarkable difference between
thiol-capped CdTe and CdSe nanoparticles was explained by the difference in the
position of the top of the valence band with respect to the redox energy level of the thiol
molecule, which is positioned above the top of the valence band of CdSe, promoting hole
trapping in this case.'”> However, it was recently reported that the blinking of polymer
encapsulated CdSe/ZnS was almost completely suppressed by the addition of a small
amount of (B-mercaptoethanol).'*® This issue was further investigated by Jeong et al. who
found that the effect of thiols on the luminescence of nanoparticles can be favourable or

37 Thiolates rather than thiols are

detrimental depending on different conditions.
responsible for the quenching of luminescence, which can be regulated by the pH
conditions. These findings promise that further investigation and a better understanding
of the role of thiol surface ligands could lead to the production of stable, luminescent,
non-blinking nanoparticles under properly chosen conditions.

It is known that the mercapto group binds strongly to Cd and that this should be stronger
than the binding of the amino group. The use of molecules containing thiol rather than
amino groups for attachment to the nanoparticle surface should provide less vulnerable,
long-term stable nanoparticle-polymer conjugates.

Using mercapto-functionalised PEOs by the method developed for amino-functionalised
PEOs, the nanoparticles could be transferred into water. The spectral characteristics of

PEO-SH capped nanoparticles in water were not altered, although the luminescence

intensities were lower.
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Figure 3.4.2. Absorption spectra (a) and comparison of the PL intensities (b) of the

CdSe/CdS nanoparticles in chloroform and in water with different ligands

The absorption spectra of the nanoparticles in chloroform and of nanoparticles in water
stabilised with different PEO-SHs together with a comparison of the relative
luminescence intensities are presented in Figure 3.4.2. For comparison, the ligand
exchange was also performed with mercaptopropionic acid (MPA), a very frequently
used ligand to achieve the phase transfer of nanoparticles. As expected, the luminescence
intensities of all the nanoparticles in water are lower compared to the starting TOP/TOPO
stabilised nanoparticles in chloroform. The MPA-covered nanoparticles, however, exhibit
the lowest PL intensity. Since MPA nanoparticles are electrostatically stabilised by the
repulsion of the charged COO™ groups, it was suggested that this local electrostatic/polar

138,139 . .
°7. This behaviour was further

environment affects electron-hole recombination
supported by the observed increase in the luminescence once the surface charges had
been neutralised by self-assembly with negatively charged molecules. It can also be

7 since MPA-covered

explained by the presence of thiolates rather than thiol groups,"
nanoparticles are stable only in solutions of high pH, where the carboxylic groups are
ionised. Stabilisation of nanoparticles with PEO-SH does not require a specific pH of the
solution because the nanoparticles are sterically stabilised by the repulsion of the

polymeric chains, which probably leads to the improved luminescence.
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Of the PEO-SH stabilised nanoparticles, the highest luminescence intensities were
repeatedly observed for the ligand with two SH binding groups. Multidendate ligands
provide for a more stable bond, which in turn results in better protection of the
nanoparticles from the negative effect that the solvent alone (water) can have on the
luminescence efficiency.

The water-soluble nanoparticles were subjected to TEM investigations (Figure 3.4.3).

if

TOP/TOPO

PEO1100-SH PEO2000-SH

PEO5000-SH PEO1200-(SH),

Figure 3.4.3. TEM images of the CdSe/CdS nanoparticles in chloroform (with
TOP/TOPO ligands) and in water after ligand exchange with different SH-containing

polymers



94 Ligand exchange with mercapto-functionalised poly(ethylene oxide)s

As can be seen from Figure 3.4.3 and as expected from the peak position in the
absorption spectra, the size of the nanoparticles is not altered by the ligand exchange and
phase transfer. Although the distance between the nanoparticles with a polymeric shell is
larger compared to the distances observed for nanoparticles covered with TOP/TOPO, no
tendency was observed with increasing polymer chain length, since the distribution of the
nanoparticles on the TEM grid was very irregular.

In order to see how the different polymer coatings influence the size of the
nanoparticle-polymer conjugates, DLS measurements were performed in chloroform and

in water after ligand exchange (Figure 3.4.4.).
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Figure 3.4.4. Size distribution of the CdSe/CdS nanoparticles before and after ligand

exchange dispersed in a) chloroform and b) water

As stated in section 3.3.4, the values of the hydrodynamic radii observed in these
measurements cannot be taken as absolute, however trends are clearly observed. After the
ligand exchange had been performed and the nanoparticles re-dispersed in chloroform
(Figure 3.4.4 a), an increase in the hydrodynamic radii was observed, which follows the
trend of increasing molecular weight of the ligands. This indicates that successful ligand
exchange by polymeric ligands had occurred. When the nanoparticles were dispersed in
water, peaks appearing at higher values in the DLS plot for the nanoparticles stabilised
with PEO5000-SH, indicate some agglomeration. However, they are not the dominating

structures present in the solution, as judged by the number distribution (not presented).
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Interestingly, the hydrodynamic radii measured in water were lower compared to the
values obtained in chloroform, except for the nanoparticles covered with PEO1100-SH,
where an increase in the hydrodynamic radii was observed. At this moment, it is not clear
what the origin of these differences is and whether they can be attributed to the somewhat
different preparation of the samples in chloroform and in water. The aqueous solutions
had to be centrifuged for a long time before the measurements in order to remove traces
of agglomerates present in the solution, since the DLS measurements are extremely
sensitive to any traces of larger size agglomerates. The most important information that
can be extracted from these measurements is, however, that the hydrodynamic radii of a
nanoparticle-polymer conjugate should not exceed 15 nm (the value for the nanoparticle-
[PEO5000-SH]), which determines the possible future use of the obtained conjugates in
biological experiments.

The observation that the nanoparticles stabilised with mono-SH-PEO were stable for
months, while the nanoparticles stabilised with mono-amino-PEO precipitated within a
day is a consequence of the stronger thiol-Cd than amino-Cd bonding. However, the
strong hydrogen bonding which can be formed between the amino group and the water
molecules should not be excluded as a factor leading to the less stable bonding between
mono-amino-PEO and the nanoparticles. In order to compare the stability of the two
types of nanoparticle-PEO conjugates, the luminescence was followed with time for both
conjugates. Long-term experiments with dilute and concentrated aqueous solutions of

nanoparticles covered with different ligands were performed (Figure 3.4.5.).
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Figure 3.4.5. Relative PL intensities changes with time of CdSe/CdS nanoparticles
stabilised with different polymeric ligands in dilute ( l ) and in concentrated ( l)

aqueous solutions

In the case of amino-functionalised polymer, a continuous decrease in the luminescence
was observed for the nanoparticles in dilute solution. The gradual loss of ligands via
desorption in the dilute solution is the probable cause of the loss of luminescence. Only in
the case of this polymer was a shift to higher transition energies in the absorption spectra
with time observed (not presented), indicating a deterioration of the nanoparticles with
the loss of ligand."*® On the other hand the luminescence of the nanoparticles in
concentrated solution, although with some variation, was not strongly affected in the time
frame of 25 days. In the case of nanoparticles stabilised with mercapto-functionalised
polymers, the luminescence changed in the same manner independently of the storage
conditions. A drastic decrease in the luminescence and change in the absorption features

for dilute solution were not observed within 30 days. All the samples of the water-soluble
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nanoparticles were prepared with the same polymer/nanoparticle ratio, leading to the
conclusion that the observed difference between nanoparticles stabilised with mercapto-
or amino-functionalised polymers are a consequence of the stronger binding of the
mercapto groups compared to the amino groups. The reason for such a difference
between these two ligands can also be interaction with the solvent. Thus, while amino
groups associate readily by hydrogen bonding and form a hydrogen bond with water as
well, this is not the case for the thiol group, which shows little tendency to associate by
hydrogen bonding. It would be expected, if the only factor affecting the luminescence is
the desorption of polymeric ligands, that the polymer bearing two SH groups should show
improved stability compared to the monodendate polymer having only one binding group.
However, the luminescence changes for the nanoparticles stabilised with PEO1200-(SH),
were comparable or slightly worse compared to the nanoparticles stabilised with
PEO2000-SH. The fact that the luminescence changed in the same manner for both the
concentrated and dilute solutions indicates that some other processes other than
desorption of the ligand are responsible for the changes in the luminescence of the
nanoparticles with PEO1200-(SH),.

It may be concluded that, while both types of nanoparticle-polymer conjugates (amino-
and mercapto-stabilised) are stable in concentrated solutions, the nanoparticles stabilised
with mercapto-functionalised PEOs are more robust and less sensitive to concentration

changes.

Although thiols are very widely used to stabilise nanoparticles in water, thiol-capped
nanoparticles show very low photochemical stability in solution. In a study of the
photochemical instability of thiol-stabilised nanoparticles, it was found that the
deterioration process of thiol-stabilised CdSe nanoparticles proceeds in three steps:
photocatalytic oxidation of the thiol ligands (which is the main reason for the poor
stability of thiol-stabilised nanoparticles), photooxidation of the nanocrystals and the
precipitation of the nanocrystals as a result of the first two processes.” The diffusion of
oxygen through the organic coating of the nanoparticles was found to be the
rate-determining step in the photooxidation of the nanocrystal-ligand complexes, since

nanoparticles coated with longer carbon chain ligands show improved stability.
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Following this line of argumentation, polymer-coated nanoparticles should be more stable
than nanoparticles stabilised with small molecule thiols, such as mercaptopropionic acid.
Photooxidation experiments were performed on the nanoparticles stabilised with different
ligands by illuminating the solution of colloids and following the changes in the
absorption characteristics of the nanoparticles. Upon exposure to light, the nanocrystals
become smaller due to their degradation and a blue shift in the size-dependent absorption
spectrum was observed. Simultaneously, the absorbance (optical density, OD) at the
maximum of the first absorption peak decreased, also due to the decrease in the size of
the nanoparticles. As an example of the changes in the absorption characteristics with

illumination time, the absorption spectra of the nanoparticles covered with PEO1100-SH

are presented in Figure 3.4.6.
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Figure 3.4.6. Temporal changes of the absorption spectra of PEO1100-SH stabilised

CdSe/CdS nanoparticles in water upon illumination
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The temporal evolution of optical density was followed for different
nanoparticle-polymer conjugates up to the point of precipitation (in the case where it
occurred), which can be seen as the non-zero base line (upper spectrum in Figure 3.4.6.).
The temporal evolution of the optical density at the maximum of the first absorption peak
of nanoparticles covered with different ligands is illustrated in Figure 3.4.7. Nanoparticles
covered with long polymeric ligands were compared with nanoparticles stabilised with
mercaptopropionic acid (MPA). It was found that the stability of the nanoparticles
increased with increasing excess of the thiol ligands present in the solution, since the first
oxidation step involves the oxidation of the ligands themselves.” The sample of
nanoparticles in water stabilised with MPA containing free MPA was also included in the
study (sample: MPA+extra MPA in Figure 3.4.7). The amount of added excess MPA,
expressed as the ligand/nanoparticle ratio, was ten times higher in this case than the

polymer/nanoparticle ratio used in the ligand exchange procedure.
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Figure 3.4.7. Temporal decrease of the OD at the first absorption maximum of CdSe/CdS

nanoparticles stabilised with different ligands upon illumination
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Nanoparticles covered with MPA are the least stable of all the investigated samples. With
the addition of free MPA, as expected, the stability improved. The initiation period, the
time before which no degradation of the nanoparticles was observed due to the
degradation of the thiol ligands alone, increased with increasing amount of free ligands
available in the solution, which replace the ones that have formed disulfides in the first
degradation step.

Of all the samples stabilised with polymeric ligand, the least stable was the one with the
polymer of the lowest molecular weight. This result corresponds to the findings that by
increasing the length of the ligand chain, the stability is improved, due to the hindered
diffusion of oxygen to the surface of the nanoparticle, where the photooxidation
processes occur. In this respect, the most stable nanoparticle-polymer conjugates should
be the ones covered with PEO5000-SH. However, although more stable than the
nanoparticles covered with PEO1100-SH, the nanoparticles covered with this ligand start
to decompose earlier than nanoparticles covered with PEO2000-SH. According to the
proposed mechanism, the nanoparticles commence to degrade when there is no longer
free ligand available in the solution to replace the transformed ones. When high
molecular weight ligands are used, the dynamics of the exchange of the ligands on the
nanoparticle surface also become an important factor in the determination of the overall
dynamics of the photooxidation. A reasonable assumption is that the exchange of ligands
which have undergone degradation and new ones from the solution is hindered in the case
of the PEO5000-SH ligand, and the nanoparticles themselves start to degrade earlier,
although at a lower rate than when they are covered with PEO1100-SH, due to the slower
diffusion of oxygen.

Contrary to previous findings for low molecular weight thiols, i.e., that nanoparticles
covered with dithiols are less stable than those covered with monothiols, nanoparticles
covered with polymers of a similar molecular weight were more stable when the ligand
possessed two binding thiol groups. The proposed explanation that dithiols cannot pack
as densely as monothiols does not hold for polymeric ligands. It can be assumed that the
packing density is determined by the size of the polymer chain rather than the steric
hindrance imposed by the binding part of the molecule, which is the determining factor in

the packing of small molecules. Thus, for polymers of similar molecular weight
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PEO1100-SH and PEO1200-(SH), the packing density should be similar, resulting in a
higher concentration of -SH groups connected to, or in the vicinity, of Cd sites on the
surface of the nanoparticle, in the latter case. The observed difference in the
photooxidation dynamics between the two nanoparticle-polymer conjugates can, thus, be
the consequence of a higher local concentration of thiol groups next to the surface of the
nanoparticle, which undergo photooxidation to disulfide before the degradation of the
nanoparticles themselves commences.

In order to gain further understanding and to prove the above-stated hypothesis
concerning the different behaviour of the nanoparticle-polymer conjugates, a more
thorough investigation of their photo stability is necessary. However, from the results
presented above, it can be concluded that, as expected, due to the thicker organic shell,
nanoparticles covered with polymeric ligands are more stable than those capped with low
molecular weight thiols. Since the amount of free ligand available in the solution plays a
dominant role in determining the stability of nanoparticles stabilised with small
molecules, the influence of the amount of polymer employed in the ligand exchange was
investigated. The temporal evolution curves of the OD at the first absorption maximum
during the illumination of nanoparticles with different contents of polymeric ligand are

presented in Figure 3.4.8.
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Figure 3.4.8. Temporal decrease of the OD at the first absorption maximum of water-
soluble CdSe/CdS nanoparticles obtained with different PEO1200-(SH),/nanoparticle

ratios during the ligand exchange and MPA-coated nanoparticles

With decreasing polymer/nanoparticle ratio during the ligand exchange, the stability of
the nanoparticles deteriorated. Assuming that there was no free MPA in the solution and a
full coverage of nanocrystals of 3.0 nm diameter, the total amount of MPA per
nanoparticle should be no more than 300, which is comparable with the lowest amount of
polymeric ligand per nanoparticle employed in the ligand exchange. Even for this lowest
ligand/nanoparticle ratio, the nanoparticles coated with polymeric ligand are more stable
(longer initiation period and slower degradation of nanoparticles) than those coated with

MPA.

3.4.2 Ligand exchange with branched mercapto-functionalised poly(ethylene oxide)

In the further development of ligands which could effectively stabilise nanoparticles in
water, PEO-based molecules with SH binding groups and an additionall hydroxyl
functionality at the other molecule end were synthesised. The hydroxyl functionality at

the outer shell of the nanoparticle could serve for a further functionalisation and the
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choice of the end product is versatile. Recently, a successful transformation of the OH
terminal group at gold nanoparticle surface to ester, carbamate, carboxylic acid, nitrite
and aldehyde groups in high yield and without any deleterious effects on the
nanoparticles themselves was demonstrated.'*

The synthesised ligands differ in the number of SH binding groups and the number of
PEO chains per molecule (Figure 3.4.9).
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Figure 3.4.9. Structural formulas of mercapto-functionalised PEOs with a branched

structure

The solubility properties of the synthesised ligands in water depend on the structure of the
ligand, i.e., the balance of hydrophilicity/hydrophobicity. Aqueous solutions of these

ligands exhibit a lower critical solution temperature (LCST) transition at different
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temperatures depending on the structure of the molecule; above this temperature, the
solubility of the ligand is reduced and the solution undergoes phase separation. Aqueous
poly(ethylene oxide) solutions alone are known to exhibit such a behaviour with a LCST
generally in the range 100-200 °C, with the position of the LCST shifting to higher values
with decreasing molecular weight, and completely disappearing for PEO oligomers.'*! As
far as the room temperature solubility of the present ligands is concerned, the ligand
containing only one PEO chain per molecule is not soluble in water at room temperature,
but its solubility is improved by lowering the temperature. The ligand with two PEO
chains is completely soluble in water at slightly lower temperatures then room
temperature, while the ligand with three PEO branches is completely soluble in water at
room temperature. Thus, the structure and behaviour of the ligands resemble those of
non-ionic surfactants, such as poly(ethylene oxide)alkyl ethers, CH3(CH2)m-(OCH2CH,),-
OH. They also exhibit a LCST behaviour in water with a phase diagram very similar to
that of the PEO-water system, only with lower values of the LCST, in the range
0-100 °C."**'" The LCST values for non-ionic surfactants, similar to here, increase with
increasing contribution of the hydrophilic part.

The same method for the ligand exchange and transfer into the water used for all the
polymeric ligands was also applied for these ligands. The solubility of the ligand
determined the solubility of the nanoparticles. However, in the case of the ligand with
two PEO branches, (PEO),-(SH),, which was insoluble in water at room or elevated
temperatures, the nanoparticles covered with this ligand were completely soluble
independent of the temperature (Figure 3.4.10). This behaviour will be discussed later

with the results of the dynamic light scattering (DLS) measurements
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Figure 3.4.10. Photographs of aqueous solutions of the (PEO)-(SH)y ligands (top row)
and the corresponding CdSe/CdS nanoparticle/ligand complexes (middle row) at different

temperatures and under illumination (bottom row)

The spectroscopic characteristics of nanoparticles covered with branched
mercapto-functionalised polymers correspond to those observed for linear mercapto-
functionalised polymers. A comparison of the spectroscopic characteristics of the
nanoparticles capped with linear PEO with two binding groups and branched PEO ligands

is presented in Figure 3.4.11.
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Figure 3.4.11. Absorption and luminescence spectra of water-soluble CdSe/CdS

nanoparticles covered with different mercapto-functionalised PEOs

Due to the binding through the mercapto group, as expected, the luminescence intensities
are of the same order of magnitude as those observed for linear mercapto-functionalised
PEOs.

The size of the nanoparticle-polymer conjugate is much smaller compared to other
nanoparticle-polymer conjugates investigated so far. This is to be expected since the

polymer coating is thinner in the case of the branched mercapto-functionalised ligands.
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Figure 3.4.12. Size distribution of CdSe/CdS nanoparticles in chloroform (TOP/TOPO)

and in water after ligand exchange with branched mercapto-functionalised PEOs
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As can be seen in Figure 3.4.12, the hydrodynamic radii do not change much after ligand
exchange, and are below 10 nm. However, as previously stated, the values obtained
should not be taken as absolute values. With an increasing number of branches, the
hydrodynamic radii do not increase further, rather a ‘shrinking’ is observed, for which
there is no apparent explanation. The presence of large diameter species is almost
certainly the consequence of dust in the aqueous solutions. It is well known that polar
solvents, especially water, are much more difficult to obtain dust-free than non-polar
solvents such as chloroform.

The aqueous solutions of nanoparticles covered with (PEO),-(SH), and of the ligand
alone were subjected to DLS measurements at different temperatures (Figure 3.4.13). The
amounts of water used for the preparation of the solutions were chosen such that the
amount of (PEO),-(SH), in both solutions, with and without nanoparticles, should be the
same, under the assumption that the loss of ligand through the ligand exchange process
was negligible. The concentration of free (PEO),-(SH), is, however, lower in the solution
of the nanoparticle-[(PEO),-(SH)] conjugate. If loss of ligand occurred during the ligand
exchange process, then the concentration of the free ligand would be even lower. The
behaviour observed for the nanoparticle-[(PEO),-(SH),] conjugate solution is then

inherent only to the conjugate.
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Figure 3.4.13. The changes in the size distribution with increasing temperature in aqueous
solutions of a) (PEO),-(SH), ligand and b) CdSe/CdS nanoparticles covered with this
ligand

Contrary to that observed for the ligand alone, the sizes observed in the solution of
nanoparticles did not change with increasing temperature (Figure 3.4.13). The aqueous
solution of the ligand underwent a phase transition between 10-15 °C. Below this
temperature, a single peak was observed at 11 nm. This value is too large to correspond to
a single molecule of (PEO),-(SH), and can be the consequence of an overestimation of
the size by DLS, as was already observed for nanoparticles in chloroform, and has
already been reported for the same technique and equipment in this size region.'** On the
other hand, it can be speculated that the (PEO),-(SH), forms micelles below the LCST,
where the hydrophobic part of the molecule interacts to form a core, as is the case for
alkyl PEO non-ionic surfactants. With increasing temperature, the hydrophobic
interaction becomes dominant, which leads to increasing size of the micelle and

ultimately aggregate formation.'®

In the case of the nanoparticle-ligand conjugate, the
ligands are tightly bound to the nanoparticle. The contribution of the core (nanoparticle
with the hydrophobic part of the ligand) to the hydrophobic interaction is thus hindered

and the nanoparticle-polymer conjugate behaviour is mainly determined by the
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interaction of the PEO shell. In the case of the nanoparticle-[PEO-(SH)s] conjugate, a
clear solution at room temperature was not obtained (Figure 3.4.10.). The nature of the
aggregates formed at room temperature in this solution is not clear. A more detailed
investigation would be necessary to reveal the behaviour of the nanoparticle-[PEO-(SH);]

conjugate.

Since the thickness of the organic coating influences the dynamics of the photooxidation
processes to which nanoparticles covered with a mercapto-ligand are prone, a
photochemical investigation was also performed on nanoparticles stabilised with
branched mercapto-functionalised PEOs. The photochemical stability of nanoparticles
stabilised with branched mercapto-functionalised PEOs was compared in a parallel
experiment with the stability of nanoparticles covered with the linear PEO with two SH

binding groups, as well as with MPA stabilised nanoparticles (Figure 3.4.14)
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Figure 3.4.14. Temporal evolution of the OD at the first absorption maximum of

CdSe/CdS nanoparticles stabilised with different mercapto-ligands
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Although the molecular weights of the PEO part of the branched ligands are much
smaller than that of the PEO part of the linear ligand, the stabilities of nanoparticles
covered with branched ligands were slightly better. The branched structure and cone
shape of these ligands can lead to better packing densities compared to the linear one,
thus improving the diffusion barrier to oxygen. All the investigated
nanoparticle-conjugates showed improved stability compared to the MPA coated
nanoparticles.

The small size of the nanoparticles covered with branched ligands, improved stability
compared to the MPA-coated nanoparticles, stronger binding of the ligand compared to
the amino-functionalised PEOs and the existence of a suitable functionality at the outer
organic shell highly recommends these nanoparticle-polymer conjugates for biomedical

experiments.
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4. Conclusion

The main focus of this work was the phase transfer of nanoparticles from non-polar
organic solvents into water. The method chosen to achieve phase transfer was the
exchange of the native capping ligands with water-soluble polymers. The employed
polymers were based on highly water-soluble poly(ethylene oxide), PEO, which was
functionalised so that it contained suitable functional groups which could bind to the
nanoparticle. Amino and mercapto functionalities were used as binding groups.

This work deals mostly with the phase transfer of semiconductor nanoparticles based on
CdSe. The CdSe nanoparticles were synthesised by the hot-injection technique in a
“greener” chemical approach. The influence of the amount of phosphonic acid
(tetradecylphosphonic acid, TDPA), employed as one of the coordinating ligands during
the synthesis of CdSe, on the kinetics of the growth and properties of the CdSe
nanoparticles was investigated. With decreasing amount of TDPA, the particle growth
was faster, for very low amounts often uncontrollable, and the luminescence yields were
lower. For all further syntheses of the CdSe nanoparticles used in this work, the highest
investigated amount of TDPA investigated (0.9 wt%) was employed. The core CdSe
nanoparticles were covered with an inorganic shell of CdS, a higher band gap material, to
produce more robust CdSe/CdS nanoparticles. In addition, even more stable,
CdSe/CdS/ZnS, core/shell/shell nanoparticles were synthesised using a one pot synthetic
method. All the synthesised nanoparticles were characterised by absorption and
luminescence spectroscopy, as well as XRD and TEM analysis.

To obtain poly(ethylene oxide) ligands possessing amino functional groups, two types of
synthetic routes were utilised. In one, block copolymers poly(ethylene oxide)-b-(ethylene
imine), PEO-b-PEI, were synthesized by the cationic ring opening polymerization of
2-ethyl-2-oxazoline, starting from tosyl-PEO as the macroinitiator. Three polymers with
varying length of the PEI block (5, 10 and 20 PEI units) were synthesised. In the second

approach, PEO was coupled with different amino group bearing molecules by the
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diisocyanate coupling reaction. In the second approach, in addition to linear polymers,
produced by coupling PEO and diethylenetriamine or pentacthylenehexamine, branched
ones were also synthesized by coupling two PEOs to a small molecular weight PEI core.
Ligands with mercapto groups as binding groups were also produced in two different
ways. In the first approach, esterification of mercaptopropionic acid with PEO
monomethyl ether was performed resulting in linear polymers of different length with a
mercapto group at one end of the polymer chain. In this way, starting from PEO with two
hydroxyl groups at one end of polymer chain, a ligand with two mercapto groups was
also synthesised. PEO based ligands possessing more mercapto groups and with branched
structures were prepared through the Michael type reaction between the acrylate end
group of acrylate-functionalised PEO and the mercapto group of a molecule with four
mercapto groups. Three types of ligands were produced with one two or three PEO
branches possessing three, two or one mercapto group, respectively. The PEO ligands
with mercapto and with amino functionalities were characterised by NMR spectroscopy
and SEC, in order to confirm the desired structure.

Ligand exchange was achieved by exposure of the nanoparticles to a large excess of
amino-functionalised PEO-based ligands. Subsequent addition of a non-solvent for the
new capping groups enabled the nanoparticles covered with PEO to be separated from the
native ligands. The obtained PEO covered nanoparticles were readily soluble in water,
whereby all their properties were retained. The solutions of nanoparticles were stable for
months and insensitive to a change in the ionic strength of the medium. In solutions of
low pH values, the nanoparticles exhibited lower photoluminescence efficiencies due to
the protonation of the amino groups, and such solutions were less stable than those of
higher pH value. The luminescence efficiencies of nanoparticles transferred into water
were generally lower compared to those of nanoparticles in chloroform. The efficiencies
were not decreased only in the case of the ligand with a small binding part and with the
lowest molecular weight PEO block, and were sometimes even higher than those
measured for the nanoparticles in chloroform. Using the same method for ligand
exchange, in addition to semiconductors, magnetic Fe;04 and CoPt; nanoparticles could

also be made water-soluble with the amino-functionalised PEOs.
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Depending on the [amino-functionalised polymer]/nanoparticle ratio employed during the
ligand exchange, which dictates the number of attached polymers to the nanoparticles, the
structure of the nanoparticle-polymer conjugate can be directed. For low ratios,
worm-like, while for the high ratios spherical conjugates were present in the respective
aqueous solutions. The type of the structure can also be varied by changing the type of
the employed ligand. The formation of worm-like conjugates is promoted when the
binding amino part of the PEO ligand is small. All the observed changes could be
qualitatively described by the packing parameter theory.

In an attempt to further increase the stability of the polymer-nanoparticle conjugate, the
crosslinking reaction of the PEO2000-PEI-branched around the nanoparticles with
hexamethylenediisocyanate was investigated. Although the reaction, which was followed
by IR spectroscopy, was successfully performed without any deleterious effect on the
nanoparticles, the stability, as judged from chemical and long-term stability experiments,
was not improved. Further optimization of the ligand architecture, as well as the use of a
more suitable crosslinking agent is necessary for the nanoparticles with a crosslinked
polymeric shell to show better characteristics.

The same method for ligand exchange was applied in the case of mercapto-functionalised
PEO  ligands. Aqueous solutions of  nanoparticles  covered  with
mono-mercapto-functionalised PEOs were more stable than those containing
nanoparticles bearing mono-amino ligands. This behaviour is due to the stronger binding
of the mercapto group and its more difficult dissociation from the nanoparticle surface,
which are the result of the less pronounced hydrogen bonding of the mercapto group. The
luminescence efficiencies were lower for the nanoparticles stabilised with mercapto-
functionalised PEOs, however, they were still high enough for these nanoparticles to be
employed in further experiments of interest. The size of the nanoparticle-polymer
conjugates, measured by dynamic light scattering, increased with increasing polymer
chain length. Nanoparticles covered with branched PEO ligands of the smallest molecular
weight exhibited hydrodynamic radii in water which were insignificantly larger than the
hydrodynamic radii of the native nanoparticles in chloroform.

The photochemical stability of the nanoparticles covered with mercapto-functionalised

PEOs was investigated and compared to the properties of nanoparticles covered with
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mercaptopropionic acid. In all cases, nanoparticles covered with a dense polymer coating

were more stable than the nanoparticles stabilised with mercaptopropionic acid.

The attachment of PEO based ligands, different with respect to the binding group and the
overall molecular architecture, to nanoparticles allows for the properties of the
nanoparticle-polymer conjugate to be chosen as desired. The different ligand molecular

architecture also allows the final structure of the conjugate to be predicted and dictated.
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5. Zusammenfassung

Zentraler Punkt dieser Arbeit war der Phasentransfer von Nanopartikeln aus unpolaren
Losungsmitteln in wéssrige Losungen. Die zum Phasentransfer gewéhlte Methode tauscht
die urspriinglichen Liganden gegen wasserlosliche Polymere aus. Die verwendeten
Polymere basierten auf wasserloslichem Poly(ethylene oxid), PEO, welches so
funktionalisiert wurde, dass es geeignete funktionelle Gruppen zur Bindung an die
Nanopartikeloberfliche bekam. Amino- und Mercapto-funktionelle Gruppen wurden als
bindende Gruppen verwendet.

Diese Arbeit beschéftigt sich hauptsdchlich mit dem Phasentransfer von auf CdSe
basierenden Halbleiternanopartikeln. Die CdSe Nanopartikel werden durch die ,hot-
injection““-Technik mittels einer ,,griineren” Methode synthetisiert. Der Einfluss des
Anteils an Phosphonséure (tetradecylphosphonic acid, TDPA), die bei der Synthese von
CdSe als koordinierender Ligand wirkt, wurde in Hinblick auf die Kinetik des
Wachstums und die Eigenschaften der CdSe Nanopartikel erforscht. Mit sinkendem
TDPA Anteil kommte eine Beschleunigung des Partikelwachstums beobachtet werden
(wobei ein sehr geringer TDPA Anteil zu einem unkontrollierten Reaktionsverlauf fiihrt),
wihrend die Quantenausbeute abnahm. Fiir alle weiteren, im Rahmen dieser Arbeit
angefertigten Synthesen wurde der hochste TDPA Anteil (0.9 Gew.-%) verwendet. Um
robustere CdSe/CdS Nanopartikel herzustellen wurde der CdSe Kern der Nanopartikel
mit einer anorganischen CdS Hiille, einem Material mit gro3erer Bandliicke, beschichtet.
AuBerdem wurden noch stabilere CdSe/CdS/ZnS core/shell/shell Nanopartikel iiber eine
,one pot synthesis“ hergestellt. Alle synthetisierten Nanopartikel wurden iiber
Absorptions- und Lumineszenzspektroskopie, XRD und TEM charakterisiert.

Zur Herstellung von Poly(ethyleneoxid) Liganden, die funktionelle Aminogruppen
enthalten wurden zwei Synthesewege eingesetzt. Einerseits wurden die Blockcopolymere
Poly(ethyleneoxid)-b-(ethyleneimin), PEO-b-PEI, durch kationische
Ringo6ffnungspolymerisation von 2-Ethyl-2-oxazolin hergestellt, wobei Tosyl-PEO als
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Makroinitiator wirkte. Drei verschiedene Polymere mit unterschiedlicher Lénge des PEI
Blocks (5, 10 und 20 PEI Einheiten) wurden synthetisiert. Andererseits wurde PEO durch
eine Diisocyanat-Kupplungs-Reaktion mit verschiedene Aminogruppen enthaltenen
Molekiilen verbunden. AuBlerdem wurden, neben linearen Polymeren durch Kupplung
von PEO an Diethylentriamin oder Pentaethylenhexamin, auch verzweigte, durch
Kupplung von zwei PEOs an einen PEI-Kern mit kleinerem molekularem Gewicht,
hergestellt.

Liganden mit Mercaptogruppen als bindende Gruppe wurden ebenfalls iiber zwei
Methoden hergestellt. Bei dem ersten Ansatz wurde Mercaptopropionsdure an PEO-
Monomethylether gebunden, was lineare Polymere unterschiedlicher Linge mit einer
Mercaptogruppe an einem Ende der Polymerkette ergab. Auf diese Weise wurden auch
Liganden mit zwei Mercaptogruppen hergestellt, wobei von PEO mit zwei
Hydroxylgruppen an einem Ende der Polymerkette ausgegangen wurde. Auf PEO
basierende Liganden mit mehreren Mercaptogruppen und verzweigter Struktur wurden
iiber eine Michael-Reaktion zwischen der Acrylat-Endgruppe von Acrylat-
funktionalisiertem PEO und der Mercaptogruppe eines Molekiils mit vier
Mercaptogruppen hergestellt. Drei verschiedene Typen von Liganden mit ein, zwei oder
drei PEO Verzweigungen, die entsprechend drei, zwei oder eine Mercaptogruppe
enthielten wurden synthetisiert. Die Charakterisierung der PEO Liganden mit Mercapto-
und Amionfunktionalisierung erfolgte iiber NMR Spektroskopie und GPC, um die
gewlinschte Struktur zu bestitigen.

Der Ligandenaustausch wurde bei einem hohen Uberschuss an aminofunktionalisierten
Liganden durchgefiihrt. Die Zugabe von Féllungsmittel fiir die neuen stabilisierenden
Liganden ermdglichte eine Abtrennung der urspriinglichen Liganden. Die erhaltenen, mit
PEO stabilisierten Nanopartikel sind gut in Wasser 16slich, wobei alle ihre Eigenschaften
erhalten bleiben. Die kolloidalen Nanopartikel Losungen sind iiber Monate stabil und
unempfindlich gegeniiber der lonenstirke der Losung. In Losungen mit einem niedrigen
pH-Wert haben die Nanopartikel, bedingt durch Protonierung der Aminogruppen,
geringere Photolumineszenzen, wodurch die Losungen eine geringere Stabilitdt als bei
héherem pH-Wert besitzen. Die Photolumineszenz der in Wasser transferierten

Nanopartikel sind generell geringer im Vergleich zu denen von Nanopartikeln in



Zusammenfassung 117

Chloroform. Nur im Falle von Liganden mit kleinerem Bindungsblock und kurzen PEO
Block wird die Photolumineszenz nicht gesenkt. Sie ist manchmal allerdings sogar hoher
als jene von in Chloroform gemessenen Partikeln. Die gleiche Methode fiir den
Ligandenaustausch wurde neben Halbleitern auch bei magnetischen Fe;O4 und CoPt;
Nanopartikeln angewendet um mittels aminofunktionalisierten PEOs wasserlosliche
Partikel zu erhalten.

In Abhéngigkeit von dem [Amino-funktinonalisiertes Polymer]/Nanopartikel Verhiltnis
wihrend des Ligandenaustausches, was die Anzahl von den an die Nanopartikel
bindenden Polymeren angibt, kann die Struktur der Nanopartikel-Polymer Konjugate
beeinflusst werden. Bei einem niedrigen Verhiltnis bilden sich wurméhnliche, wihrend
bei einem hohen Anteil sphdrische Konjugate in der wéssrigen Losung beobachtet
werden. Die Struktur kann ebenfalls durch den verwendeten Liganden-Typ gesteuert
werden. Die Ausbildung von wurméhnlichen Konjugaten wird gefordert, wenn der
bindende Aminoblock klein ist. Alle beobachteten Anderungen koénnen qualitativ durch
das Packungsparameter Modell beschrieben werden.

Fiir eine weitere Steigerung der Stabilitdt von Polymer-Nanopartikel Konjugaten wurde
eine vernetzende Reaktion zwischen den die Nanopartikel umgebenen verzweigten
PEO2000-PEI Einheiten mit Hexamethylendiisocyanat untersucht. Obwohl die Reaktion,
die durch [R-Spektroskopie chrakterisiert wurde, erfolgreich verlief ohne
Beeintrdachtigung der Nanopartikel, konnte die Stabilitit, wie nach chemischen und
Langzeitstabilitétstests beurteilt werden konnte, nicht gesteigert werden. Eine weitere
Optimierung der Ligandenarchitektur und der FEinsatz eines geeigneten
Vernetzungsmittels sind erforderlich um bessere Charakteristiken von Nanopartikeln mit
vernetzter organischer Hiille zu erhalten.

Die gleiche Ligandenaustausch Methode wurde im Fall der Mercapto funktionalisierten
PEO Liganden eingesetzt. Wissrige Losungen von Nanopartikeln, die mit Mono-
Mercapto-funktionalisiertem PEO umgeben werden, erwiesen sich als stabiler als die mit
Mono-Amino Liganden stabilisierte Nanopartikel. Dieses Verhalten resultiert aus der
starkeren Bindung von Mercaptogruppen und die dadurch schwierigere Dissoziation von
der  Nanopartikeloberfliche, @ was  ein  Resultat der  weniger  starken

Wasserstoffbriickenbindungen von Merkaptogruppen ist. Die Lumineszenz ist geringer
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fiir Nanopartikel, die mit Merkapto-funktionalisiertem PEO stabilisiert wurden. Trotzdem
ist sie auch in diesem Fall fiir Nanopartikel noch hoch genug, um sie fiir weitere
interessante Experimente einzusetzen. Die GroBle der Nanopartikel-Polymer-Konjugate
wurde durch dynamische Lichtstreuung ermittelt und steigt bei lingerer Polymerkette.
Nanopartikel, stabilisiert mit verzweigten PEO Liganden eines niedrigeren molekularen
Gewichtes, weisen in Wasser unwesentlich groflere hydrodynamische Radien auf, als in
Chloroform geldste Nanopartikel mit den urspriinglichen Liganden.

Die Photostabilitit der Nanopartikel, die mit Mercapto-funktionalisiertem PEO
stabilisiert sind wurde untersucht und mit den Eigenschaften von Nanopartikeln,
beschichtet mit Mercaptopropionsdure, verglichen. In allen Fillen erwiesen sich
Nanopartikel mit einer dichten Polymerhiille als stabiler im Vergleich zu den mit

Mercaptopropionséure stabilisierten Nanopartikeln.

Die Anlagerung von auf PEO basierenden Liganden, welche sich sowohl in Hinblick auf
die Bindungsgruppe, als auch durch die Molekulare-Architektur unterscheiden, an
Nanopartikel ermdglicht eine Einstellung der Eigenschaften von Nanopartikel-Polymer-
Konjugaten. Die unterschiedliche Ligandenarchitektur ermdglicht ebenfalls eine

Voraussage und Steuerung der finalen Struktur der Konjugate.
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6. Experimental part

6.1 Synthesis procedures and methods

All chemicals used were of analytical grade or of the highest purity available. If not
otherwise stated, all chemicals were used without further purification. All synthesis
procedures were performed under an inert atmosphere using the Schlenk technique. The
tosyl-terminated PEO, used as macroinitiator in the synthesis of block copolymers, was
synthesized and kindly provided by Ute Liprand®. The mono-amino PEOs were not
synthesised within the frame of this study. PEO500-NH, (Pluriol® A 520 A) is a
commercial polymer from the BASF. PEO2400-NH, and PEO3200-NH, were

146 Magnetic nanoparticles
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synthesised and kindly provided by Michael Stoltzenburg
were synthesised and kindly provided by Maren Krack (Fe;Os) and Vesna
Aleksandrovic (CoPt3)'*®. Core/shell CdSe/ZnS nanoparticles were kindly provided by

Dimitri Talapin.

6.1.1 Synthesis of CdSe/CdS nanoparticles

Semiconductor CdSe/CdS nanoparticles were synthesized using the “greener” approach
developed by Mekis®. In the first step, CdSe core nanoparticles were prepared. For this
purpose, selenium and cadmium stock solutions were prepared and stored in a glove box.
Selenium stock solution was prepared by dissolving 1.58 g of selenium (99.999%,
ChemPur) in 20 ml of distilled tri-n-octylphosphine (TOP, 90%, Fluka) and the stock
solution of cadmium-acetate was prepared by dissolving 0.80 g of cadmium-acetate
(99.99 %, ChemPur) in 20 ml of TOP. In a typical procedure, 8 g of tri-n-octylphosphine
oxide (TOPO, > 98%, Merck) were dried and degassed under vacuum at 180 °C for 1 h in
a 50 ml three-necked flash. Then, TOPO was cooled to 100 °C, 5 g of hexadecylamine
(HDA, > 92%, Merck) and 0.15 g of n-tetradecylphosphonic acid (TDPA, 99% Alfa
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Aesar) were added. The drying procedure was continued at 120 °C under vacuum for 20
min. Selenium stock solution (2 ml) was added and the reaction mixture was heated to
300 °C. After reaching the nucleation temperature, 3 ml of the cadmium ion stock
solution were injected under vigorous stirring. After the nucleation step, the reaction
temperature was lowered to the growth temperature of 260 °C. Depending on the size of
the nanoparticles required, the reaction time was varied.

A CdS shell was grown around CdSe by injection of H,S gas. The reaction mixture
containing the freshly prepared CdSe nanocrystals was set to 140 °C. After the nitrogen
flow was stopped, H,S gas was injected in 2 ml portions (1 injection every 15 min)
through a septum into the stirred solution. Typically, a total amount of 8 ml was injected.
After the H,S addition, the reaction mixture was stirred for a further 30 min. Then the
nitrogen flow was recommenced, the temperature decreased to 100 °C and the solution
was stirred for one more hour. After cooling to the 50 °C, 15 ml of chloroform were
added to the solution. The obtained nanocrystals were precipitated using methanol and
re-dissolved in chloroform. The chloroform solution of nanocrystals was filtered through
a PTFE 0.2-pm membrane filter. After filtration, the precipitation procedure was repeated
two more times. For further use, the nanoparticle stock solution was filtered once more

and stored at room temperature.

6.1.2 Synthesis of CdSe/CdS/ZnS nanoparticles

As for the CdSe/CdS nanoparticles, the synthesis of CdSe/CdS/ZnS nanoparticles was
performed by the injection of H,S gas®. In a typical procedure, a mixture of 0.3 g of zinc-
acetate (99.99 % Aldrich) and 3 g HDA were dried and degassed at 130 °C under vacuum
for 1 h and then added into a solution of freshly prepared CdSe/CdS nanoparticles at 90
°C. The mixture was heated to 220 °C, the nitrogen flow was stopped and total of 8-10 ml
of H,S gas were injected in 2 ml portions (1 injection every 15 min) through a septum.
After the H,S addition, the reaction mixture was cooled to 90 °C and stirred one more
hour under a nitrogen flow. Then the solution was cooled to 50 °C and 15 ml of
chloroform were added. The purification procedure was the same as in the case of the

CdSe/CdS nanoparticles.
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6.1.3 Synthesis of poly(ethylene oxide)-b-(ethylene imine) block copolymers
Poly(ethylene oxide)-b-(ethylene imine) block copolymers were synthesised by the
cationic polymerization of 2-ethyl-2-oxazoline and further hydrolysis of the obtained
poly(ethylene oxide)-b-(2-ethyl-2-oxazoline). As the macroinitiator for the cationic
polymerisation, tosylated poly(ethylene oxide) (PEO-Ts) of 6080 g/mol was employed.
The PEO-Ts macroinitiator was obtained by termination of the anionic polymerisation of
ethylene oxide using the chloride of toluenesulphonic acid.**

Synthesis of poly(ethylene oxide)-b-(2-ethyl-2-oxazoline), PEO-POxz. In a 250 ml
two-necked flask, 4 g of the PEO-Ts macroinitiator were lyophilised two times using
benzene and finally dissolved in 20 ml of acetonitrile (freshly distilled over CaH;). To
this solution, the amount required for the desired block length of freshly distilled 2-ethyl-
2-oxazoline was added. The reaction mixture was stirred for 4 days at 80 °C. To terminate
the reaction, 1.2 equivalents of piperidine were added and the reaction mixture was
stirred for two more hours at 80 °C. The obtained polymer was precipitated using cold
diethyl ether (— 40 °C) and dried at 40 °C under vacuum.

Synthesis of poly(ethylene oxide)-b-(ethylene imine), PEO-PEI. The obtained
PEO-POxz was dissolved in 30 ml of water in a 250 ml round bottom flask. To this
solution, 2 mol excess of concentrated hydrochloric acid was added and the reaction
mixture was refluxed over night. The solution was neutralised using an anionic ion
exchange resin (Lewatit 500, Bayer) at 60 °C. The final pH of the polymer solution after
passing over the resin was 7-8. The polymer was freeze-dried and stored at room

temperature before further use.

6.1.4 Synthesis of amino-functionalized poly(ethylene oxide) via the diisocyanate
coupling reaction

Synthesis of isocyanate terminated poly(ethylene oxide), PEO-NCO. As an example, the
synthesis of PEO-NCO using poly(ethylene oxide) monomethyl ether (Fluka) of
2000 g/mol molecular weight will be presented. In a two-necked flask equipped with a
reflux condenser 2.22 g of freeze-dried PEO2000 were dissolved in 20 ml of chloroform.

The chloroform had previously been treated with hexamethylenediisocyanate (HMDI,
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Aldrich) for 4 h at 60 °C prior to distillation, in order to remove any traces of water and
ethanol. To this chloroform solution, 4.50 ml (25 mol excess) of HMDI were added and
the reaction mixture was refluxed for 24 h. After cooling to room temperature and
concentration of the solution, the obtained PEO2000-NCO was precipitated twice in a 20-
fold excess of cold diethyl ether. PEO2000-NCO was dried under vacuum at room
temperature. In the case of PEO molecular weight of 5000 g/mol, the mol excess of
HMDI was 50.

Coupling of poly(ethylene oxide) with diethylenetriamine, PEO-DETA. The PEO-NCO
obtained in the first step was further reacted with diethylenetriamine (DETA, >98 %
Aldrich) to obtain two amino groups at one end of the polymer chain. Briefly, 2.0 g of
PEO2000-NCO were dissolved in 20 ml of chloroform. To this solution, a solution of
9.44 ml DETA in 20 ml of chloroform was added stepwise over two hours at room
temperature. The reaction mixture was kept at 40 °C for 2 h. The obtained
PEO2000-DETA was precipitated twice from chloroform solution into a 20-fold excess
of diethyl ether to remove unreacted DETA. For all other PEO-NCOs, the same reaction
conditions were applied.

Coupling of poly(ethylene oxide) with pentaethylenehexamine, PEO-PEHA. The
procedure to obtain PEO-PEHA was the same as in the case of PEO-DETA. The mol
excess of pentaethylenechexamine (PEHA, technical grade, Aldrich) was 100, as in the
case of the shorter amine DETA.

Coupling of poly(ethylene oxide) to branched poly(ethylene imine), PEO-PEI-
-branched. In a two-necked flask equipped with a reflux condenser, 1.6 g of
PEO2000-NCO was dissolved in 20 ml of chloroform. To this solution, a solution of
0.159 g of poly(ethylene imine) (PEI 400 g/mol, Aldrich) in 20 ml of chloroform were
added. The ratio of PEO to PEI was chosen to produce a polymer with two branches of
PEO on one PEI core. The reaction mixture was stirred over night at 60 °C. After
completion of the reaction, the PEO2000-PEI-branched was precipitated from chloroform
into diethyl ether. For all other PEO-PEI-branched ligands, the same reaction conditions

were applied.
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6.1.5 Synthesis of poly(ethylene oxide)s with a mercapto end group

Synthesis of PEOs with mercapto groups by esterification with mercaptopropionic acid,
PEO-SHs. To obtain PEO-SHs of different molecular weight, the OH end group of PEO
was esterified using mercaptopropionic acid. The same procedure was applied for all
PEOs, with different ratios of acid to PEOs for different molecular weight PEOs. As an
example, the synthesis of PEO-SH of 2000 g/mol will be presented. In a 50 ml three-
-necked flask, 6.114 g of PEO2000 and 1.59 ml (6 mol excess) of 3-mercaptopropionic
acid (MPA, Aldrich) were mixed. The reaction mixture was heated to 160 °C and stirred
overnight at this temperature. After cooling to 60 °C, 5 ml of chloroform were added and
the obtained PEO2000-SH was precipitated into a 50-fold excess of diethyl ether. The
obtained white powder was dried under vacuum. For PEO of 1100 g/mol and 1200 g/mol
(TEGOMER® D 3403, Degussa), a 3 mol excess and for PEO of 5000 g/mol, a 12 mol
excess of MPA were used.

Synthesis of PEOs with mercapto end groups via the Michael addition reaction,
(PEO)x-(SH)y. The Michael type reaction between the acrylate end group of
poly(ethylene oxide) monoacrylate (Bisomer” PEA6, Laporte Performance Chemicals),
PEO-Acrylate, and the SH groups of pentaerythritol tetrakis(3-mercaptopropionate)
(Aldrich) was used to obtain molecules with different numbers of SH groups. The
reaction was performed in bulk in the dark with pyridine as the catalyst. The chosen ratio
of reactants determined the final molecular structure of the (PEO),-(SH),. In a typical
procedure to about 2 g of PEO-Acrylate, the chosen amount of pentaerythritol tetrakis(3-
mercaptopropionate) was added in a 25 ml three-necked flask. Pyridine was added in a
predetermined amount and the reaction mixture was stirred under an inert nitrogen
atmosphere for 24 h. After completion of the reaction, the pyridine was removed under
reduced pressure. The obtained liquid polymers were stored in the dark before further

use.

6.1.6 Ligand exchange procedures
Ligand exchange with pyridine. The solvent was removed under a nitrogen flow from

2 ml of concentrated nanoparticle solution in a 25 ml three-necked flask. To the obtained
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solid, 5 ml of pyridine were added. The mixture was heated to 65 °C and stirred at this
temperature for 2 h. After cooling to room temperature, hexane was added to precipitate
the nanoparticles. After centrifugation, the supernatant was removed and the nanoparticle
pellet was re-dissolved in 5 ml of pyridine and heated again. The procedure was repeated
five times in order to remove as much as possible of the original TOP/TOPO ligands.
Ligand exchange with mercaptopropionic acid. Mercaptopropionic acid stock solution
was prepared by dissolving 50 mg of MPA in 15 ml of methanol. The pH value of the
stock solution was adjusted to 10.6 by addition of trimethylammonium hydroxide. To
9.5 mg of the nanoparticle powder in a 25 ml three-necked flask, 10 ml of MPA stock
solution were added under a nitrogen flow. The dispersed solid gradually dissolved in the
reaction medium. In the dark, the reaction mixture was heated at 65 °C for 6 h, and
further stirred at room temperature over night. The nanoparticles were precipitated out
from the chloroform solution once with ethyl acetate and twice with diethyl ether. The
final nanoparticle powder was dissolved in 2 ml of methanol and stored in the dark before
further use. The obtained nanoparticles covered with MPA were readily soluble in polar
organic solvents, such as alcohols and water.

Ligand exchange with functionalized PEOs.

a) Exchange with pyridine covered nanoparticles as an intermediate step. Pyridine
capped nanoparticles were placed in a reaction vial and a chloroform solution of the
polymeric ligands containing the desired amount of new capping groups were added. The
chloroform and pyridine were evaporated under a nitrogen flow. The solid was
re-dissolved in chloroform and the solvent was again removed. This cycle was repeated
five times. Without the addition of new capping groups, the nanoparticles loose their
solubility in chloroform after the first evaporation of the solvent, indicating the successful
removal of pyridine by evaporation even from the surface of the nanoparticles.

b) Direct exchange. Nanoparticles dissolved in chloroform are mixed with chloroform
solution of polymers containing the desired amount of new ligands. After short mixing, a
non-solvent for the new capping groups (PEO based ligands), i.e., hexane or cyclohexane,
was added. The nanoparticles covered with the polymer, insoluble in the aliphatic
solvents, agglomerated and could be easily separated by centrifugation. Most of the

original TOP/TOPO ligands remained dispersed in the supernatant.
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6.1.7 Crosslinking of PEO2000-PEI-branched shell

The ligand exchange was performed with PEO2000-PEI-branched using a ratio
polymer/nanoparticle of 250. To the so-obtained nanoparticles dissolved in choloroform
(with a concentration of nanoparticles of 3-7-10~ mol dm™), a chloroform soulution
containing the predetermined amount of HMDI was added. The soulution was heated at
60 °C under stirring and the reaction was followed by IR spectroscopy, through the
disappearance of the band characteristic for the isocyanate group. After the completition
of the reaction, the mixture was cooled and the nanoparticles were washed by
precipitation with hexane. Finally the nanoparticles were dissolved in water and stored
for further chemical stability experiments.

Chemical stability of nanoparticles. In a typical HCI etching experiment, aqueous
solutions of nanoparticles were placed in cuvettes and the optical density at the first
absorption maximum was adjusted to be equal (around 0.02-0.05) for all samples
(uncrosslinked and crosslinked). Then a solution of HCI was added (300-1000 pl, 0.1 M)
and the changes in the absorption were followed by recording the UV-vis spectra at
certain time intervals. In a similar experiment, to investigate the oxidation of
nanoparticles, instead of HCI, a solution of hydrogen-peroxide (250 pl, 3 wt% in water)
was added to the aqueous solution of different samples of nanoparticles (first absorption
maximum around 0.05), i.e., uncrosslinked and crosslinked. The absorption spectra were

recorded at certain time intervals.

6.1.8 Photochemical investigations

Solutions of nanoparticles with different surface capping groups were prepared for the
photochemical investigations and placed in standard quartz cuvettes. For each
experiment, the optical density at the first absorption maximum of the solution was set to
the same value around 0.05. The cuvettes containing the samples were placed in front of a
450W output power Xenon lamp equipped with water filter to cut off NIR irradiation.
During the irradiation at chosen time intervals, the absorption spectrum of the samples

was recorded, in order to follow the degradation of the nanoparticles.
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6.2 Characterisation

6.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

"H-NMR and "C-NMR spectra were recorded in CDCl; using tetramethylsilane as the
internal standard or in D,O using the solvent peak as the internal standard. An AMX400
Bruker spectrometer (400 MHz) was used. The spectra were evaluated using the

MestRe-C program.

6.2.2 Size Exclusion Chromatography (SEC)

Molecular weights (M, and M,) and molecular weight distribution (polydisperisty index,
Pl) of all the polymers were determined by SEC. Four columns (300x8 mm, SDplus,
Sum) (105, 103, 500, 100 A) from the company MZ, thermostated at 70 °C were used. The
pump was from Thermo Separation Product (P1000) and degasser from Uniflows
(DG1210). The polymers were detected using a UV detector (Spectra Series UV1000)
and an RI detector (Shodex 71). The eluent was dimethylformamide at a flow rate of
1.0 ml/min. The polymer concentrations were in the range of 1.5 — 3.0 g/l and 20 pl were
injected for each run. The calibration was performed with PEO standards from the
company PSS. For the evaluation of My, M, and Pl, HSNTeqGPC, Version 5.1.5

software was used.

6.2.3 Fourier Transformed Infrared Spectroscopy (FTIR)

FTIR spectroscopy was carried out on a Bruker FT-Infrared spectrometer type Equinox
55, using the geometry for attenuated total reflectance measurements (ATR). A solution
of the sample was dropped onto the crystal surface and allowed to dry before the

measurement.
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6.2.4 Optical Characterisation

The absorption spectra were recorded on Cary 50, Cary 100 or Cary 500 spectrometers
(Varian). The data obtained from the absorption spectra were used to calculate the size
and extinction coefficients of nanoparticles using published calibration curves’’.

The luminescence measurements were performed on a FluoroMax-2 or a FluoroLog-3
spectrometer (Instruments SA) or an Eclipse spectrometer (Varian). Except for the
quantum yield measurements, the fluorescence spectra were recorded between 470 and
800 nm at room temperature using an excitation wavelength of 450 nm. Estimates of
quantum yield were obtained by comparing the integrated emission from Rhodamine 6G
in ethanol with that of the nanoparticles. The sample and Rhodamine 6G were excited at
the wavelength obtained at the cross-over of the absorption spectra of both samples.
Literature data for the luminescence efficiency of the dye was used. The obtained values
for the quantum yield were not corrected for the refractive indices of the solvents.

However, the error was smaller than 5 %.

6.2.5 Transmission electron microscopy (TEM)

A Philips CM-300 microscope operating at 300 kV was used for the TEM measurements.
Samples were prepared by placing a drop of a dilute chloroform or water solution on a
carbon-coated copper grid. The excess solution was removed with filter paper and the

grids were dried in air.

6.2.6 Cryo-Transmission electron microscopy (Cryo-TEM)

Cryo-TEM was carried out on a TEM LEQO912 (Zeiss) electron microscope at the

Pharmaceutical Institute, Albert-Ludwigs-University Freiburg.
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6.2.7 Powder X-ray diffraction measurements (XRD)

XRD measurements were performed on a Philips X Pert diffractometer (Cu Ka-radiation,
variable entrance slit). The samples for these measurements were prepared by dropping a
toluene solution of the nanoparticles on a standard single crystal Si support and

evaporating the solvent.

6.2.8 Dynamic light scattering

Dynamic light scattering analysis was performed on a Malvern Zetasizer Nano ZS system
equipped with a single angle 173° backscatter system using He-Ne laser illumination at
633 nm. For each measurement, the autocorrelation function was the average of three
runs of 30 s, and for each sample three measurements were performed. All the solutions
were filtered through 0.2 um PTFE membrane filter. The hydrodynamic radii were
obtained using Dispersion Technology Software (DTS) Version 4.00 (Malvern

Instruments).
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Appendix 1

Calculation of the number of different amino groups in the branched

poly(ethylene imine)

The *C-NMR spectrum of the branched poly(ethylene imine), PEI-branched, was used to

prove the branched structure of the polymer and to calculate the ratio of primary,

secondary and tertiary amino groups in the molecule. The spectrum of PEI-branched with
7

the assignment'*’ of the signals to the corresponding carbon atoms is presented in

Figure App.1.1.
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Figure App.1.1. *C NMR spectrum of PEI-branched in CDCl;
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The ratio of the different amino groups can be calculated from the intensities of the

signals belonging to carbon atoms next to the different amino groups using the formula:

19:2°:3°= (I + ) : (I3 + 1y + 1s) : (Ig + 15 + 1)

The obtained ratio of different amino groups was calculated to be 35 % primary, 47 %
secondary and 18 % tertiary groups. For PEI of 423 g/mol molecular weight, this means
that the molecule contained on average, 3 primary, 5 secondary and 2 tertiary amino

groups.
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Appendix 2

Calculation of the number of polymer chains per nanoparticle from the

average distance between the nanoparticles on a TEM grid

The average number of polymer chains per nanoparticle was calculated from the averaged
distance between the nanoparticles obtained from TEM images. TEM images from which
the distance was determined together with the corresponding autocorrelation function
images are given Figure App.2.1 and Figure App.2.2 The numbers below each image
indicate the polymer/nanoparticle ratio used during the ligand exchange, which
influenced the number of polymeric chains attached to a nanoparticle and, consequently,

the distance between nanoparticles.

PEO2000-DETA

1176 558 392 295 140

Figure App.2.1. TEM-images (scale bar 20 nm) and the corresponding autocorrelation
function the samples of water-soluble CdSe/CdS nanoparticles obtained with different
[PEO2000-DETA]/nanoparticle ratios during the ligand exchange
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PEO2000-PEO-branched

550 140
Figure App.2.2. TEM-images (scale bar 100 nm) and the corresponding autocorrelation
function for samples of water-soluble CdSe/CdS nanoparticles obtained with different

[PEO2000-PEI-branched]/nanoparticle ratios during the ligand exchange

For hexagonal packing of nanoparticles with a base length a (distance between

neighbouring nanoparticles) and height a73, the volume of the unit cell is:

© ©

Figure App.2.3. Schematic representation of the hexagonal packing model used for the

calculation of the distance between nanoparticles
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The volume occupied by the polymer was calculated as the difference between the
volume of the unit cell and the volume of a nanoparticle of radius R, under the asumption
that there is one nanoparticle per unit cell:

3 4

V. =a'-ZR°

V cell ~ VY nano 4 3

=V

poly

The number of polymer chains per nanoparticle can be calculated using the expression:

\Y

poly

poly —
N PEOVPEO

where Npgo 1s the degree of polymerisation of the PEO in the employed polymeric ligand.
Vpo is the volume occupied by a PEO monomer unit:

LPrro
where Mpgo is the monomer molar mass, i.e., 44.05 g/mol, ppro the bulk density of PEO
of 1.13 g/cm® and N the Avogadro’s number.
The area of the nanoparticle surface per polymeric chain is then:

N oy
where Anano = 47R? is the surface area of a nanoparticle of radius R.
The results obtained for the number of polymer chains per nanoparticle included in this

study with a of diameter 3.4 nm) and the surface area per polymeric ligand for the two

employed ligands are summarised in Tabele App.2.1.
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Tabele App.2.1. Calculated number of polymeric ligands per nanoparticle and surface

area of nanoparticle per polymeric ligand

Polymeric ligand Ratio"” a, nm Npoly Apolys nm’
1176 8.7 161 0.225
558 6.0 48 0.754
PEO2000-DETA 392 6.0 48 0.754
2957 8.7 161 0.225
148
550 9.4
PEO2000-PEI-branched 102 0.335
140 8.6 78 0.468

1) Refers to the polymer/nanoparticle ratio used during the ligand exchange; 2) the formation of cylindrical

micelle already occurred with this sample
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Appendix 3
Used chemicals and their safety precaution information
Substance R-phrases S-phrases ;Igﬁgrd
2-ethyl-2-oxazoline 10-20/21/22 16-26-28-36/37/39 Xn
3-mercaptopropionic acid 25-34 7-26-36/37/39-45 T
Actonitrile 23/24/25 16/27/44 F, T
Benzene 45-11-48/23/24/25 53-45 F, T
Cadmium acetate 20-22-50-53 60-61 Xn, N
Calcium hydride 15 7/8-24/25-43 F
Chloroform 22-38-40-48/20/22 36/37 Xn
Diethylenetriamine 21/22-34-43 26-36/37/39-45 C
Diethylether 12-19 (2-)9-16-29-33 F+
Dimethylformamide 61-20/21-36 53-45 T
Ethanol 11 7-16 F
Ethyl acetate 11-36-66-67 16-26-33 F, Xi
Hexadecylamine 34 26-36/37/39-45 C
Hexamethylenediisocyanate 23-36/37/38-42/43 26-28-38-45 T
Hexane 11-48/20 9-16-24/25-29-51 F, Xn, N
Hydrochloric acid 34-37 26-45 C, Xi
Hydrogen sulfide 12-26-50 9-16-28-36/37-45-61 | F+, T+,
N
Lewatit 500 36 26-36 -
Methanol 11-23/24/25-39/23/24/25 7-16-36/37-45 F, T
Pentaerythritol tetrakis(3- 36/37/38 26-36 Xi
mercaptopropionate)
Pentaethylenehexamine 34-43-50/53 26-36/37/39-45-60- C,N
61
Poly(ethylene oxide) - - -
Poly(ethyleneimine) - - -
Pyridine 11-20/21/22 26-28 F, Xn
Selenium 23/25-33 20/21-28-45 T
Sodium hydroxide 35 26-37/39-45 C
Tetrabutylammonium 34 26-36/37/39-45 C
hydroxide
Tetradecylphosphonic acid - - Xi
Toluene 11-20 16-25-29-33 F, Xn
Trioctylphosphine 36/37/38 26-36 Xi
Trioctylphosphine oxde 34-50/53 26-36/37/39-45-60- C Xi
61
Zinc acetate 22-36-50/53 26-60-61 Xn, N




144 Appendix

Risk (R-) and safety precaution (S-) phrases used in the classification, packaging, labelling
and provision of information on dangerous substances

Risk phrases (R-Phrases)
R1: Explosive when dry

R2: Risk of explosion by shock, friction fire or other sources of ignition

R3: Extreme risk of explosion by shock friction, fire or other sources of ignition
R4: Forms very sensitive explosive metallic compounds

RS: Heating may cause an explosion

Ré6: Explosive with or without contact with air

R7: May cause fire

R&: Contact with combustible material may cause fire

RY: Explosive when mixed with combustible material

R10:  Flammable

R11: Highly flammable

R12:  Extremely flammable

R13:  Extremely flammable liquefied gas

R14: Reacts violently with water

R15:  Contact with water liberates highly flammable gases
R16: Explosive when mixed with oxidising substances
R17:  Spontaneously flammable in air

R18:  Inuse, may form flammable/explosive vapour-air mixture
R19:  May form explosive peroxides

R20: Harmful by inhalation

R21: Harmful in contact with skin

R22: Harmful if swallowed

R23:  Toxic by inhalation

R24:  Toxic in contact with skin

R25:  Toxic if swallowed

R26:  Very toxic by inhalation

R27:  Very toxic in contact with skin

R28:  Very toxic if swallowed

R29:  Contact with water liberates toxic gas

R30: Can become highly flammable in use

R31: Contact with acids liberates toxic gas

R32:  Contact with acids liberates very toxic gas
R33: Danger of cumulative effects

R34:  Causes burns

R35:  Causes severe burns

R36:  Irritating to eyes

R37:  Irritating to respiratory system

R38:  Irritating to skin

R39:  Danger of very serious irreversible effects
R40:  Possible risk of irreversible effects

R41: Risk of serious damage to eyes

R42:  May cause sensitisation by inhalation

R43: May cause sensitisation by skin contact

R44: Risk of explosion if heated under confinement
R45: May cause cancer

R46:  May cause heritable genetic damage

R47: May cause birth defects
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R48:
R49:
R50:
R51:
R52:
R53:
R54:
R55:
R56:
R57:
R58:
R59:
R60:
R61:
R62:
R63:
R64:

Danger of serious damage to health by prolonged exposure
May cause cancer by inhalation

Very toxic to aquatic organisms

Toxic to aquatic organisms

Harmful to aquatic organisms

May cause long-term adverse effects in the aquatic environment
Toxic to flora

Toxic to fauna

Toxic to soil organisms

Toxic to bees

May cause long-term adverse effects in the environment
Dangerous to the ozone layer

May impair fertility

May cause harm to the unborn child

Possible risk of impaired fertility

Possible risk of harm to the unborn child

May cause harm to breastfed babies

Combination of risks

R14/15:
R15/29:
R20/21:

Reacts violently with water, liberating highly flammable gases
Contact with water liberates toxic, highly flammable gas
Harmful by inhalation and in contact with skin

R20/21/22: Harmful by inhalation, in contact with skin and if swallowed

R20/22:
R21/22:
R23/24:

Harmful by inhalation and if swallowed
Harmful in contact with skin and if swallowed
Toxic by inhalation and in contact with skin

R23/24/25: Toxic by inhalation, in contact with skin and if swallowed

R23/25:
R24/25:
R26/27:

Toxic by inhalation and if swallowed
Toxic in contact with skin and if swallowed
Very toxic by inhalation and in contact with skin

R26/27/28: Very toxic by inhalation, in contact with skin and if swallowed

R26/28:
R27/28:
R36/37:

Very toxic by inhalation and if swallowed
Very toxic in contact with skin and if swallowed
Irritating to eyes and respiratory system

R36/37138: Irritating to eyes, respiratory system and skin

R36/38:
R37/38:
R42/43:
R48/20:

Irritating to eyes and skin

Irritating to respiratory system and skin

May cause sensitization by inhalation and skin contact

Harmful: danger of serious damage to health by prolonged exposure

R48/20/21: Harmful: danger of serious damage to health by prolonged exposure through

inhalation and in contact with the skin

R48/20/21/22: Harmful: danger of serious damage to health by prolonged exposure through

inhalation, in contact with skin and if swallowed

R48/20/22: Harmful: danger of serious damage to health by prolonged exposure through

inhalation, and if swallowed

R48/21: Harmful: danger of serious damage to health by prolonged exposure in contact
with skin

R48/21/22: Harmful: danger of serious damage to health by prolonged exposure in contact
with skin and if swallowed

R48/22: Harmful: danger of serious damage to health by prolonged exposure if swallowed



146

Appendix

R48/23:

Toxic: danger of serious damage to health by prolonged exposure through
inhalation

R48/23/24: Toxic: danger of serious damage to health by prolonged exposure through

inhalation and in contact with skin

R48/23/24/25: Toxic: danger of serious damage to health by prolonged exposure through

inhalation, in contact with skin and if swallowed

R48/23/25: Toxic: danger of serious damage to health by prolonged exposure through

inhalation and if swallowed

R48/24: Toxic: danger of serious damage to health by prolonged exposure in contact with
skin

R48/24/25: Toxic: danger of serious damage to health by prolonged exposure in contact with
skin and if swallowed

R48/25: Toxic: danger of serious damage to health by prolonged exposure if swallowed

R50/53: Very toxic to aquatic organisms, may cause long term adverse effects in the
aquatic environment

R51/53: Toxic to aquatic organisms, may cause long term adverse effects in the aquatic
environment

R52/53: Harmful to aquatic organisms, may cause long-term adverse effects in the aquatic
environment

Safety precaution phrases (S-Phrases)

S1:
S2:
S3:
S4:
SS:
S6:
S7:
S8:
S9:
S12:
S13:
S14:
S15:
S16:
S17:
S18:
S20:
S21:
S22:
S23:

S24:
S25:
S26:

S27:
S28:

S29:
S30:

Keep locked up

Keep out of reach of children

Keep in a cool place

Keep away from living quarters

Keep contents under ... (appropriate liquid to be specified by the manufacturer)
Keep under ... (inert gas to be specified by the manufacturer)

Keep container tightly closed

Keep container dry

Keep container in a well ventilated place

Do not keep the container sealed

Keep away from food, drink and animal feeding stuffs

Keep away from ...(incompatible materials to be indicated by the manufacturer)
Keep away from heat

Keep away from sources of ignition-No Smoking

Keep away from combustible material

Handle and open container with care

When using do not eat or drink

When using, do not smoke

Do not breathe dust

Do not breathe gas/fumes/vapour/spray (appropriate wording to be specified by
manufacturer)

Avoid contact with skin

Avoid contact with eyes

In case of contact with eyes, rinse immediately with plenty of water and seek medical
advice

Take off immediately all contaminated clothing

After contact with skin, wash immediately with plenty of ...(to be specified by the
manufacturer)

Do not empty into drains

Never add water to this product
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S33:
S34:
S35:
S36:
S37:
S38:
S39:
S40:

S41:
S42:

S43:

S44-:
S45:

S46:
S47:
S48:
S49:
S50:
S51:
S52:
S53:
S54:

S55:

S56:

S57:
S58:
S59:
S60:
S61:
S62:

Take precautionary measures against static discharges

Avoid shock and friction

This material and its container must be disposed of in a safe way

Wear suitable protective clothing

Wear suitable gloves

In case of insufficient ventilation, wear suitable respiratory equipment

Wear eye/face protection

To clean the floor and all objects contaminated by this material use (to be specified by the
manufacturer)

In case of fire and/or explosion do not breath fumes

During fumigation/spraying wear suitable respiratory equipment (appropriate wording to
be specified by the manufacturer)

In case of fire, use ... (indicate in the space the precise type of fire fighting equipment. If
water increases the risk, add "never use water")

If you feel unwell, seek medical advice (show the label where possible)

In case of accident or if you feel unwell, seek medical advice immediately (show the label
where possible)

If swallowed, seek medical advice immediately and show the container or label

Keep at temperature not exceeding ... °C (to be specified by the manufacturer)

Keep wetted with ... (appropriate material to be specified by the manufacturer)

Keep only in the original container

Do not mix with ... (to be specified by the manufacturer)

Use only in well-ventilated areas

Not recommended for interior use on large surface areas

Avoid exposure - obtain special instructions before use

Obtain the consent of pollution control authorities before discharging to waste-water
treatment plants

Treat using the best available techniques before discharge into drains or the aquatic
environment

Do not discharge into drains or the environment, dispose to an authorised waste collection
point

Use appropriate containment to avoid environmental contamination

To be disposed of as hazardous waste

Refer to manufacturer/supplier for information on recovery/recycling

This material and/or its container must be disposed of as hazardous waste

Avoid release to the environment. Refer to special instructions / safety data sheet

If swallowed, do not induce vomiting: seek medical advice immediately and show the
container label

Combined safety phrases

S1/2: Keep locked up and out of reach of children

S3/9: Keep in a cool, well ventilated place

S3/7/9: Keep container tightly closed in a cool, well ventilated place

S3/14: Keep in a cool place away from ... (incompatible materials to be indicated by the
manufacturer)

S3/9/14: Keep in a cool, well-ventilated place away from ... (incompatible materials to be
indicated by the manufacturer)

S3/9/49: Keep only in the original container in a cool, well ventilated place

S3/9/14/49: Keep only in the original container in a cool, well-ventilated place away from

(incompatible materials to be indicated by the manufacturer)

S3/9/49: Keep only in the original container in a cool, well ventilated place
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S3/14:

S7/8:
S7/9:
S7/47:

S20/21:
S24/25:
S29/56:

S36/37:

S36/37/39:

S36/39:
S37/39:
S47/49:

Keep in a cool place away from ... (incompatible materials to be indicated by the
manufacturer)

Keep container tightly closed and dry

Keep container tightly closed and in a well ventilated place

Keep container tightly closed and at a temperature not exceeding...°C (to be
specified by manufacturer

When using do not eat, drink or smoke

Avoid contact with skin and eyes

Do not empty into drains, dispose of this material and its container to hazardous
or special waste collection point

Wear suitable protective clothing and gloves

Wear suitable protective clothing, gloves and eye/face protection

Wear suitable protective clothing, and eye/face protection

Wear suitable gloves and eye/face protection

Keep only in the original container at temperature not exceeding ...°C (to be
specified by the manufacturer)
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