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Abstract

Nanostructured materials can be defined as those materials whose structural
elements - clusters, crystallites or molecules - have dimensions in the 1-100 nm
range. The explosion in both academic and industrial interest over the past 20
years arises from the remarkable variations in fundamental electrical, optical and
magnetic properties that occur as one progresses from an ”infinitely extended”
solid to a particle of material consisting of a countable number of atoms.
In this work the attention was laid on the optical properties of Mn2+ doped ZnS
nanoparticles with respect to a possible application as bio sensor in medical and
biological analytics. A synthesis for this type of particles has been developed and
the nanocrystals obtained have been investigated in terms of their composition,
particle size and optical properties.
The particles synthesized were stabilized with the amino acid L-cysteine and
showed the typical ZnS:Mn emission spectrum with its orange emission due to
the 4T1 → 6A1 transition within the d-orbitals of the Mn2+ at 585 nm and its
blue emission due to recombination over the ZnS band gap from shallow electron
traps at 380 nm. The onset of the absorption was blue shifted from 340 nm (bulk)
to 310 nm, indicating a quantum size effect.
The particle sizes and particle size distributions were determined with methods
such as transmission electron microscopy, photon correlation spectroscopy, an-
alytical ultra centrifugation and field flow fractionation. The particle size has
also been calculated from the shift in the band gap with the help of the effective
mass approximation. The limits of the applied techniques are discussed and the
particle size distribution determined to go from 3-20 nm with a first maximum
at about 5 nm and a second maximum at about 17 nm.
The particles’ luminescence quantum yields have been determined between 1.5-2
%. They could be enhanced by a factor of three by coating the particles with
a SiO2 shell. The quantum yields showed a strong dependence on the disper-
sion concentration and Mn2+ content. These effects have been investigated with
quantum yield measurements at different temperatures and Mn2+ contents, and
lifetime measurements. The lifetime measurements showed decay times in the ns
region for the blue and in the µs-ms region for the orange emission, indicating
a florescence mechanism for the ZnS and a phosphorescence mechanism for the
Mn2+ radiation.



 



Zusammenfassung

Nanostrukturierte Materialen können als die Materialen definiert werden,
deren kleinste strukturelle Einheiten - Cluster, Kristallite oder Moleküle - Aus-
dehnungen im 1-100 nm Bereich haben. Die explosionsartige Zunahme des akademis-
chen als auch des industriellen Interesses in den letzten 20 Jahren, rührt von
den aussergewöhnlichen Änderungen der grundlegenden elektrischen, optischen
und magnetischen Eigenschaften her, wenn man vom ”unendlich ausgedehnten”
Feststoff zu einem Material gelangt, das aus einer zählbaren Menge an Atomen
besteht.
In dieser Arbeit wurde das Hauptaugenmerk auf die optischen Eigenschaften
Mn2+ dotierter ZnS Nanopartikel gelegt, in Hinblick auf eine Anwendung im
Bereich der Biosensorik für die medizinische und biologische Analytik. Eine Syn-
these für diese Partikel wurde entwickelt, und die so erhaltenen Nanokristalle auf
ihre Zusammensetzung, Partikelgrösse und optischen Eigenschaften untersucht.
Die synthetisierten Partikel wurden mit der Aminosäure L-Cystein stabilisiert
und zeigten das typische ZnS:Mn Emissionsspektrum mit seiner orangefarbenen
Emission, resultierend aus dem 4T1 → 6A1 Übergang in den Mn2+ d-Orbitalen,
bei 585 nm, und der blauen ZnS Emission, resultierend aus Rekombinationen
über die Bandlcke von leitungsbandnahen Elektronenfallen aus, bei 380 nm. Die
Absorptionskante war zu 310 nm blauverschoben im Vergleich zu 340 nm für den
ausgedehnten Festkörper, was deutlich auf einen ”quantum size” Effekt hindeutet.
Partikelgrössen und Partikelgrössenverteilungen wurden mit Methoden wie Trans-
missionselektronenmikroskopie, Photonenkorrelationsspektroskopie, analytischer
Ultrazentrifugation sowie Feldflussfraktionierung bestimmt. Die Partikelgrösse
wurde auch aus der Bandlckenverschiebung mit Hilfe der ”effective mass” An-
näherung bestimmt. Die Grenzen der verwendeten Methoden werden diskutiert
und die Partikelgrösse als eine Verteilung von 3-20 nm mit ihrem ersten Maxi-
mum bei etwa 5 nm und einem zweiten Maximum bei ca. 17 nm bestimmt.
Die gemessenen Quantenausbeuten ergaben 1.5-2 %. Sie konnten um einen Faktor
3 durch Beschichtung mit SiO2 erhöht werden. Die Quantenausbeuten hingen er-
heblich von der Konzentration der Dispersionen und dem Mangangehalt ab. Diese
Effekte wurden mit Hilfe von Quantenausbeutenmessungen bei unterschiedlichen
Temperaturen und Mangangehalten, sowie mit Lebenszeitmessungen untersucht.
Die Lebenszeitmessungen ergaben Lebenszeiten im ns Bereich für die blaue und
im µs-ms Bereich für die orangefarbene Emission. Dies deutet auf einen Fluo-
reszenzmechanismus für die ZnS und einen Phosphoreszenzmechanismus für die
Mn2+ Emission hin.
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Chapter 1

Introduction

Fluorescence is a widely used tool in medical science and biology. It’s a powerful
technique for studying molecular interactions in analytical chemistry and biol-
ogy, medicine and environmental science. New developments in instrumentation,
software, probes, and applications have resulted in a burst of popularity for a
technique that was first observed over 150 years ago.
Fluorescence detection has three major advantages over other light-based inves-
tigation methods

• high sensitivity

• high speed

• non-invasive

Sensitivity is an important issue because the fluorescence signal is proportional
to the concentration of the substance investigated and relatively small changes in
ion concentration in living cells can already have significant physiological effects.
Because it is a non-invasive technique, fluorescence does not interfere with a
sample. The excitation light wavelength required to generate a fluorescence signal
are low for most organic fluorophores and living tissue can be investigated with
no damaging effects on its natural physiological behaviour.
As the theoretical underpinnings of fluorescence became more understood, a set
of powerful applications such as fluorescence microscopy and fluorescence cell
imaging [Uzu03] emerged. Another application of fluorophores are the so called
bio assays. These are assays which serve as detection platforms for biomolecules.
A biomolecule with a free functional group is attached to its surface and can
react selectively with a specific molecule via the ”lock-key-principle”. If the free
molecule was tagged with a fluorophore before reaction with the surface, it can
be detected afterwards on the bio assay (see figure 1.1).

The ability to discriminate different colours simultaneously under long-term
excitation holds great promise for fluorescent labelling technologies [Bru98, Cha98].

4



5

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

B 

C 

Figure 1.1: Principle of a bio assay, (A) bio molecule to detect, (B) free func-
tionalized nanoparticle, (C) particle and bio molecule attached to the assay

In this respect organic dye molecules suffer from several limiting factors. First
their narrow absorption bands make it difficult to excite several colours with a sin-
gle excitation source. In addition, due to large spectral overlaps of the emissions
of dye fluorophores (their emission spectra show a so called ”red-tail”), multi-
colour experiments require complex mathematical analysis of the data. Second,
the emission intensity of organic dyes depend on their environment, and photo
bleaching imposes a stringent upper limit on the number of photons detectable
per molecule. Photo bleaching is the irreversible destruction of the excited fluo-
rophore under high-intensity illumination conditions which introduces limits for
the detectability of the fluorophore. There exist multiple pathways for photo
bleaching. Some include reactions between adjacent dye molecules, making the
process considerably more complex in labelled biological specimens than in di-
lute solutions of free dye. In all cases, photo bleaching originates from the triplet
excited state, which is created from the singlet state via an excited-state process
called intersystem crossing [Son96].
Third, the fast fluorescence emission of the dyes coincides with a high degree to
short-lived auto fluorescence background from many naturally occurring species,
reducing therefore the signal to noise ratio [Dah01].
Ideal probes for multicolour experiments should emit at spectrally resolvable ener-
gies with lifetimes sufficiently long to separate them from the background signal,
they should have a narrow, symmetric emission spectrum, and the whole group
of probes should be excitable at a single wavelength [Bru98].

This can be achieved with inorganic semiconductor nanocrystals. The unique
properties of these so called quantum dots result from quantum confinement,
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Figure 1.2: Excitation (dashed) and fluorescence (solid) spectra of (A) fluorescine
and (B) a typical nanocrystal [Bru98]

which occurs when metal and semiconductor particles get smaller than their ex-
citon Bohr radii (about 1-5 nm) [Cha98]. For semiconductor nanocrystals the
energy gap increases with decreasing size. The absorption onset and emission
maximum shifts to higher energy with decreasing size. The excitation tracks the
absorbance, resulting in a tuneable fluorophore that can be excited efficiently at
any wavelength shorter than the emission peak yet will emit with the same char-
acteristic narrow, symmetric spectrum regardless of the excitation wavelength
(see figure 1.2). Variation of the material used for the nanocrystal and variation
of the size afford a spectral range of 400 nm to 2 µm [Bru98].
These characteristics make QD’s ideal probes for multicolour experiments because
a whole range of emission wavelengths can be obtained with a single excitation
wavelength.



Chapter 2

Theory

2.1 Types of Luminescence

Luminescence is the general term applied to all forms of cool light, i.e., light
emitted by sources other than a hot, incandescent body, such as a black body
radiator. It is caused by applying an external source of energy to an atomic or
molecular system which undergoes a transition to higher energy levels. In the
course of decaying to a lower energy the system subsequently emits optical radi-
ation. Luminescence radiators are classified according to the source of excitation
energy, as indicated by the following examples [Pho91].

• Cathodoluminescence is caused by accelerated electrons colliding with
the atoms of a target.

• Photoluminescence is caused by energetic optical photons.

• Chemiluminescence provides energy through a chemical reaction.

• Electroluminescence results from energy provided by an applied electric
field

• Sonoluminescence is caused by energy acquired from a sound wave.

2.1.1 Photoluminescence

Photoluminescence occurs when a system is excited to a higher energy level by
absorbing a photon, and then spontaneously decays to a lower energy level, emit-
ting a photon in the process. To conserve energy, the emitted photon cannot have
more energy than the exciting photon, unless two or more excitation photons act
in tandem. Intermediate nonradiative downward transitions are possible. The
electron can also be stored in an intermediate state for a long time, resulting in
delayed luminescence.

7
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Photoluminescence is divided into two types, depending upon the nature of the
ground and the excited states. In a singlet excited state, the electron in the
higher-energy orbital has the opposite spin orientation as the second electron in
the lower orbital. These two electrons are said to be paired. In a triplet state
these electrons are unpaired, that is, their spins have the same orientation. Re-
turn to the ground state from an excited singlet state does not require an electron
to change its spin orientation. A change of spin orientation is needed for a triplet
state to return to the singlet ground state (see figure 2.1). Fluorescence is the
emission which results from the return to the lower orbital of the paired electron.
Such transitions are quantum mechanically ”allowed” and the emissive rates are
typically near 108 s−1. These high emissive rates result in fluorescence lifetimes
near 10−8 s or 10 ns. The lifetime is the average period of time a fluorophore
remains in the excited state. Phosphorescence is the emission which results
from transition between states of different multiplicity, generally a triplet excited
state returning to a singlet ground state. Such transitions are not allowed and the
emissive rates are slow. Typical phosphorescent lifetimes range from milliseconds
to seconds, depending primarily upon the importance of deactivation processes
other than emission [Lak83].

 

Intersystem
crossing 

Singlet 

Triplet 

Absorption Phosphorescence Fluorescence 

Figure 2.1: Fluorescence and phosphorescence mechanism

2.1.2 Fluorescence Lifetimes and Quantum Yields

The fluorescence lifetimes and quantum yields of fluorescent substances are fre-
quently measured. The meaning of these parameters are best illustrated by ref-
erence to a modified Jablonski diagram (see figure 2.2). In this diagram the
individual relaxation processes leading to the relaxed S1 state are not explicitly
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illustrated. Instead attention to those processes responsible for return to the
ground state is increased. Of special interest is the emissive rate of the fluo-
rophore (Γ) and its rate of radiationless decay to S0 (k).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

S1 

S0 

S1 

Relaxation (10-12 s) 

hνA 
hνF Γ k 

Figure 2.2: Modified Jablonski diagram after reference [Lak83]

The fluorescence quantum yield is the ratio of the number of photons emitted
to the number absorbed. The rate constants Γ and k both depopulate the excited
state. The fraction of fluorophores that decays through emission, and hence the
quantum yield, is given by

Φ =
Γ

Γ + k
(2.1)

The quantum yield can be close to unity if the radiationless rate of deactiva-
tion is much smaller than the rate of radiative decay, that is k � Γ.
The lifetime τ of the excited state is defined by the average time the molecule
spends in the excited state prior to return to the ground state.

τ =
1

Γ + k
(2.2)

The lifetime of the fluorophore in the absence of nonradiative processes is
called intrinsic lifetime τ0, and is given by

τ0 =
1

Γ
(2.3)

This leads to the familiar relationship between the quantum yield and the
lifetime

Φ =
τ

τ0
(2.4)
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The quantum yield and lifetime can be modified by any factors which affect
either of the rate constants. For example, a molecule may be nonfluorescent as a
result of a large rate of internal conversion or a slow rate of emission [Lak83].
Because it is difficult to determine absolute quantum yields, relative methods are
often used which compare the sample with a compound of known quantum yield.
The determination of quantum yields using optically dilute solutions is the most
common method currently employed. These measurements rest on Beer’s law and
a spectrofluorimeter is used as the detector. Absorbance of sample and reference
must be similar and it is preferable that they are in the same solvent. If this is
not possible, then correction for the differences in the refractive indices of the
solvents must be made. The need for the refractive index correction arises from
two sources. As radiation passes from the solution to air (i.e., from high to low
index region), its intensity changes because of the refraction. Second, internal
reflection within the measure cell can occur [Mee83].
When this is taken into account the sample quantum yield ΦS can be calculated
with equation 2.5 [Dem71], where A is the absorbance, E the integral over the
emission peak and n the refractive index. The indices S and R always indicating
sample and reference.

ΦS =
AR · ES · n2

S

AS · ER · n2
R

· ΦR (2.5)

2.1.3 Fluorescence quenching

Fluorescence quenching refers to any process which decreases the fluorescence
intensity of a given substance. A variety of processes can result in quenching.
This includes excited state reactions, energy transfer, complex formation (static
quenching) or collisional quenching (dynamic quenching). In the following we will
only consider dynamic and static quenching. For static quenching the fluorophore
and its quencher form a nonfluorescent complex, for dynamic quenching the flu-
orophore returns to the ground state without emission of a photon on contact
with the quencher.

Dynamic quenching

Collisional quenching of fluorescence is described by the Stern-Volmer equation:

F0

F
= 1 + kqτ0[Q] = 1 +KD[Q] (2.6)

In this equation F0 and F are the fluorescence intensities in the absence and
the presence of a quencher, respectively, kq is the bimolecular quenching con-
stant, τ0 the lifetime of the fluorophore in the absence of the quencher, [Q] is the
concentration of the quencher, and KD is the Stern-Volmer quenching constant.
It is useful to note that K−1

D is the quencher concentration at which F0/F=2 or
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50 % of the intensity is quenched. A linear Stern-Volmer plot (F0/F → [Q]) is
generally indicative of a single class of fluorophores, all equally accessible to the
quencher.
To see the diffusion dependency of the dynamic quenching one has to look at the
collisional frequency Z of a fluorophore and its quencher that is given by

Z = k0 · [Q] (2.7)

where k0 is the diffusion-controlled bimolecular rate constant. k0 is dependant
of the diffusion coefficient by the Smoluchowski equation:

k0 =
4πRDNA

1000
=

4πNA

1000
(Rf +Rq)(Df +Dq) (2.8)

where R is the collision radius, D is the sum of the diffusion coefficients of
the fluorophore (Df) and the quencher (Dq), NA is Avogadro’s number. The
collision radius is generally assumed to be the sum of the molecular radii of the
fluorophore (Rf) and the quencher (Rq). The equation describes the diffusive
flux of a molecule with a diffusion coefficient D through the surface of a sphere
with the radius R. The factor 1000 is necessary to keep the units correct when
the concentration is expressed in terms of molarities. The term NA/1000 converts
molarities to molecules /cm3 [Lak83]. So if Rf and Rq are given in cm, the unit
of k0 is [1

s
].

Static quenching

Static quenching occurs as a result of the formation of a nonfluorescent ground
state complex between the fluorophore and the quencher. When this complex
absorbs light it immediately returns to the ground state without emission of a
photon. The dependence of the fluorescence intensity upon quencher concen-
tration is easily derived by consideration of the association constant Ks of the
complex formation. This constant is given by

Ks =
[F −Q]

[F ][Q]
(2.9)

where [F −Q] is the concentration of the complex and [F ] the concentration
of the uncomplexed fluorophore. If the complexed species is nonfluorescent then
the fraction of the fluorescence which remains is (F/F0) is given by the fraction of
the total fluorophore which is not complexed (f). That is, f = F/F0. Recalling
that the total concentration of fluorophore [F0] is given by

[F ]0 = [F ] + [F −Q] (2.10)

substitution in equation 2.9 yields
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Ks =
[F ]0 − [F ]

[F ][Q]
=

[F ]0
[F ][Q]

− 1

[Q]
(2.11)

We can substitute the fluorophore concentrations with the fluorescence inten-
sities, and rearrangement of 2.11 yields

F0

F
= 1 +Ks · [Q] (2.12)

Observe that the dependence of F/F0 on [Q] is identical to what was ob-
served for the dynamic quenching, except that the quenching constant is now
the association constant. Fluorescence quenching data, obtained by intensity
measurements alone, can be explained by either dynamic or static processes un-
less additional information is provided. Measurements at different viscosities or
temperatures (see section 8.1.2) can be used to distinguish between static and
dynamic quenching another possibility is the changes in lifetimes [Lak83].

2.1.4 Quenching and lifetimes

Lifetime measurements can give additional information that help to distinguish
between collisional and static quenching. Collisional quenching is a additional
process which depopulates the excited state of the fluorophore and influences
therefore the lifetimes as described in section 2.1.2.
The lifetimes in absence (τ0) and presence (τ) of quencher are given by

τ0 =
1

Γ
(2.13)

and

τ =
1

(Γ + kq · τ0) (2.14)

and therefore

τ0
τ

= 1 + kqτ0 · [Q] (2.15)

This latter deviation corresponds to equation 2.6 and illustrates an impor-
tant characteristic of collisional quenching, which is an equivalent decrease in
fluorescence intensity and lifetime.

F0

F
=
τ0
τ

(2.16)

The decrease in lifetime occurs because quenching is an additional process
which depopulates the excited state. The decrease in yield occurs because the
quenching depopulates the excited state without fluorescence emission.
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Static quenching removes a fraction of the fluorophores from observation. The
complexed fluorophores are nonfluorescent and the only observed fluorescence is
from the uncomplexed fluorophore. The uncomplexed fraction is unperturbed,
and hence the lifetime is τ0. Therefore, for static quenching τ0/τ = 1 (see figure
8.3).

2.2 Stabilization of Colloidal Systems

It is commonly accepted that the stability of colloidal systems is, in most cases,
the result of an extremely slow aggregation process. The main reason for such
a slow aggregation is a high electrostatic energy barrier and in some cases a
protective layer of a surfactant [Kal02].

2.2.1 Forces between atoms and molecules

Since the work of van der Waals in 1873 it is known that there exist attractive
forces between non polar molecules. London showed in 1930 that these attractive
forces are due to fluctuating dipoles resulting from the movement of the electrons
within the electron cloud of the atoms. He calculated the free attractive energy
∆Gatt between two atoms or molecules to be

∆Gatt = − A

d6
aa

(2.17)

where A is a molecule or atom specific constant and daa the distance between
two atoms or molecules.
When the atoms get below a certain distance their electron clouds begin to in-
teract, which creates repulsive forces and lead to an increase of ∆Gatt. This free
repulsive energy ∆Grep can be expressed with the following equation

∆Grep =
B

d12
aa

(2.18)

where B is as A a molecule or atom specific constant.
The sum of these interactions is the so called Lennard-Jones-Potential ∆GLJ

[Eve92].

∆GLJ = ∆Grep + ∆Gatt =
B

d12
aa

+
A

d6
aa

(2.19)

2.2.2 Forces between particles

To calculate the attractive forces between two particles one assumes that every
atom of one particle interacts with every atom of the other particle following the
Lennard-Jones-Potential, and that the free energy of these interactions is the sum
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over the contribution of all possible atom pairs. Since the repulsive forces are of
short range, only the surface atoms are taken into account.
The easiest way to solve this problem is to calculate it for two infinite surfaces
separated by a distance H, which was done by Hamaker and leads to

∆Gatt = − AH

12πH2
(2.20)

for the free energy between the surfaces with AH being the so called Hamaker
constant. A similar approach for two spheres of the same radius r leads to

∆Gatt = − AHr

12H2
[1 +

3H

4r
+ ...] (2.21)

where H now represents the distance between the centres of the two spheres.
The higher terms can be neglected for most cases.
Equation 2.20 and 2.21 show clearly that for bigger particles the attractive forces
decrease considerably slower than for single molecules and atoms which has a
significant influence on the stability of particle dispersions [Eve92].

Electrostatic Stabilization

Particles in aqueous dispersion normally show a surface charge that can be due
to the ionization of surface groups or to the adsorption of charged molecules or
simply ions.
Following Coulomb’s law every charge creates an electric potential that will be
compensated by charges of opposite sign in its proximity. That means that around
every negatively charged ion an excess of positive charges will be present and vice
versa. This cloud of counter ions is called electric double layer.

The concept of double layer was first introduced by Helmholtz. He imagined it
as a molecular condensator in which the potential decreases linearly. But thermal
movement leads to a distribution of the counter ions, so that a diffuse double layer
is formed (Gouy and Chapman 1913). This double layer results in a Coulombic
repulsion between two particles which decays approximately exponentially with
the interparticle distance z (see equation 2.22).

ψ = ψ0e
−κ
z (2.22)

The net result is shown schematically in figure 2.3. The weak minimum in the
potential energy at moderate interparticle distances defines a stable arrangement
for the colloidal particles which is easily disrupted by medium effects, and at
room temperature, by the thermal motion of the particles. Thus, if the electric
potential associated with the double layer is sufficiently high, then electrostatic
repulsion will prevent particle agglomeration.
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Figure 2.3: Electrostatic stabilization of colloidal particles. Attractive van der
Waals forces are outweighed by repulsive electrostatic forces between adsorbed
ions and associated counterions at moderate interparticle separation [Sch94].

According to the Debye-Hückel-theory for electrolytes the thickness of the
double layer is defined by

1

κ
=

√
εrε0kBT

2NAe2I
. (2.23)

with εr and ε0 being the electric permittivity of the medium and the vacuum,
kB Boltzmann’s constants, NA Avogadro’s constant, T the temperature, e the
elementary charge and I the ionic strength.
In equation 2.23 one can see that the thickness of the double layer depends
strongly on the ionic strength in the solution. This shows that an electrostatically
stabilized sol can be coagulated if the ionic strength of the dispersing medium
is increased sufficiently, since this compresses the double layer and shortens the
range of the repulsion [Sch94].
At long distances two particles will not ”see” one another because of their neutral-
izing double layers. When they get closer these double layers act like the electron
clouds around an atom. When the two double layers are charged in the same
way they will repel one another [Eve92, Wed97]. This is the basis of the DVLO
theory. The DVLO theory takes only two interactive energies into account, the
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van-der-Waal attraction (see equation 2.20) and the repulsive potential due to the
overlapping of the double layers. When the double layers of two charged surfaces
overlap their electric potentials add up. This results in an increase of the electric
Gibbs energy ∆Gelst:

∆Gelst =
64c0kBT

κ
e−κH (2.24)

with c0 being the ion concentration without potential. This concentration
dependence mainly comes from the dependence of the double layer thickness 1

κ

on the ionic strength.
Added with the term for the van-der-Waals attraction we get an expression for
the potential interactive energy ∆Gpot between two flat surfaces per surface unit:

∆Gpot =
64c0kBT

κ
· e−κH − AH

12πH2
(2.25)

The stabilizing effect of surface ions is not only dependent on the concentration
of the ions in solution, but also on the concentration of ions adsorbed at the
particle surface. If the surface charge is reduced by the displacement of adsorbed
ions by a more strongly binding neutral adsorbate, the colloidal particles can
collide and agglomerate under the influence of the van der Waals attractive forces.

Steric Stabilization

Colloidal dispersions can also be stabilized by the addition of a surfactant that
is in most cases a polymer. The surfactant forms a protecting layer around the
particle and so prevents flocculation. The adsorbed layers can influence the van
der Waals attractions or induce repulsion of the particles. This is called steric
stabilization. We have to distinguish between three cases:

Anchored polymers In the case of a compact adsorbed layer the particles can
be regarded as a hard sphere with the diameter 2(r + δ), where r is the particle
radius and δ the thickness of the adsorbed layer. So this adsorbed layer prevents
that the centres of the particles can get closer than 2(r + δ).
When the protective layer resembles the dispersing medium, the attraction be-
tween the particles for a distance H without contact will not be influenced by the
adsorbed layer. But since the particles can not get closer than 2(r + δ) on con-
tact, the attractive potential on contact will be smaller than for particles without
protective layers.
On the other hand, when the layer resembles the particle material, it will act like
a bigger particle and so result in a higher attractive potential than a not coated
particle (see equation 2.21).
But normally the adsorbed polymer does not act like a hard surface. The poly-
mer chains will extend into the dispersing medium in a degree that depends on
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the interaction between polymer and dispersing medium.
The more the surfactant resembles the dispersing medium the more the polymer
chains will be directed outward into the solvent. When two particles collide the
surfactant or polymer chains will penetrate one another. This has two conse-
quences:
First, the local density of the polymer will be increased so that the osmotic effect
will cause a diffusion of solvent molecules between the two surfaces to diminish
the surfactant concentration. This will push apart the particles.
Second, the higher surfactant concentration between the particles will lead to a
reduced number of possible arrangements of the chains. So the entropy decreases
by a value ∆S and so the free repulsive energy increases by |T∆S|. This is
called entropic repulsion. In this case the polymer chains of one layer penetrate
in the layer of another particle, so the center-center distance of the particles can
be smaller than 2(r + δ), but the repulsive potential increases strongly. So to
achieve a good steric stabilization the surfactant should be different from the
nature of the particle but similar to the one of the dispersing agent. The longer
the chain length the better the stabilization, because the repulsive strength de-
pends strongly on the thickness of the surfactant layer around the particle. The
surfactant can be attached to the surface by chemical bonding or by a strong and
specific binding [Eve92, Rus89].

Non adsorbing polymers Dissolved, non-adsorbing polymer molecules must
alter their configuration if their centre of mass is to approach a particle surface.
This leads to the formation of a so called depletion layer around each particle.
That means a layer from which the polymer is excluded.
A particle immersed in a polymer solution experiences an osmotic pressure acting
normal to its surface. For an isolated particle, the integral of the pressure over
the entire surface nets zero force. But when the depletion layers of two particles
overlap, polymer will be excluded from a portion of the gap between the parti-
cles. Consequently, the pressure due to the polymer becomes unbalanced. The
polymer concentration between the particles is lower than in the volume, so the
dispersing agent diffuses in the volume leading to an attractive force and particle
flocculation. This is called depletion flocculation [Eve92, Rus89].
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Figure 2.4: Steric stabilization of colloidal particles with anchored polymers: a)
in the interparticle space the configurational freedom of the polymer chains of
two approaching particles is restricted causing a lowering of entropy; b) the local
concentration of polymer chains between the approaching particles is raised and
the resulting higher local activity is osmotically counteracted by solvation [Sch94].

Adsorbing polymers Thus far, we have considered only the extremes of irre-
versibly anchored and non adsorbing polymers. More commonly, though, poly-
mers adsorb at random points along their backbone to a degree that depends on
the nature of the polymer, the solvent and the surface. The interactions between
surfaces is more complicated with adsorbed polymer layers than with terminally
anchored chains for two reasons:

1. Chains originally attached to one surface can adsorb at the same time to
the surface of a second particle to create a bridging between two particles.
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2. Given enough time, chains can desorb from the surface and migrate out of
the gap between two particles.

With strong adsorption at full coverage of the particles surface in a good
solvent the produced potential between two particles is purely repulsive. The
polymer layers interact at separations somewhat greater than twice the end-to-
end distance of the free chains. Since the coverage of the surface is approximately
full there is no significant bridging.
With strong adsorption but only partial coverage, the situation differs consider-
ably. Then the layers interpenetrate more easily and excess surface is available
for adsorption of tails from the opposing layer leading to attraction via bridg-
ing of the particles. But still the potential stays repulsive at small separations,
demonstrating that strongly adsorbed polymers do not desorb and migrate out
of the gap between the particles.
With still weaker adsorption and a solvent only slightly better than a theta sol-
vent, even interaction at full coverage produces attraction. But there is still a
repulsion at very small separations indicating that complete desorption of the
polymer from the surface does not occur [Rus89].

2.2.3 Total interacting potential

One gets the general equation for the change of the free energy ∆G for two
approaching particles from an infinite distance to a distance H by addition of the
discussed contributions.
Normally not all these effects are simultaneously present in a sample, so we show
in figure 2.5 the total free interacting potential for electrostatically and stericly
stabilized system separately. In figure 2.5 (a) the graphs i-iii represents increasing
electrolyte concentration. So one can clearly see that the repulsion due to the
double layer depends strongly on the ionic strength of the medium. At low ionic
strength one observe a higher energy barrier, at medium ionic strength there is
often a secondary minimum accompanying a lower energy barrier and for high
ionic strengths this barrier completely vanishes.
In the same way the steric repulsion is influenced by the thickness of the adsorbed
polymer layer. In figure 2.5 (b) the potential curves i-iii for decreasing layer
thickness δ by constant polymer density can be seen. The thicker the adsorbed
polymer layer, the greater the distances at which repulsion occurs [Eve92, Eva99].
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Figure 2.5: Potential curves for (a) electrostatic and (b) steric stabilized particles.
i-iii indicating different ionic strength for (a) and different layer thickness for (b)

2.3 Semiconductor Quantum Dots

The explosion in both academic and industrial interest in nanostructured mate-
rials over the past 15 years arises from the remarkable variations in fundamental
electrical, optical and magnetic properties that occur when one passes from an
infinitely extended solid to a particle of material consisting of a countable num-
ber of atoms. For semiconductor nanoparticles Brus [Ros83, Ros84] was one of
the first that ascribed the changes in band gap with the so called quantum size
effects.
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2.3.1 Quantum size effects

The band gap of a semiconductor is defined as the difference between the highest
energy level of the valence band and the lowest energy level of the conduction
band [Lip89]. When a semiconductor is excited by a photon with sufficient energy
two quasiparticles are created. A hole h+ with the mass m∗

h and a positive charge
+e and a electron e− with the mass m∗

e and the negative charge -e. The concept
of quasiparticles is used in theory to replace a consideration of a large number of
interacting particles by a small number of non interacting quasiparticles. These
quasiparticles are described as elementary excitations of a system of a number
of real particles. In our case the electron in the conduction band represents the
primary elemantary excitation of the electron subsystem of the crystal. The hole
represents an ensemble of electrons in the valence band from which one electron
was removed (e.g. to the conduction band). In reality, the electron and the
hole as charged particles do interact via the Coulomb potential and form a third
quasiparticle the so called exciton, which corresponds to a hydrogen-like bound
state of an electron-hole pair and is therefore characterized by the exciton Bohr
radius aB [Gap98]:

aB =
4πε0εrh̄

2

e2
·
(

1

m∗
e

+
1

m∗
h

)
(2.26)

The exciton Bohr radius is considerably larger than the respective value for
a hydrogen atom because the values for the effective masses for the electron and
the hole are smaller than the effective mass of the electron at rest m0, and the
dielectric constant ε in a semiconductor several times larger than 1 which is the
value for vacuum. Typical values for aB for common semiconductors range in the
interval from 1-10 nm. As a result of the creation of an exciton and a free e-h
pair, the absorption spectrum of direct band gap semiconductor monocrystals
contains a pronounced resonance peak at the energy

hν = Eg −Ry∗ (2.27)

with ν the frequency and the Rydberg energy being

Ry∗ =
e2

2εaB
. (2.28)

when the Rydberg energy is smaller than kT (kT � Ry∗). When the radius
of a particle approaches aB the exciton in the particles experience a spatial con-
finement and can only exist in the particle when it is in a state of higher energy
which leads to an increase in the energy gap of the semiconductor. As a result of
such a quantum confinement an exciton in a nanocrystal has to be considered as
a particle in a box, so its kinetic energy becomes quantized and the energy bands
split into discrete levels. This is the origin of the name quantum dots for such
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particles [Gap98].
This quantum confinement can be explained by two approaches, first with the ef-
fective mass approximation [Bru84], second with the tight binding model [Baw90].

Effective Mass Approximation

The effective mass approximation calculates the size dependence of the band gap
quantum mechanically with the particle in a box approach and uses the effective
masses of electron and hole in the term for the kinetic energy, which leads to the
following result [Lip89]:

E = Eg +
π2h̄

2m0r2
·
(

1

m∗
e

+
1

m∗
h

)
− 1.8e2

4πε0εrr
− 0.25 · e4

8π2ε2
0ε

2
rh̄

⎛
⎝ 1

1
m∗

e

+
1
1

m∗
h

⎞
⎠ (2.29)

The first term is the bulk band gap energy, the second the kinetic energy of
both the electron and the hole in a spherical box, the third term is their Coulomb
attraction and the last one corresponds to the correlation between two particles.
When r tends to high values E approaches Eg.
However, this approach fails for the smallest crystallite sizes because of the over-
simplified description of the crystal potential as a spherical well with an infinitely
high potential at the interface [Lip89]. Another problem could be the fact that
the effective masses were assumed to be constant which is only correct when
dealing with electronic states near the band edges [Hen89]. In fact it was shown
in a study of PbS that the effective masses increase with decreasing particle size
[Wan87].

The tight binding Model

Nanometer sized semiconductor crystallites, if treated correctly, should be de-
scribed in the same way as very large molecules. That means that the particular
number of atoms and their spatial configuration should be regarded rather than
the size.
In II-VI zinc blende crystals such as ZnS, each Zn atom is surrounded tetrahe-
drally by four S atoms and vice versa. With three p and one s atomic orbital on
each cation and anion, we will obtain four sp3-hybridized atomic orbitals. When
these atoms assemble in a cluster these orbitals should be treated as a set of
bond, rather than atomic, orbitals between nearest neighbour atoms. They so
form a set of bonding orbitals σ and a set of antibonding orbitals σ∗ [Baw90]. As
the number of atoms in the crystallite grows, each of the localized bond orbital
sets form molecular orbitals extended over the crystallite that finally develop into
conduction and valence bands. The highest occupied molecular orbital (HOMO)
becomes the top of the valence band, and the lowest unoccupied molecular or-
bital (LUMO) becomes the bottom of the conduction band. The HOMO-LUMO
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spacing tends to the band gap energy of the bulk nanocrystals. In figure 2.6 it
can be seen that with decreasing number of atoms in the particle the band gap
increases and we obtain discrete energy levels [Wan87].
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Figure 2.6: Evolution from molecular orbitals into bands after reference [Baw90]

With the tight binding model the electronic structure for very small crystal-
lites can be calculated using quantum mechanical methods [Gap98], but it is not
possible to calculate the energy levels for big clusters [Lip89], because too many
atoms have to be taken into account.



Chapter 3

State of the Art

3.1 Synthesis of colloidal nanocrystals

The first to demonstrate that the blue shift in semiconductor absorption spec-
tra is related with a widening of the band gap was the group of Brus at Bell
Laboratories in 1983 [Ros83]. For this ZnS and CdS dispersions were prepared
by precipitation at different temperatures with Na2S either in methanol or in
water [Ros85] at low concentrations. Cd(ClO4)2 and Zn(ClO4)2 were used as
Zn2+ and Cd2+ precursors. This lead to an explosion in synthesis of semiconduc-
tor nanoparticles with different methods. Structured reaction media showed to
improve size control and stabilization of the particles so synthesis with different
surfactants were developed. Fendler and colleagues discovered that CdS parti-
cles in the nanometre sized water pools of inverse micelles were unusually stable
against flocculation [Fen87]. Herron, Wang and co workers [Wan87/2] reported
the use of small zeolite cavities as hosts for (CdS)4 clusters. In this synthesis it
was not possible to recover the clusters and redisperse them. However, Henglein,
Weller, and co-workers used polymeric sodiumhexametaphosphat to protect the
surface of the otherwise bare particles. The coated particles could be recovered
after precipitation as a powder and, importantly, were then redisperable in water
[Foj84]. To get a narrow size distribution the particles were redispersed in water
and size separation was achieved by exclusion chromatography [Fis86], [Fis89].
Transfer of the inorganic particles into organic medium was first made by Brus
et al ([Ste88], [Ste90]). By treating micelle-encapsulated CdSe particles, having a
Cd2+ rich surface, with phenyl(trimethylsilyl)selenium (PhSeTMS), the particles
were covalently coated with Ph-Se− and could be isolated as powders and redis-
persed in organic solvents. The organic group at the surface showed little effect
on the HOMO-LUMO absorption and could be varied to obtain changes in the
physical properties such as solubility. The solubility of the passivated molecular
particles allowed their purification and subsequent study. It was also possible
to nucleate and grow CdSe particles on seeds of ZnS, and vice versa, in inverse

24
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micelle media [Kor90].
A breakthrough in nanoparticle synthesis came in the 90’s when two strate-
gies of nanoparticle synthesis have been developed working with TOPO (n-
trioctylphosphine oxide) to stabilize the particles. In the first case developed
by the group of Bawendi in 1993, nucleation and growth were allowed to take
place over an extended period of time at a moderate temperature (180-300 ◦C),
yielding a wide range of sizes [Mur93]. For this selenium or tellurium salts were
directly dissolved in TOP (n-octylphosphine), mixed with a solution of dimethyl-
cadmium (Me2Cd) and were then injected into hot TOPO at 300◦C. The rapid
introduction of the reaction mixture into the hot TOPO produced a deep yel-
low/orange colour and a sudden decrease in temperature to ∼180 ◦C. After the
addition of the reaction mixture the temperature of the TOPO was gradually
raised to 230-260 ◦C. The temperature was lowered in response to a spreading in
size distribution and increased when growth appeared to stop. When the desired
UV/vis - absorption characteristics were obtained a sample was taken. In this
way, a series of sizes ranging from ∼1.5 to 11.5 nm could be obtained. The still
rather broad particle size distribution could be sorted out by selective size pre-
cipitation were to a particle dispersion in 1-butanol, methanol was added leading
to precipitation with the biggest particles precipitating first.
The second approach developed by Alivisatos et al uses the synthesis described
above, but separates nucleation from growth by injecting the reaction mixture
rapidly at higher temperatures (350 ◦C) into the TOPO to induce nucleation
and then reducing the temperature during the growth phase, yielding particles
of nearly one size [Kat94]. Nucleation occurs rapidly, followed by growth. At
the growth temperature, surfactant molecules adsorb and desorb rapidly from
the nanocrystal surface, enabling the addition as well as removal of atoms from
the crystallites, while aggregation is suppressed by the presence of the surfac-
tant at the crystallite surface. During the focusing of the size distribution, the
concentration of the precursors in solution is higher than the solubility of all the
particles present, a situation in which all the particles grow, regardless of their
size. At high precursor concentration, the smaller particles grow faster than the
larger ones, and as a result, the size distribution can be focused down to one that
is nearly monodisperse.

If the precursor concentration drops below a critical threshold, small nanocrys-
tals are depleted as larger ones grow and the distribution broadens, or defocuses.
The desired size of the nanocrystals can be adjusted by changing the amount of
injected precursors and the time they are grown in the hot TOPO. The nanocrys-
tals obtained in this way are hydrophobic, since they are covered with a surfactant
layer. This layer of TOPO molecules stabilizes the nanocrystals in solvents like
toluene or chloroform and prevents agglomeration. According to the size of the
synthesized nanocrystals, fluorescence in practically all colours of the visible spec-
trum can be obtained [Par03] [Pen98].
Even though all sorts of semiconductor nanocrystals (ZnS, ZnSe, GaAs, InAs,
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Figure 3.1: (A) Transmission electron micrograph of CdSe nanocrystals, (B)
Uv-vis absorption spectra of CdSe nanocrystals: (a) r=9.3 Å; (b) r=10.0 Å; (c)
r=10.4 Å; (d) r=10.7 Å; (e) r=11.4 Å; (f) r=12.3 Å; (g) r=13.2 Å; (h) r=14.1 Å;
(i) r=15.9 Å; (j) r=18.0 Å; (k) r=24.2 Å; (l) r=33.5 Å; from reference [Kat94]

etc.) have been synthesized, the most frequently used materials are still CdSe
and CdS because of their bulk band gaps (ECdS

g =2.42 eV, ECdSe
g =1.74 eV [Crc87])

which lead to a whole range of colours in the visible region when the size is re-
duced and the high quantum yields that can be achieved with these materials. In
order to obtain a narrow size distribution, the synthesis is generally performed
in organic solvents at high temperatures.
Besides spherical nanocrystals, more complex geometries such as rods and tetra
pods can also be synthesized in a controlled way. Shape control of the nanocrys-
tals can be achieved by manipulating the growth kinetics. This is possible because
the growth of CdSe in the wurtzite structure is highly anisotropic when the sys-
tem is kinetically overdriven by extremely high precursor concentrations. CdSe
is an anisotropic material with a unique c-axis, and when overall growth rate is
fast, growth is generally faster along this axis. If the overall growth rate is slow,
a nearly spherical shape that minimizes the surface is favoured. So if the growth
rate is increased significantly, the result is a rod like shape. In order to maintain
control of the growth rate, it is necessary to change the surfactant. So hexyl-
phosphonic acid (HPA) that binds strongly to cadmium ions is added to the pure
TOPO [Pen00]. The so obtained rods show a larger splitting of absorbing and
emitting states, they have a polarized emission along the long axis, a quantum
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yield of about 1 %, and their band gap depends on the length of the rod [Li01].

 

50 nm

c-axis

10 nm

Figure 3.2: Orientation of quantum rods observed by TEM; from reference
[Pen00]

Variation of the TOPO/HPA ratio leads to the growth of arrow or tree like
forms. Tetra pods are formed when a CdSe nanocrystal nucleates in the zinc
blende structure instead of the wurtzite structure. Then wurtzite arms grow out
of the four (111) equivalent faces of the tetrahedral zinc blende core. More com-
plex shapes, such as dentritic tetra pods, are produced by performing additional
injections of precursor into a solution already containing tetra pods [Man00].

 

Figure 3.3: HRTEM images of (a) a typical tetra pod shaped CdSe nanocrystal,
looking down the [001] direction of one arm. Lattice spacing confirms that all
four arms are of wurtzite structure, (b) tetra pod that has branches growing out
of every arm. There are zinc blende layers near the ends of the original arms,
and the branches are wurtzite with some stacking faults; from reference [Man00]
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3.1.1 Synthesis of doped ZnS

In recent years, also the optical properties of impurity-doped nanocrystals have
attracted much attention. Since both electronic states and electromagnetic fields
are modified, optical properties of impurities may change drastically in nanostruc-
tures. A favourable phosphor for these studies is Mn2+ doped ZnS-nanoparticles.
Since the first report of ZnS:Mn nanoparticles [Bha94/2], several studies on
doped metal chalcogenide quantum dots have appeared, including new prepa-
ration methods [Cou98, Soo96], luminescence properties [Bha94/2, Bol98, Yu96],
and potential applications [Bha94/2, Din99]. For doped nanoparticles, the most
fundamentally interesting results are the luminescence enhancement and the life-
time shortening of the Mn2+ emission [Bha94] with decreasing size. But for
ZnS:Mn nanoparticles, many aspects concerning their photo physics are unclear
and remain controversial.
Bulk ZnS is usually doped by thermal diffusion at high temperatures (>1100 ◦C),
but since nanocrystallites sinter at extremely low temperatures, they must be
doped during precipitation. So to synthesize doped semiconductor nanocrystals
a simple coprecipitation of the host material and the dopant is usually applied.
The first synthesis of ZnS:Mn quantum dots carried out by Bhargava and co work-
ers [Bha94/2] was made in toluene with diethyl salt precursors and methacrylic
acid as surfactant. They obtained particles with two emission peaks (265 and 584
nm) and a 18% QY at room temperature. Since then a lot of syntheses both in
water and organic solvents have been carried out with changing surfactants such
as hexametaphosphate [Bol98], thioglycerol [Eth03], polyethylenoxide [Gal94],
and hydroxypropyl cellulose [Soh98]. They were synthesized in block copolymer
nanoreactors [Kan99] and zeolites [Che01], and with different amounts of Mn2+

to investigate the influence of the dopant concentration on the fluorescence prop-
erties [Bol98, Soo96], see figure 3.4.

3.2 Coating of particles

The surfaces of nanocrystals play a key role in virtually every property, from
structural transformation to light emission to solubility. Control of the surface
is in particular the key to highly luminescent nanocrystals. Organically capped
nanocrystals are reported to have room temperature quantum yields of about
∼10-15% [Dab97, Mur93] for CdSe and about 1% for CdS [Spa87] in water. For
manganese doped ZnS synthesized in organic solvent quantum yields of 3-6%
[Lee99] up to 18% were reported [Bha94]. One of the limiting factors for lumi-
nescence of nanoparticles is radiationless recombination of the electron and the
hole at defect states at the particle surface, arising from surface nonstoichome-
tries, so called ”dangling”, what means unsaturated bonds [Eyc00]. Saturation
of these bonds with an inorganic capping layer leads to remarkable increases in
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Figure 3.4: Emission spectra (solid lines), recorded for λex=300 nm, and excita-
tion spectra (dashed lines), recorded for λem=590 nm, of ZnS:Mn nanocrystals,
made using (a) organometallic synthesis route, and (b) inorganic synthesis route.
In the figure the manganese precursor percentages relative to Zn are mentioned;
from reference [Bol98]

the fluorescence quantum yields. Henglein and co workers reported in 1987 an
increase of the fluorescence intensity for CdS sols, when Cd(OH)2 was precip-
itated at the particle surface. When they synthesized co-colloids of CdS and
ZnS quantum yields of 50% could be achieved [Spa87]. CdSe synthesized by
the inverse micelle method has been successfully capped with ZnS [Kor90] and
ZnSe [Hoe92], particles from TOP/TOPO synthesis were also capped with ZnS
or CdS and showed afterwards quantum yields of 50-70% [Dab97, Pen97, Hin96].
To perform the coating first the quantum dots are synthesized and the shell is
then precipitated in a second step on the particle surface by addition of the shell
precursors. The shell material used for the respective particles must meet two
conditions. First it must be a material with a higher band gap than the core,
otherwise one would excite the shell and not the core, and there must be sufficient
lattice match between the two materials.
This leads to problems for coatings of ZnS nanoparticles. Since ZnS is a material
with high band gap energy (3.6 eV [Gum81]) there exists no other semiconductor
with a band gap sufficiently higher than the one of ZnS. So until now there is not
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much literature about coating of ZnS nanocrystals. Velikov et al [Vel01] reported
the coating of 100 nm ZnS particles with SiO2 by the Stöber method [Stö68], but
did not investigate the changes in optical properties. SiO2 thin films loaded either
with ZnS [Heb01] or manganese doped ZnS (ZnS:Mn) [Bha02, Bha02/2] were syn-
thesized without investigating the changes in quantum yield. To our knowledge
the only ones who observed an increase in fluorescence intensity for SiO2 coated
ZnS:Mn nanoparticles are Ethiraj et al [Eth03]. To obtain this increase in fluo-
rescence they synthesize ZnS:Mn particles with thioglycerol as surfactant. After
particle synthesis the SiO2 shell was formed with TEOS (tetraethylorthosilicate).
Particles with a diameter of about 600 nm diameter were obtained, unfortunately
the fluorescence increase was not further quantified.

 

Figure 3.5: Sketch of the silanization method. The TOPO-capped CdSeZnS
core/shell particles are dissolved in pure MPS to replace the TOPO molecules at
the surface. The methoxysilane groups (Si-OCH3) hydrolyze into silanol groups
(Si-OH), and form a primary polymerization layer. Then, fresh silane precursors
containing a functional group (F=-SH, -NH2, PO(O−CH3) are incorporated into
the shell and may tailor the nanocrystal surface functionality; from reference
[Ger01]
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Since biological processes are typically situated in an aqueous environment, a
hydrophilic nanocrystal surface is desired for reactions with biological molecules.
The best particles in terms of quantum yield and size distribution are ZnS coated
CdSe particles synthesized in TOPO [Dab97]. Their surface is hydrophobic and
therefore they are not directly soluble in aqueous solution. The easiest way to
obtain a hydrophilic surface is by exchanging the hydrophobic TOPO surfactant
molecules with bifunctional molecules that are hydrophilic on one end and bind
to ZnS with the other end. Commonly, thiols (-SH) are used as ZnS-binding
groups, and carboxylic groups (-COOH) are a prominent example for hydrophilic
groups. In this way TOPO -capped CdSe/ZnS nanocrystals can be transferred
into aqueous solution by exchanging TOPO adsorbed at their surface for a layer
of mercaptocarbonic acids. Unfortunately their solubility in water is limited
[Ald01]. A method to obtain more stable particles is a surface silanization. The
first step is to bind a layer of mercapto-trimethoxysilane (MPS) molecules to
the surface via thiol/ZnS bonds. The trimethoxysilane groups can be cross-
linked, which greatly stabilizes the silane layer on the CdSe/ZnS surface. In the
second step, hydrophilic trimethoxysilane molecules are added. By cross link-
ing the trimethoxysilane groups through the formation of siloxane bonds, this
shell is connected with the first layer [Bru98, Ger01, Par02]. The hydrophilic
trimethoxysilanes used have two different head groups, phosphonates or ammo-
nium heads, both are charged in aqueous medium (figure 3.5) [Par02]. In this way
the particle repel each other electrostatically and they are soluble at micro molar
concentrations in buffer solutions of a few hundred milli molar ionic strength.
Importantly the quantum yields remain about ∼60-80% of the initial QY of the
CdSe/ZnS nanoparticles in toluene and does not decrease by a factor of 20 like
reported by Rogach et al for CdSe/SiO2, CdS/SiO2 and CdSe/CdS/SiO2 systems
[Rog00].

3.3 ZnS:Mn nanoparticles

3.3.1 Fluorescence characteristics and doping

Considerable experimental work has been performed in the past years in order
to understand the physical and chemical properties of Mn2+ doped ZnS nanopar-
ticles, but still a lot of things are unclear. For example the effect of quantum
confinement on the luminescence efficiency is a point of debate. Nevertheless,
strong photoluminescence is observable from ZnS:Mn nanoparticles due to the
Mn2+ in the ZnS host. This produces localized levels (4T1 and 6A1) in the en-
ergy gap of the semiconductor ZnS particles due to crystal field effects [Bha94/2]
similar to those in the bulk material [Gum81]. An electron can undergo photo
excitation in the host ZnS lattice and subsequently decay via a nonradiative tran-
sition to the 4T1 level from which it then makes a radiative transition to the 6A1
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level which results in an emission at about 580-600 nm. This is the same transi-
tion as in the bulk material, and it has been reported by several groups [Bha94/2,
Bol00], that the transition does not seem to be much influenced by the particle
size. However, the energy gap is larger in nanocrystals and an excitonic peak is
observed in the optical absorption spectrum.
But the quantum size effect does influence the lifetime and fluorescence efficiency
of the ZnS:Mn particles. To account for the phenomena Bhargava and Gallagher
[Bha94/2, Bha96] suggested that with decreasing particle size a strong hybridiza-
tion of the s-p states of the ZnS host and the d states of the Mn2+ impurity could
occur. This hybridization results in a faster energy transfer between the ZnS host
and the Mn2+ impurity. Due to this fast energy transfer, the radiative recom-
bination at the Mn2+ impurity, which competes with nonradiative decay at the
surface, becomes more efficient. This results in increased quantum efficiency.
In figure 3.4 it can be seen that a second emission at about 390 nm exists which
is due to the ZnS host. This blue emission has also been observed in the bulk
material, and has been termed ”self-activated” and is due to sulphur vacancies
in the lattice. These vacancies produce localized donor sites which are ionized at
room temperature to populate the conduction band [Bec83]. Thus in the bulk
the emission seems to arise from band-gap or near band recombination. How-
ever, pure band gap emission from particles with a radius smaller than the exciton
Bohr radius would lead to emission in the UV, and it is therefore suggested, that
the emission is due to shallow electron traps acting as recombination centres for
photogenerated charge carriers [Häs93].

 

4T1(Mn2+)

UV
orange

blue

 CB

6A1 (Mn2+)

Figure 3.6: Recombination mechanism for the ZnS:Mn system.



3.3. ZNS:MN NANOPARTICLES 33

Bhargava et al performed luminescence measurements on Mn2+ doped ZnS
nanoparticles as powders and in an organic polymer matrix [Bha94/2]. An in-
crease in the luminescence intensity on irradiation with UV light was reported
and it was hypothesized that passivation of the surface of the nanoparticles by
photo polymerization of the stabilizer (methacrylic acid) leads to a decrease in
surface related nonradiative processes and therefore to an increase in lumines-
cence intensity [Bha94/2, Gal94]. An activation of the luminescence in ZnS:Mn
nanocrystals, stabilized with polymethylmethacrylate (PMMA) in ethanol was
also detected by Jin et al after UV irradiation for 1h [Jin96].
To optimize the photoluminescence emission the Mn2+ content in the particles
was varied (see figure 3.4) by several groups. It could be seen, that the lumines-
cence intensity increases first with the Mn2+ content, but reaches a maximum and
decreases afterwards. Different values for this maximum have been found such
as 0.12 wt% [Kho95], 0.78 at% [Bol01], 2% (no additional information if it is
wt%, mol% or at%) [Soo96], and 2 mol% [Soh98] Mn2+ related to Zn2+. Possible
reasons given for this behaviour are concentration quenching due to increasing
crystal distortion [Bha94/2], an enrichment of Mn2+ at the surface of the ZnS
particles or the formation of separate MnS particles [Soh98].
To determine the position of Mn2+ in the nanocrystals ESR measurements have
been reported in literature. Generally, two distinct signals can be distinguished
from ESR spectra of ZnS:Mn: a hyperfine structured spectrum and a broad back-
ground [Lev97, Ken95, Cou96]. The broad line has been assigned to the Mn2+

ions occupying the Zn2+ sites in ZnS [Lev97, Ken95, Cou96]. The broadening
is attributed to the Mn-Mn dipolar interactions in the aggregated nanoparticles
[Ken95]. The hyperfine structured signal is associated with isolated Mn2+ ions
near the surface of a nanoparticle (Mn2+ ions at the near-surface sites) [Ken95,
Cou96].

3.3.2 Lifetime measurements

In 1994 Bhargava and Gallagher [Bha94/2] reported that doped nanocrystals of
semiconductors can yield both high luminescence efficiencies and lifetime short-
ening from ms to ns at the same time (lifetime of the orange bulk ZnS:Mn is 1.8
ms [Gum81]). To account for this phenomenon they suggested [Bha94/2, Bha96]
that the hybridization of the d orbitals involved in the spin forbidden 4T1 −6 A1

transition of the Mn2+ impurity, with the p orbitals of the ZnS host leads to
shorter decay times.
Besides the group of Bhargava, a few other groups also reported the observation
of lifetime shortening of the Mn2+ emission due to quantum confinement effects.
Sooklal et al [Soo96] observed ns decay times for the Mn2+ in nanoclusters of
ZnS:Mn, while Ito et al [Ito97] reported lifetime shortening to µs in two dimen-
sional ZnTe:Mn quantum wells.
Unfortunately these articles on short lifetimes for the Mn2+ emission [Bha94/2,
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Soo96, Yu97] do not describe experiments to verify the absence of a ms decay
time in nanocrystalline ZnS:Mn, so it could not be excluded that there was still
a ms decay present for the measured samples.
In 1998 Bol et al [Bol98] measured both the lifetimes of the Mn2+ and the blue
ZnS emission. They reported a multi-exponential decay with a fast initial decay
(τ ∼= 50 ns) and a slower tail (τ ∼= 200 ns) for the blue ZnS emission. Their set
up did not allow for accurate determination of the short decay times.
For the orange emission they observed a fast multi-exponential decay (τ ∼= 40,
250 ns). This fast decay is similar to the fast decay reported by Bhargava and
Gallagher [Bha94/2] for the orange Mn2+ emission. Decay time measurements
for the Mn2+ emission in the ms regime showed that, after an initial fast decay
(τ ∼= 0.4 ms), a slow single exponential decay with a decay time of 1.9 ms is
present. The long decay time of 1.9 ms at 600 nm is, within the experimental
error, identical to the decay time of the Mn2+ emission reported for Bulk ZnS:Mn
(1.8 ms [Gum81]).
Murase et al [Mur99] observed also a ms lifetime for the Mn2+ emission, but
could, with their set up, determine the decay of the blue emission to be in the
range of 10 ns.
The described lifetime measurements observed all a shortening of the Mn2+ emis-
sion, but only Bol et Murase reported the presence of a second, longer ms lifetime.
Since the way in which the measurements were taken out was not described in
the respective articles, it is not clear if there was no ms lifetime present in the
samples of the other authors or if they did not check on it.
Only Bol and Murase worked with set ups powerful enough to measure the blue
ZnS emission for which they report both lifetimes in the ns region, Murase down
to 10 ns.

3.4 Biological application

One of the most fascinating capabilities of many biological molecules is that of
molecular recognition [Spi93, Fri00, Liu00]. Certain biological molecules can bind
to other molecules with extremely high selectivity and specificity. This is similar
to a lock-and-key system, but on a molecular level. This principle is used to
visualize e.g. structural units in cells, that due to a lack of contrast or resolution,
cannot be distinguished by just recording an image. In these cases fluorescence
labels are attached specifically to a compartment in a cell. The idea is to chemi-
cally link a fluorescent dye to receptor molecules that specifically and selectively
bind to the desired compartment in the cell. This receptor molecule typically is
an antibody against the molecule to be labelled. Another very popular recep-
tor is avidin or streptavidin: first, the molecule to be labelled is incubated with
a biotinylated antibody, which is then recognized by the dye-avidin construct
[Par03]. To use nanoparticles as fluorescent markers they have to be biofunc-
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tionalized. Several strategies for the conjugation of water-soluble semiconductor
nanocrystals with biological molecules have been reported. They include adsorp-
tion [Lak00, Mah00], linkage via mercapto groups [Mit99, Wil01], electrostatic
interactions [Mat00, Mat01] and covalent linkage [Bru98, Cha98, Mam01]. For
reasons of stability, covalent linkage seems to be the most desirable method.
Alivisatos group in Berkley [Bru98] and Chan and Nie at Indiana University
[Cha98] have exploited the narrow luminescence spectra of semiconductor nanocrys-
tals for fluorescence studies of biological cells. Bruchez et al functionalized the
surface of CdS-CdSe nanocrystals with tri-methoxysilylpropyl urea and acetate
groups which promoted strong binding of the nanocrystals with the nuclei of
fibroblast cells. Chan et al labelled ZnS-CdSe nanocrystals with the protein
transferrin (via mercaptoacetic acid linkers). These nanocrystal bioconjugates
were subsequently transported into cultured living cells and imaged using an epi-
fluorescence microscope. Furthermore Chan and Nie [Cha98] have investigated
the efficacy of nanocrystals for immunoassays, demonstrating that CdS- CdSe
nanocrystals functionalized with immunomolecules could recognize specific anti-
bodies and antigens.



Chapter 4

Conclusions and goals

Semiconductor nanoparticles have shown in the last 15 years that they can be
an alternative to common organic dyes used in biological and medical analytics,
and as tags for biomolecules. The most investigated systems are CdSe, CdTe and
CdS nanocrystals. CdSe and CdTe are mostly synthesized with the TOP/TOPO
synthesis, developed by Bawendi [Mur93]. CdS are most often synthesized in
aqueous media with sodium hexametaphosphate as stabilizing agent [Foj84]. To
increase the photoluminescence efficiency the particles have to be coated with
higher band gap materials and SiO2 shells have been applied to transfer particles
synthesized in organic solvents into aqueous media [Ger01]. For these semicon-
ductors different colours are obtained for different particle sizes, so control of the
particle size is very important for these systems. Size selective methods such
as size exclusion chromatography [Fis86, Fis89] and size selective precipitation
[Mur93] have been applied after particle synthesis, or monodispersed particles
were directly synthesized by controlling reaction kinetics [Kat94]. Doped ZnS
particles have been synthesized in aqueous and organic medium by coprecipita-
tion of the host and the dopant. First attempts to synthesize core/shell systems
are in progress. The results for the optical properties of the system are still con-
troversy especially were fluorescence lifetimes are concerned.
For all nanoparticle systems less work has been made to determine the chemical
composition of the crystals. Fluorescence quantum yields are rarely measured
and it is never explicitly explained how these measurements, when carried out,
were done or by which parameters they are influenced. To determine particle
sizes TEM and HRTEM images are the most current methods. Crystallite sizes
are calculated with Scherer’s equation from x-ray diffraction spectra. But to our
knowledge real particle size distribution measurements with methods such as e.g.
photon correlation spectroscopy (PCS) have never been made.

The goal of this work is the synthesis of colloidal nanoparticles for biologi-
cal and medical analytics. They should be attachable to a waveguide to form a
bioassay system for the detection of biomolecules (see figure 1.1). For this we
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concentrated on doped ZnS nanocrystals. This system is less toxic compared to
CdSe and CdTe, it is less investigated and there are no size selective methods or
control of kinetics necessary to exactly control the size to obtain different emission
colours, because this can be obtained with different doping metals independent of
particle size. Another advantage of this system is the large stokes shift between
excitation and emission. Since the luminescence excitation takes place over the
band gap, but the emission comes from electronic states within the d-orbitals
of the dopant, excitation and emission are well separated which facilitates the
detection (see figures 3.4 and 3.6 for the ZnS:Mn system).
The goal was to directly synthesize small, doped ZnS particles with a relatively
narrow size distribution in water. They should have a biofunctionalized surface
for immobilization on waveguides. We chose ZnS:Mn as a model system because
the bulk system is well investigated for its optical properties, so sufficient ref-
erences for comparison of bulk and nanoparticle properties are available. The
system should be characterized for its optical properties such as, quantum yield,
luminescence lifetimes and influence of the doping on the photoluminescence. A
detail particle size investigation and studies on the chemical properties should be
carried out, to obtain a well characterized system apt to be used in medical and
biological fluorescence detection. To do multicolour experiments the particles
should also be doped with different metals such as Cu, Ag, Eu if possible.



Chapter 5

Characterization methods

5.1 Fractionating hydrodynamic methods

5.1.1 Analytical ultra centrifugation

Analytical ultra centrifugation (AUC) is a classical technique for polymer- and
colloid analytics. It was established in the 20’s by Svedberg who was interested
in the observation of the sedimentation process itself [Sve23]. Initially, AUC was
used for particle size analysis but was also quickly used for the characterization
of biopolymers [Sch00].
In an AUC, rotational speeds up to 60000 rpm (270000 fold gravitational force)
can be realized. For measurement the sample is placed in a sector shaped mea-
suring cell inside the rotor. The cells a sector shaped to prevent convection. The
sedimentation process can then be observed by different computer based on-line
detection systems such as UV/Vis absorption or Raleigh interference optics (see
figure 5.1). The Lamm differential equation is the basic equation for the analysis
of the AUC results [Sch00]:
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∂t

)
= − ∂
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(
c · s · ω2 · r2

r −D · rr

(
∂c

∂rr

))
(5.1)

It describes the concentration changes in the ultracentrifuge cell with time
∂c
∂t

where rr represents the radial position, s the sedimentation coefficient, ω
the centrifugal velocity and D the diffusion coefficient. The Lamm equation
cannot be exactly solved. However, different approximative solutions exist. The
Lamm equation defines the four different basic experiments with the analytical
ultracentrifuge:

• Sedimentation velocity

• Synthetic boundary
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• Sedimentation equilibrium

• Density gradient

 

 

ω = 2πf

Optical detection
system (UV)

ω = 2πν 
centrifugal field 

Figure 5.1: Experimental setup for analytical ultra centrifugation measurement

Sedimentation velocity experiment

In a sedimentation velocity experiment, high centrifugal fields are generated by
high rotational speed so that sedimentation prevails over back diffusion. The
observation of the movement of the sedimenting boundary with time allows
direct conclusions about sample homogeneity. A monodisperse sample would
have a step-like radial concentration profile when diffusion is neglected. Fur-
thermore, sedimentation velocity experiments yield sedimentation- and diffusion
coefficients, hydrodynamic radii and molar masses M or particle size distribu-
tions.
For particles in a centrifugal field one can write:

Buoyancy force:

FB = −m · ν · ρS · ω2 · rr = −M

NA

· ν · ρS · ω2 · rr (5.2)
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with m the mass of the particle, ν the partial specific volume and ρS the
density of the dispersing medium.

Frictional force:
FF = −f · u (5.3)

where f is a concentration and shape dependent frictional coefficient and u
the sedimentation velocity.

Centrifugal force:

FC = m · ω2 · rr =
M

NA
· ω2 · rr (5.4)

After a short period of time the particle velocity is constant and force equi-
librium is achieved:

FB + FF + FC = 0 (5.5)

The sedimentation coefficient s is defined as:

s ≡ u

ω2 · rr
=
M (1 − ν · ρS)

NA ·D (5.6)

s is given in Svedberg units (1S = 10−13s).
With the Stokes - Einstein equation

f =
R · T
NA ·D (5.7)

where R is the gas constant, the Svedberg equation can be derived:

M =
s · R · T

D · (1 − ν · ρS)
(5.8)

During a sedimentation velocity experiment for every rr the sr is determined
and so the s - distribution g(s) can be derived [Sta97]. The s-distributions do not
allow conclusions about the particle size, but direct conclusions about the sample
homogeneity are possible. With equation 5.9 the particle size distribution can be
calculated, but in addition to the viscosity of the dispersing medium ηS one has
to know the particle density ρP .

dr =

√
18 · ηS · sr

ρP − ρS

(5.9)
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5.1.2 Field flow fractionation

Field flow fractionation is a family of flexible analytical fractionating techniques
which have the great advantage that separation is achieved solely through the
interaction of the sample with an external physical field and without a station-
ary phase. This has the advantage of avoiding the large variety of problems due
to non specific sample interactions with column materials associated with other
chromatographic techniques [Cöl00]. The fundamental principle of FFF is illus-
trated in figure 5.2. The separation of the sample takes place inside a narrow
ribbon-like channel. This channel is composed of a thin piece of sheet material
(usually 70-300 µm thick Mylar or polyimide) in which a channel is cut and which
is usually clamped between two walls of highly polished plane parallel surfaces
through which a force can be applied. A carrier fluid is pumped through this
channel from the inlet, where the sample is injected, to the outlet, to which a
detector is connected.
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Figure 5.2: Experimental setup for a FFF experiment; from reference [Cöl00]

Inside the channel, a parabolic flow profile (laminar Newtonian flow) is estab-
lished as in a capillary tube. Thus, flow velocities vary from zero at the walls to a
maximum in the centre of the channel. While the carrier liquid with the sample
is flowing through the channel, an effective physical or chemical field is applied
across the channel perpendicular to the flow direction of the carrier liquid. Inter-
action with the field concentrates the solute at one of the channel walls, called
the accumulation wall. The centre of gravity of the solute zones lies very near to
the wall, usually extending only a few micrometers. Due to the established con-
centration gradient, a diffusion flux in the reverse direction is induced according
to Fick’s law. After a short time a steady state is reached, and the exponential
distribution of the solute cloud across the channel can be described by a mean
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layer thickness.
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Figure 5.3: Flow profile and separation in the FFF channel; from reference [Cöl00]

Due to the parabolic flow velocity profile, the solutes are transported in the
direction of the longitudinal channel axis at varying velocities, depending on their
distance from the channel walls. The nearer the solute is located to the accumu-
lation wall, the later it will elute. Since smaller molecules (X) diffuse faster than
larger ones (Y) and so establish a higher layer thickness l, the elution sequence
proceeds from the smaller solutes to the largest ones (see figure 5.3). Hence, the
flow velocity profile of the carrier liquid amplifies very little distance differences
between the solute clouds in the x-direction, leading to the separation.
Because of the different external fields possible, one distinguishes between differ-
ent FFF techniques:

• Sedimentation FFF

• Thermal FFF

• Electrical FFF

• Flow FFF

• Steric FFF

• Magnetic FFF

• Concentration FFF

In this work asymmetric flow field flow fractionation (aF-FFF) was applied.

In this technique a secondary cross-flow
·
Vc of the solvent, perpendicular to the

flow of the solvent in the channel, creates the external field. AF-FFF is notable
for a channel which has only one permeable wall so that the solvent can leave the
channel only via the accumulation wall and thus generates the cross-flow. The
continuous loss of carrier fluid through the membrane as it flows down the channel
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leads to a gradual fall in volumetric flow rate between the inlet and outlet leading
to a gradient in the mean channel flow velocity in channels with constant breadth.
To compensate for this undesired effect, a trapezoidal channel was introduced,
and is almost exclusively applied now. When the channel geometry is known, the
diffusion coefficient of the eluted species can be calculated with the help of the
measured retention time tr, the void time t0 and the channel volume V0:

tr =
t0·

·
Vc ·w2

6 ·D · V0
(5.10)

Combining this equation with the Stokes-Einstein relation leads to the hydro-
dynamic diameter:

dH =
2 · kB · T · V0

π · ηS·
·
Vc ·w2 · t0

· tr (5.11)

If the channel width is known the particle diameter can be determined. Un-
fortunately the channel width is not constant because the membrane swells with
time. So one has to regularly measure a reference substance of which the diam-
eter is known. The most common molecule for these reference measurements is
Ferritin which has a diameter of 12 nm [Cöl00].

5.2 Photon correlation spectroscopy

A little over a hundred years ago J. W. Strutt answered the question of what
causes light scattering, and, in doing so, also answered the age old question of
why the sky is blue. Strutt became Lord Raleigh, and the basics of light scatter-
ing were laid.
Light may be treated as an electro-magnetic wave. The oscillating electro-
magnetic field induces oscillations in the electrons in a particle. Over the years
many features of the scattered light have been used to determine particle size .
These include:

• Changes in the average intensity as a function of angle

• Changes in the polarization

• Changes in the wavelength

• Fluctuations about the average intensity

This later phenomenon is the basis of QELS (Quasi elastic light scattering), the
technique employed by the Brookhaven 90Plus/BI-MAS particle sizing option.
The motion of small particles in a liquid gives rise to fluctuations in the time
intensity of the scattered light. The fluctuation signal is processed by forming
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the autocorrelation function, C(t), t being the time of the delay. As t increases
correlation is lost, and the function approaches the constant background term B.
For short times the correlation is high. In between these two limits the function
decays exponentially for monodisperse suspensions of rigid, globular particles and
is given by

C(t) = A · e−2·D·q2·t +B (5.12)

where q is

q =
2 · π · nL

λ0
· 2sinΘ

2
, (5.13)

with nL the refractive index of the suspending liquid, λ0 the laser wavelength
and Θ the detection angle. The translational diffusion coefficient, D, is the prin-
ciple quantity measured by QELS. It is related to the particle size via the Stokes-
Einstein equation

D =
kB · T

3 · π · ηL · d (5.14)

This equation assumes that the particles are moving independently from one
another [Bro95].

5.3 X-ray diffraction

The characterization of powders by X-ray diffraction is based on the periodic ar-
rangement of the atoms in the crystals. Therefore, only crystalline materials can
be characterized by this method. The periodicities in different directions within
a crystal are described by position vectors which define the so-called lattice. Any
three lattice points define a lattice plan. The orientation of the plane with re-
spect to a selected coordinate system is given by the indices hkl. The condition
for in-phase scattering by a series of identical, parallel planes with the distance
dhkl is described by Bragg’s law:

λ = 2 · dhkl · sinθB (5.15)

Where θB is the Bragg angle. The Bragg law requires implicitly that the
incident beam with the wavelength λ, the diffracted beam and the normal to the
set of lattice planes under consideration are coplanar. Therefore, a particular
set of lattice planes hkl of a single crystal can only diffract in one direction.
A crystalline powder consists of a very large number of small single crystals,
which, in the ideal case, are absolutely randomly oriented. For each crystal, the
orientation of a specific set of lattice planes hkl will be different and Bragg’s law
will be satisfied by all crystals for which this specific set of lattice planes hkl forms
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the Bragg angle θB with the incident beam. Consequently the beams diffracted
by an ideally random oriented powder sample form a cone around the incident
beam direction. The angle between incident and diffracted beam is always 2θB.
As in general, the absolute intensity of the incident beam is not known, the
intensities of the diffracted reflections are always expressed in relative values.
That is, the most intense peak is set to 100 and the intensities of the remaining
peaks are expressed in percent of this peak.
The following information can be extracted from a diffraction spectrum. From
the peak position (diffraction angles) together with their relative intensities the
crystalline phase in the sample can be identified. The intensities of the diffracted
peaks allow to quantify the phases, to detect preferred orientations of the crystals
in the sample (texture) or to determine the atomic arrangement in the crystal
(structure). The profile of the diffracted lines contains information on the size
and on non homogeneous strain within the crystals due to stresses and defects,
whereas homogeneous strain give rise to a shift of the diffracted lines with respect
to an unstrained sample [Kit99, Moe00].

5.3.1 Size determination

It must be underlined, that the size determined by diffraction methods corre-
sponds to the magnitude of the so-called coherent crystal regions, that is, to
regions where the periodic arrangement of the atoms is perfect and contiguous.
Even a monocrystal can be composed of several crystallites (so called mosaic crys-
tal), the size determined by diffraction can in general not simply be compared to
the sizes determined by other methods, e.g. PCS or TEM.
According to Bragg’s law all beams scattered under the angle 2θB with respect to
the incident beam will be in phase, that means, the distance covered by the waves
scattered by different planes will defer by an integer factor A·n of the wavelength.
If the incidence angle θB is changed by a small value ±δΘ, the differences in the
distances covered by the different waves will be A ·n(λ±∆x), where ∆x (� λ) is
proportional to δΘB. For a certain value A1, we get A1 ·n | ∆x |= λ

2
. That is , the

waves scattered by the first plane and the plane number A1 will be completely
out of phase and cancel each other. As a consequence, if the series of lattice
planes consists of A1 planes, the intensity diffracted under the angle (ΘB ± δΘ)
will be zero. As ∆x is proportional to δΘ and as A1 · n | ∆x |= λ

2
, | δΘ | will

decrease as A1 increases. Thus, for lattice planes series consisting of a low num-
ber of planes, the deviation ±δΘ from the Bragg angle at which the intensity
will be zero will increase. Unfortunately the line width is also influenced by the
acquisition conditions and distortions of the elementary cell [Cul78, Moe00].
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Size determination according to Scherrer

This method uses as a measure for the size the width of the peak and avoids thus
the determination of the full peak profile which is necessary for other methods.
The full width at half maximum (FWHM) is generally used as it is rather easily
measured.
Using Gaussian type profiles for the size distribution and for the instrumental ef-
fects, Scherrer derived a formula which allows the determination of the crystallite
size from the line width of Debye-Scherrer patterns. Based on the assumption,
that the form and the symmetry of the crystallites were cubic and no strain con-
tributed to the profile, he found the following relation between the FWHM β 1

2
,

the x-ray wavelength λ and the crystallite size d:

β 1
2

=
0.94 · λ
d · cosΘ (5.16)

Strictly speaking, the method due to Scherrer is only valid for crystals of cubic
symmetry and if the peak broadening is only due to the crystallite size. Besides
this, it applies to line widths measured on Debye-Scherrer patterns and assumes
Gaussian like profiles. So, if these assumptions are not satisfied, the obtained
values have to be considered as approximations [Cul78, Moe00].

5.3.2 The Rietveld method

X-ray diffraction of single crystals using relatively large crystals of the material,
gives a set of separate data from which the structure can be obtained. However,
most materials of technical interest cannot grow large crystals, so one has to re-
sort to the powder diffraction technique using material in the form of very small
crystallites. In a polycrystalline sample it is inevitable that certain information
is lost as a result of the random orientation of the crystallites. A further, and in
practice more serious, loss of information is a result of the overlap of independent
diffraction peaks in the powder diagram. The method of using the total inte-
grated intensities of the separate groups of overlapping peaks in the least-square
refinement of structures, leads to a loss of all the information contained in the
often detailed profile of these composite peaks.
The Rietveld method uses these profile intensities instead of the integrated quan-
tities in the refinement procedure, to overcome this difficulty and to extract the
maximum information possible from the powder diagram. For this a pattern
is calculated from a series of structural and peak shape and width parameters,
and compared with the observed data. Then the parameters are adjusted with
a least-square process to obtain the most information possible from a pattern
[Rie69, Rie88].



Chapter 6

Particle synthesis and properties

6.1 Experimental section

All chemicals were analytical reagent grade and used without further purification.
Ultra-pure deionised water (Seralpur delta UV/UF setting, 0.055 mS/cm) was
used in all synthesis steps. D-9527 Sigma cellulose membrane dialysis tubing
with a molecular weight cut off at 12’000 was used in all dialysis steps.

Synthesis of the particles Fluorescent, L-cysteine coated ZnS:Mn2+ nanopar-
ticles were prepared by precipitation of the sulphide from aqueous solution of
Zn2+ and Mn2+ salts in the presence of the surfactant L-cysteine. The following
paragraph is describing the synthesis steps.
Solutions of ZnSO4·7H2O (1M, in 0.01 M HCl, pH 2.7), L-cysteine (0.25M, pH
5.5) and MnCl2·4H2O (0.01 M, 0.05-0.55 mol%) were mixed and precipitated
with a Na2S·xH2O (pH 13.5, 1 M, S2−/Zn2+ ratio of 2.0) solution in a N2 atmo-
sphere without stirring. After the Na2S injection a white, voluminous precipitate
appears. It slowly disolves under formation of ZnS:Mn2+ nanoparticles during in-
cubation under N2 for 30 min and a 50◦C thermal treatment for one hour. During
the incubation time the pH slowly increases from 3.7 to 8.5. The obtained dis-
persions looked transparent and were purified by dialysis against demineralised
water or NaOH (0.01M) leading to dispersions with a pH of either 8.5 or 12.
To isolate nanoparticles in the solid state they were either isolated by addition
of cold ethanol and recovered by centrifugation at 4500 rpm or by freeze drying.
Isolated nanoparticles obtained by precipitation with cold ethanol could be re-
dispersed in water, while this was not possible with the freeze dried powders.
The phenomenon that powders isolated with ethanol are redispersable and those
isolated by freeze drying not, can be explained by the enormous capillary forces
that act on the particles during the freeze drying process. These forces nearly
weld the particles together what makes a redispersion impossible. To prevent
this, water soluble salts are normally added to the dispersions. They crystallize
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between the particles and make the powders dispersible. In our case this is not
possible since the particles flocculate when salts, even at low concentrations, are
added to the dispersions.

Synthesis of the Shell To further stabilize the particles and to increase their
fluorescence they were coated with a SiO2 shell. To do this a 1 mM solution of
3-(mercaptopropyl)trimethoxysilane (MPS) was added to the particle dispersion
and the dispersion agitated for 24 hours under N2 at room temperature. After
the addition of SiO2·NaOH solution it was agitated for another five days, again
under N2 at room temperature. For purification the dispersion was dialysed
against NaOH (0,01 M).

6.1.1 Sample preparation

ICP measurements

For ICP measurements about 0.1 g of powder have been dissolved in 0.8 M HNO3

to a final volume of 25 ml under the addition of H2O2 to prevent the precipitation
of sulphur. For determination of the Zn2+ content the solution was then diluted
by a factor of 10000 with 0.8 M HNO3. To determine the Mn2+ for samples with
different Mn2+ contents, the solution was diluted by a factor 5-100 depending on
the initial Mn2+ addition.

Titration

For titration 0.1 g of powder has been dissolved in 5 M HCl to a volume of 25 ml.
Then 1 ml of this solution was mixed with 10 ml of water, 4 ml of a NH4Cl/NH3

buffer solution (pH 11, 1.3M) and a drop of eriochrome black T solution ( 0.1 g
of erichrome black T in 15 ml of ethanolamine and 5 ml ethanol). This mixture
was then titrated with a 0.01 M EDTA solution. The titter of this solution was
determined with a 0.01 M solution of dry CaCO3.

6.1.2 Surfactants

Table 6.1: Characteristic constants for L-(+)-cysteine.

Isoelectric point
pHiso 5.1

pka(-COOH) 1.7
pka(-NH+

3 ) 8.2
pka(-SH) 10.3
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Figure 6.1: (A)Amino acid L-cysteine, (B) 3-(mercaptopropyl)trimethoxysilane
(MPS)

For the development of this synthesis a screening of different surfactants (see ta-
ble 6.2) has been carried out to obtain stable dispersions with high fluorescence
intensities. The synthesis described above provides dispersions with average pow-
der content of 8 g/l at a pH of 8.5 when dialysed against ultra pure water and a
pH of 12 when dialysed against NaOH 0.01 M. They are stable from pH 8-14. The
amino acid L-cysteine at the particle surface opens the possibility for a further
functionalization of the surface with biomolecules.

Table 6.2: Used surfactants for particle synthesis

Surfactant Comment

Alginic acid Low concentration, particles cannot be isolated
Cysteine High concentrations, dispersions stable for 3-4 weeks

particles can be isolated
Dextran At low concentrations no particle formation,

at high concentrations dispersions not stable
Hexametaphosphat Stable for 2-3 days
Hydroxypropyl cellulose Stable dispersions, but poor fluorescence
Mercaptopropionic acid Corrodes plastic parts
Polymethacrylic acid Particles precipitate embedded in polymer matrix,

cannot be dispersed
Polyvinylic alcohol Stable for 2-3 days
Polyvinyl pyrrolidone Stable dispersions, low concentrations,

particles cannot be isolated
Thioglycerole Basic pH needed for stabilization leads to Mn(OH)2

and Zn(OH)2 precipitation before addition of Na2S
TWEEN 80 Poor fluorescence

Zeta- potential measurements gave a value of about -55 mV for particles at a
pH of 8.5. So the particles are negatively charged. At this pH the -COOH and
the -NH+

3 group of the cysteine at the particle surface are deprotonated, which
explains the negative zeta potential.
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For the shell synthesis 3-(mercaptopropyl)trimethoxysilane is added to the dis-
persion. This is a silane with a free SH-group linked by a propyl rest (see figure
6.1). The SH-group with its high affinity to the ZnS surface should attach addi-
tionally to the surface or partially replace cysteine already attached to the surface
and so create a point of attack for the sodium silicate solution to precipitate on
the particle surface instead of forming separate SiO2 particles. The results for
the shell synthesis are presented in chapter 6.6 and 8.1.4.

6.1.3 Dispersion stability

As noted in section 2.2 colloidal particles can either be stabilized electrostatically
by surface charges or sterically by adsorption of a polymer or surfactant on the
particle surface.
In the case of electrostatic stabilization the stability depends strongly on the
ionic strength. Like it can be seen in equation 2.23 in section 2.2.2 the thickness
of the double layer, and with this the stability of the dispersion, decreases with
increasing ionic strength.
The particles synthesized with the method described above show a strong sensi-
tivity on the ionic strength. Even the addition of small amounts of salts lead to
flocculation of the particles. This indicates an electrostatic stabilization of the
particles. For the synthesized particles a negative zeta potential was measured
due to the at pH 8.5 negatively charged cysteine at the particle surface. The
salt screens the charges at the particle surface and leads to an decrease of the
thickness of the double layer which then leads to agglomeration.
The stability via the cysteine can also be seen when the dispersions are dialysed.
When the dispersions are dialysed more than 24 hours particle agglomeration is
observed. Since the cysteine attached at the surface is in equilibrium with the
cysteine in solution, removal of the cysteine in solution via dialysis leads to the
removal of cysteine from the particle surface until the surface charge is no longer
sufficient to stabilize the particles (see section 2.2.2)
New studies of small particles with sizes below 10 nm, show that these nanopar-
ticles do often show no electrostatic stabilization. De Gennes et al think that this
is due to their low surface charge [Gen98]. Kallay et al analyzed the kinetics of
aggregation of nanoparticles based on the Brønsted theory, which was developed
for the salt effect on the kinetics of ionic reactions. They came to the conclusion
that the classic DVLO approach cannot be used since the particles are small with
respect to the thickness of the electrical diffuse layer, so that in the course of the
collision of two nanoparticles a complete overlap of two diffuse layers takes place.
According to the Gouy-Chapman theory (see equation 2.23) at the ionic strength
of 10−2 mol

l
the diffuse layer is extended up to 6 nm from the surface. For particles

with a radius of 3 nm this leads to a practically complete overlap of the respective
double layers. In the case of ordinary colloid particles (particles with d>10 nm)
the overlap is partial so that the DVLO theory is applicable [Kal02].
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The theory of Kallay et al bases on the assumption that the particles are sta-
bilized due to their surface charges without the adsorption of a small molecules
or ions. Since we obtain particle dispersion stable for 3-4 weeks, other effects
have to be taken into account. The cysteine adsorption cannot lead to a steric
stabilization, it is too small for this, but it puts the charges about one nanometre
above the particle surface, this can lead to an increase and a shift of the energy
barrier responsible for electrostatic stabilization to higher distances (see figure
2.5). These changes will be small, but can already be sufficient to achieve stabil-
ity at least for 3-4 weeks.
But the effects of Kallay et al still have to be proven. In our case the particles
are electrostatically stabilized due to negative charges from the cysteine adsorbed
on the particle surface. Steric contributions can be exclude since the cysteine is
smaller than the double layer.

6.1.4 Crystal structure

The reference spectra cited here can be found in the Powder Diffraction File
Version 2000 data base or in the cited literature. The powders used for the X -
ray diffraction (XRD) analysis were synthesized as described in the experimental
section. The particles were isolated and washed with cold ethanol and dried at
room temperature, or obtained by freeze drying from dialysed dispersions. The
XRD pattern shown in figure 6.2 is typical for the powders regardless their way
of isolation. The pattern is well matched with the cubic ZnS sphalerite structure,
no second phase can be observed. The peak broadening clearly indicates that
small nanocrystals are present in the sample.
In literature there is still some discussion concerning the crystal structure, Kho
et al [Kho00] report for example the wurtzite structure for a x-ray pattern that
has its peaks at the same positions as the pattern shown in figure 6.2. Their
argument for the wurtzite structure is the absence of the (200) reflex at 2.7 Å,
which corresponds to a 2θ value of 33◦. In table 6.3 one can see that this peak
is present with a intensity of 10 % with respect to the most intense, the (111)
peak. With the peak broadening, observable in the x-ray pattern in figure 6.2, it
will not be possible to observe a peak with this intensity beside the peak for the
(111) reflex.
Furthermore, the only reference pattern, found by the author, for ZnS with the
wurtzite structure, with its three most intense peaks at the positions in figure
6.2, is for ZnS samples from a mine in North Joplin, USA [Eva59]. These are
samples in which the zinc blende structure is present as a second phase and which
contains 1.4 % of iron. The other patterns found for wurtzite structure have their
most intense peak at 3.3 Å, which should be visible in the x-ray pattern.
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Table 6.3: Reflexions for 2θ = 10-80◦ of the cubic zinc blende structure of ZnS,
using CuKα1 radiation [Swa53].

d [Å] Int hkl 2θ

3.123 100 111 28.5
2.705 10 200 33
1.92 51 220 47.5
1.633 30 311 56
1.561 2 222 59
1.351 6 400 69.5
1.24 2 331 77
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Figure 6.2: X-ray diffraction pattern of ZnS:Mn nanoparticles

To be sure of the crystal phase of the synthesized particles, Rietveld calcu-
lations were made at Ilford in Fribourg, which confirmed the cubic zinc blende
structure. Here the obtained data are compared with a spectrum calculated from
structural, peak shape and width parameters (see 5.3.2 [Rie69, Rie88]).

The measured and corrected spectrum can be seen in figure 6.3. It also shows
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the cubic zinc blende structure. The spectra have been measured with the CoKα1

radiation which explains the shift for the peak positions compared with the spec-
tra measured with the CuKα1 radiation. The calculated spectrum can be seen in
annex C.
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Figure 6.3: XRD pattern for ZnS:Mn nanoparticles measured with the CoKα1

radiation. Upper spectrum without background correction, lower spectrum with
background correction.
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6.1.5 Investigation of the precipitate

As noted above during particle synthesis, first a white, voluminous precipitate
is observed floating in the reaction mixture, that slowly dissolves to form ZnS
nanoparticles accompanied by a slow increase in pH from 3.5 to 8.5. It was fur-
ther observed that agitation during synthesis leads to the formation of a white
precipitate that sediments when agitation is stopped and does not dissolve af-
terwards. XRD measurements showed that this powder is cubic ZnS. When we
tried to isolate the precipitate which forms without agitation prior to ZnS forma-
tion via centrifugation or filtration, XRD spectra always showed ZnS structure.
To investigate this further, solutions of ZnSO4, MnCl2 and cysteine have been
mixed as described in section 6.1. But instead of adding a Na2S solution at pH
13.5 a 0.3M NaOH solution (pH 13.5) was added. The formation of the same
white, voluminous precipitate as for the synthesis described in section 6.1 was
observed. But the pH did not go up to pH 8.5, but only to a value of 4.5. After
one hour a pH of 4.1 was measured. The precipitate did not dissolve and was
so isolated, washed with demineralised water and dried at room temperature for
further examination. In a second step the same procedure was carried out but
this time in addition the cysteine solution was replaced by the same quantity of
water. Also here a precipitate was formed, but this time it was not white but
nearly transparent and gel-like. The pH increased directly to a value of 7 after
NaOH addition, to then decrease to 6.5. The precipitate did not dissolve. For
a last experiment the cysteine solution was kept and the ZnSO4 solution was
replaced by water. No precipitate was formed after NaOH addition. The pH
directly increased to 8.2. These observations lead to the following conclusions:

1. The Na2S is not directly involved in the precipitation of the first white
precipitate, but precipitation is induced by the pH of the injected solution.

2. ZnS precipitation starts only at a certain pH and dissolves the first precip-
itate, which indicates that Zn2+ ions are involved in the first precipitate.
This is confirmed by the fact, that no precipitation follows on NaOH addi-
tion when Zn2+ is replaced by water.

3. The slow increase of the pH during synthesis is due to the Na2S.

4. The gel-like precipitate that follows the NaOH addition to a Zn2+ solution
must be Zn(OH)2 which can precipitate at a pH of 7 but not at a pH of 3.5
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Table 6.4: Observations for precipitation from different reaction mixtures

Conditions Observations pH

Reaction as de-
scribed in section
6.1

white precipitate,
dissolves slowly

increases slowly
from 3.5 to 8.5

Na2S replaced by
NaOH

white precipitate,
does not dissolve

quickly up to 4.6,
then stable at 4.1

Na2S replaced by
NaOH, cysteine re-
placed by water

transparent, gel-
like precipitate

quickly up to 7 then
stable at 6.5

Na2S replaced by
NaOH, ZnSO4 re-
placed by water

no precipitation pH goes directly up
to 8.2

An IR spectrum of the precipitate obtained for NaOH injection in a mixture
of cysteine, ZnSO4 and MnCl2 solutions is shown in picture 6.4. To simplify
comparison a spectrum of pure cysteine is added to the graph. The region between
1800 and 300 cm−1 clearly shows that cysteine is present in this precipitate.
At 1581 and 1531 cm−1 we have the bands for the COO− stretch and NH+

3

deformation bands, and also other bands at lower wavenumbers correspond well
to the pure cysteine spectrum. At wavenumbers higher than 1800 cm−1 there are
deviations from the reference spectrum. The NH+

3 stretch (2090 cm−1) band can
only be anticipated, and the SH stretch band (2559 cm−1) does not exist at all.
The large band from 2300 to 3300 cm−1 is shifted to higher wavenumbers (see
figure 6.4). Cysteine is known to form highly stable complexes with Zn2+ [Shi65].
This could explain the changes at higher wavenumber. The broad band centred
at 3250 cm−1 corresponds to the region where the asymmetric and symmetric
stretching modes for a coordinated NH2 group appear [His91] but it is also the
region were strong water bands appear. So the shift of this large band and
the only weak NH+

3 stretch band could be due to a Zn2+ cysteine complex that
precipitates. But we have to take into account that we precipitated from aqueous
solution and so the band could also be due to water.
The reaction mechanism is getting clearer when the pH dependency of the S2−

concentration in aqueous solution is taken into account. H2S is a feeble acid. So
S2− will act as a base in aqueous solution. This can be observed by the pH of S2−

solutions which is 13.5 for a 1M Na2S solution [Hol95]. One obtains the following
two equilibria in solution:

(1)S2− +H2O ⇀↽ HS− +OH−

(2)HS− +H2O ⇀↽ H2S +OH−
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Figure 6.4: IR spectra of pure cysteine and the first precipitate.

These two equilibria have two dissociation constants to describe the total
dissociation:

K1 =
[OH−] · [HS−]

[S2−]
= 10−7[mol/l] (6.1)

K2 =
[OH−] · [H2S]

[HS−]
= 10−1[mol/l] (6.2)

So the pH dependence of the S2− concentration can be formulated as follows
if [OH−] is transferred to [H3O

+] via [OH−] · [H3O
+] = 10−14:

[S2−] =
[H2S] ·K
[H3O+]

(6.3)

with K = K1 ·K2 = 10−20[mol2/l2] [Ger95]. This indicates that at high H3O
+

concentration or low pH the S2− ion concentration in solution is low. In our case
we have a pH of 3.5 of the reaction mixture before the addition of Na2S, after
Na2S injection it goes up to a value of 8.5

in about half an hour. For a pH of 3.5 and a 1 M Na2S solution we calculate
with equation 6.3 a free S2− concentration of 10−13 mol

l
. But ZnS has a solubility

product of 10−24 so this S2− concentration is not sufficient to precipitate ZnS. ZnS
precipitation starts at a pH of 4 under the given reaction conditions. So after the
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Na2S injection no ZnS precipitation takes place. From a pH of 4 upwards ZnS
precipitation starts. Since the Zn ions are incorporated in the cysteine complex
there is not a pronounced supersaturation present in the solution part of the
reaction mixture. This should normally lead to the formation of a small amount
of germs during nucleation which then grow. In reaction mixtures with a high
supersaturation more germs are formed during nucleation, they grow to form
smaller particles than the ones obtained with small supersaturation. The fact
that we obtain dispersions with small particle sizes can be explained by a reaction
mechanism where the particle growth takes place close to or in the precipitated
complex, where we have a high supersaturation. The so formed particles can
than directly be stabilized by the cysteine.

6.2 Absorption, excitation and emission spectra

It is well established that when the particle size of a semiconductor becomes
comparable to the de Broglie wavelength of an electron or hole, three dimensional
quantum confinement, imposed by the dimensions of the nanocrystal, occurs.
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Figure 6.5: Absorption spectra recorded after 30, 60, 90 and 120 minutes after
Na2S injection. Red shift of the exciton peaks indicates particle growth.
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The shift of the absorption edge, which corresponds to the band gap energy,
of the semiconductor to higher energy provides experimental evidence for such
quantum confinement and corresponds to an increase of the energy gap between
the valence band and the conduction band of the semiconductor (see section
2.3). In figure 6.5 on can see that the band edge is shifted to about 310 nm.
The shoulder present in the spectrum is assigned to the optical transition of the
first excitonic state [Wel93]. The quantum size effect was used to observe particle
growth during synthesis. To do so, samples of the dispersion have been taken
after 30, 60, 90, and 120 minutes after Na2S injection and examined for their
absorption properties. For a better observation of the red shift with reaction
time, we observed the shift of the shoulder rather than the shift of the onset
of absorption. Figure 6.5 shows the respective absorption spectra. For all four
spectra the onset of absorption is clearly blue shifted compared with the bulk
value of 342 nm [Gum81]. With reaction time the maximum shifts to higher
wavelengths indicating particle growth and a decrease in band gap energy (see
equation 2.29 in chapter 2.3).
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Figure 6.6: Excitation spectrum of the ZnS:Mn nanoparticle dispersion after 90
minutes. The maximum at about 310 nm clearly indicates quantum size effect.
λem= 585 nm

In figure 6.6 the excitation spectrum of the particle dispersion after 90 min-
utes is shown. It’s a peak that centres at about 310 nm, the wavelength of the
absorption onset in the absorption spectrum. That the excitation spectrum has
its maximum at a wavelength where there is nearly no absorption observable in
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the absorption spectrum, could be due to the fact, that the two measurements
have been made on different machines and that there is a calibration problem.
The difference in recording the spectra for absorption and excitation spectra is
that for absorption spectra one measures the absorption over a range of wave-
lengths in comparison with a reference in our case a cuvette with pure water. For
an excitation spectrum one enters the emission wavelength one wants to observe
and measures for which excitation wavelength this emission reaches its maximum
intensity. For the spectrum in figure 6.6 the emission was set to 585 nm being
the manganese emission wavelength. With excitation spectra no exciton peak is
observable, but one sees very well the value for the band gap which is 310 nm in
our case, and which clearly shows the quantum size effect.
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Figure 6.7: Emission spectrum for ZnS:Mn nanoparticles after a reaction time
of 90 minutes. Peak at about 390 nm arises from recombination from surface
defect states (see figure 3.6), peak at about 585 nm from transition within the
manganese d-orbitals.

Figure 6.7 shows the photoluminescence spectrum of ZnS:Mn nanoparticles
after a reaction time of 90 minutes. The sample was excited at 310 nm and
shows an orange luminescence with a maximum at 585 nm which is characteristic
for the 4T1 →6 A1 transition of Mn2+ ions in a crystalline ZnS-matrix [Gum81].
This orange emission can be seen with the bare eye when the sample is under
excitation. Furthermore we observe a blue emission at about 390 nm. As pure
band gap emission in our nanoparticles should be in the ultra violet, we suggest
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in analogy with Murphy et al. [Soo96], that the emission is due to shallow
electron traps acting as recombination centres for photogenerated charge carriers
(see figure 3.6).

6.3 Synthesis parameters and particle size
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Figure 6.8: s-Distributions for different dilutions of the same sample showing how
concentration influences the s-distributions in AUC measurements.

The influence of the synthesis parameters temperature, precursor ratio and
concentration on the particle size distribution have been investigated using AUC
and UV/vis absorption measurements. The AUC allows no direct conclusion
on the size of the particle when the particle density is not known, but changes
in the s-distribution correspond to changes in the particle size distribution (see
section 5.1.1). The sedimentation coefficient s is a concentration dependant quan-
tity [Bör00]. The concentration dependence from the increased viscosity of the
dispersion at higher concentration [Ral93] and the fact that particles that are
charged in the same way repel one another and thus produce a higher back dif-
fusion and a shift to lower s- values for higher concentrations. This is shown in
figure 6.8 where one can observe the shift of the s-distribution to lower s values
with increasing particle concentration. Working at low concentrations where the
particles do not ”feel” the repulsion of one another, prevents this. Therefore,
to obtain comparable results for different samples one has to work at the same
concentration. To do this we diluted the samples to a value for the absorption of
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the maximum of the exciton peak of 1.4, since the absorption between 0.5 and
1.5 is proportional to the concentration.
Shifts in the UV/vis spectra, like shifts in the s-distribution, indicate changes in
particle size, but unlike the s-value the absorption does not shift due to particle
agglomeration.
So for the investigations of the influence of the reaction parameters on the parti-
cle size, all parameters besides one were kept constant. The results for both the
AUC and UV/vis measurements are shown in table 6.5. The values represent the
maxima of the s-distributions from AUC measurements and the maxima of the
absorption measurements.

Table 6.5: Influence of synthesis parameters on s-distribution and UV/vis spec-
trum

Parameter UV/vis AUC

Temperature
RT 276 nm 13 S

40 ◦C 278 nm 16 S
50 ◦C 278 nm 15 S
60 ◦C 280 nm 22 S

Zn2+/cysteine ratio
1:1 279 nm 20 S

1:1.25 279 nm 15 S
1:1.5 278 nm 15 S
1:1.75 277 nm 12 S
1:2 277 nm 13 S

Concentration
1M 278 nm 15 S

0.5 M 278 nm 14 S
0.1 M no particle formation

For the UV-measurements we estimated an error of 0.5 nm from ten measure-
ments performed on the same sample. For the AUC measurements 0.5 S. Even
though these errors are big (see figure 6.9), the measurements allow still a state-
ment on the development of the particle size with varying synthesis conditions.
In figure 6.9 the UV and AUC values from table 6.5 are plotted. One can ob-
serve an increase of the UV values with increasing S-values, but there are large
differences of the s-values for the same absorption wavelength. For example for
279 nm there is a s-value of 20 S and of 15 S, which represents a difference of 25
%. This is to a great part due to the fact that shifts to higher s-values represent
not only the growth of bigger particles compared with smaller s-values, but also
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agglomeration of the particles. So the values of 20 S and 22 S for 279 nm and
280 nm respectively indicate that in these cases there is particle agglomeration
in addition to the growth of bigger particles, due to reaction conditions, present
in the dispersion.
The values for different synthesis temperatures displayed in table 6.5, show an
increase of particle size with reaction temperature. When the reaction mix-
ture is not heated but held at room temperature, the maximum value for the
s-distribution and the absorption spectra are the smallest. But without heating
the white precipitate which precipitates first does not dissolve completely. This is
also the case for 40 ◦C. From 50 ◦C on one hour of heating is sufficient to dissolve
the precipitate and the values for s-distribution and absorption are the same as
for 40 ◦C, but slightly higher as for the synthesis at room temperature.
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Figure 6.9: Plot of the maximum absorption wavelength and the corresponding
S-values from AUC measurements. The values are represented in table 6.5.

From 60 ◦C on a shift to higher s- and absorptions values is observable. The
shift of the absorbance maximum to higher wavelengths compared with lower
temperatures indicates that the dispersions obtained at 60 ◦C consist of particles
bigger than the one obtained with the synthesis carried out at lower tempera-
tures. In picture 6.10 the s-distributions for room temperature, 40 ◦C and 60
◦C can be seen. What is interesting to observe is the increased tailing of the
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s-distributions, especially for the one at 60 ◦C. This indicates, that besides the
growth of bigger particles, there is also a contribution to the increased s-value
from particle agglomeration. The s value of 22 S for 280 nm for the maximum
absorption, is high compared with a s-value of 15 S for a maximum absorption of
279 nm, this also indicates particle agglomeration like already mentioned above.
It was explained in section 2.2.2 that it is difficult to electrostatically stabilize
nanoparticle systems with sizes smaller than 10 nm. For these, in most cases
metastable systems a small amount of energy is sufficient to overcome the energy
barrier that stabilizes them. So the temperature difference between 50 and 60 ◦C
can be sufficient to overcome the barrier and produce particle agglomeration.
For the variation of the Zn2+ to cysteine ratio and with this the S2− to cysteine
ratio, one can see that a ratio of 1:1 is the lower limiting value. Already for this
ratio of cysteine to Zn2+ in the reaction mixture agglomeration starts. This can
be seen in figure 6.11 where the s-distribution for 1:1 is shifted to higher s-values
compared with the two graphs for higher cysteine contents. That it is a matter
of agglomeration and not particle growth can be seen in the fact, that the s-value
increases but not the value for the absorption (see table 6.5 and figure 6.11).
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Figure 6.10: Variation of the s-distribution with reaction temperature.

For the ratios 1:1.25. 1.5, 1.75 and 2 there is not a lot of difference observable.
But for 1:1.75 and 1:2 it gets difficult to dissolve the cysteine and cysteine precip-
itation in the dispersions can be observed after 2-3 days after particle synthesis.
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The synthesis has also been carried out at three different concentrations. 1M,
0.5M and 0.1M with respect to the ZnSO4 and Na2S concentrations. For the re-
action at 0.1 mol

l
no particle formation was observable. For the reactions with 1M

and 0.5M solutions no differences within the limits of the measuring techniques
are observable (see table 6.5), so that we can conclude that the concentrations
when changed for all reactants in the same order do not influence the particle
size.
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Figure 6.11: variation of the s-distribution with the Zn2+ to cysteine ratio

6.3.1 Stability over time

One of the goals of this work was the synthesis of dispersions stable for at least
2-3 weeks. Like it was already explained in section 6.1 the particles are not
stable when the ionic strength is increased, since already small amounts of salt
screen the stabilizing carboxylic groups at the particle surface. To get an idea of
stability over time, AUC and absorption measurements were made over a period
of 5 weeks.
In table 6.6 one can see the s- and absorption values for the suspension after
two days, two weeks and five weeks. Further measurements were not possible
because the particles flocculated. In figure 6.12 one can see the corresponding
s-distributions. They show a shift to higher s-values with time, but the maximum
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values for the corresponding UV/vis absorption spectra only show a shift of two
nanometres. This indicates that particle growth in form of Ostwald ripening,
where bigger particles grow at the expense of smaller ones, attributes only a
small part to the shift in the s-distribution, and that we mainly observe particle
agglomeration.

Table 6.6: Stability over time for a ZnS:Mn nanoparticle suspension.

Parameter UV/vis AUC

Stability
2 days 276 nm 15 S
2 weeks 278 nm 20 S
5 weeks 278 nm 30 S

Since the particle growth with time indicated by the UV/vis maxima is only
small, the increase of the sedimentation coefficients must mainly be due to ag-
glomeration of the particles. The dispersions are electrostatically stabilized due
to the surface charges of the cysteine.
It has been observed, that cysteine reprecipitates from solution after 3-4 days
after solution preparation, that is the reason why the cysteine solutions were
always freshly prepared for particle synthesis. A formation of the same needle
shaped precipitate was observed for the dispersions after 1-2 weeks. This indi-
cates, that the cysteine precipitates from the dispersion which leads a shift of the
equilibrium between cysteine attached at the particle surface and free cysteine
in solution. When free cysteine precipitates more attached cysteine goes in solu-
tion to balance the equilibrium. This leads to a smaller surface charge and so to
agglomeration of the particles (see sections 2.2.2 and 6.1.3).

6.4 Cysteine adsorption

The stabilization of the particles in aqueous dispersion is achieved with L-cysteine
(HOOC-CHNH2-CH2-SH) as surfactant. To investigate its attachment to the
particle surface IR-spectroscopy and thermo gravimetric analysis (TGA) have
been applied. The IR spectra of pure L-cysteine and L-cysteine adsorbed on the
particle surface are shown in figure 6.13.
The most prominent peaks in the pure L-cysteine spectrum are listed in table
6.7. The presence of the bands for NH+

3 and COO− indicates the zwitter ionic
form for the dry cysteine powder. In the spectrum of cysteine adsorbed on the
particle surface (powder freeze dried from dispersion at pH 11) no S-H stretching
mode can be observed. At pH 11 the SH group is deprotonated (see table 6.1) but
the SH band was not observed for powders isolated from dispersions at pH 8.5
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Figure 6.12: Variation of the s-distribution over time.

either. This in combination with the high affinity of the sulphur to ZnS indicates
that bonding to the particle surface occurs through the mercapto group as has
been observed for metal particle dispersion stabilized with mercapto surfactants.
However, formation of disulphides cannot be excluded, since the formation of
cysteine complexes with transition metal ions such as, for example, Cu (II) and
Fe(II) is known to be complicated by the rapid oxidation of cysteine to cystine
[Cav69, Gur56]. In the high frequency region of the IR-spectrum there is a
broad absorption band around 3250 cm−1. This is where the asymmetric and
symmetric stretching modes for a coordinated NH2 group are expected to absorb
[His91]. This could indicate that the NH2 group does also interact with the
particle surface, but one hast to take into account that water also has a strong
band in this region. In any case an interaction with the particle surface via the
sulphur and the amino group would be favourable since this would lead to the
formation of a chelate complex which is energetically very stable.
A TGA investigation of the powders showed, that the cysteine does not desorb in
a single step but that a decomposition of the molecule takes place at the surface.
To observe the decomposition and to see which molecule evaporates at which
temperature, a TGA apparatus was coupled with an IR-spectrometer to take
spectra of the evaporated molecules. The corresponding spectra can be seen in
annex D. The assignments of the bands to the respective molecules are shown in
table 6.8 [Wei88]. The first molecule detected is water which is adsorbed at the
particle surface since the powders had been isolated from aqueous suspension. It
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already evaporated at temperatures smaller than 100 ◦C. CO2 can be observed
in every spectrum. It can originate from the carboxylic group of the cysteine or
from CO2 adsorbed at the particle surface. At temperatures between 185-300 ◦C
NH3 evaporates and at the end between 560-915 ◦C SO2. Here one has to take
into account that the SO2 originates from the cysteine and the ZnS.

Table 6.7: Bands and their position for L-(+)-cysteine [Dal97]

Band Position [cm−1]

S-H stretch 2559
NH+

3 stretch 2090
COO− stretch 1581

NH+
3 deformation 1531
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Table 6.8: Detected molecules during TGA temperature program.

t [min] T [◦C] Molecule

5-30 30-130 H2O (1600 cm−1, 3800 cm−1)
CO2 (2350 cm−1, 677 cm−1)

30-36 150-180 CO2 (2350 cm−1, 677 cm−1)
37-60 185-300 CO2 (2350 cm−1, 677 cm−1)

NH3 (944 cm−1)
60-110 300-550 CO2 (2350 cm−1, 677 cm−1)
111-183 560-915 CO2 (2350 cm−1, 677 cm−1)

SO2 (1316 cm−1, 1150 cm−1,
528 cm−1)

The fact that the molecule decomposes rather than desorbs as a whole and the
temperatures which are necessary for this indicate that the cysteine is covalently
bound to the particle surface. The fact, that the SO2 molecule evaporates last
at temperatures higher than 500 ◦C confirms the assumption that the cysteine is
attached to the surface via the sulphur atom. This could also explain why the
dispersions are only stable in the pH range from 8-14. When the pH gets smaller
the mercapto group of the cysteine is protonated and the cysteine can no longer
stabilize the particles and flocculation starts.

6.5 Composition of the particles

Like already pointed out in chapter 4 no detailed investigation of nanoparticle
composition has been carried out until now. In this work interest was concen-
trated on the ZnS to cysteine ratio in the samples. From 100 ml of dispersion
0.8 g of powder can be isolated, but this is not only ZnS but also the surfactant
cysteine. To obtain this information, direct investigations of the Zn2+ content
via ICP and titration have been carried out. With CHNS analysis one can draw
conclusion on the cysteine content in the sample.
To investigate the powder samples by means of ICP and titration, they are dis-
solved in acid (0,8 M HNO3 for ICP measurements, and 5 M HCl for titration,
see chapter 6.1.1) to obtain determinable ions. For the ICP measurements the
sample solutions are compared with a 1 ppm Zn2+ standard. The titration is
a complex titration with EDTA as complexing agent, because the EDTA forms
strong complexes with Zn2+. For measurement, first a eriochrome black T in-
dicator solution is added to the Zn2+ solution forming a red to violet complex
with Zn2+ and other metal ions. On the addition of EDTA first the free Zn2+

is complexed by EDTA, then the Zn2+ in the eriochrome complex is released
to form the more stable, colourless EDTA complex. This can be observed by
a change of colour from red/violet for the indicator with metal ion, to blue for
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the free indicator. When the sample solution was completely blue the titration
was finished and the Zn2+ content could be calculated with the amount of EDTA
solution used.
The manganese content being very low compared to ZnS in the samples was not
taken into account in these measurements, but will be determined in chapter 8.1.
For the cysteine content CHNS analysis was applied. Here the sample is heated,
and the amount of C, H, N and S leaving the sample is determined. The results
for these methods are displayed in the following tables for powders precipitated
with ethanol and powders from freeze drying. All represented values are average
values over measurements for 7 powders.

Table 6.9: Zn2+ and ZnS content determined with ICP measurements and titra-
tion, eth indication powders isolated by ethanol separation and fd freeze dried
powders.

Zn2+
eth ZnSeth Zn2+

fd ZnSfd

Method [wt%] [wt%] [wt%] [wt%]

ICP 25 37 46 69
Titration 21 31 40 59

The results for titration and ICP measurements are displayed in table 6.9
with the index eth for powders isolated with ethanol and the index fd for the
powders obtained by freeze drying. For both powders the titration results are
lower than the results obtained with ICP measurements. This is probably due
to the fact, that it is difficult to exactly determine the end point of the titration,
because the colour changes not abruptly but gradually from violet to blue. ICP
measurements are highly sensitive and are used for the determination of traces
of elements in the region of ppm, so the ICP results are more reliable than the
results obtained with titration. The ZnS content of freeze dried samples is higher
than the one for the samples isolated with ethanol. The ethanol samples have not
been dialysed for purification as the freeze dried ones, but isolated with ethanol
and redispersed in water several times. So that there is less ZnS found in the
ethanol samples indicating that there are more impurities left in the sample.
In tables 6.10 and 6.11 one can see the results of the CHNS analysis. Since the
sum formula of cysteine is C3H7O2NS there should be 3 mols of carbon for one
mol of nitrogen, for seven mols of hydrogen, and so on. For the ethanol isolated
powders the ratio between C and N is near to 3 (0.48 mol to 0.17 mol). The S
and H values are too high related to N and C. Since the synthesis was made in
water the H excess is probably due to water adsorbed at the particle surface.
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Table 6.10: Results for CHNS analysis for ethanol isolated powders

molar ratio with
[wt%] [mol%] respect to N [mol]

C 5.7 0.48 2.9
H 1.6 1.6 9.1
N 2.4 0.17 1
S 21 0.66 4.1

Table 6.11: Results for CHNS analysis for freeze dried powders

molar ratio with
[wt%] [mol%] respect to N [mol]

C 6.5 0.54 3.6
H 0.8 0.8 5.3
N 2.1 0.15 1
S 20.7 0.64 4.2

Table 6.12: Water content calculated from hydrogen excess

excess H
[mol%] 0.4
H2O [mol%] 0.2
H2O [wt%] 3.3

For the freeze dried powders no H excess is observable which is not surprising
since the water is removed with a vacuum pump. The difference for the N to C
ratio is higher than for the other powders (1 to 3.6 mol) and there is also more
sulphur detected than is possible for the cysteine molecule.
During synthesis a excess of Na2S is used, so it is possible that this excess is
still present in the sample, e.g. as S2− ions also adsorbed at the particle sur-
face. With the H excess obtained with CHNS analysis assuming a sum formula
of C3H7O2NS for cysteine, the weight percent of water present in the sample can
be calculated to be an average of 3.3 wt% for the measured samples (see table
6.12).
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Table 6.13: S excess calculated from CHNS analysis and ICP measurements

Ethanol Freeze dried
[wt%] [wt%]

S in powder 21 20.7
S in cysteine 5.4 4.8
S in ZnS 12 (ICP) 23

10 (titr.) 19
Excess S 3.3 (ICP) -7.1

5.6 (titr.) -3.1

The excess of S in the ethanol samples is 3.3 wt% when the value of S in
ZnS is determined with the Zn2+ content obtained with ICP measurements and
5.4 wt% when determined with the results for titration (see table 6.13). For the
freeze dried samples we see that there is not enough S in the sample. To calculate
the S excess we take the wt% measured and subtract the S amount found for ICP
and titration and the S for cysteine. So we assume that we oxidize the whole
ZnS to ZnO and SO2. If this is not the case, and after the CHNS analysis there
is still some ZnS left and the there is no S excess present in the sample, this
would explain the negative results for the freeze dried S excess and suggest an
even higher excess for the ethanol samples.

Table 6.14: Results for elemental analysis, ICP measurements and titration for
the ethanol isolated powders

ZnS cysteine H2O S excess

37 wt% (ICP) 20 wt% 3.3 wt% 3.3 wt% (ICP)
31 wt% (titr.) 5.4 wt% (titr.)

64 wt% 36 wt% unknown
60 wt% 40 wt% unknown

To investigate the cysteine content with another method, TGA measurements
were carried out. Here the powder is heated from 30 to 900 ◦C. The weight
loss observed during heating can be related to the cysteine evaporating from the
surface. The TGA has also been coupled to an IR spectrometer and so IR spectra
of the evaporating molecules could be recorded, clearly indicating that the weight
loss is actually due to the cysteine evaporation. For TGA analysis we obtain an
average weight loss of 28 wt% for ethanol isolated and freeze dried powders. This
is higher than the result for the CHNS analysis (see table 6.14 and 6.15), but it
cannot be excluded, that the SO2 evaporation at the end of the TGA is not only
due to S in the cysteine but also to S coming from the ZnS when it starts to get
oxidized.
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Table 6.15: Results for elemental analysis, ICP measurements and titration for
freeze dried powders

ZnS cysteine H2O S excess

69 wt% (ICP) 18 wt% 0 wt% 0 wt% (ICP)
59 wt% (titr.) 0 wt% (titr.)

87 wt% 13 wt% unknown
77 wt% 23 wt% unknown

The elemental analysis combined with ICP measurements and titration can
not fully explain the composition of the isolated powders. The addition of ZnS,
cysteine, water and excess S for the ethanol powder only leads to 64 wt% for ICP
measurements and 60 wt% for titration (see table 6.14). The unknown part of
about 40 wt% is big and already indicates that other substances than the ones
taken into account are present in the sample, and that isolation and redispersion
is not sufficient to clean the dispersions. When the isolated powders are held
into a flame, it gets fully orange, this indicates the presence of high amounts of
sodium. Other contaminations could be sulphate and chloride ions.
For the freeze dried powder the results are better, there is no excess water and
sulphur in the sample, but still there have to be impurities such as indicated
above, present in the sample to explain the unknown rest of 13 and 23 wt% (see
table 6.15).
Therefore, from the 8 g/l of powder that can be averagely isolated from the
dispersions, one has to subtract up to 37 % of the weight to obtain the ZnS
content, depending on the isolation method.
These results show that there are fewer impurities in freeze dried powders than
in the one separated by ethanol addition. The freeze dried powders were dialysed
prior to freeze drying, the ethanol powders have been purified by repeated washing
with ethanol and redispersion in water. So dialysis is the more effective way to
clean the dispersion and thou the powders. But even when dialysed there still
rest considerable rests of impurities, so that other purification techniques, such
as chromatographic methods, should be applied additionally to dialysis.
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6.6 SiO2 coated particles

To increase the fluorescence quantum yield and the stability of the particles a
shell was synthesised around the particles. For the shell to be effective it has to
consist of a higher band gap material, otherwise the shell and not the core would
be excited. Another problem is the refractive index of the shell material. ZnS
has a refractive index of 2.3 [Crc87], so any shell material with a refractive index
higher than the one of ZnS would lead to a diffraction of the excitation light out
of the particle. So a shell material with a refractive index lower than the one
of ZnS is necessary. SiO2 as an insulator and with its refractive index of 1.5 is
an ideal shell. Furthermore the SiO2 chemistry is well investigated which would
be useful for a functionalization of the particles. Furthermore, SiO2 is known to
form particles stable in the hole pH range.
When a shell is formed around the particles, the particle diameter should increase
which should be observable in AUC measurements. In figure 6.15 one can see
the s-distribution for the initial not coated particles and the dispersion after the
coating step. What can be observed is, that the s-distribution for the coated
particles is bimodal. There is one maximum for the s- values as for the initial
dispersion, and than we have a long tail indicating big particle with a broad size
distribution.

 

Figure 6.14: TEM micrograph of ZnS:Mn particles after coating step. Bar corre-
sponds to 20 nm.

TEM micrographs (see figure 6.14) show the same fact. There are still free
particles present in the sample, leading to the first peak in the s-distribution for
the coated particles (see left picture in figure 6.14).
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What can than be observed is that we do not have single particles coated by a
SiO2 shell, but beads, that means several particles in one big SiO2 particle. The
formed SiO2 particles have sizes from 20 to 80 nm.
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Figure 6.15: AUC measurements of the coated and not coated particles

When salts are added to dispersions of coated particles they still agglomerate.
When the dispersions are freeze dried, the IR spectra still show the cysteine bands.
This is probably due to the particles that are still free in the dispersion and
cysteine in solution in the initial dispersion before the shell synthesis. In contrast
to the sensibility to changes in the ionic strength, the shell does influence the
stability over time. Not coated dispersions are normally stable 4-5 weeks, the
coated dispersion have shown stability over a time of 6 month without showing
flocculation and without altering their optical properties.
It was already mentioned, that the not coated particles have a zeta potential of
about -55 mV. For the coated ones the value varies more for different batches
but is between -55 mV and -60 mV. So the coating does not change the zeta
potential significantly. So it is understandable, that small amounts of salt still
lead to flocculation of the particles. What changes actually is the size of the
particles. When it was said (see chapter 2.2.2) that particles of 5 nm and smaller
are difficult to stabilize electrostatically because of a full overlapping of the double
layers on contact, this is no longer the case, since we deal now with particles of
sizes up to 80 nm. Therefore, there will only be a partial overlap of the double
layers on contact. So the DVLO theory applies and the increased long term
stability can be explained. The changes in the optical properties due to shell
synthesis are discussed in chapter 8.1.4.
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6.7 Conclusions and discussion

In this chapter the synthesis of ZnS:Mn nanoparticles and their coating with a
SiO2 shell has been described. Their surface characteristics, composition and
the influence of the reaction parameters on the particle size have then been in-
vestigated. The reaction for the particle formation passes via an cysteine-Zn2+

intermediate that precipitates first and than slowly dissolves with a change of pH,
to form small ZnS:Mn nanoparticles in a controlled way. It has been shown, that
the particle size is dependant on synthesis time and temperature, agglomeration
is prevented by the cysteine and the concentration does not influence the particle
size, when the concentrations are changed by the same factor for all reactants.
Unlike the particle synthesis, the coating with a SiO2 shell can not be controlled
and instead of obtaining coated single particles, beads of particles in SiO2 were
obtained, with still not coated particles also present in the sample.
In the goals formulated for this work, it was asked to synthesize stable dispersions
of doped ZnS nanoparticles with the possibility to functionalize the surface in a
way to attach biomolecules, and to check on their composition.
For the stability we have to differentiate between the stability of the dispersion
over time (the so called aging), and the stability due to changes in the ionic
strength. Not coated particles are stable for 4-5 weeks before flocculation of the
particles starts, but they are highly sensible to changes in the ionic strength, and
immediately agglomerate, even by the addition of small amounts of a salt to the
dispersion. This indicates electrostatic stabilization of the particles. The cysteine
is negatively charged and so the particles repel each another. There is no steric
stabilization possible since the cysteine is smaller then the electric double layer.
The SiO2 coating stabilizes the particles with respect to the stability over time.
The zeta potential does not change due to shell formation, and so the particles
show the same sensibility to changes in ionic strength like the not coated parti-
cles. That they are more stable over time can have to reasons. It was reported
that it is difficult to stabilize particles smaller than 10 nm electrostatically since
there should be a complete overlap of the double layers when two particles col-
lide. The synthesized particles show stability over 3-4 weeks, so it is possible
to stabilize the particles at least for that time, but the fact that they are only
3-4 weeks stable could be due to this total overlap. So that the coated particles
are between 20-80 nm could add to their increased stability over time. Another
reason could be that the cysteine coated particles are stabilized due to charges
that come from a molecule at the surface that can be removed from the surface
and precipitate with time, whereas the SiO2 coated particles are stabilized due
to real surface charges that come from the SiO2.
To know the composition of the particles, is first of all important to know the
cysteine to ZnS ratio, because only when this is know the ZnS content in the
dispersion can be estimated. This was determined with ICP measurements and
titration for the ZnS and CHNS analysis for the cysteine for two different sets
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of samples. One has been dialysed and freeze dried, the other powders where
isolated by addition of ethanol to the samples and following centrifugation. This
step was repeated several times to purify the so isolated samples. It has been
seen that in addition to ZnS and cysteine, there must be water adsorbed on the
particle surface, and that there is a sulphur excess present in the ethanol samples,
but the complete composition of the precipitated powders could not be clarified.
There is an unknown rest which is probably due to impurities like Na+, Cl−,
and SO2−

4 . That these impurities cannot completely be removed by dialysis and
washing of the powders with water and ethanol, advises to look for other or ad-
ditional possibilities to purify the samples, like e.g. chromatographic methods.
The synthesized particles should be biocompatible. For this they need a surface
that can be functionalizes in a way to attach biomolecules. It was shown with IR
spectroscopy that the cysteine is attached with the sulphur atom to the particle
surface, and that the NH2 group also plays a role in the attachment, but that the
carboxylic group is free and can be derivatized. Carboxylic groups react readily
with a lot of molecules and are so ideal starting points for a biofunctionalization.
What causes problems here is the instability of particles to salt addition. For a
lot of reaction the pH as to be buffered, which leads to flocculation of the par-
ticles because of the high salt concentration in these buffers. Often the pH has
to be acidic. This is not possible because the particle are only stable until pH
8, when the pH goes down further they agglomerate, either due to the change in
ionic strength or the protonation of the mercapto group of the cysteine, or both.
From a pH of 4 the ZnS starts to dissolve.
For the synthesized particles the surfactant cysteine opens the possibility for a
biomodification of the particles, but the instability of the particles for small pH
values and salt concentration makes this modification difficult, so ways have to
be found to further stabilize them. The ratio of ZnS to cysteine in the powders
could be determined, but the complete composition could not be clarified.



Chapter 7

Particle size measurements

One of the goals of this work was the synthesis of particle dispersion with a narrow
size distribution. Since the quantum size effect is not used to obtain particles
that emit at different wavelengths like for CdSe and CdTe, but different colours
should be achieved by variation of the doping metal, an absolute control of the
particle size is not necessary for this work.
On a bioassay there can be up to 400 detection spots on a area of 1 cm2. So
detection is made on a spot in the micrometer range. A typical dye molecule
like for example rhodamine or fluorescine have diameters between 5 and 10 nm.
So to replace these molecules by inorganic particles without changing the assay
the particles should also be in this size range. Since it cannot be excluded that
the particle size influences the attachment to the assay and the reaction with
biomolecules, the size distribution should be narrow to guarantee comparable
reaction conditions for every particle in the sample.
So the synthesized particles were investigated for their particle size. Since a lot of
particle size measurements methods come to their detection limits for particles in
the size region below 10 nm, different methods were used to get a correct image
of the particle size.

7.1 Transmission electron microscopy

TEM and HRTEM images are surely the easiest way to get a first idea of the
particle size. For this the samples were diluted by a factor of 200 and then a
drop deposited on a copper grid. After evaporation of the solvent the particles
were observable in the microscope. In figure 7.1 a TEM and high resolution
TEM image can be seen. The TEM image at the left hand side shows several
ZnS:Mn nanoparticles among these single particles and agglomerates. During
the drying step for sample preparation the particles tend to agglomerate which
makes it difficult to determine the size afterwards because it is often difficult to
distinguish between a single particle and an agglomerate of two or three particles.
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Figure 7.1: TEM and HRTEM of ZnS:Mn nanoparticles

Furthermore, it was observed that bigger particles are often placed at the outer
rim of the sample and the smaller ones in the middle. This is also an artefact
of the drying process. During drying the diameter of the drop gets smaller and
at its edges the particles are deposited on the grid, with the biggest particles
depositing first on the grid because of their higher mass. On the HRTEM image
one can see a well defined particle with its lattice planes clearly visible. 
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Figure 7.2: Particle size distributions for 540 particles from TEM images, repre-
sented in number.

In figure 7.2 and 7.3 one can see the particle size distributions for 540 counted
and measured particles represented in number and volume. When there was a
doubt about a particle being a single particle or agglomerate it was counted to be
a single particle. The number weighted distribution goes from 1 to 17 nm with
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92 % of the particles between 2 and 7 nm and the maximum at 2.5 nm. 
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Figure 7.3: Particle size distributions for 540 particles from TEM images, repre-
sented in volume.

The volume weighted distribution goes from 2 to 17 nm with the two maxima
at 5 and 12 nm and only 54 % of the particle volume between 2 and 7 nm. These
two distributions are related by the relation V = 3

4
·π ·(d

2
)3. The d3 dependence of

the volume leads to the pronunciation of bigger particles in the volume weighted
distribution. In which way particle size distribution measurements are presented
normally depends on how they are measured. This example shows clearly that
one has to pay attention when comparing particle size distributions measured
with different methods, since the way of presentation influences the result.

7.2 X-ray diffraction

Like it has already been pointed out in section 5.3.1 the peak broadening of x-ray
patterns can be used to calculate the crystallite size with Scherers equation. But
this size corresponds to the size of perfect crystallites, so it cannot be compared
to particle sizes obtained with other methods, but gives an idea of the size of the
smallest unit of the crystals.
To calculate the crystal size with Scherers equation one needs the full width at
half maximum of the diffraction peaks. One can do this manually with a ruler
or use a software program. In this work the program PowderCell for Windows
Version 2.4 was used. First it calculates the background of the pattern and
subtract from the spectrum, than it measures the full width at half maximum
and calculates the crystal diameter with Scherers equation. The average value
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for these calculations for diffraction patterns such as 6.2, gave a result of 3.6 ±
0.4 nm.

7.3 Field flow fractionation

The field flow fractionation techniques are chromatographic techniques to deter-
mine the sizes of polymers, biomolecules or colloidal systems (see chapter 5.1.2).
So the results obtained are chromatograms with retention times like it can be
seen in figure 7.4. There is a first little peak at about 404 s and the main peak at
about 520 s. The technique applied with our samples was the asymmetric flow
FFF. For the measurement the sample is first focused in the channel, than the
cross flow is started and the sample pressed to the accumulation wall without
solvent flow. The start point of the measurement is when the solvent flow is
started.
To get the particle size distribution out of the chromatogram, one has to know
the channel symmetry, where the channel thickness is measured with ferritin as
reference substance, the flow and cross flow rate and the retention time for a
substance that is not retended t0 (see equation 5.11). For this retention time t0

one uses the void time, that is the time the sample solvent needs to be eluted.
The void peak is present in every chromatogram. In figure 7.4 it is the small
peak at about 404 s, the main peak represents the eluted particles.
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Figure 7.4: AF-FFF chromatogram of manganese doped ZnS nanoparticles
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The particle size distribution obtained for the chromatogram in figure 7.4 can
be seen in figure 7.5. The maximum of the distribution is at about 3.5 nm. Like
for AUC measurements the surface charge of the particles can influence the result
of the measurement. Since the particles are charged in the same way they repel
one another when they get close. This is not a problem for low concentrations
and for the AUC measurements this problem was solved by working at low and
constant concentrations (see section 6.3). For aF-FFF measurements the sample
is pressed with a solvent cross flow to the accumulation wall, so the particles get
close and repel one another which pushes them in regions of the channel where
the solvent flow is faster. This addition to the diffusion which normally is respon-
sible for separation of sizes for this method, leads to particle size distributions
shifted to smaller particle sizes compared to the actual particle size.
To prevent this NaCl and TWEEN are normally added to the sample to be mea-
sured. The salt to screen the surface charges, the TWEEN to prevent agglomera-
tion induced by the salt addition. Since our particles are already sensitive to very
small changes in the ionic strength the TWEEN was not sufficient to stabilize
the dispersions afterwards, so they were measured without NaCl.

 

0 5 10 15
0.0

0.5

1.0

1.5

2.0

 

 

In
te

ns
ity

 [
au

]

d [nm]

Figure 7.5: Particle size distribution obtained with aF-FFF.

The aF-FFF is a fast method to determine sizes of biomolecules, polymers
and colloids, but surface charges can alter the sizes which has to be taken into
account when comparing the results with sizes obtained with other techniques.
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7.4 Photon correlation spectroscopy

The photon correlation spectroscopy or dynamic light scattering is a method
which depends on the interaction of light with particles. The light scattered by
colloidal particles in suspension, which undergo Brownian motion due to thermal
agitation, will fluctuate with time and can be related to the diffusion coefficient D
of the particle. This diffusion coefficient can than be related to a hydrodynamic
diameter dh by the Stokes - Einstein relation (see section 5.2). The hydrodynamic
diameter is the diameter of the particle plus two times the double layer thickness.
To think in terms of hydrodynamic diameters is especially important for small
(2-300 nm) and highly charged particles where the electrical double layer will give
a larger assigned diameter than measured by microscopy.
The method is particularly well suited for the measurement of narrow particle
size distributions in the range of 2-500 nm. PCS is capable of measuring particle
sizes down to 2-3 nm, but not with a low intensity laser and the preclusion of
dust is imperative.
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Figure 7.6: Intensity weighted particle size distribution of ZnS:Mn nanoparticles

The dependence of the scattered intensity on particle size is shown in equation
7.1, where I0 is the incident intensity, nrel = np

nL
the relative index of refraction

of a system of particles with the refractive index np in the suspending medium
with the the refractive index nL, d is the particle diameter, λ the wavelength of
light in the medium and Hpd the distance between the particle and the detector:
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IS =
I018π4d6((n2 − 1)(n2 + 2))2

H2
pdλ

4
(7.1)

This d6 dependence leads to an enhancement of the Intensity for bigger parti-
cles. A particle only twice the size will give 64 times the intensity. Consequently
for systems where dust and agglomerates may be present one must be very careful
about interpreting PCS results.
Two different set ups have been used to measure the synthesized particles. One
was the Brookhaven zetaPALS zeta potential analyser and the other was a house
made set up of the group of Scheffold at the University of Fribourg. With the
Brookhaven apparatus it is possible to obtain particle size distributions. For
this the average diffusion coefficient and the polydispersity index obtained from
the auto correlation function must undergo a Laplace transformation. With the
Brookhaven instrument it was difficult to measure the synthesized dispersions.
Dust and probably also agglomerates present in the sample made data acquisition
difficult and often the software was not able to calculate a distribution.  

0 5 10 15 20 25 30
0

20

40

60

80

100

V
ol

um
e

d [nm]

Figure 7.7: Volume weighted particle size distribution of ZnS:Mn nanoparticles

To overcome this problem, and to obtain at least an idea of the size of the
primary particles, the dispersions were centrifuged for 15 min at 5000 rpm to
get rid of dust present in the sample. Of course this will also eliminate big
agglomerates and thus alter the initial particle size distribution.
In figure 7.6, 7.8 and 7.7 one can see three different ways of presentation of the
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obtained particle size distribution. Intensity, volume and number weighted. One
can see that the particle sizes between 10 and 30 nm in figure 7.7 which represents
the volume weighted distribution is more pronounced in the intensity weighted
one of figure 7.6. They even present intensity as high as the one for the particles
between 2 and 10 nm. In the number weighted distribution (figure 7.8) they are
almost not observable. This clearly shows the importance to take note of the way
of presentation of such distributions.
For the dispersions measured the results presented here are representative. We
obtain maxima of the PDS (particle size distribution) of 7 nm for the first and 20
nm for the second maximum for the intensity weighted, 7 nm and 15 nm for the
volume weighted and 6 nm for the number weighted distribution (see also table
7.2).
The apparatus used at the University of Fribourg uses an analysis method that is
known as cumulant method, that means no Laplace transformation is made but
the method delivers an average value for the diffusion coefficient and with that
for the particle size, and a value for the polydispersity index. The measurements
were taken out at angles from 20 ◦ to 90 ◦, which does not alter the result which
is expected for Raleigh scatterers, that means particles much smaller than the
wavelength of the incident light. Also here the dispersions were centrifuged. The
measurements resulted in an average of 5 nm for the particles measured.  
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Figure 7.8: Number weighted particle size distribution of ZnS:Mn nanoparticles
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PCS is a rapid analysis method which is ideal for narrow distributions. If a
certain polydispersity is registered the cumulant method is no longer applicable,
and a method that can display the actual distribution must be used. But also
there one has to pay attention on the way of presentation, and the results should
be compared with other methods such as microscopy.

7.5 Analytical ultra centrifugation

Analytical ultra centrifugation is a separation technique where the separation
takes place in a centrifugal field and is due to the particle size and the density
difference between particles and solvent (section 5.1.1). As a result of such a
measurement one obtains a sedimentation coefficient distribution that can be
transformed into a particle size distribution when the viscosity and density of the
dispersing medium and the density of the particles is known (see equation 5.9).
Since the dispersions measured consist not only of pure ZnS particles dispersed in
water, but of cysteine stabilized particles, the bulk value for the density cannot
be used to calculate the size distribution. Furthermore, it is unlikely that the
density of nanoparticles in water, even without a stabilizing agent, is the same
as for the bulk solid (4.1 kg/l [Crc87]).
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Figure 7.9: Plot according to equation 7.3. The extrapolation to obtain s0 was
made for the three most diluted values.
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To already see the influence of the surfactant on the powder density, density
measurements with a helium pycnometer have been taken out for the freeze dried
powders and the powders precipitated with ethanol.
This resulted in an average density of 3.6 kg/l for the freeze dried and 3.2 kg/l
for the ethanol powders. One can observe in the density difference the effect due
to freeze drying described in section 6.1.2, that the high capillary forces weld the
particles together and lead to non dispersible powders, and, like it can be seen
now, also to powders with higher densities compared with the powders isolated
with ethanol.
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Figure 7.10: Plot according to equation 7.4. The extrapolation to obtain s0 was
made for the three most diluted values.

As it has already been pointed out in section 6.3 and as it can be seen in figure
6.8 the sedimentation is concentration dependent. For comparative measurements
it is sufficient to always work at the same concentration to obtain comparable
results and so eliminate the concentration dependence, but this is not the case
when one changes to particle size distributions. When the concentration is not
small enough we will still have the concentration effect, that will shift our particle
size to smaller values compared with lower concentrations. This shift will always
be the same when one works at constant concentrations, but one does not obtain
the real particle size.
From this problem follows the custom for AUC measurements to extrapolate s-
values, measured of necessity at finite concentration, to infinite dilution to give
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the extrapolated value s0. The concentration dependence has been determined
to be [Ral93]

s =
s0

(1 + ks · c) . (7.2)

It has been seen experimentally that at least for monodispersed, non-interacting
solutes, the approach to the c=0 ordinate is not asymptotic. For the purpose of
extrapolation it has been assumed that for small concentrations either

s = s0(1 − ks · c) (7.3)

or

1

s
=

1

s0
(1 + ks · c) (7.4)

is linear to an adequate extent in c [Har92].
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Figure 7.11: s-distribution of a ZnS:Mn nanoparticle dispersion.

From the point of view of laboratory practice, it is accepted that especially
for solutes of high particle asymmetry the reciprocal plot (see equation 7.4 and
figure 7.10) is linear in a wider range in c than the direct plot (see equation 7.3),
but for compact, near-spherical particles this linear plot (see equation 7.3 and
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figure 7.9) is as good and may be preferable [Har93].
Measurements for different particle concentrations for the same dispersion have
been made and the sedimentation coefficients been plotted according to equation
7.3 and 7.4. In figure 7.9 one can see the direct plot according to equation 7.3.
The extrapolation was made for the three smallest concentrations, which seem
sufficiently linear to extrapolate. This leads to a value of s0=18 S. For the recip-
rocal plot (figure 7.10) the extrapolation leads to a value of s0=33.5 S.
The s value obtained for the maximum dilution is 23 S so already higher than the
s0 value for infinite dilution obtained with the extrapolation for the direct plot
(see figure 7.9). So the extrapolation for the reciprocal plot seems to be better for
our system. The s-distribution for the highest dilution and thus lowest concen-
tration has its maximum at 23 S. We multiplied the s values for this distribution
by a factor of 1.45 to obtain a s-distribution with its maximum at 33.5 S, but
the same form as the original one. This ”extrapolated” distribution can be seen
in figure 7.11.
To calculate a particle size distribution from this one has to know the particle
density. The results of 3.6 and 3.2 g/ml obtained for the isolated powders show
already that the density is smaller than the bulk value. Since these densities cor-
respond to the powders we suppose, that the actual particle density in dispersion
where the particles are additionally hydrated should be smaller than the values
obtained for the powders. The result for a calculated particle size distribution
with the value of 3.2 g/ml for the ethanol separated powders can be seen in figure
7.12. The distribution has its maximum at about 5 nm. If we assume that the
actual particle density in dispersion is smaller than 3.2 g/ml, the distribution is
shifted to higher particles sizes. To shift it by 1 nm one has to calculate with a
density of 2.5 g/ml.
The particle sizes obtained after extrapolation of AUC measurements at different
concentrations are dependent on the particle density used for the size calcula-
tion. Since we suppose the density to be smaller than the values measured for
the synthesized powder and since for a shift of 1 nm for the particle size it needs a
difference in density of 0.7 g/ml, we think that a maximum value for the particle
size distribution of 5-6 nm is realistic . This is also a value which is in good
accordance with the results from the other measurements.
AUC measurements are a fast method to first of all observe changes in the s-
distribution and with this in the particle size distribution, but if a good estima-
tion of the size is wanted several measurements at different concentrations have
to be carried out and extrapolated to infinite dilution. To finally get a size one
also has to have at least a range of the particle density in dispersion.
The advantages of this method are that the UV detector detects selectively the
particles and that the results are so not influenced by impurities present in the
samples.
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Figure 7.12: Paticle size distribution obtained with s distribution in figure 7.11

7.6 Optical diameter

Since the band gap of semiconductor nanocrystals shift to higher energies with
decreasing size and this can be quantized with equation 2.29 it is possible to
calculate the optical particle size with the band gap absorption from absorption
spectra. To do this, one has to know the bulk band gap, the relative permittivity
(relative dielectric constant) of the semiconductor and the values for the effective
masses of the electron and the hole. The bulk band gap is known to be 342 nm
or 3.6 eV [Gum81], values for the relative permittivity of ZnS found in literature
vary from 8.3 to 8.7 [Soo96, Sun99, Ber63, Ate03]. This variation of the relative
permittivity does not much influence the plot particle radius versus band gap
energy, so we just calculated with a value of 8.5. The values for the effective
masses of the electron and the hole found in literature are also very different. In
table 7.1 the found values are listed with their references. For better clarity not
m∗

e and m∗
h but me and mh (m∗

e/h = me/h ·m0) values are given.
When different values for the masses of the electron and the hole are introduced
in equation 2.29, a shift of the particle radius for which the band gap becomes
the bulk band gap, is observable. This is demonstrated in figure 7.13 for the pairs
me/mh = 0.25/0.59 and 0.28/1.76.
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Table 7.1: Literature values for the effective masses of the electron and the hole
for ZnS.

me mh aB [nm] Reference

0.42 0.61 1.8 [Lip89]
0.25 0.59 2.6 [Bru83, Ros84, Soo96]
0.34 0.58 2.1 [Wan91]
0.28 1.76 1.9 [Ave67]
0.39 [Law71]

 

3.6

3.8

4

4.2

4.4

4.6

4.8

5

5.2

5.4

5.6

0 1 2 3 4 5 6 7 8

r [nm]

E
p 

[e
V

]

0.25/0.59

0.28/1.76

Figure 7.13: Plot of equation 2.29 for two me/mh paires

The values for the exciton Bohr radius found in literature vary from 2.2 to
2.5 nm [Buh03, Ros85, Bha94/2]. It is related with the effective masses via
equation 2.26. With this relation the exciton Bohr radii shown in table 7.1 have
been calculated. The values of 2.1 and 2.6 nm are closest to the values cited
in literature. It is interesting to see that the exciton Bohr radii calculated with
the effective mass approximation do not represent the values where the plots in
figure 7.13 get to the bulk value of the band gap, but the point when the plot
have a knee from a first slow increase to a steeper slope. So with the effective
mass approximation the band gap already shifts when the particle radius gets
near the Bohr radii but is not yet smaller. The value at which the band gap
begins to widen is surly not a discreet one, but it will start when the particle size
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gets in the region of the exciton Bohr radius, that means when the exciton starts
to feel the spatial confinement. Nevertheless, one should not forget that we talk
about a mathematical approximation that has its limitations [Lip89]. So it can
for example not be excluded, that the values for m∗

e, m
∗
h and εr also change with

particle size [Hen89, Wan87].
To estimate the particle size of our particles from absorption spectra we chose
the values of 0.25/0.59 for the electron/hole pair. The onset of absorption of our
absorption spectra and the maximum of the excitation spectra is at 310 nm which
corresponds to 4 eV. With equation 2.29 we obtain a particle radius of 2 nm so
a diameter of 4 nm which corresponds rather well with the results obtained with
the other methods applied.

7.7 Conclusions and discussion

Table 7.2: Summary of the results obtained for the different particle sizing meth-
ods applied. The error for TEM corresponds to the accuracy possible for the
size determination with a ruler, the error for AUC measurements corresponds to
the error introduced by the unknown particle density, the error for the XRD was
calculated by the software used.

Particle size [nm]
Intensity Volume Number Weight

TEM 1. Max. 5.5 ± 2, 1. Max. 2.5 ± 2
2. Max 17 ± 2

XRD 3.6 ± 0.4
PCS 1. Max. 7, 1. Max. 7 6

2. Max. 20 2. Max. 15
aF-FFF 3.5
AUC 5 ± 2
opt. 4

diameter

In the last chapter different methods to measure particle size distributions and
estimate particle sizes have been presented. The results for these methods can
be seen in table 7.2.
TEM images have the advantage that one actually sees the particles but, be-
cause of the resolution of the microscope it is sometimes difficult to differentiate
between single particles and small agglomerates. To obtain a particle size distri-
bution with TEM micrographs the particles have been measured with a ruler, so
this is also a source of error for the result obtained by TEM.
With the hydrodynamic methods like aF-FFF and AUC the charge of the parti-
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cles causes problems. For the aF-FFF measurements the repulsion between the
particles add to the diffusion against the cross flow, leading to smaller sizes than
the actual particle size. In the AUC this repulsion and the increase of dispersion
viscosity lead to a slower sedimentation and so to a concentration dependence of
the results for a certain concentration range. To overcome this an extrapolation
to infinite dilutions has to be made. Another problem is the density of the par-
ticles. Since the AUC measures hydrodynamic diameters and the particles are
coated with cysteine, the bulk density cannot be used to transform the s- to a
d-distribution. So a density has to be estimated. For both, the aF-FFF and the
AUC measurements, the particles were selectively detected with a UV/vis detec-
tor, so one can be sure that the results obtained are only due to the particles.
For the PCS this is not the case. Here everything that scatters the light is within
the results, so this method demands very pure samples, because even dust adds
to the measured variation in the intensity of the light. To overcome this problem
the particle dispersion have been centrifuged to get rid of dust.
With the results from x-ray diffraction one has to pay attention, since there are
a lot of restrictions for the results of these measurements. The measured crystal-
lites do not represent the particles. A particle can consist of several crystallites
and also amorphous parts can be present that cannot be detected with x-ray
diffraction.
From the mentioned methods the AUC, aF-FFF and the PCS measure hydrody-
namic particle sizes. Hydrodynamic diameter means, that the result corresponds
to the particle size plus two times the double layer thickness. To check on this
influence the dispersions have been dialysed against and diluted for measurement
with 0.01M NaOH. This should result in a double layer with a thickness of 3
nm. So normally we should subtract 6 nm from our measured particle size. This
would lead to negative or really small particle sizes. In any way this would lead
to sizes considerably smaller than what was seen with TEM. This could be due
to the fact that two times the double layer thickness equals or even exceeds the
actual particle size. It is possible, that these hydrodynamic methods do measure
the actual particle size since the double layer is too thick compared with the
particles. So for all the applied measurements one has to be conscious of their
limitations to estimate a particle size.
The highest particle size was obtained with PCS measurements. We will concen-
trate on the volume presentation of the results, because it is the most comparable
with the results from other techniques. The distribution shows its first maximum
at about 7 nm but has still observable signals for sizes up to 20 nm. To obtain a
signal the samples have to be centrifuged to get rid of dust present in the sample,
so it can not be excluded that agglomerates and particles bigger than 20 nm
have been eliminated. Particle sizes up to 20 nm have also been observed with
the TEM images but there it seems to be agglomerates rather than single parti-
cles. Since the PCS measurement are very sensible to impurities in the sample
and since bigger particles are emphasized by a volume presentation compared to
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number presentations, the PCS results have to been seen as an upper limit for
the particle size.
With a maximum of the particle size distribution of 3.5 nm the distributions ob-
tained with aF-FFF measurements represent the smallest value obtained for the
particle size of the samples. Here we have the problem, that charged particles
have the tendency to elute faster than they would without the charge, so that
the particle size distributions obtained with this method are likely to be shifted
to smaller sizes compared with the actual size we are looking for. In contrary
to the PCS and TEM measurements no second maximum was observed. The
channel width is normally in the range of 0.2 mm so it is not likely, that particles
cannot pass it, but it is quite possible that we do not observe a second maximum
because the measurements were stopped before they could elute. The measure-
ments made were all stopped after retention times that correspond to sizes of
15-20 nm, so that it is possible, that agglomerates and bigger particles were cut
from the distribution.
With the measurements made we draw the conclusion that the particle size dis-
tribution has its maximum between the PCS and the aF-FFF and x-ray maximal
values. The signal for higher particle sizes obtained with PCS and TEM, can
also be observed with AUC measurements. The particle size distribution shown
in figure 7.12 has a tailing until 10 nm, but one has to keep in mind that we are
talking of a particle size distribution obtained with a density for the particles in
powder form and not in dispersion. So the tailing would shift to higher particle
sizes with decreasing particle density. When there are agglomerates or particles
present in the sample with sizes much bigger than the particles of the main dis-
tribution, it is likely, that they already sedimented during the acceleration of the
centrifuge and the calibration of the detector which takes about 2-3 minutes.
Finally, the result obtained with the TEM micrographs, that show a maximum
for the volume weighted distribution at 5 nm and a distribution from 2-10 nm
with more peaks at about 13 and 17 nm, seems to be a good approximation for
the actual particle size distribution of the dispersions.
As it can be seen in table 7.2, the results from the optical diameter and for
the crystallite size from x-ray diffraction are in the same order of magnitude.
The crystal size calculated from the XRD pattern corresponds to the size of so
called coherent crystal regions (see chapter 5.3.1), and therefore not to the actual
particle size. The optical diameter is calculated from the shift of the onset of
absorption. That means starting from an electronic transition in the semicon-
ductor. A particle will not be a simple crystal. It will either be composed of
several crystals, or of crystals with different domains, smaller than the actual
particle size, or of a crystalline domain embedded in an amorphous domain. The
question is now if this influences the confinement effect. Is there only one exciton
present in the particle, experiencing the spatial confinement due to the particle
size of the whole particle, or experiences the exciton the spatial confinement aris-
ing from the size of the separate crystalline domains, and are there so, several
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excitons possible in one particle?
It is said in literature, that to observe the quantum size effect the particle size
must become smaller than the exciton Bohr radius. The onset of absorption of
our particles is clearly blue shifted to 310 nm, so most of the particles must be
smaller than 5 nm. But with the particle size measurements carried out it is more
likely that the majority of the particles is 5 nm or bigger, so that the majority of
the particles do not experience a quantum confinement. If this would be the case,
one should observe an absorption spectrum where the absorption starts at 340
nm, the bulk value for ZnS. This is not the case. When the particles experience a
confinement due to the crystallites or crystal domains in the particle and not due
to the whole particle this would be clearer. This means that the optically active
unit of the particles corresponds not to the particle itself but to a smaller unit
within the particle. The presence of different domains within a crystal has for
example been shown with HRTEM images for nanosized silicon powders [Hof96].
So no conclusions can be made about the widening of the band gap from particle
size measurements like PCS, AUC, aF-FFF or TEM. The method that is most
likely to determine the size of the optical diameter are calculations from XRD
patterns.



Chapter 8

Optical properties

For the application as biosensors the optical properties of the synthesized particles
are their most important feature. They are therefore investigated but a lot of
these properties are still controversial and unclear.
Absorption und emission spectra are for example frequently measured, but not
brought into a form where they can be compared with other measurements. To
compare luminescence emissions measured with different spectrometers one has
to transfer them into quantum yields, which is only rarely done.
Fluorescence quenching effects for nanoparticles in connection with dispersion
concentration have to the authors knowledge not yet been reported, and so no
work to explain this for nanocrystals has been done yet.
The lifetimes for Mn2+ emission in a ZnS nanoparticles have been measured with
varying results. Bhargava et al for example reported a lifetime shortening for the
Mn2+ emission in Mn2+ doped ZnS quantum dots down to ns [Bha94/2, Bha96],
whereas Murase et al reported ms lifetimes for the Mn2+ emission [Mur99]. To
the authors knowledge there have been only two groups that investigated the
lifetimes of the blue ZnS emission. Bol et al reported lifetimes from 50 ns to
250 ns for this emission [Bol98], whereas Murase et al determined it to be in the
region of 10 ns. This shows that the results of lifetime measurements are still
controversial and worth a further investigation.
The effect of the dopant concentration on the luminescence efficiency has been
investigated and reported, but the reasons for this quenching are still unclear.
In this chapter we investigated the synthesized particle for their fluorescence
quantum yields, examined the changes of the quantum yield with dispersion and
dopant concentration, and made lifetime measurements with different set ups.
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8.1 Luminescence quantum yield

For applications as biosensors the luminescence intensity of the particles is impor-
tant. Since the intensity is an apparatus depend value one has to talk in terms of
quantum yields, when one wants to compare results obtained with different flu-
orescence spectrometers. A method to do this is described in section 2.1.2. Here
the sample is compared with a reference substance of known quantum yield. We
used quinine sulphate as reference substance.

8.1.1 Quinine sulphate

The reference substance for quantum yield measurements should have its absorp-
tion and emission in the same range as the sample. Since our particles have a
large stokes shift and most organic dyes have the absorption and emission peak
very close to one another, it was rather difficult to find such a substance.
Quinine sulphate has two absorption maxima one at about 320 nm and the second
at 350 nm. The emission peaks at a wavelength of about 460 nm. The absorption
and emission spectra, as well as the structure of quinine sulphate can be seen in
figure 8.1.
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Figure 8.1: Absorption and emission spectra and structure of quinine sulphate

Quinine sulphate has a quantum yield of 50 % when dissolved in 0.5 M H2SO4.
In section 2.1.2 it was explained that reference and sample should preferably be
in the same solvent, otherwise corrections for the refractive indices should be
made. We consider the differences for the refractive indices for 0.5 M H2SO4 and
water as small, and so made no correction.
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8.1.2 Fluorescence quenching

The fluorescence quantum yields have been calculated with equation 2.5.

ΦS =
AR · ES · n2

S

AS · ER · n2
R

· ΦR

It was observed during fluorescence measurements, that the luminescence in-
tensity increases first with dilution before it than diminishes. So the quantum
yield was determined for different dilutions of the sample resulting in the graph
displayed in figure 8.2. To make the graphs more comprehensible and to show
that the values for the quantum yield tend to a limit value, the inverse of the
mass content was plotted versus the quantum yield. So that means that high
values on the x-axis represent small mass contents.
The points in figure 8.2 represent the measured value, the curve added is a log-
arithmic fit of these points to guide the eye. The limit value the quantum yield
is tending to, represents the quantum yield for infinite dilution, that means the
quantum yield of a single particle. In figure 8.2 one can see that with our mea-
surements we are not yet in the region where the quantum yield gets constant,
but it was not possible to dilute any further, because with a dilution of a factor
of 100 we reach the detection limit of the UV/vis spectrometer.
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Figure 8.2: Plot of quantum yields of ZnS:Mn nanoparticles for different dilutions,
showing concentration quenching
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The maximum quantum yield measured with this method was about 2 % for
the highest dilution. This is very small compared with the 50 % of quinine sul-
phate or the 100 % of rhodamine.
The effect when the quantum yield decreases with increasing concentration is
called concentration or fluorescence quenching. The two most frequently pro-
cesses leading to fluorescence quenching are dynamic and static quenching (see
section 2.1.3). Dynamic quenching results from collisions between the fluorophore
and the quencher. Static quenching is due to complex formation. In both cases
quenching requires molecular contact between the fluorophore and the quencher.
In case of the collisional quenching, the quencher must diffuse to the fluorophore
during the lifetime of the excited state. Upon contact, the fluorophore returns to
the ground state without emission of a photon. In the case of static quenching
a nonfluorescent complex is formed between the fluorophore and the quencher
[Lak83].
To distinguish between dynamic and static quenching, one can carry out mea-
surements at different temperatures. Since the dynamic quenching depends upon
diffusion, larger temperatures result in a larger diffusion coefficient and the bi-
molecular quenching constant is expected to increase. In contrast, increased
temperature is likely to result in decreased stability of complexes, and thus lower
values of static quenching constants. A plot for F/F0 versus [Q] leads to a linear
Stern-Volmer plot for dynamic and static quenching. With increasing tempera-
ture the slope for dynamic quenching increases, that for static quenching decreases
(see figure 8.3).

 

Figure 8.3: Stern-Volmer plot for dynamic and static fluorescence quenching
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The quenching effects discussed are always dependent on the quencher concen-
tration. The question is now what acts as quencher in our dispersions. Oxygen
can for example act as a quencher. Another possibility would be that the particles
quench themselves by colliding with one another. Instead of loosing energy by
emission of a photon, the electron could relax by loosing the energy by colliding
with other particles.
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Figure 8.4: Absorption of ZnS:Mn nanoparticle dispersions for different mass
contents and different temperatures.

To verify which kind of quenching is present in the case of our nanoparticles,
and maybe to get an idea what acts as quencher, a particle dispersion was mea-
sured at different temperatures (5 ◦C, 25 ◦C, 35 ◦C). In figure 8.4 one can see
the absorption of the dispersion for different dilutions at the three temperatures.
In this figure one can see the linear increase in absorption with particle content
in the dispersions. The slope of these straight lines corresponds, according to
Lambert and Beer’s law (equation 8.1), to the product of the path length l and
the molar absorptivity or extinction coefficient of the sample [Hol95].
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A = lg
(
I0
I

)
= εA · l · c (8.1)

Since the path length is constant during the measurements the changes in
the slope should only be due to changes in the extinction coefficient which is
for solutions independent of the concentration, but is a function of wavelength,
temperature and solvent [Bur81]. In figure 8.5 the extinction coefficients calcu-
lated from the slopes are plotted against the temperature. The increase could be
described as linear, but it is difficult to make a statement on this with only three
points.
Another point that adds to the change of the absorbance with temperature be-
sides the temperature dependency of the extinction coefficient is the cysteine
concentration in the dispersion. Since the cysteine is not covalently attached
to the particle surface there is equilibrium between attached and free cysteine.
This equilibrium is surely temperature dependant and so the concentration of
free cysteine in the dispersion will change with temperature.
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Figure 8.5: Extinction coefficients for ZnS:Mn nanoparticle dispersions at 5, 25
and 35 ◦C.
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Figure 8.6: Emission of ZnS:Mn nanoparticle dispersions for different mass con-
tents and different temperatures.

In figure 8.6 the area under the luminescence emission peak is plotted against
the inverse of the mass content of the dispersions. The measuring points are
connected to guide the eye and make the graph more comprehensible. One can
observe a first increase of the emission with increasing dilution. For the last values
one can than observe a decrease, which indicates that we are at dilutions where
the concentration quenching is getting less effective. The emission, decreases with
increasing temperature.

Quantum yield

Finally in figure 8.7 the quantum yields for different temperatures are plotted
versus the inverse of the mass content. We obtain the same characteristics for
the respective temperatures as for the measurements shown in figure 8.2, but here
we can also see that the quantum yield increases with decreasing temperature.
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Figure 8.7: Quantum yield versus 1/(mass content) plot for different tempera-
tures.

Stern-Volmer plot

Like already mentioned above the quencher is present in the dispersions after
sample preparation. The most likely cases are either that the particles quench
themselves by colliding with one another, or that oxygen present in the sample,
which is known to be a good quencher, does it. When we dilute the samples with
water, the quantum yield increases. When the oxygen dissolved in the water
is responsible for the quenching we would, by diluting, decrease the fluorophore
concentration, but not the quencher concentration, since we add dissolved oxygen
by adding water. So the fluorophore to quencher ratio would decrease, and so
the quantum yield should also decrease.
When the particles quench themselves by collisions like mentioned above, by
diluting, we change the concentration of the quencher and the fluorophore at
the same time. So there is less fluorophore present in the sample but it there
are also fewer collisions so that it is possible that by diluting the emission first
increases despite the fact that the fluorophore concentration decreases, because
the decrease of quenching compensates this. But there will be a point when
this is never possible and the emission will decrease due to dilution. This can
be seen in figure 8.6 where the last data point shows a beginning decrease in
luminescence emission. Since we have the quencher always present in the sample
it is not possible to determine F0, the luminescence intensity without quencher.
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Furthermore, it is not possible to vary the quencher concentration independently
from the fluorophore concentration.
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Figure 8.8: Stern-Volmer plot for ZnS:Mn nanoparticle dispersion.

When we assume that the luminescence for the highest dilution represents F0,
and we plot the quantum yield for the highest dilution versus the mass content,
we obtained graph 8.8. In principle we obtain three linear plots starting at a
value of one for Φ0/Φ like for a Stern-Volmer plot, but the differences between
the values are so small, that it is not possible to judge if we have a collisional
quenching behaviour for these plots. Only the values for the a mass content of 5
g/l are clearly distinguishable from one another and show an increase of Φ0/Φ for
decreasing temperatures which would be characteristic for a collisional quench-
ing. When the plots for the different temperatures coincide, this would mean
that the quenching is not temperature dependant. So that our quenching mech-
anism can be described neither by collisional nor static quenching. Since with
the temperature measurements no statement about the quenching mechanism is
possible, other methods have to be applied.
Another possibility to distinguish between static and dynamic quenching is via
the lifetimes of the excited state. The theoretical aspects for this are presented
in section 2.1.3 and the lifetime measurements are described in section 8.2.2.
Another approached is to calculate the mean free path of the particles and then
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determine the time they need to make this distance via the diffusion coefficient.
This was made in the following chapter.

8.1.3 Mean free path

The number of collisions between particles in a certain time depends on the
number of particles present in the sample and their velocity. The distance a
particle can cover between two collisions is called the mean free path. We consider
the position of all particles except one to be frozen [Atk98]. So when a particle
travels through a dispersion with a relative velocity crel for a time ∆t, it sweeps
out a tube of cross-sectional area

σ = π · d2 (8.2)

and the length ∆t · crel, and therefore the volume

V = σ · ∆t · crel (8.3)

One counts a hit, whenever a stationary particle comes with its centre in this
tube, so the number of collisions z per time interval ∆t is

z = σ · crel ·N (8.4)

with N being the number of particles per volume. If all particles move this
changes to [Atk98]

Z =
√

2 · σ · crel ·N (8.5)

With the collision frequency one can calculate the mean free path l. If a
particle collides with a frequency Z, it spends a time 1/Z in free flight between
collisions, and therefore travels the distance (1/Z)crel. Therefore, the mean free
path is

l =
crel

Z
(8.6)

Substitution with equation 8.5 gives

l =
1√

2 · σ ·N =
1√

2 · π · d2 ·N (8.7)

The particle density N is given in particles per m3, so with the concentration
of 0.035 mmol/l for the dispersions calculated in annex F, we obtain a particle
density of N = 2.57 · 1022 1

m3 . The collision cross section for 5 nm particles is σ =
7.85 · 10−17 m2.
This leads to the mean free path of
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l = 3.5 · 10−7m = 350nm

Thus the mean free path corresponds to 70 times the particle diameter. The
highest dilution applied for the quenching was a factor of 100, with this dilution
one obtains a mean free path of 35 µm.
The diffusion coefficient can be calculated with the Stokes-Einstein equation.

D =
kB · T

6 · π · η · r (8.8)

For a temperature T = 298 k, and the viscosity of water being η= 1 mPa · s
one obtains a diffusion coefficient of

D = 8.73 · 10−11m
2

s
.

Thou in 1 s a particle can travel the mean distance x of

x =
√
D · t = 9.3 · 10−6m, (8.9)

which corresponds to the mean velocity for the particle of

v = 9.3 · 10−6m

s
.

With this velocity it takes the particles 0.04 s to travel the distance of 350
nm corresponding to the mean free path calculated above. So for a collisional
quenching to be effective we should at least have a luminescence lifetime of 40
ms.
Lifetime measurements for the particles are presented in chapter 8.2, the results
will be discussed there.

8.1.4 Influence of the SiO2 shell

The quantum yields observed for manganese doped ZnS nanoparticles are con-
siderably smaller compared with organic fluorophores with quantum yields up to
100 %. The reasons possible for this could be either radiationless recombination
of the electron and the hole or the recombination over the band gap, yielding in
the typical blue ZnS emission.
Radiationless emission will mainly occur at the particle surface, were defect states
in form of unsaturated bonds act as electron traps. So a saturation of these bonds
by coating the particles should prevent this and increase the particle quantum
yield.
We chose a SiO2 coating, since its refractive index matches well with the refrac-
tive index of the ZnS, so that the light is diffracted into the particle core (nZnS >
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nSiO2). The shell has to be a higher band gap material or an insulator otherwise
the shell and not the core would be excited. This is also given with SiO2 being
an insulator.
Although the increase of luminescence by coating particles with an inorganic cap-
ping is often reported for CdS [Hen87, Spa87] and CdSe [Kor90, Hoe92, Dab97,
Pen97, Hin96], this is not the case for ZnS:Mn particles. Reports on coating ZnS
with SiO2 or incorporating them into SiO2 thin films can be found [Vel01, Bha02,
Bha02/2], they are not concerned with changes of the optical properties.
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Figure 8.9: Quantum yields of coated and not coated ZnS:Mn nanoparticles.

The only group that observed an increase of the luminescence for SiO2 coated
Zn:Mn nanoparticles are to the authors knowledge Ethiraj et al [Eth03]. The
coating on thioglycerol stabilized particles was performed with TEOS and parti-
cles with a diameter of about 600 nm were obtained. Unfortunately the increase
in luminescent intensity or quantum yield was not further quantified.
In figure 8.9 one can see their results affirmed. In this graph the quantum yield
curves for a dispersion before and after coating are plotted. The graph for coated
particles shows higher quantum yields than for the uncoated particles. One ob-
serves an increase of the quantum yield for maximum dilution of a factor of three.
So the coating in fact influences the quantum yield as reported [Eth03].
A TEM micrograph and the AUC results for this experiment have already been
presented in the figures 6.15 and 6.14 in section 6.6. There one can see that not
all particles are coated, and that the resulting particles have sizes fro 20 to 80
nm. If a complete coating of the particles could be achieved a further increase of
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the fluorescence quantum yield would be possible.

8.1.5 Influence of the doping

The orange fluorescence obtained from the particles is due to an electron tran-
sition within the d-orbitals of the Mn2+ doping. So the quantum yield should
be dependent on the doping concentration. To investigate this, samples with a
molar percentage of 0.05-0.55 at% of manganese were prepared and characterized
for their optical properties.
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Figure 8.10: Quantum yield for different Mn2+ contents in 1 g ZnS without
cysteine.

In figure 8.10 one can observe that the quantum yield increases first with
increasing Mn2+ content, then it reaches a maximum to then finally decrease
with increasing Mn2+ content. The quantum yields displayed were measured for
a dilution of a factor of 100, to have the less fluorescence quenching effect possible.
The maximum quantum yield is obtained for a Mn2+ content of 164 µg per gram
ZnS. This corresponds to a doping of 0.03 at% Mn2+. The plotted values can
also be seen in table 8.1. The value for 223 µg Mn2+ in 1 g ZnS shows a quantum
yield of 1.8 % which is too high compared with the quantum yields measured for
samples with a similar Mn2+ content. If we attribute this to a error in one of the
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measurements it could be either that the quantum yield was measured too high
or the Mn2+ content.
In table 8.1 one can see that that the quantum yield fits well in the series of
measured points since it corresponds to 0.25 at% Mn2+ in the reaction mixture,
but that the Mn2+ content does not fit at all in the series. So we attribute this
point to an error in the ICP measurement. In figure 8.11 one can see the plot of
the Mn2+ to Zn2+ ratio in the reaction mixture and in the ZnS powders. This
graph can give information about the incorporation of Mn2+ in the particle and
about the quality of the ICP measurements.
The measurements show a good linearity for the first three and the last four
points. The four points in the middle fit not that well, especially the one 0.25
at% in the reaction mixture. This is the same point that also does not fit in
graph 8.10. Errors for the ICP measurements can for example be introduced
when the plasma is not stable. Several times the plasma stopped during a series
of measurements and had to be restarted this could introduce fluctuations like
for the four points in the middle of the measured series.
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Figure 8.11: Mn2+ to Zn2+ ratio in [at%] in reaction mixture and 1 g ZnS deter-
mined with AES-ICP.
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A decrease in quantum yield for an increase of dopant has been observed by
other groups. They report the maximum luminescence intensity (not quantum
yield) to occur at 2 at% [Soh96, Soo96] and 10 at% [Bol98] respectively. Only
Bol et al explain that their value refers to Mn2+ in the reaction mixture, for the
other two publications this was not specified.
Since we either do not know to what their values refer or how much is actually
incorporated in the particles in the case of Bol et al it is difficult to compare our
values with theirs. As it can be seen in table 8.1 there is a factor of about 10
between the Mn2+/Zn2+ in the reaction mixture and in the particles. A similar
behaviour has been reported by Gallagher et al [Gal95]. For an organometallic
synthesis they fount 0.87 at% Mn2+ in the powders for 10 at% in the reaction
mixture. So only a small percentage of the Mn2+ is actually incorporated in the
particles.

Table 8.1: Manganese contents in reaction mixture, ZnS powder and per particle.
[at%] is related to Zn

Mn2+ [at%] Mn2+ [at%] Mn2+ [µg] QY [%] NMn

in reaction mixture in 1g ZnS in 1g ZnS

0.05 0.005 30 1.0 0.1
0.1 0.01 57 1.4 0.2
0.15 0.016 87 1.5 0.3
0.2 0.031 170 1.9 0.5
0.25 0.041 223 1.8 0.7
0.3 0.03 164 2.1 0.5
0.35 0.026 143 1.9 0.4
0.4 0.034 184 1.4 0.5
0.45 0.036 197 1.2 0.6
0.5 0.038 207 1.2 0.6
0.55 0.043 234 1.2 0.7

There are different reasons given in literature for the decrease of the quan-
tum yield. Enrichment of Mn2+ at the particle surface of the ZnS particles, or
the formation of separate MnS particles [Soh96], or a so called concentration
quenching [Bol98]. Concentration quenching involves resonant transfer of elec-
tronic excitation energy from the initially absorbing ion to another identical ion
and, after a number of energy transfer steps, to a quenching site (for example a
defect) [Bol01/2]. A problem with this theory is the fact, that we do not directly
excite the manganese impurity, but the ZnS host. For the energy transfer the
emitted radiation would necessarily directly excite the manganese. We tried to
do this with the spectrometer, and it was not possible. But this does not proof
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that this quenching mechanism is not possible. Another problem is the fact that
the concentration of the dopant metal must exceed a limiting value, so that the
distance between the Mn2+ gets small enough for this transfer to take place. So
it is interesting to know how many manganese atoms are present in a particle for
a certain doping percentage.
Yu et al calculated that there are 4 Mn atoms in particle with a diameter of 2.5
nm and a doping of 1 at%. The number of atoms in a cubic ZnS particle NP can
be calculated with the following equation [Lip89]:

NP =
4

3
π
d3

a3
(8.10)

With a lattice constant of a=5.82 Å[Ave67] and a diameter of 5 nm one ob-
tains with equation 8.10, 2660 atoms per particle. Since ZnS is a one to one
compound this corresponds to 1330 Zn atoms per particle. The number of Mn
atoms per particle NMn for the doping percentages obtained with ICP measure-
ments can be seen in table 8.1. For our small percentages we do not even have
one Mn in every particle, so the concentration quenching process is not applica-
ble for our powders. This is also affirmed by magnetization measurements made
in the group of Palacio at the University of Saragossa. They showed the Mn2+

to be homogenously distributed in the particle so that no magnetic interactions
between them could be measured (see annex G).
With these information it is difficult to say which effect is responsible for the
decrease in fluorescence quantum yields with increasing Mn2+ content. It is un-
likely that it is due to concentration quenching since there is not even a Mn2+

ion in every particle. The magnetization measurements do not show the pres-
ence of Mn2+ pairs or triplets which confirms this. It is still possible that with
increasing Mn2+ content in the reaction mixture the tendency to form separate,
non-luminescent MnS particle increases. That the Mn2+ is perhaps adsorbed at
the surface instead to be incorporated in the particles is also a possibility. This
would indicate that the actual incorporation in the particles is difficult, which
is also shown by the factor of about 10 between the initially introduced Mn2+

content, and the content actually found in the particles.

8.2 Luminescence lifetimes

A typical problem in biosensor fluorescence measurements, is to separate the
fluorescence signal from the background signal. Typical fluorophores such as
fluorescin have fluorescence lifetimes in the nanosecond region (see figure 8.12),
backgrounds often have lifetimes in the microsecond region. This reduces the
signal to noise ration and leads to difficulties to detect the fluorescence of the
dye. So a good fluorophore is either one with a very intense emission compared
to the background or with a long lifetime.
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Luminescence lifetimes can also give information about the recombination mech-
anism. So one can distinguish between a fluorescence and a phosphorescence
mechanism by means of the lifetimes. Fluorescence mechanisms have lifetimes in
the nanosecond region, were as phosphorescence is in the millisecond region. If
a decay is mono- or multi exponential can give an information if there is more
than one electron population present in the particles.
For the measurements two different setups have been applied. A simple setup
with only a flash lamp as excitation source at the CSEM in Neuchatel, and a more
complex laser setup at the University of Mulhouse, which gave as the possibility
to measure lifetimes in the nanosecond region.

 

Figure 8.12: List of lifetimes for different fluorophores [Lak99].
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With the setup in Mulhouse it was not only possible to measure the long-lived
orange emission due to the doping, but also the blue emission due to the ZnS
host.

8.2.1 Flash lamp measurements

The lifetimes of the ZnS:Mn nanoparticles have been measured at the CSEM
in Neuchatel within the framework of the PhD thesis of Caterina Minelli. The
excitation wavelength of 310 nm for the particles would require a UV laser for
the lifetime measurements. Since these lasers are expensive and require a high
security standard, the measurements have been made with a triggered flash lamp.
The set up used in Neuchatel is shown in figure 8.13.
For the measurements the samples were either used in form of a dispersion or
a drop was dried on a glass slide. Before each measurement the detector was
replaced by a camera to allow the correct spot alignment. The flash lamp was
triggered at 30 Hz for the sample excitation, the detector recorded the signal with
a frequency of 500 kHz.
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Figure 8.13: Set up for lifetime measurements used at the CSEM.

To record the background signal either the glass slide without the particles
or a quartz cuvette with water were measured. The results for background and
particle measurements for dispersion measurements can be seen in figure 8.14.
The points represent the measured signal, the black curve represents the first
order fit made for the measurements. It can be seen that the background signal
which comes from the flash lamp and the auto fluorescence of the quartz cuvette,
decays more quickly than the particle signal. The background has an average
lifetime of 80 µs, the particles about 260 µs. To be sure that the results obtained
with this setup were correct, a substance with a known lifetime was measured.
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For this FluoroSpheres®were used. These are 40 nm carboxylate modified micro
spheres with Eu3+ incorporated in an organic coordination complex. They were
excited at 365 nm and emit with an emission wavelength of 610 nm, so they could
be measured without changing the setup. With 370 µs we obtain a result that
indicates a phosphorescence rather than a fluorescence recombination mechanism
according to figure 8.12.
The result we obtain with these measurements is that the particles have a lifetime
sufficiently long to be detected without any problem despite a strong background
fluorescence even with the simple setup used for these measurements.
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Figure 8.14: Lifetime measurements for ZnS:Mn nanoparticles and the back-
ground.

A second result is, that the measurements made for the ZnS:Mn nanoparticles
fit better a second order decay than a first order decay. This can be seen in figure
8.14. The mono exponential fit represented in the graph shows a good match to
the measurement for long times, at the beginning of the measurements it does
not fit as well.
In figure 8.15 one can see the result for a second order fit. That a second or-
der decay matches the measurements better indicates that there is more than
one recombination mechanism present in the sample, or that more than not one
population of excited electrons exists. Since the luminescence lifetime decays
are bound to the energy level structure of the nanoparticles it is not possible to
make a statement on this without more precise measurements, and a detailed
knowledge of the electronic structure of the particles. But with the fit for a bi
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exponential decay two lifetimes are obtained. A faster decay with a lifetime in
the region of 200 µs, and a decay with a lifetime of about 1 ms.
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Figure 8.15: Second order fit for the measurements made at the CSEM at Neucha-
tel.
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8.2.2 Nanosecond measurements

To get a better insight in the decay characteristics and to get more precise results,
nanosecond measurement with a laser setup have been made at the University
of Mulhouse in the group of Professor Allonas. The setup can be seen in figure
8.16. To obtain a 310 nm laser beam the light from a Nd:YAG laser was split
into 1064 nm, 532 nm and 355 nm. The 355 nm emission was then split into 620
and 829 nm waves and finally a 310 nm laser emission could be obtained with a
double frequency device. This beam has to be stabilized and the measurements
were then done in a quartz cuvette. As reference the cuvette only filled with
water were measured.
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Figure 8.16: Setup for the nanosecond measurements carried out at Mulhouse.

The measurements were made with ZnS:Mn particles and the particles coated
with SiO2. With these laser measurements it was possible to measure the blue
emission due to the ZnS and Mn2+ emission separately. The maximum of the
ZnS emission was measured to be at 380 nm, the one due to the Mn2+ at 590
nm.
The detection limit of the setup used in Mulhouse is set by the excitation laser
pulse. The decay due to this pulse has a full width at half maximum of about 4
ns. That means that only signals with a FWHM of the same order or bigger can
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be resolved. The blue emission from the ZnS host is in the order of the excitation
laser pulse, so it is necessary to separate this signal from the laser pulse profile.
This treatment of the signal is not necessary for the Mn2+ emission since the
luminescence lifetimes are orders of magnitude longer.
The laser excitation pulse of 310 nm and the peak due to the blue ZnS emission
can be seen in figure 8.17. As for the results obtained in Neuchatel, also here the
decay is better approximated by a bi exponential decay than a mono exponential
one. The respective lifetimes obtained for the ZnS emission were 0.77 ns and 11.8
ns.
The result for the Mn2+ emission is displayed in figure 8.18. As for the ZnS also
here the signal can be separated into two signals. The respective lifetimes being
214 µs and 1 ms. The intensity observed for the Mn2+ emission was considerably
lower than the one for the ZnS emission but that does not allow conclusions
about the quantum yield, since the quantum yield is not proportional to the
luminescence intensity, but to the integral over the emission peak.

 

-5.00E-01

0.00E+00

5.00E-01

1.00E+00

1.50E+00

2.00E+00

2.50E+00

5.00E+01 7.00E+01 9.00E+01 1.10E+02 1.30E+02 1.50E+02 1.70E+02 1.90E+02 2.10E+02

Time [ns]

F
lu

or
es

ce
nc

e 
[a

u
]

experimental decay

laser pulse

A1 = 0.2

τ1 = 0.77 ns ± 0.01

A2 = 0.0051

τ2 = 11.78 ns ± 0.085

Figure 8.17: Lifetime measurement for the blue ZnS emission, 380 nm.
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Figure 8.18: Lifetime measurement for the orange Mn2+ emission, 590 nm.

The same measurements have been carried out for the SiO2 coated samples
and for the samples diluted by a factor of ten. The results for the fitted function

f(x) = y0 + A1 · exp
(
t

τ1

)
+ A2 · exp

(
t

τ2

)
(8.11)

can be seen in table 8.2 and 8.3. The errors reported are the standard devi-
ations given by the fit. The data analysis error comes from the range in which
the fit is done. Varying the extremities of this range can result in changes of the
results bigger than the standard deviation.

Table 8.2: Lifetimes for the blue emission due to ZnS at 380 nm.

A1 [au] τ1 [ns] A2 [au] τ2 [ns]

ZnS:Mn 0.2 0.77 ± 0.01 0.0051 11.78 ± 0.008
ZnS:Mn x10 0.13 1.085 ± 0.005 0.0075 9.5 ± 0.02
ZnS:Mn/SiO2 0.27 1.776 ± 0.007 0.018 24.6 ± 0.08

ZnS:Mn/SiO2 x10 0.27 1.9 ± 0.05 0.015 20.96 ± 0.08
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Table 8.3: Lifetimes for the orange emission due to the Mn2+ at 590 nm.

A1 [au] τ1 [µs] A2 [au] τ2 [µs]

ZnS:Mn 0.083 1000 ± 50 0.073 214 ± 16
ZnS:Mn x10 0.022 1030 ± 150 0.011 111 ± 51
ZnS:Mn/SiO2 0.034 1710 ± 100 0.018 242 ± 27

ZnS:Mn/SiO2 x10 0.24 2600 ± 500 0.015 287 ± 110

The decay time for the Mn2+ emission in bulk ZnS is 1.8 ms [Gum81]. Dif-
ferent lifetimes for nanoparticles have been reported since the interest in these
materials increased. Bhargava et al were the first to publish lifetime measure-
ments on Mn2+ doped ZnS nanoparticles [Bha94/2, Bha96]. They observed a
lifetime shortening from ms to ns. This was also described by Sooklal et al
[Soo96]. Bol et al were the first to report a multi exponential decay for the Mn2+

emission. They observed besides decays of 40 and 250 ns also a longer decay of
about 0.4 ms [Bol98], this was confirmed by the group of Murase [Mur99]. Bol
and Murase also measured the lifetimes of the blue ZnS emission. The group of
Bol measured lifetimes of 50 and 200 ns, that means lifetimes in the range of the
Mn2+ emission. Murase could with their setup measure lifetimes down to 10 ns.
Our measurements confirm the lifetime results for the blue emission of Murase,
like Bol and Murase we also measure a ms lifetime for the Mn2+ emission. But
we did not observe ns lifetimes for the orange emission, and also the long (200
ns) lifetime for the ZnS emission could not be observed.
That there are different results for the lifetime measurements can be due to dif-
ferent setups used for the measurements and to the way in which the obtained
data were analysed. Ns lifetimes are not observable without a suitable laser set
up. How data analysis influences the results can already be seen for the measure-
ments made at the CSEM at Neuchatel. Analysis supposing a mono exponential
decay results not in the same value as for the assumption of a bi exponential
decay.
Another reason is the fact that we do not measure the same particles. Opti-
cal properties are often influenced by the chemical environment. So a different
surfactant used for the particle synthesis can already change the luminescence
lifetimes. This can also be seen for the measurements made on the ”naked” and
the SiO2 coated particles. The coating leads to an increase of the lifetimes for the
blue as well as for the orange emission (see table 8.2 and 8.3), which corresponds
to the increase of the quantum yield observed (see section 8.1.4)
In section 8.1.2 we tried to find out if the luminescence quenching observed was
of a dynamic quenching or a static quenching nature. Measurements of the quan-
tum yield at different temperatures gave no coherent results and we referred to
the possibility to draw conclusions from the lifetime measurements.
If a dynamic quenching would be present for our samples we should observe a
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variation of the fluorescence lifetimes with dilution for static quenching not (see
section 2.1.4). This is due to the fact that the dynamic quenching depopulates
the excited state, whereas the static quenching does not. Static quenching takes
a part of the fluorophores out of the system by complex formation. They are not
excited and they do not emit, so static quenching does not influence the excited
state and so there should no concentration dependence of the lifetimes be observ-
able.
The luminescence quenching of the particles were only investigated for the Mn2+

emission. With a look at table 8.3 we see that for the SiO2 coated particles the
lifetimes increase with dilution. This would indicate dynamic quenching. For
the cysteine coated particles this not the case. τ1 shows only a variation with
dilution that is within the statistical error. For τ2 we even observe a decrease for
the lifetime of almost 50 %. So also with lifetime measurements we do not obtain
coherent results.
We also calculated the mean free path and with this the time a particle needs to
collide with another particle. For the not diluted dispersions the mean free path
was 350 nm and for a collisional quenching we needed at least a luminescence
lifetime of 40 ms (see section 8.1.3). So the possibility of a collisional quenching
can be excluded with a maximum lifetime of 1 ms measured for the Mn2+ emis-
sion. A static quenching process is also not possible since the lifetimes should
be constant for different luminescence intensities which is not the case for our
particles.
With the measurements made in the framework of this thesis it was not possi-
ble to draw a final conclusion on the quenching mechanism for the quenching
due to dispersion concentration. Since it seems to be neither dynamic nor static
quenching other effects must be responsible for this phenomenon. In literature
whole lists can be found with quenching substances. Since we saw in section
6.5 that there is a large unknown rest present in the powders it is possibly that
impurities in the dispersions are responsible for the quenching by a mechanism
that is neither dynamic nor static. Another possibility could be that there are
agglomeration phenomena present at high concentrations that lead to quenching,
but this should normally be visible in the particle size distributions measured.
What can be seen with the lifetime measurements is that the luminescence decays
are not mono exponential but at least bi exponential. It is not possible to explain
this without knowing the exact recombination mechanism of the electrons in the
particle. We can approximate the decay to consist of two populations, but this
is only an approximation.
For the Mn2+ emission that can be explained by the fact that we have very small
particles with a large surface to volume ratio. So the two populations we observe
could be due to the recombination that take place near the surface and at the
surface, and the second could result from recombination in the bulk. But with
particles that small nearly every atom in the particle will experience a different
electric field, and can thus result in a different lifetime. So it is more likely that
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instead of having two populations with two distinct lifetimes, there is a lifetime
distribution underlying the two populations that we can resolve with the setup
used for these measurements.
For the blue ZnS emission different particles sizes could be responsible for this
since the particle size influences the electronic structures of the particles in this
size region.
It is in anyway interesting to remark, that the luminescence of the blue ZnS
emission is more intense than was expected from the luminescence measurements.
This is probably due to a lower sensitivity of the luminescence detector in the
UV. So the peak we obtain for the ZnS emission is only a small part of a peak
much more intense. So the ratio between the peak intensities of the two emissions
depends strongly on the spectrometer and its detector with which the lumines-
cence is detected. This could be seen when the same sample was measured on
different fluorescence spectrometers, where we obtained different ratios of the
peak intensities for the manganese and the ZnS emission
With this additional knowledge we have to consider a higher loss of quantum
yield due to emission directly over the band gap.
From the lifetimes one can attribute the ZnS emission to a fluorescence recom-
bination process and the Mn2+ emission to a phosphorescence mechanism. This
makes sense when we take into account, that the recombination for Mn2+ emis-
sion passes via an actually quantum mechanically forbidden step, which is the
case for most phosphorescence mechanisms.

8.3 Photo bleaching

One of the disadvantages of organic dyes is the so called photo bleaching, which
is the irreversible destruction of the fluorophore under illumination. Often or-
ganic dyes have to be handled in the dark and to be stored at low temperatures
because they bleach in the sun light. We compared our particles with fluorescin,
which is well know and an frequently used organic dye, and with the Alexa-350
fluorophore. The Alexa fluorophores are a series of dyes that cover the whole
visible spectrum and have been developed to overcome the disadvantage of photo
bleaching.
For the comparison, solutions of the two dyes have been made and measured for
their emission, the same for a freshly prepared particle dispersion. The samples
have been remeasured after three and four days of exposure to sun light at room
temperature respectively. After four days a decrease of particles emission of 9 %
has been observed, for the fluorescin the decrease was 23 % and for the Alexa-350
8 %.
This shows that, where photo stability is concerned, we are in the same range as
the best dyes available at the moment. The particles do not have to be stored at
low temperatures, but can be kept at room temperature in a transparent beaker.
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The coated particles even showed an increase in fluorescence quantum yield after
three months, which can be seen in figure 8.19.
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Figure 8.19: Quantum yields for coated particles.

8.4 Doping metals

To do multicolour experiments with organic fluorophores one needs a laser for
every emission colour, since for these fluorophores excitation and emission spectra
are very close. Inorganic nanocrystals can overcome this problem. In our case
the doping with different colours would lead to a series of particles, all excitable
at 310 nm, but with different emission colours. The ideal case would be a doping
with Ag+ (blue emission, 440 nm [Iga02]), Cu2+ (green emission, 470-500 nm
[Bol02]), Mn2+ (orange emission, 585 nm [Gum81]) and Eu3+ (red emission, 620
nm [Sun98]).
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Figure 8.20: Schematic setup of the LINA-Spark Atomizer.

The thesis treads the ZnS:Mn system as a model system, but we also tried
to dope with other metals. The reason for the efficient doping for the ZnS:Mn
case lies in its solubility products. MnS has a solubility product (1.7 ·10−16 mol2

l2

[Hol95]) which is higher than the one for ZnS (1.1 ·10−24 mol2

l2
[Hol95]). So when

the Na2S solution is added to the Zn2+/Mn2+ mixture the ZnS precipitates and
in doing so incorporates the Mn in its lattice. For the dopant metals mentioned
above, this is not possible because their solubility products are smaller than the
one of ZnS, so the dopant sulphide precipitates first and no incorporation in the
ZnS lattice takes place, but one obtains a mixture of two separate sulphides. This
could be seen best for a Zn2+/Cu2+ mixture. Since the CuS is black, the CuS
precipitation before the white ZnS precipitate could be observed.
For this reason it was tried to physically dope the ZnS with a laser process.
For this the LINA-Spark Atomizer, developed at the Powder Technology Labo-
ratory, was used. The LINA-Spark is a short lived argon plasma, induced by a
laser pulse. Generated at the surface of the sample, it evaporates some material,
which is then transported in an argon flux, and is then normally deposited on a
membrane (see figure 8.20).
HRTEM images of the deposition on the filter showed primary particle sizes of
about 5 nm, which is in the range of what we obtain with chemical precipitation.
To produce nanoparticles with this laser process ZnS was co precipitated with
the sulphideo f the metal we wanted to dope it with. Pills were pressed with
the powder which could then be used as samples in the atomizer. The material
was deposited on a membrane and then characterized for its composition and
structure. The characterization showed no change in crystal structure or compo-
sition of the sample during the laser ablation. The optical characterization of the
deposition showed, that powders that were luminescent before the laser ablation,
were also luminescent afterwards (ZnS:Mn), but powders that did not show a
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luminescence before the laser process were not doped in the laser process, and
so showed no fluorescence afterwards (ZnS:Ag, ZnS:Cu, ZnS:Eu). This indicates,
that instead of a real atomization of the sample in the plasma, we have rather a
ablation of parts of the sample that are then transported to the membrane, so it
is not possible to introduce the dopant metal in the ZnS matrix.
Since the optical properties are not changed in the process and fluorescent sam-
ples of the compositions mentioned above can be bought, it would be possible
tp buy luminescent samples and produce nanoparticles via laser ablation. So
we tried to stabilize the ZnS:Mn ablation in a surfactant solution. As surfac-
tants PEI (polyethylenimid), cysteine and PVP (polyvinylpyrrolidon) were used.
The dispersions obtained were only stable for 2-3 hours, and PCS measurements
showed particles or agglomerates with sizes between 500 and 1000 nm. The pri-
mary particles of about 5 nm that could be seen for other ablations could not be
seen in dispersion, but agglomeration occurred most probably during the trans-
port in the argon flux. This could be prevented by the use of an aerosol of, for
example a cysteine solution, to inhibit the agglomeration during the process.
To conclude, the doping of the ZnS with the LINA-Spark atomizer is not possible,
but the process does not alter the optical properties of a already luminescent ma-
terial. So the process could be use to produce nanopowders with already doped
bulk samples. For this one would have to stabilize them directly in a surfactant
solution and try to prevent agglomeration during the transport.

8.5 Conclusions and discussion

For the application as biosensors the optical properties of the ZnS:Mn nanopar-
ticles are the most important of the particle’s characteristics. They have to
compete with organic dyes that have quantum yields of sometimes even 100 %.
This cannot be achieved with nanoparticles. But they have other advantages.
The most prominent is the large stokes shift between excitation and emission.
It is often difficult to measure the fluorescence emission of organic dyes without
also measuring the excitation peak, since the excitation and emission spectra are
normally very close (see figure 1.2). In the last chapter the optical properties of
the particles have been investigated.
It was observed, that the luminescence intensity and also the quantum yield
increases with dilution of the dispersions. This phenomenon is called fluores-
cence quenching. One distinguishes between a dynamic and a static quenching
mechanism. The dynamic mechanism depending strongly on the diffusion of the
particles in dispersion, should show dependence of the quantum yield on temper-
ature and of the luminescence lifetime on the concentration.
Quantum yield measurements at three different temperatures (5, 25 and 35 ◦C)
showed an increase of the quantum yield with a decrease in temperature. This
is not only due to an increase in luminescence emission but also to a decrease
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in absorption with lower temperatures. This comes from the temperature de-
pendence of the extinction coefficient of a solution. To get rid of these effects
the Stern-Volmer plot is used, were normally the ratio of luminescence without
and with quencher is plotted against the quencher concentration in the sample.
Since in our case the quencher is part of the system we plotted the ratio of the
luminescence for the highest dilution to the luminescence of lower dilution ver-
sus the dispersion mass content. The so obtained Stern-Volmer plots are very
close together and show no clear difference for the three temperatures, so that no
conclusions can be made with these measurements. It is possible, that the differ-
ences in temperature were not high enough, or that there is another quenching
mechanism present in the sample.
Another method to check on the quenching mechanism are lifetime measure-
ments. For collisional quenching the lifetimes should increase with diluting the
dispersion for static quenching the dilution of the samples should not influence
the lifetimes. So the behaviour of the luminescence lifetimes with dilution of
the dispersions has been investigated. An increase of the luminescence lifetimes
for the orange emission has only been observable for τ1 of the coated particles.
For the uncoated particles the lifetimes either decrease or the changes are within
the statistical error. This does not prove a collisional quenching, but since the
lifetimes change with dilution it is no static quenching either, since for this the
lifetimes should be constant for different concentrations. So for both methods
applied to verify the quenching mechanism, the obtained results are not coher-
ent.
When thinking of a collisional quenchening, the most likely mechanism would be
the loss of excitation energy during collisions between two particles. For this the
particles have to collide during the lifetime of the excited state. The longest life-
time for the orange Mn2+ emission is 1 ms. The mean free path of the particles
at highest concentration was calculated to be 350 nm. With the Stokes-Einstein
equation it was possible to calculate the velocity of the particles, and with this
the time a particle needs for 350 nm. This time was calculated to be 45 ms.
This finally proves that the collisional quenching mechanism is not present in the
sample.
Since the lifetime results excluded the possibility of a static quenching it is not
possible to make a definite statement on the quenching mechanism. It is likely
that there are other effects than a simple static or dynamic quenching responsible
for the quenching. This could for example be agglomeration phenomena at high
particle concentrations. Another possibility could be a quenching due to the large
unknown rest in particle composition found in section 6.5.
There is a second luminescence quantum yield phenomenon present in the parti-
cles. When the manganese content in the particles is increased the luminescence
quantum yield increases first to a maximum value and decrease then with fur-
ther addition of the dopant. This could be explained for example by a preferred
adsorption of the manganese at the particle surface instead of incorporation in
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the particle from a certain concentration on. Another reason could be the for-
mation of separate MnS particles. A quenching mechanism, called concentration
quenching, can be excluded, since there is not even one Mn2+ ion present in every
particle.
Lifetime measurements of the particles revealed some interesting facts. The blue
ZnS and the orange Mn2+ emissions were measured and it was shown that the
blue emission has very short lifetimes in the ns region and a higher intensity
than the manganese emission. This is interesting because with the measurements
possible with our spectrometer the blue emission is less intense than the orange
emission, so that we considered the loss of quantum yield due to this emission as
small. With these measurements we saw that the fluorescence from this transi-
tion is intense but it decays too quickly to be registered by our photometer.
Two lifetimes could be determined for each transition, but it is more likely that
we actually have a lifetime distribution, since the lifetimes vary with the elec-
tronic neighbourhood, which can vary a lot in a nanocrystal. Due to the large
surface to volume ratio the Mn2+ can have different lifetimes according to its
position in the particle. The different lifetimes for the blue ZnS emission could
be due to the particle size distribution.
That the lifetimes change with the chemical and so electronic environment can
for example be seen for the coated particles. Here, in the emission spectra an
increase of the blue emission intensity can be observed for the coated compared
to the not coated particles. This is accompanied by a lifetime and quantum yield
enhancement of the coated particles. The increase of the quantum yield by a
factor of three is attributed to the saturation of dangling bonds at the particles
surface with the coating.
The photo stability of the particles was compared with fluorescin and the Alexa-
350 fluorophore which is part of a series of the most photostable fluorophores
available at the moment. The photostability of the particle is in the same order
of magnitude as the Alexa-350 where the decrease of the fluorescence under irra-
diation is concerned. The coated particles even show an increase in luminescence
quantum yield after three month at room temperature and constant irradiation
of sun light.
So the synthesized particles show quantum yields depending on the dispersion
concentration and the manganese content in the particles that can be increased
by a factor of three by coating the particles with a SiO2 shell. Lifetime measure-
ments showed nanosecond lifetimes for the blue emission indicating a fluorescence
process for the recombination over the band gap. The lifetimes for the orange
emission go up to milli seconds which is in the region of phosphorescence life-
times. A phosphorescence mechanism is normally related with an intersystem
crossing form a singlet to a triplet state, so that the final recombination of the
electron and the hole is spin forbidden. In our case the 4T1 → 6A1 is forbid-
den by the Laporte rule, which forbids transitions between states of same parity
(which forbids all d → d transitions). The orange phosphorescence is ideal for a
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biosensor, since it can easily be detected when the background fluorescence has
decayed. The particle stability against photo bleaching is comparable with the
photostability of the most photostable organic dyes.



Chapter 9

Final conclusions and discussion

The goals formulated at the beginning of this work have been the synthesis and
characterization of doped ZnS nanoparticles in aqueous dispersion for applica-
tion as a biosensor in biological and medical analytics. They should be doped
with different doping metals to have the opportunity to perform multicolour ex-
periments with a single excitation wavelength, corresponding in our case to the
excitation over the ZnS band gap. The particles should be characterized for their
chemical composition, their particle size and their optical properties. For the
optical properties the quantum yields and fluorescence lifetimes were of special
interest. Finally, the particle should be biofunctionalized to allow the attachment
of biomolecules.
In the framework of this thesis a synthesis of Mn2+ doped ZnS particles in aque-
ous dispersion has been developed and cysteine was used as surfactant. IR spec-
troscopy indicates that the cysteine is attached to the particle surface via the
mercapto group. This also seem likely in view of the high affinity of mercapto
groups to ZnS. A second interaction with the particle surface via the amino group
is very probable since this would lead to the formation of a chelate complex which
is energetically favoured. To confirm this, solid state NMR measurements could
be helpful. Since it has already been seen for mercapto stabilized gold particles
we also assume a covalent bonding of the cysteine to the surface. This is also
encouraged by the decomposition of the cysteine at the particle surface instead
of a desorption of the molecule as a whole, and the fact that the SO2 evaporates
last. When the powders are isolated by addition of cold ethanol a high amount
of cysteine can be detected afterwards with elemental analysis which indicates
also a covalent bonding.
At a pH of 8.5, which corresponds to the pH of the dispersions after dialysis, the
amino as well as the carboxylic group are ionised. The free COO− group at the
particle surface is a good starting point for a particle functionalization. But first
attempts to biofunctionalize them via this group showed a strong sensitivity of
the synthesized particles to changes in ionic strength. Even the addition of the
smallest amount of a salt leads to particle flocculation. The dispersions are also
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very sensitive to changes of the pH. For pHs smaller than 8 agglomeration starts.
Since the particles are stabilized electrostatically the addition of salts leads to the
screening of the stabilizing double layer and thus to flocculation of the dispersion.
The pH effect can also be explained by this effect but a second point could be the
protonation of the SH group at pHs smaller 8. To overcome these problems tests
have been made in the framework of another thesis to obtain higher stabilities
by addition of polyelectrolytes, where not only electrostatic but also steric effects
have to be considered responsible for stabilization.
The chemical composition of the particles was investigated by means of titra-
tion, CHNS analysis and AES for ethanol isolated and freeze dried powders. The
complete composition could not be obtained, but the ZnS and cysteine content
in one gram powder could be determined. The large unknown rest in the freeze
dried samples as well as the ethanol isolated ones is probably due to rests of the
precursor salts such as sodium, sulphate, etc. Since these impurities can influence
the optical properties of the particles it would be important to further purify the
samples since a simple dialysis seems insufficient. For this a chromatographic
system has been used leading to purer samples. This has also been done in the
framework of a second thesis.
For multicolour experiments the particles should be doped with additional transi-
tion or rare earth metals. This could not be achieved by chemical coprecipitation,
since the sulphides of suitable metals showed a smaller solubility product than
ZnS which leads to the formation of a separate doping metal sulphide instead of
incorporation in the particles. To overcome this problem we tried to dope the
particles physically via a laser process. This showed that powders that already
were luminescent before the laser ablation stayed luminescence, but that a doping
of non luminescent powders during the process was not possible. It was also dif-
ficult to stabilize the ablated particle in aqueous dispersion. The agglomeration
during the transport of the powders could perhaps be prevented by transport-
ing the powders in a surfactant containing aerosol instead of argon. To prevent
agglomeration during discharging in the surfactant solution an ultrasonic bath
could be helpful. On all accounts, when the agglomeration problem can be solved
this would be an elegant methods to produce luminescent particles in aqueous
dispersion starting from luminescent powders that are available on the market.
The particles have been coated with an inorganic SiO2 shell. This coating was
performed on the one hand for further stabilizing the particles and on the other
hand to passivate the particle surface. The coating performed leads not to single
particles coated with a shell but to the formation of beads, that means several
particles incorporated in a SiO2 matrix. This increased the long term stability
from 3-4 weeks to several months. But the dispersions were still sensitive to
changes in the ionic strength and pH.
The passivation of the surface is important for the optical properties of the par-
ticles. A lot of emission is lost due to radiationless recombination of the electron
and the hole at the particle surface where so called ”dangling bonds”, that means
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unsaturated valences, act as electron traps. An inorganic capping saturates these
bonds and leads to an increase of the quantum yield. In our case the quantum
yield increased by a factor of three.
Measuring particle sizes of particles smaller than 10 nm is difficult since most
of the commonly used methods such as PCS reach their detection limit in this
size region. So the most commonly used method to determine particle sizes for
nanoparticles is TEM. But also here one has to pay attention when evaluating
the result since there are artefacts due to sample preparation. So it cannot be
excluded that agglomerates that can be observed were formed during the drying
of the dispersion on the TEM grid. It is also often observed that bigger particles
can mainly be found at the outer rim of the grid and the smaller ones in the mid-
dle, in any way it is difficult to get an idea of the particle size distribution with
TEM micrographs. To overcome this problem we applied different methods to
determine the particle size. Asymmetric flow field flow fractionation (aF-FFF),
analytical ultracentrifugation (AUZ), photon correlation spectroscopy (PCS) and
TEM images. We calculated an optical particle size based on the shift of the band
observed with UV/vis measurements and the crystallite size based on the peak
broadening for x-ray diffraction patterns (XRD). All the mentioned methods have
their problems. So, PCS measures not only the particles in dispersion, but also
the impurities that are present in the sample. So they have to be centrifuged or
filtered to get rid of dust which of course also alters the particle size distribution
since it cannot be excluded that one eliminates not only dust but also big particle
agglomerates. The AUC results depend strongly on the dispersion concentration
and particle density, so an extrapolation for infinite dilutions has to be made and
a particle density to be estimated. But the combination of all these methods
allows a realistic statement on the particle size.
With AUC, aF-FFF, TEM and PCS the main particle size distribution in the
dispersions was determined to go from 3-20 nm with its first maximum at 5 nm.
But there are also bigger particles or agglomerates present in the sample which
leads to a second maximum at about 17 nm. This result corresponds well with
the distribution obtained with TEM, so besides its disadvantages TEM is the
fastest methods to get a good idea of the particle size.
The results for calculations based on XRD and UV/vis measurements are in the
same region but smaller than what was measured with the other methods. For
the XRD results this is known, since this method determines the size of the crys-
tal domains within a particle and not the actual particle size. Since the exciton
Bohr diameter for ZnS is 5 nm and most of the particle have been determined
to have particle sizes bigger than 5 nm, and since we observe nevertheless a shift
of the onset of absorption, we think that the quantum size effect refers also to
crystal domains. So a blue shift of the absorption does not necessarily mean that
the particles are smaller than the exciton Bohr diameter.
For an application as biosensors the optical properties, especially the quantum
yields, of the synthesized particles are of high interest. Quantum yield measure-
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ments showed quenching phenomena for the particles and particle dispersions.
The luminescence quantum yields depend on the dispersion concentration. The
higher the concentration the lower the quantum yield. The second phenomenon
affects the Mn2+ content in the particles.
For the concentration dependence of the quantum yield of the particle dispersions
we checked two possible mechanisms for the quenching. Dynamic or collisional
quenching, where the quenching is due to collisions between the quencher and the
fluorophore. Or static quenching, where the quenching results from the formation
of a non fluorescent complex between the quencher and the fluorophore. For this
measurements at different temperatures have been made. The effect of the colli-
sional quenching should become stronger for higher temperatures since it is a dif-
fusion dependent phenomenon, for the static quenching the effect should become
less pronounced since higher temperatures introduce higher vibration energy in
the complex which leads to the destruction of the complex. These measurements
did not add to coherent results, probably because the temperature differences
for the measurements were not pronounced enough, but it was not possible to
perform low temperature measurements with the equipment at our disposition.
Another possibility to distinguish between dynamic and static quenching are life-
time measurements. Lifetimes do not depend on the fluorophore concentration.
This is still the case when static quenching is present in a sample. When dynamic
quenching occurs this changes since the quenching depopulates the excited state.
So for dynamic quenching the lifetime increases with decreasing concentration.
But likewise the temperature measurements the lifetime results were not coher-
ent. But we determined a maximum luminescence lifetime of about 1 ms for the
orange manganese emission. In the case of collisional quenching the most likely
mechanism would be quenching due to collisions between two particles. So we
calculated the mean free path, and with the diffusion coefficient the velocity of
the particles. With the help of these calculations we saw that we would need a
lifetime of about 40 ms for the excited state for dynamic quenching to be effec-
tive. So dynamic quenching due to particle - particle collisions can be excluded.
Finally it is not possible to make a statement on the quenching mechanism. Since
the lifetimes change with dilution of the dispersions static quenching is not very
likely.
We reported the presence of a large unknown rest in the particle composition so it
could be possible that these impurities are responsible for the quenching. Another
possibility could be agglomeration effects at high concentrations. Definitively, it
could be helpful to investigate once again the temperature dependence but at low
temperatures, or to vary the viscosity of the dispersions since this should have
the same effect on the quenching as the temperature. Lower viscosities should
favour collisional higher viscosities static quenching.
The behaviour of the quantum yield with the manganese content shows an in-
teresting feature. It increases first with increasing Mn2+ content, reaches then
a maximum to then decrease. This development of the quantum yield with the
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Mn2+ concentration can be explained either by a preferred adsorption of the
Mn2+ at the particle surface or the formation of separate MnS particles at higher
manganese concentrations. A possibility proposed in literature is the so called
concentration quenching. Concentration quenching involves resonant transfer of
electronic excitation energy from the initially absorbing ion to another identical
ion and, after a number of energy transfer steps, to a quenching site (for exam-
ple a defect). A problem with this theory is the fact, that we do not directly
excite the manganese impurity, but the ZnS host. For the energy transfer the
emitted radiation would necessarily directly excite the manganese. We tried to
do this with the spectrometer, and it was not possible. But this does not prove
that this quenching mechanism is not possible. Another problem is the fact that
the concentration of the dopant metal must exceed a limiting value, so that the
distance between the Mn2+ ions gets small enough for this transfer to take place.
With ICP measurements we saw that even for the highest doping percentage
there is not even one manganese ion in every particle. Magnetization measure-
ments showed that the Mn2+ is homogenously distributed in the particles, so
that concentration quenching can be excluded. For a further investigation of the
distribution and location of the Mn2+ in the particles electron spin resonance
(ESR) measurements could be helpful.
The observed increase of the quantum yield for the SiO2 coated particles com-
pared with the cysteine coated ones can also be observed for the lifetime mea-
surements. Here the SiO2 coated particles show a longer lifetime of the excited
state then the cysteine coated particles.
The results for nanosecond lifetime measurements showed lifetimes from the
micro- to the millisecond region for the orange Mn2+ emission. This is perfect for
applications as biosensors, because this leads to an excellent signal to noise ratio
and measurements are possible with a simple flash lamp setup. The lifetimes for
the blue ZnS emission go from 1 to 20 ns. This indicates a fluorescence recombi-
nation mechanism for the ZnS emission and phosphorescence mechanism for the
manganese emission.
Photo bleaching tests showed photostabilities comparable with the Alexa fluo-
rophores which are the most photostable fluorophores available on the market at
the moment.
To refer once again to the goals formulated at the beginning of this PhD work,
we synthesized particles in aqueous suspension and investigated them for their
particle size, composition and optical properties. There has no final answer for
the quenching problem been found, but collisional quenching can be excluded.
Doping with additional metals was not achieved but first promising tests with a
laser process have been carried out. The biofunctionalization of the particles was,
for a lack of time, not possible in this work. It will be the subject of another the-
sis. In this thesis the stability problems that occur with the synthesized particles
are also investigated since they complicate the attachment of biomolecules.
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Are the synthesized particles apt to replace organic dyes as biosensors?
Surely not in the present form.
There stability causes problems for the biofunctionalization, since for a lot of
coupling reactions a neutral or acid pH is necessary, which leads in our case to
flocculation of the particles. The application in biology and medicine demands
stability in media with different and high ionic strengths. This can not be pro-
vided with the synthesized particles. The particles have not yet been biofunction-
alized for exactly these reasons. The excitation wavelength of 310 nm leads to
expensive setups, since for the applications of the particles on a waveguide a flash
lamp can not be used, and so a UV laser would be necessary. Also the excitation
wavelength can cause problems when the particles have to be excited in cell cul-
tures for example, which can be destroyed by UV laser light. The luminescence
intensity is a lot smaller than the one for organic dyes and the development of the
new Alexa fluorophores have overcome the problem of photostability for organic
dyes.
All these reasons argue against the use of the synthesized particles as biosensors.
But besides all this, fact is, that multicolour experiments will never be possible
with organic dyes, and in anyway, another system has to be used for this.
So there may still be a lot of research necessary, but a lot of the problems men-
tioned above can be overcome. In another thesis at our lab experiments have
already been carried out with good results, to further stabilize the particles with
polyelectrolytes. Biotin has already been attached to the surface. The disadvan-
tage of smaller luminescence quantum yields compared with organic dyes can be
overcome with the longer lifetimes. The luminescence intensity can be detected
without any problems beside the background luminescence due to a good signal
to noise ratio. The large stokes shift makes the separation of excitation and emis-
sion easy which is always a big problem with organic dyes.
A bigger problem is the excitation wavelength. To shift it into the visible region,
one has to change the system. For example manganese doped CdS could be a
solution for this. This system has a excitation wavelength of about 400 nm with
the same characteristic manganese emission at 585 nm. So the stokes shift would
still be sufficient to easily separate excitation and emission. The experience and
knowledge acquired with this work could be used to synthesize the CdS:Mn sys-
tem even though the synthesis can not be transferred one to one to a new system
since it is very sensitive to pH and solubility products.
So we still have the problem of doping the particle with other transition met-
als. The laser experiments carried out, show that is possible to find processes to
achieve doping with different dopants. With already doped material, nanoparti-
cles could be obtained with the LINA-Spark atomizer, if one can find a way to
stabilize them so that they do not agglomerate during the transport.
So if the goal is to carry out multicolour experiments on waveguides, it is worth
to continue the research on this kind of material. For other applications like for
example luminescence detection in cell cultures, it is in my opinion not likely
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that the inorganic nanoparticles will replace organic dyes, for which the coupling
reactions to biomolecules are well known and already automated.



Appendix A

List of symbols and abbreviation

A.1 Symbols

β 1
2

Full width at half maximum

Γ Emissive rate of the fluorophore
δ Thickness of adsorbed layer
ε Dielectric constant
ε0 Electric permittivity of the vacuum
εr Relative permittivity of the medium
ηL Viscosity of the suspending liquid
ηs Solvent viscosity
Θ Scattering angle
θB Bragg angle
λ Wavelength
λ0 Wavelength of the laser
λem Emission wavelength
λex Excitation wavelength
µB Bohr magneton
ν Frequency
ν Partial specific volume
ρp Particle density
ρs Solvent density
σ Surface tension, collision cross section
σ0 Surface tension without adsorption
τ Lifetime
τ0 Intrinsic lifetime
Φ Quantum yield
ΦR Quantum yield of the reference
ΦS Quantum yield of the sample
ψ Electrostatic potential
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ψ0 Electrostatic potential at the surface
ω Centrifugal velocity
A Number of lattice plane
AH Hamaker constant
AR Absorbance of the reference
AS Absorbance of the sample
aB Exciton Bohr radius
C Curie constant
c Concentration
c0 Concentration without potential
D Diffusion coefficient
Df Diffusion coefficient of the fluorophore
Dq Diffusion coefficient of the quencher
d Diameter
dr Diameter to a corresponding rr and sr value
daa Distance between two atoms or molecules
dhkl Distance between adjacent planes of a series
Eg Energy gap
e Elementary charge
[F ] Concentration of the uncomplexed fluorophore
[F ]0 Total fluorophore concentration
[F −Q] Concentration of the formed complex
F Fluorescence Intensity with quencher
F0 Fluorescence intensity without quencher
FB Buoyancy force
FC Centrifugal force
FF Frictional force
f Concentration and shape dependant frictional coefficient
f Fraction of fluorophore not complexed
∆Gatt Free attractive energy
∆Gelst Electrostatic free energy
∆GLJ Lennard-Jones-Potential
∆Gpot Potential free energy
∆Grep Free replsive energy
g Lande factor
H Distance between two flat surfaces
Hpd Distance between particle and detector
h Planck’s constant
I Ionic strength
I0 Incident light intensity
IS Intensity of the scattered light
K Dissociation concstant
k Rate of radiationless decay
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k0 diffusion-controlled bimolecular rate constant
kB Boltzman’s constant
M Molecular weight
MP Molecular weight of a particle
m Mass
m0 Mass of the electron at rest
m∗

e Effective mass of the electron
m∗

h Effective mass of the hole
mP Mass of a particle
N Number density
NA Avogadro’s constant
NP Number of atoms in a particle
n Order of reflection
nL Refractive index of the suspending liquid
np Refractive index of particle
nR Refractive index of the reference
nrel Relative refractive index
nS Refractive index of the sample
pka Acid constant
[Q] Quencher concentration
R Gas constant
Rf Moleculat radius of the fluorophore
Rq Molecular radius of the quencher
Ry∗ Exciton Rydberg Energy
r Radius
rr Radial position
S Spin
s Sedimentation coefficient
sr Sedimentation coefficient corresponding to a radial position r
T Temperature
TC Curie-Weiss temperature
t Time
t0 Void time
tr Retention time
u Sedimentation velocity
V Volume
v Mean velocity
V0 Volume of the saparation channel
·
Vc Cross flow rate
VP Volume of a particle
x mean distance travelled in a certain time
Z Collision frequency
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z Distance from the surface

A.2 Abbreviations

σ Binding molecular orbital
σ∗ Antibinding molecular orbital
aF-FFF Asymmetric field field flow fractionation
AAS Atomic absorption spectrometry
AES Atomic emission spectrometry
AUC Analytical ultra centrifugation
CHNS analysis Carbon, hydrogen, nitrogen, sulphour analysis
DVLO theory Deryagin-Landau-Verwey-Overbeek theory
EDTA Ethylendiamine tetraacetic acid
FFF Field flow fractionation
FWHM Full width at half maximum
HPA Heyl-phosphonic acid
HOMO Highest occupied molecular orbital
HRTEM High resolution electron microscopy
ICP Inductively coupled plasma
IR Infra red
LUMO Lowest unoccupied molecular orbital
MPS 3-(Mercaptopropyl)trimethoxysilane
PCS Photon correlation spectroscopy
PDS Particle size distribution
PEI Polyethylenimid
PhSeTMS Phenyl(trimethylsilyl)selenium
PVP Polyvinylpyrrolidon
QD Quantum dot
QELS Quasi electric light scattering
QY Quantum yield
RT Room temperature
TEM Transmission electron microscopy
TEOS Tetraethylorthosilicate
TGA Thermogravimetric analysis
TOP n-Trioctylphosphine
TOPO n-Trioctylphosphine oxide
UV Ultra violet
Vis Visible
XRD X-ray diffraction
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Instrumentation

• UV/vis-Absorptionspectroscopy The dispersions containing ZnS:Mn2+

nanoparticles were placed into quartz cuvettes (1 cm) and characterized by
optical absorption spectroscopy with a Perkin Elmer Lambda 900 spec-
trophotometer. The dispersing agent (0.01M NaOH or water) was used as
reference.

• Fluorescence spectroscopy The luminescence results were obtained on
a Hitachi F-4500 fluorescence spectrophotometer. The dispersions were
placed in a 1x1 cm2 quartz cuvette.

• X-ray powder diffraction X-ray powder diffraction patterns were mea-
sured using a Siemens Kristalloflex 805, applying the Cu Kα radiation with
λ= 1.541 Å. Samples for X-ray diffraction were prepared by placing the
powder on a glass support.

• X-ray diffraction at Ilford, Fribourg The instrument used at Ilford
for X-ray powder diffracton is a STOE Stadi P Transmission Diffractome-
ter working with Cobalt Kα1 radiation from a primary Germanium (111)
curved monochromator crystal (CoKα1 : wavelength λ=0.178896 nm). The
cobalt X-ray tube runs at 45 kV and 30 mA.

• Transmission electron microscopy Samples for transmission electron
microscopy were prepared by slowly evaporating the solvent of the nanocrys-
tal dispersion on an amorphous carbon substrate supported on a copper
grid. A Philips CM 20 transmission electron microscope operating at an
accelerating voltage of 200 kV was used for TEM, a Philips CM 300 trans-
mission microscope operating at 300 kV for HRTEM.

• Photon correlation spectrometry Particle size distributions were mea-
sured with the Brookhaven Zeta PALS/Zeta potential analyzer. For this
the samples were placed in a 1x1 cm2 diameter plastic cuvette and measured
at an angle of 90◦ with a laser at 670 nm.
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• Zeta potential measurements For this the Brookhaven ZetaPALS/Zeta
potential analyzer was used. The sample was placed together with the
electrode in a 1x1 cm2 plastic cuvette.

• IR-Spectroscopy The IR spectra wererecorded with a Nicolet 510 FT-IR
spectrometer. For this the powder samples were pressed with a diamond on
the sample holder. Liquid samples had to be dried with a heat gun before
measuring.

• Thermogravimetric analysis TGA measurements were carried out with
a Mettler TG 50 Thermobalance. For this the sample was palced in ceramic
crucibles and inserted in the balance oven.

• Thermogravimetric analysis coupled with FTIR For this investiga-
tion a Netzsch STA 449 C/3/F Jupiter TGA was used coupled with a Perkin
Elmer FT-IR Spectrometer Spektrum 1000.

• Atomic absorption spectrometry For the AAS measurements 1 g of
powder was dissolved in 10 ml of 0.1M HCl and then diluted 100 times. The
measurements were made with a Perkin Elmer 1100B Atomic Absorption
Spectrophotometer.

• Atomic emission spectrometry The measurements were carried out
with a Perkin Elmer emission spectrometer Plasma 2000, for this the sam-
ples were disolved in 0.8 M HNO3 and then injected in an ICP.

• Analytical ultra centrifugation The AUC measurements were carried
out with a Beckmann AUC Optima XL-I ultra centrifuge. For this the
sample is placed in a sector shaped measuring cell inside the rotor (pre-
vention of convection). The sedimentation process can than be observed
with different optical detection systems (UV/VIS absorption or Rayleigh
interference optics).

• Asymmetric flow field flow fractionation The apparature for the aF-
FFF measurements was build in the institute of TANK. For the experiments
a degenerated cellulose membrane was used. The solvent was water with
0.3 g/l NaCl and 0.08 g/l TWEEN.

• CHNS analysis These measurements were carried out with a Perkin Elmer
2400 analyzer. For this they were placed in in a tin capsule and heated to
a temperature of about 1700 ◦C.

• Pycnometer The density of the particle powders were determined with
the Micrmeritics AccuPyc 1330 pycnometer working with helium.
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• Squid measurements Magnetization measurements were made using a
SQID magnetometer from Quantum Design, USA, at temperatures of 1.8,
3 and 300 K at fields from0 T to 1 T.
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Rietveld measurements

The spectra were measured and calculated with the CoKα1 radiation with a wave-
length of λ=0.178896 nm.
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 Figure C.1: XRD pattern for ZnS:Mn nanoparticles calculated with the riedvelt
method.
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TGA-IR
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure D.1: Ir spectra showing the evaporation of H2O and CO2.
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 Figure D.2: Ir spectra showing the evaporation of NH3 and CO2 (upper spectra)

and SO2 and CO2 (lower spectra).
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Composition

E.1 Ethanol isolated powders

C [wt%] H [wt%] N [wt%] S [wt%]

DP350 7.05 1.92 2.58 20.45
DP700 5.19 2.53 3.51 19.97
DP1050 6.05 1.27 2.34 21.06
DP1400 5.48 1.33 2.01 21.98
DP1750 5.43 1.3 2.04 20.96
DP2100 5.1 1.12 1.93 20.62
DP2450 5.65 1.37 2.12 22.11

Table E.1: C, H, N and S content from CHNS analysis

Zn [wt%]

DP350 29.6
DP700 34.3
DP1050 22.7
DP1400 23.7
DP1750 23.1
DP2100 21.5
DP2450 20.8

Table E.2: Zn content from AES-ICP spectrometry.
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Zn [wt%]

DP350 22.9
DP700 27.5
DP1050 19.6
DP1400 19
DP1750 17
DP2100 19
DP2450 20.9

Table E.3: Zn content from titration.

E.2 Freeze dried powders

C [wt%] H [wt%] N [wt%] S [wt%]

0.2 5.77 0.62 1.89 22.48
0.25 7.17 0.89 2.4 22.48
0.3 6.44 0.68 2.02 20.91
0.35 7.39 1.5 2.13 20.34
0.4 5.61 0.8 1.55 19.68
0.45 6.38 0.74 2.25 20.65
0.5 6.97 0.59 2.55 19.39

Table E.4: C, H, N and S content from CHNS analysis.

Zn [wt%]

0.2 0.44
0.25 0.44
0.3 0.43
0.35 0.41
0.4 0.43
0.45 0.43
0.5 0.45

Table E.5: Zn content from AES-ICP spectrometry.
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Zn [wt%]

0.2 3.5
0.25 3.1
0.3 3
0.35 3.1
0.4 3.2
0.45 3.2
0.5 3.5

Table E.6: Zn content from titration.
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Particle concentration

To calculate the particle concentration, we assume that all particles have a di-
ameter of 5 nm, that there are 5.5 g ZnS without surfactant in 1l of dispersion
and that the particles have the bulk density of 4.1 g/ml. With this we obtain for
the particle volume VP and the mass mP :

VP =
4

3
· π · r3 = 6.5 · 10−26m3 (F.1)

mP = ρ · VP = 2.7 · 10−22kg = 2.7 · 10−19g (F.2)

To calculate the particle concentration with this, one has to know the molar
mass MP of the particles which can be calculated with Avogadro’s constant:

MP = NA ·mP = 161597
g

mol
(F.3)

So with about 5.5 g of ZnS in 1l, we obtain the particle concentration:

cP = 0.035
mmol

l
.

This corresponds to a particle density

N = 2.57 · 10−22 1

m3

.
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Magnetization measurements

For seven ZnS:Mn samples the susceptibility was determined and it could be
seen that they samples show a Curie-Weiss behaviour. The Curie-Weiss con-
stants and temperatures can be seen in table G.1. The Curie-Weiss temperatures
for all samples were very close to zero, indicating no significant antiferromag-
netic interactions associated with Mn2+ cluster formation. The respective Curie
constants can be represented as:

C =
N · g2 · µ2

b · S(S + 1)

3 · kB
(G.1)

where N is the number of magnetic ions, g is the Lande constant, S is the
spin associated with the Mn2+ ion (5/2), µB is the Bohr magneton and kB the
Boltzmann constant.

Table G.1: Curie constants and Curie-Weiss temperatures for Mn2+ samples. The
Mn2+ contents were determined with atomic absorption spectroscopy (AAS).

Mn2+ [µg] in 1g ZnS C [x10−5] TC [K]

84 0.8 0.04
132 1.76 0.08
232 2.03 0.19
314 2.77 -0.07
346 2.98 0.28
402 3.58 0.17
570 4.03 -0.12
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Magnetization data taken at 1.8 K are represented in figure G.1 together with
a fitting of the Brillouin equation. With the small amounts of Mn2+ present in
the samples, the formation of pairs, triplets, etc. can be considered as extremely
unlikely. This is evidenced by the magnetization data. The measured points can
be fitted by a Brillouin equation with no significant discrepancies such as those
associated with nearest neighbour interactions. This suggest that the Mn2+ is
well distributed in the particles
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Figure G.1: Magnetization data for ZnS:Mn nanoparticle samples taken at 1-8
K. Experimental datas indicated by symbols, lines represent Brillouin fitting.
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