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Abstract

The present work details the investigation of the nucleation and growth behaviour
of colloidal CdSe nanocrystals (NCs)| with special regard to the role of
lclusters (MSCs)| as intermediates in the reaction. For this purpose a
ilow device (CFD)| which allowed high-temperature synthesis combined with

online [ultraviolet (UV)|jvisible (Vis)| absorption spectroscopy for characterization,

was developed and set up. The [CFDJ's modular design allowed a rapid variation of
the time resolution and the incorporation of a home-built X-ray flow cell, allowing
in situ synchrotron X-ray scattering experiments.

Following the variation of nucleation and growth temperature, as well as residence
time, during the synthesis of CdSe [NCg|in the [CFD| substantial evidence for magic-
sized intermediates during the formation was obtained. From the available data,

a reaction pathway, starting at the formation of the nuclei, followed by subsequent
sequential growth of different-size moieties of and ending in the formation and
subsequent continuous growth of regular via Ostwald ripening, was deduced.

Specific growth experiments, in which preprepared solutions were heated to differ-
ent growth temperatures and residence times were varied, were conducted In these,
the previously formulated reaction pathway could be corroborated by identifying
individual cluster species, that were formed as intermediates. Furthermore, the
transition from magic-sized intermediate to continuously growing [NC| via Ostwald
ripening was observed clearly in the absence of excess monomer.

In conclusion, it was possible to develop and establish an experimental apparatus,
allowing time-resolved study of[NC|formation, as well as other processes, taking place
on comparable time scales. Using this apparatus, a reaction pathway describing the
formation of CdSe [NCd, via intermediate [MSCs, growing via a sequential growth

mechanism, could be identified.






Kurzfassung

Die vorliegende Arbeit behandelt die Untersuchung von Nukleations- und Wach-
stumsverhalten von kolloidalen CdSe-Nanokristallen, mit besonderem Augenmerk
auf die Rolle von Clustern magischer Grofle als Zwischenprodukt der Reaktion.
Zu diesem Zweck wurde ein kontinuierlicher Flussreaktor entwickelt und aufge-
baut, der die Moglichkeit zur Hochtemperatursynthese von Nanokristallen, kom-
biniert mit deren Charakterisierung mittels UV /Vis-Absorptionsspektroskopie, bot.
Der modulare Aufbau des Flussreaktors erlaubte sowohl die schnelle Variation der
Zeitauflosung, als auch den Einbau einer selbstkonstruierten Rontgenflusszelle, durch
die die Durchfithrung von in situ Rontgenstreuexperimenten am Synchrotron ermo-
glicht wurde.

Durch die Variation von Nukleations- und Wachstumstemperaturen sowie Ver-
weilzeiten wahrend der Synthese von CdSe-Nanokristallen im Flussreaktor konnten
deutliche Hinweise auf Intermediate magischer Grole wahrend der Nanokristallbil-
dung beobachtet werden. Aufgrund der erhaltenen Daten konnte ein Reaktionsweg
formuliert werden. Dieser beinhaltet die anfangliche Bildung von Nukleationskeimen,
gefolgt von anschlieBendem sequentiellen Wachstum von magischen Clustern ver-
schiedener Grofle und endet in der Bildung und abschlieBendem kontinuierlichen
Wachstum von regularen Nanokristallen durch Ostwaldreifung.

Spezielle Wachstumsexperimente, in denen zuvor hergestellte Nanokristalllosung
auf verschiedene Wachstumstemperaturen geheizt wurde und die Verweilzeit variiert
wurde, wurden durchgefiihrt. In diesen konnte der zuvor formulierte Reaktionsweg
bestatigt werden, indem einzelne Clusterspezies, die an der Reaktion beteiligt waren,
identifiziert werden konnten. Zudem konnte in Abwesenheit von tiberschiissigem,
unreagierten Monomer der Ubergang von Intermediaten magischer Groflen zu kon-
tinuierlich wachsenden Nanokristallen per Ostwaldreifung eindeutig beobachtet wer-
den.

Zusammenfassend war es moglich, einen experimentellen Aufbau zu entwickeln
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iv Kurzfassung

und zu etablieren, der die zeitaufgeloste Untersuchung der Nanokristallbildung sowie
anderer Prozesse, die auf ahnlicher Zeitskala stattfinden, ermoglicht. Mit Hilfe dieses
Aufbaus ist es gelungen, einen Reaktionspfad zu identifizieren, der die Bildung von
CdSe-Nanokristallen iiber Zwischenprodukte magischer Grofie beschreibt, die iiber

einen sequentiellen Wachstumsmechanismus wachsen.
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Glossary

ASCIl American standard code for information interchange.

CFD continuous-flow device.

Cyanex Cyanex® 923, a mixture of tertiary alkyl phosphine oxides produced by

Cytec Industries Inc..

DESY Deutsches Elektronensynchrotron, synchrotron facility in Hamburg, Ger-

many.

DPE diphenylether.

EDX energy-dispersive X-ray spectrometry.

ESRF European Synchrotron Radiation Facility, synchrotron facility in Grenoble,

France.
EtOH Ethanol.

EXAFS extended X-ray absorption fine structure.
FWHM full width at half-maximum.
HWHM half width at half-maximum.

ICDD International Centre for Diffraction Data.

ID02 The time-resolved ultra small-angle X-ray scattering beamline at ESRF.

KFC Kapton flow cell.

X



X Glossary

LCAOQO linear combination of atomic orbitals.

MeOH Methanol.

MSC magic-sized cluster.
NC nanocrystal.

OD optical density.
ODE octadec-1-ene.

ODPA octadecylphosphonic acid.

P03 The micro- and nanofocus X-ray scattering beamline at PETRA III, DESY.
P65 The high-energy X-ray absorption spectroscopy beamline at PETRA III, DESY.
PL photoluminescence.

PLE photoluminescence excitation.

QD quantum dot.

QY quantum yield.
RTD resistance temperature detector.
SAXS small-angle X-ray scattering.

TEM transmission electron microscope.

TOP trioctylphosphine.

UV ultraviolet.

Vis visible.

WAXS wide-angle X-ray scattering.

XRD X-ray powder diffraction.



1. Introduction

Since the first reports of their synthesis and characterization in the 1980s, ™ semi-

conductor [NCs|, or |[quantum dots (QDs)| have been on a constant journey of in-

creasing importance: from interesting model systems as artificial atoms, %8 to com-
mercial application in mass-market consumer electronics. ™ This rapid rise to fame
is mostly due to their unique electronic properties, arising from the quantization of
their energy states, which leads to a size-dependence of their electronic band gap in a

B A a result, the wavelength of light,

phenomenon called the quantum size effect.
they absorb and emit, can be controlled, by controlling the particle size, a property,
which makes them uniquely suited for applications in display technology. ™ Besides
their current commercial applications, a multitude of additional application for
are currently discussed in scientific literature. These range from applications in na-
noelectronics, like sensors, 1315 transistors, M8 Jight-emitting 221 or photovoltaic
devices, 2224 to their use as fluorescent probes in bioimaging. 2527

Due to the diversity of the potential applications, the specific properties, required
from a material in question, vary greatly between applications. ¥ In consequence,
a wide range of different materials have been synthesized, covering a wide
spectrum of electronic band gaps, sizes, shapes, mechanical properties and surface

2951 Development of new @ synthesis protocols, targeted at emerging

chemistries.
applications, represents a considerable investment of time and resources, as suitable
conditions have to be determined in expansive empirical trials. Avoiding this, by
devising tailor-made synthesis strategies based on a systematic understanding of the
fundamental formation principles of would be greatly beneficial.

To gain this understanding, it is necessary, to develop a kinetic model of
nucleation and growth through time-resolved measurement of size, shape, and com-

32435 ond

position evolution during their synthesis. Apart from several theoreticall
precursor conversion based studies, %88 some experimental studies, reporting con-

clusive mechanisms for [NC| nucleation and growth, have been published more than
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ten years ago, both, for metallic, B as well as semiconductor [NCg| B%#2 These stud-
ies typically relied on analyzing samples manually taken from batch reactions, and
in consequence only allowed investigation of later stages of the formation reaction.

Technological advances during later years allowed time-resolved in situ analy-
ses down to the ms scale, using commercial stopped-flow devices, B340 ag well
as home-built [CFDg? and liquid-jet assemblies B850 to analyze formation in
situ. absorption spectroscopy, #3456 a5 well as [small-angle X-ray scatter-|
ling (SAXS)|and [wide-angle X-ray scattering (WAXS)|analysis F4#46-4850511 proved to

be the most suitable characterization methods. All of these studies were limited to

low temperature reactions, however, studying systems like gold, B#4647511 CqS, 50
ZnS,B348] and Pbs. B3l

Only in recent years have the in situ time-resolved studies of nucleation and
growth been extended to high-temperature colloidal syntheses of [NC| systems like
CdSe, 253 Cuy S, B4 PbSe and PbS.B3 Of these studies, especially the works
of Abécassis et al., who tracked the formation reaction of CdSe in a heat-
up procedure within a capillary via in situ synchrotron [SAXS| and [WAXS| 52 and

the study by Maceiczyk et al., who reported on the kinetics of CdSe growth in a
microfluidic reactor, 53 have to be highlighted.

Both authors report the formation of CdSe directly from the decomposing
precursors without intermediates, growing continuously with reaction coordinate,
and are able to formulate kinetic models pertinent to the respective reaction condi-
tions. B#53 While these models agree more or less well with the classical nucleation
theory of crystallites, as applied to colloidal [NCq several authors have already
reported evidence of magic-sized intermediates in the formation of [NCsg 05658
These [MSCs, whose increased stability is postulated to be due to a closed shell
of atoms, ®%5 have been reported to grow via a heterogeneous growth process from
one magic size to the next in low-temperature syntheses of colloidal [QDs| 6961

Considering the existence of these local energy minima in the chemical potential of
small colloidal [QDg, shown at low temperatures, it appears likely, that their forma-
tion can always occur via a growth mechanism including magic-sized intermediates,
even at high temperature. In order to confirm this mechanism and gain insight into
the kinetics of this process, via a time-resolved measurement, additional research is

warranted.



2. Theoretical Background

2.1. Nanoscale Semiconductors

With regard to their electrical conductivity, bulk solids are typically classified as
metals, semiconductors or insulators. Whereas metals conduct electrons intrinsi-
cally, semiconductors require some additional energy in order to become electrically
conductive and insulators require a rather significant amount of energy, if they are
to become electronically conductive. This behaviour results from the arrangement

of the solid’s atoms and its resulting electronic structure.

A typical bulk solid consists of a large number of atoms which are arranged peri-
odically into a crystal lattice. In the simplest description, the free electron model,
the electron wave can propagate without any interaction through the periodic poten-
tial of ions. This results in a complete delocalization of the electron wave function
throughout the crystal. 62

A more accurate description of the electron-ion interaction in a crystal lattice is
given by the nearly free electron model. Electron waves meeting the Bragg condition
(see section will be reflected from the lattice and become standing waves.
Depending on their previous propagation direction, they form one of two types of
standing waves. The standing wave function ¢ (+), possessing its maxima at the
coordinates of the positively charged ions, leads to a higher probability density of
the electron near the ions. This leads to a decrease in potential energy compared to a
completely delocalized electron. The opposite case of the wave function ¢(—), having
its minima at the coordinates of the lattice ions, and subsequently lowering the
probability density of the electron at this position, leads to an increase in potential
energy. The energy difference or gap E,; between both states is a forbidden energy
62]

zone, in which no wave-like solution of the Schrédinger equation exists. !

Another approach to describing the electronic structure of a bulk solid is the
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tight-binding model, which considers strongly localized electrons at the ionic cores

that retain their properties during the formation of the bulk solid. This approach

describes the electronic structure of the crystal as a [linear combination of atomic|

lorbitals (LCAO)| In essence, the atomic orbitals of the constituting atoms are com-

bined into molecular orbitals of the crystal. Due to the very large number of atoms
in a bulk solid, the energy difference between the individual molecular orbitals be-
comes very small, resulting in an energetically more favorable quasi continuum of
possible electronic states — an energy band. Depending on the energy of the original
atomic orbitals, the resulting energy bands are separated by an energy gap. The
highest occupied band is called the valence band, while the lowest unoccupied band

is called the conduction band. 63!

The conduction behaviour of solids, as described in the beginning of this section,
can be explained based on the size of this energy band gap, as well as the popu-
lation of its bands. In a metal, the valence band is not fully populated, allowing
for electron conduction in its empty orbitals. In an insulator however, electric con-
duction is strongly inhibited, as its valence band is fully populated and the size of
its band gap prohibits excitation of electrons into the conduction band at normal
temperatures. At T' = 0K population of the bands in a semiconductor resembles
that of an insulator. Since its band gap is smaller, thermal energy at higher temper-
atures is sufficient to excite electrons into the conduction band and thus increase the
semiconductors conductivity. The energy required for the excitation of an electron
into the conduction band in a semiconductor can also be introduced by an incident

photon. 63464

Once an electron is excited into the conduction band, it leaves behind a positively
charged hole in the valence band. Due to their Coulomb attraction, electron and
hole form a quasi-particle called an exciton. Since this Coulomb interaction in
most semiconductors is strongly screened by the valence electrons of the crystal, the
exciton is only weakly bound. This type of exciton is called Wannier—-Mott exciton
(or Wannier exciton), which is opposed to strongly bound Frenkel excitons, which
exist in ionic crystals. 3 The energy levels of the exciton can be calculated using

the hydrogen model and the effective-mass approximation as:

pret 1 h?K?
32m2h2e2edn? - 2(mE 4+ m})

E,x =E,

)

(2.1)
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The first term in equation is Fj,, the band gap energy. In order to obtain
the excitonic states’ energy, the binding energy of the exciton is subtracted from it.
The binding energy contains p*, the reduced effective mass of the effective masses of
electrons (m}) and holes (m} ), and ¢ the relative permittivity of the semiconductor
material. The third term in the equation is the kinetic energy of the exciton’s center
of mass, which contains K, the wave vector corresponding to the center-of-mass

motion of the electron and the hole. 63

If the exciton is created by optical excitation, only excitonic states with K = 0 can
be excited. In this case it becomes evident from equation [2.1], that the energy of an
excitonic state is lower than the band gap energy, by the amount of the binding en-
ergy, as the kinetic term can be neglected. For that reason, electrons can be excited
into excitonic states E, x as they are located slightly below the edge of the conduc-
tion band in energy terms.!8! As excitons typically possess relatively low binding
energies in bulk semiconductors, they are ionized easily into free charge carriers, i.e.

electrons and holes. These can then recombine radiatively or nonradiatively. 66!

In the case of nanometer-sized semiconductor crystals, the dimensions of the crys-
tal itself are on the order of magnitude of the Bohr radius of the exciton. This leads
to a phenomenon called quantum confinement, in which causes an increase in min-
imum energy (confinement energy) and also a quantization of the crystals excited
states. % Considering the fact, that, compared to bulk solids, consist of only
a small number of atoms, this quantization seems obvious, as the energy bands can
not be considered continuous any more, but rather resembling molecular orbitals. 69

In fact the confined exciton in a can be described using the quantum mechani-
cal model of a particle in a box made of infinitely high potential barriers. Solving the
Schrodinger equation for the particle in a spherical box yields its energy eigenvalues

as

n2h?
" 8mR?

with m being the mass of the particle and L the length of the box. The equation

(2.2)

shows a reciprocal correlation between the energy levels and the length of the box.
Thus a smaller box results in higher energy differences between the states. Applied to
a semiconductor this means, that the band gap energy increases with decreasing

particle size. This phenomenon is called the quantum size effect.
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The approach to calculate the energy eigenvalues of semiconductor by appli-
cation of the particle-in-a-box model has been used by Brus (amongst others) in the
1980s. He calculated the shift in energy difference between first excited state and
ground state, i.e. the increase in band gap energy with reduction of particle size, by
considering the excited state as a particle in a spherical potential well. His solution

for the change in band gap energy is given in equation O]

E*~FE,+

h2 2 1 1 1.8 2
T [ } — 2% 4 smaller terms (2.3)

2R? {m. | my
In equation E* refers to the modified band gap energy, while E; is the bulk

band-gap energy. The second term is the quantum localization term, that describes

Me My €

the increase in band gap energy as a function of radius R72. The third term describes
the Coulomb attraction between the electron and the hole, that decreases the band
gap energy as a function of R~!. The subsequent smaller terms contain the solvation
energy term, which is a function of the crystal’s as well as the surrounding medium’s
relative permittivity. It also scales with R~! but has only a minor contribution to
the resulting energy. 1067

In conclusion, semiconductor [NCspossess a band gap in between their valence and
conduction band. Through thermal or optical excitation an exciton can be formed,
the energy of which is lower than the band gap energy. The exciton is confined
due to the fact, that the crystal’s size is similar to or smaller than the exciton’s
Bohr radius. This leads to a quantization of the energy states within the bands and
more importantly to an increase in band gap energy with a decrease in crystal size,
the quantum size effect. Nanoparticles exhibiting the quantum size effect are called

quantum dots. 68!

2.2. Nanocrystal Characterization

Due to the significant interest in semiconductor a wide range of methods for
their characterization has been developed over the last decades. Since the range
of the [NCJs properties that can be characterized using these methods is probably
even wider, this chapter will not attempt to give a comprehensive overview. Rather
it will focus on the techniques used to characterize the prepared in this work

giving an overview of the underlying physics and the principles of measurement.
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Figure 2.1.: Typical absorption spectrum of CdSe prepared in this

work.

2.2.1. Optical Spectroscopy
Absorption Spectroscopy

As was discussed in section [2.1] semiconductor can absorb light, that has an en-
ergy corresponding to their band gap. This very useful characteristic makes
absorption spectroscopy an excellent tool to characterize these so-called quantum
dots. In absorption spectroscopy a sample’s transmittance of monochro-
matic light as a function of the light’s wavelength is measured. Typically, instead
of the transmittance, absorbance, or optical density is given. These quantities are

related according to Beer’s law, which is shown in equation [2.4

I
Ay =—logT) = —logI— = —ecL (2.4)
0

Equation [2.4] contains A, the absorbance at a specific wavelength, T}, the trans-
mittance at that wavelength, I, the light intensity, attenuated by the sample, I
the incident light intensity, € the molar extinction coefficient of the chromophore, ¢
the chromophore’s concentration and L the optical path length. As is evident from
Beer’s law, both, the chromophore’s concentration, as well as its molar extinction
coefficient can be derived from its absorption spectrum.

As was discussed in section [2.1] quantum dots possess quantized electronic energy
levels instead of the continuous bands observed in bulk semiconductors. Thus the
absorption of light at energies corresponding to excitations into these energy levels
can be observed in absorption spectra of quantum dots. Figure shows a
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absorption spectrum of CdSe[NCg prepared in this work. Both peaks in the spectrum
result from electronic transitions into discrete excitonic energy levels of the quantum
dots. The first peak at a wavelength of around 600 nm corresponds to the first
excitonic transition, the excitation across the band gap of the quantum dot, while
the second corresponds to a higher energy transition. 6970

The wavelength of this first excitonic peak can be used to determine the quantum
dots’ size for example by using Brus’ equation (equation. 67) Another approach is
the use of empirical sizing curves that have been published by Peng and co-workers
and by Mulvaney and co-workers. Both groups have investigated the change in
wavelength of the quantum dots’ first excitonic absorption peak as a function of
particle diameter and published the fit function to their experimental data. ™72 Ag
both sizing curves are in good agreement!™ the method published by Peng and
co-workers was used to determine particle sizes in this work.

Additionally, the concentration of quantum dots in the sample can be determined,
using the absorbance at the wavelength of the first excitonic absorption peak. Ac-
cording to Beer’s law (equation [2.4), the molar extinction coefficient has to be de-
termined, in order to calculate the concentration. Analogously to the sizing curves
mentioned above, both Peng’s group, as well as Mulvaney’s group have published
fit functions that describe their experimentally obtained correlation of the molar ex-
tinction coefficient at the wavelength of the first excitonic absorption peak with the

quantum dot diameter. Both of their functions require a calibration using the [half]

iwidth at half-maximum (HWHM)| of the first absorption peak, in order to consider

the quantum dots’ size distribution. /72

Finally it has to be noted, that while, based on the particle-in-a-sphere model,
a quantum dot should possess only discrete transitions, as long as the exciton is
strongly confined, its electronic states actually approach a continuum state at higher
energies. ™ This can be seen as some of their absorption properties become more
bulk-like at energies far above the band gap and less influenced by size quantization
effects. ™ Their intrinsic absorption coefficient, for example, becomes invariable to
change in diameter ™ and their absorption cross section at 350 nm can be modelled
using bulk optical constants. 8!

This results in homogeneous line broadening of the discrete absorption lines in
quantum dot spectra, which results in continuum absorption at higher energies, as

can be seen in figure 2.1} Additional contributions to homogeneous line broadening
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come from the temperature and the resulting coupling of electronic transitions to
the crystallite’s vibrational modes. ¥ Homogeneous broadening alone however does
not explain the significant discrepancy between the expected absorption lines for
discrete transitions and the relatively broad peaks exhibited by the spectrum in
figure[2.1] The most significant contribution to the peak width is the inhomogeneous

broadening due to the quantum dots’ size distribution. ¥

Photoluminescence Spectroscopy

The exciton formed after the absorption of light by a quantum dot is, compared
to the electronic ground state, an energetically unfavorable state, which results in
a recombination of electron and hole by the fastest possible pathway. The energy

difference between excited state and ground state is typically released from the

crystal in a process called [photoluminescence (PL)|under emission of a photon. 64

[PT] spectra of quantum dots typically show a relatively narrow peak which is
centered at a wavelength shifted to lower energy compared to the first excitonic
absorption peak by the so-call Stokes-shift.™ This nonresonant is called fluo-
rescence and is explained through the application of the Franck—Condon principle.
The excitation initiated by the absorbed photon occurs from the electronic ground
state into the electronic excited state. Due to the vastly different masses of atomic
nuclei and electron, the nuclei take longer to rearrange into the equilibrium geome-
try of the electronic excited state than it takes for the electronic transition to occur.
Because of this, the system ends up in a higher vibronic energy state within the
electronic excited state.™ Subsequently relaxation to the vibronic ground state of
the electronic excited state occurs, before the relaxation to the electronic ground
state takes place under emission of a photon. The emitted photon’s energy reduc-
tion (or Stokes-shift) compared to the absorbed photon is, among other parameters,
correlated to the number of vibronic states involved in the relaxation process. ™

Due to their very large surface-to-volume ratio, the optical properties of quantum
dots are strongly influenced by their surface. In consequence their [PI] efficiency,
defined by the so-called lquantum yield (QY)] is often greatly reduced due
to trap states located at the [NCg surface. The concentration of these trap states,

which are typically a result of interstitial atoms, impurities, dislocations and defects,

1 the ratio of emitted photons to absorbed photons 64
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is higher there, due to the different bonding situation compared to the volume. 68!

The trap states often offer fast non-radiative relaxation pathways for the system,
that compete with the [PL] pathways and thus reduce the [PL][QY] While a portion
of the surface is already passivated due to the ligands bound to the surface atoms,
the most efficient method for surface passivation and increase of the [PL][QY]is the
coating of the with another semiconductor material. The resulting core/shell

quantum dots can reach of up to 100 %. [P0

Experimentally quantum dot [PT]spectra are typically obtained by measuring the
emitted light intensity from a quantum dot sample at a right angle from the incident

monochromatic excitation light as a function of the wavelength. A special case of

measurement is the [photoluminescence excitation (PLE)| experiment. In this

experiment, the intensity of the emitted light at a specific wavelength is measured
as a function of the excitation wavelength. With this measurement technique, it
is possible to determine the transitions in the absorption spectrum that lead to a

specific feature in the [PL] spectrum.

2.2.2. X-ray Scattering

X-ray scattering techniques are among the oldest methods for structure determina-
tion in solids. Von Laue and co-workers found diffraction patterns when irradiating
a crystal of CuSO, with X-rays in 1912 and with this discovery founded the field
of X-ray crystallography. 8! While the experimental techniques have developed sig-
nificantly since then, the method of X-ray diffraction is still one of the most useful
crystallographic techniques. Apart from macroscopic single crystals it can also be

used on polycrystalline samples, like powders of microscopic crystallites. This cor-

responding technique is called [X-ray powder diffraction (XRD)| and is the subject

of the first part of this section.

The second part of this section will focus on [SAXS| where the X-ray intensity at
angles close to the primary beam is investigated. This technique is highly useful for
the investigation of colloidal quantum dot samples, as the length scales investigated

are on the order of magnitude of typical quantum dot diameters.
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Figure 2.2.: Reflection of parallel X-rays at a family of lattice planes. Construc-
tive interference is only possible if the difference in path length of the
incident waves 0 is an integer multiple of their wavelength.

X-ray Powder Diffraction

X-rays incident on a crystal are scattered elastically by the crystal’s atoms’ valence
electrons. Since the bond lengths’ between the crystal’s atoms are on a similar
length scale as the wavelength of X-rays, interference between the scattered waves
can be observed. The incident X-rays are diffracted by the crystal’s lattice. B2
Analogous to the pattern resulting from the diffraction of a visible light beam
by an optical diffraction grating, diffraction of an X-ray beam by a crystal lattice
produces a unique pattern of bright spots. These are the result of constructive and
destructive interference of the X-rays which are reflected at different lattice planes.
Figure shows a schematic drawing of parallel X-rays being reflected at a family
of lattice planes of a two-dimensional crystal. A path difference of 2 - § between the
two X-rays reflected at the two planes results from to the lattice spacing d. In order
for constructive interference to occur between the two waves, i.e. for them to be in
phase after being reflected, their path difference needs to be an integer multiple of

their wavelength .52

n-Ax=2-9 (2.5)

Application of the law of sines yields 0 = d - sin?). So equation becomes

n-A=2d-sinv (2.6)
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According to equation [2.6| a reflection at a family of lattice planes with lattice
spacing d only leads to constructive interference at a specific angle 9. Equation
is known as Bragg’s law, named after W.H. Bragg and W. L. Bragg, who first
published it in 1913. 83

The diffraction pattern obtained from a powder of statistically oriented crystal-
lites, e.g. an ensemble of varies considerably from the one obtained from a
single crystal. While in a single crystal sample only the lattice planes determined
by Bragg’s law show a discrete spot in the diffraction pattern, in the powder case
all lattice planes contribute to the diffraction pattern. This is the case, as, due to
the statistic orientation and the vast number of crystallites, a statistically signifi-
cant number of each planes fulfils Bragg’s condition at any time. This results in a
smeared-out diffraction pattern, which is showing circles instead of discrete spots. 54

Equation [2.6) shows the reciprocal relation between ¢ and d. As a consequence,
small features, like lattice planes in crystals (d on the order of hundreds of pm) ,
appear at large scattering angles, compared to relatively large objects, like nanopar-
ticles (d on the order of a few nm). Due to that and in order to better differentiate

from [small-angle X-ray scattering|it is sometimes also referred to as

[X-ray scattering]

Small-angle X-ray Scattering

[Small-angle X-ray scattering|is a measurement technique used for the characteriza-
tion of colloidal sized objects, e.g. colloidal [NCg The dimensions of such particles

(> 1nm) are at least an order of magnitude larger than the wavelength of the X-rays

used in the experiment (~100pm). Due to the reciprocal relation between length
scale and scattering angle (equation , scattering intensity from these structures
can be observed at angles close to zero scattering angle. 89

Since the scattering of the X-ray waves at small angles is almost always coherent,
the waves scattered at zero scattering angle are exactly in phase, which leads to
maximum scattering intensity. As was discussed in the previous sections, waves
scattered at large angles, that do not comply with Bragg’s condition (equation ,
are cancelled out due to destructive interference with another wave possessing a
phase shift of exactly % At small angles, the phase difference between the scattered

waves naturally becomes smaller, which causes some constructive interference to
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Figure 2.3.: Plot of the small angle scattering amplitude F(q) (A) and F?(q) (B) for
spherical particles with radius of 1 nm, given by equation

occur. Hence, there is a continuous scattering intensity at small scattering angles,

which decreases with increasing scattering angle. 55!

For the further description of [SAXS] it is necessary to introduce the scattering
vector ¢. If a monochromatic plane wave with wave vector kg and |ko| = 27” is scat-
tered elastically, the magnitude of the scattered wave vector is |ki| = |ko|. Following
the Fourier transform from real space to reciprocal space the difference between the
two vectors is the scattering vector ¢ = k1 — kg. It can be related to the scattering

angle 20, which is the angle between k; and ko by 9

47 sind
4= (2.7)

As scattering occurs due to electronic oscillation, the total scattered amplitude
F(q) depends on the particle’s electron density, i.e. the number of electrons per unit
volume, p(r). As the particle’s solvent also possesses a constant electron density ps,
the electron density difference Ap(r) = p(r) — ps has to be considered. F(q) is the
Fourier transform of Ap(r). F(q) is related to the scattering intensity /(q), which

is measured during a scattering experiment, by I(q) = F(q)F*(q).59

Assuming a spherical particle shape, I(¢g) can simply be determined by squaring
the amplitude, as all orientations in space are equivalent. It can then be expressed

as

1q) = F(q) = (apy? |30 drcen(a) (25)
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with the particle volume V = 2mr. 5 The evolution of F(g) with ¢ is plotted in
figure [2.3| (A) together with F?(q) (B) for a spherical particle with a radius of 1 nm.
For the sake of simplicity, an electron density difference of Ap = 1 has been used
for the plot. The shape of these curves illustrates the typical oscillating behavior of
patterns. [

In an ensemble of identical particles, two limiting cases of particle distribution,
which strongly affect the scattering, have to be considered. The particles can be
arranged in an ideal single crystal like a superlattice. In this case, there is
constructive and destructive interference from the scattered waves and the I(q)

measured will exhibit Bragg peaks, analogous to signals. 186!

In the other limiting case the particles don’t interact with each other, are dis-
tributed randomly and neither their positions, nor their orientations are correlated.
In this case the scattered intensities, rather than their amplitudes, can be summed
up, as there is no interference. The scattering intensity is then the single particle
intensity averaged over all orientations.8 This type of behaviour can be assumed
for dilute solutions of monodisperse . BT For polydisperse samples, the scatter-
ing intensity is given by the weighted average of the scattering from all types of
particles in the sample. 0

At very small angles the shape of the scattering pattern of an ideal monodisperse

sample of non-interacting particles can be described by the Guinier approximation

10 = (80 e (-55) (2.9

with R, being the radius of gyration, which is the root-mean square of the dis-
tances of all electrons from their center of gravity.®! In a so-called Guinier plot
(In(I(q)) versus ¢?) a linear function is obtained, from the slope of which R, can be
determined. This plot can also be used as a test for sample polydispersity and parti-
cle interactions. The Guinier approximation is only valid in a range of ¢ < 1.3/R,. [

At larger angles I(q) can be described by Porod’s law, using a power series. An
approximation is given by

I(q) = (Ap)? f]—” » (2.10)

with S being the particle’s surface. Using the so-called Porod invariant (@ =
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2m2(Ap)*V for homogeneous particles) yields

= = = lim [I(q)q"] (2.11)

with % being the particle’s specific surface. This allows the determination of
the specific surface directly from the scattering pattern. 6 In real samples, in-
ternal inhomogeneities often cause deviation from Porod’s law, requiring additional
correction. 56

The analysis of real patterns typically requires the development of a model
particle, that fits the experimentally obtained scattering pattern. This is due to
the fact, that real samples rarely are monodisperse, perfectly spherical and ideally
dilute. Although this can be a tedious process, the wide variety of information that
can be gleaned from the analysis makes it worthwhile. Considering the fact, that
the investigated length scale makes the technique ideal for characterizing colloidal

samples, it is of no surprise, that it has been widely used in the literature, to
investigate the formation of colloidal [NCs| BZ44HTHEETE2ES 92

2.2.3. Transmission Electron Microscopy

Due to their very small size, imaging of nanostructures using a conventional light
microscope is not possible. Since the resolution of a microscopy technique is limited
by the diffraction limit to approximately half the wavelength of the radiation used
to illuminate the sample, it is necessary to use higher energy radiation than visible
light to image nanostructures. An ideal candidate for this is a beam of electrons
accelerated in an electric field. Using acceleration voltages on the order of several
hundred Kilovolts, the wavelength of the electrons becomes sufficiently small to

resolve nanostructures.

The setup of a [transmission electron microscope (TEM)|is in principle analogous

to an optical microscope: it possesses a light source and a series of lenses that focus
the light on the sample and later magnifies it onto a screen. As a light source, a
[TEM]typically uses either a thermionic or field emitter electron gun. In a thermionic
gun, electrons are liberated from a material possessing a relatively low work function
(e.g. LaBg) by applying sufficiently high thermal energy. In a field emitter gun, a

very strong electric field is applied to a tungsten needle in order to lower the work
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function, allowing electrons to tunnel out of the needle. In both gun types, the
electrons are then extracted, focused and accelerated into the electron beam by an
anode assembly. 23]

As opposed to an optical microscope, a uses magnetic lenses to manipulate
the electron beam. Their housing, the column, is under high vacuum in order
to prevent oxidation of the emitter and scattering of the electron beam from gas
molecules. The column contains a condenser system, consisting of two lenses and an
aperture that parallelizes the beam onto the sample. The imaging system, consisting
of objective, intermediate and projector lens, as well as several apertures, magnifies
and projects the image of the sample onto a scintillating screen (typically coated
in ZnS), or a CCD camera. By adjusting the intermediate lens and aperture, as
well as removing the objective aperture, it is possible to select between imaging and
diffraction mode. In diffraction mode, it is possible to obtain a diffraction pattern
of electrons, diffracted by the sample, analogous to the pattern formed by X-rays
diffracted from a crystal lattice. %!

The contrast in a [TEM] image is generally formed by three processes: scattering,
diffraction and interference between transmitted and diffracted electrons. Scattering
contrast results from electrons scattered by the atoms in the sample. The thicker an
object in the sample is, i.e. the more layers of atoms there are, the darker the object
appears on the screen. Diffraction contrast results from diffraction of the electrons
from the crystal lattice of the sample. Since the wavelength of the electrons in a
[TEM] is on an order of magnitude with X-rays, they can also be diffracted from
crystal lattices, if the Bragg condition is met. Crystalline objects in a sample, that
have lattice planes oriented in a Bragg angle to the incident electron beam thus
appear darker on the screen. Lastly the interference of diffracted electrons with
transmitted electrons due to their phase difference results in the so-called phase
contrast. The phase contrast enables the imaging of a crystal’s lattice planes in
high resolution [TEM]| 3!

Apart from imaging sample structures directly or imaging their diffraction pat-
terns, there are a multitude of other possibilities to gain information about the
sample through use of a[TEM| By making use of inelastic scattering of electrons by
atomic cores within the sample, it is also possible to detect its elemental compo-
sition. This can be done by using an electron energy-loss spectrometer (EELS) to

detect the electrons that have lost energy to core electrons in the sample through
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inelastic scattering. Combining this spectrometry technique with scanning
(STEME[) allows chemical mapping of the sample, showing the variations of chemi-

cal composition over the acquired image. Another approach to measure the chemical

composition of the sample is |energy-dispersive X-ray spectrometry (EDX)| Equip-
ping the with an detector allows the detection of characteristic X-rays

emitted by the decay of a ”core hole” after a core electron has been excited from

the atom by incident electrons.

2.3. Colloidal Synthesis of Semiconductor

Nanocrystals

Preparation methods of nanostructures are generally divided into top-down and
bottom-up procedures. Top-down procedures are based on the creation of nanometer-
sized structures through the application of nanopatterning techniques on larger scale
materials, for example nanoparticles obtained from milling of microparticles®® or
nanoscale optical resonators obtained through lithography and etching of bulk semi-
conductor material. ™ Bottom-up procedures, on the other hand, are based on the
aggregation of molecular, ionic, or atomic species into nanoscale structures. This
can be for example semiconductor thin films grown via molecular beam epitaxy, 2
the growth of carbon nanotubes via chemical vapor deposition, ™! or the colloidal
synthesis of semiconductor 23]

Due to its numerous advantages, colloidal synthesis has developed into the number
one synthetic route to obtain high-quality in the last decades. B0BIGEETIONI03)
Its principles will be discussed in the following section, together with procedures to

influence the size distribution. Finally, an introduction to magic-sized semicon-

ductor clusters will be given.

2.3.1. Nucleation and Growth of Colloidal Nanocrystals
LaMer Model of Nucleation

The term colloidal [NCs generally refers to solution-grown inorganic stabilized in

a solvent phase by surfactant molecules, also called ligands, bound to their surface.

2STEM: The electron beam is focused into a small probe and scanned across the sample.
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Figure 2.4.: LaMer plot of monomer concentration evolution with time during nu-
cleation and growth of [NCg Nucleation takes place in the highlighted
area. Adapted from LaMer et al.. 104

They are formed from precursors, which decompose into reactive monomers under
reaction conditions, by a two-step process: nucleation of initial crystallization seeds
and subsequent growth of these nuclei into [NCg| K00

The nucleation behaviour of colloidal particles is illustrated by the so-called LaMer
diagram, which was published by LaMer and Dinegar in 1950.H% The diagram,
which is shown in figure [2.4] is a plot of the concentration of the particles’ monomers
as a function of time. Upon initiation of precursor-to-monomer conversion, stage I,
the monomer concentration build-up begins. The passing of the monomer’s solubility
(cs) by the increasing monomer concentration causes no precipitation but instead
the solution becomes supersaturated. The supersaturation increases together with
the monomer concentration, until a critical minimum concentration of nucleation
(Cmin) is Teached. At this point, nucleation (stage IT) begins. 20!

While initially the nucleation rate is relatively low, it increases quickly with in-
creasing monomer concentration until it can be considered infinite. At this point, all
newly generated monomer is immediately consumed either through nucleation or by

incorporation into growing nuclei, causing the monomer concentration to decrease
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Figure 2.5.: Plot of free energy (AG) as a function of particle radius (r) according to
classical nucleation theory. In addition, the surface (AGs) and volume
(AGYy) contribution to AG, critical radius (r*), and activation energy
of nucleation (AGy) are shown.

back below c;,. With this partial relief of supersaturation the nucleation stage ends
and all free monomer is now consumed by growth of the previously formed nuclei
(stage I1T). 104

Classical Nucleation Theory

Nucleation causes the formation of new surface around newly formed volume. As
such, the free energy of a nucleus of radius r, AG(r), is the sum of the free energy
increase through surface formation, AGgs, and the free energy decrease through

volume formation, AGvy. Since classical nucleation theory assumes the nuclei to be
spherical, AGs, AGy and AG(r) are given by

AGg = 42y (2.12)
4 T1
AGy = _gw?’R VSS (2.13)
4 JRTInS

AG(r) = 4rr?y — 37" (2.14)

Vin

respectively. In equation 7 is the surface energy, R, T" and V,, are the ideal gas
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constant, temperature and molar volume of the bulk monomer respectively. 108 S ig
the supersaturation given by S = % with [M] being the monomer concentration
and [M],, being the equilibrium monomer concentration of the bulk solid. 102
Figure [2.5) shows a plot of AG(r) versus r together with the surface and volume
contributions, AGgs and AGy. At very small radii, AG(r) is dominated by the
surface term, which makes the existence of nuclei with such radii energetically un-
favorable and causes them to dissolve. At radii larger than the critical radius r*,
the volume term becomes dominant and the slope of AG(r) becomes negative. As a

result, nuclei with radii larger than »* grow by incorporation of additional monomer.

The value of r* can be determined by setting dﬁ‘—f =0 at r = r* and obtaining 1%
27V

. 2.15

" T RIS (2.15)

The maximum of the free energy curve at r* is equal to the thermodynamic barrier,

or activation energy for the formation of stable nuclei AGy. It is given by

16m3V2
A = A N Tm 2.1
On = AG07) = ST 9)2 (2.16)
The formation rate of nuclei can then be written in the Arrhenius form as
dN AGy 16312
= A — = A — m 2.1
i P { knT } P { 3k3T3N2 (In S)2 (2.17)

with N, A, kg, and N, being the number of nuclei, the pre-exponential factor,
Boltzmann’s constant, and Avogadro’s number respectively. The nucleation rate
can be influenced experimentally by adjusting the supersaturation, temperature and
surface free energy. It is most strongly influenced by the supersaturation however,
which makes this parameter most useful in controlling the size distribution, as
will be discussed in section [2.3.2] 102

Diffusion- versus Reaction-controlled Growth

Subsequent to the formation of stable nuclei in the nucleation stage, the nuclei grow
by incorporating free monomer. For this to occur, the monomer first needs to be
transported through a diffusion layer of thickness §, which surrounds the particle.
This mass flow J through a spherical diffusion layer with radius z (from the particle’s

center) can be described by Fick’s first law of diffusion as
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d[M]
J = dxx’D—— 2.18
T e ( )

with D being the diffusion coefficient. 2% [M] is at its lowest value [M]; at the
particle surface (x = r), where the growth reaction occurs, and rises throughout the
diffusion layer until it reaches the bulk monomer concentration of the solution [M]y,
at = r + .19 Integration of [M] with respect to « in the limits of » and r + &
yields

J 47TD7‘E$7" +9)

Due to the mass balance, the monomer consumption rate of a first-order surface

(M] — [M]s) (2.19)

reaction is equal to J and can be described as

J = 4mr?k([M]s — [M],) (2.20)

with [M], being the solubility of the particle as a function of its radius and k the
rate constant of the surface reaction. J is related to the rate of the particle volume

change ‘3—: by

4 dr
- at 2.21
Voo dt (2:21)
Combining equations and yields
(Mg =M},) _ D r
M=o~ Ut 2.22
([M]y, — [Ms) kr ( + 5) ( )

Particle growth can be divided into two different growth modes, based on the ratio
of 5 in equation It % < 1, the diffusion step becomes the rate-determining
step in the growth reaction whereas every unit of monomer, that is transported
through the diffusion layer, reacts immediately in the surface reaction. In this case
of diffusion-controlled growth [M]s ~ [M], and, according to equations and

dr
n becomes

Ty, (% ' %) (M, — (M) (2.23)

4 With increasing r. In consequence, for constant

resulting in a decrease of
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(M]p — [M],), particle-size distribution narrows, as smaller particles grow faster

than larger ones. 109

For £ > 1 the surface reaction becomes the rate-determining step and thus

kr
M], ~ [M]s. In this reaction-controlled growth mode, 4 can be obtained from
equations and as
dr
S = KVa([M], — M), (224)

In this case, the growth rate is independent of the particle size and the size

distribution remains unchanged, as long as ([M], — [M],) is constant. 105!

The Gibbs—Thomson Effect

In order to accurately describe the growth dynamics of colloidal nanoparticles it has
to be considered, that their solubility [M], is a function of particle radius and thus
([M], — [M],) is not in fact constant. The chemical potential u of a spherical particle

with radius r is increased by

B 27V

Ap (2.25)

according to the Gibbs—Thomson relation. As a consequence, a very small particle
can have a chemical potential higher than that of its monomers, which results in a
dissolution of the particle. A larger particle, with a chemical potential lower than
that of its monomers, on the other hand, will grow. 1% The particle’s size-dependent

solubility [M], can be expressed as

29V
M|, = [M] 2.26
M = e (277 (2.26)
For % < 1 the diffusion-controlled growth rate becomes
dr 1 1y,1 1
—Knl-+=2)(=—-Z2 2.27
dt b <7“ + ) ) (T* r) ( )

with Kp = % and r* the critical radius at which the solubility of the
nanoparticle equals the monomer concentration in solution and the growth rate
is zero. Particles with r < r* are thermodynamically unstable and dissolve, while

particles with » > r* grow. ¥ The value of 7* depends on the level of supersaturation
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Figure 2.6.: Particle growth rate according to equation versus particle radius
relative to r* with Kp = 1.

S according to equation [2.15 A plot of equation versus the particle radius
relative to r* with Kp = 1 is shown in figure The particle growth rate increases
with r for r < 2r* and decreases again for larger r. As a consequence, as long as the
supersaturation is sufficiently high, smaller particles with r 2 2r* grow faster than
larger particles, and the particle-size distribution narrows during growth. 105!

With a decreasing level of supersaturation the critical radius shifts to larger values
until it reaches the average radius 7 of the particle ensemble. In this case, smaller
particles become unstable, shrink and eventually dissolve, while larger particles keep
growing by incorporating the newly available monomer. This process, that leads to
a defocusing of the size distribution, is called Ostwald ripening. 2%

A similar observation can be made for the reaction-controlled growth mode. The
closer the system is to the reaction-controlled regime (i.e. with increasing ratio %)
the less dependent the growth rate is on the particle radius, i.e. no size-focusing
regime exists. As a consequence Ostwald ripening is observed and the size distribu-

tion broadens with increasing reaction time. 29!

2.3.2. Controlling Nanocrystal-Size Distribution

Since many properties of are defined by their size, precise control over their
size distribution during synthesis is crucial. This can be achieved by a variety
of methods, of which two major approaches will be discussed here: burst nucle-
ation and the consequential separation of nucleation and growth, and size focusing.
Both approaches rely on controlling the supersaturation level in order to control the

particle-size distribution.
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As described by LaMer’s model, which was discussed in section [2.3.1], nucleation
occurs at a high supersaturation level with monomer concentrations above the criti-
cal minimum concentration of nucleation. New nuclei form and begin growing until
the monomer concentration drops below the critical level. In the ideal case all
particles nucleate at the same point in time, grow under the same conditions and
subsequently reach the same size after a given reaction time. While this is hardly
possible for homogeneous nucleation, a sufficient approximation can be reached by
limiting the nucleation stage (stage II in figure to as short an amount of time
as possible. For this purpose, the monomer concentration has to be increased high
above the critical level instantaneously, so that the nucleation rate becomes effec-
tively infinite. Free monomer is then rapidly consumed by nucleation until the
supersaturation drops below the critical level again. In this case of burst nucleation,
nucleation occurs so rapidly, that it is effectively separated from growth.

The principle described above has been utilized by Bawendi and co-workers in their
groundbreaking method for the synthesis of nearly monodisperse cadmium chalco-
genide [NCg Their synthetic approach, which was later dubbed the hot-injection
synthesis, relies on rapid injection of precursor solutions into a hot coordinating sol-
vent, which leads to immediate burst nucleation. The accompanying rapid monomer
consumption and the temperature drop due to the injection limit the nucleation
stage and allow slow growth of nanoparticles with a narrow size distribution. !

Within the last two decades the hot-injection method has been constantly adapted
and improved. Not only regarding the synthesis of cadmium chalcogenide
but also for a multitude of other materials. Using the hot-injection method it is
possible to obtain uniform of cadmium, zinc, and lead chalcogenides, I11-V
semiconductors like indium phosphide and arsenide, as well as metals like iron,
cobalt and cobalt platinum.

As was discussed in the previous section , smaller particles tend to grow
faster than larger particles and the particle-size distribution narrows with elapsing
reaction time as long as the supersaturation is sufficiently large. As this size-focusing
effect is strongly tied to the level of supersaturation, defocusing of the size distribu-
tion can be averted by replenishing the monomer used up during the reaction and
thus keeping the supersaturation level high. Additional injections of monomer dur-
ing the growth phase even allow the refocusing of a particle-size distribution which

has already defocused through Ostwald ripening. Ideally replenishment of monomer
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keeps the supersaturation at a level where the critical size remains smaller than the

average particle size at all time, while avoiding additional nucleation. #0

2.3.3. Magic-Sized Clusters

For the last 30 years authors have published evidence of very small semiconduc-
tor [NC¢ which occurred in the early stages of colloidal [NC| syntheses and pos-
sessed atypically narrow absorption peaks, indicating a near-uniform parti-

cle size. BOBEBSI0TIIO0N Direct synthesis protocols were quickly developed and allowed

very reproducible synthesis of certain defined sizes of these nanoclusters. B01HHI16]

Further study of the nanoclusters’ growth behaviour showed that, unlike regular
they do not grow continuously but instead only exist in discrete sizes. Growth
occurs by variation in the population of clusters of different sizes. The population of
a cluster of a certain size will increase initially and then decrease in favor of that of a
larger cluster, in a type of sequential, or quantized growth process. CO6TI0SII2II5117]

A general mechanism which explains the sequential growth of has not yet
been established. Several authors propose the initial formation of one cluster and
subsequent growth by cluster-cluster aggregation. B¥H3 I8 Others report the growth
of clusters by incorporation of free monomer, analoguously to regular [NCs with
smaller clusters being unable to dissolve or shrink due to their high stability. 6061
There are also reports of dissolution of smaller clusters and incorporation of thusly
liberated monomer into others to form larger clusters. 57

The substantial thermodynamic stability which can be deduced from their growth
behaviour has coined the term [MSCs| in analogy to closed-shell metallic gas-phase
clusters. 17 The existence of theseis contradictory to the predictions resulting
from classical nucleation theory (section and the Gibbs-Thomson equation
(section which assume a continuous behaviour of the free enthalpy during the
formation of (compare figures and 2.6). A modification of these theories
through the introduction of local free enthalpy minima reflecting the thermodynamic
stability of becomes necessary. Growth of the clusters would then occur slowly,
given sufficient monomer concentration/temperature, by passing of an energy barrier
to allow formation of a larger cluster. Similarly dissolution of a cluster would occur
slowly, if the monomer concentration was lower than the cluster’s solubility. 19

It has to be noted, that these clusters do not represent critical nuclei as predicted
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by classical nucleation theory, whose growth to larger size would have to occur very
rapidly. 122! rather exist in sizes below the critical radius, 2 illustrated by
the unprecedentedly small sizes at which they have been produced. This is further
supported by the fact, that the energy required for their formation is significantly
lower than the energy barrier for nucleation of regular [NCg as their synthesis has
been reported at temperatures below 100 °CEMIOIIIE qown to room tempera-
ture. 57 This is well below typical reaction temperatures required for the formation
of regular (> 200 °C P21

Some authors suggest, that the formation of regular from requires
dissolution of the to release sufficient monomer for the [NCs nucleation. The
then act as a monomer reservoir, for example during the formation of CdSe

109 and InP quantum dots, for which they can be used as a single-source

58]

nanorods
precursor.

A generalized description of the growth behavior and the role of in the
formation of regular is made difficult by the fact, that the stability of a cer-
tain [MSC] or certain groups or families of has been reported to be strongly
influenced by the reaction conditions and especially the composition of the reac-
tion medium. 28 A ccordingly, a selection for specific families and
between the formation of and regular through a variation of the ligand

environment has been reported. H12113/118]



3. Scope

The aim of this project was the time-resolved investigation of nucleation and growth
of colloidal semiconductor [NCg, with specific attention to the role of during
[NC|] development. For this purpose, a[CFD|was to be developed and set up based on
the layout of preparative reactors developed by Jan Niehaus, Daniel Nef§, Katharina
Poulsen and Tobias Jochum in their respective PhD theses. 1221125

The time resolution was to be attained through the use of defined-length heated
delay lines and subsequent quenching of the reaction. Characterization of the form-
ing was to be done using a absorption spectrometer, connected to
the flow system. The online recording of absorption spectra was to enable direct
tracking of the size and concentration evolution of the [NCg|

To enable the use of synchrotron-based X-ray scattering techniques for in situ
characterization, the setup was to be adapted for the use at synchrotron beamlines
by the development and construction of a specialized heatable X-ray flow cell.

Based on these technical developments, the formation reaction was to be
studied in the [CEFD] CdSe was selected as a model system, due to the extensive
empirical knowledge about its nucleation and growth dynamics and the ease of its
characterization using optical spectroscopy, due to its band gap in the visible range.

In a first step, a suitable precursor system for the CdSe synthesis in the [CFD]
was to be found, as the reaction rate had to fit the attainable time resolutions of
the device. Subsequently, the influence of nucleation and growth temperature, and
reaction time on the nucleation and growth of CdSe [NCs| as well as was to
be studied.

Finally, the growth behavior of the was to be studied in more detail with
emphasis on the evolution of the MSC|populations with time. This was to be done to
evaluate, whether or not the particles exhibited a sequential growth behavior. Addi-
tionally, their growth behavior in the presence, and absence, of additional monomer

was to be compared.
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4. Achieving Nucleation and
Optimization of the

Continuous-Flow Device

4.1. Conceptualization of Continuous-Flow Device

At the beginning of this project stood the idea of observing colloidal quantum dot
formation in situ and learning about the role play during this formation
process. In order to quickly be able to start working on the chemistry involved
and to have a controlled and standardized environment, the initial approach was
to set up a commercial stopped-flow device. These devices generally offer very fast
and high-quality mixing, combined with very low dead times and, if used with a
rapid characterization technique, very good time resolutions. Their applicability to
the study of nanoparticle formation processes has been reported numerous times in

recent years. [A3145146/ 126128

A major drawback of these systems, however, stems from what is principally their
main advantage, that is, that the processes can be literally studied in situ. For
this to be possible, the reaction, which is being studied, has to occur in the same
place as the characterization. Typical systems use quartz cuvettes, connected to
the flow system. While quartz glass itself can withstand high temperatures without
issues, the thermal durability of the connections and glues used in the construction
of the cuvettes greatly limit the usability of the aforementioned commercial setups
for the high-temperature colloidal synthesis routes which were to be investigated
in this project. And indeed, their previously mentioned use has been reported for
7ZnS,#3126127 phg Bl and gold nanoparticles #8123 all of which have been prepared

around room temperature.

29
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Figure 4.1.: Schematic drawing of the concept.

While the development of a high-temperature cell for a stopped-flow device com-
patible with optical spectroscopy, as well as X-ray scattering techniques, would have
been a possibility, it was deemed as significantly more time-efficient, to utilize the
knowledge already present within the lab to pursue a different approach. Based on
the concept of a continuous-flow reactor for the production of colloidal quantum
dots developed by Jan Niehaus™2 and further advanced by Daniel Ne23 Katha-
rina Poulsen ™4 and Tobias Jochumt#! (all CAN GmbH) in their respective PhD
theses, a continuous-flow device for the characterization of the formation processes

of colloidal quantum dots was to be set up.

A schematic drawing of the proposed concept is shown in figure It is
divided into a precursor, reaction, and characterization stage. The precursor stage
comprises the precursor solutions, stored under nitrogen, (1) and the continuous
pumps (2) which were to be used to pump them into a mixing chip (3). In the
mixing chip, which was to be heated to reaction temperature, the reaction was
supposed to be initiated and as such it represents the beginning of the reaction
stage. For proper in situ study of the nanoparticle formation, the reaction stage
would have to end directly at the measurement cell (4), which, together with the
detector (5) and light source compose the characterization stage. The crude product
of the reaction would eventually be collected to allow further ex situ analysis. In
this concept the reaction time would directly correspond to the time the reaction

mixture spends between mixing chamber and measurement cell and as such be a
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Figure 4.2.: Photographic depiction of the setup: (A) the complete setup in
the lab, (B) enlarged view of the reaction stage.

function of the flow rate and the length x of the tubing in between.

Figure (A) shows the practical implementation of the concept in the
lab. The precursor stage can be seen on the two upper levels of the rack, with
the precursors at the top and the pumps below. The reaction and characterization
stage are located in the lower level of the rack. An enlarged view of the reaction
stage is shown in figure (B). For the practical application a preheating stage was
added, composed of two preheating ovens (PH). Additionally, a delay growth oven
(DGO) was attached to the mixing chamber (MC). An exploded 3D rendering of
the growth oven (in-house design) is shown in figure (A). It consisted of tubing
coiled around a heated core, varying its length allowed the variation of the length
x. In consequence these oven lengths are mentioned throughout this work, as they,

in conjunction with the flow rate, defined the residence time.

Figure [4.3| (B) shows an exploded 3D rendering of the mixing chamber (acquired
from micro 4 industries), highlighting the interdigitated mixing structure sandwiched
between the heated bottom and the top in which the temperature was measured. A
graphite gasket ensured sealing of the mixing chamber to the outside and improved
heat conduction from the bottom to the top. The very small inner volume of the
mixing chamber (8.4 pL measured from the point of mixing to the outlet) resulted

in a very short residence time (below 1s) compared to the growth oven.

This disparity between residence times made the setup very promising in order
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Figure 4.3.: Exploded 3D renderings of a growth oven (A) and a mixing chamber

(B) as they are used in the [CFD|

to separate nucleation and growth, a prerequisite to form high-quality This
would be achieved by setting the mixing chamber temperature high enough to allow
nucleation, while heating the growth oven to a temperature below the nucleation
threshold, thus ensuring no secondary nucleation in the growth oven. In conse-
quence, the terms nucleation and growth temperature are used synonymously with
mixing chamber and growth oven temperature throughout this work. While this
nomenclature is not completely accurate, as, for example, under most circumstances,
some growth already occurs within the mixing chamber, it represents a convenient
simplification of terminology.

Due to the same thermal limitations discussed earlier with regard to the stopped-
flow measurement cells, a heat exchanger was introduced to the final setup, to
quench the reaction (thus definitely defining the residence time and the end of the
reaction zone) by cooling the reaction mixture and at the same time saving the
measurement cells. This represents a compromise between the possibility of true in
situ measurements and the conduction of high-temperature colloidal [NC| syntheses.

Measurement of spectra was possible using flow cells with 0.5 mm or 3 mm
optical path length, the latter allowing the detection of lower analyte concentrations.
A more detailed description of the [CED] setup is given in section together
with a detailed account of the standard procedure of the [CFD] experiments applied
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throughout this work in section |8.1.2

4.2. Preliminary Experiments: Choice of Precursor

System

After completion of the preliminary [CED|setup, the CdSe quantum dot synthesis had
to be achieved in the device. The goal was to find reaction conditions, that allowed
study of nucleation and growth kinetics in the [CFD] For this purpose, the reaction
rate had to be compatible with the time resolution of the[CFD] In initial experiments
a precursor system previously tested in batch reactions was used. The Cd precursor
contained CdO and Joctadecylphosphonic acid (ODPA)| dissolved in [Cyanex], while
the Se precursor consisted of elemental Se dissolved in puretrioctylphosphine (TOP)|

Experiments were conducted using a growth oven of a set length at a set temperature
and varying the residence time through variation of the flow rate. After several
unsuccessful attempts at CdSe preparation using a Cd-to-Se ratio of 1:2, the use of
a Se precursor with higher concentration (Cd-to-Se ratio 1:10) resulted in the first
successful [NC| synthesis in the newly commissioned [CFD]

absorption spectra obtained using the online absorption spectrometer
during one of the first successful CdSe syntheses, using a growth oven of 30 cm, are
shown in figure (A). The spectra show a distinct absorption maximum between
around 500 nm after 0.75s and around 625 nm after 2.76 s at 350 °C. The continuous
shift in wavelength of the absorption maximum with time highlights the continuous
growth of the with reaction time. After 2.76s a broadening of the absorption

feature, accompanied by a reduction in peak [optical density (OD)| was observed,

indicating a broadening of the particle-size distribution. The growth in size accom-
panied by the observed broadening of the size distribution is indicative of Ostwald
ripening, i.e. the growth of large particles via dissolution of smaller ones.

These first results showed the complete reaction, nucleation, growth and complete
consumption of free monomer leading to Ostwald ripening, to occur within a time
frame detectable in the [CED] Moreover, the very fast reaction rate points out the
advantage of the [CFD] compared to the conventional method of reaction tracking
of taking samples from batch reactions. Control over reaction time and access to

early stages of the reaction are very limited in that approach. A fact highlighted by
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Figure 4.4.: Successful commissioning of the [CFD} (A) Vis| absorption spec-

tra obtained during one of the first successful growth experiments us-

ing CdO precursor and Cd:Se ratio of 1:10, (B) samples collected dur-

ing a growth experiment, (C) samples collected during batch
synthesis.

the contrast between the samples obtained from a similary experiment as the one
previously discussed (figure (B)) and the samples taken as quickly as possible
during a batch synthesis conducted under comparable conditions (C). The dark red
to brown colour of the batch samples clearly shows the advanced stage of the reaction
and the large size of the particles in these solutions.

In order to investigate the influence of on the reaction rate, a Se precursor in
which a large part of[TOP|was replaced with[Cyanex] was prepared. As the reduction
of ligand was expected to increase the reaction rate, the previously discussed reaction
conditions appeared to be unsuitable, as the reaction was already very fast. As a
result the Cd-to-Se ratio was increased back to 1:2 as it was in the initial tests.

Figure shows absorption spectra obtained during an experiment at
a temperature of 380°C in both mixing chamber and growth oven (10cm), using
the aforementioned precursor. The residence time was again varied by varying the
flow rate. Within the time frame studied in this experiment, the formation of an
absorption maximum, its continuous shift to larger wavelength, as well as its eventual
broadening and reduction in peak were observed. This showed, that using the

reduced [TOP)] precursor it was possible to observe nucleation, growth as well as
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Figure 4.5.: absorption spectra obtained during growth experiment using
CdO precursor, a Cd:Se ratio of 1:2 and a reduced amount of TOP.

onset of Ostwald ripening within an observable time frame. Further preliminary
experiments, utilizing precursors with different [TOP] content, appeared to exhibit

varying growth rates, indicating an interesting subject of study.

Both precursor systems investigated exhibited very fast reaction rates, resulting
in the formation of precipitate as a byproduct of the reaction. As this could cause
blockage of the flow system, another precursor system was required. In consequence,
the previously employed precursor systems were abandoned, in favor of the well
established precursor system used by Tobias Jochum (CAN GmbH) in his PhD
thesis. 29 The Cd precursor was based on Cd(OAc), and dissolved in
and and the Se precursor was elemental Se dissolved in joctadec-1-ene (ODE)|
and [TOP] The Cd-to-Se ratio was again 1:10. This precursor system was used
throughout the rest of this work with slight variations. In addition to the change

in precursor, pressure sensors were introduced into the [CFD] setup, to allow early

detection of blockage of the flow system.

In a standard [CFD| experiment using a 90 cm growth oven and a reaction temper-
ature of 350°C in both mixing chamber and growth oven, the absorption
spectra shown in ﬁgure (A) were obtained at different flow rates. All spectra show
a very narrow and well defined first absorption maximum, together with additional

well defined maxima related to higher energy transitions. As opposed to the pre-
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Figure 4.6.: Introduction of Cd(OAc), precursor: (A) absorption spectra
obtained during growth experiment using Cd(OAc), precursor, (B)
transmission electron micrograph of CdSe prepared in the [CFD|
during a residence time of 8.02s, (C) X-ray diffractogram of the same
sample of CdSe plotted together with reference reflexes for hexag-
onal CdSe from ICDD’s PDF database.

vious experiments, the long growth oven resulted in relatively long residence times
compared to previous experiments. As a result even after the lowest residence time,
the spectra exhibits a clear and well defined peak at a wavelength above 500 nm, in-
dicating that the nanoparticles have formed earlier and already grown. After 12.04s
of residence time, no significant peak broadening due to Ostwald ripening could be
observed.

Figure (B) shows a m image of the second largest sample of CdSe m
obtained after a residence time of 8.02s. The crystals appear to have a uniform
shape and size and the visibility of lattice planes indicates high crystallinity. An
X-ray diffractogram of the same sample is shown in figure (C), together
with reference reflexes of hexagonal CdSe (PDF 00-008-0459). The reflexes in the
measured diffractogram appear broadened due to the small size of the but
their angular position is in good agreement with the reference diffractogram, giving
confirmation, that the material is indeed wurtzite CdSe.

The new precursor system evidently causes a significant reduction in reaction

rate, compared to the previous, CdO based ones. This is highlighted by the plot
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Figure 4.7.: Comparison of reaction rate for different precursor systems: Plot of
absorption maxima against residence time for experiments discussed in
this section.

of absorption maxima versus residence time for all three experiments discussed in
this chapter, which is given in figure 4.7, The initial experiment is plotted in red,
labelled CdO:Se:TOP 1:10:72, while the second one is plotted in black, labelled
CdO:Se:TOP 1:2:5.8. The third one, using the Cd(OAc), precursor is plotted in
blue. The growth rate observed during the first two experiments appears to be very
similar, despite the difference in precursor and reaction temperature. While this
might be just coincidence, the difference to the third experiment, in which a much

lower reaction rate was observed, is clearly visible.

The switch to the Cd(OAc), precursor resulted in a significant reduction in reac-
tion rate. This allowed a higher flexibility, making the earlier stages of the reaction
more easily accessible. The formed with this precursor are of high quality,
which is an additional advantage. The observations made in the experiments dis-
cussed within this chapter set the stage for the rest of the project, regarding the
definition of standard experimental parameters for the [CFD] experiments. The re-
duced reaction rate led to the use of lower flow rates, to achieve longer reaction

times, making the experiments easier handleable.
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Figure 4.8.: absorption spectra of Kapton foil before and after exposure to
CdSe solution, as well as the difference spectrum.

4.3. Adaptation to Synchrotron Beamlines

In order to use X-ray scattering techniques for the characterization of formed
in the [CFD] it was necessary to develop an X-ray flow cell. This flow cell needed
to be transparent to X-rays and also compatible to the flow system. In addition,
to allow in situ measurements, it had to possess sufficient thermal stability and be

chemically inert.

The most promising material to construct the flow cell from was Kapton, a poly-
imide material developed by DuPont. Being a material used for the construction of
X-ray windows, medical tubing and environmental shielding of space craft, made it
appear quite suitable for the intended application. In fact, it possesses virtually no
scattering background for X-rays and retains most of its mechanical properties at

temperatures up to 400 °C. 129

In an initial test of the material’s suitability, a piece of Kapton foil was submerged
in a solution of CdSe previously prepared in the [CED] over several days. The
absorption of the foil was measured before and after the experiment, in
order to probe for potential adhesion of to the surface. The spectra obtained
in this measurement are shown in figure [4.8 The blue line plotted in the figure is

the difference between the two spectra. Evidently, the absorption spectrum of the
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foil had not changed, during the exposure to the and their solvent, indicating
that no changes had occurred to the material and no had adsorbed to it.

In order to use the material in an X-ray flow cell, commercially available Kapton
tubing was acquired. The connection of this tubing to the flow system was realized
by inserting a piece of titanium tubing and sealing it with HPLC-style titanium
fittings, the bore of which had been enlarged to 1.8 mm (the outer diameter of the
Kapton tubing). An exploded 3D rendering of the complete [Kapton flow cell (KFC)|

showing the individual components is given in figure [4.90 The newly constructed

device was incorporated into the [CFD|between the growth oven and heat exchanger
during CdSe synthesis, in order to test the applicability of the design. As it
showed no leakage at all investigated temperatures (up to 260°C), the design was
considered suitable.

Using the at a synchrotron beamline required a possibility to mount it in
a defined orientation, without applying too much force on the fragile Kapton tube.
Additionally, the mounting solution had to be heatable, in order to allow in situ

measurements. For this purpose, a two-piece sample holder, composed of an alu-

minium block, containing bores for a heating cartridge and [resistance temperature]

ldetector (RTD)| and an aluminium lid, was designed. An exploded 3D rendering

of the prototype of this design, capable of accommodating a single [KFC] is shown
in figure m (A). The sample holder possesses a central bore for the Kapton tube
and additional cut-outs for the fittings. When the [KFC|is mounted in the sample
holder, the fittings at either end are clamped by the two pieces of the holder, without
applying force to the Kapton tube. Finally the sample holder possesses a central
window through the block, allowing the incident X-rays to pass through without
interaction. The window in the lid possesses a chamfered edge, corresponding to
an angle of 120°, the vertex of which coincides with the center of the Kapton tube.
This feature allows the light scattered within the [KFC| to be detected unhindered.
An engineering drawing of the prototype sample holder including all dimensions is
given in the appendix (A.1]).

Temperature distribution in the prototype sample holder was sufficiently homo-
geneous, with a maximum of +1°C difference between the temperature measured
in the [KFC| channel and in the [RTD] bore between 250 °C to 330°C. Further tests,

with a mounted during [NC| synthesis in the [CFD] placing the sample holder
between growth oven and heat exchanger, proved the design to work well at tem-
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Figure 4.9.: Exploded 3D rendering of the X-ray flow cell based on commercially
available Kapton tubing.

Figure 4.10.: Exploded 3D renderings of the heatable sample holder for the
(A) single-cell prototype, (B) multi-cell design ” Apollo”.
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Figure 4.11.: Practical setup at beamline P_03| at DESY[ (A) alKFCl mounted in the

prototype sample holder in the beam path at [P03| (B) the vented cover
containing the remainder of the setup.

peratures up to 330 °C, without any leaks.

In order to allow time-resolved in situ measurements an alternative multi-cell
sample holder design was devised. An exploded 3D rendering is shown in figure
(B). This design, dubbed ”Apollo” due to the increased complexity of the setup,
featured slots for five These were to be linked via growth ovens, while the
mixing chamber was to be connected at the inlet and the heat exchanger at the
outlet of the system. Measurement of [SAXS| or [WAXS| patterns in each of the

positions would then allow the investigation of different stages of the reaction. An

engineering drawing of the Apollo sample holder including all dimensions is given
in the appendix (A.2]).

Initial tests in the lab showed no leaking of a three]/KFC| assembly, connected to
mixing chamber, two ovens and heat exchanger, in the Apollo holder at pressures up
to 6 bar and temperatures up to 230°C. Its practical application remained limited,
however, due to the increased complexity of the resulting setup.

As opposed to the Apollo holder, the prototype holder was used successfully in
multiple beamtimes. Figure u (A) shows a photograph of the holder being set up
at beamline [P03] at [DESY] where it was used as an ex situ X-ray flow cell (being
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Figure 4.12.: Synchrotron [SAXS]| scattering curves obtained in the Kapton flow cell
at different temperatures during a CdSe growth experiment carried out

at [[D02| at [ESRF]

placed downstream of the heat exchanger). Note the custom support on which it
is mounted, including an opening for the flow connection. A comparable support
was developed for all beamline applications, considering the beam height, as well
as local fastening options. Figure shows the cover, which was constructed to
house the rest of the [CFD| during the same experiments. It was connected to the
exhaust system, in order to initially contain and subsequently vent fumes resulting

from potential leakages.

As a final example illustrating the successful application of the prototyp sample
holder, synchrotron scattering curves obtained during an in situ growth ex-
periment at beamline [D02] at [ESRF] are shown in figure [£.12] All scattering curves
have been collected in the [KEFC| mounted in the prototype holder, which was heated

to a range of growth temperatures. The variation in reaction progress at the differ-

ent temperatures can be seen from the shape variation of the [SAXS| curves, with the
shift of maxima to smaller ¢ with increasing temperature indicating growth of the
[NCd The in-depth evaluation of the data shown here, and obtained from all other

beamtimes is still carried out at the time of writing of this work.

In conclusion an X-ray flow cell based on commercially available Kapton tubing

was developed in conjunction with two sample holders, allowing mounting and heat-
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ing of the flow cell. While the multi-cell sample holder design saw limited use, the
single-cell design was used successfully both in in situ measurements as well as as

an er situ X-ray flow cell in four beamtimes to date.






5. Characterizing Nucleation and
Growth of CdSe NCs in the CFD

In order to employ the [CFD| properly in the investigation of nucleation and growth
dynamics of CdSe[NC¢| it was necessary to characterize the nucleation and growth of
CdSe within the device. The idea was to find the lowest temperature at which
nucleation occurs, in order to be able to differentiate the two processes within an
experiment. In addition, finding this critical nucleation temperature was expected
to allow studying the earliest nucleation events, by setting nucleation temperatures

slightly below and above this threshold value.

The first part of this chapter covers the efforts made to find the critical nucle-
ation temperature. Subsequently, results of experiments varying the nucleation and
growth temperature, in order to characterize the growth process are discussed, high-
lighting the discovery of absorption features related to species of magic-sized CdSe
clusters during these experiments. Finally, an overview of the experimental condi-

tions under which these clusters were observed is given.

Throughout this chapter, all experiments were conducted at the same flow rate,
varying only nucleation and growth temperature, as well as oven length. This was
done in an effort to simplify the interpretation of experimental results, as a varia-
tion of the flow rate not only varied the residence time in the growth oven, but as
well in the mixing chamber. In consequence, variation of the total residence times
shown in the data throughout chapter 4| lead to variation of the time, the reaction
mixture spent at nucleation temperature. This makes comparison of the individ-
ual results much more complicated. In addition, this modification of experimental
procedure results in a reduction of variable parameters in the investigation of this

highly complex system.

45
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Figure 5.1.: Determining the critical nucleation temperature in the mixing chamber:
absorption spectra obtained after 0.46s in the mixing chamber
at different temperatures and subsequent quenching.

5.1. Determining Critical Nucleation Temperature

5.1.1. Nucleation in Mixing Chamber

In order to determine the onset of nucleation in the mixing chamber alone, a heat
exchanger was directly connected to the mixing chamber. Utilizing a flow rate of
2mL/ min, a residence time of 0.46 s was realized between the point of mixing and the
quenching in the heat exchanger. In previous experiments, it was determined, that
at higher flow rates [NC| concentration after the mixing chamber was insufficient to
yield detectable The temperature of the mixing chamber was then varied to find
the lowest temperature, where concrete evidence of nucleation could be observed.
Figure shows absorption spectra obtained during a nucleation ex-
periment in which the nucleation temperature was varied during the experiment.
With increasing temperature the slope of the absorption spectrum increases. Very
slightly between 250 °C and 280 °C. Starting at a nucleation temperature of 290 °C,
the increase becomes more significant with every 10 °C increase. Starting at 310 °C,
a broad absorption feature was observed, located at around 400nm. A further in-
crease of temperature led to an additional increase in and eventually to a shift

of the absorption onset to longer wavelength.
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The absorption spectra shown in figure are representative for all
spectra obtained in mixing-chamber-only experiments. Generally no well resolved
absorption features were observed, while experiments under similar conditions using
a growth oven yielded spectra exhibiting distinct absorption peaks (compare figure
(A) and spectra shown in section and following). This indicates, that a
longer residence time is required to obtain a population of with a well-focussed
size-distribution. Nevertheless, particles already form within the first half-second of
the reaction.

Determining the critical temperature for this to occur with precision is difficult,
due to the absence of well-defined absorption maxima. From the spectra obtained
in the present experiment, it can be clearly said, that nucleation must have occurred
at 310°C, as an absorption feature could be observed. The changing slope of the
spectrum obtained at 300 °C, suggests, that nucleation has also occurred at this
temperature, despite the absence of a distinct absorption feature. At lower temper-
atures, a definite statement, whether nucleation has occurred cannot be made, as
all spectra, starting at 270 °C, exhibit an increasing slope.

In summary, nucleation in the mixing chamber was not clearly observed at tem-

peratures below 300 °C.

5.1.2. Nucleation in Growth Oven

In the mixing chamber alone, concrete evidence of nucleation could not be observed
at temperatures below 300°C. Considering that spectra obtained at lower tem-
peratures also showed increasing |OD| compared to the initially recorded spectra, it
appeared reasonable, to assume that nucleation can occur at even lower tempera-
tures. In order to verify this assumption, experiments were carried out at longer
residence times by using a growth oven in addition to the mixing chamber.

Figure shows absorption spectra obtained in a standard experi-
ment using a 50 cm growth oven, a flow rate of 2mL/ min, a nucleation temperature
of 260°C and varying the growth temperature. Even at a growth temperature of
180°C, well below the temperature range where nucleation was observed, a broad
absorption feature could be observed. With higher growth temperature, the feature
became better resolved, while increased significantly, and additional maxima
were observed. This clearly shows, that even from nucleation at 260 °C, CdSe
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Figure 5.2.: Evidence of nucleation at lower temperature: online absorption
spectra obtained at different growth temperatures after a nucleation at
260 °C. Total residence time was 15s.

could be grown and that the critical nucleation temperature must be lower than the

values observed in the mixing chamber alone.

The point of determining the critical nucleation temperature was to avoid nu-
cleation in the growth oven, where residence times are multiples of that in the
mixing chamber. In consequence, it appeared sensible to investigate the nucleation
threshold in a growth oven. The added residence time would give the formed
additional growth time. In consequence, the onset of formation was expected

to be detectable more clearly.

The experiment was first attempted in a 10cm oven. Both precursors were
pumped through preheating ovens and mixing chamber into the growth oven in
which the temperature was varied. In experiments, where mixing chamber and pre-
heating ovens were at room temperature, no nucleation was observed in the oven
regardless of growth temperature. It was assumed, that the liquid in the growth oven
had not reached the set temperature. Preheating to 50 °C, 90 °C and 150 °C had re-
sulted in nucleation at temperatures above the threshold previously observed in the
mixing chamber alone. As a result the preheating temperature was increased further
to 200 °C. absorption spectra obtained at three different oven temperatures
are shown in figure (A).
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Figure 5.3.: Determining critical nucleation temperature in a growth oven:
absorption spectra obtained at different growth temperatures in a (A)
10 cm oven after preheating of mixing chamber and preheating ovens to
200°C, (B) 90 cm oven without preheating.

At a temperature of 220 °C and below (spectra omitted for clarity), a plain spec-
trum without features was obtained. Increasing the oven temperature to 240°C
resulted in an absorption spectrum with a very low intensity absorption feature.
Further increase of the temperature to 260 °C resulted in a significant increase of
At this temperature, the spectra exhibited a distinct and narrow peak centered
at 395nm featuring a shoulder at around 430nm. The recorded spectra suggest,
that the nucleation threshold in this case is at or slightly below 240 °C.

The experiment was repeated using a 90 cm growth oven. In this case, no pre-
heating was done, as it was expected that the residence time of 24 s was sufficient to
achieve the desired temperatures. This was assumed, considering that 90 cm ovens
were also typically used as preheating ovens. As a result, it has to be noted, that
the residence time of the oven is not identical with the total time the reaction mix-
ture spent at temperature. The absorption spectra obtained in this experiment are
shown in figure (B).

At an oven temperature of 230 °C, the spectrum exhibits no features and is slightly
curved. This curvature is due to the reference spectrum, which was obtained in a
previous experiment. Spectra obtained at lower temperature (not shown) show

the exact same shape, indicating, that no nucleation had occurred at this point.
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Increasing the temperature in the oven to 235°C led to an increase in [OD] and
formation of low intensity absorption features. A further increase of the temperature
to 240°C led to an increase in resolution of these features, while the increased
simultaneously. At an oven temperature of 250°C the spectra already exhibited a
broad absorption feature close to 500 nm and significantly increased [OD] compared
to the initial spectra.

In the present experiments an onset of nucleation in a temperature range of 235 °C
to 240 °C was observed. Due to the increased residence time compared to the mixing-
chamber-only experiment, the absence of any indications of nucleation in spectra
obtained at lower temperatures and the good agreement of results from 10cm and
90 cm oven, it seems likely that this temperature is indeed the critical temperature
for the nucleation of CdSe from the employed precursor system.

In both experiments, the first species to form possesses its absorption maximum
at around 395nm. Upon increasing the temperature, the population of this species
seems to increase, before (or while) larger species, indicated by broad maxima at
longer wavelength, form. A similar observation was made in the previously discussed
experiment (spectra in figure . This could indicate a mechanism in which the
species of CdSe absorbing at 395 nm forms as an intermediate in the formation of
larger NCgl The fact that it additionally possesses a very narrow size distribution
after growth at 260 °C, could indicate that it is a species of MSC| A notion supported
by the fact, that a cluster of (CdSe)g, possessing an absorption maximum at 395 nm,

was previously reported in the literature. 130

5.1.3. Separation of Nucleation and Growth

The critical nucleation temperature determined here is especially relevant for ex-
periments, where the temperature in the mixing chamber and growth oven are
completely decoupled. This is possible, by cooling the reaction mixture in a heat
exchanger as soon as it exits the mixing chamber and reheating it in the oven, sep-
arating nucleation and growth between the two components. If this is not done, the
hot reaction mixture that exits the mixing chamber enters the growth oven and cools
down slowly, assuming that nucleation temperature is chosen higher than growth
temperature. As a consequence, nucleation can be observed in the growth oven, even

if its temperature is set below the critical value. This is so, as the oven temperature
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is measured in the core of the oven and not directly in the liquid.

Measurements of the temperature at the exit of the oven have shown, that even
in 10 cm ovens the set temperature is eventually reached. However, the time it takes
to reach this temperature varies, depending on the nucleation temperature. As a
result, the residence time of the oven does not equal the time spent at the desired
temperature. Generally, this offset is probably small and not a significant issue. It
has to be considered, though, that it is not constant, but varies with the difference
between nucleation and growth temperature, resulting in deviations from expected
behavior in experiments where this temperature difference becomes very large. In
such cases, the differentiation between nucleation in the mixing chamber and growth
in the growth oven becomes blurred, as both processes can occur simultaneously. As
long, as nucleation temperature is chosen sufficiently high, to allow burst nucleation
(at or above critical values determined within this section), the chance of secondary
nucleation in the oven should be minimal, however, as the monomer concentration

drops below the critical minimum concentration of nucleation.

5.1.4. Low Temperature Modification of Precursor Structure

Finding of critical nucleation temperature has been complicated by variations in [OD]
in absorption spectra obtained at temperatures below the onset of nucleation. Often,
the spectrum appeared somewhat sloped, even in the absence of The shape of
the spectra, especially the low-intensity ones, was of course strongly influenced by
the shape of the reference spectrum. In an ideal case, there would be no absorption
from a mix of the precursors, before the reaction, so that a reference spectrum would
be completely flat. Unfortunately, this was not the case with the present precursor
system, making the choice of when to obtain the reference spectrum rather difficult.

In many experiments, a behavior of the absorption spectra as shown in figure [5.4
(A) was observed. In this case, a reference was recorded at room temperature, and
the mixture of the two precursors was heated in the mixing chamber only. While
the shape of the spectrum had already varied between the moment of recording
the reference and recording the room temperature spectrum, it changed even more
drastically upon heating the precursor mixture, evident as a drop in across the
spectrum, until a curved spectrum was obtained at 100°C. This is of course an

artifact, due to the higher [OD] of the reference spectrum. In fact, this spectrum is
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Figure 5.4.: Low temperature modification of precursor structure: (A) online
absorption spectra obtained at the same nucleation tempera-
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a negative of the reference spectrum.

It has to be considered, that the spectra recorded with the online absorp-
tion spectrometer were always taken at room temperature, as the reaction mixture
was cooled down in the heat exchanger before entering the measurement cell. As
a result, the change in [OD| cannot be a result of the temperature, at which it was
measured. Rather, it has to be due to a change in the precursor mixture, caused by
the heating in the mixing chamber.

The synchrotron [SAXS| patterns (figure[5.4] (B)) acquired alongside the absorption
spectra tell a similar story. The scattering curve obtained at room temperature
shows distinct Bragg peaks at 1.84nm™! and 3.69nm™!, indicating the presence of
a periodic structure in the precursor mixture. These peaks diminish significantly
after heating to 50 °C and vanish completely at 100 °C. The scattering curves were
also obtained after quenching, directly downstream of the optical flow cell.

These observations fit well with the observations made by Abécassis et al., who
have reported the presence of a lamellar mesophase in Cd myristate solution at room
temperature, which melts upon heating to 100°C. They also report the presence
of two distinct Bragg peaks, with the second, smaller one, located at twice the ¢
value of the first peak, being the second order reflection of the same periodicity. As
the same correlation between the two peaks exists in the present scattering curves,
the same conclusion can be drawn. The difference in scattering vector between the
literature report and the present data can be attributed to the different composition
of the reaction mixture and subsequently different period of a structure formed by
the precursor.

Additional synchrotron [SAXS| patterns recorded for the precursors individually
(figure show, that the structure is indeed formed in the Cd precursor. The
increased scattering intensity of the Cd precursor below 1 nm~! with a broad maxi-
mum at around 0.2nm™! to 0.3nm™! indicates the presence of additional structure.

The present observations suggest, that the CdA{ODPA]complex forms similar struc-
tures in solution as have been reported for Cd myristate. These structures also dis-
solve upon heating to 100°C. It appears, that this assembly of Cd octadecylphos-
phonate possesses some in the visible range, resulting in negative spectra upon
dissolution of the assembly, if the reference was recorded at room temperature. As
a consequence, reference spectra should be obtained at temperatures above 100 °C.

Nevertheless, this issue shows, that there are some variations in [OD]in the precursor
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mixture, which do not correlate with CdSe formation. A fact, that strongly

influences the interpretation of low temperature absorption spectra.

5.2. Formation of Magic-Sized Clusters during CdSe

Nanocrystal Growth

This section details the observation of as intermediates of the formation and
growth of regularly growing CdSe during this work. All experiments conducted
were nucleation and growth experiments, i.e. CdSe synthesis experiments in
the [CFD]| where a combination of mixing chamber and growth oven was used. The
experiments entailed variation of the growth oven length, as well as nucleation and
growth temperature.

Throughout this section, species of will be designated by the center wave-
length of their respective absorption feature. For example, the species
CdSey37, which appeared repeatedly in experiments during this work. The position
of the absorption maxima was determined manually, by eye, from the recorded ab-
sorption spectra, which introduces a certain margin of error, considering that the
spectrometer’s precision was no more than 1nm. Additionally, the position of the
absorption maxima was influenced by the general shape of the spectra, e.g. its
background slope. As a result, peak positions vary by + 1nm to 2nm between
experiments. Nevertheless, the underlying clusters are still the same. In order to
simplify discussion of the cluster species, the individual moieties will be given only
one designation, regardless of the exact position of the absorption maximum, as long
as it appears reasonable to assume that only one species is observed. The species

discussed in this section are therefore designated CdSes3 and CdSeys7.

5.2.1. Postulated Growth Mechanism

Based on the experiments conducted throughout this work and available literature,

a reaction mechanism for the formation of continuously growing [NCg| via [MSC] in-

termediates has been postulated. A schematic representation is shown in figure [5.5
The thickness of arrows in the scheme represents the relative reaction rate of the

respective step. The different pathways are selected for via nucleation temperature,
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Figure 5.5.: Schematic representation of postulated growth mechanism of regularly
growing via intermediates at different reaction temperatures.

which directly affects the number of nuclei formed within the mixing chamber. This
in turn determines the formation rate of the first cluster species, as it depends,
among other things, on both, the concentrations of nuclei, as well as monomer,

according to

rMsCc1l — k[N] [M] (51)

with ryrsc1 being the growth rate, k being the rate constant under the respec-
tive conditions, [N] the nuclei concentration and [M] the monomer concentration.
A similar rate equation can be formed for the growth of the clusters into the sec-
ond cluster species, and their growth into regular [NC| under incorporation of free
monomer. In both cases, [N] has to be replaced by the cluster concentration of the
previous cluster species.

If the nuclei concentration is sufficiently high (at intermediate Ty in figure ,
the nuclei grow quickly through incorporation of free monomer into the first [MSC|
species, as both, [N] and [M] are high. Their subsequent growth into larger clusters
occurs slower, in comparison, as [M] has been reduced by the large number of growing

clusters. The formation of regular from the second cluster species occurs much
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more slowly and increasingly via Ostwald ripening, as more of [M] has been depleted
at this stage of the reaction. In consequence, these reaction conditions result in an
intermediate accumulation of the cluster species.

At low nucleation temperatures, the nucleation rate in the mixing chamber is
low, and only a comparatively small amount of nuclei enter the growth oven. This
results in a significant decrease of the formation rate of the first [MSC]|species as per
equation , as [N] is small. The subsequent growth into the second cluster species
and then into the regular is also relatively slow, due to the small total number
of clusters. A slight acceleration of the two later reaction steps (indicated by the
wider arrows in figure compared to the formation of the first cluster species
can be assumed, considering the larger size and consequentially larger reaction cross
section of the first cluster species compared to the initial nuclei and of the second
compared to the first cluster species. Due to the small number of clusters formed
under these conditions, a large excess of monomer is still available once the largest
cluster size is reached. This, combined with the increasing reaction rate due to the
increased reaction cross section of the larger species, causes an early depletion of
the intermediate cluster population under these conditions. The onset of Ostwald
ripening occurs only at very late stages of the reaction, during the continuous growth
of the [NC4| due to the large excess of free monomer at its onset.

At high nucleation temperatures, a large number of nuclei is formed in the mixing
chamber. The very high growth rate, due to both the elevated temperature, as
well as the large [N] and [M], causes the onset of growth already within the mixing
chamber (compare section [5.1.1). The large number of nuclei, and subsequently
clusters, that are formed, consume a large amount of monomer in their growth,
resulting in an earlier onset of Ostwald ripening. A comparable growth process
occurs at lower nucleation temperatures, when high growth temperatures are chosen,
as Ostwald ripening strongly benefits from elevated temperatures.

The continuously growing observed in this work are always formed via differ-
ent species of sequentially growing Two of these are repeatedly observed. It
can be assumed, that the formation of the first of these cluster species also occurs via
additional magic-sized intermediates, as was previously reported. 8 This could not
be observed under the present reaction conditions. Through a variation of the nucle-
ation temperature, the presence of these clusters is shifted to earlier and later stages

of the reaction. As a higher cluster concentration increases the amount of monomer



Formation of Magic-Sized Clusters during CdSe Nanocrystal Growth Y

t.5s
(A) (B)
Growth: 0.9 \\ Growth:
200 °C \ 230 °C
_o ——230°C| __ o084 \ 250 °C
5 250 °C 5 \ 270 °C
s 270°C | @& 0.7 \ 280 °C
g ——280 :c g \ —300 :c
= —ggg g c 0.6 | ——320°C
2" ; 205
o P o 7
8 - 8
< A < 04
0.1 N \ 0-31
' 0.2-
1
, 0.1
Nucleation: 300 °C Nucleation: 320 °C
0.0 T T T T 0.0 T T T T T
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 5.6.: absorption spectra obtained during variation of temperature in
a 10 cm growth oven: mixing chamber at (A) 300°C and (B) 320°C.

consumed during the different growth steps, the onset of Ostwald ripening occurs
earlier with increasing nucleation temperature. In the following, the experiments

leading to the postulation of this reaction mechanism are presented.

5.2.2. Influence of Nucleation and Growth Temperature on
CdSe Nanocrystal Growth

Following the nucleation experiments, a combination of mixing chamber and growth
oven (10 cm) was used to investigate the growth behavior of the CdSe[NCs| The flow
rate of 2mL/ min resulted in a residence time of approximately 5s in the growth
oven. Two different nucleation temperatures (300°C and 320°C) were investigated
and the growth temperature was varied for each. The absorption spectra
obtained during the experiment are shown in figure [5.6|

At a nucleation temperature of 300°C and 5s at 200°C growth temperature, a
spectrum containing two peaks, one with a relatively low intensity centered at 402 nm
and one with a much higher intensity at 438 nm, was obtained. With increasing
growth temperature these features did not shift in wavelength, but only in intensity.
This suggests, that these species CdSey 3 and CdSeys; are species of [MSCy, formed

as intermediates in the formation of regular nanocrystals. Considering the presence
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of their absorption features in all obtained spectra, it is evident, that the growth
of nuclei into the first cluster species, as well as of the first into the second cluster
species, as discussed above, occurs at all investigated growth temperatures.

Increasing the growth temperature above 250 °C resulted in a reduction in in-
tensity of the peak at 438 nm and the formation of an additional broad absorption
feature at its long wavelength flank, indicating the onset of the formation of reg-
ular from CdSey37. This absorption feature shifted its low energy absorption
onset with increasing temperature, indicating the continuous growth of the regular
nanocrystals. At the same time, the intensity at 402 nm decreased, when the growth
temperature was increased to 300 °C, indicating that the population of this cluster
in the sample was nearly depleted at this temperature.

From the recorded data it is apparent, that at a nucleation temperature of 300 °C
sufficient nuclei are formed in the mixing chamber, to allow fast growth into the
different cluster species at all investigated growth temperatures, according to the
intermediate pathway in figure [5.5] Above a growth temperature of 250°C, the
growth of the largest cluster species into regular sets in, which occurs mostly
via Ostwald ripening. The increased growth temperature yields sufficient activation
energy for this process, which is higher than the one needed for the previous growth
within the size-focussing regime. At a growth temperature of 300°C, the growth
of the smaller cluster species into regular is also possible, resulting in further
reduction in the population of CdSey37, as a competing pathway to its formation is
opened up.

The cluster species, which were observed, are consistent with the ones reported
by Kudera et al. in their study of the sequential growth behavior of CdSe
at low temperatures. They reported the last two species of clusters, that show no
continuous growth behavior, to possess absorption maxima located at 406 nm and
431 nm. 09 Tt has been reported, that the observation of specific cluster species is
highly dependent on the reaction environment, especially the available ligands 13117
Considering this and that the present synthesis features no amine and carboxylic
acid, as opposed to the one reported by Kudera et al., but instead phosphonic acid
and phosphine oxides, it is no surprise, that the absorption maxima of the observed
clusters in the present case differs slightly.

At a nucleation temperature of 320°C (spectra in figure (B)), there was no

evidence of the cluster species in the recorded spectra. A continuous growth of
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[NCg was observed, as the absorption peak shifted continuously to longer wavelength
with increasing growth temperature. This nucleation temperature falls into the high
temperature category in figure At this temperature the reaction had already
progressed past the formation of clusters within the mixing chamber, due to the
very large number of nuclei formed.

To gain a more comprehensive overview, the experiment was repeated using a
50 cm growth oven, allowing an increased residence time of approximately 15s in
the oven. A larger range of nucleation temperatures ranging from 260 °C to 330 °C
was investigated. Growth temperatures were again kept below the nucleation tem-
perature and varied. The lowest growth temperatures investigated were the result
of technical limitations, as the oven temperature could not be set lower than 80°C
to 100 °C below the temperature of the mixing chamber due to heating of the oven
by the already hot liquid (compare section . The absorption spectra
obtained in this experiment are shown in figure [5.7

At a nucleation temperature of 260 °C continuous growth of was observed.
The center of the main absorption feature shifted to longer wavelength with in-
creased growth temperature, as the growth rate increased. Only at very low growth
temperatures (180°C to 200°C) evidence of was seen in the shape of an
absorption peak at 395 nm (see figure .

At this comparatively low nucleation temperature only a small amount of nuclei
are formed in the mixing chamber. In consequence, the formation of clusters via
sequential growth is slow. In the presence of a large amount of unreacted monomer,
they grow into larger crystals directly. As a result, the clusters formed as interme-
diates could not be observed after the reaction time of 15s, as they had already
been consumed. Only at low growth temperatures, where the reaction rate was
slow, some of the intermediates could be observed. These observations are typical
for growth after nucleation at low temperatures, as outlined in section [5.2.1}

At intermediate nucleation temperatures (270 °C, 280 °C, 290 °C and 300°C) the
intermediate cluster species were observed, in this case, as absorption peaks at
404 nm and 437 nm. This slight variation in peak position compared to the previous
experiment is most probably due to the variation in background intensity, influencing
the perceived maximum of the absorption features. For all four nucleation temper-
atures, an increase in cluster population with growth temperature, indicated by an

increase in peak intensity was observed. Similarly a continuous growth of regular
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nanocrystals was observed in all of these experiments, indicated by the continuous
shift of peak center wavelength with temperature.

At these nucleation temperatures, growth followed the intermediate temper-
ature pathway outlined in figure 5.5, The number of nuclei formed in the mixing
chamber was sufficient, to allow fast growth into the first and then second clus-
ter species. As a consequence of the high number of clusters, more intermediate
could still be observed after the same reaction time at the same growth temperature
than at the lower nucleation temperature. An increase in growth temperature again
caused an increase in growth rate. This resulted in an increase in size of the regu-
lar nanocrystals with temperature. Since the grow sequentially, an increased
growth rate causes an increase in the population of the larger sizes of MSC4 as was
observed in the experiment.

Due to the increased amount of nuclei with increasing nucleation temperature, the
first cluster species, CdSeyp3, could only be observed at 290 °C and 300 °C. Firstly,
this is simply the result of the higher number of clusters formed from a higher num-
ber of nuclei. This is so, as the formation of MSC1 accelerates directly, as a function
of the number of nuclei, as per equation resulting in a increase of [MSC1] with
nucleation temperature. Secondly, however, the growth of the first cluster species
into the second one is slowed down with increasing nucleation temperature, allowing
the observation of the first cluster species. Its formation rate r;5¢2, in analogy to
equation depends on the concentration of MSC1, [MSC1], and the monomer
concentration, [M], by £[MSC1][M]. An increase in [MSC1], causes a disproportion-
ate decrease in [M], however, as every additional nucleus requires several units of
monomer to grow into the first cluster species.

While this effect is negligible at lower nucleation temperatures (270 °C and 280 °C),
due to the very high monomer concentration in the reaction mixture, it eventually
becomes prominent starting at 290 °C. This also becomes evident from the growth
behavior of the regular with increasing nucleation temperature. While a rapid
increase in peak intensity of the absorption feature with growth temperature
was observed at a nucleation temperature of 270 °C, it slowed down at 280 °C and
the intensity stayed constant at 290 °C.

This behavior is a result of the onset of monomer depletion, due to the larger
number of clusters which have grown during the 15s of residence time. In conse-

quence, the final reaction step in figure the growth of the second cluster species
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into the regular and their subsequent continuous growth, occurs increasingly
via Ostwald ripening, rather than size focussing. This is especially evident from
the spectra obtained at high growth temperatures at a nucleation temperature of
290 °C. Here, a dissolution of the first cluster species, CdSeyp3, was observed, while
CdSey37 was still formed (increase in peak intensity). At the same time, the size
distribution of the regular broadened, as represented by their absorption peak.

The experiment conducted at a nucleation temperature of 300 °C deviates slightly
from the previously discussed trend, but is shown here for the sake of completion.
Interestingly, both processes were observed in this experiment, as initially an increase
in peak intensity with growth temperature was observed, while at higher growth
temperatures, a broadening of the [NC| absorption feature occurred, as growth via
Ostwald ripening was increasingly favored.

At higher nucleation temperatures the reaction followed the high temperature
pathway shown in figure 5.5l At these nucleation temperatures, no magic-sized
intermediates were observed. Instead, continuous growth of with increasing
temperature was observed in the studied time frame. As a result of the very high
concentration of nuclei formed in the mixing chamber at these temperatures, the
growth rate of the first growth steps was so fast, that the reaction had already
progressed past the [MSC| intermediates. Considering the observation of the deple-
tion of free monomer and subsequent onset of Ostwald ripening at lower nucleation
temperatures, it can be assumed, that particle growth mainly occured via Ostwald
ripening at these temperatures.

While an absorption feature was observed at around 430 nm at a nucleation tem-
perature of 310°C and a growth temperature of 220 °C (figure (F)), it appeared
broader than the previously observed cluster peak and shifted to longer wavelength
with increasing growth temperature. This indicates, that it did not belong to a
[MSC] but instead represented a higher energy transition in the regularly growing
NCsdl

At a nucleation temperature of 330 °C continuous growth of the with temper-
ature was slowed down, while the intensity of the absorption peak increased strongly.
This could be an effect of Ostwald ripening at a late reaction stage, assuming that
at this stage all smaller have dissolved and all particles have reached a similar
size. This would slow down growth, as less and less smaller particles are available

for dissolution.
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Figure 5.8.: Dependence of CdSe,37 formation on nucleation temperature:
absorption spectra obtained during variation of nucleation temperature,
while keeping a constant growth temperature of (A) 260°C, (B) 280°C
and (C) 300°C in a 10 cm growth oven.

In summary, an increase of the growth temperature caused an increase in growth
rate. In the case of this caused an increase in population, as the growth of
nuclei into the first and then second cluster species was accelerated. The regular
which formed from the [MSCy grew to larger sizes with increased growth tem-
perature and while free monomer was still available, their population also increased,
as their formation from the clusters was accelerated. As a result of the increased
growth rate, the depletion of free monomer and subsequent Ostwald ripening was
observed at high growth temperatures.

An increase of the nucleation temperature caused an increase in concentration
of nuclei formed in the mixing chamber, which could then grow within the growth
oven. As aresult, the[MSCg formed as intermediates in the formation of regular[NCs|
could only be observed in a certain temperature window, where the concentration
of nuclei was sufficient, to cause an intermediate accumulation of the but not



64 Characterizing Nucleation and Growth of CdSe NCs in the CFD

so high, that their growth caused a depletion of the concentration of free monomer.

This effect of the nucleation temperature is further highlighted by the results of
another experiment, using a 10 cm growth oven, set at a specific growth temperature,
while the nucleation temperature was varied. The spectra obtained in this
experiment are shown in figure for a growth temperature of (A) 260°C, (B)
280°C and (C) 300°C. Based on the total flow rate of 2mL/ min, a residence time
of 5s was realized. As a consequence, an earlier time in the reaction was investigated
than in the previously discussed experiment.

In this experiment an optical flow cell with a path length of 3mm was used,
resulting in much higher than in the previous experiment. In consequence,
the presence of CdSeyp3 could not be observed unequivocally, as, especially at high
temperatures, the spectra were saturated at this wavelength.

At a growth temperature of 260 °C, the variation of the nucleation temperature
between 200 °C and 300 °C caused a significant increase of [OD] throughout the whole
spectrum, indicating the higher concentration of [NCsg, due to the more rapid nucle-
ation at higher temperature. As was previously discussed, low nucleation tempera-
tures (below 240 °C) led to a low amount of clusters (indicated by the low intensity
of the cluster peak). With increasing nucleation temperature above that threshold,
the number of clusters increased, as a function of the increasing number of nuclei
formed in the mixing chamber. Correspondingly, the formation of regular from
the largest cluster species leads to a larger number of of a larger average size
being formed with increasing nucleation temperature.

At this comparatively low growth temperature and reaction time, monomer con-
centration is apparently sufficient, to allow the regular to grow under size
focussing, as their size distribution narrows with increasing nucleation temperature.
Within the focussing regime, the growth rates of the nuclei into the clusters, the
different-size clusters into each other and the largest cluster species into the regu-
lar directly depend on the initial nuclei concentration, as is evident from the
evolution of the present spectra. With increasing nuclei concentration (=increasing
nucleation temperature) the steps in this reaction cascade are accelerated, causing
initially the increase in cluster population from 240°C to 280°C. The acceleration
of the formation of regular from the largest cluster species and subsequently
continuous growth is evident from the initial shift of the particle peak to longer

wavelength with increasing nucleation temperature under simultaneous increase in
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intensity compared to the cluster peak. Finally, with an increase of nucleation tem-
peratures from 280 °C to 300 °C the shift from intermediate nucleation temperature
into high nucleation temperature regime (as discussed in section began. The
increased number of nuclei further accelerated the growth cascade, as shown by the
increase in relative intensity of particle and cluster peak, indicating the larger num-
ber of regular as compared to At the same time, the higher number of
particles undergoing the growth cascade caused a sufficient reduction in monomer
concentration, to slow down the continuous growth of[NCs| so that no larger size was
attained. In consequence, growth occurred increasingly via Ostwald ripening.

An increase in the growth temperature to 280 °C and then to 300 °C increases the
growth rate, as observed and discussed before. As the reaction progresses further
within the 5s of reaction time, the cluster intensity increases further at lower nucle-
ation temperature (as smaller clusters grow faster into larger moieties) and larger
average diameters of regular are reached. The spectrum obtained at a nucle-
ation temperature of 320°C at 300°C of growth temperature shows clear signs of
the onset of Ostwald ripening as the growth mechanism, as the [MSC| popu-
lation has been completely depleted and the [NC]| size distribution broadened. This
coincides with the previous observation of nanoparticle growth at high nucleation
temperatures, as discussed before.

The observations made during this experiment clearly confirm the previously pos-
tulated growth mechanism. As in the previous experiment, an increase of reaction
rate of the sequential growth of nuclei into clusters and then into regular with
increasing nuclei concentration could be observed. Again, the magic-sized interme-
diates could be observed most prominently at intermediate nucleation temperature,
where reaction rate, nuclei and monomer concentration cause their intermediate

accumulation within the investigated reaction time.

5.2.3. Variation of Residence Time

Figure shows absorption spectra obtained under comparable reaction
conditions in the two previously discussed experiments. The spectra have been
normalized to their respective absorption maximum, since their intensity was vastly
different. This was due to the use of the flow cell with 3mm optical path length

in the second experiment (variation of nucleation temperature). While, as a result,
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Figure 5.9.: Effect of residence time on cluster formation: absorption spec-

tra obtained for different combinations of nucleation and growth tem-
perature in a 10 cm and 50 cm oven, yielding residence times of 5s and
15s. Mixing chamber/growth oven temperatures of: (A) 260°C/260 °C,
(B) 280°C/280°C, (C) 300°C/300°C.
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their intensities and thus concentration changes cannot be compared, the evolution
of the respective peak positions within the 10s residence time difference between
the two experiments can be discussed.

In the panel (A) of the figure, the absorption spectra obtained at a nucleation
temperature of 260 °C and after 5s and 15s at a growth temperature of 260 °C are
shown. After a residence time of 5s, the spectrum exhibits a distinct and well-
defined maximum at 437 nm, accompanied by a low-intensity feature at 403 nm and
a broad peak at around 475nm. According to previous observations, the first two
features can be assigned to while the latter belongs to regularly growing
nanocrystals. After 15s at the growth temperature, the two cluster peaks were not
observed any more, while the particle peak appears at longer wavelength, slightly
above 500 nm. This further corroborates the previously postulated reaction pathway
at low nucleation temperatures. In this case, the small population of magic-sized
intermediates, grown from the small number of nuclei formed in the mixing chamber,
is depleted by the growing within the first 15s of the reaction.

At higher nucleation and growth temperatures ((B) 280°C and (C) 300 °C both),
the complete depletion of CdSeys; population within 15 s of growth was not observed,
due to the significantly higher number of nuclei formed in the mixing chamber.
Analogously to the lower nucleation and growth temperature, additional growth of
the regular was observed, when the spectra after 5s and 15s were compared.
In the case of the intermediate temperature combination (B), the size distribution
of the regular did not seem to change significantly within the additional 10s
of residence time, while the cluster population remained high. This indicates, that
under these reaction conditions, all growth steps occur via size-focussing, rather than
Ostwald ripening, as the monomer concentration remains high and cluster formation
from previously formed nuclei is faster than the formation of regular [NCs

In the case of the higher temperature combination (C), the onset of Ostwald
ripening was observed, as discussed in the previous section. The growth of the high
amount of nuclei formed at this nucleation temperature, causes a sufficient deple-
tion of monomer concentration, to significantly impede growth. In consequence,
continuous growth is slowed, while the NCy size distribution broadens. As this pro-
cess is still relatively slow at this temperature, some magic-sized intermediates still
remain within the first 15s of the reaction. This time-resolved comparison corrob-

orates, that this temperature combination is on the verge of the high-temperature
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Figure 5.10.: Formation conditions of CdSes37: combination of nucleation and
growth temperature at which CdSey3; was observed after growth in
10cm (A) and 50cm (B) oven. Green boxes indicate observation of
the respective absorption feature, red boxes indicate no observation.
Yellow boxes indicate, that the absorption feature has been observed
in some experiments and in others not.

regime discussed in section [5.2.1

5.2.4. Formation Conditions of MSC Species

Within the previous sections, it became clear, that cluster species were primarily
observed within a certain temperature window. In order to summarize, and visualize
these observations, an overview of the combinations of nucleation and growth tem-
peratures, at which were observed in this work, is shown in figure [5.10] This
overview is limited to the presence of CdSe,37, as the absorption peak of CdSesos
could not always be definitely identified.

The presence of an absorption peak corresponding to CdSey3; in the recorded
spectra is denoted with a green box in the figure, while its absence under these
conditions are denoted with a red box. A yellow box indicates, that the feature were
observed in some experiments and not in others. The figure contains information
for both the 10 cm and 50 cm oven, corresponding to residence times of 5s and 15s
respectively.

Generally, temperatures between 260 °C and 300 °C were beneficial for cluster ob-
servation within the respective time frames. At nucleation temperatures within this

range, even at growth temperatures far lower, some magic-sized intermediates were
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observed, as the nuclei concentration resulted in suitable cluster formation rates. At
very low nucleation temperatures, clusters were also observed at growth tempera-
tures up to 380°C. This could possibly due to secondary nucleation, however, as
the number of nuclei formed at the respective temperatures should be negligible.
While the cluster species also form as intermediates in the growth of regular
at different temperatures, the combination of oven and nucleation and growth tem-

peratures shown in the figure, allowed direct preparation of [NC|solutions containing

significant populations of [MSCs|

5.2.5. Conclusion of Nucleation and Growth Experiments

In the nucleation and growth experiment presented within this section, evidence of
formed during the formation of and growth of regularly growing was
observed repeatedly. The evolution of absorption spectra with variation of
nucleation and growth temperature, as well as reaction time, suggested a reaction
pathway starting with the formation of nuclei in the mixing chamber and subsequent
sequential growth of different-size moieties of[MSCsgland ending in the formation and
subsequent continuous growth of regular [NCsgl

Through variation of the nucleation temperature, the nucleation rate in the mixing
chamber could be influenced, resulting in larger nuclei concentrations being formed
at higher nucleation temperatures. Based on the level of nuclei concentration, larger
- or smaller - populations of intermediates could be observed after the residence
time at a given growth temperature. More importantly, though, higher nuclei con-
centrations resulted in increased growth rates for all reaction steps in the sequential
growth mechanism.

Based on this, three different growth regimes could be identified:

e A low nucleation temperature regime, where [MSC| intermediates were only
observed at early reaction times, as their low number, accompanied by a high
monomer concentration, resulted in fast depletion of through growth
into regular under size-focussing conditions.

¢ An intermediate nucleation temperature regime, where a high number of nuclei
caused fast growth of and their comparably large number caused suffi-

cient depletion of monomer during their sequential growth,slowing down the



70 Characterizing Nucleation and Growth of CdSe NCs in the CFD

subsequent growth into regular [NCg This resulted in intermediate accumula-
tion of the and subsequent observation after the investigated residence

times.

e A high nucleation temperature regime, where the very large number of nuclei
formed caused rapid growth into regular [NCg The larger number of growing
particles resulted in rapid depletion of monomer concentration, and subsequent

onset of growth via Ostwald ripening.

While the observation of at low nucleation temperatures is possible at short
reaction times, their observation at high nucleation temperatures is very difficult due
to their extremely rapid growth into regular and their rapid depletion due to the
INCy growth via Ostwald ripening. The progress between these two extreme cases
within the intermediate temperature regime occurs continuously. With increasing
nucleation temperature and subsequent increase of nuclei concentration, the onset
of Ostwald ripening can be observed at earlier stages.

Variation of the growth temperature affected the growth less drastically. As
expected, an increase in growth temperature led to an increase in reaction rate over
all steps of the sequential growth process. As a consequence, population increases
of larger cluster species and regular [NCy|, as well as growth to larger average size
of regular was observed with increasing growth temperature. At the same
time, the onset of Ostwald ripening could be observed earlier at higher growth
temperatures, due to the faster monomer consumption.

Finally, the combinations of reaction time, and nucleation and growth temperature
at which maximum cluster populations were observed, could be identified as suitable

conditions to directly prepare cluster solutions.

5.3. Optical Characterization of Cluster Solutions

In order to confirm the assignment of the different absorption features, observed in
previous experiments, to independent species, attempts were made to isolate them.
For this purpose, a CdSe [NC]| solution was synthesized under reaction conditions

previously determined to yield different absorption features, including the ones as-
signed to (see section [8.3.1] cluster preparation experiment 1). The
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absorption spectrum of the resulting yellow solution after separation from its col-
orless precipitate by centrifugation and subsequent filtration is shown in black in
figure [5.11] (A). It possesses three distinct absorption features at 384 nm, 437 nm
and 467 nm and one broad feature at around 350 nm.

A size-selective precipitation procedure (section comprising stepwise addi-
tion of nonsolvent (ethanol in this case) and subsequent centrifugation yielded five
fractions (F1 through F5) the normalized absorption spectra of which are
shown in figure[5.11] (A). The spectral position of the peaks is given in table[5.1} The
reduction of intensity and subsequent disappearance of the longer-wavelength ab-
sorption features with increasing amount of nonsolvent and centrifugation steps indi-
cates that the initial sample is indeed composed of different-size species of nanopar-
ticles, giving rise to the different absorption features.

The features at 437 and 467 nm can be assigned to two distinct species of different-
size nanoparticles, as their intensity ratio varies between F1 and F2 and they are
absent in later fractions. The features around 405 nm appear to be caused by several
species of similar size, causing the irregular shape and broadness of the peak and
the shift of the maximum to a shorter wavelength between F3 and F4. These
features coincide with literature reports of CdSe which have been reported
between 408 nm and 418 nm. ™7 However, the simultaneous presence of several of
these species has not been reported.

The high-energy features of the spectrum of the initial fraction also appear in
the spectrum of F5, albeit shifted to longer wavelengths. CdSe have been
reported around 350 nm, as well as in the range of 380nm to 393 nm coinciding
with the absorption maxima observed in the present spectra. The dual nature of
these features is reminiscent of the families of first reported by Ouyang et

M2l Tt is unclear however, what is the cause of the observed shift between Fi

al..
and F5, although a transformation from CdSesgs to CdSesgs caused by a change in
equilibrium due to the removal of the larger clusters could be conceivable.

In order to further differentiate between the different species contributing to the
absorption spectrum, [PT]spectra of the different fractions were obtained. Figure[5.11
(B) shows the spectra of fraction F1 at excitation wavelengths corresponding

to the two main absorption features (435 and 465 nm)ﬂ and at one much shorter

IThe slight shift of the absorption maxima compared to the values in table can be attributed
to surface oxidation, as the sample was stored in air for 20 days between the measurements.
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Figure 5.11.: Evidence of species: (A) absorption spectra of the differ-
ent fractions of a CdSe nanocluster solution obtained via size-selective
precipitation, (B) spectra of fraction F1 at different excitation
wavelengths, (C) and (D) [PLE]| spectra at different wavelengths and
absorption spectrum of fraction F1.
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Table 5.1.: absorption peaks in spectra of different fractions in figure
(A). Values marked with an asterisk (*) indicate broad features likely
composed of multiple peaks.

Fraction Amaz / M
Fi 350%, 384, 437, 467
F1 437, 467
F2 405, 437, 467
F3 405-415*
F4 405*
F5 355, 393*

wavelength (384 nm). While excitation at all three wavelengths yielded an emission
peak at 489nm, excitation at 435nm resulted in an additional emission peak at
453nm. A similar observation was made for fractions Fi and F2, although the
ratio of %ﬁ was higher for F2, corresponding to the higher intensity ratio of the
respective peaks in the absorption spectrum. Fractions F3 and higher showed little
to no emission, indicating that the emission observed from samples Fi to F2 is only
due to the larger species.

As the presence of the emission peak at 453nm in the [PI] spectrum obtained
at 465 nm excitation wavelength can not be ruled out, the sample F1 was further
investigated using spectroscopy. spectra were obtained at both observed
[PT] maxima, as well as at both [TWHM] wavelengths each. In the case of the [PL]
peak at 453 nm the longer-wavelength [ HWHM] could not be determined, due to its
overlap with the larger emission peak. As a result the [PLE| spectrum was recorded
at 462nm, the lowest point of the overlap between the two peaks. All six [PLE
spectra are shown in figure (C) and (D). The measured intensity at and around
the respective detection wavelength was masked, resulting in the visible gaps in the
spectra.

The [PLE] spectra obtained at 445 nm, 453 nm and 462nm show their maxima at
or very close to 435 nm, the second maximum in the absorption spectrum,
whereas the maxima of the [PLE] spectra obtained at 472nm, 489 nm and 505 nm
are spread out over a range of over 20 nm around the first maximum in the

absorption spectrum at 465 nm. While this clearly shows the correlation of the two



74 Characterizing Nucleation and Growth of CdSe NCs in the CFD

emission peaks with their respective absorption features and thus further confirms
the presence of two distinct species, it could even be interpreted as an indication
to the size distribution of the two species. The emission peak at 453 nm shows
maximal intensity if the sample is irradiated with light possessing a wavelength very
close to 435 nm, indicating that it originates from a single species of of narrow
size distribution, like a [MSC|] The emission intensity at the flanks of the peak at
489nm however can be maximized by exciting at wavelengths different from the
absorption maximum, indicating that the emission is due to a population of
with a broader size distribution.

In conclusion: using a size-selective precipitation technique, it could be shown,
that the different features in the absorption spectra of so-called cluster so-
lutions were in fact due to a series of different-size species of The spectral
position of their absorption peaks fits previous reports of which could be
formed as intermediates during the formation of the first cluster species observed
in the nucleation and growth experiments in this section. The broad

lat half-maximum (FWHM) of the respective features casts doubts on this assign-

ment, however, making the role of these species in the previously discussed growth
mechanism unclear.

Analysis of the emission properties of the two largest species of further con-
firmed that separate species were observed. Interpretation of spectra of these
species additionally suggests that the absorption feature observed at 435nm/437 nm
is due to a species of [MSC] while the feature observed at 465nm/467 nm is due to
regular [NCg Alone, the results of the [PLE] measurements might not be sufficient
proof for this assignment, they do, however, support the previously made assump-
tions based on the observed growth behavior of the respective species of CdSe [NCs|



6. The Growth of Magic-Sized CdSe

Clusters

In the nucleation and growth experiments presented in the previous chapter,
absorption peaks were observed that did not shift in wavelength with reaction tem-
perature or time, but only in intensity, relative to each other and to the continuously
growing[NCgl Due to this behavior, they were assigned to species of MSCg formed as
intermediates in the formation of continuously growing[NCs Based on the variation
of the nucleation temperature and the resulting difference in nuclei concentration,
three different reaction pathways via two observed magic-sized intermediates were
identified. Resulting from the increased monomer consumption of a higher number
of growing nuclei, as well as their faster growth rate, the shift from particle growth
under pure focussing conditions towards growth via ripening occurred earlier at
higher nucleation temperatures.

In order to study the sequential growth of one species into another in more
detail, a variation of the previously employed nucleation and growth experimental
procedure was implemented. This cluster growth procedure avoided the significant
influence of the nucleation temperature, by pumping a preprepared solution
containing directly through a growth oven heated to the desired growth tem-
perature. This allowed a direct variation of the growth rate via the growth temper-
ature, without the influence of varying nuclei concentrations. Instead the focus of
the experiments was to investigate the growth progress in a time-resolved approach
by using different growth ovens.

Using this revised protocol, the refined concept of the sequential growth behavior
of the is presented in the following. In the first part of this chapter, this
experimental procedure is applied to CdSe [NC|solutions containing [MSC| intermedi-
ates, following the sequential growth of the[MSCg In the second part, a[NC|solution

containing no magic-sized intermediates is used, and the consequential continuous

75
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growth of the following the classical growth model is discussed.

6.1. Time-resolved Study of Magic-Sized CdSe

Cluster Growth Behavior

Initially, the growth of CdSe in presence of excess monomer was studied.
The presence of free monomer allowed growth under incorporation of monomer, i.e.
within the focussing regime. For these experiments, a CdSe solution containing
intermediates was prepared in the and used as precursor solution in the
previously described cluster growth experiment. Subsequently, cluster growth in the
absence of excess monomer, i.e. under pure ripening conditions, was studied using a
cluster solution previously purified by several cycles of precipitation and redispersion

using the same experimental protocol.

6.1.1. Cluster Growth in the Presence of Excess Monomer

A CdSe solution, previously preprared in a separate nucleation and growth
experiment using a 10 cm growth oven and collected over an extended time period,
was used as a precursor solution in this experiment. The solution was prepared
under conditions previously determined to yield magic-sized intermediates alongside
regular [NCg within the crude product. This product was used directly, without prior
purification. In consequence, it still contained a significant excess of free monomer
and a similar growth behavior as observed in the previous nucleation and growth
experiments was expected. This means a sequential growth of several different-size
species of into each other and subsequently the continuous growth of the
largest cluster species into the regularly growing If any nuclei remained within
the solution, after the initial growth during the cluster synthesis, they would be
expected to grow into the first cluster species.

The cluster solution (cluster solution 1 in section was pumped using a
continuous pump, set at a flow rate of 1 mL/ min in order to conserve cluster solution.
The solution was pumped through a growth oven with a length of 10cm and in
a separate experiment through one with a length of 50 cm, resulting in residence

times of 7.84 s and 26.68 s. The temperature of the ovens was varied throughout the
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Figure 6.1.: absorption spectra of CdSe cluster solutions after growth at
different temperatures at a total flow rate of 1 mL/ min: (A) in a growth
oven of 10 cm resulting in a residence time of 7.84 s, (B) in a growth oven
of 50 cm resulting in a residence time of 26.68s.

experiment in order to vary the growth rate. The crude product of the reaction was
investigated using absorption spectroscopy in the optical flow cell with a
path length of 0.5 mm.

Figure (A) shows the absorption spectra obtained after growth in the
10 cm growth oven and figure (B) after growth in the 50 cm growth oven. After
both 7.84s and 26.68 s at 50 °C the spectra exhibited a peak at 380 nm, 437 nm and
470 nm and some modulation at lower wavelength potentially indicating the presence
of smaller cluster species.

The increase in and the variation in relative intensity between the individual
absorption features with an increase in temperature shows the increase of the growth
rate with temperature already after a reaction time of 7.84s. Due to the short
residence time, this effect is small at temperatures below 300 °C. After an additional
18.84 s of growth the influence of the temperature is more evident, as definite signs
of continuous growth of regular can be identified at growth temperatures above
220°C. At lower temperatures, mostly sequential growth from smaller cluster species
to larger ones was observed, indicated by the variation in relative intensity of the
absorption peaks. Figure [6.2] gives a more detailed overlook of the experiment. In
it the absorption spectra obtained after both residence times are plotted
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together for each growth temperature, allowing a more direct comparison of the
reaction progress with time.

No significant change with reaction time was observed at a growth temperature of
50°C, with the spectra exhibiting absorption peaks at 380 nm, 437 nm and 470 nm
(figure (A)). Increasing the growth temperature to 180°C yielded a different
result (figure|6.2[(B)). While the spectrum obtained after 7.84 s of reaction time had
not changed significantly, the measurement conducted after 26.68 s saw a flattening
of the peak at 380 nm together with a simultaneous increase of at 437nm. The
reason for this is the growth of CdSesgy into CdSey37, which occurs more rapidly at
elevated temperature, while some formation of CdSesgy from smaller species appears
to occur still. A slight increase of intensity at the particle peak indicates that growth
into regular occurs only slowly at this temperature.

At 200 °C of growth temperature the spectra (figure 6.2 (C)) showed a significant
increase in at 437 nm and below, with progressing reaction time. Some evidence
of the smaller species CdSesgy could still be observed after 26.68 s, indicating that
the smaller species growing into this species had not yet been depleted. At the
same time, the accelerated growth into CdSeys; caused the further flattening of the
absorption feature at 380 nm, while the one at 437 nm gained in intensity. A slight
increase in intensity of the peak at 470 nm indicated the onset of continuous growth
based on this species at this temperature.

A further increase of growth temperature to 220 °C (figure (D)) caused a sig-
nificant increase in at 437nm in the investigated time frame. Simultaneously
the remaining absorption feature around 380 nm had disappeared and the peak at
470 nm had increased in and appeared broadened and shifted to longer wave-
length. This observation suggests a complete depletion of CdSesgg and the previously
existing smaller species. At the same time, the formation of CdSey3; from the smaller
species appears to be greatly favored at this temperature and in this time frame.
The subsequent growth into the continuously growing species is also accelerated.

While a further increase in growth temperature to 240 °C still caused no significant
change in the spectrum obtained after 7.84 s, the one obtained after 26.68 s showed a
picture of a much more advanced reaction state than the previous spectra (figure
(E)). The at 470 nm had increased significantly and the absorption peak present
after 7.84 s appeared significantly broadened to a point where no clear maximum

could be discerned, as the peak appeared to intersect with the one at 437 nm, which
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Figure 6.2.: Comparison of absorption spectra of CdSe cluster solutions at
both residence times and at different growth temperatures. The dashed
markers indicate the absorption maxima of CdSe species observed in
the experiment. They mark 380 nm, 403 nm, 437 nm and 470 nm.
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appeared less pronounced. Evidently, continuous growth of the regular under
incorporation of free monomer sets in at this temperature (within the observed time
frame), as the absorption onset is shifted considerably towards longer wavelength
with increasing residence time.

At higher growth temperatures the spectra obtained after 26.68 s showed a distinct
absorption peak, which was continuously shifted to longer wavelength with increas-
ing temperature. While its maximum |OD| increased up to a growth temperature of
280°C (figure (G)) it decreased with increasing growth temperature above that,
simultaneous with an increase in width of the absorption feature. Clearly, at this
stage, the free monomer still available had already been consumed by the very rapid
growth reaction at this temperature. In consequence, particle growth occurred via
Ostwald ripening, rather than size-focussing.

At a growth temperature of 280 °C, the growth of CdSes37 into larger species is
fast enough, to cause a complete depletion of its population with in the 26.68 s of
residence time. At this temperature, the sequential growth cascade already starts
within the first 7.84 s of the reaction, as the spectrum shows increased around
400 nm, indicating the formation of an intermediate cluster species. With a further
increase in growth temperature, the growth rates along the sequential growth path-
way are sufficiently high, to shift large portions of this reaction cascade into the
first 7.84 s of the reaction. As a consequence, the sequential increases and decreases
of different-size cluster species populations could be observed within the respective
spectra with increasing growth temperature between 280 °C and 340 °C.

The cluster solution used in this experiment was produced in a nucleation and
growth experiment using a 10cm growth oven, a total flow rate of 2mL/min and
a nucleation, as well as growth temperature of 280°C. This means, the particles
had already undergone growth in the intermediate temperature growth regime, as
discussed in the previous chapter, for 5s before the cluster growth experiment com-
menced. In consequence, the additional residence time in the growth ovens during
this experiment, was an extension of the growth period compared to the results
discussed above. Based on this, it is not surprising, that the magic-sized intermedi-
ates have been depleted at lower temperatures than in the experiments discussed in
section [5.2.2], as the reaction time has been much longer and their concentration is
already reduced due to the previous growth. Nevertheless, sequential growth of one

cluster species into the other could be observed in this experiment, as postulated in
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the growth mechanism in section [5.2.1}

The [MSC] intermediates observed in this and the previous experiments possess
a lower chemical potential than particles of slightly larger, or smaller, size. In
consequence, in a plot of chemical potential versus radius (like figure , distinct
minima exist at the radii of the MSCg. The depth of these potential wells depends
on the stability of the respective cluster. In general, a smaller cluster will be less
stable than a larger one, due to the higher surface-to-volume ratio. As a result,
less energy is required to promote growth of a small cluster into a medium-size one
than to promote growth of a medium-size cluster into a larger one. Correspondingly,
growth of CdSesgy into CdSeys7 is observed within the investigated time frame at
temperatures as low as 180°C. Further growth of CdSe,s7 is then only observed at
temperatures above 200 °C.

Continuous growth of regular clearly set in at 240°C during this experi-
ment. But also after 26.68s at 220°C a slight red shift of the absorption peak at
470 nm accompanied by an increase in intensity indicates continuous growth of the
corresponding species of CdSe under incorporation of free monomer. Based on ob-
servations during previous experiments (e.g. section , it can be assumed, that
this species of CdSeyrg is a species of regular formed during the cluster synthe-
sis. With the onset of continuous growth, both the largest cluster species, CdSe,s7,
as well as these previously formed begin to grow. This is especially evident
from the spectrum obtained after 26.68s of growth at 240°C. Here, an odd shape
of the absorption maxima is observed, as the spectrum exhibits the distinct peak of
CdSe,s7, together with the broad maxima of the regular growing from it and the
equally growing preformed regular [NCd As long as the grow under focussing
conditions, i.e. in the presence of sufficient free monomer, the sizes of the two popu-
lations of [NCg are eventually focussed into one, as the smaller grow faster. This
is indicated by the formation of one distinct absorption peak after growth at 260 °C,
the[FWHM] of which narrows, after the growth temperature was increased to 280 °C.
As stated before, at higher temperatures, the reaction progresses so quickly, that
the free monomer had been used up after 26.68s of growth, so that further growth
had to occur via Ostwald ripening, as indicated by the broadening size distribution
after growth at 320°C and 340 °C.

The onset of continuous growth based on CdSey3; was observed at higher tem-
peratures than the previous sequential growth of the different-size [MSCs This was
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on the one hand, due to the high stability of the cluster requiring higher tempera-
ture to promote further growth (as stated above) and on the other hand due to the
increased growth rates at higher temperature allowing the observation of this last
step in the sequential growth process within the observed time frame. However, the
onset of the growth of the regular was also observed at higher temperatures
than the growth of the small clusters, although its growth rate was not affected
by the previous sequential growth process. It stands to reason, that the activation
energy of this process is also larger than that of the growth of the small clusters,

due to the latter’s large chemical potential.

6.1.2. Cluster Growth in the Absence of Excess Monomer

In order to directly study the growth of the under pure ripening conditions, a
growth experiment was carried out using a purified cluster solution, instead of the
crude product used in the previously described experiment. Initially, preliminary
experiments were carried out to find a suitable solvent for the clusters after purifi-
cation, as an earlier attempt to isolate individual cluster species via size-selective
precipitation had failed due to the long-term insolubility of the in the selected
solvent . In a second step, the particles’ ability to grow in the absence of free
monomer had to be established.

A solubility test showed that from cluster growth solution 2 (compare section
, purified as described in section , could be dispersed readily in a mixture
of solvents (Cyanex, [TOP| and |[ODE|) of equal composition as the reaction mix-
ture used in the [CFD] and in [ODE] after some agitation. Both resulting solutions

were used in a batch growth experiment, in which the solution in [ODE] showed no

particle growth, whereas the solution in the solvent mix showed significant growth
of the particles. [TEM] images showed the particles to be agglomerated into large
aggregates. Subsequently the experiment was repeated with shorter reaction times:
30s and 60s instead of five minutes at 250 °C in the flask.

Figure (A) shows the absorption spectra of the cluster solution after
purification and redispersion in the solvent mix (black trace, as well as after 30s
and 60s of growth at 250°C. Growth of the previously existing multiple species
of clusters into regular (including an absorption maximum related to a higher

energy transition in the spectrum) could be observed. No indication towards a
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Figure 6.3.: Results of preliminary purified cluster growth experiment: (A) ‘
absorption spectra of CdSe nanoparticles in solvent mix and after 30s,
60s and five minutes at 250°C; (B) and (C) images of CdSe
nanoparticles after 30s and 60s at 250 °C.

variation in size between 30s and 60s of growth time could be determined. [TEM]
images after both reaction times (figure (B) and (C)) showed roughly spherical
of narrow size distribution exhibiting no signs of agglomeration.

Following the successful growth of purified CdSe clusters in a batch experiment,
the growth experiment in thewas repeated using cluster growth solution 3 (sec-
tion purified via three cycles of precipitation, centrifugation and redispersion
as described in section The absorption spectra of the solution before
and after the purification is shown in figure According to these, the solution
contains a population of CdSey37 as well as a second species at around 465 nm. The
purification procedure resulted in a reduction in optical density, which can probably
be correlated with a reduction in scattering due to turbidity in the sample prior to
purification. Apart from that only a very slight shift to longer wavelength of the
peak previously centered at 437 nm could be observed.

The growth experiment was conducted analogously to the previous one with a
continuous pump, set to a flow rate of 1 mL/ min in order to save cluster solution and
an optical flow cell of 0.5 mm optical path length. In order to obtain a comprehensive
overview of the reaction progress, this experiment saw the use of four different

growth ovens with lengths of 10 cm, 30 cm, 50 cm and 90 cm resulting in residence
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Figure 6.4.: absorption spectra of cluster solution 3 before purification
(black trace) and after purification and redispersion in solvent mix (red
trace). The inset shows an enlarged view of the absorption features.
Highlighted are the wavelengths assigned to the maximum of the ab-
sorption features before purification.

times of 7.84s, 17.26s, 26.68s and 45.52s. The absorption spectra obtained
after these four reaction times at different growth temperatures are shown in figure
[6.5] The dashed lines mark the previously observed absorption features centered at
437nm and 465 nm. Note that the drop in [OD| at wavelengths below 325 nm is due

to the use of a previously obtained reference spectrum.

At 50°C no significant deviation from the previously obtained spectrum (figure
could be observed (figure 6.5 (A)). Increasing the growth temperature to 150 °C
resulted in an improved resolution of the two absorption features, with no significant
difference between the four residence times (figure (B)). The feature at 437 nm
showed a higher intensity than the one at 465 nm. At a growth temperature of 200 °C
the onset of the growth reaction could be observed (figure (C)). After 45.525
of reaction time a slight reduction in the population of CdSess7 is observed as a
decrease in peak[OD]of the respective absorption feature. The increase of the growth
temperature by an additional 20 °C led to further reduction of the [OD]s3; along with
a slight shift of the peak previously located at 465nm after a residence time of
45.52s (figure (D)). In addition a change in the slope of the at wavelengths
between 300 nm and 400 nm could be observed. No changes were observed for the

lower residence times at this temperature.
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Figure 6.5.: absorption spectra of purified cluster solution after four differ-
ent reaction times at eight different temperatures. Dashed lines mark
the previously observed absorption features at 437 nm and 465 nm.
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At a growth temperature of 250 °C the absorption maximum at 437 nm has dis-
appeared, whereas the lower energy peak has strongly shifted to longer wavelength
after a reaction time of 45.52s Additionally a second excitonic transition was easily
discernible on the absorption spectrum, a feature which had so far only been ob-
served for regular and not for [MSC| At lower reaction times the onset of the
reaction could be observed as well at this temperature. While, after 7.84 s at 250 °C
no significant difference to the original spectrum could be observed, after 17.26 s the
at the two maxima had approximately equalled, and after 26.68s the |OD) at
465nm exceeded that at 437 nm. This observation could indicate that the popula-
tion of CdSeyq5 grows, following the dissolution of CdSe,37 and prior to the onset of
continuous growth.

At higher growth temperatures continuous growth accompanied by broadening of
the absorption peak was observed with increasing residence times. This observation
is characteristical of Ostwald ripening, which is due to the absence of free monomer,
as all monomer liberated from the dissolution of the smaller clusters has been con-
sumed by the growing particles at this stage. For the lower residence time a decrease
in [OD];3; was observed at 280 °C, which had nearly vanished at 300°C. Continuous
growth was then finally observed clearly at 320 °C.

Under pure ripening conditions, growth of larger particles is faster than growth of
smaller particles. Due to the shift of the critical radius to high values at low monomer
concentrations, smaller particles dissolve, while the thusly liberated monomer is in-
corporated into the growing larger particles. This behavior is observed directly in
the present experiment. At sufficiently high temperatures, to activate the dissolu-
tion of CdSeys7, the larger species of CdSe begins to grow continuously. This
happens slowly at lower temperature (200 °C and 220 °C) and more rapidly at higher
temperatures (250 °C and above), as the thermal energy accelerates the dissolution
of the magic-sized intermediate.

A pivotal experiment is the one conducted at a growth temperature of 250 °C,
where the onset of this reaction can be observed in the investigated time frame.
Initially, the dissolution of the smaller cluster liberates monomer (between 7.84s
and 17.26s) which is subsequently incorporated into the larger , evident by
the increasing intensity of the absorption feature at 465 nm. From the evolution of
the spectra, it can be deduced, that the dissolution occurs slightly faster than the

incorporation of the liberated monomer into the larger crystals. Within the final
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18.84s of the investigated reaction time, the population of CdSeys; is completely
depleted and the continue growing via the ripening mechanism. As is evident
from the vastly broadening size distribution with reaction time at higher growth
temperatures, the depletion of the monomer liberated from the dissolved
causes the smaller to dissolve, while the growth of the larger ones is significantly
accelerated.

This growth mechanism is very different from the growth under focussing condi-
tions. In the presence of a larger species of nanoparticles, the CdSeys; dissolves
and the liberated monomer is incorporated into the larger CdSe species, in a contin-
uous growth process. Under focussing conditions, continuous growth of this largest
cluster species occurs directly under incorporation of free monomer, even in the
presence of a larger species of regular [NCs|, as was discussed in the previous section
(section [6.1.1)). This distinct differentiation between focussing and ripening regime,
supports the previously made assumptions about the onset of the ripening phase

based on the presence of the cluster peaks.

6.2. Time-resolved Study of Regular CdSe

Nanocrystal Growth Behavior

As a frame of reference, the growth experiment from preprepared [NC| solution was
also conducted using a solution containing no but only regular [NCg| In this
experiment, an unpurified CdSe cluster growth solution (solution 4 in section
was pumped through growth ovens with a length of 10 cm, 16 cm, 30 cm, 50 cm, 75 cm
and 90 cm at a flow rate of 1 mL/ min, resulting in residence times of 7.84s, 10.67s,
17.27s, 26.68s, 38.46s and 45.52s. As the solution was not purified before use,
it contained significant amount of free monomer, allowing growth under focussing
conditions.

Figure[6.6] (A) shows the absorption spectrum of the[NC]solution obtained
at 80°C in the before any evidence of reaction was observed. The spectrum
exhibited a distinct absorption maximum at 454 nm with additional maxima related
to higher energy transitions but none of the characteristic absorption peaks of the
species observed in the other experiments.

At a temperature of 120°C in the growth oven no variation in the absorption
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Figure 6.6.: absorption spectra of CdSe solution during growth exper-
iment: (A) absorption spectrum of the solution before the reaction;
(B)-(F) evolution of absorption spectra with reaction time for different
growth temperatures.
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spectra was observed with increasing residence time. An increase of the growth
temperature to 200 °C initiated the reaction, indicated by an increase in [OD]together
with a shift of the absorption peak center to longer wavelength. This corresponds
to the continuous growth of the through incorporation of free monomer.

Increasing the growth temperature further to 250 °C resulted in a significantly
increased growth rate, as shown by the longer wavelength of the peak absorbance
for all residence times, compared to the spectra obtained at 200 °C. After 26.68 s of
growth the particles seemed to have reached a maximum size, as the absorption peak
did not shift in wavelength with increasing residence time. With further progress
of the reaction, the peak intensity increased after 38.46s and decreased again, ac-
companied by a very slight shift to longer wavelength and a slight broadening of the
absorption feature after 45.52s of reaction time.

A further 30°C increase in growth temperature to 280°C shed some light on
the cause of the apparent maximum size observed during growth at 250°C. At
this temperature the same maximum size was reached after only 17.26s. A similar
subsequent increase in peak as before was observed after 26.68s. At higher
residence times the peak dropped significantly, accompanied by a significant
broadening of the absorption peak with reaction time. It can be concluded, that the
maximum size, observed during this experiment, is a result of the depletion of free
monomer in the CdSe solution. As the growth mechanism shifts to Ostwald ripening,
the reaction rate is much slower, as small particles have to dissolve, before larger ones
can grow. The consequence is a defocussing of the size distribution, as is evident from
the present spectra. In this case, the population of particles that has reached the
maximum size under focussing growth decreases through dissolution with increasing
reaction time, while the particles on the larger end of the size distribution grow by
incorporating the liberated monomer. This is indicated by the shift of the absorption
onset to longer wavelength.

At a growth temperature of 300°C the dissolution of the small particles occurs
sufficiently quickly, so that further growth of the is observed in the investigated
time frame. In this case, a complete depletion of the final product of focussing growth
can be observed after 38.46s of residence time. Subsequently, a very broad absorp-
tion peak is observed at much longer wavelength, as the large particles continue to
grow under dissolution of the smaller ones. At growth temperatures of 320°C and

350°C (spectra not depicted here) growth via Ostwald ripening is observed even
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earlier, while even larger particle sizes are reached after 45.52s of growth.

A slow onset of continous growth was observed at a growth temperature of 200 °C,
followed by faster growth in the focussing regime at 250 °C. This is clearly consistent
with the previous experiments, where continuous growth was generally observed in
a similar temperature range, while sequential growth of smaller clusters could be
observed at lower temperatures.

It is possible, that the present [NC| solution contained smaller species than the
absorbing at 454 nm, suggested by the strong intensity increase of the excitonic
absorption peak between 26.68 s and 38.46s at 250 °C, while the peak position is
nearly identical. This could be explained by the more rapid growth of smaller
species under focussing conditions, while larger ones grow much more slowly, while
the overall growth rate has decreased due to the waning monomer concentration.

The subsequent onset of Ostwald ripening is slow at temperatures of 250 °C and
also 280 °C, allowing the observation of the first signs of ripening growth after 38.46's
and later. Subsequently it is a lot faster at 300°C. These observations are also
consistent with the previous experiments, where first signs of ripening growth were
observed at similarly elevated temperature (compare section . Only in the pure
ripening growth experiment discussed in section [6.1.2] fast ripening growth was
observed at lower temperature. This is unsurprising though, due to the absence of
free monomer in that experiment, making Ostwald ripening the dominant growth
mechanism.

The growth process observed in this experiment followed traditional [NC| growth
kinetics. The size evolution of the occurred continuously, without any signs
of quantized or sequential growth. In this regard, it differs significantly, from the
growth behavior observed in many different experiments. Nevertheless, it can be
assumed, that the used in this experiment have also grown via magic-sized
intermediates. The CdSe solution used here, has been prepared at nucleation
and growth temperatures of 280°C in a 10cm growth oven using a Cd precursor
solution with a reduced Cd concentration (0.06 M instead of 0.07 M). As this re-
duced concentration certainly decreases the nucleation rate in the mixing chamber,
it stands to reason, that under these conditions, a nucleation temperature of 280 °C
falls under the low nucleation temperature regime discussed in section [5.2.1} That
means, that the nuclei concentration and subsequent cluster concentration was so
low, that it had already been depleted after the 5s of growth at 280 °C.
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Furthermore, the fact that the onset of continuous growth, as well as the con-
tinuous growth behavior of the observed in this experiment, is consistent
with previous experiments, where [MSC| intermediates were observed, supports the
previously-made assumption, that the CdSe are always formed via magic-sized

intermediates.

6.3. Conclusion of Cluster Growth Experiments

In the present line of experiments, the sequential growth behavior of the
was to be investigated in more detail than in the previous nucleation and growth
experiments. For this purpose, solutions containing intermediates were
prepared in nucleation and growth experiments and subsequently heated to given
growth temperatures within a growth oven. This was done using crude solution from
the [CFD] as well as a solution previously purified by precipitation and redispersion.
A comparison of the growth behavior of the clusters in these two solution allowed

the comparison of growth behavior under focussing, as well as ripening conditions.

Under focussing conditions, the sequential growth of the different cluster species
from one size to another, which was observed in the nucleation and growth experi-
ments could be reproduced. In addition, another species of [MSC], smaller than the
first previously observed species of CdSeyo3 could be identified. While the latter was
not distinctly observed, hints of its presence in the shape of increased [OD] in the
respective spectral region were detected. Following the sequential growth process,
the formation of regular from the largest cluster species and subsequent contin-
uous growth could be observed. The sequential growth process followed the order
of CdSessp — CdSeqps — CdSey3; — continuously growing [NCsl The continuous
growth based on the largest cluster species occurred simultaneous with the one of
the regular already present in the cluster solution before the experiment.

At the same time, a temperature dependance of the individual steps of the sequen-
tial growth process could be observed, with later steps occurring only very slowly
at low temperature, while earlier steps occurred very rapidly at high growth tem-
peratures. This effect is due to the increasing stability of the clusters with size, as
the chemical potential of a smaller particle is higher than that of a larger particle

due to its larger surface-to-volume ratio. Evidently, this is only relevant under pure
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focussing conditions, as a large excess of free monomer is available. With decreasing
monomer concentration, the reaction rate of the subsequent steps is reduced by the
monomer consumption of the previous steps, as discussed in section [5.2.1

Under pure ripening condition, i.e. in the growth experiment conducted with the
purified cluster solution as a precursor, the onset of continuous growth was different
from the one observed before. As the cluster solution contained both, CdSe,37 and a
previously formed population of regular [NCs| continuous growth of the regular
occurred under dissolution of the cluster species, as no free monomer was available.
In this ripening growth reaction, the dissolution of the cluster species started some
time before the onset of the growth of the larger species, as shown by the time-
resolved experiment. This delay served the accumulation of the monomer liberated
from dissolving clusters until the concentration was sufficient for the growth of the
larger [NCs|

In a final experiment, the growth of regular nanocrystals in the presence of ex-
cess monomer was studied using the same, time-resolved experimental procedure.
In this experiment, traditional continuous size evolution with time and temperature
was observed, together with the shift from focussing growth to ripening growth after
the excess monomer had been depleted by the growing [NCg The growth behav-
ior of these regular was consistent with that observed in other experiments,
where magic-sized intermediates were present. This further supported the hypoth-
esis, that all CdSe synthesized within this project have grown via magic-sized

intermediates.



7. Summary

At the outset of the project stood the previous reports of individual species of
being formed as intermediates in synthesis, P98 and the report of sequential
growth at low temperatures, followed by continuous growth of regular based on
these MSCs} 5760 Based on the sequential growth mechanism it appeared likely, that
the clusters formed as intermediates during high temperature colloidal synthesis
formed via a similar mechanism. This prospect appeared as a sensible area of study,
as it had not been previously reported.

In order to test the hypothesis, that colloidal semiconductor prepared via
high temperature hot-injection-like synthesis formed via sequentially growing [MSC]|
intermediates, a coupling synthesis capabilities with online ab-
sorption spectroscopy for product characterization, was developed and set up. The
modular setup, comprising mixing chamber and variable length growth ovens, to-
gether with variable flow rates allowed time resolutions between 0.5s and 1 min.

After some testing, a suitable precursor system for the synthesis of CdSe
which were to be studied as a model system, was found in the well-established
precursor system developed by T. Jochum in his PhD thesis. 25 Serendipitously,
using this precursor system at reaction temperatures suitable for the [CFD] yielded
reaction rates which moved the relevant stages of [NC| formation directly into the
observable time window.

After additional development work, a flow cell and heatable sample holder, com-
patible with synchrotron X-ray scattering experiments, were constructed. The ben-
efit of these designs is evident from their successful use in three synchrotron beam-
times over the course of this work. In one of the beamtimes, in situ measurements
in the heated sample cell were conducted successfully, while in the others ex situ
measurements were conducted.

During nucleation and growth experiments conducted in the [CFD] substantial ev-

idence for the previously postulated sequential growth mechanism was observed. In
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a variation of nucleation and growth temperature, as well as residence time, magic-
sized intermediates, of which the moiety CdSe,3; was observed most prominently,
were detected. Under the investigated reaction conditions, a reaction pathway start-
ing at the formation of the nuclei in the mixing chamber, followed by subsequent
sequential growth of different-size moieties of and ending in the formation
and subsequent continuous growth of regular [NCs|, seemed likely.

Based on the nucleation temperature and consequentially number of nuclei formed
in the mixing chamber, a variation of the reaction rate of the individual steps of
this reaction pathway could be observed. In consequence, the shift from focussing
growth into ripening growth, after depletion of the monomer concentration, could
be controlled by the concentration of the growing[NCsl Based on these observations,
suitable reaction conditions for the preparation of cluster solutions, i.e. CdSe [NC|
solutions containing large amounts of [MSC] intermediates, could be identified.

Size-selective precipitation and subsequent optical characterization of the cluster
solutions helped to identify some of the moieties, formed as intermediates dur-
ing [NC| formation. With reasonable certainty, species absorbing at around 350 nm
and 385nm were identified, alongside the previously assigned species of [MSCs|
CdSeqp3 and CdSeysy.

Further characterization of this sequential growth process was done in specific
cluster growth experiments, in which previously prepared cluster solutions were
heated to defined growth temperatures. In these experiments, the growth behavior
via magic-size intermediates, which was observed in the nucleation and growth ex-
periments, could be confirmed. The more defined experimental conditions and the
more comprehensively time-resolved layout of the experiment allowed a preliminary
identification of the reaction pathway CdSessg — CdSeso3 — CdSeys; — NCs. In
addition, a temperature dependance of the individual steps of this reaction pathway
could be observed, which was correlated to the difference in chemical potential of
the as a function of their size.

A cluster growth experiment performed in the absence of excess monomer, using a
previously purified cluster solution showed the direct conversion of CdSey37 into reg-
ular via Ostwald ripening. In this experiment, a distinction between continuous
growth of regular from the largest cluster species under focussing and ripen-
ing conditions could be observed. Based on this, the cluster growth experiments

corroborated the previously postulated reaction pathway.
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In conclusion, the initial hypothesis, that [NC| formation at high temperatures can
occur via a sequential growth pathway, starting at nucleation, finishing at continu-
ously growing and exhibiting a series of different-size as intermediates,
could be substantiated with this work. To the author’s knowledge, the application
of a sophisticated time-resolved experimental procedure for the elucidation of the
sequential growth process has not been reported before. Using the data collected
within this work, expanded by only a few additional experiments, a complete kinetic
analysis of this reaction pathway is possible.

In addition, the setup developed over the course of this project represents a superb
toolbox for the time-resolved study of not only nucleation and growth of other [NC|
systems, but also for other dynamic processes at the nanoscale, like cation exchange.
This was already shown in preliminary experiments, using the [CFD]in conjunction

with its X-ray flow cell to study the evolution of the cation exchange of ZnSe to CdSe

using synchrotron jextended X-ray absorption fine structure (EXAFS)| at beamline
P65) at DESY] Evidently, the establishment of the [CFD] setup facilitates the access

to time-resolved analysis of dynamic processes in systems considerably.







8. Experimental Methods

8.1. The Continuous-Flow Device

Clearly, the most central experimental method applied in this work was the synthesis
of using the [CED] The standard procedure for which, together with the setup,

are explained in this section.

8.1.1. Setup

Before discussing the synthesis in the it is necessary to explain its setup,
which was developed in collaboration with Jan Nichaus (CAN GmbH). It can basi-
cally be divided in three stages: precursor stage, reaction stage and characterization
stage. The precursor stage comprises precursor storage, pumps, as well as sensors
to measure flow parameters (flow rate, fluid density, pressure). The reaction stage
contains all heated zones and covers the preheating, mixing and growth zone. In
this stage the actual reaction is taking place and it ends with the quenching of the
reaction. Finally in the characterization stage the product is characterized via on-
line spectroscopy or X-ray scattering and collected for external characterization. In
the following the components of the three stages are described in detail on the basis
of figure [8.1] which shows a schematic drawing of the setup.

Within the precursor stage, the precursor solutions (1) stored in Sigma-Aldrich
Sure/Stor flasks connected to a constant nitrogen supply (Schlenk line) are pumped
via two HNP mzr-6355 micro annular gear pumps (2), which are fitted with upstream
inline filters (10 pm pore size) to protect them, into the flow system. The pumps are
controlled via Bronkhorst Mini Cori-Flow digital flow controllers (F1, F2). These
measure the mass flow downstream of the pumps and set the pump rate via an
analogue signal (between 0 and 10V) in order to achieve the flow rate set via the

computer. In addition they also measure the density of the fluid in the system,
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Figure 8.1.: Schematic drawing of the standard setup of the .

which can also be read out via the computer.

The flow controllers are connected to pressure sensors (P1, P2; cetoni Qmix P
module with two measurement channels) which measure the pressure in both fluid
streams separately and are read out by the computer. Up to the pressure sensors all
flow connections are made with %in (OD) PEEK tubing, unions, nuts and ferrules
(Upchurch Scientific). As an alternative to the continuous pumps, syringe pumps
(cetoni neMESYS mid-pressure module) can be used.

The pressure sensors are connected to the reaction stage, which starts with the
preheating ovens (3), which are an in-house design made by the machine shop in
the Institute of Physical Chemistry (University of Hamburg). The ovens consist of
titanium tubing (Ethen Rohre, 1.6 mm OD) which is coiled around an aluminium
core and covered with an aluminium sleeve. The core possesses two holes, one for a
heating cartridge (HS-Heizelemente, 125 W, 230 V) and one for a (Unitherm,
PT-100, two-wire configuration).

The preheating ovens connect to the mixing chamber (4; slit inderdigital mi-
cromixer (SIMHEX) made from titanium by microdindustries) where both fluid
streams are combined. It comprises a bottom half — with a hole for a heating car-
tridge — and a top half which contains the entrance and exit bores for the flow
connections, as well as a hole for an [RTD] An interdigitated titanium mixing struc-
ture, enclosed by a graphite seal is sandwiched between the two halves.

A growth oven (5; identical design as the preheating ovens) is connected down-
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stream of the mixing chamber, directly followed by a micro tube bundle heat ex-
changer (6; microdindustries). Within the heat exchanger the flow is split up into ten
separate, narrower tubes and later recombined. Water, cooled to 18°C, is pumped
by a chiller (Julabo F25-MC) through the outer part of the heat exchanger, thus
cooling down the fluid within the inner tubes. Due to the elevated temperature
within the reaction zone (up to 380°C) all connections are made using titanium
unions, and ferrules and stainless steel nuts in ¥i6in dimension (Vici Valco fittings).
All temperatures are controlled using a 16-zone PID controller (Elotech R2500)
which is connected to the computer.

Following the heat exchanger begins the characterization stage (7), where the
fluid enters an optical flow cell (Knauer A4096 and A4047) in which its
absorbance is measured using the online absorption spectrometer (see section m
for details). Additionally an X-ray flow cell (in-house design) can be connected,
which allows the measurement of X-ray scattering patterns at synchrotron beamlines
(see section for details). The central piece of the X-ray flow cell was a Kapton
tube of 1.638 mm inner diameter and 1.803 mm outer diameter, manufactured by
IWG High Performance Conductors. Afterwards the fluid exits the flow system and
can be collected for further characterization.

Residence times reported within this work always indicate the time spent by the
reaction mixture within the actual reaction volume. For the sake of simplifying the
residence time calculation the reaction volume is defined as the volume starting with
the exit slit of the mixing chamber, where the two liquids first meet, and ending
with the inlet distributor of the heat exchanger, whereafter the reaction is quenched
by cooling. All non-heated tubing connections between components in the reaction
stage, including union inner volumes are considered part of the reaction volume.

Most components are controlled using proprietary software provided by the man-
ufacturer. The flow controllers are controlled using FlowPlot and FlowView com-
municating with the controllers via FlowDDE (all provided by Bronkhorst). The
syringe pumps as well as the pressure sensors are controlled using QMix Elements
(cetoni). The spectrometer is controlled via MultiSpec Pro (tec5). The remote con-
trol of the temperature controller is realized using a home-made LabView program,
that allows setting and reading out the parameters of all heatable zones individually.

The setup described serves as the basis of all experiments done within this work.

Nevertheless, several experiments rely on a different composition of components.
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Especially the setup of the reaction stage varied significantly, based on the aim of
the specific experiments. These variations are noted explicitly, however, within the

respective sections.

8.1.2. Standard CFD Experiment

In a standard [CFD| experiment, the device was set up as described in the previous
section. The pumps were always used in parallel, pumping at the same flow rates. If
the Cd-precursor solution to be used in the experiment was turbid, it was placed on
a hot plate set to 60°C. Prior to the experiment, it was stirred until the turbidity
had dissolved. During the pumping, the stirrer was deactivated in order not to
interfere with the suction of the pump.

The flow system was initially flushed with to check for leaks. For safe
operation the flow rate was chosen so, that the pressure did not exceed 10 bar.
Before commencing the experiment, the system had to be purged of the
and filled with precursor solution. Since the filter housings of the continuous pumps
constituted the largest part (by an order of magnitude) of the dead volume of the
device with approximately 30mL of inner volume each, the system was flushed
with both precursor solutions (connnected to an open nitrogen line) at 1 mL/min
each for at least 30 min (a single residence time of the pump filters). Once the
[Cyanex| was replaced by precursor solution, a drop in pressure due to the precursor’s
lower viscosity could be detected. This flushing step was carried out whenever the
precursor solution was changed.

A reference spectrum was taken with the online absorption spectrometer,
before the reaction stage was heated. Subsequently the heated zones (preheating,
mixing and growth) were heated to the desired temperatures. Typically the pre-
heating zone would be heated to the same temperature as the mixing chamber in
order to make sure, that the precursor solutions were at reaction temperature upon
mixing. The growth temperature was typically selected lower than or equal to the
mixing temperature (or nucleation temperature).

After the temperature in all heated zones had stabilized, it was necessary to wait
for the liquid which was in the reaction stage to reach the optical flow cell, before
absorption spectra were collected. Typically spectra were obtained after

between one and two residence times of the intermediate volume. The same delay
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was applied after each variation of a reaction parameter (temperature, flow rate).

After finishing the experiment, the heated zones were allowed to cool down to
room temperature. In order to avoid blockage of the flow system, the system was
continued to be flushed with precursor solution until all zones had cooled below
200°C. Below that temperature, the pump inlets were switched into and
the system was again flushed for at least one residence time of the pump filter
housings.

All small components of the (fittings, unions) were cleaned by 15min soni-
cation cycles in toluene and afterwards in [EtOH] The titanium parts of the mixing
chamber were additionally sonicated in water, HNOg (20 %), water, and in

that order. If necessary, the sonication steps were repeated.

8.2. Precursor Synthesis

This section details the precursor synthesis protocols used in this work. Both pre-
cursor syntheses were modified several times during the course of this work. Three
different cadmium salts — CdO, Cd(OAc),, and Cd(OAc),-2H,0O — were used as a
precursor, resulting in adaptations of the synthesis protocol. The composition of
the Se precursor was also changed several times. Initially, pure Se was used
as a Se precursor. Later on, the Se concentration and the content were varied.
Finally, together with the switch from CdO to Cd(OAc), as a Cd source, the initial
Se precursor synthesis was changed to a protocol based on a procedure developed
by Tobias Jochum (CAN GmbH). 123

All synthetic steps were carried out under Schlenk conditions using nitrogen as
inert gas. Except for the CdO precursors, the Cd precursors were always prepared
in a 2L three-neck flask, fitted with a thermocouple and a septum. The flask was
connected to the Schlenk line via a separate cold trap and an additional connection
for nitrogen. All precursor chemicals, except CdO and [DDPA| were stored in a

glovebox under nitrogen atmosphere.

Cadmium Oxide Precursor

In the beginning of this project, a Cd precursor solution based on CdO was used.
Typically, 1.0g (7.8 mmol) of CdO (99.998 %, Alfa Aesar) was combined with 5.2 ¢
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(16 mmol) of [ODPA] (>99 %, PCI) and 240mL of [Cyanex] This turbid brown-

ish mixture was stirred at room temperature under vacuum until no more bubbles
formed. It was then heated to 180 °C and stirred at that temperature for at least 4 h.
Subsequently, it was set under nitrogen and heated to 330°C. It was kept at that
temperature until all turbidity had dissolved and it had become almost colorless.
The solution was then left to cool down to 180°C, where it was set under vacuum
and kept stirring for at least 2h. The Cd concentration of the oxide precursor was
32.4mmol L.

Cadmium Acetate Precursor (anhydrous)

The cadmium-precursor synthesis using Cd(OAc), was based on a protocol devel-
oped by Tobias Jochum (CAN GmbH)."2% In a typical synthesis, 46g (0.14mol)
of were combined with 666 mL of and stirred under oil-pump vac-
uum for at least 3h. In the glovebox, a separate 1L Schlenk flask, fitted with a
septum, was filled with 17.633 g (76.499 mmol) of Cd(OAc), (anhydrous, 99.999 %,
ChemPUR) and 450 mL of (97 %, aber). Outside of the glovebox, it was at-
tached to a Schlenk line and evacuated under oil-pump vacuum. The mixture inside
was stirred under vacuum for at least 1.5h while the temperature (measured inside
the heating mantle) was kept at 80°C.

After completion of the initial degassing step, the solution was heated
under nitrogen to 110°C, upon reaching which the Cd(OAc), solution was trans-
ferred into the 2 L flask using a transfer needle. This resulted in strong bubbling of
the solution which also turned opaque during the process. Afterwards, the reaction
mixture was stirred under vacuum at 90 °C for at least 8 h during which the flask
was flushed at least three times with nitrogen. The reaction mixture was then set
under nitrogen and left to cool down to room temperature over night.

Subsequently, the temperature was increased to 90 °C again and the mixture was
stirred under vacuum for another hour. It was then set under nitrogen again and
heated to 210 °C for the first complexation step. At around 200 °C, the turbidity in
the reaction mixture typically dissolved and it became a clear solution. The flask
was agitated carefully to remove any solid that had collected on the sides of the flask
while it was filled. The temperature was held at 210°C for 1h. The solution was

left to cool down to 140°C and set under vacuum upon reaching the temperature.



Precursor Synthesis 103

It was stirred at this temperature for 3h during which the flask was flushed three
times with nitrogen. The complexation and vacuum conditioning steps were then
repeated once, before the solution was set under nitrogen and left to cool down over
night.

The finished precursor solution was then heated to 40°C to facilitate the subse-
quent transfer into a 2L Sigma-Aldrich Sure/Stor flask using a transfer needle with
attached inline filter. It was then stored under nitrogen. The anhydrous acetate

precursor had a Cd concentration of 68.6 mmol L.

Cadmium Acetate Dihydrate Precursor

Due to unavailability of anhydrous Cd(OAc), during the preparation of the beam-
time at ESRF, the Cd-precursor synthesis was adapted to use Cd(OAc),-2H,0 as
Cd source. The preparation of the precursor remained largely the same as with the
anhydrous Cd(OAc), with some minor changes. During the dissolution of in
[Cyanex] the temperature was set to 40 °C, as it was observed that the temperature
tended to drop below room temperature during this step.

Due to the added water of hydration, 20.390 g (76.502 mmol) of Cd(OAc),-2H,0
(98 %, ChemPUR) were used to prepare the initial Cd solution. It was stirred under
oil-pump vacuum for at least 5h at 100°C (in the heating mantle). In this step it
was crucial, not to dissolve the Cd(OAc),-2Hy0 before the mixture was set under
vacuum, as otherwise the water would not be extracted as easily. The remainder of
the synthesis protocol was analogous to the Cd precursor with anhydrous Cd(OAc)s,,
except for the temperature used in the final vacuum conditioning steps, following the
complexation steps, which was 160 °C instead of 140 °C. The Cd concentration of this
precursor type is the same as for the anhydrous acetate precursor. Approximatingly,
it is referred to in this work as dihydrate precursor 0.07 mol L1,

A variation of this precursor type with reduced Cd content was prepared, using
only 17.633 g (66.158 mmol) of Cd(OAc),-2H,0. This resulted in a concentration
of 59.3mmol L™!. Analogously to its higher concentration variety, this precursor is
referred to as dihydrate precursor 0.06 mol L.

Storage of both concentrations of dihydrate precursor caused the precipitation of
a colorless flocculent solid, which could be redissolved by stirring at a temperature
of 50°C.
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Selenium Precursor

In the beginning of this work, the Se precursor was pure [TOP)/Se. It was prepared
by dissolving 1.26 g (15.9 mmol) of Se shot (>99.999 %, Sigma-Aldrich or 99.999 %,
ChemPUR) under stirring in 250 mL of in a nitrogen-filled glovebox. The
precursor was stored in a 500 mL Sigma-Aldrich Sure/Stor flask under nitrogen.
The resulting Se concentration was 63.8mmolL~!. It was varied by using 6.00 g
(76.0mmol) of Se shot, resulting in a Se concentration of 304 mmol L1,

In order to investigate the effect of on the reaction rate, another Se precursor
was prepared, in which a large part of the had been replaced with For
this approach 1.26g (15.9 mmol) of Se shot were dissolved under stirring in 20 mL
of in a nitrogen-filled glovebox. Outside the glovebox 230 mL of were
degassed in a 500 mL Sigma-Aldrich Sure/Stor flask under oil-pump vacuum until
no more bubbles formed. It was flushed with nitrogen three times during this. The
was finally set under nitrogen and the [TOP|/Se was added to it.

The final selenium-precursor synthesis was based on a protocol developed by To-
bias Jochum (CAN GmbH).B%! In a nitrogen-filled glovebox 64.5¢ (0.817mol) of
selenium shot were combined with 600 mL of (90 %, Sigma-Aldrich) and 600 mL
of in a 2L Sigma-Aldrich Sure/Stor flask. The mixture was then stirred in
oil-pump vacuum until the selenium was completely dissolved and no more bubbles
appeared. The finished Se precursor was then stored under nitrogen. Its concen-

tration was 681 mmol L™, This type of Se precursor was used for all experiments
described in chapters [5] and [6]

8.3. The Growth of Magic-Sized CdSe Clusters

This section details the experimental parameters for the results shown in section
[6l The experiments, those results are based on, are referred to as cluster growth
experiments within this work. The precursor for this type of experiment is not
a mixture of a separate Cd and Se precursor, which form CdSe in situ, but
rather a previously prepared solution containing magic-sized CdSe clusters which
are then grown within a growth oven. These cluster solutions do not only contain
nanoclusters, but often a mixture of clusters and fully formed [NCsl These can then

be differentiated by their differing growth mechanism during the growth experiment.
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8.3.1. Preparation of CdSe Cluster Growth Solutions

In this section, the preparation of the CdSe starting solutions used in the various
cluster growth experiments is described. Each growth solution is identified by a
consecutive number. Cluster preparation experiments were conducted as standard
experiments, using a 10cm growth oven, and a total flow rate of 2mL/ min.
Temperature in the preheating, mixing and growth stage were kept at the same
level. The obtained CdSe nanocluster solution typically showed a clear yellow color.
Over time (between hours and a few days), a colorless flocculent precipitate formed,
which was attributed to organics within the unpurified cluster solution. Table
contains a list of all cluster preparation experiments performed during this work.
For each experiment the identifying number, reaction temperature, Cd-precursor
type and whether or not the Cd precursor was preheated before entering the flow

system are given.

Table 8.1.: Experimental parameters of CdSe cluster preparation experiments.

No. T /°C Cd Precursor Type Cd Preheating

1 280  Cd(OAc)y-2H,0 (0.07 M) Yes
2 280  Cd(OAc),-2H,0 (0.07 M) Yes
3 290  Cd(OAc),-2H,0 (0.06 M) Yes
4 280  Cd(OAc),-2H,0 (0.06 M) Yes

8.3.2. Optical Characterization of Cluster Solution

A size-selective precipitation approach was used to separate a part of the cluster so-
lution 1 in fractions containing differently-sized [NCg The initial sample was a clear
yellow liquid, which contained a colorless flocculent precipitate. It was centrifuged
for 5min at 1000 x g to remove the precipitate. The resulting clear yellow super-
natant was filtered using a syringe filter (PTFE, 0.2 pm) and will be referred to as
the initial fraction (Fi). 10 mL of were added to Fi and it was centrifuged for
10min at 10000 x g resulting in no precipitate. Another 5mL of were added
and it was centrifuged again at the same speed. The resulting precipitate contained

the first fraction (F1) of the nanoclusters and was redispersed in 5mL of toluene.
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After adding another 5ml of to the supernatant and centrifuging again
(same parameters as before) the second fraction (F2) of nanoclusters was obtained
in the precipitate (again redispersed in 5mL of toluene). The third fraction (F3)
of clusters was precipitated by adding 5mL of and centrifuging using the
same parameters as before. It was redispersed in 3mL of toluene. The supernatant
obtained after the third precipitation step was turbid and colorless. It was split in
two fractions of 15 mL, to which 10 mL of each were added. The subsequent
centrifugation step was carried out at 10°C and yielded the fourth fraction (F4)
of clusters, which was also redispersed in 3mL of toluene. The final supernatant
contained two colorless phases of which the lower was turbid. A sample of both
phases was taken with a syringe. Upon dilution of the turbid phase with toluene
the turbidity dissolved, yielding a clear and colorless solution. Using ab-
sorption spectroscopy it could be determined that this phase in fact contained the
fifth fraction (F5) of clusters.

All fraction samples were investigated using the Cary 50 offline absorption
spectrometer. The samples were diluted using toluene to achieve optical densities
below 0.1. Subsequently and spectra of fraction F1 were obtained using

the FluoroMax 4 spectrometer.

8.3.3. Cluster Growth in the Presence of Excess Monomer

In the cluster growth experiment from unpurified solution, cluster solution 1 was
pumped via one continuous pump at 1mL/min through a growth oven that was
connected to a heat exchanger, the Kapton flow cell and the optical flow cell with a
path length of 0.5 mm. Before the experiment, the flow system had been run with
the same cluster solution for several hours, so no additional flushing was required.
The oven was heated to a range of growth temperatures, at which online
absorption spectra were acquired. After completion of the temperature set the sys-
tem was left to cool down to room temperature at reduced flow rate. Subsequently
the oven was exchanged and the experiment was repeated at a different time res-
olution. In this experiment 10cm and 50 cm growth ovens were used, resulting in
residence times of 7.84 s and 26.68 s respectively. Growth temperatures investigated
were 50 °C, 180 °C, 200 °C, 220 °C, 240 °C, 260 °C, 280 °C, 300°C, 320°C and 340 °C.
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8.3.4. Cluster Growth in the Absence of Excess Monomer
Solvent for Purified CdSe Clusters

In order to find the right solvent for the purified CdSe nanoclusters a batch growth
experiment with solutions of CdSe nanoclusters in different solvents was conducted.
In preparation of that the solvent from an as-prepared nanocluster solution had to be
removed and replaced by the solvents of interest. Initially 10 mL of the as-prepared
cluster solution 2 were centrifuged for 5min at 1000 x g to remove the colorless
flocculent precipitate it showed. The precipitate was discarded, while 30 mL of
were added to the clear yellow supernatant. The resulting turbid suspension
was centrifuged for 10 min at 10000 x g. Subsequently the colorless supernatant was
discarded, while the yellow precipitate was redispersed in 5 mL of toluene. It was
further purified by washing twice with 15 mL of and centrifuging at 10000 x g
for 10 min. Afterwards the precipitate was redispersed in 6 mL of toluene and split in
three fractions. The nanoclusters in each fraction were precipitated by adding 6 mL
of to each and centrifuging for another 10 min at 10000 x g. The precipitates
were then dispersed in different solvent: the first in 2.5mL of [ODE] the second
in 5mL of [diphenylether (DPE), and the last in 2mL of a solvent mix analogous
to the original reaction mixturd’] Of the three solvents, only the and the

solvent mix were able to redisperse the nanoclusters, whereas the [DPE] fraction was

turbid, exhibiting a yellow flocculent precipitate. All fractions were characterized
by absorption spectroscopy but only the and solvent mix fractions
were used for the subsequent growth experiment.

For the growth experiment 1.5 mL of the[ODE] as well as solvent mix fractions were
diluted with 1.5 mL of the respective solvents in a 10 mL three-neck flask equipped
with thermocouple, septum and condenser each. The dilution was necessary to
ensure sufficient coverage of the thermocouples. The solutions were heated to 250 °C
and the temperature was held for 5min. During that time both solutions changed
in color from yellow to orange. Afterwards both solutions were left to cool down to
room temperature. While cooling down the [DDE] solution’s color changed back to
yellow, while the solvent mix solution remained orange. For the [ODE] solution the
temperature cycle was repeated and it changed its color again to orange while hot

and back to yellow while cooling down.

IThe solvent mix contained 3.4 mL of 5.3mL of and 3.0mL of
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Both solutions were characterized using absorption spectroscopy, while
the solvent mix solution was also characterized using [TEM| The [TEM| sample was
prepared by washing 2.5mL of the solution three times with (7.5mL in the
first step, 6 mL in the subsequent steps) and centrifuging at 10000 x g for 10 min.

The final precipitate was redispersed in 1 mL of toluene.

Growth Experiment from Purified CdSe Clusters (Batch)

In order to verify the results from the previous experiment, another batch growth
experiment was conducted. For this purpose 20 mL of the same nanocluster solution
used in the previous experiment were purified by washing three times with
(60mL in the first step, 30 mL in subsequent steps) and centrifuging at 10000 x g
for 10 min. The final precipitate was redispersed in 10 mL of the solvent mix (same
composition as in the previous experiment).

In one 10 mL three-neck flask equipped with thermocouple, septum and condenser
each, two times 3mL of the washed cluster solution were heated to 250°C. The
solutions were kept at that temperature for 30s in one case and 60s in the other
case, before cooling them down to room temperature with a water bath. Both
solutions were characterized using absorption spectroscopy, as well as .
The [TEM] samples were prepared analogously to the previous experiment.

Growth Experiment from Purified CdSe Clusters (CFD)

In order to perform the growth experiment with the washed cluster solution in
the [CED] 250 mL of CdSe nanocluster solution 3 were purified. The solution was
initially centrifuged for 5min at 1000 x g to remove the colorless precipitate. The
supernatant was split in two fractions, to which 280 mL of were added. The
resulting suspensions were centrifuged at 10000 x g for 10min. Afterwards, the
precipitated nanoclusters were redispersed in 60 mL of toluene per fraction. Two
more times both nanocluster fractions were precipitated with 180 mL of and
centrifuged for 10 min at 10000 x g. The final precipitates were redispersed in 125 mL
of solvent mix (215mL of 340 mL of and 195mL of and then
combined again. The resulting nanocluster dispersion appeared as a clear, yellow

solution, developing only a slight turbidity over four days of storage.
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The purified CdSe nanocluster solution was then used in a growth experi-
ment. In this experiment, a continuous pump was connected directly to a growth
oven, heat exchanger and optical flow cell. The cluster solution was pumped at
1mL/ min through the oven while the temperature was varied and online
absorption spectra were collected. Before the experiment, the previously cleaned
pump filter was filled with the purified cluster solution, before flushing the whole
flow system for 5min. After completing one set of temperatures, the system was
left to cool down at reduced flow rate, before the oven was exchanged to change the
time resolution of the experiment. Four different oven lengths were used: 10cm,
30cm, 50 cm and 90 cm. This resulted in residence times of 7.84s, 17.26s, 26.68s
and 45.52s respectively. The temperatures investigated were 50°C, 150 °C, 200 °C,
220°C, 250°C, 280°C, 300°C and 320°C. After the experiment, the flow system

was flushed with for 30 min.

8.3.5. Growth from CdSe Nanocrystal Solution

The unpurified CdSe solution 4 was used as a precursor and pumped at 1 mL/ min.
The experiment was performed analogously to the one described in section [8.3.3]
For each temperature and growth oven absorption spectra were collected.
The growth oven lengths used in this experiment were: 10cm, 16 cm, 30 cm, 50 cm,
75cm and 90cm with residence times of 7.84s, 10.67s, 17.26s, 26.68s, 38.46s
and 45.52s respectively. The growth temperatures investigated were 80°C, 120 °C,
200°C, 250°C, 280°C, 300°C, 320°C and 350 °C.

8.4. Characterization Techniques

Samples in this work were characterized using a variety of analytical techniques.
Whereas section [2.2 details the underlying theoretical principles of the various meth-
ods, this section focuses on the description of the practical measurement procedures.
It contains information about the equipment used in the measurements, as well as

the sample preparation.
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8.4.1. UV/Vis Absorption Spectroscopy

The main method for characterization of NC samples used in this work was
absorption spectroscopy. absorption spectra were taken by two different
methods. For the characterization of NC growth during continuous-flow experi-
ments, the online absorption spectrometer coupled to the was used in
conjunction with optical flow cells of different path length. In order to character-
ize preprepared NC samples, as well as the results of particle washing experiments,
an offline tabletop spectrometer was used with static cuvettes as sample environ-
ment. Due to the differing nature of both experiments, sample preparation was

fundamentally different.

Online Spectroscopy

The is fitted with a MultiSpec Desktop online spectrometer manufactured by
techH, which is controlled via the software MultiSpec Pro from the same manufac-
turer. The spectrometer contains a 30 W Deuterium lamp as well as a 7W halogen
lamp, the combination of which allows for a usable wavelength range from 190 to
2500nm. The device is equipped with a spectrometer cassette which contains a
static monochromator, which disperses the light onto a diode array detector and
possesses a spectral range of 190-1015nm. This allows the acquisition of whole
spectra with each detector readout, instead of scanning the monochromator wave-
length as is common in most absorption spectrometers. The software allows to read
out the detector once for a customizable integration time, or continuously. In con-
tinuous mode a single spectra is taken every time an adjustable cycle time passes.
The device also contains a spectrometer cassette which allows absorption measure-
ments in the NIR region of the lamp spectrum, which was not used in the present
work though.

The absorption measurement takes place in a sample cell which is attached to the
flow system of the via Vi6in HPLC connections. It possesses quartz windows
and is connected to the spectrometer via optical fibers. The optical flow cells used
in this work, were manufactured by Knauer and were used with two different optical
path lengths: 0.5 mm and 3 mm.

All absorption measurements were done after an initial dark, as well as reference

measurement which was subtracted from the acquired spectra as a background.
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Figure 8.2.: Example of results from data treatment script: (A) 3D plot of spectra
obtained in a cluster growth experiment, (B) 2D plot with color map of
the same data, (C) averaged spectrum calculated from this data.

Unless otherwise noted, reference spectra were taken while pumping both precursor
solutions at the flow rate used in the respective experiment without heating any
of the reaction zones. For the cluster growth experiments, typically the reference

spectra taken during the preparation of the respective cluster solution were used.

In order to improve signal-to-noise ratio, the integration time had to be adjusted,
so that the intensity of the 100% transmitted light was maximized. Since this value
changed over the course of this work due to modifications to the spectrometer, as well
as replacement of the optical fibers, it is not always possible to compare the measured
optical densities between different experiments. This also makes calculations of the

concentration from the online spectroscopical data rather unreliable.

The online absorption data shown in this work was acquired by averaging
a series of spectra acquired in continuous mode, typically between 60 and 300. This
was done in order to reduce the influence of possible inhomogeneities (e.g. gas

bubbles) flowing past the flow cell during the measurement.

Each spectrum acquired by the spectrometer software was saved in format
within a previously specified folder on the measurement computer. Considering the
amount of spectra taken during one measurement, this resulted in a few thousand
files per measurement day. To overcome this issue a Python script was written that
sorts the files according to date and time. The documented source code of the script
is shown in section in the appendix. In order to facilitate the correlation of
the measurement data to the experimental parameters, each single measurement is

typically identified by the time and the date it was taken on.

For the purpose of making the raw data interpretable, another Python script was
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written which allows plotting of the data as well as data treatment (e.g. averaging).
Its documented source code is shown in section in the appendix. Figure (8.2
shows exemplary output of the data treatment script. The script initially plots all
spectra taken in one measurement (chosen by the user) in a 3D plot (figure 8.2 (A)),
as well as a color map (B), as a function of acquisition time. This allows checking
of the consistency of the data, as a variation of the absorption spectra with time
becomes easily visible. In order to document such changes with time, it is also
possible to plot at a selected wavelength against time. If the data is deemed
consistent, as it is in this example, the script can finally average the single acquired
spectra (section (C) in the figure) and generates an[ASCII file containing the average
spectrum. It also generates image files (.PNG format) of all plots. Should only part
of a measurement contain consistent data, the script also allows selecting only a part
of the acquired spectra for averaging. Further analysis of the data was then done in
the software OriginPro 2016 by OriginLab.

Offline Spectroscopy

During the course of this work, some samples were also characterized offline using
a Varian Cary 50 absorption spectrometer. This was done with the frac-
tions obtained during the size-selective precipitation of NC solutions (section [8.3.2))
as well as during the washing procedure in preparation of the growth experiment
from a washed cluster solution. Since the Cary 50 is a single-beam spectrometer, a
cuvette containing the pure solvent of the sample solutions was put into the sample
compartment for an initial background measurement. The resulting 100% transmit-
tance baseline was then subtracted from the subsequently measured spectra. These
were typically measured between 300 and 700 nm.

Samples were prepared and their absorbance measured in quartz glass cuvettes
with an optical path length of 1 cm. The sample solutions were diluted until their
peak was lower than 0.1.

8.4.2. Photoluminescence Spectroscopy

[PI] as well as [PLE| spectroscopy were used in the characterization of the different
species in section [5.3] The investigated sample was a fraction from the size-selective

precipitation described in section [8.3.2 Both spectroscopy techniques were car-
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ried out using a Horiba Jobin Yvon FluoroMax 4 spectrometer. The FluoroMax 4
uses a 150 W xenon light source and excitation as well as emission monochroma-
tors in Czerny-Turner geometry. Both monochromators contain diffraction gratings
with 1200 grooves/mm, with the excitation grating being blazed at 330 nm and the
emission grating being blazed at 500nm. A photomultiplier tube (PMT) serves
as detector. Excitation and emission slit widths of 3 and 1nm respectively were
used for [PL] measurements. During measurements, both slits were set to 1 nm
width. Typically the samples’ was measured after their absorbance and thus
their preparation was analogous to the offline absorption measurements.

8.4.3. X-ray Powder Diffraction

X-ray powder diffractograms were obtained using a Philips X'Pert diffractometer
with an X-ray tube emitting copper K, radiation as an X-ray source. Samples
were prepared by dropping sample solution onto a silicon wafer used as a sample
holder and letting it dry. This was repeated several times to improve sample holder
coverage. The obtained diffractograms were typically baseline corrected using the
software PANalytical X'Pert HighScore. The same software was used to find suitable
comparison diffractograms from the PDF-2 database, v2.3534 to identify the
present crystal phases. All measurements were performed by Almut Barck
(Institute of Physical Chemistry, University of Hamburg).

8.4.4. Transmission Electron Microscopy

Transmission electron microscopy was also used to obtain micrographs of some of
the prepared during this work. All images were taken on a Philips CM-300 UT
microscope eqipped with a LaBg thermionic emitter using an acceleration voltage of
200kV. This microscope is also equipped with an X-ray detector, making it possible
to obtain [EDX] spectra. Samples were prepared by dropping 10 uL of the sample
solution onto a copper grid (Plano, 400 meshes, d = 3.05mm) covered with a thin
amorphous carbon film and removing the solvent with a filter paper. All
and measurements were carried out by Stefan Werner (Institute of Physical
Chemistry, University of Hamburg).
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8.4.5. Synchrotron X-ray Scattering Experiments

All synchrotron patterns shown in this work were obtained during a beam-
time at beamline [D02] at [ESRF] All measurements were conducted at a photon
energy of 12.456 keV, with a sample-detector distance of 2.01911m. All patterns
were recorded at an exposure time of 0.1s in the [KFC| connected to the and

heated via the prototype sample holder, under constant flow. The only exception are

the patterns of the individual precursors, which were collected in quartz capillaries

(Hilgenberg, wall thickness 0.01 mm, diameter 0.7 mm) with an exposure time of 1s.
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B. Software Documentation

B.1. File Sorting Script

Listing B.1: Source code of the Python script used for sorting of measurement files

from the online [UV|/|Vis| absorption spectrometer.

# —¥— coding: utf—8 —+—

200

Created on Mon Sep 22 16:12:41 201/

@author: rob

20

import os
import numpy as np
import calendar as cal

import time

# Definitions of filter methods

def txt(item): return ’.txt’ in item

# read all files in folder:
filelist = os.listdir(’.")

135




23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

38
39
40
41
42
43
44
45
46
47
48
49
20
o1
o2
53
o4
95

136 Software Documentation

# make sure only txt files are listed:
act_filelist = filter (txt, filelist)

# empty list for dates

dates = |[]

# Make folders based on dates:

for filename in act_filelist:
# extracts date timestamp from filename :
t_date = filename.strip(’.txt’).split(’-")[2]
# add all dates to date list:
dates.append(t_date)
# creates experiment directories based on dates,
don’t exist yet:
if not os.path.exists(t_date):
os.makedirs(t_date)
os.rename (filename , t_date + '/’ 4 filename)
# removes duplicate dates:
cleandate = list (set(dates))

# for every experiment day:

for entry in cleandate:
# makes list of files:
times = []
filelist = os.listdir (entry)
filelist = filter (txt, filelist)
filelist .sort ()

# extracts timestamp from filename :

if they
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for filename in filelist:

# removes file ending:

t_time = filename.strip(’.txt’).split(’_-")[3]

# creates UIC timestamp tuple from strings for hour,
minute , second, milisecond from filename:

t_utc = (int(entry [0:4]) ,int(entry[4:6]) ,int (entry
[6:8]) ,int (t_time [0:2]) ,int (t_time [2:4]) ,int(
t_time [4:6]))

# converts utc timestamp to uniz timestamp (in

seconds ) :
t_unix = cal.timegm(t_utc)
times = np.append(times, int(t_unix))

# creates array which contains the differences between
uniz timestamps (i.e. time difference between spectra

)
diffs = np. diff(times)

# for every file:
for i in range(len(times)):

# The following conditional sequence sorts the files
based on which measurement they are part of. It
checks for first, last, and middle spectra of one

experiment day.

# For first spectra:
if i = 0:
# If absolute time difference between the file
and the following file is larger than 1 s the
file is discarded

if abs(diffs[i]) > I:
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if not os.path.exists(entry + ’/restbert’):
os.makedirs(entry + ’/restbert’)

os.rename (entry + /7 + filelist [i], entry +
"/restbert/’ + filelist [i])

# If the above is not the case a new measurement
folder is made with the time of the
measurement as the name (HHMM) and the file
1s moved into it.

else:
dirname = str(time.gmtime(times[i]) [3]) +

str(time.gmtime (times[i]) [4])
if not os.path.exists(entry + '/’ + dirname)

os.makedirs (entry + '/’ + dirname + ’/
input )
os.rename (entry + /7 + filelist [i], entry +
"/’ + dirname + ’/input/’ + filelist[i])

# For last spectra:
elif i = len(times)—1:
# If the absolute time difference is larger than
1 s, the file is discarded.
if abs(diffs[i—1]) > 1:
if not os.path.exists(entry + ’/restbert’):
os.makedirs(entry + ’/restbert’)
os.rename (entry + /7 + filelist [i], entry +
"/restbert/’ + filelist [i])
# If the above is not the case, the file 1is
moved to the previously created directory.
else:
os.rename(entry + '/’ 4+ filelist [i], entry +
'/’ 4 dirname + ’/input/’ + filelist [i])

# For all other spectra:
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else:

# If the absolute time difference between the
file and the previous as well as the next
file is larger than 1 s, it is discarded.

if abs(diffs[i—1]) > 1 and abs(diffs[i]) > 1:

if not os.path.exists(entry + ’/restbert’):
os.makedirs(entry + ’/restbert’)

os.rename (entry + '/’ + filelist [i], entry +
"/restbert/’ + filelist [i])

# If the absolute time difference to the
previous file is larger than 1 s and to the
next file is less or equal than 1 s, it is a
new measurement time, a respective directory
1s created and the file mowved into it.

elif abs(diffs[i—1]) > 1 and abs(diffs[i]) <= 1:

dirname = str(time.gmtime(times[i]) [3]) +
str(time.gmtime(times[i]) [4])
if not os.path.exists(entry + '/’ + dirname)

os.makedirs(entry + '/’ 4+ dirname + '/
input )
os.rename (entry + '/’ + filelist [i], entry +
'/’ + dirname + ’/input/’ + filelist[i])
# in all other cases it is a file belonging to
the previous measurement and added to that
directory .
else:
os.rename(entry + /7 + filelist [i], entry +
'/’ + dirname + ’/input/’ + filelist[i])

B.2. Data Treatment Script




© 00 3 O Ot B~ W NN -

e e e e
Tt = W N —~= O

16
17
18
19
20
21
22
23
24
25
26
27

28

140 Software Documentation

Listing B.2: Source code of the Python script used for plotting and treatment of

data obtained from the online [UV|/|Vis| absorption spectrometer.

#1/bin/python
# —+— coding: utf—8 —x—

import numpy as np

import matplotlib.pyplot as plt
import matplotlib.axes as axes
import os

import calendar as cal

from tkFileDialog import askdirectory

#functions needed to filter spectra from only one channel
def channell (item): return ’CHANNELL’ in item
def channel2(item): return ’CHANNEL2’ in item

#this function finds the index of one element in an array by
comparing the differences between the array’s elements
and the value provided

def find_idx (array ,value)
if array.ndim > 1:

if array[0,0]==array[0,1]:
return np.argmin(np.abs(array—value) [:,0])
else:
return np.argmin(np.abs(array—value))
else:

return np.argmin(np.abs(array—value))

run = 1

runstate = 0 #the runstate defines the different options in
the script

rslist = (0,1,2,3)
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#the script 1s contained within this while loop, it runs,
until the run variable is set to 0

while run:
#if runstate is 0, the script calls on the wuser to

select a root experiment directory

if runstate = 0:
maindir = askdirectory(title="Please._choose_root.
experiment._directory ... ”)
runstate = 1

#if runstate is 1, the script reads the contents of the
selected root directory, lists them and asks the wuser
to select a measurement directory (corresponding to
a time of measurement)

if runstate = 1:
dirlist = os.listdir (maindir)
dirlist .sort ()
print ’'List_of_directories:\r’
print dirlist
dirname = maindir+’/ '+raw_input ( ’\nChoose_working.

directory.(Enter_x_to_stop._the_program):.")

if dirname =— maindir+’/x’:
run = 0

elif dirname[—4:] not in dirlist:

pPrint FHHHHEEHEHRAHERRAERAAAr Please Lenter La.

directory._that_is_.present.in_your.current._working
cdirectory .\ HHHHEHHRHAAHFRHAAEFHAAE
raw_input(’Press_Enter_to._continue ... ")
#upon selecting a measurement directory the program
continues
else:

chan = raw_input(’\nSelect _measurement.channel_(1,2)

o)
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if not chan:#triggers if the wuser has entered no

channel
chan = raw_input(’\nPlease_enter._a_valid._value.
for_channel_(1,2):.")
ichan = int (chan)

if ichan not in (1,2):#triggers if a wrong number

has been entered

chan = raw_input(’\nPlease_enter_a_valid_value.
for_channel_(1,2):_.")
ichan = int (chan)

cmd = raw_input(’\nPlease_enter_the_desired_data.
interpretation _method._The_.accepted .format_is._a.
three—character _number. _First_character_for.
peaktrace ,_second_character_for_timecut_and_third
~character_for_averaged._spectrum..Values_are_.1.
and.0._.E.g.: _100_for_peaktrace ,.011_for_.timecut.
and_averaging .:_")

peaktrace = int(cmd[0])

timecut = int(cmd[1])

avplot = int(cmd[2])

#the script always produces a 3d plot of the spectra
against time, as well as a 2d colormap. With
this input the wuser can decide, whether the
temporal evolution of one wavelength shall be
done (peaktrace), only a subset of all times
shall be used (timecut) or an average of the

whole data shall be calculated

if peaktrace:#if peaktrace was selected, a
wavelength is entered here

peakwl = int (raw_input(’Peak_Wavelength?_(in._nm)

7))
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print ( 'Reading._data ... )
filelist = os.listdir (dirname+’/input/’)#the script
generates a list of all files in the selected
measurement directory ’s input subdirectory
if ichan = 1:
ch = filter (channell , filelist)
else:
ch = filter (channel2 , filelist )#the wvariable ch
contains the filelist filtered by the channel
selected above (either 1 or 2)
ch.sort ()#essential to allow calculation of the time
aris later on

i = 0#counter for following loop

#an empty numpy 2d array is created wilth one
dimension corresponding to the number of spectra
(length of ch) and the other dimension
corresponding to the amount of intensity data
points in one spectrum (185nm to 2205nm = 2021
data points)

intlist = np.empty(shape=[len(ch) ,2021])

for filename in ch:#this loop runs over all files 1in
the filelist

#open the file in read mode in wvariable raw:

raw = open(dirname+’/input/’ + filename, 'r’)

#an empty array for wavelength and intensity is
created

wl = np.array ([])

intensity = np.array ([])

#skip first four lines (headers)

raw . readline ()

raw.readline ()
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89 raw.readline ()

90 raw . readline ()

91

92 #for every line in the file the wvalues are read

and then appended to the previously created

arrays
93 for line in raw:
94 act_wl ,act_intensity = line.strip(’\n’).
split ("\t’)[0:2]
95 wl = np.append(wl, float(act_wl))
96 intensity = np.append(intensity , float(

act_intensity))
97 #the line in the previously created intlist
array corresponding to the current run of the

loop is set with the intensities from the

file :

98 intlist [i] = intensity

99 i=1+1

100

101 #in this part, the starting timestamp 1is extracted
from the first filename in the ch list:

102 t_date0 ,t_timeO ,t-ms0 = ch[0].strip(’.txt’).split (-
) [2:5)

103 t_year0 = t_date0[0:4]

104 t_month0 = t_date0 [4:6]

105 t_day0 = t_date0[6:8]

106 t_hours0 = t_time0 [0:2]

107 t-min0 = t_time0 [2:4]

108 t_sec0 = t_time0 [4:6]

109 #the strings are recombined as utc time tuples, then

converted to unix timestamps

110 ts_utcO0 = (int(t_year0), int(t-month0), int(t_day0),
int (t_hours0), int(t.min0), int(t_sec0))

111 ts_unix0 = cal.timegm(ts_utc0)
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#the wunix timestamp 1s converted into ms and the ms
value from the starting file is added
ts.ms0 = float (ts_unix0%1000+int (t-ms0)=10)

time = np.array ([]) #creates an empty array for the

time axis

for filename in ch:#this loop extracts the

timestamps from all files in the list

t_date ,t_time ,t_ms = filename.strip(’.txt’).
split (7_7)[2:5]

t_year = t_date[0:4]

t_month = t_date [4:6]

t_day = t_date[6:8]

t_hours = t_time [0:2]

t_min = t_time [2:4]

t_sec = t_time [4:6]

ts_utc = (int(t_year), int(t_month), int(t_-day),
int (t_hours), int(t.min), int(t_sec))

ts_unix = cal.timegm(ts_utc)

ts_ms = float (ts_unix*1000 + int(t_-ms)=10)

#the difference between the current timestamp
and the starting timestamp is appended to the
array :

time = np.append(time, ts_ms—ts_ms0)

#parameters to cut diagrams
wlstart = 300

wlend = wl.max (axis=0)

#if the timecut was requested, the wuser is asked
here to give the start and end time, if they are
not defined, or timecut is not called, the min

and max of the time array are chosen:
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136 if timecut:

137 tstart = float (raw_input(’Start._Time?_(in.s,_0_
for .minimum): . ")) %1000

138 tend = float (raw_input( 'End_Time?_(in_.s,_0_for.
maximum ) : ") ) 1000

139 if tstart = 0:

140 tstart = time.min(axis=0)

141 if tend = 0:

142 tend = time .max(axis=0)

143 else:

144 tstart = time.min(axis=0)

145 tend = time.max(axis=0)

146

147 #r and y are created as 2d arrays with appropriate

dimension , containing wavelengths and times

148 x,y = np.meshgrid(wl, time)

149 #indexes for wl and time cut are identified:

150 wlcutstart = find_idx (wl, wlstart)

151 wlcutend = find_idx (wl,wlend)

152 timecutstart = find_idx (time, tstart)

153 timecutend = find_idx (time,tend)

154

155 #xr, vy, and intlist are cut based on wavelength and

time cut, y 1s also converted to seconds

156 xcut = x[timecutstart:timecutend+1,wlcutstart:
wlcutend |

157 ycut = y|[timecutstart:timecutend+1,wlcutstart:
wlcutend] /1000

158 intcut = intlist [timecutstart:timecutend+1,

wlcutstart : wlcutend |

159
160 #the user is asked for experimental parameters
161 rpm = float (raw_input(’Please_enter_total _Flow._speed

cin.ml/min:_"))
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162 fileflow = str(rpm).split(’.")

163 ovl = raw_input(’Please_enter_oven_length_in._cm:._")

164 flovl = float (ovl)

165 temp = raw_input(’Please_enter_experiment .

temperature:.’)

166

167

168 # Time resolution calculation (approximate)

169

170

171 vmix = 3.8E-3 # in mL

172 dtube = 0.1 # in cm

173 if flovl != 0.0:

174 vcon = 9 % (dtube/2)%%2 x np.pi

175 else:

176 vecon = 0.0

177 voven = flovl * (dtube/2)%%2 % np.pi

178 vtotal = vmix + vcon + voven

179 tres = round(vtotal / rpm *x 60, 3)

180

181

182 #spectra folder is created where plot images will be

saved

183 if not os.path.exists(maindir+’/Spectra’):

184 os.makedirs (maindir+’/Spectra’)

185

186 if avplot:

187 avg_int = intcut.mean(axis=0)#averages all
spectra along the time—axis

188

189 #the output txt file is created, the filename
contains experimental parameters and if
timecut was selected , the start and end times




190
191

192
193

194

195

196
197

198
199
200
201
202
203
204
205
206
207
208

148

Software Documentation

if timecut:
output = open(maindir+’/Spectra/
averageint_channel_’ + chan + "_7~ +
dirname[—4:] + *_7 4+ fileflow [0] + 'p’ +
fileflow [1] + 'mLmin_.’ + ovl + ’ecm_’ +
temp + 'C_'+str(tstart )+’ _’'+str(tend)+’.
txt’,'w’)
else:
output = open(maindir + ’'/Spectra/
averageint_channel_’ + chan + "_7 +
dirname[—4:] + *_7 + fileflow [0] + 'p’ +
fileflow [1] + 'mLmin_.’ + ovl + ’em_’ +
temp + 'C.txt’,’'w’)
output.write (’Wavelength\tAbsorbance\nnm\ta.u.\n
\t’ + temp + '\n’)
#the wvalues from avg_int are written in to the
output file:
for i in range(wlstart ,int(wlend)):
output.write (str(i) + '\t’ + str(avg_int[i—
wlstart]) + "\n’)

output.close ()

from mpl_toolkits.mplot3d import Axes3D

from matplotlib import cm
#clears and closes all open plots:
plt.clf()

plt.close ()

#figl contains the 3d plot of wavelength vs time vs

absorbance, it contains a title including
experimental parameters. The plot is saved as

PNG file , including a start and end time in case
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of timecut:

209 figl = plt.figure ()
210 ax = figl.add_subplot (111, projection="3d")
211 ax.set_title (dirname|[—4:] + "_Flow:_.’ + str(rpm) +

‘omL/min_Oven: .’ + ovl + ’_cm_t_res:.’ + str(tres
) + TosiTo=2" + temp + *.C7)

212 ax.plot_surface (xcut ,ycut ,intcut ,color="yellow )

213 ax.set_xlabel ("Wavelength_[nm]’,fontsize="small ")
214 ax.set_ylabel ('Time[s]’,size="small )

215 ax.set_zlabel (’Absorbance’ size="small ")

216 ax.tick_params(labelsize="small ")

217 if timecut:

218 plt .savefig (maindir+’/Spectra/’+ dirname[—4:] +

"_channel_’ + chan + ’"_3dPlotCutforAv '+str(
tstart )+’ _ +str(tend )+’ .PNG”)

219 else:

220 plt.savefig (maindir+’/Spectra/’ '+ dirname[—4:] +
"_channel_’ + chan + ’_3dPlot .PNG’)

221

222 #fig2 contains the colormap, which is also saved

analogously to the 3d plot:

223 fig2 = plt.figure ()
224 plt .imshow (intcut , origin=’'lower’, interpolation=’
none’ , aspect="auto’, extent=(xcut.min() ,xcut.max

() ,ycut . min() ,ycut.max()))

225 plt.colorbar(orientation="horizontal ")

226 plt . xlabel (*Wavelength. [nm] ")

227 plt.ylabel ('Time.[s] )

228 plt.title (dirname[—4:] + ’;_.Flow:’ + str(rpm) + ’.mlL

/min; .Oven:.’ + ovl + ’_cm;._.t_res:.’ 4+ str(tres)
+ 'us; Te=27 + temp + '.C7)

229 if timecut:

230 plt.savefig (maindir+’/Spectra/’+ dirname[—4:] +
"_channel_’ + chan + ’'_ColourmapCutforAv '+str
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(tstart )+’ _'+str(tend )+ .PNG’)
else:
plt.savefig (maindir+’/Spectra/’+ dirname|—4:] +
’_channel_’ 4+ chan 4+ ’_Colourmap.PNG”)

#if peaktrace was selected, this creates a figure in
which the intensity at the selected wavelength
1s plotted against the time. The plot 1s saved
and a txt file containing the data is saved along
with 1t :

if peaktrace:
pttimes = ycut[:, find_idx (xcut , peakwl) |
ptints = intcut [:, find_idx (xcut ,peakwl) |
figd = plt.figure ()
axl = figd .add_subplot(111)
plt.plot (ycut[:, find_idx (xcut,peakwl)],intcut [:,

find_idx (xcut ,peakwl) ], ’b. ")
plt.ylabel (’Absorbance.(’ + str(peakwl) + ’.nm)’
)
plt.xlabel ('Time.[s] ")
axl.set_xbound (lower=ycut.min() ,upper=ycut .max()
)
plt .savefig (maindir+’/Spectra/’ + dirname[—4:] +
"_channel_’ 4+ chan 4+ ' _peaktrace_’ + str(
peakwl) 4+ 'nm.PNG’)
output = open(maindir+’/Spectra/
peaktrace_channel_’ 4+ chan + ’_’ 4+ dirname
[—4:] + 77 + str(peakwl) + 'nm.txt’ 'w’)
output.write (’Time(ms)\tAbsorbance(’ + str(
peakwl) + 'nm)\n’)

for i in range(len(ycut[:,find_idx (xcut,peakwl)
)
output.write(str(pttimes[i]) + "\t’ + str(

ptints[i]) + "\n’)
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output . close ()

#plots and saves the average spectrum:
if avplot:
figh = plt.figure ()
ax2 = figh.add_subplot(111)
plt . plot (xcut[0,0:],avg_int)
plt.ylabel (’Absorbance )
plt.xlabel (’Wavelength. [nm] ")
plt.title (dirname[—4:] + ’;_Flow:’ + str(rpm) +
".mL/min; Oven:.’ 4+ ovl + "_cm;._t_res:.’ +
str(tres) + '_s; . T=_" + temp + '_C’)
ax2.set_xbound (lower=xcut.min() ,upper=xcut .max()
)
ax2.set_ybound (lower=intcut .min())
if not os.path.exists(maindir+’/Spectra’):
os . makedirs (maindir+’/Spectra’)
if timecut:
plt.savefig (maindir+’/Spectra/’+ dirname
[—4:] + 'channel_’ + chan + ’
_AvgSpectrum_’ + fileflow [0] + -7 +
fileflow [1] + 'mLmin_.’ + ovl + ’em_’ +
temp + 'C_7 + str(tstart)+’_’'+str(tend)+’
PNG”)
else:
plt.savefig (maindir+’/Spectra/’+ dirname
[—4:] + 'channel_’ + chan + ’
_AvgSpectrum_’ + fileflow [0] + -7 +
fileflow [1] + 'mLmin_’ + ovl + 'cm_’ +
temp + 'C.PNG’)

plt .show ()#shows all plots
#finally the user decides what to do next, i.e. in

which section of the script to continue:
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runstate = int(raw_input(’What_would_you.like _to.do.
now?._(0_=.new._root._dir ,1 .=_new_experiment ._dir ,2 .=

~additional _actions._in.current._dir ,.3.=_exit):.")

)

if runstate not in rslist:
print ’'Please_enter_a_valid .command.’
runstate = int (raw_input(’What_would_you.like _to
~do.now?_(0_=.new_root _dir ,1 .—_new_experiment
~dir ;2 _=_additional _actions.in._current._dir , .3
_=cexit):.’))
#choosing 3 ends the program:
if runstate = 3:

run = 0




C. Safety Data

Chemicals used in this work

The following table contains a list of chemicals used during this work as well as their

hazard and precautionary statements according to the globally harmonized system

of classification and labelling of chemicals (GHS).132:133]

Substance GHS Symbol H Statements P Statements
Cadmium(II) acetate : ‘% H302-H312- P273-P280-
H332-H350- P3024-P352-
H410 P308+-P313
Cadmium(II) acetate : ‘% H302-H312- P273-P280-
dihydrate H332-H350- P302+P352-
H410 P308+P313
Cadmium(II) oxide ‘l ‘% H301-H330- P201-P260-P280-
H341-H350- P301+P330+P331+
H361fd-H372- P310-P304+4-P340+
H410 P310-P308+-P313

153
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Substance

GHS Symbol

H Statements

P Statements

Cyanex 923 (mixture H314-H400 P260-P264-P280-
of tertiary Alkylphos- P273-P301+P330+
phine oxides; Cytec P331-P303+P361+
Inc.) P353-P304+P340-
P305+P351+P338-
P310-P321-P363-
P391-P405-P501
Diphenylether : " H319-H411 P264-P273-P28&80-
P305+P351+P338-
P337+P313-P501
Ethanol : : H225-H319 P210-P240-P305+
P351+P338 -
P403+P233
Nitric Acid ‘l ‘i H272-H290- P280-P301+P330+
H314-EUHO71 P331-P304+P340-
P305+P351+P338-
P310
Octadec-1-ene g H304-EUHO066 P301+P310-P331
Octadecylphosphonic Kein Gefahrstoff gem. EG1272/2008

acid
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Substance GHS Symbol

H Statements

P Statements

H301+H331- P260-P264-P273-
H373-H413 P301+P310-P304+
P340-P314-P321-
P330-P403+P233-
P405-P501
Toluene @ H225-H304- P210-P240-
@ H315-H336- P301+P310+P330-
H361d-H373 P302+P352-
P308+P313-P314-
P403+-P233
Trioctylphosphine H314 P280-P305+P351+

P338-P310
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