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Abstract

Having emerged from basic science, nanoparticles are now applied in many fields
of science and technology. Agglomeration is ubiquitous and occurs, often inadvert-
ently, in the formulation of particle-polymer mixtures, during the chemical func-
tionalisation of nanoparticles and even during storage.

This dissertation outlines recent studies on the agglomeration behaviour of dif-
ferent gold nanoparticle types. A modular fluidic system was specifically designed
to perform the experiments. It enables the preparation of a steady flow of stable
or unstable nanoparticle samples. This allows to observe different steps of a time-
dependant process in steady state over practically arbitrary times in flow.

These capabilities are used in this research to investigate the agglomeration of
destabilised aqueous gold nanoparticles, reassess the solvent induced self-assembly
of unpolar gold nanoparticles and examine the shear-assisted orientation of gold
nanowires. The performance of the system is demonstrated and new insights on
the influence of solvent conditions, temperature and the flow field are presented.
The relevant process parameters as well as the microscopic interactions responsible
for the structure formation mechanisms are discussed.
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Zusammenfassung

Nanopartikel sind ihren Kinderschuhen in der Grundlagenforschung entwachsen und
haben mittlerweile vielfdltige Einsatzmoglichkeiten von der Forschung bis zur in-
dustriellen Anwendung. Agglomeration spielt in der Regel eine Rolle und tritt
(gewollt oder ungewollt) bei der Herstellung von Partikel-Polymerkompositen, der
Oberflaichenmodifizierung von Partikeln und selbst der Lagerung auf.

In dieser Dissertation werden neue Studien zur Agglomeration verschiedener
Klassen von Gold-Nanopartikeln vorgestellt. Fin modulares Fluidiksystem wurde
speziell fiir die hier préisentierten Versuche entworfen. Damit kann ein kontinu-
ierlicher Fluss aus stabilen und speziell auch destabilisierten Nanopartikelproben
erzeugt werden. Dadurch wird es mdoglich, verschiedene Stufen einer zeitlich verédn-
derlichen Reaktion im Flieflgleichgewicht zu analysieren. Dabei ist die Integration-
szeit grundsétzlich nicht beschrankt.

Mittels dieser Moglichkeiten wurde in dieser Forschungsarbeit die Agglomera-
tion von destabilisierten, wassrigen Gold-Nanopartikeln untersucht, die Selbstor-
ganisation unpolarer Partikel in geordnete Uberstrukturen neu beleuchtet und die
Ausrichtung von Gold-Nanodrahten in einer Scherstromung analysiert. Die dazuge-
horigen Prozessparameter sowie die zugrunde liegenden mikroskopischen Wechsel-
wirkung sollen in dieser Arbeit erdrtert werden.
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1. Preliminary

1.1. Introduction

In the public perception, the term nanotechnology is still related to popular visions
of utopian solutions to the challenges of our time. While artificial, nanoscopic uni-
versal machines [1] are still far from reality, the world is experiencing an increasing
integration of products based on nanotechnology in everyday lifdﬂ In times where
integrated circuits with nanoscale dimensions are widely used, standard sunscreen is
based on titania nanoparticles and marketing is already overusing the term “nano”,
nanotechnology might have lost its appeal as a buzz word and has arrived as a
serious field of technology.

The multitude of available production processes for nanomaterials generally sep-
arate in two design paradigms: Top-down approaches start off with a bulk material
that is subsequently refined to create a nanostructured material. The manufactur-
ing of modern integrated circuits on silicon wafers is a typical example. Bottom-up
methods rely on the use of smaller building blocks to create nanostructured mater-
ials. A classic example is the synthesis of gold nanoparticles from dissolved gold
compounds, one of the earliest examples of practically applied nanotechnology (see

section [1.2.1)).

This dissertation contributes to the field of material design through bottom-up
arrangement of colloidal building blocks. This strategy is particularly promising,
because it allows control over the material properties by changing the particle type
on the one hand and tuning the superstructure on the other hand. Due to the large
number of constituent building blocks, it is generally not feasible to separately
assemble the blocks into the structure, as it would be done in classical constructive
engineering. The design strategies of usable amounts of nanomaterials so far all rely
on the physiochemical interactions between the constituents to direct the assembly
(self-assembly). Therefore it is crucial to understand the structure directing process
parameters to actually design materials built from colloidal building blocks. This
research seeks to not only find the structure directing process parameters, but also
aims to illuminate the relevant microscopic mechanisms.

! Among nanoscientists, this is a common perception. Quantifying the actual production volume
of products incorporating nanotechnology is surprisingly difficult [2].
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A common way to classify compact superstructures of colloids is to differentiate
between ordered superstructures and disordered superstructures. Ordered super-
structures can be described as a periodically recurring unit cell, assembling a large
scale structure. Disordered superstructure are distinguished by the absence of re-
peating structures on a length scale much larger than the individual colloid sizeﬂ
It is commonly expected that an ordered superstructure will display enhanced col-
lective effects and anisotropy in the physical properties, whereas a disordered su-
perstructure exhibits less interparticle coupling effects (due to the reduced density)
and has isotropic physical properties.

A typical use case for defined superstructures of gold nanoparticles is the design
of optical metamaterials [3, |4]. A larger catalogue of nanoparticle superstructure-
based devices opens up for other particle materials. Semiconductor nanoparticle
superlattices constitute novel electronic devices [5], ordered [6] and disordered [7]
superstructures of titania and silver particles serve different, structure-related pur-
poses in thin film solar cells. This research is not aimed at finding specific pro-
cedures for the production of devices. The research goal is to gain insights on
the structure formation mechanisms that can be beneficial for the design of many
different assembly processes.

Colloids used as a starting material to build superstructures are easily synthesised
in wet chemical syntheses. While this approach allows cost-efficient processes with
surpassing quality control, the final material, e.g. a particle-based surface coating,
often does not incorporate any solvent. Agglomeration is the process of phase
separation of initially well-dispersed colloids into a solvent-rich and a colloid-rich
phase.

Understanding the agglomeration process, deliberately induced or unwanted, is
important for the design of materials. Ageing-related agglomeration effects have to
be understood to account for possible pitfalls during storage or processing of the
colloidal base material. Given the properties of the colloids as building blocks, the
function of the material can be further tuned by changing the arrangement of the
building blocks.

In a recent project directly preceding this study, it was established that the
nanoparticle ligands, usually regarded as a stabiliser that prevents agglomeration,
can play a crucial part to determine the structure of agglomerates that form upon
addition of an agglomerating agent (see section for further discussion). The
objective of the present study is to extend these findings by

1. determining the structure directing process parameters and

2. deducing the underlying microscopic mechanisms.

2Due to their finite size and solid state, the distribution of the position of the colloids usually
contains some structure at close distances.
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The agglomeration process of three separate classes of gold colloids is investigated
in this dissertation: Spherical particles with gold core radii from approximately
5.2nm to 7.2nm dispersed in water, with core radii from approximately 2.8 nm
to 3.6 nm dispersed in unpolar solvents and ultrathin anisotropic nanowires with
a thickness smaller than 2nm and an aspect ratio well above 1 : 100. Given a
particular particle type, the expected key process parameters are temperature and
concentration of the involved substances (particles and agglomeration agent). The
microscopic mechanisms are modelled with a focus on the role of the stabilising
ligands.

The traditional experimental approach, ezr situ preparation of agglomerating
samples and subsequent characterisation with different methods, does not sustain
large numbers of experiments (necessary to explore the process parameter space)
and is inherently limited in time resolution (due to the finite integration time of
the respective detectors).

These limitations entail a third objective of this research, the

3. development of a flow based system for in situ preparation and analysis of
steady states of agglomeration of otherwise stable particle dispersionsﬂ

Using a flow based system to prepare an agglomerating particle sample and char-
acterise the steady state arising at the fixed detector position is a novel approach.
It can overcome the limitations on integration time and allows fast scanning of
experimental parameters. A more detailed description is given in section [I.3.3]

The remainder of this work is briefly summarised in the following. After in-
troducing several terms used throughout the present work, the state of the art
concerning nanoparticle agglomeration experiments is briefly reviewed. The most
relevant experimental techniques employed in this study are established in the re-
maining section of this chapter.

The agglomeration process of charge-stabilised, aqueous gold nanoparticles
(AuNPs) upon addition of dilute hydrochloric acid is discussed in chapter
The measurements presented there were acquired at the MiNaXS beamline of the
PETRA III synchrotron, employing a purpose-built flow setup. The feasibility of
the flow-based approach on agglomeration experiments is demonstrated and the
stabilisation mechanism of different surface modifications is assessed.

The formation of ordered superstructures directly from unpolar dispersion of
sterically stabilised gold nanoparticles, induced by increasing the solvent polarity,
is examined in chapter [3] For these measurements, the flow system was deployed
at the SWING beamline of the source optimisée de lumiere d’énergie intermédiaire

3There would be good reasons to label this objective as 1, because it had to be completed before
the others.
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du LURE (SOLEIL) synchrotron. In situ measurements establish the presence of
superlattices during early stages of agglomeration and the importance of ligands
and their solubility.

In chapter 4] the formation of ordered superstructures from gold nanowires is
observed. All measurements were performed at the XEUSS 2.0 laboratory scale
machine located at the INM. It is demonstrated that the wires can be preferentially
aligned by exploiting the inherent flow field of the measurement system. These
findings could help in the design of future coating setups, e.g. for transparent
conductive coatings.

1.1.1. Definitions

A number of terms used ubiquitously in nanoscience are used ambiguously in dif-
ferent contexts. The sense in which these terms are used in this dissertation is
explained here.

Nanoparticles (NPs) are often defined based on size limits in one or more di-
mensions [8]. In this research, nanoparticle will be used as a term for artificial
three-dimensional (3D) objects with sizes in the range from 1nm to 100 nm in all
three dimensions. A typical gold nanoparticle (AuNP) employed in this research
can be approximated reasonably well as a sphere, whose radius is smaller than
10nm (see fig. . Most NPs can be envisioned as a particle surrounded by a
stabilising shell. Gold cores with varying stabilising shells are used throughout this
work.

Colloids are small (< 1 pm at least in one dimension) insoluble particles suspended
in a solvent due to Brownian forces. Alternatively they could be described as a
heterogeneous mixture of liquid and solid, where the solid phase is finely divided.
When the particles are stable over time and do not form clusters, they are called
well-dispersed. The colloids used here are aforementioned AuNPs and so-called
gold nanowires (AuNWs), anisotropic colloids in (approximately) cylindrical shape
with aspect ratios > 500.

Polydispersity in size describes the phenomenon that the dimensions of the differ-
ent particles constituting a colloidal dispersion are not identical (perfectly monod-
isperse), but usually distributed around an average size. When given as a number,
it refers to the standard deviation of the size distribution of the corresponding col-
loid. For NPs it was generally determined by fitting small-angle X-ray scattering
(SAXS) patterns and is given in units of length or relative to the mean radius. Of-
ten, particles with polydispersities < 10 % are designated as monodisperse. While
the IUPAC has deprecated the terms polydisperse and monodisperse in favour of
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the terms non-uniform and uniform respectively [9], they are used here due to their
prevalence in the relevant literature.

Agglomeration is the formation of superstructures that consist of colloidal particles
as building blocks. Destabilising a colloidal dispersion, e.g. by adding a destabil-
ising agent, can induce agglomeration (see section . The particles attach
to each other and form an agglomerate. Depending on the precise conditions,
agglomerates with different morphologies can form, a principal topic of this dis-
sertation. The term aggregation/aggregate is often used deviant from agglomera-
tion/agglomerate. Here they will be used interchangeably.

Aggregation temperature (7} ) is used as a term for the ligand-dependant tem-
perature below which the particles dispersed in pure heptane spontaneously ag-
glomerate (see also section . The experiments in chapters [2[ and |3 were
performed at temperatures above T, to exclude temperature-induced agglomera-
tion and constrain the study to solvent-induced effects.

Superlattice is a term used for ordered entities on the mesoscale in different di-
mensionalities. Here it is used for ordered arrangements of the respective colloids.
Ordered means in this context that the large scale structure is comprised of a peri-
odic repetition of a unit cell, which extends only on the (relatively small) scale
of single particles. Under the right conditions, NPs agglomerate in ordered su-
perlattices, similar to atomic crystallites (see fig. and chapter . AuNWs can
form superlattices too. They align in parallel and organise in two-dimensional
(2D) lattices with a periodic superstructure, similar to smectic liquid crystals (see

chapter .

Disordered agglomerate as a term includes all static colloid superstructures without
long range translational order. Spatial correlations on small length scales are expli-
citly no exclusion criterion. Usually the constituents need to be in contact to exper-
ience an attractive force strong enough to build a static superstructure. Therefore,
spatial correlations on the length scales of the single colloid dimension are usually
found. Only for length scales on the order of several colloid sizes these correla-
tions disappear. It is the decay of the spatial ordering that distinguishes disordered
superstructures, also termed amorphous or glass-like, from ordered superlattices.

Batch experiments are the classical approach on laboratory investigations, where
the sample is prepared in a laboratory, transferred to the proper measurement cell
and left resting for the data acquisition. In the case of agglomeration experiments
this means that the particle dispersion and agglomeration agent are mixed in a
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third container. As soon as the liquids are in touch, the agglomeration starts and
progresses usually until all primary particles are depleted. The sample changes
during the agglomeration process. To achieve a stable reference, often only the end
product (a fully agglomerated sample) is investigated.

Steady-state experiments, also termed flow-based or online methods, are the
main experimental approach chosen in this research. The sample is processed and
analysed in a continuous solvent flow inside a sealed system. This leads to control-
lable conditions and largely enhances the capabilities for measurements, leading to
faster and more reproducible experimentation. In this work, the flow processing
approach allows observation of steady states of agglomeration over long periods of
time, not achievable in batch processing (see also section .

Agglomerate age is an important quantity in the online experiments presented in
this research. Usually, experiments were performed under constant flow conditions.
In this case, the persistence time in the system does not change and a reaction
initiated at one point along the flow path has progressed for a constant reaction
time at a subsequent part of the flow path (see section . If this initiated
reaction is an agglomeration process, the corresponding reaction time is denoted
agglomerate age.

1.2. Nanoparticle Agglomeration

In this section, the groundwork for the research presented here is introduced. A
short overview on nanoparticles and their interactions is given, before the current
state of the art concerning nanoparticle agglomeration is reviewed.

1.2.1. Nanoparticles

Even when excluding the plethora of natural colloids found in biology from dis-
cussion, nanoparticles (NPs) have a long-standing history. The brief review given
here is focused on AuNPs, mainly because in this research exclusively gold colloids
were used, but also because they continuously drove innovation over the history of
nanotechnology.

Predating modern nanotechnology by more than a millennium, Romans in the
4th century used a mixture of gold and silver NPs as pigments to colour glass-
ware [10]. The particles dispersed in glass create a unique dichroic colour effect.
The seminal study of Michael Faraday [11], in which he documented the synthesis
and optical properties of AuNPs, dispersed in water, is often seen as the advent
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of modern colloid science. The synthesis of modern aqueous AuNPs was foun-
ded by the citrate reduction method of Turkevich and later improved
by Frens (whose method was also used to synthesise particles for this
research). Their synthesis protocols reliably yield monodisperse, approximately
spherical AuNPs, charge-stabilised with citrate ions. Reliable synthesis of steric-
ally stabilised particles dispersed in unpolar, organic solvents was pioneered by
Brust . The “Brust” method involves a laborious phase transfer step, modern
methods yield comparable results from a single phase synthesis, e.g. the methods
used for this research by Zheng or Wu .

High resolution transmission electron micrographs of typical gold particles used
in this research (fig. image the gold cores, because the electron absorption of
the ligand layer is negligible compared to the core.

The particle depicted in fig. (a) is an example from an aqueous dispersion
prepared after the “Frens” method , as described in section The particle
radius can be tuned by changing synthesis parameters. A typical value for the
particles employed in this research is » = 7.2 + 0.6 nm (determined by SAXS, see
section [2.3)).

The particles in fig. (b) were prepared according to the so-called “Zheng”
method (see section . The average radius, determined by averaging the pro-
jected areas in the TEM images of more than 500 particles, yielded typical values
of r =2.84+0.3nm.

(a)

Figure 1.1.: Transmission electron micrographs of (a) aqueous gold nanoparticles,
prepared with the “Frens” method and (b) unpolar gold nano-
particles, synthesised with the “Zheng” method .
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The particles are rarely applied directly after synthesis in the form of their di-
lute, stable dispersions. Most modern technological applications involve further
processing of the as-synthesised dispersions. Understanding the colloidal interac-
tions that determine the ubiquitous agglomeration phenomenon is important for
successful processing.

1.2.2. Interactions

It is important to understand the microscopic interactions acting on the colloids
to understand the concepts of colloidal stability and destabilisation. The inter-
actions directly influence crucial properties such as the ageing behaviour and the
structure resulting from drying, agglomeration and any other form of self-assembly.
In the following, the most important interaction types, especially with a view to
agglomeration, are discussed.

The DLVO theory [19, 20] provides a common framework to discuss colloidal
interactions. Even though some of the underlying assumptions are known to be
incorrect at close inspection, the theory was successful in explaining a number
of colloidal phenomena [21]. The idea of the theory is to summarise certain ex-
pressions for the interaction energy resulting from van der Waals and electrostatic
forces. A common approach to account for additional interaction types is to add
the corresponding interaction potential to the DLVO potential.

1.2.2.1. Van der Waals Interactions

The van der Waals interaction is an ubiquitous interaction in the microscopic re-
gime. These forces act between all atoms and molecules, from noble gas atoms
to gold nanoparticles. They originate from the dipolar interactions between the
constituents. Even for unpolarised interacting entities there are induced dipolar
interactions.

The principle can be explained by considering that while the electrons of an
unpolar particle are distributed evenly, at a certain point in time they possess
asymmetry (due to quantum mechanical fluctuations) that entails a finite dipole
moment. This dipole generates an electric field that can polarise the surrounding
particles. The resulting interaction between the dipole resulting from fluctuations
and the induced dipole constitute the van der Waals interaction [22, p. 107]. For
similar particles the resulting interaction is attractiveﬁ

4Under the right circumstances the van der Waals interaction between two different materials in
a third medium can become repulsive. This case is not relevant for this research.
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In the context of this research, the interaction of spherical gold particles dispersed
in a solvent is particularly relevant. The interaction energy U,qw of two spheres
with radius R, separated by a distance r << R can be written as [22, p. 326]

R
UVdW = AAu e (11)

12r
At large separations the interaction potential decays as Uyqw o< —r 6. Aa, is the
Hamaker constant |22} p. 253]. It measures the interaction strength of the particles
and is a material constant (Ax, ~ 5 x 1071%J for gold interacting in vacuum).
Usually the particles interact through a medium, the solvent, the effect of the
solvent can be accounted for by using the effective Hamaker constant

Aur = (VA —V75)". (1.2)

Ag denotes the Hamaker constant of the medium between the interacting spheres.
Approximations for the interaction energies of other geometries than in eq.
are available in the literature (e.g. |22, p. 254]).

In summary, the Hamaker constant determines the magnitude of the van der
Waals attraction for a given geometry.

1.2.2.2. Electrostatic Interactions

In contrast to van der Waals interactions, electrostatic interactions can only occur
when charged interaction partners exist. Since surfaces in aqueous environment are
generally charged [22, p. 291] and the electrostatic interaction is more long-ranged
than the van der Waals interactions, it is critically important for aqueous col-
loids. Systems where exclusively charges are used as stabilisation are often termed
“charge-stabilised”.

Dissolved ions are a general feature of aqueous media. A charged surface attracts
oppositely charged ions and an ion concentration gradient is formed at the surface,
the diffuse electric double-layer. The so-called double-layer is comprised of three
parts: The charged surface, a surface-bound layer of counterions and a more loosely
attached, diffuse layer with increased counterion concentration compared to the
bulk.

The ion layers screen the effective electrostatic interactions with the charged sur-
face, since the surface charge is locally balanced by the ions. The strength of the
effect is characterised by the so-called Debye length %, a measure for the thickness
of the counterion layer. The thickness for a constant temperature solely depends
on the electrolyte type and concentration. For increasing concentrations/ionic
strengths, the Debye length decreases and the range of the electrostatic interac-
tion is reduced likewise due to extended screening.
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The effective interaction at close approach between equally charged spheres in
an electrolyte can be understood as a repulsion between their respective double-
layersﬂ The interaction energy Ug for the case in eq. (1.1) can be written as [22,
p. 317]

1
Up = gRZe ™. (1.3)

Here, Z is the so-called interaction constant that depends only on the surface prop-
erties (except the valency of the electrolyte) [22, p. 316]. Z increases with increasing
surface potential, which in turn increases with the surface charge. At large separ-
ations, the potential decays as U o ¢ ""/r. Approximations for other geometries
are found in literature |22, p. 317].

In summary, the strength of the surface charge and the ionic strength of the
solvent determine the magnitude of the electrostatic interaction for a given geo-
metry.

1.2.2.3. Steric Interactions

Steric interactions between spherical nanoparticles dispersed in a solvent involve a
third component, often a polymer either bound to the particles or dissolved, which
introduces complex entropic effects. Depending on the details, the resulting forces
can be attractive or repulsive.

Chain molecules that are highly soluble in the solvent and adsorbed on the nano-
particle surface can act as sterical stabilisation [22, p. 387]. Without loss of general-
ity, the following discussion is limited to AuNPs with alkylthiols covalently bound
on the surface. It is further assumed that the alkyl chain is long enough to be
regarded as a polymer, to ensure that classical polymer theories are applicableﬁ
On the one hand, they impede irreversible agglomeration by preventing direct con-
tact of the gold surface. On the other hand, the loss of configurational entropy of
molecules for overlapping monolayers results in a repulsive force that acts to reduce
the overlap and enhances the stabilisation effect.

Conversely, the same molecules can mediate an attractive interaction if they are
poorly soluble in the solvent |22, p. 394]. This can be intuitively understood when
considering that identical chains are mutually highly soluble. If the continuous
phase is a bad solvent for the ligand chains, they will preferentially dissolve in

®The minimum intersurface distance for particles in stable dispersion is given by the position of
the energy barrier peak (see fig. . It can be estimated as ho 2 é, the screening length.

5The phenomena observed in this research can be explained in this framework, although the
small length of the alkyl chains employed in chapter [3] challenges many assumptions of classical
polymer physics. It is common practice to apply polymer theories also for short alkyl chains as
nanoparticle ligands due to the lack of more refined analytic pair potentials for such systems
[23].

10
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neighbouring ligand layers, effectively generating an attractive force. Depending on
the mobility of the ligand chains, they might support or impede lateral displacement
of the particles.

The interaction energy for overlapping ligand layers (with separations larger than
a single ligand length ¢) can be written as

TR 1
UOverlap = kBT7¢22w (2 - X) ' (T’ - 2£)2 ) (14)

where Vj is the volume of a solvent molecule, ¢,; the volume fraction of the ligands
in the shell surrounding the particles and

2
 kgT

the Flory parameter [23|. Js and 6y, are the Hildebrand solubility parameters of
solvent and ligand respectively. For chemically similar solvent and ligand molecules,
the solubility parameters are similar. The resulting interaction energy is positive,
leading to a repulsive interaction. If the solvent and ligand molecules are not similar,
e.g. polar ethanol as solvent and unpolar dodecanethiol as ligand, their solubility
parameters are different (dpiop = 2.62 X 10* v/Pa and dcqo = 1.65 x 102 v/Pa [24]
25]). This leads to a Flory parameter larger than % and therefore negative interac-
tion energies and results in an attractive interaction mediated by the ligands.

Y (85 — 6m)* +0.34 (1.5)

The depletion force results from a third entropy-related interaction mechanism.
It requires a separate dissolved or dispersed macromolecule among the particles with
somewhat smaller dimensions, such as a short polymer or smaller particles [26-28].
The origin of the depletion force is best explained with a thought experiment. When
two parallel plates immersed in a solution of macromolecules are approached and
the gap size reaches the size regime of the macromolecules, the macromolecules
between the plates become confined and are therefore restricted in their movement
and conformations. This creates an entropic penalty in the free energy that leads
to a force driving the macromolecules out of the gap, below a certain gap size the
clearance will additionally be just too small to accommodate the macromolecules.
For both cases the concentration of macromolecules between the plates is smaller
than in the bulk solution. This creates osmotic pressure, pushing the plates further
together and hence effectively creates an attractive force |22, p. 398]. Increasing
the concentration of the dissolved macromolecules, often also termed depletants,
increases the osmotic pressure and likewise the attractive force.

For spherical colloids that approach close enough to create an excluded volume
Vv for the depletants with number concentration ng, the interaction energy is [29,
p. 62]

UDepletion = _kBTndVZDVa (16)

11
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so the energy and the resulting force are directly proportional to the concentration
of the depletants.

In summary, the strength of the ligand-mediated steric interactions depends on
the solubility of adsorbed molecules in the continuous phase. The magnitude of the
depletion force can be tuned by changing the concentration of dissolved depletants.

1.2.2.4. Generic Shape of the Interaction Potential

Interaction Energy (kgT)

2R 3R 4R
Centre-to-Centre Distance

Figure 1.2.: Generic shape of the interaction potential between two nanoparticles.

Depending on the relative magnitude of aforementioned interaction potential,
the resulting energy landscape can have different shapes. The general shape of the
real interaction energy between two particles in stable dispersion often resembles
the sketch in fig. regardless the actual nature of the attractive and repulsive
contribution.

The generic profile has three distinct features (fig. (a)—(c)).

(a) At centre-to-centre distances close to the particle diameter, the van der Waals
attraction dominates and leads to a deep, attractive well, the “primary min-
imum’{’]

(b) The stabilising interaction energy (electrostatic or steric) overcomes the van der
Waals attraction and causes a repulsive peak in the profile. This energy barrier
(height Unax) prevents particles from agglomeration. If the barrier is too small,
it can be overcome by Brownian motion and agglomeration is initiated.

(c) For repulsive energies that are small enough, a secondary minimum in the
energy landscape forms. Particles either remain in the secondary minimum for
low repulsion or stay dispersed for shallow secondary minima.

"When the surfaces contact each other, the Pauli repulsion overcomes the van der Waals potential
and impedes further approach.

12
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The interactions described above determine the agglomeration process of many
particle systems. Relevant studies on nanoparticle agglomeration are reviewed in
the next part.

1.2.3. Nanoparticle Agglomeration: State of the Art

Studies on nanoparticle agglomeration can be categorised based on their approach
to induce agglomeration. Amongst others, confinement addition of an agglomera-
tion agent are common approaches to assemble particles.

Solvent evaporation is a widespread method to confine nanoparticles and cre-
ate superlattices 30} 31]. Colloidal crystallisation in supercrystalline structures of
monolayer protected AuNPs was first achieved by slow evaporation [32, 33]. The
structure-directing mechanism for superlattice formation during solvent evapora-
tion is generally assumed to be the entropy gain for structures where all particles
maximise their individual freedom of motion. The interparticle interactions have
to be small for the entropic mechanism to prevail. Particles with strong interaction
forces require alternative methods for superlattice formation.

Another option to create superlattices is the deliberate destabilisation of the
dispersion by changing the composition of the continuous phase [34]. Depending
on the type of stabilisation, the method offers a distinct phenomenology.

1.2.3.1. Charge-Stabilised Systems

Purely charge-stabilised particles can be destabilised by changing the ion com-
position of the electrolyte. The surface potential is determined by specific ions.
Usually, the H;0™" /OH  ions in aqueous dispersion and therefore the pH changes
surface potential. If the potential is sufficiently small, the van der Waals attrac-
tion can overcome the electrostatic repulsion and the particles agglomerate. By
increasing the total ion concentration, i.e. the ionic strength, the surface potential
is increasingly screened and at some point the attractive dispersion interaction over-
comes repulsion. Agglomerates grown by destabilisation of purely charge-stabilised
systems containing a single particle type, however, have not been demonstrated to
form ordered superlattices to the best of the author’s knowledgeﬂ Conversely, the
agglomerates grow in a fractal shape. The agglomeration kinetics determine the
fractal dimension of the agglomerate [36].

The Smoluchokwski coagulation equation [37] balances the different populations
of single particles and differently sized agglomerates during the (irreversible) growth

8This restriction does not apply for binary dispersions with oppositely charged particles, which
are intrinsically unstable and can grow in superlattices [35].

13
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process. If n; denotes the number density of agglomerates consisting of [ particles
(I-mers) and [ = i + j, the change in the population is

on 1= =
5 St o
i=1 k=1

The first term accounts for the creation of agglomerates by collisions of other ag-
glomerates, the second term accounts for the loss of agglomerates with k particles
by collisions with other agglomerates. The k;; determine the rate at which i-mers
attach to j-mers |38, p. 159].

Generally, agglomerate growth kinetics can be described by different kernels k;;,
which describe the relative attachment rates during agglomeration.

Depending on the shape of the growth curve, agglomeration processes are usually
categorised as reaction-limited agglomeration (RLA) or diffusion-limited agglomer-
ation (DLA).

The agglomeration process can be considered as a two-step process. First, the
constituents are transported diffusively to the binding site before they actually
attach in the second step. The DLA and RLA regimes are discriminated based on
the effective bottleneck of the growth process.

The rate-limiting process for diffusion-limited agglomeration is the diffusive ap-
proach of the constituents. These processes occur for sufficiently small energy
barriers for the attachment of constituents, where the diffusion of the constituents
is significantly slower than the attachment process. The agglomerate size L grows
like a power law,

1
Lot (1.8)

and d is the fractal dimension of the agglomerate [39].

The fractal dimension dy allows conclusions on the topology of an agglomerate.
It measures the coupling between the size, e.g. evaluated by the radius of gyration
R, and the number of constituent particles N for an agglomerate [40, p. 281],

N o R%. (1.9)

The limiting cases are linear particle chains (df = 1.0) and close packed, isotropic
structures (df = 3.0).

Agglomerates grown in the DLA regime have a fibrillar, open structure [41]. In
its early stages, the growth process is mainly determined by doublet formation.
The kernel or rate constant for the formation of dimers from monomers

8kpT
3n

ki = (1.10)
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only depends on the solvent viscosity 1 and temperature 7' |38, p. 161]. It describes
the decrease of the primary particle number density n; via

8”1 2
— = — . 1.11
< ot )tao knnl ( )

The growth rate for reaction-limited agglomeration is determined by the close
range interaction energies. When the potential includes a repulsive barrier, the
attachment of the constituents can be slowed down sufficiently to dominate the
growth rate. If the height of the repulsive barrier is Upax, the reduction in growth
rate from eq. is often approximated by

; U, 1
kfective = 2k Re (— max) ki = —ki, 1.12
11 Xp knT N ( )
where « is the inverse Debye length and R the particle radius. W is the so-called
stability ratio. A$fetVe can then be used in eq. (1.11)) instead of kj; to describe
the reduction in monomer concentration in a reaction-limited process. The size of
agglomerates L grows exponentially,

t

Lxer, (1.13)

where 7 determines the time scale and depends on the experimental details [42].
The resulting agglomerates are compact [39]. Typical reaction limited processes
are strongly temperature-dependant.

When a charge-stabilised colloid is destabilised through reducing the screening
length by increasing the electrolyte ionic strength, the energy barrier is continuously
lowered. At small ionic strength the reaction limited growth is strongly influenced
by the ion concentration. After a certain threshold, the critical coagulation concen-
tration (ccc), is crossed, the barrier is negligible compared to thermal energy and
further screening of the charges by and increase in ionic strength does not accelerate
the process further. The typical behaviour of the stability ratio upon changes in
agglomeration agent concentration [38, p. 173] is sketched in fig.

The late stages of an initially reaction-limited agglomeration process are usually
diffusion-limited. After all single particles are depleted and agglomerates grow
solely by coalescence with other agglomerates, the small diffusion constants of large
agglomerates dominate the kinetics.

15
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log W
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Figure 1.3.: Below the critical coagulation concentration (ccc) the reaction limited
dynamics depend strongly on the agglomeration agent concentration,
the stability ratio drops. Above the ccc the barrier has vanished and
the stability ratio remains constant, the kinetics are diffusion-limited.

1.2.3.2. Sterically Stabilised Systems

Many modern nanoparticles employed in functional materials (e.g. semiconducting
quantum dots, high refractive index zirconia, conductive indium tin oxide) are
sterically stabilised and dispersed in unpolar media. Their interactions are more
tunable due to the additional degrees of freedom evoked by the ligand molecules.
Under the right conditions, destabilised suspensions can form ordered superlattices.

The most common approach to create ordered superlattices by destabilisation in
current literature is to add poor solvent at a minuscule rate |34} 43, 44]. Typically a
barrier, e.g. an insoluble solvent or a phase boundary, is placed between the incom-
patible solvent and the dispersion. The poor solvent molecules then slowly diffuse
into the dispersion. The gentle solubility decrease induces gradual agglomeration
that can take place on time scales up to months.

The underlying mechanisms governing the superlattice formation process are still
debated, amongst other reasons because all interaction effects discussed above are
similar in magnitude and small shifts in their balance can have pivotal effects. The
close packing of an ordered superlattice represents a free energy minimum in most
cases. Generally, kinetic arrest by close ranged attraction is assumed to potentially
be able to freeze agglomerates in metastable states. Therefore it is important to
control the magnitude and discrete nature of the attractive interaction to achieve
reliable superlattice growth. Classically, the van der Waals interaction is considered
the attractive component for agglomerating particles [45]. The attraction caused
by ligands with limited solubility recently came into focus too [46]. Additionally,
some more subtle effects have been found, e.g. an influence of residual charges on
the particles [47]. Another subtle effect, related to the phase state of the ligand
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monolayer, has been highlighted in a recent research project [48, 49]. The study
directly precedes this research project, especially chapter |3 and the key findings
are illustrated in the following section.

1.2.3.3. Directly Related Studies

Earlier studies on the agglomeration of sterically stabilised AulNPs dispersed in
heptane found a surprising interplay between ligand phase behaviour and agglomer-
ate structure. A new method to create ordered superlattices by rapid destabilisation
was established.

In the first part of that study, the temperature influence on the colloidal stability
was examined [49]. It was found that the dispersions were destabilised below a
certain ligand dependant aggregation temperature T, values are plotted in fig.
The aggregation temperature corresponds to the melting temperature of the pure
ligands. The origin of the aggregation was reduced solubility of the ligands in
the dispersion medium below the aggregation temperature (see section .
The method yielded only disordered agglomerates without a long range ordered
superstructure.
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Figure 1.4.: Shorter ligands and higher temperatures promote ordered agglomera-
tion. The dispersions are unstable below the Aggregation Temperature.

Kinetic arrest due to the strong, short-ranged, ligand-mediated attraction was
hypothesised as the reason for the exclusive formation of glassy agglomerates. The
experimental protocol was modified to increase the particle mobility and therefore
prevent arrest. To achieve more mobility, experiments were performed at higher
temperatures in a second study [48]. To induce agglomeration at temperatures
where the dispersion itself is stable (above T4 ), the ligand solubility in the solvent
was reduced by increasing the polarity of the solvent. An equal volume of 1-propanol
was rapidly mixed with the dispersion. After 2h waiting time, most of the particles
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were agglomerated and precipitated. The agglomerate structure was then determ-
ined mainly er situ by transmission electron microscopy (TEM) and additional
SAXS experiments.

The morphology of the agglomerates was found to depend on the processing tem-
perature that was set during the agglomeration: Above a ligand dependant crystal-
lisation temperature T¢ (see fig. , agglomerates with a periodic superstructure
of the particles can be found. Below T the particles are arranged randomly inside
the agglomerates.

The results of the aforementioned studies were replicated in preparation of this re-
search. After the synthesis protocol (“Zheng” method in section was improved
to reduce batch to batch variations, the principal results were confirmed. A TEM
tilt series (fig. of an agglomerate prepared by precipitation of hexadecanethiol-
stabilised AuNPs at 50°C (> Tc), following the protocol from [48], illustrates the
supercrystalline structure of the agglomerates.

9=0° =7 9= 14°

¥ = 35°

Figure 1.5.: TEM images of an ordered agglomerate taken at different rotations
around the vertical axis ¢.

The minimum temperature for the occurrence of ordered agglomerates, T, was

found to coincide with the melting temperature of the ligand monolayer. At high
temperatures the stabilising layer is molten . The ligand chains act as a lubric-
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ating layer between the particles in an agglomerate and the particles can find the
minimum energy positions of an ordered lattice. Below T¢, the ligand monolay-
ers form rigid crystallized domains that impede the interparticle movement inside
an agglomerate. The particles can not explore the complete phase space and are
arrested in an energetically less favourable glass-like structure.

The solvent induced agglomeration experiments stand out from similar studies
found in literature, because the polar solvent is added by rapid mixing instead of
slow addition. The method is therefore preferable for actual applications, where a
more defined mixing process is desirable and processing times are usually kept as
short as possible.

While it could demonstrate the presence of supercrystalline order under the right
conditions, some points were not addressed:

e The internal structure of agglomerates could not be resolved,
e the influence of solvent composition was not examined,

o the samples were prepared manually, which lead to poor control of the critical
mixing step,

e measurements were performed ex situ and relied mostly on transmission elec-
tron microscope (TEM) images that could suffer drying artefacts, and

o the agglomerates were only examined after the agglomeration process was
terminated.

In the next section, the approach of this study to address these open questions
for the system described above is introduced.

1.2.3.4. Flow-Based Studies

The core idea of this dissertation is to use a flow-based system to prepare and
analyse steady states of agglomeration in situ. While it is the first study that
allows to examine a continuous flow of a destabilised suspension, related results
have been published before.

In the last two decades, syntheses of colloidal particles in flow reactors have
emerged from research laboratories to commercial application. Nanoparticle syn-
thesis in continuous microfluidic reactors has first been reported in 2002 [51]. Many
applications benefit from compartmentalisation of the reaction volumes in liquid
plugs or droplets [52]. Modern continuous flow syntheses include online character-
isation of the particles [53| that allows in principle real time process optimisation.
Compared to the classical batch reactions, the flow syntheses offer superior control
on the reaction conditions (e.g. temperature, mixing and timing) and hence yield
improved products.
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Studies on nanoparticle agglomeration would benefit from the same advantages.
To the best of the author’s knowledge, there are no published studies where the
agglomeration process of metal nanoparticles was initiated and analysed in a con-
tinuous flow setup. An existing approach to observe agglomeration processes is the
so-called stopped flow method [45]. While it also allows to detect early stages of fast
kinetics, the observed sample is not in a steady state and the achievable integration
times are small. This often necessitates many repetitions before a meaningful result
is obtained, making the method prone to errors resulting from fouling and other
batch-to-batch variations.

Continuous flow studies on the reaction kinetics of soft colloids are known in
literature, often they employ purpose-built microfluidic channels |54} [55]. In this
research, the idea to translate the spatial position along the flow path to the asso-
ciated point in time is adopted from these studies.

1.3. Measurement Techniques

All three research areas discussed in this dissertation revolve around the idea of
using a millifluidic flow system[ﬂ, where agglomeration of a continuous sample flow
is triggered at a mixing element and the resulting steady states of agglomeration
at fixed downstream positions are analysed with coupled detectors. A millifluidic
system was favoured over a microfluidic design to avoid clogging of the channels by
large agglomerates, while retaining the inherent superior control of process para-
meters and the possibility to observe early stages of the structure formation process
(a process with short time scales) with arbitrary integration times. A more detailed
description of the approach follows in section [1.3.3

As a start, the main measurement techniques successively coupled are outlined
in the following. While ultraviolet-visible (UV /Vis) spectroscopy is a quick stand-
ard method to characterise the optical properties of gold nanoparticles and their
agglomerates, SAXS provides deeper insight into the interparticle interaction and
agglomerate structure.

1.3.1. UV/Vis Spectroscopy

The optical absorption of metal nanoparticles is dominated by the localized surface
plasmon resonance (LSPR) peak (a typical example is shown in fig. [L.7)). Stringent
theories on the origin of the phenomenon are found in literature, either in a clas-
sical electrodynamic model (“Mie Theory”[56H58]) or in a fully quantum dynamic
treatment [59]. Here it will be explained in the framework of a more accessible
semiclassical model.

9Millifluidic refers to the fact, that the internal dimensions are in the millimeter range.
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The electrons in a metal nanoparticle form an electron gad%} as sketched in
fig. (a). The particle does not possess a dipole moment. When the electron

(a)  Fextemal (p) (c)
:3 Eexternal (,UM
Time (a.u.)

Figure 1.6.: Localised surface plasmon resonance.

cloud is excited by an external electric field, e.g. by a single pulse of light with
finite width, it is shifted against the more inert, positively charged nuclei and the
accumulated charge at the surface forms a dipole (fig. (b)). When the external
field drops, the system relaxes (fig. (¢)). During relaxation, the excited electron
cloud performs a damped oscillation with a certain resonance frequencyH wyp and
decaying amplitude (fig. (c)). If the particle is continuously irradiated with
white light, the resonance frequency couples stronger to the electron oscillation
than all other frequencies. Light at the resonance frequency is therefore absorbed
most and the aforementioned LSPR peak in the absorption spectrum is induced.

The shape and position of the absorption peak for well-dispersed, dilute particles
is influenced by the particle shape , size EI, the adsorbed surface mo-
lecules , and the dielectric constants of the surrounding medium and the particle
53,

The displacement of the electron cloud creates charge accumulation at opposing
sides of the particle which is accompanied by a dipole moment. If two or more

10T his is a quantum mechanical effect known from the Drude-Sommerfeld model pp. 131 fL.].
"'The resonance frequency depends on the geometric and dielectric details of the particle [61]. A

resonance wavelength around 2’;: = 520 nm is typical for the gold particles employed here.

w

1211 the radius range used in this work (2nm < R < 50 nm), the size dependency is introduced by
a size dependant dielectric function, because the mean free path of electrons has the magnitude

of the particle size .
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particles are in close proximity, their dipole fields will influence each other. In-
terparticle coupling usually induces a redshift in the LSPR peak position, with
decreasing distance the redshift increases [64, 68]. For ordered lattices in 2D, an
influence of the lattice type on the spectra has been reported in a theoretical study
[69]. This allows the assessment of the agglomeration state of a AuNP sample based
on the absorption spectrum.

The method of choice to characterise the absorption of metal nanoparticle dis-
persions is solution based UV /Vis spectroscopy. UV /Vis spectroscopy is a spec-
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Figure 1.7.: UV /Vis Spectrometer Scheme.

troscopic technique in the visible spectrum and the neighbouring ultraviolet and
infrared partﬁ The relatively simple experimental setup makes UV /Vis absor-
bance spectroscopy, measured in transmission, one of the most widespread analysis
techniques. The optical properties of metal nanoparticles and their agglomerates
make them an ideal sample for UV /Vis absorbance measurements.

The single beam, flow cell based setup that was mainly used for the UV /Vis
measurements is sketched in fig. A combined deuterium and halogen based
lamp (Micropack “DH-2000-BAL”) is an intense white light source. The white light
is transmitted through the fused silica windows of a polymer sample flow cell with

13The spectrometer used in most of this research works in the range of 215nm-1110 nm.
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a z-shaped cavity to increase the optical path through the sample flow. The Ocean
Optics “USB20004" spectrometer detects the transmitted spectra with a grating
and a linear charge-coupled device (CCD) detector. The optical components are
connected with standard glass fibres. The inlet and outlet of the sample cell are
connected with standard high performance liquid chromatography (HPLC) tubing,
which can be fed by hand with a syringe or with a pump. The modular setup allows
fast modifications and flexible integration into different experimental environments.

The absorption of radiation by a homogeneous, dilute dispersion can be described
by the Lambert-Beer law [70]. It states that the transmitted intensity Is (\) decays
exponentially with the beam path through the sample d, the sample concentration
¢ and a material dependant (also relating to the choice of concentration units)
extinction coefficient €):

I (\) = Leg (\) e—53ed, (1.14)

Here I, is the transmitted intensity of the continuous phase without the dispersed
phase.

To calculate the absorbance A () of a dispersed or dissolved sample, the trans-
mission spectra of the pure continuous phase I, (\) and the dispersion I (A) have
to be recorded. Typical transmission measurements are plotted in the left graph
of fig. Taking into account the dark count rate of the CCD Igux (M), the
absorbance A (M) [71] is calculated as

Liet (\) = Tgark (A)) (1.15)

Is ()\) - Idark (/\)

The absorbance of citrate-stabilised AuNPs, calculated from the measurements
displayed in the left graph in fig. is shown in the right graph. The absorbance
is the largest, where the difference between sample transmission and solvent trans-
mission is the largest. The most significant feature of the AuNP absorbance is the
LSPR peak at 518 nm. It is a well known feature of AuNPs in the size range from
2nm-100nm and corresponds to the red colour of nano sized gold particles.

For all UV/Vis measurements presented in this dissertation, a reference measure-
ment of the solvent without the absorbing sample and a dark current measurement
were performed before the measurement of the sample. The absorbance for selected
measurements was then calculated with a specifically developed Pythonlﬂ tool. In
the following, only the absorbance curves A (\) are presented.

It should be noted here that technically the term absorbance is incorrect for the
measured quantity. The actual value determined in a typical UV /Vis spectrometer

A = logy

“Python is a scripting language. Due to many available numeric and scientific libraries, Python
was most suitable for the calculations in this research.
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setup is the decrease of transmission due to the dispersed substance, usually referred
to as extinction. Absorption is one contribution to the extinction of light, but light
scattering will also reduce the transmitted intensity. The scattered intensity in the
UV /Vis portion of the spectrum is orders of magnitude smaller than the absorbed
intensity for gold nanoparticles in the size range studied here, hence absorption is
used synonymously with extinction.

1.3.2. Small-Angle X-ray Scattering

Small-angle X-ray scattering (SAXS) is a versatile technique to determine sample
structures on a nanoscale |72, [73]. While it is based on the phenomenon of Thom-
son scattering, the technique can be introduced in different ways, e.g. starting from
the interaction of a plane wave with a point scatter (in this case a monochromatic
X-ray beam and an electron). In the framework of classical crystallography it could
be understood as peak broadening of the (000) reflection, while from a more math-
ematical point of view the scattering pattern is the magnitude of a slice through
the 3D Fourier transform of the electron density contrast of the sample [74].

It is employed on diverse areas as biology, materials science or physics since the
earliest studies [75]. Typically the equilibrium structure of two phase materials
is determined. For samples out of equilibrium the necessary integration time is
critical. In this research, steady state flow experiments as an approach to alleviate
this issue are a principal theme (see section E

X-rays are elastically scattered at electron density gradients. The scattering angle
contains information on distances inside the sample. It becomes clear in eq.
that small structures scatter photons to large angles and larger structures scatter
to smaller angles. In the angular range typically probed in SAXS (scattering angle
20 < 10°), the structure of nano- and mesoscale objects can be analysed.

In this research three different SAXS instruments were used. This was feasible
because of the modular design of the system (section|1.3.3]). The same flow-capillary
design only had to be adapted to different sample holders of the different facilities,
which was possible with only slight modifications. The measurements on the ag-
glomeration of aqueous AuNPs, presented in chapter [2| were performed at the High
Brilliance Beamline ID02 at the European synchrotron radiation facility (ESRF)
and the Micro- and Nanofocus X-ray Scattering Beamline P03 at the PETRA III
synchrotron at the Deutsches Elektronen-Synchrotron (DESY) facility. The data
for the agglomeration of alkylthiol-stabilized particles, discussed in chapter [3] was
recorded at the SWING beamline of the synchrotron SOLEIL and with a laboratory

15For many samples, the integration time can be minimised by increasing the incoming intensity.
This and the rising interest in weakly scattering samples helped the advent of synchrotron
SAXS experiments in the last 40 years.
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scale SAXS-machine, the XEUSS 2.0 from XENOCS. The orientation of AuNWs
was examined at the latter, laboratory scale machine.

X-ray Z 2D
Source Sample Detector
Compartment

Collimator Flight Tube Beam Stop

Figure 1.8.: Sketch of a typical SAXS setup: After collimation by at least two
apertures, the X-ray beam hits the sample. The scattered radiation
pattern is detected on a 2D detector. The collimation system and
flight tube are in a vacuum. Windows shield the vacuum from the air
at the sample compartment and the detector position. The transmitted
beam is blocked by a beam stop, which contains a counting PIN-diode.

Despite the diversity of SAXS-instruments used in this research, the fundamental
setup can be sketched as in fig. The X-ray source generates monochromatic
X-ray radiation, often with minuscule divergence. The actual radiation source, i.e.
for a synchrotron the insertion device and for the XEUSS 2.0 the copper anode,
usually produces a broad spectrum of wavelengths. The source therefore includes
a monochromator to select a single wavelength, for synchrotrons the wavelength
can be tuned over a broad spectrum. In the “GeniX 3D Cu Ultra Low Divergence”
source used in the XEUSS 2.0 laboratory system, a bent multilayer mirror selects
the Cu-K, line at A = 0.154nm and collimates the radiation.

The monochromatic beam is defined and parallelised in the collimation system.
It consists of at least two apertures to define a parallel beam with controlled size.
In the systems employed here, the apertures were rectangles defined by movable
slits. Their motility allows fine tuning of the beam cross section tailored for the
specific application.

The beam path is evacuated as far as possible to reduce X-ray absorption and
scattering by air. For this research, the collimation system and the flight path after
the sample were evacuated. A short sample compartment was separated by thin
X-ray windows to allow easier access. The additional scattering due to the windows
and the air gap was sufficiently small for all purposes. Often, SAXS samples are
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contained in thin-walled glass capillaries. A feature of the research presented here
is the use of a flow-through capillary. In addition to the ability to examine flowing
samples, this further allows to exchange the sample without changing or moving
the sample container, which facilitates quantitative comparisons between samples.

The transmitted and scattered radiation passes through a flight tube before it is
recorded at the detector. Longer flight paths enable access to smaller angles, while
larger scattering angles diverge far from the centre at long distances. Detectors
usually have a finite accessible area. To be able to tune the observed angular range,
the distance between sample and detector can be changed in most setups. For the
systems at ESRF and SOLEIL, the CCD detector is placed on a motorized stage
inside the vacuum of the flight tube. The systems at PETRA III and the XEUSS 2.0
use a variable length flight tube, with a PILATUS 1M hybrid pixel detector placed
behind a vacuum window.

Modern SAXS instruments employ position-sensitive area X-ray detectors to cap-
ture a large portion of the scattering pattern in a single measurement, simplifying
studies of time-dependant phenomena or anisotropic samples. To prevent parasitic
scattering from the window in front of the detector and overflowing detector coun-
ters or even detector damage by radiation overdose, the direct beam is blocked by a
beam stop. In the studies presented here, the beam stop incorporates a PIN—diodﬂ
to measure the intensity of the transmitted beam.

The wave vector of the incident beam k; points in y-direction and has a magnitude
of |ki| = 2 (see fig. . For a elastically scattered photon, only the direction
changes and its wavevector k¢ has the same magnitude. The scattering vector
q = k¢ — k; has the magnitude

q= 4—7Tsin® (1.16)
A
and is a measure for the momentum transfer on the scattering electrons. In SAXS
intensity profiles it is typically used as the z-axis to factor out the dependency of
the intensity on geometrical factors and wavelength. The intensity pattern from
the same sample on different instruments is ideally the same when measured at the
g-scale.

The scattering amplitude pattern A(q) of a coherently illuminated sample cor-
responds to the Fourier transform of the scattering structurdﬂ [76, p. 516]. In a
microscope the objective lens performs an inverse Fourier transform of the scattered
radiation field and projects a real space image of the object [77, p. 385]. In a scat-

16 A positive intrinsic negative-diode (PIN-diode) is a fast, low-noise 0D X-ray detector.

17Strictly this is only a first order estimate, the so-called Born approximation. If the sample
scatters only weak, as in the case of SAXS, only single scattering events and no multiple
scattering events occur and the Born approximation is sufficient.
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tering experiment the scattered pattern is recorded directly without a lens{lgl The
X-rays are scattered on electron density fluctuations of the sample (a sample with
homogeneous electron density does not produce scattering beyond the zero angle),
with the position dependant electron density p (r) the scattering amplitude pattern
A(q) can be written as

A(q) = /Vp(r)e_iqr-dV. (1.17)

Most detectors only measure the intensity I(q), which corresponds to the absolute
square of the amplitude, while the Fourier transform phase is lost. Utilizing the
electron density autocorrelation function p? (r) it can be written as

I(q) = /V 72 (r) e 47 - V. (1.18)

Since the magnitude of the Fourier components depends on gr, this also explains
why smaller structures scatter to larger scattering angles. The loss of phase inform-
ation inhibits a direct inverse numerical Fourier transform to obtain the real space
structure and makes detailed data interpretation challenging. Analysing a sample
by SAXS can be divided in three major steps, described in the following.

1.3.2.1. Sample Preparation and Data Collection

The requirements on sample preparation are small compared to techniques like elec-
tron microscopy. Colloids can be measured in dispersion or dried and many reactors
can be adapted to enable in-situ studies with SAXS. Typical samples used in this
research can be measured without any pretreatment. The beam also covers a large
volume compared to the dimensions of colloids, which means that many particles
are probed at once and the results are statistically a good representation. To collect
SAXS data, the sample-to-detector-distance should be selected based on an estim-
ation on the involved length scales in the sample. For the conversion of the real
space detector signal to the g-scale intensity signal, the sample-to-detector-distance
and beam centre coordinates should be measured by using a calibration sample
with a well known scattering pattern. Silver behenate, which has regular rings in
the typical SAXS regime [78] (shown in fig. [I.8)), was used here. The integration
time is selected based on signal-to-noise ratio considerations. For colloids dispersed
in liquids, a background measurement with the solvent should be performed to
account for all other scattering sources except the colloidal sample. The flow-cell

18Tn most materials, the absorption of X-rays outweighs refractive effects. Constructing an X-ray
lens to build an X-ray microscope is therefore not straightforward.

27



1. Preliminary

based approach chosen here allows to measure background and sample patterns at
exactly the same position, which is important for correct background subtraction,
not disturbed by thickness variations. In this study, the transmitted intensity was
recorded on the fly with a PIN-diode in the beam stop.

1.3.2.2. Data Corrections

Data correction has to be performed to obtain data suitable for interpretation.
The steps are sketched in fig. [[.9] Isotropic samples produce isotropic scattering
patterns around the origin. The 2D detector images are usually integrated and con-
verted to g-scale. Detector inhomogeneities and non-linearities should be corrected
during this stepﬂ Shadowed and non-sensitive detector regions are masked prior
to integration with a tailor-made mask. In this research, the Python based tool
“pyFAI” was used for calibration and image integratiorm For a background
measurement and a sample measurement, this results in the profiles Ipg(¢g) and
IsiBc(q), with the respective transmitted intensities Tpg and Tgypg measured at
the beam stop.
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Figure 1.9.: Sketch of the data correction work flow.

To account for potentially different integration times, all count rates are conver-
ted to counts per seconds (cps) in the following. These intensity values were not

19\odern data collection software corrects for most detector related errors before saving the image.
20Large number of raw data files (> 10000) from different sources had to be processed. The
scripting capabilities and flexible input of “pyFAI” allowed this.
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converted to an absolute intensity scale, because in this study only relative changes
are considered. If the signal magnitude is compared between different datasets, the
normalisation was chosen to allow direct comparison.

X-ray detectors generally produce a signal even when the beam is off. For all
data presented here, this dark count rate was found to be negligible compared to
the actual signal. No dark count rate correction was performed. The polarisation
of the incident beam influences the scattering pattern. For SAXS the effects are
typically small [80], so they are not corrected here.

The solvent around the sample scatters less than the pure solvent used during the
background measurement because the dispersed sample absorbs a certain amount
of radiation. To correctly subtract the background and exclusively obtain the scat-
tering signal of the sample Ig(q), the different transmissions weighted with the
transmitted “direct beam” intensity measured without any capillary Tpp have to
be considered:

Is(q) = Isypa(e)  Isa(a) (1.19)

TsyBG TBa
Tp Tpg

The resulting Ig(g) shown in fig. originates from an aqueous AuNP dispersion
and was taken at PETRA III.

1.3.2.3. Data Analysis

Collecting data with the right parameters and doing the proper correction steps
can be standardized and is usually tractable. The interpretation of SAXS data is
probably the main challenge of the technique due to the inherent loss of phase in-
formation (eq. )E The so-called integral parameters can be deduced from the
scattering curve without assuming any model for the scatterers. For monodisperse
and dilute non-agglomerated particles, the radius of gyration R, can be estimated
by the Guinier approximation [81].

This study is focussed on aggregation of particles, thus the Guinier approximation
can only be used in limited cases. Another model-independent method to estimate
particle size is the pair distance distribution function p(r). It is determined from
the scattering pattern by an indirect Fourier transform and allows calculation of a
mean radius of gyration 82 83].

Due to the close relation between scattering and electron density, the integral of
the intensity in reciprocal space

Q= [ 1) (1.20

21 A well known consequence is that for dispersed samples, size polydispersity can not be distin-
guished from shape polydispersity [73| p. 35].

29



1. Preliminary

is proportional to the mean square of electron density fluctuations |72} p. 22]. There-
fore the so-called scattering invariant () does not change under structural rearrange-
ments of the sample, as long as the composition does not change. The limits of the
integral should be chosen to cover the complete SAXS regime. In the context of
this work, @) should remain unchanged between dispersed and agglomerated NPs,
as long as the volume fraction remains unchanged.

To further analyse SAXS patterns, it is necessary to use models based on certain
assumptions about the sample. It is useful to define a form factor P (gq), which
describes the scattered intensity of a single particl@ The scattering signal of a
dilute particle dispersion is then proportional to the single particle form factor,
which becomes accessible by measurement in this way. Analytical form factors for
many particle shapes are available |[84]. Here possible modelling approaches for
spherical particles will be discussed. The form factor for a single spherical particle
with radius R was already calculated by Lord Rayleigh [85] and can be expressed
as

- (st

2

(sin (¢R) — qR cos (qR))) . (1.21)
Ap is the scattering length density contrast, which is proportional to the difference
between the scattering particle and the surrounding solvent. To convert the meas-
ured detector count rate to the absolute intensity scale of the angular dependant
differential scattering cross section, this value has to be known and the measure-
ment system has to be calibrated with a known standard, usually ultrapure water.
This leads to a calibration constant.

In this research, only relative comparisons between the intensity values will be
made, i.e. the magnitude of the intensity is not modelled quantitatively. Across
different measurements, the magnitude is not necessarily comparable. When the
measurements are explicitly compared, they have been normalised to a common
scale beforehand.

The values are not necessarily comparable between the different measurements,
when the intensities are compared in the related discussion, they were previously
normalised on a common intensity scale.

To determine the size of monodisperse particles without interparticle interactions,
it is sufficient to measure the scattering signal of a dilute dispersion and perform a
least square fit on the appropriate form factor.

Often the sample can not be described as monodisperse and/or by isolated single
scatterers. Interparticle effects can be described by a structure factor S (¢), which
can describe interaction in dispersed samples and spatial correlations due to a fixed

22More precisely the P (q) = (|F (¢)|) that is measured is the orientational average of the square
of the form factor amplitude. For simplicity it will be termed form factor in the following.
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superstructure. The intensity scattered by monodisperse particles with isotropic
interaction potentials can be written as

I(q) = P(q) - S(q)- (1.22)

Polydisperse samples can be described by a size distribution N(R), the scattered
intensity for non-interacting particles is then

I(q) = fN(;)dR / N(R)P(q, R)AR. (1.23)

Assuming a suitable size distribution, the particle size and polydispersity of a dilute
dispersion can be determined by performing a least squares fit on this integral. For
spherical particles with a Schulz-Zimm distribution |86}, 87|, an analytical solution
of the integral exists [88]. Usually the Schulz-Zimm distribution is sufficient to
calculate the mean and standard deviation of a monomodal size distribution. It
was implemented in a self-made Python program to obtain the size distribution of
spherical nanoparticles from their scattering patterns automatically. The program
was used in chapters [2| and [3| to determine particle sizes and polydispersities. The
algorithm is described in appendix [A]

While eq. is an approximation for symmetric interactions independent
of particle size, the scattering signal can generally not be factorized accordingly.
Several approximations to the problem exist, tailored to specific assumptions [88-
90].

Detailed information on the sample structure can be acquired by fitting the right
model to the scattering data of a sample. The drawback of model fitting compared
to the integral parameters is that certain assumptions on the sample have to be
made to choose the right form and structure factors and the matching term for
combining them. Arbitrarily complex models can be constructed by combining
models, and by fitting enough parameters every scattering curve can be fit with high
precision. This does not guarantee high accuracy, i.e. the model may be no accurate
representation of the sample, even when the scattering data is modelled with high
precision. Ideally, a SAXS model is chosen based on independent knowledge about
the sample. The number of free parameters during fitting should be kept as low as
possible.

1.3.3. Agglomeration Studies in a Flow System

The central idea of this dissertation was to use a millifluidic flow system to pre-
pare and observe nanoparticle agglomerate samples. It permitted the observation
of a steady state of agglomeration during the transient formation of nanoparticle
agglomeration using different analytical methods with arbitrary integration times
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Figure 1.10.: Principle schematic of the flow system.

and under precisely controlled reaction conditions. The principle is sketched in
fig.

The system was designed as a modular setup, all components were connected with
standard HPLC tubing (~ 0.8 mm diameter, fluorinated ethylene propylene (FEP)
for extensive solvent compatibility) and can partially be replaced by alternative
units. A cetoni “NEMESYS” syringe pump created flows of up to four independ-
ent substances. The flow of a single channel was pulsation free in the range of
10 nL min~' to 300 pLs~!, the individual flow rates were controlled by a software.
The different channels were merged in a static micromixer, different modules were
used for this (see section . Typically a colloidal dispersion was mixed with
another solvent. The mixture was transported downstream by a continuous flow of
fresh material and passed consecutively through the UV /Vis and SAXS flow cells.

The relative concentrations of the influent substances were precisely controlled
by tuning their relative flow rates (the concentration errors due to the flow system
alone are usually well below 1%). After passing the mixing stage with length dyix,
the sample was ideally homogeneous with a uniform concentration. If mixing the
substances triggered a reaction in the sample, which means in this research often
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that colloidal agglomeration was induced by addition of a destabilising agent, the
reaction began during or after the mixing stage.

It progressed while the reacting sample (e.g. the growing agglomerates) was ad-
vected in the flow field. After flowing across a certain distance d (and the associated
reaction time), the sample flowed through the detector. For constant flow velocity
during a measurement, the sample at the detector position had the same persist-
ence time (or age) during the whole measurement. For increased flow velocities,
the observed sample underwent shorter reaction times. By this method, the age of
the observed agglomerates could be tuned.

In this way, the problem of temporal resolution of the reaction kinetic is trans-
formed to the problem of spatial resolution inside the channel. Finite channel
dimensions and detection volumes have to be considered when interpreting the
spatially resolved data in terms of reaction times (see also section . In prin-
ciple, though, the flow processing method decouples the reaction time scale from
the integration time scale.

Therefore the integration times are only limited by the available sample volume
at the pump, in contrast to a batch experiment where the reaction time scale
generally limits the possible integration time to short intervals. With the flow
processing method, the study of the kinetics of fast reaction becomes possible even
for slow detection methods, e.g. laboratory scale SAXS.

Furthermore, even a synchrotron SAXS experiment can benefit from the flow
processing method. While the intensity is often sufficient to study fast kinetics
even in a batch experiment, the high energy density in a synchrotron X-ray beam
can damage the sample. This effect is alleviated in the flow system, because the
sample is continuously replaced.

Compared to stopped flow systems, the necessary amount of sample is larger.
Vice versa, the continuous production of agglomerates would allow to integrate the
system devised here into further processing steps, necessary for applications, e.g.
surface deposition of agglomerates, in a straightforward way.

1.3.3.1. Static Micromixer

The mixing of two miscible fluids entering a channel depends strongly on the relative
importance of inertia and viscous forces. The ratio between inertial and viscous
forces is the Reynolds number Re. If a fluid with kinematic viscosity v and area
averaged flow velocity v flows in a cylindrical channel with inner radius R, the
Reynolds number is |91} p. 174]

(1.24)

If a fluid flow is dominated by viscous forces and inertial effects can be neglected
(small Re), a stable steady flow field without turbulence, often termed laminar flow,

33



1. Preliminary

forms [92, p. 214]. A typical value in this research was Re ~ 10, which is well below
the critical Recyit ~ 2300 for the onset of turbulence in a pipe flow [92, p. 186]. In
this regime, the velocity profile for a pressure driven flow of a viscous fluid in a
channel with circular cross section with radius R (Poiseuille profile), is rotationally
symmetric around the centre and has a parabolic dependence on the radial position:

o(r) =20 (1 - (;)2> . (1.25)

The mean flow velocity for a given channel radius R can be calculated from the
volume flow rate V via
V
T = ——. 1.26
v 7TR2 ( )
The volume flow rate V in the case discussed here is imposed on the system by the
syringe pump. The velocity field results in an associated shear rate field,

ov r
V| = | =—| = 4v—5. 1.27
il = |5] = 402 (127
The shear in the system as a parameter is most important in section Since
the shear depends on the radial position, it is useful to define the area average of
the shear,
- [yy(ndA 8w 8V
5= 1A =22 = = (1.28)
A 3R 37R
to allow comparisons of shear effects.

In a laminar flow field through a straight channel, the stream lines do not cross
and stay parallel. In this case the only mixing mechanism is diffusion perpendicular
to the flow direction. The ratio between advective and diffusive transport rates is
termed Péclet number Pe. For particles with translational diffusion constant Dy
that diffuse in a pipe flow with velocity v and pipe radius R, the Péclet number is
[93, p. 376]

2v-R

P:
(S Dt

(1.29)
For the slowly diffusing particles used in this research the Péclet number is Pe > 10%.
In the large Pe and low Re regime of the colloidal samples in the small channels
relevant to this study, convection dominates diffusion, but there is negligible con-
vection perpendicular to the flow direction. Homogeneous mixing of two substances
by merging the two incoming flows is thus a challenge [94], especially for relatively
slowly diffusing nanoparticles [95].
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Proper mixing of the reagents is crucial for all reactions with two reagents in-
cluding nanoparticle (NP) agglomeration experiments. In a typical experiment, an
AuNP dispersion was mixed with an agglomeration agent, e.g. AuNPs dispersed
in heptane are destabilized by mixing with equal volumes of polar 1-propanol.
Inhomogeneities connote local concentration differences that influence the agglom-
erate growth and distort the results. Furthermore, most measurement and analysis
methods rely on homogeneous samples.
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Figure 1.11.: Experiments to characterise mixing efficiency of different mixing mod-
ules. (a) Dependence of maximum absorbance on concentration set
point for a simple T-mixer, compared to the ideal behaviour and
a hand-mixed reference measurement. (b) RMS of the difference
between absorbance values for different mixers at different flow ve-
locities and the ideal curve as a measure for inhomogeneities. (c)
Sketches of the different mixing modules.

Special care was taken to guarantee sufficiently homogeneous mixing. To charac-
terise the mixing capabilities of different mixing modules, UV /Vis spectroscopy on
aqueous AuNP concentration series (by diluting the original solution with ultrapure
water in the flow system) were performed. The concentration axis in fig. (a)
is normalised to the concentration of the pure dispersion. The UV /Vis flow cell
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was connected directly after the mixing element, with a minimised delay length in
between (< 10 cm).

The absorbance A (\) of a homogeneous, dilute dispersion depends linearly on
the concentration of the dispersed species ¢ (see eq. ) This is not true for
inhomogeneous distributions of the dispersed phase in the continuous phase, es-
pecially since the illumination is often not covering the complete sample homo-
geneously. This was exploited to judge the mixing capabilities of different mixing
modules: If nonlinear concentration dependence of the absorbance was found, it
was attributed to incomplete mixing.

The dependency of the absorbance at the localized surface plasmon resonance at
529.6 nm on the concentration set point is compared to the ideal straight line in
fig. (a). The set point is determined by the flow velocity fraction of the influent
AuNP dispersion. While the total flow velocity was kept unchanged, the water
content was varied. The resulting concentration set point is accurate, the maximum
deviation for the flow velocities considered here is below 1%. The straight line
represents the expected linear curve, the purple squares are reference measurements,
were hand-stirred solutions were injected in the flow cell. The absorbance values
were normalised with the value for the pure dispersion (¢ = Vau/(Vau + Vir,0) = 1) to
eliminate batch-to-batch variations of the initial concentration.

Figure (a) illustrates that the in-situ mixed solutions did not show linear
dependence of absorbance on the set concentration. The premixed samples are
noticeably closer to the ideal curve than the samples mixed in-situ. It was concluded
that the mixing efficiency of the T-mixer is insufficient for the needs of this research.
This result is consistent with a rough estimation of the transport behaviour. The
Reynolds numbers are well below the critical number for the onset of turbulence,
Re ~ 50 < 2300. This means that diffusion perpendicular to the stream lines is
the main mixing mechanism. The comparatively large Péclet number, Pe > 10%,
implies that a long flow path is required for homogeneous mixing to take place and
inhomogeneities are expected directly after the mixer element.

To simplify comparisons the root mean square of the difference between the N
measured absorbance values A; at the concentration ¢; from the corresponding value
of the ideal curve R(c;)

N

1
RMS = || ; (A; — R (¢;))? (1.30)

is defined as a measure for nonlinearity. A smaller value corresponds to more
homogeneous mixing. The values for the T-mixer and the premixed samples are

represented as lines in fig. (b).
A number of different specialized static micromixers is available [96]. Borosilicate

glass static mixing elements, “MR-~Lab MS” and “MR-Lab MX” from “Little Things
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Factory GmbH”, were chosen here to accelerate mixing while offering good chemical
compatibility?] (see fig. (c) for sketches of the structures). The RMS values
in fig. (b) indicate that while the mixing efficiency is on par at higher flow
velocities, the MR-Lab MX shows superior mixing at lower flow velocities.

Applying shear to a destabilised dispersion is known to enhance agglomeration,
because it enhances the diffusive transport [40, p. 289]. The biggest influence of
shear is expected during the relatively short residence time in the mixing module,
where it is needed to provide homogeneous mixing. To assess the influence of shear
on the agglomeration taking place during the laminar flow in the delay lines (dyv
and dgaxs in fig. , it useful to compare the Smoluchokwski rate constants (see
section [1.2.3.1)) for diffusion- (kqi) and shear-induced transport (kshear)@ Their
ratio can be expressed as

kshear _ 4777R3
Kaite kgT ’

(1.31)

to assess the relative importance of effects [38, p. 167]. With a typical shear of
v = 1500s~! (section , dynamic viscosity of = 1mPas, minimum size of
R = 3nm and minimum temperature of T' = 293.15 K, the resulting ratio is < 107
For the agglomerate radii achieved in chapters [2] and [3] it never exceeds unity. A
significant influence of shear on the progressing agglomeration in the delay lines is
therefore not exrpected.

1.3.3.2. Different Distributions

A hydrodynamic effect prevents straightforward calculation of the relevant agglom-
erate age, even when the flow velocity and delay line length are precisely known.
“Taylor Dispersion” is usually used to denominate the band broadening of a sample
plug transported in a flow field [97], as sketched in fig. (a). Additionally, the
case of miscible solvent displacement (fig. (b)) in a cylindrical tube is con-
sidered in the seminal paper of Taylor [98]. The result is that for cases where the
diffusion of the replacing substance can be neglected relative to the advective trans-
port in the flow field, the front of the replacing liquid is broadened due to the shear
field (eq. (1.25)), analogue to the widening of a plug in the same flow field.

On the one hand, this implies that it takes a certain equilibration time until the
major portion of the displacing liquid arrives at a downstream position, on the other
hand it further implicates that fluid volume elements at different radial positions

23The first module was chosen with large inner diameter to prevent clogging with a simple geometry
to limit dead volume (MR-Lab MS). The additional mixer (MR-Lab MX) was later retrofitted
for better performance at lower flow velocities.

24Purely diffusive transport is often termed perikinetic, shear-induced transport is called orthokin-
etic.
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Figure 1.12.: Hydrodynamic dispersion in a cylindrical channel. Because of the
cylindrical symmetry, only radial profiles are shown. (a) Sketch of
Taylor dispersion: When a sample plug is transported in a pressure
driven flow, the shear profile induces a broadening of the width of
the plug. The w; represent the width at the time step i. (b) Hydro-
dynamic dispersion also play a role when filling an originally solvent-
filled tube with a colloidal dispersion. The particle concentration front
is broadened while propagating through the channel.

are advected at different velocities. For a sample in a transient state this means
that the sample age at a certain distance from the reaction initiation point depends
on the radial position.

The measurements presented here always result from data collected from a fi-
nite volume inside the channel and represent therefore inevitably a certain average
over a distribution of the time of reaction. Together with the nanoparticle size
distribution and statistical fluctuations of the number of particles in a single ag-
glomerate, the sample actually measured at the detector positions a convolution of
several distributions.
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1.3.3.3. Fouling

Wall fouling was already a major concern during planning of this research. It is
foreseeable that when destabilising a particle dispersion, the particles will not only
adhere to each other, but also to the inner walls of the system. This influenced
several design decisions.

Compared to microfluidic chips, the dead volume of the mixing elements used
in this research is comparatively large. While this introduces unfavourable delays,
it helps to avoid clogging of the channels with accumulating particles or large ag-
glomerates.

It is common practice to rinse glassware used for AuNP synthesis or processing
with aqua regia [99]. The materials of the system were chosen to be able to with-
stand flushing with aqua regia. This way, as soon as contamination inside the
system became obvious, it could be flushed with aqua regia to ensure that AuNP
residues were removed.

Aqua regia is highly corrosive and releases toxic gases during dissolution of metals
and should therefore be handled in a fume hood. To be able to remove gold contam-
inations without disassembling the setup, an aqueous solution of potassium iodide
and iodine was used as an alternative, less dangerous gold etchant [100] (see also
section .

Despite thorough cleaning, the results presented in the following chapters revealed
that fouling remained a major issue.
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2. Agglomeration of Aqueous Gold
Nanoparticles

2.1. Introduction

The agglomeration process of aqueous gold nanoparticles is not only interesting
from a fundamental point of view, but it is also exploited in colorimetric assays
for the detection of small substance concentrations, ideally directly by eye [101}-
104]. For these applications, the facile synthesis and modification of the particles
is beneficial.

While we discuss the interplay between optical and structural properties with
the surface modification and solution properties in this chapter, the focus is not on
improving colorimetric detection schemes. The main purpose of the studies per-
formed in this chapter is to demonstrate the suitability of the flow-based approach
for agglomeration studies.

The advantage of using aqueous AuNPs as a model system to show the capabilities
of the flow setup is that they are easy to produce and water as a solvent is easy to
handle.

Classical methods to induce agglomeration of charge-stabilised aqueous colloidal
particles include agents that change the surface charge directly, by changing the pH
or replacing the charged surface groups, or reduce the repulsive forces by reducing
the screening length by increasing the ionic strength. In both cases, the van der
Waals attraction of the gold cores can overcome the electrostatic repulsion above
a certain threshold concentration of the agglomeration agent. Typical examples
include pyridine, which displaces charged surface groups, or sodium chloride, which
screens the surface charges [39]. A dispersion of citrate-stabilised gold colloids can
be destabilised by hydrochloric acid [105].

HCI was used to induce AuNP agglomeration in this research. It both reduces the
negative surface charge (by lowering the pH and therefore protonating the charged
citrate groups) and screens the remaining charges due to the ionic strength. Both
effects individually have sufficient magnitude to destabilise the dispersions in the
concentration range probed here.

It was found that the substance concentrations can be reliably tuned, while the
resulting steady states of agglomeration at an adjustable agglomerate age can be
observed with virtually unlimited integration times. The shapes of the SAXS pat-
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2. Agglomeration of Aqueous Gold Nanoparticles

terns and UV/Vis spectra were analysed with semi-automatic, purpose-built Py-
thon programs to determine relevant structural parameters, like agglomerate size
and density. The size after a certain growth time could be increased by increas-
ing the hydrochloric acid concentration. The effectiveness of different stabilising
molecules is assessed.

The experiments exposed some issues of the flow approach:

o Particle adsorption on the system walls interfered with the measurements.

e Only mean values over a certain range of agglomerate ages could be analysed
due to the hydrodynamic dispersion.

The main results of the measurements were:
e HCl-induced agglomeration was faster for higher acid concentrations.

e The kinetics during the early stage of agglomeration were found to deviate
from the classical limiting cases of DLA/RLA.

o Particle surface modification with MUTEG prevented agglomeration in high
acid concentrations.

2.2. Methods

A flow system with syringe pumps, mixing elements, UV /Vis module and a flow-
through capillary for SAXS (see also fig. was set up at the MiNaXS beamline
of the PETRA III synchrotron [106]. A photo of the arrangement is shown in
fig. The principle setup is sketched in fig.

Seven aliquots of the AuNPs were successively filtered and used without dilution.
Due to the uncontrollable adsorption on the filtering membrane, the concentration
between the seven particle batches slightly varied.

For the agglomeration experiments, the AuNP dispersion was mixed with dilute
HCl dispersions of different concentrations. The “MR-Lab MS” (see section
was used for all measurements presented in this chapter. The resulting HCI mass
fraction was in the range of w € [0.025 %, 0.1825 %] (¢ € [7mmol L™}, 50 mmol L],
corresponding to pH values from 1.3 to 2.2)|H

'"Empirical data [107] was fit with a cubic function, ¢-Lmmol ™ = —2.3-10754-0.27382-w + 1.3 -
1073 - w? 4+ 1.3-107° - w3, to extrapolate the reported values towards smaller mass fractions.
The concentration of the stock solution was determined by titration with KOH.
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Figure 2.1.: Photo of the setup at the MiNaXS beamline of the PETRA III
synchrotron.

2.2.1. Particles

The particles used for this study were synthesised following a protocol adapted
from Frens [15]. In the first synthesis 72mg of HAuCly were dissolved in 800 mL of
water. The solution was constantly heated and stirred to boiling. 280 mg of sodium
citrate, dissolved in 28 mL of water, were added to the boiling solution. While the
solution boiled for 30 min, the gold was reduced and dispersed particles formed,
indicated by the red colour of the dispersion. The synthesis yields gold particles,
charge-stabilised by citrate ions adsorbed on the surface, with gold concentrations
around 50 mg L.

Prior to the experiments, seven aliquots of a single synthesis batch were filtered
with a 0.2 pm regenerated cellulose syringe filter. In the following they are labelled
“batch 1-7".

In a separate synthesis, the ratio of HAuCly and sodium citrate was changed to
obtain a different core size. The new amount of HAuCl, was adjusted to 81 mg and
316 mg of sodium citrate were used.
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2. Agglomeration of Aqueous Gold Nanoparticles

For additional experiments, the citrate ligands of a part of this second synthesis
were exchanged to (11-mercaptoundecyl)tetra(ethylene glycol) (termed “MUTEG”
in the following) and poly(ethylene glycol) methyl ether thiol with a number average
molar mass M, = 800Da (termed PEG in the following) similar to the method
described in |108].

349 pL of a 10 g L~! aqueous solution of MUTEG and 733 L of a 10 g L~! aqueous
solution of PEG were added to 150 mL of the as-synthesised particle dispersionﬂ
After stirring ~ 1h the covalent bond between the ligands’ thiol group and the
gold surface was expected to be completed and the excess ligand was removed by
fivefold centrifugal filtration and successive redispersion in ultrapure water.

The measurements are labelled “batch 8” for the as-synthesised particles, “batch
9” for the MUTEG- and “batch 10” for the PEG-modified particles.

2.2.2. SAXS

The main method to characterise agglomerate and particle sizes in this study is
small-angle X-ray scattering (SAXS).

2.2.2.1. Instrumentation

The X-rays were generated by an undulator source in the PETRA III storage ring,
an energy of 11.4keV (A = 0.109nm) was selected with a large-offset Si(111) double
crystal monochromator. Beryllium compound refractive lenses were used to focus
the beam. The sample to detector distance was set to 2.09 m, as determined by
calibration measurements with silver behenate. A photon counting PILATUS3 1M
hybrid pixel detector (pixel size 172 pm x 172 pm) was used to record SAXS patterns
with an integration time of 2's, chosen as a compromise between time resolution and
good counting statistics. The transmitted intensity was recorded with a PIN-diode
in the 5.5 mm diameter beam stop.

2.2.2.2. Data Evaluation

The azimuthally integrated SAXS patterns (see fig. were assigned to the corres-
ponding set of preset concentration and velocity values and averaged accordingly.
Data correction was performed according to section i.e. transmission cor-
rected background transmission was performed for all measurements.

The size of the primary particles was evaluated by fitting a form factor for polydis-
perse spheres to the data of the stable particle dispersions, following the algorithm
described in appendix [A]

2The quantities correspond approximately to a twentyfold excess of ligand over the available
surface sites.
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The radius of gyration R, describes the mass distribution of an object around
its centre of gravity, conceptually directly related to the mass moment of inertia
known from the dynamics of rotating masses. When the scatterer is decomposed in
infinitesimally small point masses dm and = denotes the distance of the infinitesimal
fragment from the scatterer’s centre of mass, the radius of gyration is determined
by

[ z2dm

Jdm
In the case of SAXS, the mass density is represented by the associated electron
density [72, p. 25].

The mean radius of gyration R, was calculated with the datgnom tool from the
ATSAS program package [109]. An indirect Fourier transform algorithm is used
to invert the scattering pattern I(q) and calculate the pair distance distribution
function p(r). It describes the probability p(r) to find an electron pair separated
by the distance r inside the scattering sample |72, p. 168]. It can therefore be used

to define a size measure. An estimation of the radius of gyration can be calculated
by

R, = (2.1)

S p(r)yr2dr
R, = |8 7 2.2
¢ szo s p(r)dr 22)

where Dpy,x denotes the maximum sample dimension |72, p. 133] and is determined
by the datgnom algorithm.

Generally, the “real space” R, determined by the indirect transformation is ac-
cepted to be more robust against interferences than the “Guinier” radius of gyration
[81] determined from the small ¢ slope. Since agglomeration is known to interfere
with the Guinier slope, the R, values reported in this chapter were determined by
the indirect Fourier transform method.

2.2.3. UV/Vis

The most prominent feature in the UV /Vis absorbance spectra of AuNPs is their
localised surface plasmon peak (see section . In this research, the UV/Vis
spectra of steady states of agglomeration are compared to the spectra of the stable
dispersions. Generally, agglomerated particles exhibit stronger absorption in the
lower energy, red-shifted part of the spectrum compared to their isolated counter-
partﬂ Detailed investigations of the size dependence of the UV /Vis spectra of very
similar particles have been performed by analytical ultracentrifugation of stable ag-
glomerates by Zook et al. [110] (see fig. (a)). Agglomerates of more than two

3In the simple model explained in section this can be understood as a shift of the resonance
frequency to lower values, because the resonator enlarges.
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Figure 2.2.: (a) UV /Vis absorbance spectra of AuNP agglomerates with different
sizes (interpolated data from [110]). For agglomerates composed of
more than two particles, the redshifted part of the spectrum outweighs
the original single particle peak. (b) UV /Vis absorbance spectra from
this chapter from isolated particles and agglomerates. The agglomerate
spectra are fit with a phenomenological double peak model. (¢) Norm-
alised flocculation parameters for agglomerates with a defined number
of constituents (calculated from the data from [110]).

particles already absorb more in the red-shifted part of the spectrum than in the
region of the single particle absorbance. The change in the spectra from hexamers
to agglomerates composed of 600 particles is small. Thus, the observation of the
red-shifted spectral region is very sensitive to the early stages of agglomeration
already, because the dimer spectrum already shows large changes.

The absorbance spectra points in fig. (b) represent typical measurements of
well-dispersed and agglomerated particles respectively from this chapter. A phe-
nomenological model was used to approximate the agglomerate spectrum and allow
extraction of parameters.

The single particle spectra were fit reasonably well with a Pseudo-Voigt peak
function. The upturn at lower wavelengths is caused by interband transitions in
the core and possible contributions of the ligand molecules [111]. Since the relative
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importance of these effects is difficult to assess, the asymmetric, lower wavelength
part of the spectra was excluded from analysis. A Pseudo-Voigt function pv(A) is
a linear combination of a Gaussian and Lorentzian peak function, with identical
full width at half maximum (FWHM) w and centre Apyax, where the amplitude A
is weighted with a factor 0 <n < 1:

pu(A) = A (l—n).exp<—]og2-<)‘_w)‘max)2>_|_77.1+(i)\max)2 . (2.3)

The function is used in many fields, since it allows good approximation of peaks
with various shapes.

The UV /Vis-spectra of the steady states of agglomeration were fit with a phe-
nomenological model: The linear combination of two Pseudo-Voigt peak functions
allows to approximate the shape in many cases. This choice is justified by the
appearance of the spectra in fig. (a). The spectra up to the hexamer mainly
appear like two overlapping peaks. Larger agglomerates display a slowly growing
redshifted spectral contribution.

The samples observed in this research always represent a superposition of dif-
ferent agglomerate sizes. The poor separation between spectra at different sizes
prohibits a separation of measured spectra in the constituent contributions. A
simplified model for the full spectrum as drawn in fig. (b) was used to allow
conclusions on the agglomeration state in the sample: One peak representing the
contribution of remaining primary particles and the lower wavelength portion of
the dimer spectrum (“Primary Peak”) and a second, redshifted peak accounting
for the additional absorbance due to agglomeration (“Agglomeration Peak”) were
added to model the measured spectra of agglomerates.

During fitting, the position of the primary peak was constrained to the fitted
position from the measurement of the primary particles. The amplitude and the
width as well as all parameters describing the agglomeration peak were varied during
fitting. The areal fraction of the agglomeration peak on the total area of the peaks
is a measure for the progress of the agglomeration process: Larger agglomerates
or larger numbers of agglomerates increase the contribution of the agglomeration
peak.

An alternative method to describe agglomeration in a UV /Vis spectrum is the
flocculation parameter |112]

800 nm
P= A(N)dA. (2.4)
600 nm

The calculation utilises the observation that the single particle absorbance is mainly
localised around 520 nm, whereas the agglomerating samples exhibit increased ab-
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sorbance above 600nm. Since the particle concentration could change between
different experiments, the normalised flocculation parameter

Paggl
P, = =52 2.5
" PPart ( )
is used in this work. Pagel1, denotes the flocculation parameter of each agglomerating
sample and Pp,;+ the flocculation parameter of the corresponding stable particle
dispersion at equal dilution. The increase of the normalised flocculation parameter
with the number of particles in an agglomerate, calculated from measurements on

agglomerates with defined particle numbers from [110], is plotted in fig. (c).

2.2.4. Gradient Measurements

For most experiments, different conditions were scanned during a single measure-
ment run. Either the total flow velocity (corresponding to agglomerate ages) or the
fraction of the HCI velocity (corresponding to the concentration of the agglomera-
tion agent) were varied with a programmed syringe pump flow profile. In the first
graph of fig. (a), the shape of such a profile is illustrated. The AuNP disper-
sion (from batch 2, see section was diluted with pure water. The velocity
fraction (which is proportional to the volume fraction) of the AuNP dispersion was
increased stepwise from 0.2 to 0.8.

Typical results for this gradient are plotted in fig. [2.3] Both the scattering pat-
terns and UV /Vis spectra clearly reflect the concentration steps and a subsequent,
washed out concentration increase. After the five concentration jumps, the signals
display a certain equilibration time until the final value is approached. The heat-
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Figure 2.3.: Typical (a) SAXS patterns and (b) UV /Vis spectra acquired for the
profile drawn in fig. (a).

maps illustrate the issue arising from the method employed here: The proper points
after the equilibration time have to be selected from a large dataset and assigned to
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the respective part of the concentration profile imposed on the system. Due to the
finite distance between the detectors, the sample arrives at the UV /Vis cell first,
and the SAXS and UV/Vis signals do not share the same time axis.

The scattered intensity/absorbance at a fixed ¢g-value/wavelength (a fixed value
on the y-axis of fig. is a good indicator for the particular concentration cur-
rently seen by the detectmﬂ By analysing only one value, analysis is facilitated.
The detector signals are aligned according to the jumps in the profiles to allow
assignment of certain intervals in the measured data to the corresponding portions
of the flow profile (fig. (a)).

The blurred profile shape in the detector signals is a clear sign that a certain equi-
libration time is necessary at every concentration jump due to the hydrodynamic
dispersion (see fig. . Typically, several data points at the end of one interval
show little to no variations. These points are averaged and represent the steady
state assigned to the agglomeration conditions specified by the assigned section of
the flow profile. The data points used for the averages in fig. (b) and (c) are
labelled with coloured squares in (a). The error bars are not drawn for the sake of
clarity. The relative errors were below 10 % for all measurements.

The major portion of the measurements presented in this chapter were made
using flow profiles similar to the one presented in fig. (a). The relevant values
to be averaged and assigned to their respective agglomeration conditions had to be
selected from ~ 12000 measured datasets for UV /Vis spectroscopy and SAXS. A
Python GUI program was developed specifically to assign valid measurements to
the relevant agglomeration conditions and average the files.

40ther possible values would be fit results of the single data points, integrated intensities or
any other value that can be automatically calculated from the measurements. The quantities
chosen to evaluate were chosen pragmatically, depending on the type of flow profile used.
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Figure 2.4.: (a) To assign the detector signals to the relevant set point of agglom-
eration conditions, they are aligned based on the jumps in the concen-
tration profile. Based on the aligned profiles, measurements in steady
states are averaged and assigned to the associated concentration val-
ues. (b) Averaged UV /Vis absorbance spectra (drawn without offset).
(c) Averaged SAXS profiles (drawn without offset). The corresponding
data points used for averaging are marked with the rectangles in (a).
Error bars are not drawn for better visibility.

50



2.2. Methods

(a) 160 (b) 14
S 140 o — c 12k P
[}
= 120 s 1
i &
E 100 |+ 2 08
80 }
s TSAXS g 06} TUVVIS
® 60} I
> £ 04}
2 4t 2
g 9l < 02
£
0 . . . . . 0 f . . . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)
(c) (d)
25 18
16
= 20 F @ 14
& & 12
< L <
< 1 < 10
© ©
— — 8
s qq | [}
s £ s
8 5| B 4
< <
2
0 0 1 1
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
Flow Velocity (uLs™?) Flow Velocity (pLs™?)

Figure 2.5.: Temporal evolution of the (a) SAXS intensity at ¢ = 0.9nm~! and
(b) UV/Vis absorbance at A = 520nm. The boundaries for the ob-
served agglomerate age at the (¢) SAXS and (d) UV/Vis detector were
calculated as discussed in the text and are drawn as translucent area.

2.2.5. Agglomerate Age

The length of the flow path from the mixing point to the UV /Vis detector was
approximately 100 mm, the distance from the mixing point to the intersection with
the X-ray beam was approximately 190 mm. The parabolic velocity profile prohibits
a simple calculation of the reaction time the samples undergo at different speeds.
A certain distribution of reaction times is always present in the detected portion of
the sample. However, certain boundaries for the observed agglomerate ages can be
derived.

A lower boundary for the age is determined by the maximum speed of the velocity
profile. It can be calculated from the volume flow and the geometry of the flow
path from the mixer to the detectors. The calculated minimum time values for the
SAXS and UV/Vis detection positions are represented by the bottom edge of the
translucent area in fig. (c) and (d) respectively.
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2. Agglomeration of Aqueous Gold Nanoparticles

An upper boundary is given by the width of the broadened front during a con-
centration jump (7 in fig. (a) and (b) for the SAXS and UV/Vis signals re-
spectively). The concentration jump is generated by flushing the flow system with
pure water and consecutively replacing the water with a particle dispersion at the
corresponding flow rate. As introduced in section [.3.3.2] a concentration edge
imposed through the inlets of the system is washed out due to hydrodynamic dis-
persion. The resulting broadened front can be detected by the gradual rise of the
scattered X-ray intensity and the absorbance. The temporal width of the front, 7
as indicated in fig. (a) for SAXS and (b) for UV /Vis signals at a flow rate of
251Ls™!, is a measure for the spread in persistence time. The sum of the width 7
and the corresponding minimum times therefore represents an upper boundary for
the particular persistence time.

According to this conservative estimation, the translucent area plotted in
fig. (c) and (d) contains the agglomerate age observed at the SAXS and UV /Vis
detection points respectively. The triangles represent the average between upper
and lower boundary. To simplify calculations, the values for the average agglom-
erate age reported in this chapter are calculated from the area average of the flow
velocity and the flow path length, unless stated otherwise.

2.2.6. Cleaning Procedure

Based on preliminary experiments it was expected that particle adsorption on the
detector walls would disturb at least the measurement process (see fig. 2.§8)). To
ensure identical starting points for all experiments a cleaning protocol that intends
to remove gold residues adsorbed at the walls was devised.

It is common laboratory practice to remove gold residues from glassware by
flushing with concentrated aqua regia. In principle, the flow system withstands
filling with aqua regia by design, the potential for accidents due to the corrosiveness
of the acid and the toxic fumes demands a safer solution.

An aqueous solution of potassium iodide and iodine serves as a convenient al-
ternative [113]. The triiodide oxidises the gold and the gold ions are dissolved
in water. The nanoparticles are expected to dissolve almost instantaneously due
to their high surface-to-volume ratio. While it is an effective gold etchant, the
potassium iodide/iodine solution is not considered hazardous.

The flushing steps were performed by introducing the solvents with a syringe by
hand. To clean the system from residues the protocol was as follows:

e The complete system was flushed with 5 mL to 10 mL pure water.

o The system was flushed with 3mL of an aqueous solution with 100gL~" of
potassium iodide and 25 gL~ of iodine. It was left undisturbed for approx-
imately five minutes.
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e The system was flushed consecutively with 10 mL of pure water, 10 mL ethanol
and 10 mL of pure water.

As a last step before the experiment, one of the automatically controlled syringes,
containing only water, was used to fill the system with 3 mL of water to ensure
consistent water quality during an experimental run.

2.3. Single Particles

Prior to the agglomeration studies presented in the next sections, the original dis-
persions, batches 1 to 10, were characterised. This way, the change in particle
concentration due to filtering and possible other variations can be accounted for in
the agglomeration experiments.

2.3.1. Results

The UV /Vis spectra and SAXS patterns for all 10 particle batches were evaluated.
Batches 1 to 7 originate from the same synthesis batch, the particle properties,
except concentration, were not expected to change. Batches 8 to 10 originate
from a separate synthesis batch with adjusted gold-to-citrate ratio, their properties,
especially the size, should be different to the other batches.

By fitting the scattering patterns (fig. (a)) with the algorithm described in
appendix [A] the core size of the particles was determined (error bars were smaller
than the point size). The core size of the particles from the first synthesis (batch 1
to 7) was found to be 7.2 + 0.6 nm across all batches. The core size of the second
synthesis batch (batch 8 to 10) was consistently determined as 5.2 + 0.6 nm.

Batch 8 to 10 exhibited excess scattering at small angles compared to the poly-
disperse sphere model, likely resulting from minor agglomeration.

The surface plasmon peaks of the UV /Vis spectra were well-approximated by a
single Pseudo-Voigt peak (fig. (b)). For the first synthesis (batch 1 to 7), the
spectra looked similar and are represented by the spectrum of batch 4. The peak
position was found to be almost identical and its average is Apax = 517.7 & 0.3 nm.
The FWHM of the peaks was almost identical as well, only batch 3 displayed a
FWHM that deviates more than 1% from the average value FWHM = 41 4+ 1 nm.
The variation in peak height, indicating the concentration changes, was smaller
than 2 %. The experimental error bars were smaller than the point size.

Despite being slightly broader (Apax = 518 nm, FWHM = 50 nm, smaller height),
the citrate-stabilised particle spectrum of batch 8 appeared overall very similar
to the the larger particles from batch 1 to 7. Conversely, the modified particles
from batch 9 and 10 exhibited a clear shift of the maximum position and peak
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Figure 2.6.: (a) SAXS patterns (offset by a factor of 10) and (b) UV/Vis absor-
bance spectra (successively elevated by +0.4 beginning from the lowest
curve) of the different particle types used in this chapter, including
their respective fit functions. (c) Pair distance distribution functions
calculated from the scattering patterns. (d) Sketch of the different
stabiliser molecules employed in this chapter.

width (batch 9: Apax = 526 nm, FWHM = 65nm; batch 10: Apax = 524 nm,
FWHM = 63nm).
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2.4. Agglomeration Experiments

2.3.2. Discussion

The SAXS results clearly showed that the syntheses yielded a stable dispersion of
monodisperse gold nanoparticles in ultrapure water. The smaller particles from
the second synthesis were slightly agglomerated already in aqueous dispersion, as
it is evidenced by the low ¢ excess scattering.

The UV/Vis spectra of batch 1-7 and batch 8 appeared similar. The height
differed due to the concentration difference and a minor increase in width was found,
likely a result of partial agglomeration. The modified particles from batch 9 and 10
exhibited a clear shift in the peak position and width, resulting from their chemical
surface modification. Their gold core is responsible for the plasmon resonance that
absorbs light. Both the PEG and MUTEG molecules are covalently bound to the
surface of the core. They have two effects on the spectroscopic behaviour: On the
one hand, the chemical bond introduces new electron states in the metal that can
shift the resonance frequency. On the other hand, the dielectric environment of the
particles changes due to the replacement of water with the ligand chains [67].

Batches 9 and 10 were modified only on the surface. The significant change in
UV/Vis spectra for batches 9 and 10 (compared to the unmodified batch 8) was
caused by the changes in local refractive index and the influence of the gold-sulphur
bond on the electronic structure of the core. The changes prove that the particles
were actually modified compared to batch 8. The SAXS patterns did not signific-
antly change, which rules out particle agglomeration as a possible explanation of
the optical changes. The large electron density contrast between the gold core and
water masked the small changes in electron density due to the polymers attached
to the surface.

2.4. Agglomeration Experiments

In this section, typical experimental data for the observation of steady states of
agglomeration is presented. Agglomeration is induced by introducing 50 mmol L~!
HCI in the particle dispersion. Further findings on the influence of the HCI con-
centration are presented in section

2.4.1. Results

The UV/Vis and SAXS data of an agglomeration experiment with 50 mmol L~!
HCI concentration and particles from batch 3 are compared with the corresponding
stable particle dispersion in fig.
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Figure 2.7.: (a) SAXS patterns (curves are not shifted) and (b) UV /Vis absor-
bance spectra (no offset) of stable dispersions compared to the signals
of an agglomerating sample. (c) Effective structure factor from divid-
ing the agglomerate scattering pattern by the primary particle pattern.
(d) Pair distance distribution functions calculated from the scattering
patterns.

The SAXS patterns differed mainly at ¢ < 0.6 nm ™', before the first minimum of
the Porod oscillations (fig. (a)). The statistical errors were smaller than 10 %
in the plotted range. They are not shown for better visibility. While the slope
towards small angles was essentially flat (compare also fig. (a)), the scattering
of the agglomerating sample exhibits a clear upturn at lower angles, eventually
scattering stronger than the dispersed particles. Above the point of inflexion, the
agglomerates display an additional region of excess scattering.

The UV /Vis spectra of both agglomerates and primary particles (fig. (b))
exhibited the localised surface plasmon resonance peak around 520 nm, typical for
gold nanoparticles. Only every 15th data point was plotted to increase visibil-
ity. The statistical errors were smaller than 7% in the plotted range. They are
not shown for better visibility. Compared to the primary particles, the agglom-
erates displayed a distinct, redshifted secondary peak that was even larger than
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2.4. Agglomeration Experiments

the primary particle peak in this case. The area of the secondary peak was found
to account for ~ 70 % of the total area by fitting the agglomerate spectrum with
the double peak function described in section m (fit plotted as yellow line in
fig. (b)). The normalised flocculation parameter P, = 14.1 was calculated from
the spectra according to eq. .

The effective structure factor (fig. (c)) was calculated by dividing the agglom-
erate scattering by the primary particle signal (see also section. It displayed
a single, broad and relatively small peak centred at gmax ~ 0.5nm. At the right
flank of the peak and higher ¢ values, the structure factor data was disturbed by
increasing noise and did not allow further conclusions.

The pair distance distribution functions (fig. (d)) were calculated from the
indirect Fourier transform of the scattering patterns. The distance distribution of
the primary particles displayed a single peak. The pair distance distribution of the
agglomerates featured additional contributions at larger distances. The real space
radius of gyration was calculated from p(r) via eq. . The value for primary
particles, Rgm ~ 5.7nm, was smaller than the mean radius of gyration of the
agglomerated sample, Rggglo ~ 19.0nm. When comparing the magnitude of the
estimations for the standard deviation calculated by the fitting tool, 0.001 nm for
the primary particles and 0.1 nm for the agglomerated particles, it becomes obvious
that the calculated size values for agglomerates are much more sensible to input data
variations compared to the primary particles. The numerical values for the errors
result from a built-in routine that evaluates a series of Monte-Carlo simulations and
calculates the standard deviation of the values. It serves to compare the quality of
the approximation for different measurements.

2.4.1.1. Fouling Issues

The particles from a destabilised dispersion did not only agglomerate in solution,
but also adsorbed at the inner walls of the system. The adsorption could be directly
observed by comparing measurements of pure water immediately before and after
the experiment. The material that is adsorbed strong enough to endure gentle
washing produces an additional scattering and absorbance signal compared to the
original measurement.

The phenomenon could be traced by observing the temporal evolution of the
detector signals for an agglomeration experiment performed at a hydrochloric
acid concentration of 39.4mmol L~! and a total flow rate of 100 uLs~! (compare
fig. [2.10)). The profile of the SAXS intensity at ¢ = 0.2nm during the experiment
(fig. (a)) separated in three sections.
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2. Agglomeration of Aqueous Gold Nanoparticles

I The pure water measurement in the clean system showed no excess scattering
compared to the background (set as lower limit of the y-axis), certainly because
the background was determined under equivalent conditions.

II The mixture of AuNP dispersion and HCI gradually arrived at the detector.
The signal reached an equilibrium corresponding to a steady state of agglom-
eration.

IIT During flushing with 20 mL of ultrapure water, free particles and agglomerates
were removed from the systemlﬂ Excess scattering compared to the initial
water signal remains.

The average SAXS patterns from II and III in fig. (b) clearly illustrate the
similar shape between the scattering patterns during the agglomeration experiment
and after flushing. The statistical errors for the agglomeration grew from values
smaller than 7% below ¢ = 1nm~! to up to 60 % in the noisy, high-¢ parts for the
agglomeration measurement. For the measurements after flushing, the statistical
errors stayed below 30 % for ¢ < 0.8 nm™'. At higher ¢ values the errors grew larger
than the actual signal. Error bars are not shown for better visibility.

Similar to the scattering evolution in fig. (a), the profile of the UV /Vis ab-
sorbance in fig. (c) represented the three phases during the experiment. The
signal was low during I, strongest during II and did not return to the baseline dur-
ing flushing III. The strong overshoot at the beginning of III appeared because the
tube used for flushing was initially filled with particle dispersion.

The UV/Vis spectrum fig. (d), calculated from averaging the steady state
agglomeration signal in II, clearly displayed a secondary agglomeration peak. After
thorough flushing, an attenuated signal, similar in shape, remained. The statistical
errors in the relevant range (400 nm to 800 nm) were below 3 %.

5The gap between the measured points resulted from delays in the detection system. The corres-
ponding UV /Vis dataset contains the complete range.
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Figure 2.8.: (a) Evolution of the SAXS intensity during a typical agglomeration
experiment (cgc) = 39.4mgmol~!). (b) Background corrected SAXS
patterns, calculated from averages over the flat areas of the agglom-
eration and flushing sections in (a). (c) Absorbance at A = 520nm
measured over the course of the experiment from (a). UV/Vis absor-
bance spectra from II and III.

2.4.2. Discussion

Particle adsorption on the inner walls of the system is observable already after
a single experiment. The clear excess scattering and absorbance, remaining after
thorough flushing, prove more or less strongly adsorbed sample fractions in the
beam paths. These adsorbed particles should be acknowledged in the analysis.
To ensure comparable conditions between different measurement runs, the cleaning
protocol from section [2.2.6) was used before all separate measurement runs presented
in the remaining sections of this chapter.

The detection and characterisation of steady states of agglomeration was demon-
strated with the novel experimental setup. The upturn at low ¢ values for scat-
tering patterns as well as the large area fraction of the second peak in the UV /Vis
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2. Agglomeration of Aqueous Gold Nanoparticles

spectra compared to the single particle measurements are clear signatures of ag-
glomeration. The scattered intensity/absorbance of the agglomerates was about
an order of magnitude larger compared to the signal of adsorbed particles. It is
therefore safe to assume that the signal is mainly generated by agglomerates.

The mean age of the agglomerates observed in SAXS was 2s, the upper bound-
ary is 9s (see fig. . Their scattering pattern plotted in fig. in contrast was
averaged over 22s. For the UV/Vis measurements the integration time (12s) was
also above the upper boundary for the observed agglomerate age (11s). This di-
vergence of sample age and integration times would not be achievable in a single
measurement Tun for any other method, highlighting the uniqueness of the approach
introduced in this work.

The peak in the effective structure factor is further proof for the formation of
static agglomerates. For most measurements presented in this chapter, the changes
in this peak could not be quantified reliably. For the given acquisition paramet-
ers, the agglomerated fraction was too small to produce a usable structure factor
signal (see also fig. (d)). Structure factors are therefore excluded from further
considerations.

The pair distance distribution is a useful tool to describe the agglomeration
process for the measurements presented in this chapter. The single peak in
the distance distribution of the primary particles is a consequence of the spher-
ical shape. For a homogeneous sphere with radius R, the radius of gyration is
Ry = \/gR, i.e. the measured value Rgart ~ 5.7nm fits well to the expected value
based on the core radius fit, R’g = 5.6 £ 0.1 nm. The emergence of distances above
the single particle cutoff is a clear signature of agglomeration. Due to the differ-
ent distributions entering the signal, the agglomerate size distribution can not be
extracted straightforwardly.

The measured signals contain signatures of well-dispersed particles and agglom-
erates. The presence of unagglomerated particles is indicated by the significant
single particle peak in the UV/Vis patterns. The presence of a distribution of
agglomerate sizes emerges from the distribution of agglomerate ages and the stat-
istical nature of the agglomeration process. While the deconvolution of the signal
into the individual contributions from the monomer to the n-mer was not possible
in this project.

Even when considering the mean radius of gyration as a good estimation of the
average agglomerate size, conclusions on the actual structure of the agglomer-
ates are difficult. The mean radius of gyration gives a quantitative estimate for
the mean size of the agglomerates. It is clear that the agglomerates do not possess
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large scale translational symmetry due to the absence of well-defined superstruc-
ture peaks in the effective structure factors. In absence of sharp features, the true
sample structure is masked by the loss of phase information in the SAXS intensity
signal.

Based on the mean radius of gyration Ry = 19 nm, the mean number of particles
in the observed agglomerates can be estimated. The radius of gyration depends not
only on the particle number, but also on their arrangement, therefore the interval
of possible particle numbers is large. The maximum value for a given number of
constituent particles is realised by a linear particle chain. The minimum value is
achieved by a close packed structure.

The boundary values for the number of particles were calculated by numerical
calculation of eq. for close packed and linear agglomerates. The number of
particles in the average agglomerate lies approximately betweenﬁ 5 and 15. The
difference between the absorbance spectra in fig. [2.2] is small in this range. Fur-
thermore, the normalised flocculation parameter values measured here are never
reached for the agglomerates from the analytical ultracentrifugation study [110] in-
troduced in section The agglomerates characterised in [110] likely possess a
different structure with less interparticle plasmon coupling than the agglomerates
produced here. Therefore, direct assignment of the UV /Vis contributions to a cer-
tain number of particles in an agglomerate is not possible. Even when involving
the absorbance spectra, the precise agglomerate structure can not be resolved.

2.5. Solvent Variation

In this section, different amounts of hydrochloric acid from 7mmolL™! to
50mmol L=! were added to the nanoparticle dispersion to induce agglomeration.
Only measurements on batch 1 to 7 are discussed, the results from batch 8 to 10
(where particle core size and surface are different) are addressed in section

2.5.1. Results

The concentration of hydrochloric acid was varied from 7 mmol L™! to 50 mmol L~!
in various experiments, utilising different particle batches and often scanning sev-
eral concentrations during a single measurement run. The total flow rate was set to
100 pLs~! for all results presented in this section, corresponding to average agglom-
erate ages of approximately 1s at the UV /Vis detector and 2s at the intersection
with the X-ray beam. Several separate experimental runs were performed on the
particles from the first synthesis. Different HCl concentrations were set during

SFor 4 particles, the close packed value is Rg” = 10nm, the corresponding linear chain has a
larger radius Rgn = 17nm. For 14 particles, Rg” = 16 nm and Rg" = 58 nm.
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Figure 2.9.: (a) SAXS patterns (curves are not shifted) and (b) UV /Vis absorbance
spectra (no offset) of agglomerating samples at different HCI concen-
trations in the solvent. (c) Effective structure factor from dividing
the agglomerate scattering pattern by the primary particle pattern.
(d) Pair distance distribution functions calculated from the scattering
patterns.

every run and the resulting steady state of agglomeration was detected. Due to
experimental difficulties, some measurements were rejectedﬂ In the following, the
results of seven experimental series are compared. Qualitatively, all results were
similar to the results presented in fig. Due to the relatively large number of
processed scattering patterns and absorbance spectra, only a representative dataset
is fully reported (fig. , the remaining results are reported as processed results
in fig.

The SAXS patterns displayed an increasing slope at smaller angles for increasing
HCI concentrations (fig. (a)), suggesting the formation of larger scattering struc-

"Some measurements contained errors due to difficulties with the valve or pump control or the
data acquisition. Another rejection criterion were inconsistencies in the background or particle
reference measurements.
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tures. The UV /Vis spectra in fig. (b) supported these findings. The redshifted
part of the spectrum increased likewise with the HCIl concentration.

The pair distance distribution functions, presented normalised with their respect-
ive areas in fig. (c), allowed deeper interpretation of the SAXS results. The
distributions exhibited a clearly increasing fraction of larger distance contributions
upon increasing HCI concentration.

The effective structure factor peak was most pronounced at high HCI concentra-
tions (fig. (d)). For most lower concentrations, the peak was barely separated
from the statistical noise. Therefore, analysis of the structure factors is omitted in
the following.

The mean radii of gyration in fig. (a) were calculated from fig. [2.9|(c) and the
additional data not shown elaborately here using eq. . They clearly increase
upon increasing the HCI concentration, a distinct sign for agglomeration of the
particles. There is some fluctuation, but the trend is clear. Two different agglom-
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Figure 2.10.: (a) Mean radius of gyration for different HCl concentrations. (b)
Fraction of the secondary UV /Vis peak and normalised flocculation
parameter, determined by fitting UV /Vis spectra corresponding to
the measurements presented in (a).

eration metrics calculated from the UV /Vis data are plotted in fig. (b). Both,
the area fraction of the secondary peak from the fits (see fig. and the normalised
flocculation parameter (eq. (2.5))) increased with increasing HCI concentration.

2.5.2. Discussion

Increasing the hydrochloric acid concentration in the continuous phase induces
faster agglomeration. The increased ion concentration leads to increased screen-
ing of the electrostatic repulsion and therefore accelerates agglomeration. Further-
more, larger HCI concentrations reduce the pH of the solution, from 7 to 1.3. The
isoelectric point of the particles is expected to be around pH ~ 2 [114], therefore
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the surface potential is likely drastically lowered over the observed concentration
range.

The agglomeration characteristics (size and flocculation parameter) roughly in-
crease linearly with the acid concentration, the mean radius of gyration approxim-
ately doubled when doubling the HCI concentration. The data presented in this
section prove a clear trend of growing agglomerates for increasing acid concentra-
tion. Estimated stability ratios (from calculated DLVO potential at different ionic
strengths) reach unity (the flat part of fig. already at concentrations below
20mmol L~! for the used particle systemsﬂ These estimations do not include the
charge reduction of the surface due to the decreased pH, which would decrease the
critical coagulation concentration further. The agglomeration rate therefore still
depends on the acid concentration, although the critical coagulation concentration
should be exceeded by far. This effect could be caused by kinetics faster than
diffusion-limited agglomeration (DLA), as they were found for the precipitation
kinetics of a similar particle system (with 10 nm radius) that was destabilised with
HCl in a similar concentration range [105].

Around the intermediate HCl concentrations (25 mmolL™!), dimers already
dominated the results. The radius of gyration of a dimer pair is By ~ 9.1nm,
and this value was crossed at 25 mmol L~ HCI.

There was considerable scatter in the measured size and optical data. The
measurements were very sensitive to external perturbations. The most aberrant
datasets (not included in the graphs) were found for measurements that were ac-
quired without conducting the cleaning protocol described in section A likely
candidate generating unsystematic errors is the uncontrolled amount of nanoparticle
adsorption emerging during a measurement run. Several measurements where re-
jected due to errors in the automatic operation of the valves, the resulting drastic
concentration errors could be identified.

2.6. Velocity Variation

The purpose of the measurements presented in this section was to examine the tem-
poral evolution of the agglomeration process. To tune the age of the agglomerates,
the total flow rate and hence the mean resident time before arrival at the detector
positions were varied.

8 Assuming a Zeta potential of ~ 50mV (taken from particles prepared by the same method)
approaches unity around ion concentrations of 17mmolL ™! (calculated with equations from
|22 pp. 312 et sqq.]).
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2.6.1. Results

The total flow rate was changed from 200 pLs™! to 25uLs™!. The ratio between
the flow rates was kept at 1:1 and the resulting HCI concentration in the sample
was 17mmol L~!. The corresponding mean agglomerate ages (according to fig.
range from 0.5s to 3.6 s at the UV /Vis detector and from 0.9s to 6.9s at the SAXS
capillary. The SAXS patterns in fig. (a) changed only subtly. The most obvious
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Figure 2.11.: (a) SAXS (vertically offset by a factor of 5) and (b) UV /Vis (offset
by successively adding +0.25) results for different agglomerate ages as
indicated in the graphs. The measurements at 0s refer to the stable
dispersion.

change is the increasing width of the first minimum. A slight increase of the low ¢
slope was also visible.

The UV /Vis spectra (fig. (b)) similarly only displayed minute changes.

The differences between the different agglomerate ages are augmented by con-
sidering the results of the analysis in fig. The different colours represent
results from two independent measurements. The SAXS and UV /Vis time axes are
different due to the different positions along the flow path of the detectors.

The mean radius of gyration, determined from the pair distance distribution
function, clearly increased upon decreasing the flow rate (fig. (a)). It almost
doubled compared to the value for separated particles (0s).

The trend for the flocculation parameter (fig. [2.12] (b)) was similar. For both
separate measurements, the flocculation parameter increased when increasing the
age of the observed steady state of agglomeration.
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Figure 2.12.: (a) Mean radius of gyration for different flow velocities, drawn as a
function of the mean agglomerate ages. (b) Normalised flocculation
parameter, drawn as a function of the mean agglomerate ages.

2.6.2. Discussion

The age of the observed steady state of agglomeration could be tuned by varying
the flow velocity. The growth of the mean radius of gyration during the first 7s of
agglomeration was observed and compared to the increase in absorbance at higher
wavelengths. The curvature of the growth curve suggests a power law behaviour for
the growth, but the observed time interval was too small to numerically confirm this.
The process therefore appears to be rather diffusion-limited than reaction-limited.
Considering the concentration dependence found in section the growth likely
represents a crossover between the limiting cases of DLA and RLA. The curvature
of the growth curve is compatible to the kinetics expected based on literature that
describes agglomeration regimes apart from DLA and RLA [105] (calculated with
parameters for 17 mmol L~ HCI), but the observed time scale is too small to reliably
determine asymptotic behaviour. The results should be taken with a grain of salt,
since the mixing efficiency is known to decrease for the older agglomerates from the
mixing characterisation results (see fig. [L.11]).

The HCI concentration affects the structure of the agglomerates. When com-
paring the measurements for later stages of agglomeration, presented here, with
results from section the SAXS measurements at 7s and 28 mmol L™! respect-
ively displayed almost identical radii of gyration. Their normalised flocculation
parameters were P, ~ 2.6 for agglomeration at 17 mmol L~ HCI after 3.65s and
P, = 3.3 for agglomeration at 28 mmol L~! HCI after 0.5s. The larger floccula-
tion parameter values suggest that the agglomerates produced at 28 mmol L™! are
overall more dense, since a closer approach of particles in an agglomerate generates
stronger redshifted absorption. This is a counterintuitive result, since the higher
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attraction at higher acid concentrations should actually lead to less efficient pack-
ing. The difference could alternatively be related to the reduced mixing efficiency
at lower flow velocities.

2.7. Particle Variation

A second synthesis batch was used to study the effect of surface modification on
the agglomeration behaviour. Batch 8, 9 and 10 are particle dispersions with
identical gold cores, stabilised with citrate, PEG and MUTEG respectively (see

section [2.2.1)).

2.7.1. Results

The steady state of agglomeration for the different particles was characterised at a
flow rate of 100 uLs~!, which corresponds to average agglomerate ages of approx-
imately 1s at the UV /Vis detector and 2 s at the intersection with the X-ray beam.
The HCI concentration was varied from 7mmol L™! to 137 mmol L1,

The scattering patterns of steady states of agglomeration for the citrate-, PEG-
and MUTEG-stabilised particles at selected HCI concentrations are compared in
fig. (a). Both the citrate- and PEG-stabilised particles displayed an increasing
lower g range slope when increasing the HCl concentration. The scattering pat-
terns of the MUTEG-modified particles did not exhibit noticeable changes upon
increasing the HCI concentration.

The corresponding UV /Vis spectra followed similar trends. The citrate- and
PEG-stabilised particles exhibited an increasing redshifted signal for increased HCl
concentrations. Again, the signal for the MUTEG-stabilised particles did not
change systematically in the observed range of HCI concentrations.

The visual impression on the sample behaviour is confirmed by the results of
further analysis (fig. . While the mean radius of gyration for agglomerating
samples from batch 8 and 9 more than doubled when the HCI concentration was
increased, it did not follow a clear trend for the MUTEG-stabilised particles, the
size remained low. The initial jump at 7mmol L~' likely resulted from random
fluctuations, the magnitude depended strongly on the selected data range (the
presented value resulted from the automatic selection by the datgnom program).

Compared to fig. the results on the relative areas were not conclusive and are
not shown here. The normalised flocculation parameter for the citrate- and PEG-
stabilised particles clearly increased for increasing HCI concentrations. Again, the
values for MUTEG-stabilised particles remained at the level for dispersed particles
and did not display a clear trend.

Independent measurements of the hydrodynamic radius Ry (a measure for the
size of the contour of particles) by dynamic light scattering, were performed on
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Figure 2.13.: (a) SAXS results for agglomerating particles from batch 8, 9 and 10 at
different concentrations. The graphs for the different particle types are
offset by successive multiplication with 32. (b) UV/Vis spectra cor-
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Figure 2.14.: Overview of fit results for the agglomeration of particles from the
second synthesis with different surface modifications. (a) Mean radius
of gyration and (b) normalised flocculation parameter at different HCI

concentrations for batch 8, 9 and 10.

the stable dispersions for synthesis quality control. The size of the particles was
Ry = 7.2+ 0.6 nm for citrate stabilisation, R;, = 8.4 £ 0.3nm for MUTEG modi-
fication and Ry, = 7.8 & 0.5 nm for PEG modification. The size of citrate-stabilised
particles is considerably larger than the core size determined by SAXS, Rgaxs =
5.2 + 0.6 nm, likely due to the electrical double layer of the particles. Although the
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PEG molecule is larger compared to the MUTEG molecule (see fig. (d)), the

size of the contour was smaller.

2.7.2. Discussion

Particles from batch 9, modified with PEG, are mainly stabilised by charges.
The agglomerate sizes of the citrate- and PEG-stabilised particles change likewise
when changing the HCI concentration. Therefore the destabilisation mechanism,
the weakening of the electrostatic repulsion by pH reduction and ionic strength
increase, likely concur. Consequently their stabilisation should concur too.

The charge stabilisation coexists with adsorbed PEG molecules on the surface,
because the adsorption is proved by the UV /Vis data (fig.[2.6|(b)). Furthermore the
agglomerate spectra display a reduced redshifted component for the PEG modified
particles compared to the original citrate-stabilised dispersion. The PEG molecules
increase the interparticle distance inside an agglomerate, reducing the interaction
between the surface plasmons.

Surface modification by MUTEG prevents agglomeration under pH /ionic
strength conditions that unambiguously destabilise identical particles stabilised
with citrate or PEG. One difference is the size of the molecules: The estimated
end-to-end distance in a linearly extended state is 0.5nm for the citrate, 2.9nm
for the MUTEG and 7.8 nm for the PEG (see fig. (d)). Although the MUTEG
molecules are shorter compared to PEG, their steric stabilisation is more effective.

A possible explanation for the different agglomeration behaviour of PEG and
MUTEG would be a difference in surface coverage of the different particles. If the
surface coverage of the PEG was relatively small, it would explain their sensitivity to
the acid concentration, since a considerable part of the repulsive interaction would
be caused by the residual citrate ions. Sparse coverage with PEG molecules would
not provide sufficient repulsion when the electrostatics are screened. The coverage
can not be directly assessed by the data presented here, but the smaller shift and
width of the UV /Vis peak of the PEG-stabilised particles compared to the MUTEG
particles could be a sign for their reduced surface coverage. A low surface coverage
for PEG is further supported by the dynamic light scattering measurements. The
smaller hydrodynamic radius of the PEG-stabilised particles was caused by their
lower surface coverage compared to the MUTEG particles.

At high concentrations the agglomerates did not grow significantly. Above
HCI concentrations of 100 mmolL~! | the the citrate and PEG samples did not
grow considerably upon a concentration increase. This suggests that the ccc has
been crossed and the growth process became purely diffusion limited. Whether
the actual dynamics follow the expected power law growth for DLA can not be
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determined from the presented data. Additional measurements for the kinetics
would be required.

The agglomerate sizes at equal conditions are comparable between the separate
batches. Despite their different size and surface modifications, the mean radii of
gyration of agglomerates prepared from batches 4, 8 and 10 were similar, e.g. at
~ 30mmol L™! 10.7nm, 10.4nm and 11.2nm respectively. Conversely, the optical
properties were different. The normalised flocculation parameter of agglomerates
from batch 4 (core radius 7.2 + 0.6 nm), P, ~ 3, was significantly larger compared to
the agglomerates of particles with smaller cores (core radius 5.2 + 0.6 nm), P, ~ 1.5
for citrate stabilisation and P, ~ 1.1 for PEG stabilisation. Different particle
arrangements in the agglomerate and differences in plasmonic coupling due to the
size likely caused the optical changes despite similar agglomerate sizes.

2.8. Summary and Conclusions

The agglomeration process of aqueous gold nanoparticles, induced by addition of di-
lute HCI, in a laminar flow was studied with a purpose-built setup. The destabilisa-
tion is caused by protonation of the surface bound citrate groups and the increased
screening of the residual charges due to the higher concentration of dissolved ions.

Studies on steady states are feasible with the purpose-built flow system. The
stable observation of transient states for observation times larger than the age of
the prepared state itself was demonstrated throughout this chapter. Certain com-
plications with adsorption and age distributions were encountered, but meaningful
results could be acquired. The flexible setup even allowed to perform the experi-
ments at a synchrotron beamline.

The kinetics of the agglomeration process could not be explained by the lim-
iting DLA/RLA regimes. The HCI concentration influenced the agglomeration
rate. The agglomerate size was evaluated for identical growth times. Different
sizes therefore reveal different growth rates. Higher HCI concentrations induced
faster agglomeration, even far above the predicted critical coagulation concentra-
tion according to the DLVO theory. When the agglomerate age was directly varied
by the flow velocity, the growth kinetics resembled diffusion limited growth with a
modified exponent.

The stabilising mechanism of three different surface modifications could be char-
acterised. Citrate-stabilised particles were sensitive to changes in the amount of
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dissolved acid. The PEG coating was found to be ineffective in preventing ag-
glomeration, likely due to low surface coverage, whereas the MUTEG stabilisation
proved effective against addition of acid due to the steric stabilisation effect. The
agglomerate size for different particle types (core and surface modification) was
similar for identical conditions (except the MUTEG coated particles that did not
agglomerate). The optical properties of the agglomerates depended strongly on the
ligands and core sizes.

The specifics of the agglomeration process of sterically stabilised particles are
examined in chapter
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3. Agglomeration of Unpolar Gold
Nanoparticles

3.1. Introduction

The agglomerates produced in chapter [2|did not exhibit long range ordering between
the constituting particles. Depending on the application, disordered superstruc-
tures might be favourable or not. For certain usage scenarios it is favourable to be
able to tune the superstructures from disordered to ordered.

In this chapter the fundamental principles for the formation of specific, ordered
or disordered, nanoparticle superstructures is discussed. The focus is not to develop
specific applications, but to generally explore structure formation mechanisms of
sterically stabilised, unpolar gold nanoparticles, when agglomeration is triggered by
a rapid increase of solvent polarity through mixing with polar solvents. The particle
system was chosen because sterically stabilised particles are used in many modern
processes and gold displays exceptionally low reactivity. The resulting particles are
expected to be relatively stable when left undisturbed. A deeper understanding
could allow generalisation of the findings to other particle systems.

The morphology of NP aggregates, especially the contrast between order and
disorder, can influence their function. In thin film solar cells, both ordered |6, |115]
and disordered [7] superstructures can be employed. The disordered structures
act as diffuse broadband reflectors while ordered structures reflect only certain
wavelength bands, matching the distance of the particles in the superstructure,
and allow for tunable transmission.

When used as pigment, ordered superstructures produce iridescent structural
colours. Noniridescent structural colour can be induced by superstructures only
exhibiting close range order without long range translational order [116, [117].

Typically, the particles forming superstructures that interact with visible light
have radii above 100 nm, since the interparticle distance has to match the wavelength
of visible light (400 nm to 800nm). The typical application envisioned specifically
for gold nanoparticle superlattices in the size range used in this chapter are optical
metamaterials, based on plasmonic effects [4].

The research goal is here to find the process parameters, as well as the related
microscopic mechanisms that determine the formation of ordered or disordered
agglomerates. A deeper understanding could allow generalisation of the findings
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3. Agglomeration of Unpolar Gold Nanoparticles

to other particle systems. A strong motivation for this research were the results
of a preceding project (see section . They suggest that the ligand-mediated
contributions to the interparticle interaction dominates the structure formation.

Many modern functional nanoparticles (e.g., semiconducting Quantum Dots, high
refractive index zirconia, conductive indium tin oxide) are sterically stabilised and
serve as building blocks of functional superstructures. If the structure formation
is solely determined by the ligands, the findings should be applicable for all of the
materials, given the ligand shells are identical.

In contrast to already published results, this research puts an emphasis on

e in situ studies of structure formation
e in varying solvent conditions and simultaneous
o studies of the optical properties of the agglomerates, where

o the observed agglomerates are detected after growth times as low as a few
seconds.

As it was already explained in section the agglomerate structure, resulting
from the rapid destabilisation, has so far only been determined ex situ, mainly by
performing TEM (and to a smaller extent SAXS studies) on samples taken from the
precipitated sample fraction after 2h incubation time. Optical measurements for
the different agglomerate structures were previously not performed systematically.

In this study it was found that the structure of agglomerates can be tuned by
varying the temperature and the solvent composition. The superstructure could be
shown to alter the optical properties of otherwise identical particles. For optimised
process conditions (solvent composition and temperature), ordered fcc superstruc-
tures form in suspension, already after 3s.

3.2. Methods

Gold nanoparticles with radii < 10nm were destabilised by mixing with polar
solvents of different polarities at different controlled flow velocities and temperat-
ures in a purpose built flow system, as sketched in fig. [[.10] Coupled SAXS and
UV /Vis spectroscopy were performed in situ on the flowing sample. Prior to every
agglomeration experiment, the same particle batch with the same concentration
was measured in a well-dispersed state to allow direct conclusions on the effects of
agglomeration on the measured signal.
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3.2.1. Particles

AuNPs sterically stabilised by 1-dodecanethiol, 1-hexadecanethiol or 1-
octadecanethiol (denoted C12; C16 and C18) and dispersed in heptane were syn-
thesised by two different one-phase, one-pot reactions.

The so-called “Zheng” method was adapted from [17]. For a standard synthesis
309 mg AuClPPhg, the stabilising alkylthiol (311 L C12, 338 mg C16 or 375mg
C18) and 527mg borane tert-butylamine complex, (CHs)3sCNHz-BH3 (TBAB),
were dissolved in 50 mL of benzene. The solution was slowly heated and stirred.
During 2 h reaction time, the chloro(triphenylphosphine)gold(I) was reduced by the
TBAB and a bright red particle dispersion formed. The AuNPs were precipitated
by adding 50 mL of ethanol and centrifugation at 4000 rpm. The supernatant was
removed and the precipitate was redispersed in 50 mL n-heptane. The synthesis
yielded a stable dispersion of NPs with a gold core of approximately 3.0 + 0.3nm
(see table (a) for real values), gold concentrations around 3.6gL~!, covered
with different alkylthiols as a stabiliser.

The other particle type, herein after referred to as “Wu” particles, were syn-
thesised following a protocol adapted from [18]. For a typical synthesis 500 mg
of dry chloroauric acid were dissolved in a mixture of 45 mL n-heptane and 45 mL
oleylamine. After stirring for 10 min with 500 rpm at room temperature, 200 mg
TBAB dissolved in a mixture of 5mL n-heptane and 5 mL oleylamine were added.
The solution was stirred at 500rpm for 1h. During that time, the HAuCl,; was
reduced and AuNPs formed. The oleylamine capped particles were precipitated by
adding 200 mL ethanol and 5 min of centrifugation at 4000 rpm. The precipitate
was resuspended in 100 mL n-heptane.

Shortly before the experiments, several 10 mL aliquots were taken to exchange the
oleylamine on the surface with different alkylthiols (C12, C16, C18) according to
a procedure described in [118]. 472 mg triphenylphosphane and the corresponding
thiol (364 mg C12, 465 mg C12 and 516 mg C18) were dissolved in 10 mL n-heptane
and the solution was heated to 90°C. The aliquots were also heated and poured
in the respective thiol solutions. After shaking gently, the solution was left un-
disturbed until it cooled down. After cooling the ligand exchange was complete
and the excess reagents were removed by washing. The dispersion was precipitated
by addition of 20 mL ethanol and centrifugation at 4000 rpm. After removing the
supernatant, the precipitate was redispersed in 10 mL heptane. The product was
a stable dispersion of gold nanoparticles, with core sizes around 3.0 nm, stabilised
with different thiols.
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3. Agglomeration of Unpolar Gold Nanoparticles

Prior to the experiments, the particle dispersions were heated to ensure good
dispersion and filtered in a preheated 0.2nm PTFE syringe filter to remove large
agglomerates and possible foreign matter from the dispersion.

3.2.2. Experimental Setup

The results presented in this chapter were produced at the SWING beamline of
the SOLEIL synchrotron. The experimental setup (fig. was slightly modified
compared to the one from chapter [2, A new SAXS capillary holder (the capillary

Figure 3.1.: Photo of the setup at the SWING beamline of the SOLEIL synchrotron.

was the same sort, 1 mm diameter borosilicate glass) with a bore hole and fittings
to connect a water thermostat (PHYSICA “VT 100”) for temperature control was
employed. A large volume (~ 5L) temperature controlled water bath was applied
to immerse most of the system: A delay line before the mixer (~ 80cm), the
mixing element and the UV /Vis flow cell were immersed in the bath to precisely
control temperature. A different UV /Vis cell with a drastically reduced optical
path (~ 1mm compared to ~ 10 mm for the aqueous particles) was used due to
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the higher gold concentration of the unpolar particles (compare section and
section [3.2.1)) and the resulting reduced transmission. The temperature stability
of the sample from the mixer to the SAXS capillary is expected to be better than
+2K.

3.2.3. Agglomeration Experiments

The aim of this study was to characterise steady states of agglomerating, sterically
stabilised gold nanoparticles under different conditions and in particular to under-
stand the prerequisites for the formation of ordered superlattices with the help of
the flow setup. As already explained in section [[.2.3.3] NPs sterically stabilised
with unpolar chains are well-dispersed in unpolar solvents. The solubility paramet-
ers are similar, which implicates a Flory parameter xy < % and therefore a repulsive
interaction mediated by the ligands according to section When increas-
ing the solvent polarity, e.g. by mixing a polar solvent like 1-propanol with the
dispersion, the stabilising alkyl chains of one particle become more soluble in the
alkylthiol monolayers of the other particles, i.e. x increases and turns the ligand
layer interaction to an attractive interaction. This way, the short ranged steric
repulsion is switched to a short ranged attraction mediated by the ligands.
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Figure 3.2.: Estimates of the observed agglomeration time at the (a) SAXS and (b)
UV /Vis detector for the flow velocities employed here.

For the research presented in this chapter, different amounts of 1-propanol or
ethanol were mixed with the stable dispersion inside the “MR-Lab MX” mixing
module (see section . Flow rates from 2puLs™' to 150puLs™! were used,
the corresponding agglomeration times observed at the particular detection points
are drawn in fig. [3.2l Due to the hydrodynamic dispersion (section , the
actually observed agglomerate age is an average over a certain distribution. The
boundaries drawn in fig. are conservative estimates (determined in analogy to
section : The lower bounds were calculated by estimating how long the fastest
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flow line needs to reach the detector. The upper bounds were measured by applying
a concentration jump at the entrance of the mixer. The setup was filled with pure
heptane which was replaced by a AuNP dispersion with the respective flow rate.
The dispersion continuously replaced the pure solvent, the process was traced by
the scattered intensity and maximum absorbance respectively. At some point the
signals reached an equilibrium; concentration changes could no longer be resolved.
The width of the rising edge in the signal is added to the lower boundary to obtain
an upper boundary for the observed agglomerate age.

The UV /Vis detector is placed approximately midway between the mixing point
and the SAXS detector. Accordingly the agglomerates observed by UV /Vis are
approximately half as old as the observed sample in SAXS.

3.2.4. SAXS

The principle setup of a SAXS measurement was already introduced in fig.
The raw data correction was performed according to the scheme in fig. The
particularities of the setup and methods used in this chapter are described in the
following.

3.2.4.1. Instrumentation

The X-ray source at the SWING beamline is an undulator in the storage ring of the
SOLEIL synchrotron. A beam energy of 11keV (A = 0.113nm) was selected with a
Si(111) double crystal monochromator. The X-ray beam was further defined with
two mirrors in Kirkpatrick-Baez configuration and a number of adjustable slits. The
beam size for the experiments presented here was set to 450 pm x 20 pm. The AVIEX
“PCCD170170” CCD detector has an active area of 171 mm x 171 mm and was set to
an effective pixel size of 166.8 pm. The sample to detector distance was set to 1.8 m.
The transmitted intensity was recorded with a PIN-diode in the 7.5 mm x 3 mm
beamstop for transmission corrections during background subtraction.

3.2.4.2. Data Evaluation

The size and polydispersity of the nanoparticles in stable dispersion were different
from synthesis to synthesis. They were determined by fitting the form factor of
polydisperse spherical particles. Typically the data is fitted well, as exemplified by
the scattering data from a stable dispersion of “Wu C16” particles and the respective
fit in fig. When following the algorithm described in appendix [A] the fit yields
a mean radius of 3.0 £ 0.2nm for this particle type. The excess intensity of the
measured data at higher ¢ values likely results from detector noiseﬂ Equivalent

! An upturn of intensity is found in all measurements, even for the calibration measurements with
theoretically flat intensity profile.
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Figure 3.3.: Scattering pattern of a “Wu C16” particle dispersion at 35°C. The fit
of a polydisperse sphere form factor agrees well with the data.

measurements were performed for every batch that was filtered to compare the
resulting size and get accurate results for the effective form factor associated to the
different concentrations.

The structure factor S(q) of an agglomerated sample was calculated from the
background corrected sample scattering Is(q) and the corresponding effective form
factor Ipart(q) with the monodisperse approach (see also eq. )

Is(q)

S(Q) - IPart(‘])7

(3.1)

as sketched in fig. The division corresponds to the addition of Ig(q) and the
reciprocal of Ip,¢(q) on a logarithmic scale (see fig. (a)). The background cor-
rected sample scattering I5(q) is divided by the fit result for the effective form factor
to obtain the effective structure factor plotted as a solid black line in fig. (b).
Forster et al. describe a flexible model function for NP superlattices [119] that
is used in this chapter. The peak positions qﬁfglx are generally related to the cubic

lattice constant a by

hkl 27T\/ h2 +k2 +l2

max ~

3.2
. (3.2
For the fcc crystal structure (see fig. (d) for a sketch of the unit cell), the next
neighbour distance of the particles is in the (110) direction. The centre-to-centre
distance of neighbouring particles det. (see fig. (d)) is related to the cubic lattice
constant by

dete = (3.3)

7
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Figure 3.4.: (a) SAXS pattern of agglomerates and the reciprocal of the effective
form factor of the constituent AuNPs, the ingredients for structure
factor calculation. (b) Result of naive division compared to a model
structure factor. (c) Structure factor calculated with background cor-
rection compared to the theoretical structure factor. (d) The corrected
structure factor on a linear scale, compared to the peak positions of
a fcc lattice. The inset sketches the unit cell of a fcc nanoparticle su-
perlattice. a denotes the cubic lattice parameter, d.. is the distance
between nearest neighbours (along the (110) direction).

The theoretical structure factor for a NP superlattice with fcc domains of L =
105 nm average size and cubic lattice constant of @ = 12.44 nm is plotted as refer-
ence (see fig. (d) for a clearer plot including peak indices and a sketch of the
cubic unit cell of the fcc structure with particles in the centres of the faces). The
calculated structure factor is built upon peaks with adjustable shape, representing
a convolution of a Gaussian and a Lorentzian peak. Their relative position and
height is determined by the allowed fcc reflections and the corresponding multipli-
cities. The width is inversely related to the domain size. Additional scattering due
to size polydispersity of the particles and lattice disorder is included with terms
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corresponding to the Debye-Waller factor [120, 121]. The parameters were chosen
to match the measured effective structure factor as close as possible.

While the peak positions are practically identical, the height is different between
the curves, most notably around ¢ = 1.4nm~! and at higher ¢ values. The differ-
ences at high ¢ originate from the unexpectedly flat scattering curve of the agglom-
erates in the high ¢ regime. This likely resulted from a combination of detector
noise due to the low scattered intensity compared to the peaks and parasitical
scattering of depositions on the capillary walls. This effect is accounted for by sub-
tracting a constant background from the signal, whose magnitude is chosen to level
S(q ~ 3.5nm™!) ~ 1. The resulting corrected structure factor is compared with
the calculated curve in fig. (¢).

The Scherrer equation [122] relates the domain size L of an ordered superstructure
of (almost) identical scatterers to the width of the structure factor peaks [123]. If
the FWHM of a diffraction peak at the scattering angle 20¢, Asg,, is not corrected
for peak broadening due to instrumental effects?]

KA

L= ———"—
Asgg, cos O

(3.4)
gives a lower boundary for the domain size. K is a coefficient related to shape and
usually in the range 0.9...1, here a value of K = 0.9 is used. The domain size itself
represents a lower boundary for the agglomerate size.

The most significant feature of the structure factor for amorphous agglomerates
is a wide structure factor peak. This single, broad peak was attributed to the
structure factor of a glass-like nanoparticle superstructure lacking long-range order.
Even without periodic arrangements, there is a recurring distance inside a more or
less close packed particle agglomerate due to the finite, monodisperse particle size.
According to the Ehrenfest relation [124, p. 72] [125], a scattering, amorphous
structure induces a structure factor peak centred at

2m - 1.23
Gmax = di- (3.5)
ctc

Here d.i. represents the average distance of the particle cores of two particles in
contact.

3.3. Primary Particles

Before every agglomeration experiment, the employed primary particles were char-
acterised in the same concentration to enable better comparisonsﬂ Below a certain,

2For SAXS experiments, experimental broadening is usually insignificant.
3The actual particle concentration in the syringe differs from experiment to experiment because
the amount adsorbed in the filter is not controllable.
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ligand dependant temperature, the pure particles dispersions become unstable and
start to agglomerate [49] (see also section [1.2.3.3]). The experiments presented here
were exclusively performed at temperatures above the precipitation temperature of
the respective ligand.

3.3.1. Results

The experimental results are summarised in the following. The difference between
“Zheng” and “Wu” particles is introduced in section [3.2.1

3.3.1.1. Wall Fouling

In section [2.4.1.1]it was already pointed out that adsorption of AuNPs on the walls
of the detection volume influences the measurements. The scattering pattern and
the UV /Vis spectrum of pure heptane were measured immediately before (“initial”)
and after (“final”) a stable dispersion of “Wu C16” particles was filled in the capil-
lary. It was found that even for the stable dispersions a certain amount of AuNPs
is adsorbed at the walls of the SAXS capillary, as it is evidenced by the increased
scattering signal of pure heptane after the dispersion was thoroughly flushed from
the capillary in fig. (a). The difference between final and initial scattering pat-
terns (fig. [3.5] (a)) further illustrates the adsorption of gold, since it resembled the
background subtracted pattern of an agglomerating gold dispersion (compare (c)).
The UV /Vis absorbance of the final measurement calculated relative to the initial
one (fig. (b)) revealed a clear signal of agglomerated gold particles as well. The
error bars were on the order of the line thickness.

Depending on the reference used, the corrected signals of the particles slightly
differed. While the absorbance barely changed (fig. (d)), the background sub-
tracted SAXS patterns (fig. (c)) displayed visible deviations at the lower and
upper boundaries of the angular range. The adsorption took place during the meas-
urement of the gold dispersion, in principle the subtraction of the final background
should correct for the excess scattering due to the adsorbed particles and deliver
better results. The slight downturn of the scattered intensity at smaller angles can
be explained by a repulsive interparticle interaction. The steeper decay at larger
angles is closer to the ¢4 asymptote expected for smooth particle surfaces.

The fit results for radius and polydispersity were robust against the changes
in background, since the width and position of the first minimum barely
changed between the different backgrounds. The resulting fit parameters for
both backgrounds are virtually identical. The resulting fitted mean radii and
distribution widths are r; = 3.061 £0.002nm and 7 = 3.049 + 0.002nm, and
Ar; =0.229 + 0.002nm and Ary = 0.224 4+ 0.002nm for the initial and final back-
grounds respectively. The errors are estimates for the parameter errors taken from
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Figure 3.5.: (a) SAXS patterns of heptane-filled capillaries before and after exposing
the inner wall to a gold dispersion, and the difference between signals.
(b) Absorbance calculated with the final heptane measurement as sig-
nal and the initial measurement taken as reference. (c) Background
subtracted SAXS patterns of “Wu C16” particles at 35°C, with back-
ground measurements taken before and after the measurement of the
dispersion. (d) Absorbance of “Wu C16” particles at 35°C with ref-
erence measurements taken before and after the sample measurement.
All data points are plotted without offset.

the covariance matrix resulting from the least squares fit. While they are unphysic-
ally small, they provide a measure to compare how tight the parameters are bounded
in the respective fits. In table [3.I] the fit results for all particles are summarised.

3.3.1.2. Comparison

Three different particle types, stabilised with several linear alkylthiols were em-
ployed here: “Zheng” particles, “Wu” particles and “Wu 2” particles with increased
particle radius (see section . The thiol is denoted by the number of carbons
in the alkyl chain (C12, C16, C18). The primary particle measurements were only
weakly temperature-dependant, for brevity only one measurement per particle type
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3. Agglomeration of Unpolar Gold Nanoparticles

is shown here. The data shown here was averaged over 10 or more single measure-
ments. The error bar size is on the order of the line thickness, therefore error bars
are not shown.
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Figure 3.6.: SAXS patterns (a) and UV/Vis spectra (b) of “Zheng C12” and “Wu
C12” particle dispersions at 35°C. SAXS data are offset by a factor of
10145 the UV/Vis spectra are not normalised.

Two separate synthesis batches of “Zheng C12” particles were used. The core sizes
and polydispersities of the “Zheng C12” particle batches and also the “Wu C12”
particles were slightly different, as indicated by the different position and shape of
the minima in fig. 3.6/ (a) and the corresponding fit results in table (a). Due to
the logarithmic intensity scale of the SAXS patterns, the concentration difference
is more obvious in the UV/Vis spectra fig. |3.6 (b). The minor differences in the
peak position and width (table (b)) are barely visible in the UV /Vis spectra.
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Figure 3.7.: SAXS patterns (a) and UV /Vis spectra (b) of “Zheng C16”, “Wu C16”
and “Wu 2 C16” particle dispersions at 45 °C. SAXS data are offset by
a factor of 10%%%, the UV /Vis spectra are not normalised.
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3.3. Primary Particles

Three distinct core radii were prepared with the hexadecanethiol ligand. While
the SAXS patterns (fig. (a)) are again strongly dependant on size and poly-
dispersity, the UV /Vis results mainly reflect the concentration difference with only
minor changes in peak position and width.

()
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Figure 3.8.: SAXS patterns (a) and UV/Vis spectra (b) of “Zheng C18” particle

dispersions at 60 °C.

In this study, only “Zheng” particles were prepared with octadecanethiol as a
ligand. The SAXS and UV /Vis results largely resemble the other ligand lengths

(fig. [3.8| and table [3.1)).

Table 3.1.:

(a)

“Cl12 a”
“C12 b”
“C16”
“C18”

(b)

“C12 a7
“C12 b”
“C16”
“C18”

Fit results for the primary particles employed here. (a) Core radii of
the different particles, determined by fitting with a Schulz-Zimm size
distribution. The numbers represent centre value and width of the dis-
tribution. (b) Position and HWHM of the LSPR peak for the primary

particles.

Radius (nm)

“Zheng77 MWuU “'Wu 277
28+03 3.0£0.2

29=£0.3

32+£03 3.0£02 3.6=£03
3.0£0.3

LSPR Peak Position + Width(nm)
“Zheng” “Wu” (LWu 277

516 £33.5 515+ 33
516 £ 36.5
514 £ 34

516 £ 35.5

516 £33 517 £30
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3. Agglomeration of Unpolar Gold Nanoparticles

The main fit results are summarised in table The values are representative
also for the additional measurements not plotted in the graphs above. The concen-
tration variations do not manifest in the fitted values, because in the dilute regime
the concentration only influences the signal strength, not the shape of the curves.
The influence of the concentration on the scattering is captured by a single para-
meter, which was determined for all measurements and taken into account when
comparing the different agglomeration measurements.

3.3.2. Discussion

While the optical properties and the size and polydispersity of gold nanoparticles
can be reliably determined, the background measurements before and after
introducing the dispersion reveal that particles are deposited on the walls of
the system, already for the stable dispersion. The measured signal contains the
signal of this deposited fraction besides the actual sample. This implies that also
the signal of agglomerating samples contains a certain part caused by deposited
sample that has to be accounted for. The main influence on the SAXS patterns
is in the small and large angle parts. These regions have to be treated carefully
in the following discussions, especially for the agglomeration measurements. The
UV /Vis spectra change only slightly in the complete observed range. The error
due to adsorption is below 10 %. At least for interpretation of the primary particle
measurements, no special attention has to be paid to the adsorption phenomenon.

The measurements verify that the syntheses yielded monodisperse gold nano-
particles with different core sizes. The polydispersity of the “Zheng particles”
was practically identical to the particles used for the studies described in sec-
tion and the “Wu” method was able to produce particles with a 2-3 per-
centage points smaller polydispersity. Polydispersity plays a role for the structure
formation process: Early studies on polydisperse hard spheres above their critical
volume fractions found a critical polydispersity of 8 %. Above that value, a glass
transition is expected for these systems. The polydispersities of the “Wu” (7 %)
and “Zheng” particles (10 %) range around this critical value. [t remains to be seen
if supercrystalline structures can form for the larger polydispersities.

Experiments not shown here revealed that Th depends on the core size, larger
cores spontaneously agglomerate already at larger temperatures. In the core size
range studied here, little to no influence of the core size was found. The aggregation
temperature is dominated by the ligands in the frame of this research.
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3.4. Solvent Variation

3.4. Solvent Variation

When dispersed in pure heptane and kept at temperatures above the agglomer-
ation temperature, the AuNPs were stable against bulk agglomeration over the
course of the measurements. A side effect observed in the stable dispersions was
the adsorption of nanoparticles on the inner walls of the system, especially vis-
ible in background measurements (see fig. . The resulting signal distortions at
small ¢ values are not expected to disturb the measurements of agglomerate peaks
substantially.

If the solvent polarity is increased, the solubility of the stabilising ligands de-
creases and the particles start to agglomerate at some point. In most sections of
this chapter, the solvent composition, employed to induce agglomeration, was fixed
to a 1:1 mixture of heptane:1-propanol. Equal volumes of the dispersion (AuNPs
dispersed in heptane) and 1-propanol were mixed to increase the solvent polarity
and induce agglomeration (in analogy to the preceding project section .

In this section, the 1-propanol content is varied. The effect of different solvent
polarities (and hence reduced solubility of the ligands in the continuous phase) on
the agglomeration process of dodecanethiol-stabilised particles at 35°C is studied.
The difference between “Zheng” and “Wu” particles is introduced in section [3.2.1]

As an additional experiment, ethanol was tested for its applicability to superlat-
tice assembly. The results of these experiments are presented in appendix

3.4.1. Results

To demonstrate the agglomeration behaviour of the unpolar AuNPs, “Wu C12”
particles were precipitated by mixing equal volumes of the dispersion in n-heptane
with 1-propanol at 35°C. The total flow rate was set to 5pLs™!, corresponding
to approximated agglomerate ages of 3+ 2min and 1.5+ 0.8 min for the SAXS
and UV/Vis measurements respectively (see fig. [3.2)). Typical measurements of
stable dispersions of “Wu C12” particles are compared with destabilised samples
in fig. [3.9) (a) and (b). The measurements presented in this section were performed
above the expected transition temperature for ordered and disordered agglomera-
tion based previous studies (see section .

The primary particle SAXS measurement was well-approximated by a poly-
disperse sphere fit (see section and their LSPR peak was equivalent to
most other primary particle measurements (section . Compared to the primary
particles, the agglomerating sample exhibited distinct peaks in the SAXS pattern,
which were caused by correlations in a superlattice structure with periodically re-
curring distances between supercrystal planes. The agglomerate UV /Vis spectra
displayed a strong redshift of the absorbance. The lower energy portion in the
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Figure 3.9.: (a) SAXS patterns and (b) UV/Vis spectra for “Wu C12” samples dis-
persed in pure heptane and agglomerated in a 1:1 mixture of heptane
and 1l-propanol. (c) Background corrected structure factor on a log-
arithmic scale. (d) Comparison of corrected structure factor with the
calculated function from eq. .

UV/Vis patterns is readily explained by interparticle interaction effects, inducing
additional electron states with lower energy (section .

The resulting structure factor, calculated with the effective form factor and a
constant background terrrﬁ as described in section is plotted in fig. E (c).
While the relatively rough estimation of the background might appear arbitrary, it
resulted in physical behaviour of S(q) at higher ¢ and did not change the position
or width of the structure peaks.

4The excess scattering responsible for the background is not solely attributable to the struc-
tural difference between dispersed and agglomerated particles, because the scattering invariant
(eq. ) also differed. Parts of the excess are explained by detector noise, additional con-
tributions could arise from adsorbed sample at the detector walls.
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3.4. Solvent Variation

At low ¢, S(q) asymptotically approached ¢—*. This contribution can be attrib-
uted to scattering by the outer surface of the agglomerate and can be accounted for
by adding the Debye-Biiche function Spp to the superlattice structure factor Sgr.:

Sm
(1+&2¢*)*
Sum is proportional to the average agglomerate mass and £ is a measure for the
agglomerate size |126]. Ssp, can be calculated according to the model described
in section |3.2.4.2 The Porod oscillations due to the agglomerate size distribution
were not resolved in the experiments presented here, due to the limited minimum
q value.

At intermediate and higher ¢ values, the corrected structure factor showed strong
peaks. The relevant area is replotted on a linear scale in fig. (d). The structure
factor peak positions could be indexed to a fcc lattice with a cubic lattice constant
a = 12.44nm. The theoretical structure factor of a fcc superlattice with the same
lattice parameter (fig.[3.9|(d), offset by 4) was calculated using the model described
in section [3.2.4.2] The ratio of peak heights was different for the measured and
calculated peak factor. The most striking difference is the enhanced intensity of the
(111) and (200) peaks compared to the rest of the pattern. The (220) peak position
is in close vicinity to the first minimum of the particle form factor. The shape
of the deviant structure factor parts closely resemble the shape of the minimum.
The deviations were likely caused by sensitivity variations of the detector due to the
reduced intensity of the agglomerate scattering caused by the form factor minimum.
In the following discussion, the peak heights thus have to be handled with care.

In the remaining part of this section, the effect of different solvent compositions
on the agglomeration process of 1-dodecanethiol (C12)-stabilised particles (“Zheng”
and “Wu”) at 35°C is discussed.

The relative concentrations could be controlled by adjusting the corresponding
flow velocities of the components at a fixed total flow rate. For the experiments
with smaller 1-propanol content (7:5, 15:9, 2:1 and 3:1), the NP dispersion flow
rate was kept at 2.5 pLs~! while the 1-propanol velocity was reduced (2.083 uLs™?,
1.875nLs™!, 1.667puLs™! and 1.25pLs™!). To make up for the reduced volume,
additional heptane was mixed in with the difference between 2.5nLs™! and the
1-propanol flow rate as set point. To increase the 1-propanol content compared to
the 1:1 case (1:2), the dispersion flow rate was reduced to 1.667 uLs~! while the
1-propanol flow rate was set to 3.333 pLs™ L.

The total flow rate of 5uLs™! corresponds to estimated observed agglomerate
ages of 3min and 1.5min for the SAXS and UV /Vis measurements respectively
(see fig. for uncertainties). The results are summarised in fig.

The SAXS patterns of the “Zheng C12b” particles showed that the 1-propanol
concentration strongly influenced the structure of the agglomerates grown for 3 min

S(q) = Ssr + Spp = Ssr. + (3.6)
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Figure 3.10.: Results of agglomeration experiments with “Zheng C12b” and “Wu
C12” particles for different Heptane:1-Propanol volume ratios. (a)
SAXS patterns and (b) UV/Vis spectra for “Zheng C12b” samples.
(c) SAXS patterns and (d) UV /Vis spectra for “Wu C12” samples.

(fig. (a)). While the superlattice peaks were washed out at higher 1-propanol
concentrations (1:2 and 1:1), they were completely absent in the measurements at
lower concentrations (2:1 and 3:1). At the intermediate concentration, 7:5, the
peaks were most defined (see below for quantification). The UV /Vis absorbance
spectra corroborated the scattering results. For the low concentrations, 2:1 and 3:1,
the spectra were practically identical to the single particle measurements (fig. .
The agglomerate spectra differed considerably. At high polarities (1:2, 1:1) a dis-
tinct, redshifted peak formed. For the intermediate polarity (7:5), which displayed
the narrowest superlattice peaks, the spectrum can be decomposed to a weakened
single particle peak and an additional, broad, redshifted peak.

The behaviour of the “Wu” particles resembled the results for the “Zheng”
particles. The superlattice peaks in the SAXS patterns were most pronounced
in the intermediate 1-propanol concentration regime (fig. (c)). The UV/Vis
spectra (fig. [3.10| (d)) displayed similar development to the “Zheng” measurements:
For high polarities (1:2, 1:1), the absorbance displayed a single, redshifted peak.
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3.4. Solvent Variation

At low polarities (2:1) the spectrum matched the single particle spectrum. At the
polarity with the narrowest superlattice peak (15:9), the absorbance was composed
of an attenuated single particle peak and a flat, low energy contribution.

To further investigate the agglomerate structure, structure factors were calcu-
lated from fig. [3.10| (a) and (b). They revealed that the agglomerate peaks are
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Figure 3.11.: SAXS structure factors for agglomerates composed of (a) “Zheng
C12b” and (b) “Wu C12” particles for different heptane:1-propanol
volume ratios. The structure factors are successively offset by +3
beginning from the lowest curve.

overall better defined for the “Wu” particles (fig. (b)) compared to the “Zheng”
particles (fig. (a)). At a volume ratio of 2:1, the structure factor of the “Wu”
particles still had small peaks where no superlattice peaks were visible for the
“Zheng” particles. Apart from that the differences were small, so a structure factor
model was used to extract more information from the measurements.

The structure factors were fit using the previously described model function (see
fig. (a) for two typical results). In principle, the relation between the peak
heights is fixed for a given lattice type and lattice constant. Due to the uncertainty
in measured peak heights discussed earlier, the peak height ratios were kept unres-
trained for fitting. The width and position of the peaks was fit for the (111), (200),
(311) and (222) peaks because their signal was strongest. Although parts of the
curve were not approximated well by the model, the peaks themselves were mod-
elled sufficiently. The peak width was used to estimate the size of ordered domains,
a measure for the agglomerate size, with the Scherrer equation eq. . The gen-
eral trend was that lower 1-propanol concentrations promoted the growth of larger
ordered domains (fig. [3.12| (b)). For a 1-propanol volume fraction of f = 0.33, no
agglomerates were observed for the “Zheng” particles, while the ordered domains for
the “Wu” particles are smaller than for f = 0.37. The domain sizes of “Zheng” and
“Wu” particle superlattices were relatively similar at equal solvent compositions.
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Figure 3.12.: (a) Examples for typical fit results. The upper curve is offset by 4. (b)
Agglomerate domain sizes calculated from the fitted peak widths for
different 1-propanol concentrations. (c) Smallest surface gap between
particles, calculated from the centre-to-centre distance of next neigh-
bours in the fcc lattice for different 1-propanol concentrations and the
core radii (table[3.1]). (d) Ratio of the measured intensity of the (111)
and (311) peaks, normalised with the theoretical value.

From the position of the fitted structure factor peaks, the centre-to-centre dis-
tance dg of neighbouring particles was calculated with egs. and . For
all observed concentrations, the particle distance slightly decreased with increas-
ing 1-propanol content. With the radius of the metal core (table the surface
gap at the closest approach between two particles ds was calculated (fig. (c)).
The error bars were dominated by the particle size distribution width, which enters
through the subtraction. The estimated length of dodecanethiol (1.7nm) and two
dodecanethiol molecules is plotted as horizontal lines for reference. For all meas-
ured concentrations, the closest surface separation was between one and two ligand
lengths (see fig. (b) for a sketch). The difference between the dg for “Zheng”
and “Wu” particles was negligible. For both particle types, the interparticle gap
slightly decreased when increasing the 1-propanol content.
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The height of the individual peaks was adjusted during fitting, although the
theoretically expected height ratios are known for a given lattice constant. For
fig. (d) the ratio between the height of the measured (111) and (311) peak
was normalised with the theoretical value for the particular lattice constant to
yield the normalised ratio c,. Values smaller than 1 indicate a reduced height
of the (111) compared to an ideal fcc superlattice, whereas values larger than 1
imply excess scattering at lower gq. The values for both particles increased with
increasing 1-propanol concentration, i.e. for increasing solvent polarity, the (111)
peak disproportionately grows compared to the rest of the pattern.

3.4.2. Discussion

The results presented in fig. verify the findings from the previous project as
presented in section At 35°C, AuNPs stabilised with dodecanethiol crys-
tallised in a 3D superlattice upon addition of an equal volume of 1-propanol. The
strong redshifted portion in the UV /Vis spectra represents further evidence that
the particles form an agglomerate.

The structure factor peaks could be indexed as an fcc pattern. This proves two
points that were left as open questions from the previous project (section .

Ordered nanoparticle supercrystals, prepared by precipitation with 1-propanol,
adapt a fcc superlattice. The fcc lattice is a commonly found superstructure for
hard sphere assemblies [127] and has been shown to minimise the free energy of the
assemblies [128]|129]. While the fce structure has therefore been the most probable
candidate for the structure of ordered agglomerates grown by rapid destabilisation
so far (also based on the TEM studies on the electron transparent supercrystal
edges), this study gives the first proof for a fcc superstructure produced by rapid
destabilisation.

Already after 5 min of growth, static fcc nanoparticle superlattices form in sus-
pension. Based on the TEM results from the previous project, the presence of
the superlattices could only be shown for precipitates with 2h growth time that
were dried and put under the high vacuum inside a TEM. Preliminary TEM exper-
iments with aliquots taken earlier, e.g. after 10 min of agglomeration time, actually
were not able to detect any ordered agglomerates. Conversely, the domain size
(which represents a lower boundary for agglomerate size) was already in the range
of 100 nm after 5 min, a size that is feasible to find in TEM images. The presence
of superlattices after 5min could be shown for the first time.

The structure peak positions accord well with the expected positions of a fcc
lattice with a cubic lattice constant of a = 12.44nm. The ratios between peak
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heights display non-negligible difference compared with theoretical values. Espe-
cially the (111), (200) and (220) peaks are obviously aberrant. The variation due
to the form factor minimum does not explain the exaggerated height of the first
two peaks compared to the rest of the pattern. The increased height of the first two
peaks could be explained by an additional contribution of an amorphous scattering

peak, as explained in fig. [3.16,

For otherwise identical process conditions, the 1-propanol volume fraction and
hence the solvent quality for the Iigand#ﬂ determines the quality of the super-
lattices. The structure factor fits show that the ordered superlattice domains are
largestﬂ around 1-propanol volume fractions of f = 0.4 (15:9 and 7:5). Above and
below this concentration range, the ordered domain size decreases and the structure
peaks are less well-defined.

Below a threshold volume fraction f ~ 0.3 no agglomeration signal was detected
(at least for “Zheng” particles). In this case the Flory parameter x is likely smaller
than % and the interaction is too repulsive to allow agglomeration (see eq. )
A rough estimation based on the parameters from [23] suggests that the interaction
turns attractive for a 1-propanol volume fraction between f = 0.25 and f = 0.33.
This implies that due to the absence of agglomeration directly below the critical
value (3:1), the van der Waals attraction does not significantly contribute to the in-
teraction that is responsible for agglomeration. The superlattices display the largest
domain size at a 1-propanol volume fraction of f = 0.4.

This behaviour is corroborated by the optical measurements. When the spec-
tra are interpreted as the sum of a single particle and a redshifted agglomerate
contribution, the contributions are most separated around f = 0.4 and show less
pronounced superlattice contributions at the other volume fractions.

In fig. especially the (111) and (200) peak height appeared too large compared
to the rest of the structure factors. With the normalised % peak ratio it could be
shown that the first peaks disproportion grows with increasing solvent polarity. The
q range of the first superlattice peaks (¢ ~ 0.8nm™!) coincides with the expected
nearest neighbour peak of an amorphous agglomerate structure (see eq. )
The increasing relative intensity of the superlattice peaks in this range is likely
induced by the nearest neighbour scattering of a growing portion of agglomerated
sample that exhibits only close range order. This explanation also agrees with the
decreasing size of the ordered domains. It would imply that a portion of the particles

that are not incorporated in a regular superlattice form a glasslike agglomerate,

5In the probed range of volume fractions, the Hildebrand solubility parameter is proportional to
the volume fraction and the 1-propanol fraction is a direct measure for solvent quality.

5 Alternatively it would be possible to determine the agglomerate size from the Porod oscillations
caused by the agglomerate shape. The minimum is expected around ¢ = % (see eq. ,

[45]) and was not resolved here due to the limited minimum g ~ 0.06 nm™".
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giving rise to the additional amorphous part of the scattering pattern. Similar
variations in superlattice peak heights have previously been attributed to disordered
contributions and sensitivity variations due to the form factor oscillations [45].
The detailed partitioning of ordered and disordered portions, e.g. whether ordered
and disordered agglomerates form as separated bodies, or whether ordered and
disordered coexist as ordered crystallites joined by disordered grain boundaries,
can not be resolved based on the results presented here. Additional studies with
better low ¢ resolution could resolve the size of the surface of the agglomerates and
help to refine their structure.

For 1-propanol fractions below ~ f = 0.4, the peak ratio continuously decreases
to a value below the theoretical value. This marks the transition from a situation
where the pattern is dominated by the ordered superlattice to the case where single
particles dominate the scattering and the peak ratio is not a good measure due to
the small superlattice peak compared to the single particle bump (compare figs. [3.4
and .

The general trend in the experiments with ethanol as polar solvent was the same
(see appendix. For a reduced polarity, the superlattice appeared better defined.
This indicates a reduced amorphous fraction, as it is exemplified by the decline of
the normalised % peak ratio from 1.2 to 1.0.

The results from the 1-propanol experiments are not directly transferable to the
ethanol experiments. When comparing for instance the structure at f = 0.5 for eth-
anol and 1-propanol, the agglomerates produced by adding ethanol exhibit larger
supercrystalline domain size, smaller normalised peak ratio and a stronger superlat-
tice contribution in the absorbance spectra. So while all available measures indicate
improved superlattice quality for the ethanol-treated agglomerates, the argument
of increased attraction for lower solubility impeding ordered agglomeration would
suggest otherwise. The Hildebrand solubility parameter of a 1:1 mixture of disper-
sion and polar solvent is ~ 1% higher for ethanol (at 25 °C, dgion = 2.62 x 10* v/Pa
and 01— prop = 2.44 x 10% /Pa 24, [130]) and should therefore lead to less defined
superlattices. When comparing different polar solvents as agglomeration agent,
there are important effects beyond the solubility expressed by Hildebrand solubility
parameters. A different microscopic interaction between the ligand and solvent mo-
lecule would be conceivable, e.g. differences in the intercalation behaviour. Further
studies would be necessary to illuminate the solvent-specific effects.

The driving force for agglomeration is the decreasing solubility of the ligands in
the increasingly polar solvent. There exists a threshold solvent polarity that has
to be overcome to induce agglomeration (see previous paragraphs for an estimate).
In the light of the previous results (section , it appears likely that the results
presented here can be understood in the framework of mobility and interaction.
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While the attractive interaction is increased due to the reduced solubility of the
ligands, there has to be a change in mobility to explain the decreasing domain size
for increasing solvent polarities:

e One possibility are interparticle jamming effects. If the agglomeration rate,
which is controlled by the interaction strength, becomes too large, incoming
particles could prevent structural rearrangements of the particles already at-
tached to the agglomerate. This way, the resulting structure would be ordered
less.

¢ Another source for mobility variations could be solubility-induced changes in
the ligand layer structure, similar to the temperature-induced changes found
in section The solubility reduction of the ligands likely results in a
contraction of the ligands (see also next paragraph). This could reduce the
flexibility of the ligand layer, which is needed to allow the layer to act as a
lubricant between particles.

The more polar the solvent, the denser the packing of particles in the superlat-
tice becomes. While the error bars for the surface gaps appear large, this trend
is robust. Two effects related to the ligand solubility contribute to this behaviour:

o Interdigitation of the ligand layers of neighbouring particles allows surface dis-
tances smaller than two ligand lengths, as described in the next paragraph.
The reduced solubility of the ligands in the solvent induces a stronger at-
tractive interaction that pulls the particles together and increases the degree
of interdigitation.

o An increased polarity can induce an increasing collapse of the ligand layer (see
previous paragraph), effectively reducing the particle dimensions and allowing
closer approach of the particles. Collapsed layers allow less interdigitation, so
the actual direction of this change is unclear.

The role of the ligand coverage on the particle surface can not be deduced from the
results.

Ligand chain interdigitation accounts for the observed surface gap. The ligands
are attached to the particle surface via their thiol end group. The remaining alkyl
chain points in radial direction into the surrounding medium. Due to the curvature,
the area fraction of ligands on a spherical shell around the surface is larger close to
the surface, as illustrated in fig. (a). If the area density at a radial distance R;
is pi, the density at distance R, is

R
Po = Tabi (3.7)
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For the C12-stabilised “Wu” particles, this results in a density reduction of more

(b)

Figure 3.13.: (a) The ligand density in spherical shells around the core (p) depends
on the shell radius. (b) Ligand layer interdigitation flattens the density
profile along the centre-to-centre axis.

than 40 % from the surface to the sketched spherical shell that is 1.3 nm above the
surface and corresponds to the smallest gap observed in the measurements (see
fig. (c)). In fig. (b), two C12-stabilised “Wu” particles in closest approach
are sketched. The figure illustrates that even at this closest approach, the cone
enveloping the overlapping parts of the monolayers is relatively small.

The differences between “Wu” and “Zheng” particles with equal ligands are
relatively small. The “Wu” particles displayed slightly better defined superlattice
peaks in the scattering patterns and a larger redshifted part in their absorbance
spectra compared to the “Zheng” particles. The effect is small, especially when com-
paring the processed results. It could be explained by the smaller polydispersity
of the “Wu” particles compared to the “Zheng” particles (~ 7% versus ~ 10 %),
since polydispersity above 8 % is known to impede the formation of ordered super-
lattices |131H133|. The polydispersity could be related to the rivalling formation of
amorphous agglomerate fractions. Whether the ligand layer structure is different
due to the different synthesis protocols can not be assessed from the results.

In summary, two simple statements can be made:

o If the solubility of the ligands in the solvent is decreased, the superlattices
grow less ordered.

o The gap between particles decreases when increasing the solubility mismatch.

Both findings are readily explained by the solubility of the ligands. At higher
polarities, the ligand chains are less soluble in the continuous phase. The chains in
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a poor solvent collapse to a more compact conformation, whereas they increasingly
extend in solvents with increased solubility [40, p. 164]. A more compact layer allows
closer approach, explaining the smaller gap. On the other hand, more compact
monolayers are expected to be more rigid. Therefore the compact layers could
induce jamming and impede reorganisation of the particles attached to a random
site of the agglomerate. Conversely, the layers in the low polarity solvent are more
flexible and could actually lubricate the interface between attached particle and
agglomerate, promoting reorganisation in an ordered superlattice. Solubility alone
does not explain the difference between 1-propanol and ethanol precipitation, the
key difference could not be clarified here.

It has to be noted that a certain degree of polarity and the associated solubility
reduction (the solubility parameter of the solvent should be larger than the value
of the ligand) is necessary to induce agglomeration. Without polar solvent the
dispersions are stable and do not agglomerate.

3.5. Temperature Variation

The presented data so far was taken at temperatures above the expected minimum
temperature for the formation of ordered agglomerates T (based on section.
In this section, the boundary between the ordered and disordered region of the
pseudo phase diagram in fig. is crossed by variations of the experimental tem-
perature and the stabilising ligand length. Agglomeration was induced by mixing
equal volumes of 1-propanol and the respective particle dispersion. To emphasise
the structural information, the SAXS data is presented as structure factors here.
The flow rate of 1-propanol and the dispersion were set to 2.5uLs™!, resulting in
a total flow rate of 5puLs™! and the corresponding agglomerate growth times of
approximately 180s for the SAXS and 90s for the UV/Vis measurements.

3.5.1. Results

The experiments presented here are classified according to the stabilising ligand.
The difference between “Zheng” and “Wu” particles is introduced in section
Additional results on the temperature-dependant agglomeration of “Wu 2” particles
are described in appendix

3.5.1.1. Dodecanethiol

The crystallisation temperature for C12-stabilised particles is expected to be below
0°C and was thus not achievable with the water based temperature control em-
ployed here. Hence all C12 measurements were performed at temperatures where
the formation of ordered agglomerates is expected (see fig. [I.4).
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The structure factors and the respective model functions of all three C12-
stabilised batches agreed reasonably well (fig. (a)). The shape of all curves
were very similar. The most noticeable difference was the increasing height of the
structure peaks from bottom to top. Furthermore the peak position was slightly
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Figure 3.14.: (a) Structure factors of “Wu C12” and “Zheng Cl2a” and “C12b”
particles and their model functions, each with an offset of +3 begin-
ning from the bottom curve. (b) Available UV /Vis corresponding to
the measurements in (a). The spectra are normalised with the single
particle plasmon peak height.

different, consistent with the small variation in core size of the particular batches
(table[3.1). The difference in peak widths was difficult to assess visually due to the
difference in heights.

Technical issues impeded the acquisition of absorbance spectra for “Zheng C12b”
particles at 35°C and the “Zheng C12a” particles at 25°C. Only the absorbance
for “Wu C12” and “Zheng C12a” at 35 °C, normalised by the absorbance maximum
of the primary particles, are therefore presented in fig. (b). While the shape
of the spectrum resembled a single broad peak for the “Wu” particles, a single
particle peak and a second, redshifted contribution could be distinguished in the
spectra of the “Zheng” particles. At higher wavelengths, both curves converged.
The single particle contribution was more dominant for the “Zheng” particles, the
reasons remain to be discussed.

To illustrate the differences, the key parameters of the fits are compared in
table [3:2] In the probed temperature range, the superlattice structural parameters
did not change significantly, except a slight increase in the size of ordered domains
L of the “Zheng C12a” particles at higher temperatures. Although the changes are
insignificant, the weak trend in the surface gap ds correlates to the core size. The
normalised ratio of the (111) and (311) structure peaks ¢, differed slightly for the
particular batches. The similar-sized batches also showed a similar ¢, value.
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Table 3.2.: Fit results for different batches of C12-stabilised particles.

Sample ds (nm) L (nm) ¢y

Wu C12 35°C  2.8+0.2 101 1.43 £0.02
Zh C12b 35°C 2.7+0.3 103 1.44 +0.02
Zh C12a 35°C 2.6+0.3 97 1.53 £0.02
Zh C12a 25°C 2.6=£0.3 83 1.50 £0.02

3.5.1.2. Hexadecanethiol

The agglomeration of hexadecanethiol-stabilised “Zheng” and “Wu” particles was
observed (see fig. at different temperatures above and below T = 43 + 3°C,
the crystallisation temperature taken from fig. At lower temperatures, the su-
perlattice peaks were increasingly broadened; they gradually disappeared. At 25°C,
a single broad peak below 1 nm~! was the main feature of the structure factors. The
structure factors at 25 °C were fit with a modification of the superlattice structure
factor described in section (see fig. (a)). The fcc peaks were largely
damped by setting the FWHM to 10 and a Pseudo-Voigt peak (see eq. ) was
added to account for the amorphous peak (see eq. )

With the resulting amorphous peak positions, centre-to-centre distances of d¢te =
8.7nm for the “Zheng C16” particles and dcte = 9.21nm for the “Wu C16” particles
were found. Taking into account the average core size (table , this corresponds
to surface separations of 2.3 nm and 3.2 nm respectively.

For increasing temperatures, the fcc superlattice peaks gradually arose for both
particle types. At equal temperatures, the superlattice peaks of the “Wu” particles
were better defined compared to the “Zheng” particles. At 45°C, the superlattice
peaks for the “Wu” particles were 50 % higher compared to the “Zheng” peaks. To
further quantify the agglomerate morphology, the structure factors were fitted with
an extension of the aforementioned model function. As discussed in section [3.4]
the height ratios between the peaks are influenced by several factors which are
difficult to quantify. The height of the individual peaks can therefore be adjusted
independently, but their positions are still determined by the known fcc lattice and
they still share a common FWHM. To account for the error caused by the sensitivity
changes at the minima of the form factor, a peak with adjustable height with the
position and inverted shape of the minimum is added. Possible amorphous structure
factor contributions are modelled by adding another adjustable peak in the vicinity
of the (111) and (200) peaks. With these additions, the model function typically
fitted the structure factors reasonably well (fig.[3.16|(a)). The cubic lattice constant
a of the fcc superlattice was determined from the superlattice peak positions. With
a and the particle radii (table the average surface separation ds of the particles
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Results for agglomeration on AuNPs stabilised with hexadecanethiol
at different temperatures. (a) SAXS structure factors and (b) UV /Vis
absorbance spectra for “Zheng C16” agglomerates at different temper-
atures. (c) SAXS structure factors and (d) UV /Vis absorbance spec-
tra for “Wu C16” agglomerates at different temperatures. To enhance
visibility the structure factors are plotted with a constant offset of 3
between them, beginning from the lowermost curve. The absorbance
values were divided by the maximum absorbance of a stable dispersion
with equal concentration for better comparability.

in the lattice was calculated and compared to the ligand length in fig. (b). For
both particle types, the surface gap lay between the length of one and two ligand
molecules. The error bars were dominated by the uncertainty in particle core size.

Overall, dg of the “Zheng” particles was 10 % smaller than for the “Wu” particles.
In the superlattices, the interparticle distance slightly increased with temperature.
The variation between the distance in ordered and disordered agglomerates was
insignificantly small for the “Wu” particles. The interparticle gap in the glass-like
agglomerates sharply dropped for the “Zheng” particles. A simplified, but scaled
sketch of neighbouring particles in a close packed plane for both particle types
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Figure 3.16.: (a) Typical fits of the structure factors with the modified structure
factor model (purple lines) and the measured structure factors. The
curves are offset by 2 beginning from the lowermost curve. (b) Smal-
lest surface gap ds between next neighbours in the fcc lattice for differ-
ent temperatures. (c) Ordered domain sizes for different temperatures,
calculated from the peak width obtained by fitting. (d) 2D sketch of
next neighbours in the different superstructures.

at different temperatures (fig. |3.16 (d)) reveals the different volume between the
particle cores available for the ligand layers.

From the width of the peaks of the model function, the size of the ordered do-
mains was calculated (fig. (c)). At higher temperatures, the ordered domains
were larger. The “Wu” particles exhibited larger supercrystalline domains at lower
temperatures compared to the “Zheng” particles, which confirms the visual impres-
sion that the superlattice peaks were better defined.

The absorbance spectra (fig. (b) for “Zheng” and (d) for “Wu” particles)
drastically changed upon temperature changes. At lower temperatures, the spectra
could be described by a single, broad peak that is redshifted compared to the single
particle peak. The spectra at higher temperatures were composed of two contri-
butions. They exhibited a peak similar to the single particle peak (but weaker)
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and a second, broad contribution at lower energies. The absorbance values at high
wavelengths distinctly increased with increasing temperature. Modelling the spec-
tra with two peaks, as in fig. [2.2] did not reveal a clear trend here when fitting
the data. The normalised flocculation parameter decreased with increasing tem-
perature, likely because the superlattice-related redshifted part of the adsorption
increasingly lay above the maximum accessible wavelength.

3.5.1.3. Octadecanethiol

Octadecanethiol is the longest ligand employed here. This shifts the relevant trans-
ition temperatures to relatively high values (see fig. . The particles were handled
only above 30°C and the T, line was crossed by measuring at 45°C and 60°C
(fig. . The measurements were complicated by leaking fittings at higher tem-
peratures. Even after careful tightening of all connectors, air leaks occurred at
temperatures above 50 °C. The presented data were carefully selected and averaged
from raw data that contained no bubbles. The main feature of the structure factors
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Figure 3.17.: (a) Fits of the structure factors of agglomerating “Zheng C18”
particles at different temperatures with the modified structure factor
model (yellow lines) and the measured structure factors. The curves
are offset by 3 beginning from the lowermost curve. (b) UV /Vis spec-
tra with fits of the samples from (a). The spectra are normalised by
the peak height of the corresponding single particle measurements.

(fig. (a)) was a single amorphous peak. Superlattice peaks were not observed
for both temperatures. The surface gap ds between next neighbours, calculated
from the amorphous peak position with eq. and table was 3.3 = 0.6 nm.
It fell again between the length of one (2.45nm) and two (4.9 nm) ligands.

The UV /Vis spectra (fig. (a)) resembled the spectra of amorphous agglom-
erates from the previous part. A broad, redshifted peak was found for the meas-
urement at 45 °C, while the high temperature measurement only developed a small
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redshift compared to the single particle measurement. This was also reflected in
the normalised flocculation parameters P, = 1.2 for 60 °C and P, = 2.5 for 45°C.

3.5.2. Discussion

The agglomerates from the different C12-stabilised particles are structurally
very similar. All particle batches formed superlattices upon destabilisation at the
observed temperatures. The increase in domain size upon heating for the “Zheng
Cl12a” particles suggests that higher temperatures facilitate the formation of su-
perlattices. This agrees with the solubility argument from section Better
solubility (as it is caused by higher temperatures) leads to better defined superlat-
tices.

The fraction of amorphous agglomerates, estimated by c,, is only weakly in-
fluenced by temperature. When neglecting other effects, the slightly larger cores
of the “Zheng C12b” and “Wu C12” particles appear to reduce the formation of
amorphous agglomerates. While the differences in surface gap ds are insignificant,
the trend could be explained by the different sizes as well. The smaller curvature
of the larger cores of the “Wu” particles increases the effective ligand density at
the outer border of the ligand layer and therefore would allow less interdigitation
compared to the “Zheng C12a” particles.

The different morphology of the UV /Vis spectra of “Wu” and “Zheng” particle
agglomerates could result from the larger amorphous agglomerate fraction of the
“Zheng” particles (as indicated by the larger peak ratio). The superlattice reson-
ances are less pronounced and the single particle signal is therefore better visible
for the “Zheng” particles.

The structure of the agglomerates for C12-stabilised particles could be tuned
by changing temperatures. The findings of the previous project (section
are confirmed: At high temperatures, the particles form regular superstructures
with superlattices ordered on long ranges above 100nm. At lower temperatures
only close range order can be found. Ordered superstructures represent a free
energy minimum [128 |129]. Disordered structures form when superlattice growth
is suppressed by kinetic effects, often due to strong short-ranged attraction [134] as
explained in section [1.2.3.3]

Surprisingly, ordered superlattices appear gradually with rising temperatures.
This gradual emergence gives new insights in the basic principles of superlattice
formation. The current understanding of the structure formation process during
rapid precipitation (as outlined in section is that liquid ligand monolayers
promote the formation of ordered superlattices above a well-defined melting tem-
perature. The gradual manner in which the peaks appeared here suggests that the
monolayer melting appears gradually likewise.

104



3.5. Temperature Variation

At least a portion of molten ligands are present over a large temperature range.
Simulations on CdS nanorods passivated with alkyl chains showed a similar broad-
ening of the ligand layer melting on curved surfaces [135]. The transition was
smeared to a temperature range of up to 20 K.

An additional factor contributing to the range of the transition temperature could
be the finite width of the particle size distribution. In other simulation studies, a
dependence of the melting temperature on the core size was found [136]: Compared
to planar layers, the melting temperature of monolayers on a particle is reduced up
to 60 K. For decreasing particles sizes the melting temperature decreases. The rel-
atively narrow size distribution of the particles used suggests that the polydispersity
effect can not be the only contributing factor. The gradual appearance of ordered
superlattices with rising temperatures results from the smeared phase transition due
to curvature and the particle size distribution.

The size of the ordered domains increased with temperature. The effect of
temperature is very similar to the effect of changing the solvent polarity (see sec-
tion . Increasing the temperature increases the solubility of the ligand back-
bones, and therefore leads to larger ordered domains.

The surface gap between neighbouring particles appears to vary systematically
with temperature, even though the statistical uncertainty due to the particle
polydispersity is relatively high. This behaviour again resembles the solvent-
induced changes in the interspace between the gold cores in a superlattice. Higher
temperatures, similar to lower polarities, lead to a better solubility and result in a
smaller interspace volume.

These relatively small differences of the interspace volume of “Zheng” and “Wu”
particles appear much more pronounced when visualised with a simple sketch as in
fig. (d). Especially for disordered agglomerates, at 25 °C, the ligands of neigh-
bouring “Zheng” particles appear to almost contact both particle surfaces, when
sketched as perpendicular to the surfaces. The interspace for the “Wu” particle ap-
pears more commodious in the sketch. The direct effect of different polydispersities
(10% vs. 8%) on the packing efficiency (due to favourable combinations of dif-
ferently sized neighbours), and therefore on the apparent surface gap, is probably
negligible.

The difference in surface gaps for “Wu” and “Zheng” particles could be related
to the ligand layer structure. In fig. it was already shown that AuNPs are
not perfectly spherical on the microscopic scale. Faceted particles would allow
tilted ligand bundles on each facet, a phenomenon not represented in the simplified
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sketchﬂ Tilted layers would allow for closer approaches [137]. Due to the different
syntheses, differences in faceting of “Zheng” and “Wu” particles are possible.

Another possibility would be changes in ligand density. Low density ligand layers
allow for higher degrees of interdigitation and enable smaller surface gaps likewise.
Lower density layers will surely permit stronger tilting

Both assertions, different faceting or different ligand densities across different
syntheses, could not be backed by further data in the frame of this study but are
possible explanations for different surface gaps. The surface gap was not the only
structural feature differing between the “Zheng” and “Wu” particles.

Overall the “Wu” particle superstructure appears better defined compared to
the “Zheng” particles at equal temperatures. This is obvious from the sharper
peaks in fig. (a) or the consistently larger superlattice domain sizes in (c).
At equal conditions, the “Wu” particles display a larger tendency to form ordered
structures.

Polydispersity impedes superlattice formation, a result already known from early
theoretical studies |131]. Above a polydispersity threshold of ~ 8 %, the particles
tend to segregate in different fractions before crystallising [31} |133]. This segrega-
tion might however be suppressed by a glass transition [132, 13§].

A larger amount of amorphous agglomerate formation for the “Zheng” particles
due to the polydispersity could compete with superlattice formation and lead to
reduced ordering compared to the more monodisperse “Wu” particles.

Polydispersity is an additional explanation for differences in order formation
across the synthesis methods. Whether the microscopic surface structure or polydis-
persity is the dominant reason for differences between the agglomeration of “Zheng”
and “Wu” particles can not be decided based on the results presented here.

Increasing the core size increases the critical temperature of agglomeration.
The “Wu 2” particles stabilised with hexadecanethiol still lacked superlattice peaks
at 35 °C, a temperature at which “Zheng” and “Wu” particles, stabilised with C16,
already exhibit distinct higher order peaks as it is highlighted in (fig. (a)).
Similarly, the redshifted superlattice contribution in the UV /Vis spectra increased
for smaller radii.

When comparing the patterns of “Wu” and “Zheng” particles at equal temperat-
ures (fig. (a)), the superlattice peaks of the smaller “Wu” particles are better
defined, as the domain size illustrates (fig. (c)).

The size dependency of the formation of ordered superlattices could be related
to the already mentioned dependency of the ligand layer melting temperature on
the core size: For larger particles with smaller curvature, the ligand layer melting

"Tilted bundles are presumably concomitants of freezing ligand layers.

106



3.5. Temperature Variation

temperature is larger [136]. Likewise, the ligand layer is less effective at lubricating
contacts between particles and the resulting superlattices are less ordered for larger
particles when compared to smaller particles at equal temperatures.

Alternatively, the van der Waals attraction also increases for larger cores. Since
both effects affect the attractive force in the same direction, it is difficult to assess
their relative importance, but safe to assume that both effects play a role.

The structure peaks can be attributed to static structures. The main feature
of the amorphous structure factors is a single peak at ¢ values smaller than the
position of the first form factor minimum. In contrast to the fcc pattern of the
ordered superlattices, a single peak does not necessarily imply that the sample is
an arrested state and formed a static agglomerate. Already for the most simple
interaction potential, the hard sphere potential, the structure factor of the inter-
acting, unagglomerated dispersion exhibits a peak [139, |140].

A classical criterion to distinguish frozen, agglomerated states from interacting
liquid like states is the Hansen-Verlet freezing rule |141} |142]. According to the
Hansen-Verlet criterion, the first structure factor peak amplitude should exceed
2.85 for a solid structure.

The amorphous agglomerate structure factors observed at 25 °C for the “Zheng”
and “Wu” particles are too small to satisfy the Hansen-Verlet condition. Conversely,
the UV /Vis spectra exhibit a distinct redshift, a feature generally attributed to
the formation of agglomerates. Additionally, most (111) peaks observed so far do
not exceed the threshold amplitude either, although the mere presence of the fcc
patterns clearly proves that static agglomerates have formed.

The resolution is probably a persisting fraction of dispersed particles still present
in the agglomerating sample. By calculating the agglomerate structure factors
through division of the scattered intensity with the measured effective form factor,
it is implicitly assumed that the particle amount in the agglomerate is equal to the
bulk concentration in the stable dispersion. As long as there is a finite fraction of
dispersed particles not attached to agglomerates, the divisor will be too large and
the calculated structure factor has a smaller magnitude than the actual structure
factor of the agglomerates.

Since it has to be assumed that during all the measurements presented here,
a certain fraction of particles remains dispersed, the amplitude of the structure
factors is underestimated to a certain extent in all cases. The actual fraction of
dispersed particles is not directly accessible from the measured data.

Evidence for superlattice formation of octadecanethiol-stabilised particles could
not be found in this study. No superlattice peaks could be distinguished in the
measurements presented here. The structure peak and the flocculation parameters
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were much smaller in magnitude for the high temperature measurement compared
to the lower temperature measurement, indicating a significantly reduced degree of
agglomeration in the observed sample. The reduced degree of agglomeration could
be induced by the increased ligand solubility due to the higher temperature. Early
studies on the ligand layer structure of smaller monolayer protected nanoparticles
found a strong intercalation of solvent molecules between C18 ligands that could
block the formation of agglomerates at higher temperature [50]. However, due to
the air leaks at 60 °C, reliable conclusions on the high temperature measurements
are impossible.

Ligand solubility alone does not explain all results. When considering only res-
ults for a single ligand length, the solubility of the ligands could explain the temper-
ature and polarity dependence of the agglomerate structure, since better solubility
in the polar solvent leads to better defined superlattices. When comparing dif-
ferent ligands it becomes clear that longer ligands require higher temperatures to
form ordered agglomerates. The solubility argument would actually suggest the
opposite behaviour, since longer ligands have larger solubility parameters, the sol-
ubility difference to the polar solvent and therefore the ligand-mediated attraction
is actually smaller. A ligand-specific effect, likely the phase transition described in
section would fill the obvious gap in the model.

3.6. Early Stages of Agglomeration

The majority of the experiments presented so far were performed at a constant
total flow rate of 5puLs™!, corresponding to delay times of 3min and 1.5 min for
the SAXS and UV/Vis measurements (see fig. [3.2). In this section, higher flow
rates are applied to observe younger agglomeration states, with reaction times as
small as 1s.

To asses the earlier stages of agglomeration, the total flow rate of the agglomer-
ating sample was varied from 5pLs™! to 150 uLs™!. Based on the resulting mean
flow velocities and the flow path length, the “average” agglomeration times at the
SAXS detector ranged from 1s to 55s. The average agglomeration time (corres-
ponding to twice the lower boundary in fig. is used in the following to describe
the different observed agglomerate stages.

The solvent composition was fixed to a volume ratio of 1:1 between 1-propanol
and n-heptane for the measurements presented in this section. “Zheng C12a” and
“Wu C16” particles were used to observe different particle types. The difference
between “Zheng” and “Wu” particles is introduced in section [3.2.1] The tem-
perature was varied to observe the agglomeration process above and below the
crystallisation temperature.
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3.6.1. Results
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Figure 3.18.: (a) Structure factors of “Wu C16” agglomerates at 45 °C after various

growth times, with an offset of 3 between the curves. The fit func-
tions are plotted as yellow lines.(b) UV/Vis absorbance spectra of
“Wu C16” agglomerates at 45 °C after various growth times. (c¢) Su-
percrystal domain sizes of the “Wu C16” particles, calculated from the
fitted FWHM from (a). (d) Supercrystal domain size for equivalent
measurements with “Zheng C12a” particles.

The agglomeration of “Wu C16” particles was observed at 45 °C, thereby above
the critical temperature for the formation of ordered agglomerates fig.[3.18] The su-
perlattice structure factor peaks, introduced in the previous sections, were visible

for all agglomerate ages (fig. [3.18] (a)).

Older agglomerates exhibited more pro-

nounced peaks, indicating the progression of agglomeration in the observed time

frame.

This was further corroborated by the UV /Vis measurements (fig. (b)). As

the age of the

observed agglomerates progressed, the spectra displayed an increasing
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3. Agglomeration of Unpolar Gold Nanoparticles

redshifted portion, while a small peak in the range of the single particle peak
(table was retainedﬂ

A relatively large increase in the superlattice domain size L was observed between
3s and 65 (fig. (c)). After 55s the domain size significantly increased, but at
a smaller rate compared to the initial step.

The surface gap ds did not change significantly on the observed time scale. The
average gap, ds = 3.3 + 0.2nm, was found to lie between the length of one and two
ligand molecules.

The normalised peak ratios of the structure factor peaks fluctuated between 1
and 2 without any clear trend in agglomeration time dependence.

The results for “Zheng C12a” particles at 35 °C were analogous. Their superlat-
tice domain size increased likewise with agglomeration time (fig. [3.18[(d)).

The structure factor peaks arose gradually over time. The calculated surface gap
in the superlattice, 2.6 + 0.3 nm, was again between one and two ligand lengths.

As an example for amorphous superstructures, the agglomeration process of “Wu
C16” particles was studied. The structure factors (fig.[3.19| (a)) lacked the superlat-
tice peaks observed at 45 °C. The main feature was a broad peak, characteristic for
amorphous agglomeration. The difference between the curves is difficult to discern
visually.

The UV /Vis spectra (fig. (b)) exhibited a growing redshifted portion. In
contrast to the otherwise identical measurements at 45 °C, the shape resembled a
single, shifted peak for all times.

The FWHM of the amorphous peak was determined from the peak fits in
(fig. (a)). The Scherrer equation eq. (3.4), although actually derived for peri-
odic superstructures, was used to estimate an effective size of the agglomerates.
The effective size of the amorphous agglomerates (fig. (c)) and the domain size
of the ordered superlattices (fig. [3.18|(c)) followed a similar curve. After increasing
steeply at early stages (¢ < 10s), the growth slowed down.

The average surface gap of next neighbours did not change with time
(fig. (d)). The average value ds = 3.0 £ 0.2nm was found to lie between one
and two ligand lengths, but was slightly smaller compared to the value at 45 °C.

8 After increasing continuously with age, the normalised flocculation parameter dropped sharply
for the oldest agglomerates. The absorbance due to the superlattice likely extended to
wavelengths larger than the measurement range, the values were therefore only partially useful.
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Figure 3.19.: (a) Structure factors of “Wu C16” agglomerates at 25°C after vari-
ous growth times, with an offset of 3 between the curves. The fit
functions are plotted as yellow lines.(b) UV /Vis absorbance spectra
of “Wu C16” agglomerates at 25°C after various growth times. The
spectra were normalised with the absorbance at 400 nm to emphasise
the changes in shape. (c¢) Effective agglomerate sizes, calculated from
the fitted FWHM from (a). (d) Surface gap between next neighbours
in an agglomerate. Calculated with the Ehrenfest relation and the
known core size.

3.6.2. Discussion

The agglomeration progress could be traced by adjusting the flow rate. The
domain size of ordered agglomerates grew over time. Under the assumption of single
domain agglomerates, which is justified by the TEM appearance of crystallites
(see section , the domain size directly measures the agglomerate size. For
polycrystalline superlattices it should at least be a proxy for the true size.

The decrease in peak width of the amorphous peak can be understood as a
measure of agglomerate size too. While a glass-like agglomerate structure does
not possess long range translational order, the close-packed nature and the mon-
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3. Agglomeration of Unpolar Gold Nanoparticles

odisperse particle size entails a certain short range order, leading to a correlation
peak in the interparticle distance distribution. The range of this spatial ordering
can be expressed as the size L from the Scherrer equation eq. [116].

For both types, ordered and disordered agglomerates, the initial growth is fast and
slows down at later stages. The curvature suggests diffusion-limited agglomeration
(see eq. ) for all growth curves. Fitting the curves with eq. , however, yields
unrealistically large fractal dimensions df > 4.0 for all cases. This corresponds to
a slowed down process compared to truly diffusion-limited agglomeration. It is
likely a result of the steric stabilisation acting as a barrier (see section .
The barrier effect of the steric stabilisation is not strong enough to result in truly
reaction-limited agglomeration in the experiments discussed here, possibly as a result
of the additional attractive forces mediated by the ligand layer interaction.

The superlattice structure has formed already after a mean agglomeration time
of 3s. The upper boundary for the agglomerate age corresponding to that flow
velocity was 5s. Consequently, the superlattices observed in this chapter formed
after less than 5s. The domain size for the youngest agglomerates from “Wu C16”
particles (~ 2.7s agglomeration time) was around 70 nm, corresponding to approx-
imately 300 particles in the average agglomerate (assuming spherical shape and
close packing). The youngest agglomerates (~ 5.5s agglomeration time) of “Zheng
C12a” particles are sized similarly (72nm). Due to the smaller contour of the
particles, this corresponds to approximately 640 particles per agglomerate.

3.7. Summary and Conclusions

The structure of agglomerates prepared by in-flow addition of polar solvents to
the originally unpolar dispersion of gold nanoparticles stabilised with a particular
alkylthiol, could be controlled by tuning the process parameters

« solvent composition (smaller incompatible solvent fraction increases ordering)
and

o temperature (higher temperature increases ordering).

In previous studies, the temperature influence on the agglomeration of particles
from a common synthesis method with different ligands was examined. New re-
search objectives here were the influence of the solvent composition, early stages of
the agglomeration process and a broader range of particle types.

Adjusting the solvent polarity and therefore the solubility of the ligand layer
allowed to
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o tune the degree of ordering (a smaller incompatible solvent fraction increased
ordering due to smaller short-ranged attraction) and

« change the lattice spacing of the particles in the superlattice (increased polar-
ity reduced the lattice parameter by shrinking the layers and increasing the
attraction).

Both effects have not been observed before. However they are readily explained by
the previously devised solubility-based model.

Temperature could also tune the structure of agglomerates. Increased temper-
atures improved the size of ordered domains and slightly increased the lattice con-
stant, similar to the solvent-induced solubility changes and could be explained by
a temperature-induced change of the ligand solubility.

The improved superlattice quality for increased ligand solubility is related to the
short-ranged attraction induced by insoluble ligand layers. Increased short-ranged
attraction is known to impede the formation of ordered superstructures [134].

The basic solubility argument however does not explain the variation between
different ligand lengths. The decrease of the ability to form ordered structures for
increasing ligand lengths at otherwise identical conditions exposes the ligand layer
melting as an additional contribution to the structure formation mechanism. The
ligand-specific temperature dependence is caused by the reduced contact lubrication
of frozen layers compared to molten ligands [48] (see also section [1.2.3.3).

The trends in structural changes for agglomerates of particles synthesised by the
“Zheng” and “Wu” method were similar for both solvent and temperature variation.
While the magnitude of superlattice size and lattice parameter differed slightly,
the clear trends indicate the importance of the ligand layer for the agglomeration
process.

The monolayer melting transition during temperature variation experiments was
partially masked by the convolution of size distribution and agglomerate age dis-
tribution effects. The hydrodynamic dispersion and the fouling effects are the main
drawbacks of the flow-based method surfacing in this chapter.

On the other hand, the stable process parameter control and coupling of dif-
ferent detectors proved effective. The most significant virtue of the flow system
is the possibility to observe early stages of agglomeration with virtually unlimited
integration times. This allowed to demonstrate for the first time that the super-
structure previously found after 2h is an fec structure that already forms after 5s
and grows continuously. The superlattices displayed a more strongly redshifted
contribution in their absorbance spectra compared to the disordered agglomerates,
i.e. the optical properties can be tuned by changing the degree of ordering and optical
characterisations could be used to evaluate the degree of ordering.

The analysis methods developed in this research, namely fitting the effective
structures with variable height to determine the degree of ordering in agglomer-
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3. Agglomeration of Unpolar Gold Nanoparticles

ates, is applicable for many other systems with competing ordered and disordered
structure formation.

Also considering the findings from chapter [2] it could be demonstrated that the
agglomeration process of isotropic nanoparticles under varying solvent conditions
can be studied in steady state using the flow-based approach constituting this re-
search. In chapter[d]the research topic is extended to structure formation techniques
for anisotropic nanowires.
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4. Agglomeration and Alighment of
Unpolar Gold Nanowires

4.1. Introduction

Nanostructures with controlled anisotropy are a promising material for nanotechno-
logy. When anisotropic colloids are used as building blocks, they can be aligned dur-
ing processing to achieve an anisotropic material. Nano-textured surfaces provide
controllable wetting [143], tunable optical properties [144, |145], and can serve dif-
ferent purposes in novel electronic devices, e.g. conductors in future self-assembled
molecular scale circuits [146] or as transparent conductive films [147, |148].

Colloidal Gold Nanowires (AuNWs) are particularly useful for transparent con-
ductive coatings due to their good specific conductivity and their thinness [149].
The coating can be applied in a cost- and material-efficient wet coating process dir-
ectly from solution [150-152] and could become a cheaper and more flexible than
the traditional indium, tin oxide process [153]. Aligned AuNW films would allow
lower concentrations and therefore better transparency while retaining identical
conductivity in one direction compared to an isotropic layer.

When a constant flow field is used for feeding a wet coating system, it could,
additionally to the transport, be used to align anisotropic coating particles and
produce an aligned film on the surface. Anisotropic particles align in a shear field,
a result from seminal studies on complex fluids [154]. When a pressure-driven
Poiseuille flow enters a constriction, velocity and shear increase, which increases
the alignment of the long axis in flow direction [54].

One topic of this chapter is to find the process parameters and the related mi-
croscopic mechanisms that allow alignment of anisotropic AuNWs in a flow field. A
laminar flow in a simple cylindrical tube is shown to induce a shear field, sufficient
to induce significant alignment in highly anisotropic AuNWs.

While spherical particles are known to readily assemble to ordered superlattices
(see section , building superstructures from anisotropic particles requires more
acumen [155]. Ordered [156] and aligned |157] superstructures of shorter semicon-
ductor nanorods have been demonstrated. In this chapter, methods to create and
align ordered superstructures of longer AuNWs stabilised with oleylamine (OAm)
are discussed. Their structure and alignment is assessed by analysing two dimen-
sional SAXS patterns.
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4. Agglomeration and Alignment of Unpolar Gold Nanowires

One finding in this chapter concerns the stabilisation of the AuNWs. By changing
the concentration of the stabilising surfactant, the double role of the molecules in
the self-assembly of the ordered superstructures is proved. It serves to passivate
the surface and as a dissolved molecule mediating a depletion interaction.

The depletion interaction (section has been shown to induce 2D crystal-
lisation in simulations of anisotropic particles when adding nonadsorbing polymer
[158]. Recent publications suggest that it tips the scales for the self-assembly of
isotropic [159] and anisotropic colloids [156] when depletants are present. The in-
teracting surfactant molecules employed in this study are shown to have a similar
effect.

Overall a process to create a hierarchically assembled and aligned material is
explored both on the level of the relevant macroscopic and microscopic parameters.
How the process can be integrated in a coating process remains to be examined in
further studies.

4.2. Methods

The (super)structure of gold nanowires and their behaviour in a flow field were
studied using SAXS. The data analysis methods as well as the wire synthesis are
briefly introduced in this section.

4.2.1. SAXS

The SAXS data presented in this chapter was acquired with a laboratory scale
SAXS-machine, the XEUSS 2.0 from XENOCS, using a PILATUS3 R 1M X-ray
area detectoﬂ the principle setup is sketched in fig. The single image acquisi-
tion time was 60s. 6-50 images were summed up and divided by the total acquisi-
tion time for every measurement. To facilitate correct background subtraction, the
same flow-through capillary was used for background and sample measurements and
the transmission was corrected using transmitted intensity data from a PIN-diode
in the beam stop. The sample to detector distance was determined by calibration
with silver behenate after every change of the setup.

The flow rates were controlled with a gas tight glass syringe in a cetoni
“NEMESYS” syringe pump. FEP tubing with 762 pm inner diameter was used
to connect the syringe to the glass capillary with 0.9 mm inner diameter.

For aggregates of (approximately) identical subunits, a peak in (g) corresponds
to a recurrent distance between single scattering units [124, p. 72]. In the case
of regular packings, the distance corresponds to the distance between planes of

!The detector has pixels with 172 um x 172 um and was placed at distances from 0.4m to 1.2m
to the sample position.
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the (super)lattice. The centre-to-centre distances dgtc in fig. and fig. were
derived from the first peak (h = 1, k = 0) according to the equation for the maxima
in scattering patterns of two dimensional hexagonal lattices [119]:

4
max h7 k)= h? + k?2, 4.1
Gmax (h, k) TV (4.1)

here h and k are the Miller indices of the peaks.

A typical 2D pattern of as-synthesised nanowires is drawn in fig. (a). For dis-
play purposes, masked detector areas, e.g. in fig. [4.5 were filled with the centrosym-
metrically reprojected intensity value when available, minimising the dead area to
three smaller fields (fig. (b)).

(a) 9.0

q- (nm‘l)

-6.0 -4.5 -3.0 -1.5 0.0
4z (nm‘l)

10 0% 1077 107!
Intensity (cps)

Figure 4.1.: (a) SAXS Detector image of as-synthesised AuNWs. The rings indicate
bundling. (b) For display purposes, masked detector areas were filled
with the centrosymmetrically reprojected value when available. (c) To
characterise anisotropy, the dependency of the integrated intensity of
the first peak (i.e. in the area enveloped by the lines in the pattern)
on the azimuthal angle ¢ is analysed. The nematic order parameter is

calculated according to egs. and .

To quantify the anisotropy of the 2D SAXS patterns, the intensity of the first
peak was integrated according to the scheme in fig. (c): The radial range of the
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4. Agglomeration and Alignment of Unpolar Gold Nanowires

peak was defined as 0.6nm~! < ¢ < 0.9nm~!. The dependency of the intensity

in this area on the azimuthal angle ¢, I(¢) was calculated and the symmetry of
the patterns was used to transform the angular range of ¢ € [0°,360°] to the range
of ¥ € [0°,90°]. In this form it is related to the orientational distribution f(¢) of
anisotropic scatterers. If there is a preferential orientation, the average direction
of the long axis of the scatterers is often referred to as director. f(1}) describes the
distribution of the angles between the long axis of the scatterers and the director.
Since the intensity pattern I(y) represents a projection of the 3D orientational
distribution, the possible orientations out of the plane parallel to the detector area
have to be accounted for and the scattered intensity is proportional to the integral

19) ~ [ F(@)dw, (42)
where w is the angle between the scatterer’s long axis and the X-ray beam, and
cos ¥ = cos psinw. (4.3)

A numerical routine was realised in Python using the NumPy and Imfit packages
to allow fitting of a numerical representation of the integral in eq. to the
data. A Pseudo-Voigt peak function was chosen to represent a generic orientational
distribution, since a parametrisation of the shape was needed to perform a fit.

To obtain a representative number for the anisotropy of the scattering patterns,
i.e. the scatterers themselves, the nematic order parameter [160, p. 24]

3cos? — 1
5o (o) "

was calculated. The brackets indicate an ensemble average and ¢ is defined as
above. The nematic order parameter is 0 for an isotropic orientational distribution
and takes typical values from 0.4 to 0.8 for nematic liquid crystal phases [160, p. |.
It can be calculated from the orientational distribution function f(¢) [161] as

Bl 29 —1
S = /2 f(z?)?)cosf sin 9dd, . (4.5)
0
The orientational distribution is normalised, such that
| @) sinoas = 1. (4.6)
0

4.2.2. Gold Nanowires

The wires were synthesised following a protocol adapted from [162]. In a typical
synthesis of 10 mL. AuNW dispersion, 34 mg of chloroauric acid were dissolved in a
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mixture of 1.9mL OAm and 6.44 mL n-hexane to form a yellow solution. 1.66 mL
triisopropylsilane were added as a reducing agent and the solution was stirred vig-
orously for 30s. The reaction solution was then flushed with argon and left undis-
turbed at room temperature over night. The wires slowly formed, indicated by a
gradual colour change to dark red.

To remove residues from synthesis, aliquots were precipitated by adding the ap-
proximately threefold amount of ethanol and centrifugation. After removing the
supernatant, the precipitate was redispersed in n-hexane and precipitated again fol-
lowing the same protocol. The resulting precipitate of the aliquots was redispersed
in different solvents, while keeping the initial volume fractions, to find the most
suitable solvent. The solvents used here were hexane and cyclohexane. The wires
are dispersed after gentle shaking, as indicated by the disappearance of the precip-
itate. To exclude kinetic effects on bundling, the solutions were left undisturbed
over night before measurement unless stated differently.

4.3. Nanowire Bundling

In this section the influence of different solvent conditions on a stagnant nanowire
dispersion is examined.

4.3.1. Results

The experimental results for separated wires are presented separately from the
results fur bundled wires.

4.3.1.1. Primary Nanowires

The characterisation results for isolated AuNWs are shown in fig. The TEM
image illustrates the high aspect ratio and the small diameter (< 2nm) of the
AuNWs. The minimum in the SAXS pattern of AuNWs dispersed in cyclohexane
was fit with the form factor of a cylinder [84, 163] using the SASfit software package
[164).

The AuNW radius determined from the fit was 0.85 + 0.08 nm, in good agreement
with the TEM results. The length of the wires is larger than the TEM image section
and beyond the resolution of the SAXS machine. Based on literature reports [165],
we estimate the length of the wires to be on the order of 1 pum. The wires can
be visualised as long, straight cylinders. Their persistence length [166] at room
temperature can be estimated as Lp = 15 11m, based on their radius and the elastic
modulus of bulk gold [91, pp. 624 ff.]. Since the estimated wire length is much
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Figure 4.2.: (a) TEM image of AuNWs. (b) SAXS pattern of well-dispersed, isol-
ated AuNWs in cyclohexane.

smaller, it is safe to assume that the wires are not bent or coiled while in dispersion,
because thermal energy is not sufficient to overcome the bending rigidityﬂ

2The bent appearance in the TEM image in fig. is likely an artefact of the drying process
prior to imaging.
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4.3.1.2. Bundled Nanowires

To clean colloidal dispersions from synthesis residues, it is common practice to
precipitate the product, remove the supernatant and redisperse the precipitate in
pure solvent (“washing”). Results on the effect of the washing are presented in the
following.

In fig. (a) the scattering patterns of as-synthesised AuNWs and the dispersion
in hexane after washing are plotted (the curves have a constant offset for better
visibility). Both patterns matched the pattern of a two dimensional hexagonal
lattice, the indices of the peaks are shown for the as-synthesised wires. Their oc-
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Figure 4.3.: (a) Scattering patterns of AuNWs as-synthesised (solid black) and after
washing and leaving undisturbed for 1d (dashed purple), offset by
factor 10. (b) Evolution of the structure peak for washed AuNWs.
Scattering curves are offset by a factor 10°9. The inset shows the relat-
ive height of the first peak for different waiting times. (c) Sketch of the
bundle structure, similar to strands of steel rope. The as-synthesised
wires (left) were further separated than the washed wires (right).

currence proves the formation of AuNW superstructures with hexagonal symmetry
(in the plane perpendicular to the long axis) as it has been reported before for
as-synthesised AuNWs prepared by an almost identical route [165]. The bundles
can be imagined as bundles of wires, structurally similar the strands of a steel rope.
As an alternate model, they are structurally very similar to an ordered smectic
phase of a liquid crystal. The magnitude and shape of the background suggest
that a fraction of unbundled wires was still dispersed. The position of the peaks

121



4. Agglomeration and Alignment of Unpolar Gold Nanowires

was different, which reflects a different wire-to-wire distance in the bundles of the
as-synthesised and washed wires, as it is indicated in the graph.

The domain size determined from the peak width by the Scherrer equation
(eq. ) gives a lower boundary for the average bundle thickness. If the bundles
consist of a single domain, the bundle thickness and domain size are identical. The
average domain size of the as-synthesised AuNW bundles was L, = 63 = 8 nm. For
the wires after washing the bundles were slightly larger Ly, = 77 £+ 4nm. The values
were averaged over the first three peaks. Assuming perfect hexagonal symmetry,
the structure of a domain can be sketched as in fig. (c). Note that the metal
core of the AuNW had the same diameter in both cases, the different diameters in
the sketch represent the different centre-to-centre distances.

Immediately after redispersing the precipitated wires, the structure correlation
peak was absent (bottom curve, ¢ = Omin in fig. (b)). It slowly emerged
over the course of several hours, as it is noticeable in the other scattering patterns
in the graph (the curves are plotted with a constant offset to the previous for
better visibility). This can be traced by plotting the height of the peak above the
background (h in the enhanced area on the bottom right of fig. (b)) versus time,
as in the inset on the bottom left. The growth of the peak was fast in the beginning
and reached a plateau after approximately 100 min.

Excess oleylamine present in the as-synthesised dispersion is supposed to be re-
moved during the washing. To study the effect of removing the OAm, its volume
fraction ¢oam in the as-synthesised dispersion was varied by either adding pure
hexane or pure OAm in different amounts. The SAXS patterns in fig. (a) indic-
ate a clear dependency of the distance between the AuNWs inside the bundle dc.
on the OAm volume fraction ¢oam, highlighted in fig. (b). The more free OAm
was present in the solution, the closer together the single wires were in a bundle.
Although the plotted graphs were corrected for the reduction of gold concentra-
tion by adding more solvent to the solution, the peak height for the reduced OAm
volume fractions is considerably smaller than for the as-synthesised concentration,
indicating a lower fraction of bundles

The oleylamine was not the only factor contributing to wire formation. From
fig. [1.3]it is already clear that the AuNWs bundles in the washed dispersion, where
the free OAm concentration should be close to zero, were packed closer together
than the wires in the bundles in the as-synthesised state, where free OAm has a
volume fraction of 0.2. This OAm concentration was added again to the washed
dispersion and the bundling peak disappeared after less than 5min and no peak
emerged until the following day.
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Figure 4.4.: (a) SAXS patterns (offset by a factor of 10) of AuNW bundles as-
synthesised and with adjusted OAm volume fractions and (b) the res-
ulting centre-to-centre distances. (c) Comparison of washed AuNW
dispersions, with added OAm and the as-synthesised dispersion (offset
by a factor of 10%4).

4.3.2. Discussion

The in situ SAXS patterns presented here allow insights on the dispersion state of
the AuNWs not achievable with straightforward TEM studies, because the drying
process masks the true solvated structure. The solvent quality played a role in the
bundle formation process. The SAXS patterns of wires dispersed in cyclohexane
(fig. clearly did not show bundling peaks, as opposed to the patterns in hexane
(fig. . From a colloidal stability point of view, cyclohexane is a better solvent
than its linear counterparﬂ The relatively high background around the peaks for

3The same behaviour was observed for octane and its cyclic counterpart. While there were no
structure peaks for the AuNWs dispersed in cyclooctane (separate wires), there was a hexagonal
pattern with identical peak positions to the ones presented here for AuNWs dispersed in n-
octane.
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all cases suggests, that only a fraction of the AuNWs was bound to bundles, there
was a significant amount of distinct wires in dispersion.

The van der Waals interaction between the gold cores strives to associate the
surfaces of distinct nanowires. Entropic forces can be both attractive and repuls-
ive. Oleylamine adsorbed on the AuNW surface provides steric stabilisation of the
dispersed AuNWs by counteracting the attraction with an repulsive entropic force
and hindering direct, irreversible contact of the gold surfaces |22} p. 387], see also
section

While the steric stabilisation was sufficient to prevent precipitation, the attrac-
tion was strong enough to induce bundling for the wires dispersed in linear
alkanes. The reduced OAm content of the washed AuNW dispersion explains the
difference in interwire separation for the as-synthesised and the washed dispersion
(fig. . The centre-to-centre distance of the wires in the as-synthesised dispersion
was dete = 9.2 nm; the radius of the wires was determined as 0.85 nm. This results
in an interwire gap of approximately 7.5nm. With the length of a single OAm
molecule, ~ 2.1nm [167], it can be estimated that 4 OAm molecules filled the gap
between the gold cores of the AuNWs. This corresponds to an OAm double layer
surrounding every wire. Double layer protected wires were also found in literature
[165], which makes it a likely candidate for the true sample structure. The ligand
monolayer is likely in a crystallised state (similar to the situation of an alkylthiol
layer at low temperatures described in section , because the formation of a
second ligand layer in a liquid monolayer appears counterintuitive.

The gap between the washed wires in hexane measured ~ 3.8 nm, corresponding
to a monolayer of OAm surrounding the Wiresﬂ The as-synthesised wires were
stabilised by a bilayer of OAm. Washing the dispersion removed the second layer
leaving only a monolayer.

The parallel orientation of the wires, necessary to form a bundle, was a direct
consequence of the highly anisotropic shape. For two interacting wires, a net torque
towards the parallel orientation exists for all configurations except parallel or per-
pendicular orientation. The perpendicular configuration is an unstable equilibrium;
the system is driven to the stable parallel orientation.

On the time scale of the measurements (several hours), the dispersions were
stable. No considerable sedimentation was observed. The growth of the bundles is
substantially slowed after a certain time (see the inset of fig. (b)) and a large
fraction of free wires remained. The steric stabilisation by the OAm was sufficient
to prevent unlimited bundle growth. The wires attached in a bundle are likely

4Additional measurements were performed for AuNWs resuspended in other linear alkanes and
yielded similar distances. Aromatic carbohydrates changed the interwire distance, while cyc-
lic alkanes impeded bundle formation. These results emphasise the impact of solvent ligand
interactions and will be published elsewhere.
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trapped in a secondary minimum of the energy landscape (see section [1.2.2.4]). The
bundles themselves are small enough to remain dispersed, therefore the dispersion
remains stable.

The OAm volume fraction dependence of the interwire distance reveals the
different mechanisms responsible for bundle formation. The as-synthesised wires
were surrounded by a tightly bound double layer of OAm. The amine groups of the
second layer were more likely directed in the solution than to the inside of the layer
for surface energetic reasons. The wires can be envisioned as a composite material
with a small gold core surrounded by a permanently adsorbed OAm bilayer, with
amine groups on the surface of the composite.

The interaction potential contributions that can be influenced by the free OAm
volume fraction are discussed in the following. The solvent quality for an adsorbed
surface layer changes the average height of the layer, similar to polymers dissolved
in solvents of different quality [22, p. 382]. When the outermost group is the amine
group, the effect should act in the other way around though (see also section [1.2.2.3))
and can be ruled out as an explanation here. The more free OAm is in solution,
the more expanded the bilayer should be, contrary to the observed trend.

A conceivable alternative explanation would be a change in the van der Waals
interaction due to the changed effective Hamaker coefficient, caused by the differ-
ent chemical composition of the medium between the wires. The relatively small
chemical difference of hexane and OAm makes a large variation appear unlikely.
Values for the Hamaker coefficient of OAm were not available to the author, it can
be estimated from the refractive indices based on the Lifshitz theory [22, p. 261].
The estimated Hamaker constant for OAm interacting through a hexane medium
is then Aopo ~ 4 x 10721J. While the effect can not be ruled out, the expected
small change in surface coverage appears as an unlikely explanation for the drastic
changes in distance observed here.

The huge excess of free OAm (¢ ~ 20 %, ~ 105 OAm molecules per gold nanowire
(AuNW)) from the synthesis could induce a depletion interaction force between
these composite wires. For higher depletant volume fractions, the attraction due to
the depletion interaction is increased likewise due to the increased osmotic pressure.
An increased depletion interaction due to higher OAm concentrations would push
the composite wires in a bundle closer together, in accordance with the observed
inverse correlation between distance and concentration. The depletion interaction
is often discussed qualitatively as an important force for self-assembly [156]. The
magnitude of the interaction energy Ugep per unit length L between parallel cylin-
ders with radius R can be estimated as

Udepl(d) _ 4 3
—5 = —g\/ﬁ(a—d) I1, (4.7)
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4. Agglomeration and Alignment of Unpolar Gold Nanowires

where d is the distance between the cylinder surfaces, o is the diameter of the
depletant and II is the osmotic pressure (using the number density of depletants p,
IT ~ pkpT for dilute solutions) [168]. The interaction energy at ¢ = 0.2 (where the
compression is already pronounced) can be estimated by assuming a rigid nanowire
with a diameter identical to the next neighbour distance in the bundle and a linear
relation for the osmotic pressure. With an estimated radius of gyration of 7/2 =
0.9nm, the interaction energy per unit length of wire of the depletion interaction at
20°C is Ud%l(d) ~ 0.4kgT - 1nm~!. With a wire length above 1pm, this results in
a considerable contribution to the interaction potential. The depletion interaction
explains the OAm concentration-dependant interwire distance in the as-synthesised
dispersion. The reduced peak height for the lowest OAm concentrations results
from a smaller fraction of bundled AuNWs, due to the reduced attraction.

The free OAm concentration in the washed dispersion was negligible compared
to the as-synthesised solution. Correspondingly the depletion interaction did not
play a role and the van der Waals attraction between the wires remains a likely
candidate for the attractive force generating the bundles. The smaller interwire
distance suggests that the second OAm layer around the wires is removed during
washing. The AuNWs can approach closer before the steric repulsion occurs and the
so-called secondary minimum, where the attractive and repulsive potentials form a
minimum, can be reached (see section [1.2.2.4). In this situation the AuNWs were
attached reversibly.

When additional free OAm was added to the washed solution, it was able to
break the attachment of wires, evident from the absence of the bundle peak in
fig. (b), possibly by reforming a second OAm layer. The as-synthesised AuNWs
displayed bundling at the same OAm concentration. This suggests that the other
solutes present in the as-synthesised dispersion and removed during washing, e.g.
the triisopropylsilane, enhanced the depletion interaction of the AuNWs. The hy-
pothesis of different driving forces in the as-synthesised and washed case is further
corroborated by the temporal evolution after washing (fig. (b)). Directly after
washing the wires were separated, it takes time for the bundles to form again.

Earlier speculations in literature that the dispersion interaction is the dominating
attractive force for the as-synthesised wires [165] are challenged by these results.
If the van der Waals attraction would be strong enough to stabilise bundles of
AuNWs surrounded by an OAm bilayer, monolayer protected AuNWs should not
disassemble upon addition of OAm. The understanding of the bundling process is
crucial to the preparation of materials, equally whether bundles or separated wires
are desired.
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4.4. Flow Influence

The nanowire bundles observed in the previous section represent one level of a
nanoscale superstructure constituted by AuNWs. Aligning anisotropic nanowires to
a second level of superstructure is favourable for many applications. In this section,
the adoption of the shear, originating from the pressure-induced flow field inside
the flow-through capillary, to create aligned nanowire superstructures is explored.

4.4.1. Results

The 2D scattering patterns of as-synthesised AuNWs were recorded in the flow-
through capillary for different flow velocities (fig. . The images were cropped
here to display only the first ring (induced by the bundling). Compared with the
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Figure 4.5.: 2D SAXS patterns of as-synthesised AuNWs at different flow velocities.

stationary sample, the patterns displayed increasing anisotropy for increasing flow
velocities. For anisotropic scatterers, the anisotropy in the scattering pattern is
correlated to the anisotropy in the orientation distribution of the scatterers .
The scattered intensity around the horizontal axis (polar angle ¢ = 0° and ¢ =
180°) increased, while the intensity at the perpendicular direction (¢ = 90° and
© = 270°) decreased with increasing flow velocity, corresponding to increased shear
rates.
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4. Agglomeration and Alignment of Unpolar Gold Nanowires

To compare the amount of anisotropy at the different velocities, the nematic
order parameter according to eq. (4.5) was calculated (fig. [4.6)). The coloured tri-
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(a) The orientational distribution fitted to the azimuthal distribution
of scattered intensity according to eq. (4.2)) for different flow velocities.
(b) The resulting nematic order parameter as a function of flow velocity.

angles were calculated for measurements conducted one day after the others. While
the absolute value of the S values was offset for the second set of measurements,
the trend stayed the same: The nematic order parameter clearly increased with in-
creasing flow velocity (fig. , which correlates to the visual impression of fig.
For increasing flow velocity, the orientation of the sample increased.
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Figure 4.7.: (a) The flow profile imposed on the system by the syringe pump.
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(b) The alignment response of the wires to the imposed flow profile.
The fast dynamics prove that the alignment is induced directly in the
capillary.



4.4. Flow Influence

The temporal evolution of the anisotropy was investigated to illuminate the mech-
anism responsible for its formation. Image series with 5s integration time were
acquired, while the syringe pump created a flow rate step profile with 0.5puLs™!
(fig.[4.7/ (a)). During the rising and falling edge, special care on synchronisation was
taken. The edges were triggered after 4 s of the current image acquisition. This way,
a change in the signal of this image indicates changes in the sample during the first
second, and the subsequent image contains information on the sample behaviour in
the following 5s.

The evolution of the nematic order parameter (eq. (4.5)) during the experiment
is plotted in fig. (b). The vertical lines mark the rising and falling edge of
the flow rate profile. It is clear from the data that even during the first second of
the onset/switch-off of the flow the anisotropy of the pattern increased/decreased.
After less than 30s, a steady state was reached.

4.4.2. Discussion

The results in fig. [4.5 and fig. [4.6] clearly show that the sample structure became
increasingly anisotropic with increasing flow velocity. It should be noted that
the aligned entity was here bundles of AuNWs, as indicated by the pronounced
hexagonal peak.

The bundles were well-oriented. The nematic order parameter continuously in-
creased with, attaining values characteristic of nematic liquid crystal phases at
higher velocities [169]. Even with the moderate flow rates applied here, it was pos-
sible to achieve good orientation of the AuNW bundles.

The driving force for the orientation of the AuNW bundles was the flow-induced
shear inside the system, evidenced by the flow rate dependencyﬂ Often an-
isotropic particles are aligned when the inner diameter is reduced along the flow
directionf’] The strongest reduction of diameter (by 97 %) was present at the syr-
inge. The alignment of anisotropic macromolecules or colloids at constrictions is
a current topic of research [54, |171] and a possible candidate for the origin of the
behaviour observed here.

Another ubiquitous shear field stemmed from the flow velocity gradient along the
radial profile of the parabolic velocity field (see eq. ) The shear rate  has
its maximum at the boundary with the inner wall of the system due to the steep
decay of the velocity profile and linearly decays to 4 = 0 at the centre r = 0.

The upper boundary for the time until the observed sample is fully orientated
for a mean flow velocity of 0.5uLs™! can be estimated as 7 < 30s from fig.

5The shear rate is discussed at the end of this discussion section.
51f the constriction is tighter than the long axis, alignment happens due to the geometric con-
finement [170].
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(the relaxation time at the end of the profile was on the same order). The time it
took to convect a AuNW at the centre of the flow field (where the fastest stream
line is found) from the syringe to the detector can be estimated as 7" > 480s
from measurements during replacement of pure solvent by AuNW dispersion. This
clearly excludes the constriction at the syringe exit as a source for the AuNW
bundle orientation.

While the steady-state took ~ 30s to develop (and also to relax), the onset time
for the process was on the order of 1s. This restricts the possible location for
the source of orientation to 1 mm upstream of the detection position. Considering
these boundaries and the clear correlation with flow velocity, the shear induced by
the parabolic flow field remains the most likely origin for the orientation of AuNWs
in the flow system.

The orientation of the AuNWs likely follows the shear profile and the degree
of orientation is expected to decay from the walls toward the centre. The spatial
distribution of orientation could not be resolved in this research due to the restricted
minimum beam size available. The kinetics of the orientation was faster than the
time resolution. Both, the spatial and temporal resolution issues, could be overcome
by repeating similar experiments at a microbeam synchrotron source.

The dynamics of anisotropic particles subject to Brownian motion and an external
flow field are poorly understood [172]. To get an estimation of the balance between
diffusive and convective behaviour, it is useful to define a rotational Péclet number

Y
Pe, = Dy (4.8)
where 7 is the shear rate and

~ 3kpTIn ()

D,
mnL3

(4.9)
the rotational diffusion coefficient [173|. L denotes the length of the anisotropic
particle and D the diameter. 7 is the dynamic viscosity of the solvent.

D, ~ 36s~! is an approximate value for the rotational diffusion coefficient. The
input parameters were estimated as 7' = 298.15 K (room temperature), D = 63 nm
(average domain size of bundles), L = 1um (expected length of a single Wir(ﬂ)
and n = 0.3mPas (viscosity of hexane as a lower boundary [174]). The shear rate
depends on the radial distance from the centre of the capillary. For the sake of this
estimation, the area average of the shear (see eq. ) is calculated. The area
average shear assumes values from 4 = 0.77s7! for 0.05 pLs~! to 4 = 1531s~! for
100 pLs~t.

"The bundles could be longer than the single wires. Greater lengths would lead to even larger
Pe, and support the following argument.
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Consequently, the rotational Péclet number assumes values from Pe, = 0.02 for
0.05uLs~! Pe, = 42 for 100pLs~!. For flow velocities larger than 2.5 uLs™! the
Péclet number is larger than 1 and the flow field dominates rotational diffusion. This
explains the relatively small changes in orientation at higher flow rates. Although
some approximations had to be made, the large values clearly corroborate that the
shear field indeed dominates the orientational dynamics of the wires.

4.5. Conclusions

The dual role of oleylamine for the stability of ultrathin gold nanowires was demon-
strated in this chapter. The tunable process parameter for this case is the oleylamine
concentration in the continuous phase. By tuning the concentration, the formation
and structure of nanowire bundles can be controlled due to the microscopic deple-
tion interaction effect. This is a significant result that reveals how rules of thumb
about the function of different components in a colloidal sample should be taken
with a pinch of salt. A “stabiliser” molecule (like oleylamine) can actually act as a
destabiliser under different conditions in the same sample.

The self-assembly of AuNWs into bundles could be a method to create novel
nanomaterials. Similar to a steel rope, the bundles could be a mechanically more
stable alternative to separated wires in the application as a transparent conductive
material.

To reduce the amount of material required for sufficient conductivity in one dir-
ection, it is favourable to align the long axis in the conduction direction. Here it is
demonstrated that the rather simple shear field in the laminar, pressure driven pipe
flow (accessible in the flow setup established in this research) is sufficient to align
the nanowires. By tuning the process parameter flow rate, the degree of alignment
could be controlled due the shear induced torque that easily dominates the rota-
tional diffusion. Further research could show methods to transfer the alignment to
a surface film.

To exploit the flow orientation of the wires in a surface deposition setup, the
evaporation should be faster than the reorientation to transfer the structure to the
surface. Simply increasing the vapour pressure by substrate heating is problematic.
Due to the Rayleigh instability, AuNWs are known to decompose to spheres at
temperatures well below the melting temperature [175]. Further research will be
necessary to exploit the effect observed here.
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5.1. Conclusion

To draw conclusions on the research presented, it is useful to separately consider
the main objectives defined in the introduction.

A modular, flow-based system to prepare and detect steady states of agglom-
eration of nanoparticles was established for the first time in this research. The
setup succeeded in providing temperature control as well as fast control over concen-
trations and the age of the observed steady states. The integration times unlocked
by the methodology are not achievable with other in situ methods in a single exper-
iment. The components are flexibly interchangeable. This allowed the adaptation
of the system to the different requirements at various synchrotron beamlines and
the laboratory scale SAXS machine at the INM. Several analysis programs were
developed, only partially specific to the research topics of the respective chapters.

While the wall-induced velocity gradient served the purpose of aligning aniso-
tropic colloids in chapter (4] it also imposes a distribution of residence times on the
detected sample. This further impedes the deconvolution of the effect caused by in-
herent distributions like particle size and the agglomerate size distribution already
present exclusively due to statistical growth.

Process parameters determining the agglomeration process were identified for
all three classes of colloids. It was shown that the agglomerates produced by
adding hydrochloric acid to an aqueous dispersion of spherical gold nanoparticles
did not exhibit long-range supercrystalline order. While their internal structure
could not be further resolved, it was demonstrated that the acid concentration con-
trols the growth rate of the agglomerates even at concentrations above the threshold
for purely diffusion limited agglomeration expected from DLVO theory. The sur-
face modification of the particles was found to influence the predisposition of the
particles to agglomerate.

The structure of agglomerates produced by adding polar solvent to sterically
stabilised, spherical gold nanoparticles in heptane was found to contain signatures
of both ordered and disordered superstructures. The balance between the two
elements could be changed in favour of ordered superlattices by increasing temper-
ature (as it was shown before) or decreasing the solvent polarity (previously not
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observed). Longer ligands impeded superlattice formation at otherwise equal con-
ditions. Ordered fcc nuclei that form not later than 5s after initiation of the process
were observed for the first time. The strong influence of agglomerate structure on
the absorbance spectra for otherwise identical conditions that was revealed here
could be exploited for future designs of novel plasmonic materials.

Sterically stabilised, ultrathin gold nanowires were characterised during all pro-
cessing stages; in the as-synthesised dispersion, after washing and during advective
transport. Their bundle formation was governed by the excess concentration of the
stabilising molecule, an effect that has not been observed before. The bundles were
readily aligned along the flow direction in a plain pressure-driven flow.

The important microscopic mechanism strongly differed depending on the col-
loid. The basic interactions for all three different colloids examined in this dis-
sertation are the same. However, depending on the details of the present colloidal
system, their relative importance for structure formation changed.

The interaction of the aqueous dispersion of spherical gold nanoparticles was gov-
erned by the balance between electrostatic repulsion and van der Waals attraction.
Only for completely sterically stabilised particles (MUTEG) the electrostatic re-
pulsion was insignificant; for partial sterical stabilisation (PEG) the electrostatic
repulsion played the major role. The agglomeration of citrate-stabilised particles
was accelerated by increasing acid concentrations far above the expected critical
coagulation concentration. The microscopic origin of this behaviour could not be
explained in this work.

The ligand shell of sterically stabilised, spherical gold nanoparticles in heptane
turned out to govern the interparticle interaction, by determining repulsion, contrib-
uting to attraction and determining the mobility of particles attached to agglomer-
ates. A hidden monolayer phase transition, as it was found in earlier studies, had
to be assumed to account for the different behaviour of various ligand lengths.
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The following aspects of the interaction during rapid agglomeration are described
for the first time in this dissertation.

e The influence of solvent polarity on the ligand layer interactions could be
qualitatively described by the Flory-Huggins theory. Increasing the solvent
polarity increased the short-ranged attraction, leading to a noticeable lattice
contraction and reduction in size of ordered domains.

o The agglomeration kinetics are faster than reaction-limited agglomeration,
likely due to strong short-ranged attraction. Already after less than 5s
ordered fcc domains had formed.

e The increased van der Waals attraction for larger gold cores with identical
ligands shifted the temperature scale of the ligand-mediated processes upward.

The ligands of sterically stabilised, ultrathin gold nanowires also dominated the
interaction between the colloids for the results presented in this work. In contrast
to the spherical particles it was not the details of the adsorbed layer that dominated
the agglomeration process. An increased amount of unadsorbed, free excess ligand
molecules was found to induce a superlattice contraction, likely due to an increased
depletion interaction.

5.2. Outlook

Additional studies could aim to solve some of the remaining questions regarding
agglomeration from this research. Open questions remain for example on how to
integrate the setup as a feed for a deposition system or the influence of shear on the
agglomeration of spherical particles. Other influences not considered so far include
light, which has been reported to affect the agglomeration process [176].

In principle, the methods employed in this research can be directly applied to
many other destabilised colloidal samples, e.g. silica particles or quantum dots.
However, to avoid irreversible fouling of the system, a method to reliable remove all
sample residues, also eligible for the materials used in the setup (mainly borosilicate
glass and FEP), should be available.

A number of technical improvements would be proposed. For future agglomera-
tion SAXS experiments, it would be beneficial to reduce the minimum ¢ value to
directly determine the agglomerate size from the Porod oscillations.

Implementing a coaxial (“sheathing”) solvent flow around the sample flow is a
conceivable addition to the system. It would alleviate the particle adsorption on the
walls (by separating the sample from the boundary) as well as the hydrodynamic
dispersion and the involved spread of agglomerate ages (by flattening the effective
velocity profile for the sample). A simple approach was evaluated in the scope of
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this project, but did not produce reliable results. A more integrated system, with a
minimum number of interconnected components, would facilitate the formation of
an isolating solvent layer around the sample flow. Using droplets of agglomerating
samples surrounded by an immiscible solvent would be an approach more demand-
ing for the measurement techniques, because the measurements would have to be
synchronised to the droplet formation rate.

Another shortcoming of the current method is that the sample populations con-
stituting the observed scattering and absorbance signals could not be separated. It
is not clear whether the observed scattering and absorbance changes are caused by
a few large agglomerates balanced by many single particles or a broad distribution
of changes. Additional methods have to be implemented to distinguish these cases.
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A. Determination of Particle Size

The radius r of the gold core of the spherical nanoparticles used in this research
were determined by a Python script that implements a fully automatic fit to the
form factor of polydisperse spheres with a Schulz-Zimm size distribution. For the
Schulz-Zimm distribution fsz(r) with mean radius R and relative width o, the
integral for the scattering of polydisperse spherical particles with form factor P (q)

(see eq. (L.21))
1) = [ fszr)P(q 1) (A1)
has an analytical solution, available from [8§]:
I(q)=N-(R®- 0" G(q)), (A-2)

where N is used as a scaling factor, R the mean of the radius distribution with
relative width o. With

(A.3)

G(q) can be written as

1
4\ 2.2 1 2
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To determine the size distribution of dilute, well-dispersed spherical particles,
their background-corrected SAXS patterns (see fig. for illustration) were fit
with eq. by an automatised script. A starting value R; for the particle radius
is guessed based on the ¢ value at the first local minimum in the data,

4.4
R = 2293 (A.5)

Gmin

1+ 02
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Figure A.1.: Hllustration for the fitting algorithm.

With a guessed value of o; = 0.01, the 6th data point (of a dataset ordered by
ascending g-values) is taken as a reference to calculate the initial scaling factor Nj.

With fixed o, optimum values for R and N were determined by least squares
fitting of eq. with the lmfit package [177] for Python. To finally refine the
values for ¢ and R, the intensity between the first and third minimum was fitted
with fixed N.

IT



B. Additional Results for Unpolar
Agglomeration

Additional results of the experiments presented in chapter [3] are presented in this
chapter.

B.1. Agglomeration Induced by Ethanol

During two additional experiments, ethanol in different concentrations was used
to destabilise Wu C12 particles. The temperature was set to 35°C and the total
flow rate to 5pLs™! (corresponding to approximated agglomerate ages of 3min
and 1.5min for the SAXS and UV/Vis measurements respectively, according to
fig. . The effective structure factors, including their fitted model functions,
and the UV/Vis spectra of the agglomeration experiments (fig. confirmed the
polarity-dependant agglomeration behaviour found for 1-propanol as agglomeration
agent. The structure peaks at a smaller ethanol volume fraction of ¢gion = 33 %

(a) —_— (b) —
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Figure B.1.: (a) Structure factors (black curve shifted up by +3) and (b) UV/Vis
spectra for agglomerates grown at different solvent compositions
(volume fractions of n-heptane:ethanol).

were better defined compared to the peaks of the agglomerates grown with ¢riog =

50 % (fig. (a)). The visual impression was confirmed by the fitted model function
results. The domain size for smaller ethanol contents D33 = 135 nm was found to be

11
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larger than for the higher ethanol content D5y = 119 nm. The normalised (111) to
(311) peak height ratio points in the same direction: The value for 50 % ethanol, 1.2,
was larger than the value for 33 %, 1.0. The surface gap of neighbouring particles
in agglomerates at 33 % ethanol d§3 = 2.8 + 0.4 nm was slightly larger compared to
the value for 50 %, d2° = 2.6 4- 0.4 nm.

The UV /Vis spectra for both ethanol contents (fig. (b)) displayed a large
redshifted portion compared to the primary particle spectra (fig. (b)). The
overall absorbance appeared larger for 50 % ethanol. The spectra for 33 % manifes-
ted a clear peak at the single particle peak position, whereas this peak appeared
broadened for 50 %.

B.2. Agglomeration of Wu 2 Particles

A second batch of hexadecanethiol stabilised Wu particles, Wu 2, was prepared.
The particles significantly differed in their average radius, 3.6 + 0.3 nm, compared
to the other Wu particles (r = 3.0 £ 0.2nm), and are therefore discussed in this
separate section. Equal volumes of the dispersion and 1-propanol were mixed at a
total flow speed of 5uLs™! at temperatures of 35°C and 45 °C.

The structure factors at 45°C (fig. displayed the structure peaks of a fcc
superlattice. The cubic lattice parameter a = 14.96 nm, determined from the fit
peak positions, was larger compared to the values of the smaller particles. Using
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Figure B.2.: (a) Fits of the structure factors of agglomerating Wu 2 particles at
45°C and 35 °C with the modified structure factor model (yellow lines)
and the measured structure factors. The upper curve is offset by 3.
(b) UV /Vis spectra corresponding to (a).

the core size determined from the single particle measurements, the surface gap

amounts to dg = 2.5+ 0.6nm. The superlattice domain size . = 107nm was
determined from the peak width of the fit.

v



B.2. Agglomeration of Wu 2 Particles

At 35°C the structure factor mainly exhibited a single amorphous peak. Addi-
tional superlattice peaks can not be distinguished. The average surface gap between
next neighbours, calculated via the Ehrenfest relation and subtraction of the core
sizes, is 3.6 £+ 0.6 nm.

The absorbance in the UV /Vis spectra at different temperatures is differently dis-
tributed. The spectrum of agglomerates at 45 °C shows a larger redshifted portion
compared to the 35°C measurement.
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Figure B.3.: (a) SAXS (offset by 3) and (b) UV/Vis (normalised by the particle
concentration of the dispersion) results for C16 stabilised Wu (3.0 nm),
Zheng (3.2nm) and Wu 2 (3.6 nm) agglomerates at 35 °C.

At otherwise equal conditions, the results for agglomerates of the different C16
stabilised particle batches clearly differed. The structure peaks were shifted to
lower ¢ values for increasing core sizes and appeared overall more pronounced for
the smaller particles (fig. (a)). The redshifted part of the UV/Vis spectra
increased with decreasing core radius (fig. (b)).
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