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Abstract

The arrangement and distribution of nanoparticles inside a matrix crucially affect the material
properties of nanocomposites. Agglomeration of the particles and the gravitational
sedimentation of the agglomerates can alter the structure of the particles inside the matrix.
To quantify the influence of gravity, agglomeration experiments were performed under
normal and microgravity conditions. An experimental set-up was successfully developed to
study the temperature induced agglomeration of hexadecanethiol-capped gold nanoparticles
in tetradecane with dynamic light scattering. The sample was heated inside an aluminum block
and injected into the pre-cooled measurement cell. Microgravity experiments were realized
in the drop tower of the ZARM Institute (Bremen, Germany), providing a microgravity duration
of 9.3 s. Comparing those measurements with the corresponding ground experiments showed
the formation of larger agglomerates in microgravity, indicating a more reaction-limited
agglomeration on ground and a more diffusion-limited agglomeration in microgravity. In line
with this assumption, a stronger dependency between the initial particle concentration and
the size of the formed agglomerates was observed in microgravity. Increasing the gold
concentration by a factor of 2.7 on ground doubled the hydrodynamic diameter. In
microgravity, however, increasing the gold concentration by a factor of 3.8 led to an increase

in the hydrodynamic diameter by a factor of 3.8.
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Zusammenfassung

Die Anordnung und Verteilung von Nanopartikeln in einer Matrix hat wesentlichen Einfluss
auf die Eigenschaften von Nanokompositen. Die Agglomeration der Partikel und
Sedimentation der Agglomerate kénnen die Anordnung der Partikel innerhalb der Matrix
verandern. Um den Einfluss der Schwerkraft zu quantifizieren, wurden
Agglomerationsversuche unter normalen - und Mikrogravitationsbedingungen durchgefihrt.
Ein Versuchsaufbau zur Verfolgung der temperaturinduzierten Agglomeration von
Hexadecanthiol stabilisierten Goldnanopartikel in Tetradecan mit dynamischer Lichtstreuung
wurde erfolgreich entwickelt. Die Probe wurde in einem Aluminiumblock erhitzt und in die
vorgekihlte Messzelle injiziert. Mikrogravitationsexperimente wurden im Fallturm des ZARM-
Instituts (Bremen, Deutschland) mit einer Mikrogravitationsdauer von 9,3 s durchgefiihrt. Der
Vergleich der Messungen mit den Bodenexperimenten zeigte die Bildung groRerer
Agglomerate in Schwerelosigkeit, was auf eine eher reaktionslimitierte Agglomeration am
Boden und eine eher diffusionslimitierte Agglomeration in Mikrogravitation hinweist. Damit
Ubereinstimmend wurde eine starkere Abhangigkeit zwischen der Partikelkonzentration und
der GroRe der gebildeten Agglomerate in Schwerelosigkeit gefunden. Am Boden flihrte die
Erhohung der Konzentration um den Faktor 2,7 zur Verdopplung des hydrodynamischen
Durchmessers. In Mikrogravitation fiihrte die Erh6hung der Konzentration um den Faktor 3,8

zur Erhohung des Durchmessers um den Faktor 3,8.
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1 Introduction

Gravity is an all-encompassing force. In physics it is one of the Four Fundamental Interactions,
besides strong interaction, weak interaction and electromagnetism.! Even though it is the
weakest,? it probably plays the most recognized role in our everyday life. On Earth it is
responsible for physical objects having a weight,? and it gives the universe the structure we
know.* Gravity inherently guides the growth of plants (gravitropism)>® and is causing the tides
of the oceans,” to name only some prominent examples. While the phenomenon of gravity
has fascinated scholars back to ancient times, modern physicists and also material scientists

are still attracted by exploring the versatile facets of gravity.

Gravity affects all matter not only on a macroscopic scale but also on a micro- and nanoscopic
scale. Gravitational acceleration leads to convection and sedimentation.®1911 Convection
occurs as the result of a temperature gradient inside a medium. For example, when the
bottom layer of a fluid is heated, the heated layer expands resulting in a decreased density
compared to the cooler top layer of the fluid. Due to gravitational acceleration, the cooler top
layer will start to sink and the warmer bottom layer will start to rise.® A similar effect can be
observed during sedimentation, where particles with a larger density will settle in a medium
with a lower density.!! These two effects result in a directed motion of matter and accordingly
in mechanical, hydraulic and hydrodynamic stresses, that impact various different processes
and phenomena.?1314 An effect of gravity has been reported for crystallization processes, for
example on the crystallization of hard spheres,’> semiconductors,’® ionic crystals,'®
macromolecules,'’*8 proteins 1°20.21.22 and even of viruses.?3 Notably, during the formation of
hybrid materials, the distribution of different components inside hybrid materials can be
affected by gravitation.?*?> An important family of materials are nanocomposites, where
nanoparticles are embedded into a polymer-matrix to tune its properties.?® The type of
particles utilized as filler can alter mechanical, dielectric or optical characteristics of the
material.?”?%2° These characteristics of the final material depend on the composition, shape
and size of the nanofillers.3%3! The volume fraction and the spatial distribution of the fillers
change key properties of the materials.32333% For example, a homogeneous distribution of
nanofillers can enhance the mechanical properties of the polymer while retaining its
flexibility.3>3® Percolating superstructures of conductive (e.g. silver) or porous particles (e.g.

carbon black) increase electrical or ion transport and thus conductivity.3”-38 To realize specific
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structures inside a matrix, the particle distribution can be manipulated by particle self-
assembly. For example, the formation of gold nanowire networks can be exploited to
synthesize various conductive composites,® which can be used as sensors,*®*l or
implementable or wearable bioelectronics.*>#341 By applying an electrical field on the
nanocomposite, semiconductor nanorods have been arranged inside solar cells.** Alivisatos et
al. demonstrated that carbon black networks can be aligned to obtain conductive
nanocomposites.*> DNA guided self-assembly of gold nanorods can be used for the

manufacturing of nanoelectronics or drug carriers.*¢4

During the preparation of hybrid materials, the distribution and the arrangement of filler
particles can be influenced by the agglomeration of the filler particles and by gravity. Gravity
can affect the distribution of larger nanoparticles and their superstructures, and thus can lead

to concentration gradients of the filler inside the matrix that change material properties.*®4°

The investigation of the influence of gravity on the agglomeration process of particles, or
particle dynamics in general, remains challenging. There are only very few practical

approaches to study particle dynamics, undisturbed of gravitational acceleration.

One of them is known as density matching. Thereby the density difference between the
colloidal particles and solvent is minimized to prevent the sedimentation of the particles and
to simulate microgravity conditions.>%>1°2 |t is an accessible and affordable option since no
alterations to any conventional experimental set-ups are required. However, combinations
between colloidal metal particles and dispersion medium with a matching density are
uncommon, leading to limited options on samples to investigate. The most prominent samples
are PMMA or stearylated-silica particles dispersed in halogenated hydrocarbons.>3** By
matching the density of the solvents to the density of the particles, other parameters of the
systems are inevitably changed, such as the refractive index, the polarity, or the salt

concentration, and therefore possibly influencing the stability of the particles.

Another possibility is the performance of experiments under microgravity conditions. Four
major options exist for achieving microgravity conditions: Space stations, such as the
International Space Station (ISS),>>® sounding rockets,>” parabolic flights,”® and drop tower
facilities.>>®%61 Generally, experiments in microgravity are challenging due to their restricted

accessibility and the high costs of the experiments.®?
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Dynamic light scattering (DLS) is a commonly used tool to analyze particle dynamics of
colloidal systems, from submicron to micro scale particles.?®%* By determining the
hydrodynamic diameter and the polydispersity of particles, the growth 6>6667 or the colloidal
stability of particles,®®%° polymers 7%’! and proteins can be investigated.’>’3 DLS instruments
are easy to use and they can be built compactly and robustly. Due to these benefits, DLS

measurements are well-established in microgravity.”47>76,77.78

Nanoparticles based on gold have received considerable attention due to multiple
applications, from catalysis’® over imaging®® and sensing 88283 to drug delivery systems.848>
They are important filler particles for nanocomposites,®® functional inks,388%% in
thermochromic materials,®® or biosensors.?>°3 Particle dynamics and the interaction between
gold nanoparticles in colloidal systems are affected by temperature, which plays an important
role for their colloidal stability, dictating if the particles are well dispersed or agglomerated.®*
Alkylthiol-capped gold nanoparticles show a completely reversible temperature induced
agglomeration. By cooling these particles under a certain temperature (agglomeration
temperature), the agglomeration of the particles can be induced. By reheating the
agglomerates, the particles can be redispersed. The agglomeration temperature strongly
depends on the diameter of the gold nanoparticle,®* the length of the ligand used to stabilize
the particles °>°® and the concentration of the particles.”” The temperature-dependent
reversible agglomeration of nanoparticles provides the opportunity to investigate the effect
of gravity on the agglomeration process by repeating the same experiments under normal
(1 g) and under microgravity conditions (i g). A similar study has already been reported by
Potenza et al. using the SODI-Colloid instrument on the International Space Station (ISS).” The
early stages of agglomeration of latex particles in water were studied via near filed scattering
measurements.® In this project the influence of gravity on the temperature induced reversible

agglomeration of sterically stabilized non-polar nanoparticles was investigated.

Despite both, the attention nanocomposites have received during the last decades, and the
relevance of gravity during the formation of materials, to the best of our knowledge no study
of high-density nanoparticles in dispersion has been reported in the absence of gravity. We
decided to exploit the temperature dependent behavior of alkylthiol-capped gold

nanoparticles to investigate the agglomeration process of this system in microgravity.
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As the most appropriate option to study microgravity experiments, the drop tower at the
ZARM Institute (Center of Applied Space Technology and Microgravity) in Bremen (Germany)
was identified. While a drop experiment provides a microgravity interval of 4.7 s, a unique
catapult system extends it to 9.3 s, which appeared sufficient to collect agglomeration process
data. However, inherent physical stresses have to be taken into account, launch and impact
in the landing phase cause accelerations effects up to 50 g.°° The drop tower offers the most
accessible and affordable option to perform microgravity experiments. However, due to the
high maintenance and operation cost of the tower and the time needed to evacuate and
ventilate the tower, only 2-3 experiments can be performed per day restricting the access of

the drop tower and resulting in a high cost per microgravity experiment.

In cooperation with LS Instruments AG (Fribourg, Switzerland) an instrumental set-up was
developed to withstand the lift-off and landing phase and to be able to introduce a fast
agglomeration of the particles at a well-defined moment. The instrumental set-up consists of
a temperature-controlled liquid handling system to create a fast temperature drop and induce
fast agglomeration of the particles, and a dynamic light scattering instrument to follow
agglomeration. The gold nanoparticles are heated above their agglomeration temperature for
an extended period of time to ensure that the particles are completely deagglomerated and
fully dispersed in the solvent. During the microgravity experiments, a defined volume of the
sample is injected into the pre-cooled measurement cell right before the lift off of the
instrumental set-up. Autocorrelation functions were recorded as soon as the sample injection

was completed.

This thesis is structured as follows: First, the instrumental DLS set-up developed in this project
is discussed in detail. Subsequently, the study of a non-agglomerating reference system is
reported. Particle dynamics of non-agglomerating oleylamine-capped gold nanoparticles in
tetradecane are followed at a constant temperature and with a rapid temperature drop by
DLS measurements on ground (1 g) and in microgravity (i g). Next, the agglomeration process
of hexadecanethiol-capped gold nanoparticles in tetradecane on ground is discussed.
Investigations are performed at two different initial particle concentrations. The evolution of
their average mean residence times and the corresponding hydrodynamic diameters are
reported. Finally, results of the agglomeration experiments repeated under microgravity
conditions are described. Experiments at two different initial particle concentrations are

performed with catapult launches. To assess possible effects of the catapult launch, a drop

4



1. Introduction

experiment is performed with one particle concentration. As the final conclusion of this thesis,
a proposal for different agglomeration mechanisms on ground and in microgravity are
discussed to explain differences in agglomerate growth. The data collected clearly indicate the
transition from a reaction limited agglomeration on ground to a diffusion limited

agglomeration in microgravity.







2 State of the Art

2.1 Gold nanoparticles

Nanoparticles are commonly defined as particles of a size between 1 and 100 nm* or 10 and
1000 nm in at least one dimension.%1102 They show unique properties compared to their bulk
form due to their high surface area to volume ratio, %3194 and possible quantum effects,10>10¢
Additionally, their optical properties such as absorption, scattering or the occurrence of
plasmon resonance are strongly size dependend.'%”1%8 Nanoparticles are so small that they
are less effected by gravity, resulting in a more free mobility of the particles in dispersions.1%®
They can consist of numerous materials, such as metal,'® metal oxide,!?

semiconductors,'*?113 carbon,!**1% silicon,'®1!7 or polymers.118119

Nanoparticles are commonly and broadly used in today’s industry,2%12%122 for example as
pigments, as UV protectors, catalysts, antimicrobial additives, or in functional coatings.?3
Gold nanoparticles are used in drug delivery systems,'?412> biosensors,'2%1?7 the synthesis of
various nanocomponents, 28129 or functional inks.*3%13! To prevent agglomeration, the surface
of gold nanoparticles is modified with surfactants, either by adsorption or chemical
bonding.*'! Aqueous dispersion gold nanoparticles are often stabilized with charged ligands,
like citrate,32133134 cetrimonium bromide (CTAB),*3>13¢ or amino acids like L-Lysine.'3”138 The
charged ligands and their respective double layer lead to a repulsive interaction between the
nanoparticles and thus an electrostatic stabilization of the colloidal system.'3° Gold

140

nanoparticles in non-aqueous dispersion can be sterically stabilized by using polymers,**° e.g.

polystyrene (PS),**! poly(dimethylsiloxane) (PDMS),*> or N,N-dihexylcarbodiimide 3 as

144

ligands. Also, small molecules, such as oleylamine,'** or alkanethiols can be used to stabilize

small gold nanoparticles in organic solvents.14>

Gold nanoparticles capped with alkanethiols show a temperature-dependent agglomeration
behavior. By cooling the dispersion below a certain temperature (agglomeration
temperature), the particles start to agglomerate. By reheating the sample above the
agglomeration temperature, the particles will deagglomerate and can be redispersed. The
agglomeration temperature of the dispersion is influenced by the diameter of the core gold
nanoparticles®® and the ligand length of the alkanethiol.®® If the temperature is kept constant,

the start point of agglomeration depends on the particle concentration. As soon as a critical

7
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particle concentration is exceeded, the system will start to agglomerate. Notably, it was found
that this concentration is significantly affected by the solvent used to disperse the
nanoparticles.’” Furthermore, the used solvent has an impact on the geometry of the formed
agglomerates.’*® The precise agglomeration temperature of alkanethiol-capped gold
nanoparticles can easily be measured by using different techniques, like small angle X-ray

scattering (SAXS) or dynamic light scattering (DLS), see Chapter 2.2 and Chapter 2.3.

2.2 X-Ray Analysis of nanoparticle agglomeration

SAXS (small angle X-ray scattering) is a powerful tool to resolve structures on a nanometer

147 investigate  colloidal  systems,#8149150,151  gnd biological

length scale,
macromolecules.3>153154155 |t can be employed to determine the size, the size distribution,
the shape and the surface structure of nanoparticles.'>®1>7 SAXS measurements can also be
used to follow the formation process of nanoparticles,'>”1%81> or their self-assembly.160:161,162
SAXS measurements are a well-established method to follow the temperature induced

agglomeration process of nanoparticles.%#9>:163

The agglomeration temperature of nanoparticles can be determined as follows. The recorded
scattering intensity /(q) depends on the modulus g of scattering vector ¢ and consists of the
scattering of the particles /par, the scattering of the solvent Isoi and the background scattering
Is adding up incoherently, see Equation (1).1°° It is worth noticing that the scattering contrast
between the ligand hexadecanethiol and the tetradecane is so small, that the solvent and the
ligand shell cannot be distinguished.'®* Consequently, only the gold core of the particle is
taken into consideration. The contribution of the solvent scattering and the background
scattering are generally measured simultaneously. By preparing the sample and the solvent
identically and measuring them both under identical conditions, the contribution of the
background scattering is already taken into account by the measurement of the solvent,
simplifying Equation (1) to Equation (2). A background correction of the scattered data of the
particles can be performed by subtracting the recorded scattering data of the solvent from

the scattering data of the sample.

(@) = Ipar (@) + Isor(q) + Ip(q) (1)




2.2 X-Ray Analysis of nanoparticle agglomeration

I(Q) = Ipar(q) + ISol,B(q) (2)

During the agglomeration process dispersed particles and agglomerated particles are
observed simultaneously in the sample. Consequently, the scattering of the particles can be
described as the summation of the scattering intensity of the dispersed particles Ipis and the
agglomerated particles /aggo, See Equation (3).1%° The scattering intensity of nanoparticles
depends on the number of scattering particles N, the scattering volume V, the difference in
scattering length densities Aps, the form factor F(g) and the structure factor S(g). For randomly
distributed particles in dispersion, the contribution of the structure factor can be neglected
and only the form factor is considered, see Equation (4).1°® The form factor describes the size
and the shape of the individual particle, whereas the structure factor contains information
about the relative position of the particles.'>® For spherical particles the form factor F(g) can
be described by using the core radius of the single particle rcore, see Equation (5).1°61%¢ To
consider polydispersity of the particles p(r), the average radius of the particles ray and its
deviation o is estimated using the Schulz-Zimm distribution, see Equation (6). To take the
polydispersity of the particles into consideration, the form factor will be averaged over the

individual particles, see Equation (7).

Ipar(q) = Ipis(q) + Lyggio (@ (3)
NDiS 2 2
Ipis(q) = v - Dps - (F(q)*) (4)

3 Sin(q ’ rCore) —q-71-:c0S(q " Tcore)

F =471}
(@) T Tcore 7 _rgore (5)
1 1 1 _ 7;Core

102 (Teore \92 € 7 Thvg
P(Tcore) = F<rore> 1~ (6)

w9/ Tl (52)
(F(q, 7"Avg)z) = f F(q'rCore)z ’ p(rCOre) ATcore (7)

0

For the agglomerated particles the structure factor needs to be considered in addition to the
form factor. During the agglomeration of gold nanoparticles, the particles arrange themselves

irregularly. The structure factor S(g) can be described by using a combination of the hard-
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sphere model and a power law, see Equation (8).167:1%8 With the hard-sphere volume fraction
nv, the hard sphere radius rus, the periodic function G, a pre-factor ¢ and the power-law

exponent v.

S(CI) = SHS(q)-I_C.q_v = +C.q—17 (8)

Considering the structure factor of the agglomerated particles, their scattered intensity can

be described according to Equation (9).

N o
Inggo(@) = —7 83+ (F(9)%) S(@) (©)

The determined scattering intensity /(q) of an agglomerating sample containing fully dispersed
and agglomerated particles can therefore be expressed considering the different scattering

contributions, see Equation (10).

1(q) = Ip;s + IAgglo + Iso1,8 (10)

To be able to determine the agglomeration temperature of gold nanoparticles by SAXS
measurements, the sample was heated to ensure that particles were completely dispersed
and then cooled down to initiate particle agglomeration. Finally, the agglomerated particles
were heated to redisperse them. Additionally, the scattering data of the pure solvent was
recorded. It is assumed, that the scattering of the solvent does not change by changing the
temperature. The recorded scattering of the solvent is then subtracted from the scattering
data of the gold nanoparticles at different temperatures, simplifying Equation (10) to
Equation (11). By using Equation (4) and (9), Equation (11) can be described as Equation (12)
or Equation (13).

I(q) = Ipjs + IAgglo (11)
_Npis o, Naggio , 5 24 .
(@) =—,=-8p5 - (F(@") +——-8p5 - (F(a*)) - S(a) (12)
Apd ,
I(q) = 7<F(Q) >[NDiS + NAgglo 'S(Q)] (13)

10



2.2 X-Ray Analysis of nanoparticle agglomeration

The scattering volume V and the particle numbers N can be described as the volume

concentrations ¢, see Equation (14) and (15).

NDis
o = —— 14
¢Dls % ( )
Nyggi
bagglo = ig i (15)

The ratio of particles which are part of an agglomerate is described using the agglomeration

fraction Xagglo, see Equation (16).

¢Agglo

¢Dis + ¢Agglo (16)

XAgglo =

By fitting the recorded SAXS data, the agglomeration fraction of the particles can be
determined at different temperatures, to show the temperature at which the agglomeration
of the particles has started. The data analysis is shown for hexadecanethiol-capped gold
nanoparticles in tetradecane. The sample was heated to 80 °C and cooled to 10 °C.
Measurements were recorded every 5 K. Selected measurements and the corresponding fits

are shown in Figure 1.

11
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Figure 1: Selected SAXS data (colored, solid lines) and corresponding fits (black, dashed lines)
of hexadecanethiol gold nanoparticles in tetradecane. The particles had a core diameter of
7.8 nm (£ 0.5 nm) and a hydrodynamic diameter of dy =13 nm (+ 1 nm). The particles were
heated to 80 °C and cooled down to 10 °C.

First, the scattering data of the dispersed nanoparticles are fitted. Due to the uniform size and
shape of the used gold nanoparticles, the Schulz-Zimm distribution is used to describe the
data.'®® Additionally, the scattering data of the dispersed particles can be described according
to Equation (4). By applying the volume concentration, Equation (4) can be expressed as

Equation (17).

Ipis(q) = ¢pis  Ap5 - (F(q)?) (17)

The polydisperse spherical form factor can be used to determine the core radius rcore of the
particles and the polydispersity, see Equation (7). The radius of particles affects the g-position
of the minimum of the scattering data and the polydispersity describes how narrow the
minimum is. The volume concentration ¢pis and the difference in the scattering length
densities Aps cannot be fitted independently, but the difference in the scattering length
densities can be calculated theoretically by using the different densities of the particles and
the solvent (see National Institute for Standards and Technology — Center for Neutron

Research)’?, see Equation (18). The scattering length densities are temperature independent

12



2.2 X-Ray Analysis of nanoparticle agglomeration

for the applied temperature range and therefore constant. Three parameters remain which
can be fitted independently: the volume concentration, the radius of the particles and the

polydispersity.

Ap = pPgota — Pretradecane (18)

Ap =124.7-107°A72-75-107A"2 = 117.2- 1070 A2

When all particles are agglomerated at a lower temperature, not only the form factor but also
the structure factor needs to be considered, see Equation (9). By using the volume

concentration Equation (9) can be described as Equation (19).
IAgglo(q) = ¢Agglo 'Apz : (F(Q)z) -S(q) (19)

The structure factor can be described according to Equation (8).

1

G(q,2r
1424, G0 205)

S(q) = Sps(q) +c-q7 " = +C-q7"F

(8)

The hard-sphere radius rus describes the g-position of the structure peak, whereas the hard-
sphere volume fraction nv describes the width and height of the peak. The fractal exponent vr
is described by the slope at low g-ranges, next to the structure peak. The constant c is a pre-
factor which scales the intensity of the scattered data with respect to the structure peak.
During the agglomeration process, the size and shape of the dispersed particles, Aps and
(F(q)?) stay constant. Furthermore, the parameters for the structure factors can be fitted. At
a high temperature all the particles are dispersed, and the form factor can be fitted. At a low
temperature, all the particles are agglomerated and by using the form factor the structure
factor can be fitted. To analyze the scattering data at the temperatures at which the
agglomerated and dispersed particles exist simultaneously, only the parameters ®ois, daggio,
and c are fitted. Finally, the agglomeration fraction Xaglo can be calculated according to
Equation (16), for each temperature at which scattering data are recorded. The agglomeration

temperature is then defined as the temperature at which xaggio = 0.2.9

9g% ¢Dis + ¢Agglo
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2.3 Dynamic light scattering

Dynamic light scattering (DLS, also known as photon correlation spectroscopy) is a common
method to investigate the dynamics of colloidal systems such as nanoparticles,!’%172
polymers,t73174 viruses,'”> macromolecules and proteins.}’>1’6 DLS is a useful tool to
determine the size of particles in colloidal systems and to obtain information about their
agglomeration process.'’> DLS is a non-invasive method, only requiring small sample volumes,
and is applicable over a broad range of concentrations, temperatures and solvents as long as

the sample is transparent.’>

An instrumental DLS set-up consists of a laser as a light source (typically a laser with a
wavelength of a several hundred nanometers),'®® a measurement cell (mostly a cuvette), a
photo-multiplier detector and a correlator.'’” Often different optical components, such as
lenses or an attenuator are added to focus or to control the intensity of the laser or the
scattered light.1’872 The volume of the intersection between the incident laser beam and the
detected scattered light is called measurement volume. A systematic overview of a DSL set-up
is shown in Figure 2. A pseudo cross correlation arrangement is used, thereby the scattered
light is collected by one glass fiber and split into two more or less equal contributions, before
transmitting the collected light to the two used photo multiplier detectors. Two signals are
generated independently by the two detectors, and subsequently cross correlated before the

autocorrelation functions are generated.

Laser
Attenuator
)"
Measurement
cell '3

Collector

Figure 2: Schematic overview of a dynamic light scattering (DLS) set-up, modified from Sourav
Bhattacharjee “DLS and zeta potential — What they are and what they are not?”.17!
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2.3 Dynamic light scattering

The scattering of light by a colloidal suspension was first described by John Tyndall in 1868
and thus became known as the Tyndall-effect.}’® He characterized particles larger than the
incident light beam, reporting one of the first dynamic light scattering experiments.®1n 1871,
John William Strutt, third Lord Rayleigh, described the scattering of light on particles that are
smaller than the wavelength of the incident light beam, reporting the “Rayleigh scattering”
and explaining the blue color of the sky.®1182 Soon it was discovered by Strutt that not only
the particles influence the light scattering, but also the refractive index of the medium.3184
In 1908 Gustav Mie investigated the scattering of particles that are larger compared to the
wavelength of the incident light beam and considered the refractive index of the particles and
the medium.8> Seven years later, Peter Debye discovered that the scattering of the light can

be described independently of the particle properties by using the scattering angle.186:17>187

A laser is used to illuminate the sample and the particles inside the sample scatter the incident
light evenly in all directions. At a constant scattering angle, the scattering intensity contains
information about the size, the shape and the concentration of the particles.”>'7> Considering
a non-interacting colloidal system, the movement of the particles can be described according
to the Brownian Motion. The thermal kinetic energy of the particles results in the change of
the relative position of the particles, creating density and concentration fluctuations.”>8 The
movement of the particles results in variations of the refractive index and therefore
fluctuations of the intensity of the scattered light produce random fluctuations of dark and
bright spots in the detector.?>® The mean square displacement of the particles is
proportional to time.'’> These stochastic fluctuations can be summarized as autocorrelation
functions of the intensity of the scattered light and depend on the diffusion time of the
particles.®4721%0 L arger particles move more slowly than smaller particles, resulting in smaller
changes of the positions.'”> For well-dispersed, single particles and macromolecules, the

obtained correlation time directly depends on the diffusion coefficient.64176

The Einstein-Smoluchowski theory describes the relation between the diffusion coefficient
Dpirr and the particle mobility 4, showing that the diffusion coefficient is inversely proportional
to particle size, indicating that larger particles move slower than smaller ones, see
Equation (20).19%1°2 Additionally, the diffusion coefficient depends on the temperature and

the Boltzmann constant.

Dpigr = 1T - kg (20)
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The particle mobility | can be expressed by using the friction constant of the particle in the
solvent B, see Equation (21).1931%4

T " kB
Dpirr = 5 (21)

Considering Stokes findings about the movements of spherical particles in a medium, the
friction constant B can be described using the hydrodynamic radius of the particles ry and the

solvent viscosity n, see Equation (22).1°3
=6 14N (22)

By applying Equation (22), the Einstein-Smoluchwoski theory can be evolved to the Stoke-
Einstein relation to determine the hydrodynamic radius of the particles ry, see

Equation (23).72193.188

_ kBT
617 Dpiry

Ty (23)

To be able to make valid interpretations of the recorded DLS data, knowledge of the precise
temperature during the measurements is indispensable, regarding the direct influence on the
particle mobility and the indirect influence on the refractive index and the viscosity of the

solvent.1”>

To be able to detect the fast light fluctuations, the photo detectors need to have a fast
response, a minimal dead time and a high sensitivity. The response depends on the ratio of
the detector area and the coherence area of the observed particles. The coherence area of
the particles Acn depends on the wavelength of the incident beam A, the radius of the
scattering volume r, the distance of the scattering particle and the detector Ax, see
Equation (24):53

A2 (Ax)?

coh —

— 2 (24)

The resolution of the measurement depends on the ratio of the aperture area of the detector
and the coherence area. Consequently, the resolution can be improved by minimizing the

detector area using pinholes in front of the detector.®® Formerly used lenses and pinholes to

16
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collect the light are mostly replaced with optical fibers by now, because they require less

alignment and allow for cheaper and more flexible designs of the optical components.1’®

The intensity of the scattered light depends on the scattering angle, the observation time,%3
the difference of the refractive indices of the particles and the medium of the colloidal
system,’®® and on the concentration of the particles. A high particle concentration may not
only disturb light scattering measurement, because of unwanted particle-particle interactions,
but also multiple scattering can occur. This means the initial light beam is scattered on a first
particle and subsequently the scattered light is scattered by a second particle before it is
detected affecting the recorded autocorrelation functions.'®” To avoid the detection of
multiple scatterings, we use a pseudo cross correlation, a well-established method.8 If the
particle concentration is too low, the detected signal is also low, resulting in a low
signal-to-noise-ratio. At a high particle concentration, the free distance between non-
interacting particles becomes too small (smaller than 20-40 times the distance of the particle
diameter), resulting in either attractive or repulsive electrostatic, steric or van der Waals
interaction between the particles, influencing the diffusion coefficients compared to the
diffusions coefficient of a single particle.'®’ If the particle concentration is so low that the total
number of particles observed varies significantly as particles move in and out of the scattering
volume, base-errors or a second decay in the autocorrelation function can occur. This second
decay is much slower than the decay generated by the Brownian motion of the particles, which
implies a smaller diffusion coefficient and makes the determined particle size appear larger
than the real particles.®”.%3 Interparticle interaction can influence the diffusion coefficient. To
avoid these effects, the average number of particles N within the scattering volume should be
larger than 1000. Therefore, the particle concentration has to be optimized for DLS
experiments. In addition to the particle concentration, the particle size can also be a limitation.
If larger particles (typically about a several microns) start to sediment, they undergo a directive
movement, influencing the scattering signal and overtime the particle concentration in the

scattering volume.%3

The intensity also depends on the size of the particles. It scales with the power of 6 of the
particle diameter (d), larger particles scatter light with a higher intensity than smaller ones
and the obtained hydrodynamic diameters are biased towards the size of the larger
particles.®>17> Additionally, the intensity of the scattered light is proportional to the square of

the volume of the detected particles, showing the sensitivity of DLS towards the
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agglomeration of particles.®*'7® Typically, dynamic light scattering can distinguish particles

with hydrodynamic diameters differing at least by a factor of three.”?

Photodetectors always produce a dark count rate by generating random output pulses, even
without any measurements. This dark count rate contributes to the overall autocorrelation
function.!® To guarantee the signal of nanoparticles is high enough to ensure a high
signal-to-noise-ratio, typically lasers with a power of at least 100 mW are used.’® The
signal-to-noise-ratio can be further improved by increasing the measurement duration.'®
Additionally, the pseudo cross correlation improves the signal-to-noise-ratio by minimizing

afterpulses and dead times of the used photo multiplier detectors.8!

2.3.1 Analysis of DLS data

DLS is a suitable method to determine the size as well as the size distribution of colloidal
systems. DLS can resolve sizes with in a g-range even smaller than 2mt/r.2%° The modulus of the
scattering vector g is given by Equation (25) and depends on the wavelength of the incident

laser beam A, the scattering angle 8, and the refractive index n.6316°

q = |4l = ——sinz (25)

The autocorrelation function describes the time dependence of the measured intensity.
Usually the intensity fluctuates in the range between ns and ps,%317> resolving mean residence

times of us to ms, and thus particle sizes between several nm and um.#’

The normalized autocorrelation function g»(t) can be described by comparing the time
depended scattering intensity /(t) and the scattering intensity after a delay time 1, see
Equation (26). The brackets indicate that the average over the measurement duration is
used.®317>

(IO + I+ 1)
g2(1) = GE! (26)

The decay of the autocorrelation function depends on the diffusion coefficient of the
scattering particles. A high diffusion coefficient leads to fast fluctuations of the intensity and

therefore a faster decay, compared to slower diffusive particles, see Figure 3.%3
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Figure 3: (a) Schematic representation of the intensity fluctuations over time of smaller and
larger particles and (b) the corresponding autocorrelation functions over the mean residence
time of smaller and larger particles, inspired from Puthusserickal A. Hassan et al “Making
Sense of Brownian Motion: Colloid Characterization by Dynamic Light Scattering”.%3

Assuming a Gaussian distribution of the intensity fluctuations, the autocorrelation function
and the correlation function of the electric field gi(t) can be described according to

Equation (27).%3

91(0) = [g (1) — 1]°° (27)

For monodisperse, spherical particles undergoing only Brownian diffusion, the autocorrelation

function can be described as exponential functions, see Equation (28).%3

g1(7) = A- e Poisra’™oirs 4 B (28)

A describes the amplitude and B the baseline of the correlation function. The decay of the
function depends on the diffusion coefficient Dpir, the scattering vector ¢ and the mean
residence time tpir of the particles. A narrow size distribution of the particles leads to an
almost single exponential decay, whereas for a polydisperse sample the autocorrelation
function can be described as a sum of exponentials functions, which are weighted by their

amplitudes.®3

Considering that the scattered intensity depends on the number of particles N, the square of
the particle mass m and the form factor F(g,R) of the particles, the diffusion coefficient Dpis

can be described according to Equation (29).%3
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YiN;mZP(q, R)D;

D=
Zi Nimizp(q' R)

(29)

This shows, that the obtained diffusion coefficient by DLS is weighted by the square of the
mass of the particles and therefore biased towards larger sizes compared to other optical

techniques like TEM.%3

In the following chapters, the hydrodynamic radius ru of the gold nanoparticles will be
determined as published previously.*®® Consequently, the recorded DLS data are fitted using
an exponential decay, using the decay time t, the mean residence time toif and the constant

C, see Equation (30).1%7

2T
g»—1=A-exp| — +C (30)
Tpiff

The diffusion coefficient Dpirr can then be determined by using the scattering vector g see

Equation (25) and the mean residence time tpirr, see Equation (31).1%°

1

2. 31
pE— (31)

Dpify =

The diffusion coefficient Dpist can be used to determine the hydrodynamic radius of the
particles ru, using the Stoke-Einstein relation, see Equation (32).188 The hydrodynamic radius

also depends on the dynamic viscosity of the solvent n, and the temperature of the sample T.

_ kBT
617" Dpify

TH (32)

During the agglomeration process of the gold nanoparticles, the hot sample is cooled down.
Consequently, the temperature dependency of the refractive index and the dynamic viscosity
of the solvent needs to be considered. In this project, only tetradecane was used as a solvent,
and data from literature were used to extrapolate the refractive index and the dynamic
viscosity for the temperature range applied,198192.200.201 55 previously published, see Figure 4
and Figure 5.1°¢ For the refractive index, a linear correlation,?%? see Equation (33), and for the
dynamic viscosity an exponential correlation was found, see Equation (34). The obtained
refractive indices and viscosities are used to determine the hydrodynamic diameter of the

particles during the cooling of the sample for the corresponding temperatures.
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Figure 4: Extrapolated refractive index of tetradecane at different temperatures (red line),
reproduced from literature (black dots).1%8
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Figure 5: Extrapolated dynamic viscosity of tetradecane at different temperatures (red line),
reproduced from literature (black dots).19%:200,201
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Dynamic light scattering measurements are very sensitive to the size of the particles, making
DLS a useful tool to follow any changes in the size of the particles.??® Consequently, early
stages of the agglomeration process can be followed, however, as soon as the agglomerates
become larger and start to sediment, conventional DLS measurements reach their limits. As
discussed earlier, DLS measurements are based on the Brownian motion of the particles. By
adding additional convective flows, such as thermal convection or sedimentation, particles
move faster than what is expected from Brownian motion alone, resulting in an
underestimation of the particle size.?%* By performing experiments in microgravity, changing
particle dynamics can be observed and analyzed by DLS measurements, without the disturbing

influence of convective flows.”8205

2.4 Microgravity

On the Earth’s surface the gravitational acceleration is defined as 1 g (9.81 m s2). The term
microgravity describes an environment in which objects experience a reduced gravitational
acceleration compared to the gravity on the Earth’s surface. The prefix “micro” indicates that
the gravitational acceleration is only one millionth of the gravity on the Earth’s surface
(10°® g).296207 However, the term is generally used to describe an environment with reduced
gravitational acceleration, in which objects experience weightlessness.?%2%° The use of the
term microgravity should emphasize that even when objects are weightlessness, the
gravitational acceleration is never zero.?% Microgravity does not only influence the weight of
objects, but also provides a convection- and sedimentation-free environment.?!° Performing
experiments under microgravity conditions offers the unique possibility to study various
fundamental processes in the absence of gravity, and thus investigate its influence. On Earth,
options to realize microgravity conditions suitable for performing experiments are rather
limited. In drop towers,®! and during parabolic flights sufficient microgravity conditions can be
available. Another option are space experiments that can be performed during space shuttle
missions or on space stations, like the ISS (International Space Station).?!! Sounding rockets
can be considered as an option in between Earth and space, which have been successfully

employed for investigation under microgravity conditions.?!?

For initial experiments, drop towers appeared to be the most accessible and affordable

option. They provide the possibility to realize excellent microgravity conditions up to
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10 - 10°® g by utilizing a free fall in vacuum. However, depending on the height of the drop
tower, these free falls only have a duration of a few seconds.?!® The free fall duration can be

calculated using Newton’s law, see Equation (35).2%4
1
x=x0+v0-t+§a-t2 (35)

Where x is the distance the object travelled, xo is the initial height, vo is the initial velocity, a is
the acceleration of the object, and the time of the free fall t.

In a drop tower the acceleration a is the Earth’s acceleration (1 g), the initial velocity is zero,
and the difference of the distance x the object travelled and the initial distance xp can be
expressed as the height of the free fall tube h, resulting in the free fall time t as following, see

Equation (36).21

t= |— (36)

Worldwide there are several drop towers providing microgravity conditions for under 2 s.23
The Beijing Drop Tower at the National Microgravity Laboratory in China has a free fall zone
of 60 m, providing microgravity conditions for 3.5 s.2> The Drop Tower in the Zero Gravity
Research Facility at the NASA Glenn Research Center in Cleveland, USA, is the highest drop
tower built in the US, with a free fall tube height of 155 m, providing microgravity conditions
for 5.18 5.216217 The Drop Tower in Bremen, Germany, has a tube height of 146 m and provides
microgravity conditions for a free fall of 4.7 s.216 Additionally, in Bremen there is the possibility
to use their unique catapult system to extend the microgravity duration to 9.3 s.2'3 As can be

seen from Equation (36), if the height of the tube is doubled, the microgravity duration is only

increased by the factor V2. However, if a catapult system is used, the drop capsule describes

a parabolic flight patch, leading to a doubled microgravity duration compared to a free fall.?*

Parabolic flights are a second option to access microgravity conditions. The parabolic flight
maneuver starts with a steady, horizontal flight. This is followed by a climb flight of the aircraft
at 45° for approximately 20-25s and the aircraft accelerating with approximately 1.8 g.
Subsequently, the acceleration of the airplane is stopped rapidly by strongly decreasing the
thrust of the engines. When the acceleration of the aircraft decreases, the microgravity phase

is entered. The microgravity phase lasts between 20-25 s, while the aircraft undergoes a dive

23



2. State of the Art

at an angle of 45 ° and an acceleration of 1.8 g. The aircraft transitions into a steady horizontal
flight again. Now the parabolic flight maneuvers can start over again resulting in the possibility
to experience microgravity phases of 20-25 s between 30-60 times, with an interval of 40 s
between. It is worth mentioning, that the microgravity phase starts with the decreasing

acceleration of the aircraft, not with its downwards movement, see Figure 6.214218
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Figure 6: Schematic overview of the flight maneuver of a parabolic flight, inspired by D.
Beysens and J. Van Loon “Generation and Applications of Extra-Terrestrial Environments on
Earth”.214

Parabolic flights offer the unique possibility to allow the scientists to perform their
experiments by themselves. Additionally, parabolic flights allow the access to various different
g-levels, through different pull up and down maneuvers. Microgravity conditions up to 103 g
can be achieved only for 5-10s.2'* Experiments performed during parabolic flights are
exposed to the aircraft pitch rotation of average 3 °/s 218 and complex vibration pattern of the

aircraft.?!® These effects can alter the experiments and need to be kept in mind.

The launch of a sounding rocket allows for microgravity conditions for several minutes.??°

Various rockets offer different possibilities regarding payloads and microgravity durations. For

example, the European TEXUS/MAXUS program offers the possibility of scientific payloads
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between 100 kg and 500 kg, and a payload diameter of 480 mm or 640 mm. Microgravity
durations between 230 s and 730 s are accessible. The rockets are reaching heights between
140 km and 750 km.??! TEXUS and MAXUS rockets experience a peak acceleration between

10 - 13 g, whereas the MiniTEXUS rocket reaches a peak acceleration up to 21 g.?%?

Even longer microgravity durations can only be realized in space. For example the
International Space Station (ISS) allows the performance of experiments under microgravity
conditions for months or even longer.?? Experiments are either performed fully automated
or with the help of trained astronauts. It has to be kept in mind, that depending on the
operating onboard systems and different crew activities, the microgravity conditions can differ

from 0.01 g to 10°g.2%

2.4.1 Experiments in microgravity

Performing experiments in microgravity and comparing them with the corresponding
experiments performed on ground under normal gravity conditions (1 g) was proven to
considerably improve understanding of physical and chemical processes. Especially the
crystallization of inorganic materials,'®?2> semiconductors, proteins,??6227228  gnd
macromolecules 2?° is strongly affected by gravity. Also the investigation of biological
samples,'3230231 or colloidal system offered insights in their different growth mechanism and

the influence of gravity on these systems.”>232,205,233

2.4.1.1 Effects of microgravity on crystallization

Crystallization has been a subject of fascination for scientists for many centuries,?3423>236 gnd
is still attracting the scientific community today.?3”238239 While initially considered a
laboratory curiosity, indeed the growth of crystals has ever been a useful tool in science for
several reasons,?* it is an efficient method to isolate molecules from mixtures of several
products. Furthermore, it can be employed to effectively purify products by isolating them in
a single crystalline form.?%° Today, an important factor is structural elucidation of complex
molecules. X-ray diffraction can be addressed to characterize structures otherwise difficult to
analyze, e.g. macromolecules.?*! Besides classical chemists and materials scientist, early on

especially biochemists and molecular biologists 242243 were attracted by the chance to perform
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detailed structure analysis of proteins,?4424> or enzymes.?%6247 Furthermore, today still
numerous industrial processes rely on crystallization, e.g. crystals of inorganic or

organometallic salts are the basis for non-linear optics?*® or optical-electronic devices.?*°

In general, all crystallization processes proceed in two steps, initial nucleation followed by the
growth of the crystal.2492°0 Nucleation is the more complex part to be adressed,?*° both
experimentally and theoretically and many approaches have been reported during the last

years to understand and describe the mechanism.?>1,252,253

First, the so-called classical nucleation theory was developed. In supersaturated solutions,
metastable dense liquid clusters arise as intermediate states prior to crystal formation.?>%2>4
Later on, non-classical nucleation mechanisms were developed, suggesting a two-step
mechanism via the formation of stable dense liquid phases, so called pre-nucleation

clusters.2°0

Consensus prevails that besides this initial nucleation (primary nucleation), so called
secondary nucleation can occur: Nucleation processes in a solution already containing growing
crystals. The mechanism can be to some degree considered inverse to nucleation. Partially
solvated clusters are removed from the crystal surface by buoyancy fluid-driven flows and act
as source of nucleation.??’” Generally, high nucleation rates result in the formation of a large
number of crystals with smaller size. Lower nucleation rates, however, favor fewer and larger
crystals. Consequently, the nucleation process plays an important role for characteristics of

the final crystals, such as number, size, quality or polymorphism.2*°

The mechanism for crystal growth after initial nucleation is more straightforward and well
understood.?®® During the growth phase of the crystallization process, ions, atoms or
molecules from the solution are incorporated into the crystal. Important to understand mass
transport in the course of crystal growth is the concept of the depletion zone.?’ As soon as
molecules start diffusing from the solution surrounding the crystal to add to it, a solution
depleted in the corresponding molecule is formed around the crystal. This solution is
significantly lower in density than the surrounding supersaturated bulk solvent. This
concentration gradient is compensated by convection since the depleted solution is lower in
density and will rise up.?2%’ In case the difference in density between the crystal and the

solution is sufficiently large, the crystal will start to sediment after formation. Also, the
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sedimentation process is preventing the crystal from remaining in the depleted zone, as it will

sink into the supersaturated bulk solution.?%’

Performing crystallization experiments in microgravity severely attenuates bouncy driven
convection and sedimentation, and thus the crystal is only subject to Brownian motion.?%’
While no effect of microgravity conditions on primary nucleation is observed, secondary
nucleation is basically suppressed. The before mentioned removal of clusters from the crystal
surface, which initiated secondary nucleation, is driven by fluid flows, which do not existent
in the absence of gravity. Hindered secondary nucleation results in reduced number of crystals
and thus an increased crystal size. Also, the crystal growth is significantly affected by
microgravity. Since neither convection nor sedimentation can occur, the crystal remains stable
in a depleted zone, only showing slight supersaturation.?°” A lower supersaturation during
crystal growth is postulated to result in larger crystals and provide better-order crystal
lattices.?>> 27 Furthermore, it allows the dissociation and a reorganization of crystal party,
decreasing the number of defects. The absence of gravity also hinders the sedimentation of

the formed crystals, further contributing to a constant and uniform crystallization

environment.2%7

Indeed it was reported that crystals formed in microgravity tend to have fewer cracks,
striations, inclusion and defects and therefore a higher quality than crystals obtained under
normal conditions.'81%21.22 The increased crystal quality might be the result of a more uniform
environment at the crystal interface during the crystal growth due to elimination of
convection.??® It was shown, that crystallization in microgravity can increase the size and the
quality of crystals and even lead to the crystallization of samples not forming crystals on
ground. For example, Smith et al. investigated the formation of insulin crystals on three space
shuttle flights. Larger crystals with a higher crystal resolution were found, meaning an
increased distance between the crystal lattice planes and therefore showing a more ordered
structure.??’” Additionally, the formation of larger crystals, displaying more uniform
morphologies and an increased crystal quality of y-interferon D!, porcine elastase, and
isocitrate lyase were observed on the U.S. space shuttle flight STS-26.%2° Littke and John found
larger B-galactosidase and lysozyme on the space shuttle mission Spacelab 1 than on

ground.??8
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2.4.1.2 Effects of microgravity on colloidal systems

While plenty of research has been published on microgravity investigations of the
crystallization from molecular precursors, less is reported on colloidal systems in general.?>®
According to Yamanaka et al., “the effect of gravity on colloidal crystallization was still
controversial” (Int. J. Microgravity Sci. Appl. 35, p.1, 2018).2°® Weitz et al. define colloidal
systems very general as “fluids with other particles dispersed in them, particularly particles of
size between one nanometer and one micrometer” (in 53rd International Astronautical
Congress No. IAC-02, p.2, 2002).”” The colloids can vary distinctly in various parameters such
as size, shape, surface charge and charge distribution.”” This diversity in structure combined
with its tunability leads to widespread applications in industrial processes, in material
science 7 and pharmaceuticals.>®® The difference to pure atomic system from solution
crystallization was described by Chaikin et al. Crystallization is triggered by a defined volume
rather than osmotic pressure. Furthermore, the ability to exchange energy and momentum
with the solvent together with a low number of particles per volume, lead to a lower
dependency on temperature.??® For charged colloidal particles, phase transitions from a
disordered fluid state to a more ordered crystal state, due to increased electrostatic particle
interaction, have been reported.?*®2>® Dynamics of atoms or molecules are generally more

rapid compared to colloidal systems.2°®

Weitz et al. studied multiple colloidal systems in the course of the Physics of Colloids in Space
(PCS) experiment, accommodated on the ISS within overall 2400 hours operations in orbit.”’
A sophisticated analytical set-up to perform various static and dynamic light scattering
experiments was applied and remotely controlled. Four colloid classes were investigated
during those experiments and compared with results under terrestrial conditions: binary
colloidal crystals, colloid-polymer mixtures, disordered fractal structures and colloidal glass
samples.”” Weitz et al. concluded that gravity is significantly affecting both, size and
morphology of the crystals. Reasons, according to them, are on one hand the shear forces
from sedimentation destroying the particle edges, and on the other hand, a changing growth

mechanism since sedimentation time of the particles competes with the diffusion time.”’

Chaikin et al. investigated the influence of gravity on the formation of hard spheres. As a
model for hard spheres, the crystallization of spherical PMMA (polymethyl methacrylate)

particles with a diameter of 600 nm was followed by time-resolved Bragg light scattering. To
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match the refractive index of the particles and the solvent, the particles were dispersed in a
mixture of cis-decalin and tetralin. Experiments were performed on the Space Shuttle’s
Microgravity Science Laboratory (MSL-1) and on ground. It was found that the crystals grow
larger and faster in microgravity than on earth. According to Chaikin et al. sedimentation limits
crystallite grows. Furthermore, coarsening processes are affected by sedimentation due to
long-range interaction between the crystallites moving through diffusion in the surrounding

solvent.2??

Rogers et. al investigated the behavior of hard spheres in microgravity by following the phase
transition of dispersed poly(methyl methacrylate) particles with static and dynamic light
scattering. These experiments were performed using a compact laser light scattering
instrument, developed in cooperation with NASA during the Second United States
Microgravity Laboratory space shuttle mission. It was found that crystals grew larger in
microgravity than on ground and that one sample only crystallized under microgravity

conditions.232

Okuba et al. followed the formation of colloidal silica particles in microgravity using fast-
scanning transmitted-light-intensity, fast dynamic light scattering, and a charge-couple device
video camera. The experiments were performed during parabolic flights with a MU 300
rear-jet aircraft. Silica particles were formed via the polymerization reaction of tetraethyl
orthosilicate. Increased induction times and decreased polymerization rate of the reaction
were found. A final conclusion on the obtained particle size in microgravity compared to the
particles synthesized on ground could not be drawn due to the short microgravity duration of

205s.7°

The agglomeration of nickel nanoparticles in the gas phase was documented by Giinther et al.
Aninert gas condensation process was established to yield nickel agglomerates in microgravity
and on ground. Microgravity conditions were obtained during the European sounding rocket
MAXUS 8 mission and a parabolic flight with the European Parabolic Flight aircraft Airbus
A300. The agglomerates were investigated ex-situ via Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM). On ground and under microgravity conditions
chain-like agglomerates were found. However, the agglomerates obtained under microgravity
conditions tended to grow longer for extended agglomeration times and showed a narrower

intra-chain particle size distribution than on ground. In contrast, no chain-like agglomerates
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could be found after the agglomeration process during the sounding rocket mission, which
was attributed to a different (multi-domain) magnetic structure of the particles by the

authors.2?

Recently, Yamanaka et al. reported the clustering of charged colloids in microgravity during
parabolic flights 2° as well as in space.?®° Parabolic flights experiments performed in a MU 300
jet aircraft providing a u g interval of less than 0.03 G for 20 seconds. Colloidal silica particles
were studied via time resolved reflection spectroscopy and small- and ultra-small-angle
neutron scattering. Generally larger crystals were found in microgravity compared to ground
experiments. The authors attribute those findings to a smaller nucleation rate in microgravity
and a longer incubation time.?®? In a subsequent study Yamanaka et al. conducted a clustering
experiment on the ISS investigating PS (polystyrene) and titania particles associating by
electrostatic attraction (for both types the respective positively and negatively charged
derivatives were mixed). While the PS particles have a rather small relative density
(prel = 1.05), the relative density (prel > 3) as well as the refractive index of the titania particles
is quite high. A special set-up was developed by Yamanaka and Mata et al. to allow the
formation of charged clusters and immobilize the final structures into gel cured using
ultraviolet UV-light. These hybrid materials were synthesized on the ISS and analyzed on
ground by optical microscopy.?®® Even though the relative density of PS particles and its
medium are similar, the PS particles grew approximately 50% larger in microgravity than on
ground, and featured enhanced structural symmetry. Furthermore, the experiments allowed
to study the cluster formation of charged titania particles, which have a high relative density,
which usually hinders the formation of macroscopic aggregates on ground due to rapid
settling.?%% According to Miki, the study indicates that sedimentation and convection occurring
on ground significantly affects the structure formation of colloids, and unperturbed studies
“will help us to develop a model which will be used to design photonic materials and better

drugs” (npj Microgravity 33, 1-6, 2023).260

Agglomeration kinetics of nanoparticles and the effects of microgravity on the corresponding
systems have been studied by Veen and Potenza et al.’®?% The authors operated microgravity
experiments on the ISS and were able to control remotely from ESA’s Spanish User Support
and Operations Center in Madrid. For a system of charged stabilized fluorinated latex particles
with a radius of 200 nm, the agglomeration process was followed by near field scattering (NFS)

on ground and in space. The latex particles were suspended in a critical solvent, namely a
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mixture of 3-methylpyridine and D,O/H,0, allowing to control aggregation with Critical
Casimir Forces (CCF). CCF colloid systems basically show an opposing temperature dependent
behavior compared to classic examples since agglomeration is observed above Tagglo and the
particles disperse below Taggo.26%262 This phenomenon is attributed to increasing attractive
interactions between the particles with an increase in temperature due to restricted solvent
fluctuation between the particles.?6326* Veen and Potenza et al. reported experiments
inducing agglomeration at Tagglo and T = Tagglo + 0.1, + 0.2, + 0.3 and + 0.4 K, thus successively
increasing the attractive strength. Comparing the results of the experiments carried out on
ground with p g, indicated a transition from a reaction-limited mechanism to a purely
diffusion-controlled process due to the absence of sedimentation. According to the authors,
this was reflected by the measured fractal dimensions Dy, as well as the power law behavior.
On the one hand, the fractal dimensions were significantly affected by the change of Taggo in
microgravity: Higher temperatures and thus higher attractive strength led to a decrease of Ds.
On ground, the change in the temperature had no influence on Dy, it was constantly close to
the highest temperature measurement in u g. The change in the fractal dimension indicates a
diffusion-limited process: The depletion zone around the agglomerates increases with
interaction strength between the particles. On the other hand, the growth rate in microgravity
follows a power law 1/Ds for all temperatures, which is characteristic for a diffusion-limited
process. On ground however, only the early stages of aggregation follow the law 1/Ds.
Afterwards, for later stages, a shift to a more exponential form is observed, showing a massive
increase in size. The latter phase strongly depends on the temperature and is more

pronounced for larger attractive strengths, indicating a reaction-controlled process.%®29>

Veen and Potenza et al. made use of the experimental set-up described above to investigate
the early stages of the formation of agglomerates of weakly attractive particles and to
evaluate whether the process is nucleation governed. Strongly attractive colloidal systems
aggregate without nucleation, as particles stick the moment they collide. Under terrestrial
conditions, the study of the isolated interplay between nucleation and agglomeration is
hindered by concurrent sedimentation and convection. The authors demonstrated that
formation of weakly attractive structures is indeed still nucleation based. Increasing attractive
forces (realized with higher temperatures) successively result in smaller critical radii until

direct particle sticking is observed instead of nucleation.%®205
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3 Results and Discussions

3.1 Instrumental set-up

3.1.1 Drop tower

The results of the following chapter have been published
in “Dynamic Light Scattering on Nanoparticles in
Microgravity in a Drop Tower” by Pyttlik, Kuttich and

Kraus in Microgravity Science and Technology in 2022.1%

A set-up was developed to investigate the
agglomeration process of gold nanoparticles by dynamic
light scattering measurements on ground and in
microgravity. To realize the measurements under
microgravity conditions, a capsule equipped with an
analytical set-up to perform DLS measurements was
integrated into the drop tower at the ZARM Institute in
Bremen. By performing a simple drop from the top of
the tower (drop height 146 m), a microgravity duration
of 4.7 s could be reached.®® Additionally, the drop tower
offers the unique possibility to perform a catapult
launch. Here the capsule is accelerated from the bottom
to the top of the tower, providing a microgravity
duration of 9.3 s (during a catapult the very end of the
drop range is not targeted for safety reasons).?!3
Considering an integration time of 1s to record one
measurement with DLS and a delay time of
approximately 100 ms between the measurements, a
simple drop allowed to record 4 consecutive data sets.

Catapult launches provided sufficient time to record 8

Figure 7.2

Release
mechanism

Drop tube

Deceleration

Figure 7: Sketch of the structure of the
measurements. A sketch of the drop tower is shown in ZARM drop tower in Bremen was

provided by the ZARM Institute in
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The drop or the catapult launch, respectively, were performed with a drop capsule. All devices
required for the measurements had to be integrated inside a drop capsule. The capsule is
designed as a cylindrical torso with an inner diameter of 600 mm and two cones as tips. A
sketch of a catapult capsule and a platform is shown in Figure 8. Inside this cylindrical torso
several platforms can be mounted to integrate the experimental set-up. The lowest two

platforms are generally occupied with the capsule control system and the power supply.266:267

Figure 8: Sketch of the structure of a catapult capsule and the format of platform, modified
from the sketch of a catapult capsule and the capsule platform provided by the ZARM
Institute.2%8

The experimental set-up was integrated into the drop tower capsule and sealed inside a steel
shell, see Figure 9, providing a dark environment for the DLS measurements and minimizing
the background counts of the photodetectors, improving the signal-to-noise-ratio. To
minimize condensation on the measurement cell during the cooling, the capsule was filled
with argon. The drop tower capsule was placed either into the catapult system (see Figure 10)

or lifted to the top of the tower for the drop experiments.
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Figure 9: Photograph of the instrumental set-up integrated into the drop tower capsule and
the sealed argon filled drop tower capsule. Published in the course of this project in “Dynamic
Light Scattering on Nanoparticles in Microgravity in a Drop Tower” by Pyttlik, Kuttich and Kraus
in Microgravity Science and Technology, in 2022.1%

Figure 10: Photograph of the sealed drop tower capsule being placed into the catapult system.
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3.1.2 Analytical Setup

To follow the agglomeration process in microgravity by DLS measurements, the analytical
set-up needed to be integrated into the capsule. To be able to integrate the set-up into the
capsule and to successfully perform the experiments, several requirements needed to be met.
First, it had to actually fit into the drop tower capsule. All devices had to be sized accordingly
to fit into the dimensions described in Chapter 3.1.1. Another central requirement to perform
reliable DLS measurements with a catapult launch was a very high robustness of the set-up.
To ensure reproducibility of reliable measurements, it was desired to perform multiple
experiments with the same device. Consequently, it had to withstand vibrations during the
flight as well as acceleration forces during the launch and the deceleration impact of the
capsule when landing. During the lift-off, the experimental set-up was exposed to 18 g on
average for about 280 ms. For the peak even 30 g were expected. Deceleration features an
impact of 25 g on average for about 200 ms and a peak of just below 50 g for nearly 11 ms.2%6°°
The capsule platforms had a sandwich structure of plywood layered with an aluminum plate
on top and at the bottom to provide maximum damping during the acceleration and

deceleration of the capsule.?6®

In cooperation with the company LS Instruments AG (Fribourg, Switzerland), a suitable
dynamic light scattering (DLS) instrument for these conditions was built during this project.
Additional mechanical damping was added as bottom layer to the DLS instrument to prevent
any misalignment of the optics during the drop or catapult experiments. Additionally, it had
to be considered that the particle system to be analyzed in the drop tower absorbs UV/Vis
light. Gold nanoparticles show significant absorption of light between 350 nm and 600 nm
(with an absorption maximum of Amax =526 nm, compare also Figure 50). To minimize any
unwanted absorption of the incident laser beam by the gold nanoparticles, a laser with a
wavelength of 638 nm was used. The scattering of the sample was recorded at an angle of
90 °. As a measurement cell, a 46 mm tall quartz glass cuvette with a square cross-section, an
outer side length of 12.5 mm, an inner length of 10 mm and a base thickness of 1.25 mm was
used. A schematic view of the dynamic light scattering set-up and the optical path is shown in
Figure 11. To follow the growth of the agglomerates, a good time-resolution of the DLS
measurements was required. The DLS instrument was capable to perform DLS measurements

with an integration time of 1's, which is adequate to record autocorrelation function with
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sufficient signal-to-noise-ratio and with distinguished corresponding specific mean residence

times toirf between nano- and microseconds.
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Figure 11: Schematic view of the dynamic light scattering instrument. The optical path is
marked in red. Graphic modified from “Dynamic Light Scattering on Nanoparticles in
Microgravity in a Drop Tower” by Pyttlik, Kuttich and Kraus in Microgravity Science and
Technology, in 2022.1%

3.1.3 Liquid handling system to induce a rapid temperature drop

The final objective of this thesis was to study the agglomeration of hexadecanethiol-capped
gold nanoparticles in tetradecane in microgravity. The hexadecanethiol-capped gold
nanoparticles exhibit an agglomeration temperature of Taggo=60°C (compare also
Chapter 3.3.1).94°>%°7 To ensure that the particles were completely dispersed before the
experiment, the sample was heated up to T=70 °C. To be able to follow the agglomeration
process during the microgravity duration of 9.3 s, a fast agglomeration of the nanoparticles
needed to be induced. In addition to the analytical set-up, a system had to be integrated into

the capsule allowing to induce agglomeration of the particles at a defined moment.

To do so, the system had to be heated above its agglomeration temperature and to be cooled

down rapidly after complete dispersion. The measurement had to begin instantaneously after
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start of agglomeration. For this purpose, a liquid sample handling system was designed (a
schematic overview can be found in Figure 12). Using a syringe pump, liquid samples can be
passed through an aluminum heating block that can in principle be heated up to 85°C.
Subsequently, the heated sample can be transferred directly into the DLS measurement cell,

which can be cooled down to 5 °C.

First, the sample was heated externally and injected into the aluminum heating block, which
was already heated to 70 °C by using the syringe pump. The sample was stored at 70 °C until
the experimental set-up entered microgravity. In the meantime, the measurement cell was
pre-cooled to 10 °C. During the catapult launch of the capsule, the sample was injected into
the measurement cell. The injection of the sample was completed as soon as the capsule
entered microgravity and the DLS measurements were simultaneously started. The whole set-
up could be controlled remotely. Due to this rapid temperature drop the particles were

expected to agglomerate immediately, which was proven during the following experiments,

see Chapter 3.3.

Heating
mat

Figure 12: Schematic overview of the sample handling system and the aluminum heating
block. The gold nanoparticle dispersion was injected with the syringe pump inside the heating
block and heated to 70 °C, before injecting it into the pre-cooled measurement cell. From
Pyttlik et al., 2022.1%

3.1.4 Integration of the set-up into the drop capsule

Finally, the complete instrumental set-up needed to be integrated into a drop tower capsule.
To have sufficient space and be able to arrange all parameters of the set-up conveniently, it

was decided to design a staggered five-platform system, see Figure 13.
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Initially, it was required to stabilize the flight of the capsule. For this purpose, the top platform
of the catapult capsule was equipped with weight plates. On one hand, a general increase of
the overall weight of the capsule had a stabilizing effect, on the other hand the additional
weight was strategically placed to precisely balance out the mass center of the asymmetrical
instrumental set-up. The second platform held the heating stage with the liquid handling
system. The analytical set-up was integrated on the third platform. Here, the DLS set-up with
the measurement cell to collect the data of the agglomeration process was installed. The
fourth platform held the capsule-control computer. This computer was not only able to
monitor dynamic data such as the acceleration of the capsule during the flight, but also
enabled to access the instrumental set-up via remote control. The fifth and lowest platform

held the power supplies for the devices discussed before.2%:267
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Figure 13: Schematic view of the instrumental set-up integrated into the drop tower capsule,
visible are weight plates on the first (top) platform, the heating stage with the liquid handling
on the second platform, the DLS set-up on the third platform, the capsule computer on the
fourth and the power supplies on the fifth (lowest) platform. From Pyttlik et al., 2022.1%¢
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3.1.5 Test of the developed instrumental set-up

After the set-up was developed, as a very first step a proof-of-concept measurement should
be performed. The main objective was to demonstrate that the dynamic light scattering device
is indeed sufficiently robust to record reliable data in the drop tower. To minimize variables
and limit this test measurement to the record of DLS data, we decided to do an initial
experiment without using the liquid handling system (described in Chapter 3.1.3), by placing
the sample directly into the measurement cell at room temperature. Furthermore, non-
absorbing transparent silica nanoparticles in water were investigated during the proof-of-
concept measurement as preferably simple particle system. The particles had a hydrodynamic
diameter of dy = 25 nm (+ 3 nm). With this system, measurements were performed on ground
and in microgravity at room temperature. Two catapult launches were performed with the
test system and each time autocorrelation functions were recorded and analyzed. In
Figure 14, autocorrelation functions recorded on ground are compared with an
autocorrelation function recorded in microgravity. Selected autocorrelation functions
recorded in microgravity are shown in Figure 15. The full set of recorded autocorrelation
functions can be found in Figure 54 in the appendix. The autocorrelation functions could be
analyzed using a single exponential decay. It can be clearly seen that all autocorrelation
functions show an identical shape indicating that reliable DLS experiments can be performed
in the drop tower and that the acceleration of the catapult does not influence the
measurement. Additionally, in microgravity, an identical hydrodynamic diameter of

25 nm (£ 5 nm) was found compared to the ground measurements.
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Figure 14: Selected autocorrelation functions (colored, solid lines) and corresponding fit
(black, dashed lines) of silica nanoparticles in water on ground, compared with a recorded
autocorrelation function and corresponding fit in microgravity. The recorded autocorrelation
function in microgravity is shifted along the y-axis. The particles have a hydrodynamic
diameter of di = 25 nm (£ 3 nm). The measurements were performed at room temperature.
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Figure 15: Autocorrelation function (colored, solid lines) and corresponding fit (black, dashed
lines) of silica nanoparticles recorded in microgravity (1 g) after a catapult launch. The
particles had a hydrodynamic diameter of du=25nm (5 nm). The measurements were

performed at room temperature.
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3.2 Reference system

The results of the following chapter have been published in “Dynamic Light Scattering on
Nanoparticles in Microgravity in a Drop Tower” by Pyttlik, Kuttich and Kraus in Microgravity

Science and Technology, in 2022.1%

After the basic test with silica nanoparticles in water had proved that reliable DLS data can be
collected in the drop tower despite physical stress during the catapult launch (see
Chapter 3.1.5), the entire instrumental set-up was further tested with a non-agglomerating
reference system. Objective of the investigation of this reference system was to demonstrate
that the experimental procedures (injection into the measurement cell, temperature drop,

catapult launch) had no significant influence on the data generated.

As reference system it was decided to study oleylamine (OAm) capped gold nanoparticles. The
system was chosen since it showed no agglomeration in the investigated temperature range
(70°C—-10°C, see also chapter3.2.2) but, however, resembled the later investigated
agglomerating system (hexadecanthiol-stabilized gold nanoparticles) as close as possible.
Solvent, nanoparticle core size and material were identical to the agglomeration system
planned to investigate. The only difference was the ligand shell, which does not have a
significant influence on the scattering contrast. As agglomeration system hexadecanthiol-
stabilized gold nanoparticles were used, which show a temperature-dependent

agglomeration with an agglomeration temperature of Taggo = 60 °C.

The OAm-capped gold particles had a core diameter of 7.8 nm (+ 0.4 nm) and a hydrodynamic
diameter of du = 21 nm (x 1 nm) and were dispersed in tetradecane. To exclude any unwanted
effects on the DLS measurement resulting from the catapult launch or the rapid temperature
change, DLS measurements were performed at a constant temperature of 20 °C and with a
temperature drop (70 °C to 10 °C) and each experiment was performed on ground and in

microgravity.
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3.2.1 Renewal of the oleylamine ligand shell

Oleylamine-capped gold nanoparticles were synthesized in toluene according to the route of
Zheng et al.?®® A core diameter of 8.0 nm (+ 0.6 nm) was determined by SAXS measurements
and a hydrodynamic diameter of du = 14 nm (+ 0.8 nm) was measured via DLS. Considering
the ligand length of di =2 nm for oleylamine,?’? the measured hydrodynamic diameter is in
line with expectations. The hydrodynamic diameters of sterically stabilized non-polar
nanoparticles is typically determined by the most outward extended ligand tail.?’* Assuming
a monolayer of oleylamine which is typically observed,?”! the hydrodynamic diameter is

expected according to Equation (37), see Figure 16.

dy = dcore +2-d, (37)
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Figure 16: Schematic overview of the relationship between the core diameter dcore of the gold
nanoparticles, the ligand length of oleylamine d,. and the hydrodynamic diameter of the

particles du. Inspired by S. Hinman “Plasmonic Interrogation of Biomimetic Systems for

Enhanced Toxicity Assays”.?’?

After the synthesis of the oleylamine-capped gold nanoparticles, a direct use of the freshly
prepared particle system could not be realized due to the organizational aspects of performing
experiments in the drop tower in Bremen. The sample had to be stored for at least two weeks
at room temperature before experiments in microgravity could be performed. Oleylamine is
only weakly bond to the gold surface of the particles, and can in principle desorb from the
surface over time.?’3 To ensure an intact ligand shell during the agglomeration experiments,
the ligand shell was generally renewed on-site. To guarantee microgravity and ground
experiments were performed under the same preconditions, the ligand shell was also

renewed prior to the ground experiments.
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To renew the ligand shell, oleylamine-capped nanoparticles in toluene were heated under
reflux and additional oleylamine was added to the suspension. The sample was stirred under
reflux for a certain reaction time (At). The excessive oleylamine was removed by precipitation
of the gold nanoparticles with a mixture of ethanol and methanol (2:1) followed by
centrifugation. Subsequently, the particles were redispersed in toluene. This washing step was
repeated 3 times. After the last washing step, the particles were redispersed in tetradecane.
It was decided to perform all DLS measurements in tetradecane as solvent, to ensure that all
experiments performed with the reference system are as similar as possible to the
experiments performed with the agglomerating system, which are described in Chapter 3.3.
DLS measurements after the renewal of the ligand shell revealed that the reaction time of the
heated sample affected the hydrodynamic diameter of the product. The reaction mixture was
either heated for At=30min or for At=150 min after oleylamine was added. DLS
measurements were always performed after the particles were washed and transferred in
tetradecane. A comparison of the obtained hydrodynamic diameters can be found in
Figure 17. After At = 30 min, the hydrodynamic diameter decreased from 14 nm (+ 0.8 nm) to
10 nm (+ 0.6 nm). After At =150 min, however, the hydrodynamic diameter increased to
19 nm (£ 0.7 nm). To exclude a change of the core diameter, SAXS measurements were
performed on the samples two weeks after the synthesis and after renewing the ligand shell.
Figure 18 shows that the core diameter remained constant at 8.0 nm (+ 0.6 nm), excluding
any changes of the gold core particles. To explain the increased hydrodynamic diameter of the
particles after renewal of the ligand shell (with a reaction time of At = 150 min) compared to
the hydrodynamic diameter of the synthesis of the particles, a formation of oleylamine
multilayers on the surface of the gold nanoparticles is assumed. To ensure identical conditions
for all the sample used as referenced systems (see Chapter 3.2.2 - 3.2.5), renewal of the ligand

shell with a reaction of At = 150 min was performed before any experiments were conducted.
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Figure 17: Obtained hydrodynamic diameters of oleylamine-capped gold nanoparticles in

tetradecane, at room temperature. The particles had a core diameter of dcore =8.0 nm

(£ 0.6 nm). Shown are the initial hydrodynamic diameter after the sample were synthesized

and after the renewal of the ligand shell with a reaction time of At = 30 min and At = 150 min.

From Pyttlik et al., 2022.1%
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Figure 18: SAXS measurement (colored, solid lines) and corresponding fit (back, dashed lines)

of gold nanoparticles after the synthesis and after renewal of the ligand shell with a reaction

time of At =150 min. A core diameter of dcore =8 Nm (+ 0.6 nm) was obtained for both

samples.’®® The data were analyzed using a polydisperse spherical core shell model, see
Equation (17). From Pyttlik et al., 2022.1%
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3. Results and Discussions

3.2.2 Temperature dependent behavior of the gold reference system

In Chapter 3.3.2 and Chapter 3.3.3 the study of the agglomeration of hexadecanethiol-capped
gold nanoparticles in tetradecane by DLS measurements was discussed. For this purpose, an
experimental set-up was developed and described in Chapter 3.1. To be able to distinctively
identify the influence of gravity on the agglomeration process, the experiments were first
performed by using the non-agglomerating reference system and later compared with the
agglomerating system. With this approach any additional influences of gravity on the particle
system or the DLS measurements can be excluded allowing to solely focus on the influence of

gravity on the agglomeration process.

To finally ensure that the reference system indeed showed no agglomeration, the used
oleylamine-capped gold nanoparticles need to be stable in the relevant temperature range
from 70 °Cto 10 °Cin tetradecane. To demonstrate the corresponding stability, SAXS and DLS
measurements were performed. SAXS data were recorded at 70 °C and 10 °C and are shown
in Figure 19. At both temperatures, a core diameter of 7.8 nm was found showing no signs of
a structure factor, which demonstrates that the nanoparticles were stable during the
temperature change from 70 °Cto 10 °C and that the particles do not agglomerate in the used

temperature range.

Additionally, DLS measurements were performed from 60 °Cto 5 °Cin 5 K intervals to ensure
that the hydrodynamic diameter also stays constant in this temperature range. The resulting
hydrodynamic diameters are shown in Figure 20. For each measurement the temperature and
the corresponding viscosities and refractive indices were used to calculate the corresponding
hydrodynamic diameters, see Chapter 2.3.1. Over all measured temperatures an average
hydrodynamic diameter of 22 nm was found with a standard deviation of 3 nm. Those findings
demonstrate that the hydrodynamic diameter of the particles stays constant in the measured
temperature range. Some small variabilities during the cooling of the sample could be
observed, they were likely the result of the uncertainties of the temperature dependent
viscosity and refractive index of the solvent. In this temperature range, values for the viscosity
and the refractive index of tetradecane had to be extrapolated from literature, see

Chapter 2.3.1.
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Figure 19: Recorded SAXS data (colored, solid lines) and corresponding fits (black, dashed
lines) of oleylamine-capped gold nanoparticles in tetradecane. The measurements were
performed at 70 °C and 10 °C. The data measured at 70 °C were multiplied by a factor of 2 to
improve the display and the comparison of the two measurements. The data were analyzed
using a polydisperse spherical core shell model, see Equation (17). From Pyttlik et al., 2022.1%¢
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Figure 20: Hydrodynamic diameter dy of oleylamine-capped gold nanoparticles in tetradecane
over temperature. The sample was heated to 60 °C and cooled to 5 °C. Measurements were
performed at 5 °C intervals. Each measurement was repeated three times and the mean
average, and the standard deviation are shown. Over all temperatures (60 °C to 5 °C) an
average hydrodynamic diameter of dy = 22 nm (+ 3 nm) was found. From Pyttlik et al., 2022.1%°
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3. Results and Discussions

3.2.3 Determination of the temperature inside the measurement cell

In order to interpret DLS measurements, the exact temperature at the time of measurement
has to be known. DLS initially measures the mean residence times toirr of the particles in a
scattering volume. The hydrodynamic diameter du of the particles is subsequently calculated
via the Stokes-Einstein relation by using the temperature dependent viscosity and refractive
index of the solvent, see Chapter 2.3.1. It has to be considered that after inducing the
agglomeration by rapid cooling of the sample, the temperature changes during the
subsequent agglomeration process. Consequently, to be able to calculate the hydrodynamic
diameter of the growing agglomerates, the temperature at which each single autocorrelation

function was recorded needs to be known.

In a first attempt, we measured the temperature inside the measurement cell by using a
thermocouple type K. Experiments were performed to evaluate the reliability of the
temperature determination. First, three measurements were recorded with pure tetradecane,
and the thermocouple was placed close to the scattering volume at the bottom of the cuvette.
Afterwards, three measurements were performed with the reference gold nanoparticle
dispersion on ground and one in microgravity. To enable simultaneous DLS measurements of
the gold nanoparticles, the thermocouple was placed sufficiently above the measurement
volume. Gold nanoparticles with a hydrodynamic diameter of 21 nm (£1nm) and a
concentration of 0.72 mg mL! were used. For each measurement, the sample was heated up
to 70 °Cinside the heating stage and injected into the pre-cooled measurement cell (10 °C) by
using a syringe pump (see Chapter 3.1). As shown in Figure 21, the average temperatures
showed a broad standard deviation and varied between experiments by an average of
approximately 10 K. These uncertainties of the temperature measurements might have
occurred due to slight variations of the thermocouple placement and the liquid flow during
the injection of the sample inside the cuvette. However, it is difficult to improve control of
these parameters impeding the direct temperature measurement of the measurement

volume.

It was shown that the temperature measurement in microgravity was in good agreement with
the measurement performed on ground, indicating a similar temperature development on
ground and in microgravity. With the temperature measured in tetradecane and in the particle

dispersion on ground and in microgravity, an average temperature profile was calculated and

48



3.2 Reference system

used to determine the hydrodynamic diameter of the reference gold nanoparticle samples
during the temperature drop. The performed DLS experiments are described in Chapter 3.2.4.
The used temperature profile and the corresponding dynamic viscosities and refractive indices
of tetradecane are summarized in Table 1. The measured mean residence times of the
referenced system (measurements described in Chapter 3.2.4) and the corresponding
calculated hydrodynamic diameters are also listed in Table1l. A comparison of the
hydrodynamic diameter during the temperature drop with the obtained hydrodynamic
diameter at a constant temperature (20 °C) on ground (see Figure 22) shows that the
calculated apparent hydrodynamic diameters during the temperature drop were significantly

smaller than the hydrodynamic diameters obtained at the constant temperature.
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Figure 21: Measured temperatures (T) over time (t) inside the measurement cell. Tetradecane
and the gold nanoparticle suspension were heated to 70 °C inside the heating stage and
injected into the pre-cooled measurement cell (10 °C). On ground three measurements with
tetradecane and three measurements with the gold nanoparticle dispersion were performed.
The average temperatures and their standard deviations are shown. In microgravity one
measurement with the gold nanoparticle suspension was performed. From Pyttlik et al.,
2022.1%6
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Table 1: Time-dependent (t) mean residence time (tpif) of gold nanoparticles after a
temperature drop (70 °Cto 10 °C) according to DLS measurement performed in Chapter 3.2.4.
The apparent hydrodynamic diameter of the particles (du) was calculated assuming the
following time-dependent temperature (T) of the sample and the viscosity (n), and refractive
index (n) of tetradecane. From Pyttlik et al., 2022.1%®

t(s) Toiff (mMs) du (nm) T(°C) n (mPas s) n
1 0.08 8 30 1.89 1.4235
2 0.13 12 29 1.92 1.4236
3 0.16 13 25 2.08 1.4254
4 0.16 13 23 2.17 1.4263
5 0.18 13 21 2.27 1.4272
6 0.18 13 20 2.32 1.4276
7 0.18 13 20 2.32 1.4276
8 0.19 13 19 2.37 1.4281
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Figure 22: Hydrodynamic diameter of dx over time t of oleylamine-capped gold nanoparticles
in tetradecane with a core diameter of dcore = 7.8 nm at a constant temperature (20 °C) and
during a temperature drop (70 °Cto 10 °C). Each measurement was repeated three times, the
mean average and the standard deviation are shown. From Pyttlik et al., 2022.1%¢
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In the previous Chapter 3.2.3 it was demonstrated that changing the temperature does not
influence the hydrodynamic diameter of the particles (see Figure 20), so the hydrodynamic
diameters measured at a constant temperature of 20 °C and during a temperature drop were
expected to be identical. It is worth mentioning, that the stability of the hydrodynamic
diameter of the reference system at different temperatures was investigated by placing the
sample inside the measurement cell and slowly cooling/heating the sample using the
integrated Peltier element of the measurement cell. Here we tried to measure the
temperature inside the measurement cell during the temperature drop.

An important difference by accomplishing the rapid temperature drop compared to the slow
cooling of the sample was that the hot sample was injected into the precooled measurement
cell by using the syringe pump. To exclude a change of the hydrodynamic diameter due to the
rapid injection of the sample, additional experiments were performed. The reference system
was injected into the measurement cell at room temperature to be able to exclude any
influence of the liquid flow of the sample on the DLS measurements. Gold nanoparticles with
a core diameter of 7.8 nm, capped with oleylamine in tetradecane were measured at a
constant temperature (20 °C) and measured after the sample was injected from the heating
stage into the measurement cell by a syringe pump at room temperature (25 °C). As shown in
Figure 23, the measured mean residence times toif and the resulting hydrodynamic diameters
were in good agreement confirming that sample injection had no influence on the

hydrodynamic diameter of the sample.
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Figure 23: Mean residence time tpif and hydrodynamic diameter du over time of gold
nanoparticles. A non-injected sample at a constant temperature (20 °C) and an injected
sample at room temperature (25 °C). Each measurement was repeated three times and the
mean average, and their standard deviation are shown. From Pyttlik et al., 2022.1%
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This finally supports the conclusion that the smaller hydrodynamic diameters shown in
Figure 22 were caused by unreliable temperature measurements with the thermocouple,
which could not represent the actual temperatures inside the measurement volume during

the temperature drop.

To enhance the accuracy of the used temperature data, a different approach was chosen.
Since it was proven that neither changing the temperature nor injecting the sample inside the
measurement cell by using the syringe pump (see Figure 22 and Figure 23) affected the
hydrodynamic diameter of the particles, it can be assumed that the hydrodynamic diameter
of the reference system stays also constant during the rapid temperature drop. Consequently,
the gold nanoparticles can be exploited as a probe to determine the exact temperature,
basically using them as a thermometer. By measuring their mean residence times tpir during
the temperature drop, the corresponding temperatures were calculated by using their already
known hydrodynamic diameter and the Stokes-Einstein relation (see Equation (32)).
Considering the temperature dependency of the refractive index and the viscosity of the
solvent (see Equation (33) and Equation (34)), Equation (32) was solved numerically using the
software Mathematica 11. The resulting temperatures and the corresponding uncertainties
are listed in Table 2. During the first second, the obtained temperature was unexpectedly high
and showed a high uncertainty. This indicates, that the DLS measurements with a temperature
drop were affected by the convection caused by the rapid temperature drop. Considering that
the main focus of this work was the investigation of the agglomeration process of gold
nanoparticles under microgravity during the agglomeration process, a change of the
hydrodynamic diameter in the order of one or two magnitudes was expected. The obtained
temperatures showed a considerable uncertainty, but are still smaller than the expected large
change of the hydrodynamic diameter. Consequently, the observation of the agglomeration
process during the temperature drop was possible and will be described in the following

chapters.
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Table 2: Time dependent temperatures (T) measured using gold nanoparticles as
thermometer inside the measurement volume during the temperature drop. A constant
hydrodynamic diameter of 22 nm was assumed. The corresponding viscosity and refractive
index for tetradecane are given. From Pyttlik et al., 2022.1%

t(s) T(°C) n (mPas s) n
1 94 (+ 26) 0.73 1.3948
) 62 (+ 12) 1.11 1.4090
3 53 (+21) 1.27 1.4130
4 51 (+ 10) 1.31 1.4139
5 47 (£ 9) 1.39 1.4156
6 45 (= 9) 1.44 1.4165
7 46 (+ 9) 1.42 1.4161
3 43 (£ 6) 1.49 1.4174

3.2.4 Ground experiments with the reference system

DLS measurements were carried out with the reference system on ground and later compared
to the measurement performed in microgravity to investigate any influence of microgravity

on the instrumental set-up or the DLS measurements.

Gold nanoparticles with a core diameter of dcore =7.8 nm, capped with oleylamine in
tetradecane were used. The dispersion had a gold concentration of ¢=0.72 mg mL?,
corresponding to a particle concentration of 1.5 x 10* mL. The same sample was later used
to perform DLS measurements under microgravity conditions. Measurements were
performed at a constant temperature of T =20 °C as well as with a temperature drop. During
each DLS measurement, eight consecutive autocorrelation functions with an integration time
of 1 s were recorded. Each measurement was repeated three times at 20 °C and three times
with a temperature drop (70 °C to 10 °C). Selected autocorrelation functions and the
corresponding fits are shown in Figure 24 and Figure 25. All recorded autocorrelation

functions are shown in the appendix (see Figure 55 and Figure 56).
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Figure 24: Selected autocorrelation functions (colored, solid lines) and corresponding fits
(black, dashed line) with an integration time of 1 s of oleylamine-capped gold nanoparticles in
tetradecane. The dispersion had a gold concentration of ¢ =0.72 mgmL? (+ 0.03 mg mL?).
The measurement was performed at a constant temperature of T=20 °C on ground (1 g).

From Pyttlik et al., 2022.%°®
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Figure 25: Selected autocorrelation functions (colored, solid lines) and corresponding fits
(black, dashed line) with an integration time of 1 s of oleylamine-capped gold nanoparticles in
tetradecane. The dispersion had a gold concentration of ¢ =0.72 mg mL? (+ 0.03 mg mL?).
The measurement was performed with a rapid temperature drop (70 °C to 10 °C) on ground

(1 g). From Pyttlik et al., 2022.1%¢
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The autocorrelation functions were analyzed by fitting a single exponential decay (see
Equation (30)) and a good agreement between the experimental data and the fit was
demonstrated (see Figure 24 and Figure 25). At a constant temperature of 20 °C, an averaged
mean residence time of toirf = 0.29 ms (£ 0.01 ms) corresponding to a hydrodynamic diameter
of di=21nm (1 nm) was found. During the temperature gradient, the obtained mean
residence times Tpiff were increasing, as expected for a cooling sample, see Figure 26. Overall,
it was shown that it was possible to record reliable autocorrelation functions with an
integration time of only 1s, not only at a constant temperature but also during a rapid
temperature drop induced by the liquid handling system. In Chapter 3.2.5, the test of the
instrumental set-up under microgravity conditions in the drop tower at the ZARM Institute

(Center of Applied Space Technology and Microgravity) will be described.
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Figure 26: Mean residence time tpiff over time t of oleylamine-capped gold nanoparticles with
a core diameter of dcore = 7.8 Nm in tetradecane at a constant temperature (20 °C) and with a
temperature drop (70 °C to 10 °C). Each measurement was performed on ground and
repeated three times and the average mean residence times tpi and their standard deviation
are shown. From Pyttlik et al., 2022.1°
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3.2.5 Microgravity experiments with the reference system

After the experimental set-up was proven to be able to record reliable DLS measurements
even with a temperature drop, experiments were finally repeated under microgravity
conditions. Oleylamine-capped gold nanoparticles in tetradecane with a core diameter of
dcore = 7.8 nm and a hydrodynamic diameter of dy = 21 nm (£ 1 nm) were used. The dispersion
had a gold concentration of ¢ =0.72 mg mL?, corresponding to a particle concentration of
1.5 x 10** mLt. Measurements were performed at 20 °C and during a temperature drop (70 °C
to 10 °C). The experiments were carried out by performing catapult launches at the drop
tower at the ZARM Institute. All parameters were identical with the ground experiments,
described in Chapter 3.2.4. One DLS measurement was performed at a constant temperature
of T=20"°C, and two experiments were performed with a temperature gradient (70 °C to
10 °C). Selected autocorrelation functions are shown in Figure 27 and Figure 28. All

autocorrelation functions are shown in the appendix (see Figure 57 and Figure 58).
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Figure 27: Selected autocorrelation functions (colored, solid lines) and corresponding fits
(black, dashed line) with an integration time of 1 s of oleylamine-capped gold nanoparticles in
tetradecane. DLS measurements were performed at a constant temperature of 7T=20 °C in
microgravity (U g) by performing a catapult launch. The dispersion had a gold concentration
of c=0.72 mg mL?! (+ 0.03 mg mL?). From Pyttlik et al., 2022.1°
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Figure 28: Selected autocorrelation functions (colored, solid lines) and fits (black, dashed line)
with an integration time of 1 s of oleylamine-capped gold nanoparticles in tetradecane. DLS
measurements were performed with a rapid temperature drop (70 °C to 10 °C) in microgravity
(wg) by performing a catapult launch. The dispersion had a gold concentration of
c=0.72 mg mL* (£ 0.03 mg mL?). From Pyttlik et al., 2022.1%

A reduced intercept and thus a reduced plateau value at fast correlation times of the
autocorrelation compared to the ones recorded on ground were noticeable and were
probably caused by slight misalignment of the optics during the catapult launch. The
autocorrelation functions were analyzed using a single exponential decay (see Equation (30))
and a good agreement between the experimental data and the fit was observed (see Figure 27
and Figure 28). At a constant temperature of 20 °C, the mean residence times toirf on the
ground and in microgravity were in good agreement, see Figure 29. With a temperature drop,
the obtained mean residence times tif on the ground and in microgravity were also in good
agreement, and increasing as expected for a cooling sample. It is worth mentioning that the
mean residence times tpir during a temperature drop experiment were lower than at a
constant temperature of 20 °C, even at the end of the experiment after 8 s since the

temperature inside the cuvette never drops below 37 °C, see Table 2.

57



3. Results and Discussions

05 ' 1 ! ! I ' I ' 1 ! 1 ' I ' I
o 1g (constant 20°C)
A A ug (constant 20°C)
0.4 - A ®m  1g (temperature drop) |
' A

ug (temperature drop)

o o
T T
—0—
- o
(>0
HH >
i B0
e
[
|

Mean residence time tp;; (Ms)

o
) ] )
—
T
]

0.0 T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8
Time t (s}

Figure 29: Mean residence times tpirf over time t of oleylamine-capped gold nanoparticles in
tetradecane. Three experiments were performed on the ground at a constant temperature of
20 °C and with a temperature drop (70 °Cto 10 °C), the average mean residence times toir and
the standard deviation are shown. One experiment was performed in microgravity with a
constant temperature of 20 °C. Two experiments were performed in microgravity with a
temperature drop (70 °C to 10 °C), the average mean residence times tpitf and their standard
deviation are shown. From Pyttlik et al., 2022.1%

At a constant temperature, a mean residence time of toitf = 0.31 ms (£ 0.07 ms) corresponding
to a hydrodynamic diameter of dy =23 nm (+ 5 nm) was found, showing a good agreement
between the measurements in microgravity and on ground. Experiments with a temperature
drop were repeated twice and mean average times between 0.10 ms and 0.13 ms were found.
The corresponding hydrodynamic diameters were determined using the temperatures
calculated in Table 2 and are shown in summary in Table 3. The uncertainties of the
hydrodynamic diameter dy were calculated by error propagation considering the temperature
uncertainties in Equation (32). A comparison with the hydrodynamic diameters obtained at a
constant temperature in microgravity and on ground showed that they were in good
agreement (see Figure 30), proving the possibility to record reliable autocorrelation functions

in microgravity, after a catapult launch was performed and during a temperature drop.
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Table 3: Time-dependent mean residence times toits of oleylamine-capped gold nanoparticles
in tetradecane in microgravity during a temperature drop. The corresponding apparent
hydrodynamic diameters du are calculated using the temperature evolution T, the viscosity n,
and the refractive index n of the solvent (see Table 2) From Pyttlik et al., 2022.1%®

t(s) Toiff (Ms) du (nm) T(°C) n (mPas s) n
1 0.10 27 (+ 10) 94 (+ 26) 0.73 1.3948
2 0.14 23 (+ 5) 62 (+13) 1.11 1.4090
3 0.13 19 (£ 7) 53 (+21) 1.27 1.4130
4 0.11 15 (+ 3) 51 (+ 10) 1.31 1.4139
5 0.13 16 (£ 3) 47 (+ 9) 1.39 1.4156
6 0.17 21 (¢ 4) 45 (+ 9) 1.44 1.4165
7 0.15 19 (+ 3) 46 (£ 9) 1.42 1.41e1
8 0.13 15 (+ 2) 43 (+ 6) 1.49 1.4174
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Figure 30: Hydrodynamic diameter du over time t of oleylamine-capped gold nanoparticles in
tetradecane. Three experiments were performed on the ground at a constant temperature of
20 °C. The average hydrodynamic diameter and the standard deviation are shown. One
experiment was performed in microgravity with a constant temperature of 20 °C. Two
experiments in microgravity with a temperature drop (70 °C to 10 °C) were performed, the
average hydrodynamic diameter and corresponding uncertainties estimated by error
propagation are shown. At du = 22 nm a dashed blacked line is shown to guide the eye. From
Pyttlik et al., 2022.1%
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3.3 Agglomerating system

The results of the following chapter have been published in the course of this project in
“Microgravity Removes Reaction Limits from Nonpolar Nanoparticle Agglomeration” by

Pyttlik, Kuttich and Kraus in Small in 2022.274

To investigate the effect of microgravity on the agglomeration process of gold nanoparticles,
their agglomeration process was followed by DLS measurements on ground and in
microgravity. As agglomerating system, hexadecanethiol-capped gold nanoparticles in
tetradecane were used. By performing a drop experiment, microgravity duration of 4.7 s
allows the recording of 4 consecutive autocorrelation functions. A catapult launch extended
microgravity to 9.3 s allowing the record of 8 consecutive autocorrelation functions. The gold
nanoparticles had a core diameter of dcore = 7.8 nm (£ 0.5 nm) and a hydrodynamic diameter
of dv=13nm (1 nm). It is worth noticing that the hydrodynamic diameter of the
hexadecanethiol-capped gold nanoparticles was smaller than the hydrodynamic diameter of
the oleylamine-capped gold nanoparticles, even though both ligands had a similar ligand
length of 2 nm. Due to the strong bonding of the thiol-group on the gold surface, it is assumed
that only a single layer shell is formed,?”>?7® in contrast to the formation of oleylamine
multilayers, see Chapter 3.2.2. Gold nanoparticles with two different concentrations were
investigated to study the effect of the concentration on the agglomeration of the particles, a
low particle concentration (¢ =1.03 +0.12 mg mL* on ground and ¢=0.86 +0.16 mg mL* in
microgravity) and a high particle concentration (c=2.75+0.04 mg mL? on ground and

¢=3.27 +0.79 mg mL! in microgravity) were used.

3.3.1 Determination of the agglomeration temperature

As prerequisite to evaluate data of the agglomerating system, the exact agglomeration
temperature  was  determined. The  agglomeration temperature of the
hexadecanethiol-capped gold nanoparticles with a core diameter of dcore = 7.8 nm (+ 0.5 nm)
and a hydrodynamic diameter of dy = 13 nm (* 1 nm) in tetradecane was determined by SAXS
and DLS measurements. For SAXS measurements, the sample was first heated to 80 °C, then
cooled to 10 °C, and subsequently reheated to 80 °C. Scattering data were recorded every 5 K

(selected scattering data are shown in Figure 31). All recorded scattering data are shown in
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Figure 53 (appendix). At 60 °C, a structure peak can be seen at a scattering vector of
d = 0.07 A'! indicating the onset of the particle agglomeration. The agglomeration fraction

Xagglo Was determined as described in Chapter 2.2.

DLS measurements were recorded at every 5K between 70°C and 10 °C, and every
measurement was repeated two times. The averaged hydrodynamic diameter and the
agglomeration fraction are shown in Figure 32. At 70 °C, the nanoparticles were completely
deagglomerated and a hydrodynamic diameter of du=13nm(x1nm) was found. An
increasing hydrodynamic diameter and agglomeration fraction was found at 60 °C,
determining an agglomeration temperature of Tagglo = 60 °C of the gold nanoparticle sample
(see Figure 31). The agglomeration fraction of the nanoparticles increased during the cooling
of the sample, until the particles were completely agglomerated (Xagglo = 1) and decreased as
soon as the sample was reheated again, until the particles were completely deagglomerated
(Xagglo = 0).%” To avoid any premature agglomeration of the nanoparticles before the
agglomeration experiments, the sample was heated to 70 °Cinside the aluminum block before
the sample was injected into the pre-cooled measurement cell (see Figure 12) to induce

agglomeration.
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Figure 31: Selected scattering data (colored, solid lines) of hexadecanethiol-capped gold
nanoparticles in tetradecane at different temperatures and the corresponding fits (black,
dashed line), see Chapter 2.2. The particles had a core diameter of 7.8 nm (+ 0.5 nm). The
curves are shifted vertically to avoid overlapping of the data and improve readability.
a) Evolution of scattering intensity during cooling from 80 °C to 10 °C in steps of 5 K. b)
Evolution of scattering intensity during reheating from 10 °C to 80 °Cin steps of 5 K. Published
in the course of this project in “Microgravity Removes Reaction Limits from Nonpolar
Nanoparticle Agglomeration” by Pyttlik, Kuttich and Kraus in Small, in 2022.%274
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Figure 32: Agglomeration xagglo fraction (left axis) and hydrodynamic diameter du (right axis)
of hexadecanethiol-capped gold nanoparticles in tetradecane. The agglomeration fraction was
obtained from SAXS measurements by recording data during the cooling of the nanoparticles
from 80 °C to 10 °C and reheating them to 80 °C. DLS measurements were performed during
the cooling of the nanoparticles from 70 °C to 10 °C. DLS measurements were repeated two
times, the averaged hydrodynamic diameters dy and the corresponding standard deviations
are shown. Dashed lines are inserted to guide the eye. From Pyttlik et al., 2022.274

3.3.2 Ground experiments with the agglomerating system

DLS measurements were carried out with the agglomerating system on ground and later
compared to the measurement performed in microgravity to investigate the influence of
microgravity on the agglomeration process of gold nanoparticles. On ground and in

microgravity, experiments were performed with two different particle concentrations.

To induce the agglomeration of the gold nanoparticles, the dispersion was heated to 70 °C and
injected into the hot aluminum block (70 °C) by using a syringe pump. The sample was kept in
the aluminum block for 90 min to simulate identical conditions on ground, compared to the
experiments in the drop tower. Afterwards, the sample was injected into the pre-cooled
measurement cell. The DLS measurements were started as soon as the injection of the sample
was completed. A schematic overview of the induction of the agglomeration process is shown

in Figure 33.
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Heating
mat

Figure 33: Schematic overview of the instrumental set-up to be able to induce the
temperature dependent agglomeration process of gold nanoparticles.

Gold nanoparticles with a core diameter of dcore = 7.8 nm, capped with hexadecanethiol in
tetradecane were used. One dispersion with a gold concentration of c¢=1.03 mgmL?,
corresponding to a particle concentration of 2.12x10* mL, and another dispersion with a
gold concentration of c¢=2.75mgmLY corresponding to a particle concentration of
5.66x10'* mL?, was used. Measurements were performed with a temperature drop (70 °C to
10 °C). Agglomerating experiments with the lower gold concentration were repeated three

times, and two times with the higher concentration.

During each DLS measurement, eight consecutive autocorrelation functions, with an
integration time of 1s were recorded. The recorded autocorrelation functions of one
measurement for each used particle concentration are shown in Figure 34. To improve the

readability of the data, the autocorrelation functions recorded after t = 2 s are shifted along
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3.3 Agglomerating system

the y-axis. All recorded autocorrelation functions are shown in the appendix (see Figure 59
and Figure 60). To analyze the recorded data, the approach introduced by Weitz et al. was
followed. They used a single mono-exponential function to describe the optical scattering of
an agglomerating system, showing that the attractive interactions between the agglomerating
particles and the growth of the agglomerates during the integration time can be neglected in
the data analysis, and reliable estimates of the averaged agglomerate sizes were
obtained.?’7:2’ Autocorrelation functions recorded on ground are well described by
Equation (30). The data obtained finally demonstrate that it was possible to follow the
agglomeration process by DLS measurements by recording reliable autocorrelation functions
with an integration time of only 1 s during a rapid temperature drop induced by the liquid
handling system. The obtained mean residence times tpir were used to calculate the
hydrodynamic diameter du by using the calculated temperatures for the temperature drop

according to Table 2. The results are summarized in Table 4 and shown in Figure 35.

a) , b)
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Figure 34: Autocorrelation functions (colored, solid lines) and the corresponding fits (black,
dashed lines) recorded during the agglomeration of hexadecanethiol-capped gold
nanoparticles in tetradecane on ground with a temperature drop (70 °C to 10 °C). The
autocorrelation functions recorded after t=2s are shifted along the y-axis to improve
readability. a) At a gold concentration of ¢=1.03 mgmL?! (£0.12 mg mL?). b) At a gold
concentration of ¢ = 2.75 mg mL™? (+ 0.04 mg mL?). Modified from Pyttlik et al., 2022.27*
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Table 4: Time-dependent mean residence times Ttpir and the corresponding apparent
hydrodynamic diameters du of the gold nanoparticles during the agglomeration process of
hexadecanethiol-capped gold nanoparticles in tetradecane on ground (1g). The
agglomeration process was initiated by rapid cooling of the sample (from 70 °Cto 10 °C). From
Pyttlik et al., 2022.%274

Toiff (MS) du(nm)
¢ (mgmL?) 1.03 2.75 1.03 2.75
(+0.12) (+ 0.04) (£0.12) (+0.04)
t(s)
1 0.30 ( 0.03) 0.51 ( 0.24) 83 ( 30.9) 139 (+ 81.3)
2 0.32 (+ 0.03) 0.40 (+ 0.01) 53 (+ 12.0) 66 (+ 13.2)
3 0.32 (+ 0.04) 0.39 (+ 0.13) 46 (+ 18.6) 56 (+ 28.1)
4 0.32 (+ 0.03) 0.42 (+ 0.10) 43 (+9.2) 58 (+ 17.9)
5 0.34 (+ 0.03) 0.51 (+0.11) 43 (+7.8) 65 (+ 17.7)
6 0.34 (+ 0.01) 0.61 (+ 0.14) 42 (+7.3) 75 (+ 21.1)
7 0.36 (+ 0.01) 0.67 (+0.11) 46 (£ 8.0) 85 (+ 19.7)
8 0.35 (+ 0.01) 0.71 ( 0.07) 41 (+ 4.7) 83 (+ 12.3)
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Figure 35: a) Comparison of averaged mean residence times tpif and the corresponding
standard deviations of hexadecanethiol-capped gold nanoparticles in tetradecane during the
agglomeration process of the particles. b) Comparison of averaged apparent hydrodynamic
diameter dy and the corresponding error standard deviations of hexadecanethiol-capped gold
nanoparticles in tetradecane during the agglomeration process of the particles. The
agglomeration was induced by rapid cooling of the sample (70 °C to 10 °C). Modified from
Pyttlik et al., 2022.274
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For the measurements at t = 1 s (see Table 4), the largest mean residence times and thus the
largest hydrodynamic diameters were found for both concentrations. Furthermore, in both
cases large standard deviations were observed. However, for a cooling and agglomerating
system the smallest mean residence times and hydrodynamic diameters were expected for
the first measurements. We attribute these unexpected findings to convection forces directly
after injecting the hot sample into the precooled measurement, cell preventing the collection
of reliable data at these particular data points. Consequently, data collected at t =1 s were

not considered for any of the following discussions.

For the low particle concentration measurements (c=1.03 mgmL?), the size of the
agglomerates stayed almost constant during the observation period (t=2s-8s). The
averaged hydrodynamic diameter was determined as du = 41 nm (£ 4.7 nm). Two differences
were observed for the measurements with increasing the concentration by a factor of 2.7
(c =2.75 mg mL?). First, during the observation time a constant growth of the agglomerates
could be observed instead of constant sizes determined during the low concentration
experiments, see Figure 35. Second, the size of the observed agglomerates was approximately

doubled. At t = 8 s a hydrodynamic diameter of dy = 83 nm (+ 12.3 nm) was found.

3.3.3 Microgravity experiments with the agglomerating system

To investigate the influence of gravity on the agglomeration of gold nanoparticles, the
agglomeration process of hexadecanethiol-capped gold nanoparticles in tetradecane was
followed by DLS measurements. In analogy to the ground experiments, measurements were
performed with two different particle concentrations. Microgravity conditions were realized

in the drop tower in Bremen by performing a catapult launch or a simple drop experiment.

For following the agglomeration of the gold nanoparticles in microgravity, the instrumental
set-up was integrated into the drop tower capsule, see Figure 13. To induce the agglomeration
of the system the same moment the instrumental set-up enters microgravity, the dispersion
was first heated to 70 °C and injected into the hot aluminum block (preheated to 70 °C) by
using a syringe pump. The sample was kept in the aluminum block for 90 min, until the drop
capsule was placed inside the drop tower and the tower was completely evacuated.
Afterwards, the sample was injected into the pre-cooled measurement cell. As soon as the

injection of the sample was completed, the capsule entered microgravity and the DLS
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3.3 Agglomerating system

measurements were started. A schematic overview of the induction of the agglomeration

process is shown in Figure 33.

3.3.3.1 Microgravity experiments with the agglomerating system after a catapult launch

First experiments in microgravity were performed with a catapult launch, providing a
microgravity duration of 9.1 s. Considering the delay time of 100 ms between the recording of
the single autocorrelation functions, 8 consecutive autocorrelation functions with an

integration time of 1 s could be recorded.

Gold nanoparticles with a core diameter of dcore = 7.8 Nnm, capped with hexadecanethiol in
tetradecane were used for the microgravity experiments. Again, two dispersions with
different concentrations were investigated. For the lower concentrated sample, the
concentration was c¢=0.86 mgmL?, corresponding to a particle concentration of
1.62x10* mL?. Secondly, a dispersion with a gold concentration of ¢=3.27 mgmL?,
corresponding to a particle concentration of 6.16x10* mL?! was used. Measurements were
performed with a temperature drop (70 °C to 10 °C). Agglomerating experiments with the
lower gold concentration were repeated four times and two times with the higher

concentration.

During each DLS measurement, eight consecutive autocorrelation functions with an
integration time of 1s were recorded. The recorded autocorrelation functions of one
measurement for each used particle concentration are shown in Figure 36. To improve the
readability of the data, the autocorrelation functions recorded after t = 2 s are shifted along
the y-axis. All recorded autocorrelation functions are shown in the appendix (see Figure 61
and Figure 62). To analyze the recorded data, the approach introduced by Weitz et al. was
followed. They used a single mono-exponential function to describe the optical scattering of
an agglomerating system.?’7:?’% Autocorrelation functions recorded in microgravity after a
catapult launch after t =2 s are well described by Equation (30). At t =15, the influence on
the catapult launch could be clearly observed during the measurement, as can be seen at the
compromised shape of the autocorrelation function at t =1 s (see Figure 36). Consequently,
no accurate mean residence time toirf could be obtained for t=1s. The obtained mean

residence times tpir were used to calculate the hydrodynamic diameter du by using the
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calculated temperatures for the temperature drop according to Table 2. The results are

summarized in Table 5 and shown in Figure 37.
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Figure 36: Autocorrelation functions (colored, solid lines) and the corresponding fits (black,
dashed lines) recorded during the agglomeration of hexadecanethiol-capped gold
nanoparticles in tetradecane in microgravity with a temperature drop (70 °C to 10 °C) after a
catapult launch. The autocorrelation functions recorded after t=2s are shifted along the
y-axis to improve readability. a) At a gold concentration of ¢ =0.86 mg mL? (+ 0.16 mg mL™?).
b) At a gold concentration of ¢ =3.27 mg mL? (+ 0.79 mg mL1). Modified from Pyttlik et al.,
2022274
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Table 5: Time-dependent mean residence times Ttpir and the corresponding apparent
hydrodynamic diameters du of the gold nanoparticles during the agglomeration process of
hexadecanethiol-capped gold nanoparticles in tetradecane in microgravity (ug), after a
catapult launch. The agglomeration process was initiated by rapid cooling of the sample (from
70 °Cto 10 °C). From Pyttlik et al., 2022.274

Toitf (MS) du(nm)
¢ (mg mL?) 0.86 3.27 0.86 3.27
(£ 0.16) (£ 0.79) (+0.16) (£ 0.79)
t(s)
1 0.19 (+ 0.009) 0.21 (+ 0.14) 52 (+29.9) 58 (+43.3)
2 0.67 (+0.14) 1.53 (+ 0.37) 111 (+ 32.0) 255 (+ 80.5)
3 1.04 (+0.21) 2.68 (+ 0.45) 149 (£ 64.2) 385 (+ 160.4)
4 1.32 (£ 0.27) 3.18 (+ 0.63) 181 (+ 50.8) 434 (£ 120.1)
5 1.33 (+ 0.28) 3.84 (+ 0.60) 168 (+ 44.5) 485 (+ 109.7)
6 1.33 (£ 0.20) 3.48 (+0.22) 163 (+ 37.3) 427 (£ 77.9)
7 1.10 (+ 0.30) 3.06 (+ 0.49) 139 (+ 44.8) 385 (+90.1)
8 0.84 (+ 0.36) 3.22 (+ 0.04) 98 (+ 43.4) 377 (£ 42.4)
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Figure 37: a) Comparison of averaged mean residence times Tpif and the corresponding
standard deviations of hexadecanethiol-capped gold nanoparticles in tetradecane during the
agglomeration process of the particles. b) Comparison of averaged apparent hydrodynamic
diameter duy and the corresponding error propagation of hexadecanethiol-capped gold
nanoparticles in tetradecane during the agglomeration process of the particles. The
agglomeration was induced by rapid cooling of the sample (70 °C to 10 °C). Modified from
Pyttlik et al., 2022.274
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In microgravity, for both concentrations (c=0.86 mg mL* and ¢=3.27 mg mL?) a growth
could be monitored during the first four seconds of the measurement period before the size
of the agglomerates stagnated. For the measurements with lower particle concentration
significantly smaller agglomerates (dy = 98 nm (+ 43.4nm) at t = 8 s) were observed compared
to the high concentration experiments (du =377 nm (£ 42.4nm) at t=8 s). Generally, by
increasing the particle concentration by a factor of 3.8 the size of the agglomerates also

increased by a factor of 3.8.

3.3.3.2 Microgravity experiments with the agglomerating system after a drop

To investigate if the catapult launch has an influence on the agglomeration process of gold
nanoparticles, the agglomeration was followed during a simple drop experiment. During the
catapult launch, the experimental set-up was accelerated by approximately 30 g.2°¢ To ensure
that this impact did not influence the recorded measurements, the experiment was repeated
by performing a drop experiment, where the experimental set-up was slowly pulled up to the
top of the tower and gently released. Additionally, this experiment should substantiate the
assumption that the compromised shape of the autocorrelation function for the
measurements at t = 1 s observed for the launch experiments can be attributed to physical
impact of the catapult launch (compare Chapter 3.3.3.1 and Figure 36). In analogy to the
launch experiments, the agglomeration and measurement process was initiated via the liquid
handling system. The drop capsule was released after the liquid injection was finalized and
the recording of the DLS measurements started. A drop experiment provides a microgravity
duration of 4.7 s. Considering the delay time between the recording of single autocorrelation
functions of 100 ms, four consecutive autocorrelation functions with an integration time of

1 s were recorded.

Gold nanoparticles with a core diameter of dcore = 7.8 nm, capped with hexadecanethiol in
tetradecane were used. The dispersion had a gold concentration of ¢ = 2.67 mg mL* (particle
concentration of 5.03x10** mL) and the measurement was performed with the temperature
drop of 70°C to 10 °C. During the DLS measurement, four consecutive autocorrelation
functions, with an integration time of 1s, were recorded. The recorded autocorrelation
functions are shown in Figure 38. To improve the readability of the data, the autocorrelation

functions recorded after t=2s are shifted along the y-axis. The original recorded
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autocorrelation functions are shown in the appendix (see Figure 63). To analyze the recorded
data, the approach introduced by Weitz et al. was followed. They used a single mono-
exponential function to describe the optical scattering of an agglomerating system.?’7:278
Autocorrelation functions recorded in microgravity after a drop are well described by
Equation (30). The obtained mean residence times Ttpif were used to calculate the
hydrodynamic diameter du by using the calculated temperatures for the temperature drop
according to Table 2. The results are summarized in Table 5 and shown in Figure 39. It can be
clearly seen that the measurement at t=1s is unperturbed during the drop experiment,
indeed speaking for physical stresses of the launch acceleration as source of compromised
autocorrelation functions during the launch experiments (compare Chapter 3.3.1 and
Figure 36). Overall, it was shown that the obtained mean residence times and hydrodynamic
diameter observed after a catapult launch were in good agreement with what was observed
during the drop experiment. These findings clearly indicate that the catapult launch only
influenced the recording of the autocorrelation function at t=1s, while the other

measurements were not impacted.
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Figure 38: Autocorrelation functions (colored, solid lines) and the corresponding fits (black,
dashed lines) recorded during the agglomeration process of hexadecanethiol-capped gold
nanoparticles in tetradecane in microgravity by performing a drop experiment. A sample with
a gold concentration of ¢ = 2.67 mg mL* was used. The autocorrelation functions recorded at
t=2s,3sand 4 s are shifted along the y-axis to improve readability. Modified from Pyttlik et
al., 2022.274
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Table 6: Time-dependent mean residence times Tpj and the corresponding apparent

hydrodynamic diameters du of the gold nanoparticles during the agglomeration process of

hexadecanethiol-capped gold nanoparticles in tetradecane in microgravity (i g), after a drop.

The agglomeration process was initiated by rapid cooling of the sample (from 70 °C to 10 °C).

From Pyttlik et al., 2022.%74

Toiff (Ms) du (nm)
catapult launch drop catapult launch drop
¢ (mgmL?) 0.86 3.27 2.67 0.86 3.27 2.67
(£0.16) (£0.79) (£0.16) (£0.79)
t(s)
1 0.19 0.21 1.68 52 58 416
(£0.009)  (+0.14) (£0.03) (+29.9) (£43.3)  (+164.0)
2 0.67 1.53 1.89 111 255 316
(£ 0.14) (£ 0.37) (+ 0.04) (32.0) (+ 80.5) (£ 63.4)
3 1.04 2.68 2.51 149 385 360
(£0.21) (£ 0.45) (£ 0.07) (£64.2)  (+160.4) (+137.7)
4 1.32 3.18 2.43 181 434 332
(£0.27) (£ 0.63) (£ 0.05) (£50.8) (£120.1) (t 64.4)
5 1.33 3.84 / 168 485 /
(£ 0.28) (+ 0.60) (£44.5)  (+109.7)
6 1.33 3.48 / 163 427 /
(£ 0.20) (£0.22) (£37.3) (£77.9)
7 1.10 3.06 / 139 385 /
(£ 0.30) (£ 0.49) (£ 44.8) (£90.1)
8 0.84 3.22 / 98 377 /
(£ 0.36) (+ 0.04) (+43.4) (£ 42.4)
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Figure 39: a) Comparison of averaged mean residence times Tpj and the corresponding
standard deviations of hexadecanethiol-capped gold nanoparticles in tetradecane during the
agglomeration process of the particles. b) Comparison of averaged apparent hydrodynamic
diameter dy and the corresponding error propagation of hexadecanethiol-capped gold
nanoparticles in tetradecane during the agglomeration process of the particles. The
agglomeration was induced by rapid cooling of the sample (70 °C to 10 °C). Modified from
Pyttlik et al., 2022.274
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3.3 Agglomerating system

3.3.4 Interpretation of the gravitational influence on agglomeration

In summary, we were able to show that the set-up developed during this project indeed allows
to study the agglomeration process of gold nanoparticles in microgravity for the first time by
collecting valid DLS data in the ZARM drop tower in Bremen. Agglomeration of thiol-capped
gold nanoparticles was induced with the designed liquid handling system, and analogous data
was recorded on ground and in microgravity. In both cases, dispersions with two particle

concentrations were studied for comparison.

On ground, samples with a concentration ¢=1.03mgmL! (+0.12mgmL?) and
c=2.75mg mL?! (+ 0.04 mg mL1) were analyzed. Corresponding microgravity measurements
were carried out with ¢ = 0.86 mg mL? (£ 0.16 mg mL) and ¢ = 3.27 mg mL* (£ 0.79 mg mL?%).
Slight deviations in the particle concentration date back to the sample injection process.
During the injection of the hot sample from the aluminum block into the pre-cooled
measurement cell, the sample had to pass room temperature warm plastic tubes resulting in
an uncontrolled sticking of the particles inside the tube. This effect impeded a precise control
of the particle concentration inside the measurement cell. Consequently, it was impossible to
guarantee exactly identical particle concentrations on ground and in microgravity. However,
the particle concentration was sufficiently similar to provide comparable data for ground and

microgravity experiments.

A catapult launch provides a microgravity interval of 9.1 seconds, which was sufficient to
record 8 autocorrelation functions. On ground and when performing a catapult launch, the
first recorded sets of data at t =1 s were not evaluable. On ground, this measurement was
indicating shrinking agglomerates, which is not plausible. Additionally, large standard
deviations were observed for that measurement at t = 1 s. We attributed both those effects
on ground to convection induced by the liquid handling system that disturbs reliable data
collection. On the other hand, in microgravity, compromised autocorrelation functions during
the launch experiments were found at t = 1 s when performing a catapult launch, presumably
due to acceleration forces. To test both hypotheses, a simple drop experiment was performed
in microgravity. During that experiment, neither the convection forces assumed to disturb the
ground measurement, nor the acceleration forces of the catapult launch were present.
Indeed, at t = 1 s the autocorrelation function and the fit during the drop experiment were

perfectly aligned.
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3. Results and Discussions

A comparison of the recorded autocorrelation functions recorded on ground and in
microgravity is shown in Figure 40. To improve the display of the autocorrelation functions,

the functions recorded after t = 2 s are shifted along the y-axis.
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Figure 40: Autocorrelation functions (colored, solid lines) and the corresponding fits (black,
dashed lines) recorded during the agglomeration process of hexadecanethiol-capped gold
nanoparticles in tetradecane. The autocorrelation functions recorded after t = 2 s, are shifted
along the y-axis to improve readability. a) Measurements on ground at a gold concentration
of ¢=1.03mgmL-1 (+0.12 mgmL-1). b) Measurements in microgravity at a gold
concentration of ¢ =0.86 mg mL-1 (+ 0.16 mg mL-1). c) Measurements on ground at a gold
concentration of ¢ =2.75 mg mL-1 (+ 0.04 mg mL-1). d) Measurements in microgravity at a
gold concentration of ¢ = 3.27 mg mL-1 (+ 0.79 mg mL-1). Modified from Pyttlik et al., 2022.274

Both, on ground and in microgravity, the recorded autocorrelation functions can be described
by using Equation (30). A comparison of the used fit function shows a perfect match for the

data recorded in microgravity, whereas on ground a more stretched mono-exponential fit was
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3.3 Agglomerating system

found (see Figure 40). These findings indicate the formation of more uniform agglomerates

with a more monodisperse size distribution in microgravity compared to those formed on

ground.

A direct comparison of selected autocorrelation functions on ground and in microgravity is
shown in Figure 41. The decay of the autocorrelation functions recorded in microgravity was
slower, indicating larger mean residence times toifr, slower diffusion of the particles, and larger
hydrodynamic diameters. The obtained corresponding hydrodynamic diameters are analyzed

and discussed in Chapter 3.2.3.

Fitting the recorded autocorrelation functions with Equation (30) yielded the average mean
residence times Tpir. Equation (32) provides the corresponding apparent hydrodynamic
diameters dy for temperatures T, refractive indices n, and dynamic viscosities n summarized
in Table 2. The mean residence times tpif obtained on ground and in microgravity are
summarized in Table 7 and the corresponding apparent hydrodynamic diameters dy are

displayed in Table 8. A comparison is shown in Figure 42.
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Figure 41: Selected autocorrelation functions (colored, solid lines) and corresponding fits
(black, dashed lines) recorded during the agglomeration process of hexadecanethiol-capped
gold nanoparticles in tetradecane. a) Measurements on ground at a gold concentration of
c=1.03 mg mL-1 (£ 0.12 mg mL-1). b) Measurements in microgravity at a gold concentration
of ¢ =0.86 mg mL-1 (+ 0.16 mg mL-1). c) Measurements on ground at a gold concentration of
c=2.75mg mL? (+0.04 mg mL1). d) Measurements in microgravity at a gold concentration of
¢=3.27mg mL? (£ 0.79 mg mL?). Modified from Pyttlik et al., 2022.27*
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3. Results and Discussions

Table 7: Time-dependent mean residence times toirr of the gold nanoparticles during the
agglomeration process of hexadecanethiol-capped gold nanoparticles in tetradecane on the
ground (1g) and in microgravity (ug) after a catapult launch and after a drop. The
agglomeration process was initiated by rapid cooling of the sample (from 70 °C to 10 °C).
Modified from Pyttlik et al., 2022.%74

Toiff (Ms) Toiff (M)
on ground catapult launch drop
¢ (mg mL?) 1.03 2.75 0.86 3.27 2.67
(£0.12) (£0.04) (£0.16) (£0.79)
t(s)
1 0.30 0.51 52 58 416
(£0.03) (£0.24) (+29.9) (£43.3)  (+164.0)
2 0.32 0.40 111 255 316
(£ 0.03) (£ 0.01) (32.0) (+ 80.5) (+ 63.4)
3 0.32 0.39 149 385 360
(£ 0.04) (£ 0.13) (£64.2)  (+160.4) (£137.7)
4 0.32 0.42 181 434 332
(£0.03) (£ 0.10) (£50.8) (£120.1) (t 64.4)
5 0.34 0.51 168 485 /
(£ 0.03) (£ 0.11) (+44.5)  (+109.7)
6 0.34 0.61 163 427 /
(£ 0.01) (£ 0.14) (£37.3) (£77.9)
7 0.36 0.67 139 385 /
(£ 0.01) (£0.11) (+44.8) (£90.1)
8 0.35 0.71 98 377 /
(£ 0.01) (£ 0.07) (% 43.4) (£ 42.4)
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3.3 Agglomerating system

Table 8: Apparent hydrodynamic diameters du of the gold nanoparticles during the
agglomeration process of hexadecanethiol-capped gold nanoparticles in tetradecane on the
ground (1g) and in microgravity (ug) after a catapult launch and after a drop. The
agglomeration process was initiated by rapid cooling of the sample (from 70 °C to 10 °C).
Modified from Pyttlik et al., 2022.%74

dw (nm) dw (nm)
on ground catapult launch drop
¢ (mg mL?) 1.03 2.75 0.86 3.27 2.67
(£0.12) (£0.04) (£0.16) (£0.79)
t(s)
1 83 139 52 58 416
(+30.9) (+ 81.3) (+29.9) (£43.3)  (+164.0)
2 53 66 111 255 316
(+ 12.0) (£ 13.2) (32.0) (+ 80.5) (+ 63.4)
3 46 56 149 385 360
(+ 18.6) (£28.1) (£64.2)  (+160.4) (£137.7)
4 43 58 181 434 332
(£9.2) (£17.9) (£50.8)  (£120.1)  (t64.4)
5 43 65 168 485 /
(+7.8) (£ 17.7) (+44.5)  (+109.7)
6 42 75 163 427 /
(£7.3) (£21.1) (£37.3) (£77.9)
7 46 85 139 385 /
(£ 8.0) (£19.7) (£ 44.8) (£90.1)
8 41 83 98 377 /
(£ 4.7) (£ 12.3) (% 43.4) (£ 42.4)
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3. Results and Discussions

b)

Figure 42: (a) Comparison of averaged mean residence times tpif and the corresponding
standard deviations of hexadecanethiol-capped gold nanoparticles in tetradecane during the
agglomeration process of the particles. (b) Comparison of averaged apparent hydrodynamic
diameter duy and the corresponding error propagation of hexadecanethiol-capped gold
nanoparticles in tetradecane during the agglomeration process of the particles. The
agglomeration was induced by rapid cooling of the sample (70 °C to 10 °C). Experiments were
performed with different concentrations on ground (1 g) and in microgravity (i g) by catapult
launches and by a drop. The dashed lines serve as guidance for the eye to highlight the trend
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of the growth of the agglomerates. From Pyttlik et al., 2022.%74
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3.3 Agglomerating system

Besides the more monodisperse size distribution, it was shown that the obtained mean
residence times tpif and the apparent hydrodynamic diameter dy of the agglomerates found
in microgravity are consistently larger than on ground. Additionally, a more prominent effect
of the concentration on tpif was found in microgravity. While on ground increasing the gold
concentration by a factor of 2.7 doubled tifs at t = 8 s, in microgravity an increase of the gold
concentration by a factor of 3.8 lead to an increase of tpiff by a factor of 3.8 at t = 8 s. It is worth
noticing that the error propagations of the hydrodynamic diameters are larger than the
standard deviations of the mean residence times due to the uncertainties of the temperature
calculations used for the calculations of the hydrodynamic diameters. But even considering
these large uncertainties, the difference between the hydrodynamic diameters obtained on
ground and in microgravity is sufficiently large to clearly indicate valid increased agglomerate
sizes in ug. The main differences that changed during the agglomeration process when
comparing terrestrial conditions to microgravity were the absence of sedimentation and
convection (compare also Chapter 2.4.1). For conventional crystallization and colloids in
general it has been reported that elimination of bouncy driven forces can cause more

homogeneous as well as larger aggregates.?26:228,77,229

To verify if agglomerates indeed grew larger in microgravity than on ground, the
sedimentation of larger particles on ground needed to be excluded. For that purpose, the
sedimentation and the diffusion of the particles are theoretically compared in Chapter 7.1.
Even if agglomerates with a hydrodynamic diameter of dy = 800 nm would have formed, the
diffusion of the particles would still be much faster than sedimentation of the particles.
Consequently, even agglomerates much larger than the agglomerates formed on ground
would have been detectable with DLS measurements and would not have been able to leave

the measurement volume.

A more likely explanation of the difference between the observations made on ground and in
microgravity is the transition from a reaction-limited aggregation (RLA) of the particles on
ground, to a diffusion-limited aggregation (DLA) in microgravity. For other particle systems, a
purely diffusive behavior has already been reported in microgravity. Potenza et al. concluded
in their microgravity study of fluorinated latex particles,?® that terrestrial conditions are
largely affected by sedimentation, leading to rection controlled behavior. The authors

demonstrate that in microgravity all measurements reflect diffusion controlled behavior.2%
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Also Mazzoni and Potenza et al. found in their study of Teflon colloidal particles that
microgravity conditions are required to obtain diffusion limited growth.”®

During diffusion-limited aggregation, the mass transport of the nanoparticles to the growing

agglomerates is the rate determining step of the agglomeration,?”®

indicating the aggregation
rate is equal to the diffusion rate of the particles and thus independent from the chemical or
physical properties of the colloidal system.?’° This results in the identical fractal dimensions of
Ds=~ 1.7 - 1.8.2%0, During the ideal diffusion-limited aggregation (DLA), particles stick after the
first collision, resulting in a sticking probability P = 1.2% So particles stick at random positions,
leading to the formation of more open agglomerates, where only a few particles have multiple
neighbors.?8! The sticking probability of 100% means that the particles are bound strongly
indicating the agglomerates do not rearrange or age with time. Agglomerates formed by DLA

do not only tend to be larger, but also tend to form more rapidly (assuming similar reaction

conditions, for example identical initial particle concentrations and temperatures).?8%283

In contrast, during a reaction limited aggregation, the growth of the agglomerates is the rate
determining step.?’° During reaction-limited aggregation (RLA), particles colloid several times,
before they stick together. Each particle is more likely to have multiple neighbors and denser
agglomerates are formed. Additionally, the growth rate of the agglomerates depend on the
mobility of the particles and their density.?®* The individual particles of the agglomerates
formed by RLA still have their mobility, thus the particles might move and the agglomerates
might restructure and age. The formed agglomerates become even denser to maximize the
number of neighbors of each individual particle and minimize the surface energy of the
agglomerates,?®*?81 |eading to a much higher fractal dimension Ds < 3,28 resulting in a lower

radius of gyration.

On ground, it is unlikely to observe a diffusion-limited agglomeration since sedimentation and
convection influence the mass transport during the agglomeration process and are hard to
prevent. Since convection and sedimentation are reduced in microgravity, a transition from a
reaction-limited agglomeration to a diffusion-limited agglomeration is plausible, possibly
explaining the formation of larger, more monodisperse agglomerates in microgravity.?® A
schematic illustration of the effect of gravity on the final size and structure of the

agglomerates is shown in Figure 43.274
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Figure 43: Schematic illustration of the difference between a diffusion- and reaction-limited
agglomeration of nanoparticles on ground and in microgravity. Pyttlik et al., 2022.%74

The influence of gravity on the convection can be quantified by comparing the Rayleigh
number (Ra) of the system on ground and in microgravity, see Chapter 7.2. The Rayleigh
number is a dimensionless number to describe the convection in a fluid.?®> On ground, a
Rayleigh number of approximately Ra = 10° and in microgravity of Ra = 10! was found. The
strong reduction of the Rayleigh number by a factor of = 10 indicates the strong reduction of
the convection in microgravity, even with the large temperature drop during the

agglomeration experiments.

For quantifying the influence of gravity on the sedimentation, the Archimedes number (Ar)
can be taken into account. A comparison of Ar of the system on ground and in microgravity is
discussed in Chapter 7.2. The Archimedes number is a dimensionless number to describe the
motion of different fluids due to their different densities. It can be used to characterize the
sedimentation of the particles through the medium.?®® On ground, an Archimedes number of
approximately Ar=10?® and in microgravity of Ar=10?* was found. In microgravity the
Archimedes number strongly decreased (by a factor of = 10°), demonstrating the strongly
decreased sedimentation of the particles.?®” However, considering the small Archimedes

number on ground, sedimentation of the particles or the agglomerates only plays a minor role

85



3. Results and Discussions

(see also Chapter 7.1). On ground, convection clearly is the dominant mass transport

mechanism, whereas in microgravity, mass transport only occurs through diffusion.

A more diffusion-limited agglomeration in microgravity might explain the observed
differences between the agglomeration on ground and in microgravity, and the more rapid
formation of larger agglomerates.”* Assuming the same number of primary particles, a
reaction-limited agglomeration results in the formation of a more compact and dense
structure of the agglomerates represented by a smaller hydrodynamic diameter. In contrast,
a more diffusion-limited process leads to the formation of a more open and less dense
structure. This is in alignment with the observation of Yamanka and Mata et al. who reported

the more dominant growth of dendric structures in microgravity.2°

Additionally, a diffusion-limited agglomeration leads to the formation of agglomerates with
identical fractal dimension, independent from the colloidal system.?’® This results in the
formation of self-similar agglomerates,?®® leading to a smaller polydispersity of the
agglomerates.?’® This phenomenon explains the smaller size distribution found in microgravity
compared to measurement performed on ground. Autocorrelation functions recorded on
ground during the agglomeration showed a more stretched mono-exponential decay,

indicating the formation of agglomerates with higher polydispersity, see Figure 40.

A more diffusion-limited reaction in microgravity can also explain the stronger influence of the
initial particle concentration on the observed agglomerate size in microgravity than on
ground. If diffusion is the only mass transport during the agglomeration process, collision of
the particles only occurs by chance. By increasing the number of particles, the collision
probability increases and thus the total collision numbers of the particles. Considering the
sticking probability of P = 1 for a diffusion-limited agglomeration, every collision results in the
growth of the agglomerates, showing a direct relation between the particle concentration and
the size of the formed agglomerates. In contrast, during a reaction-limited agglomeration,
convection is the defining mass transport which is not influenced by the particle

concentration, see Equation (54).
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3.4 Dynamic light scattering experiments in hypergravity

The agglomeration experiments performed in microgravity showed a significant influence of
gravitation on temperature-induced agglomeration of hexadecanethiol-capped gold
nanoparticles in tetradecane. To substantiate the results found in microgravity, the study of
the opposing approach appeared a worthwhile challenge. An attempt to investigate the
agglomeration process of the system explored in microgravity under increased gravitational
forces was carried out. The University of Bremen offered the possibility to perform
experiments in hypergravity by utilizing a large-scale centrifuge, see Figure 44. With a

diameter of 12.5 m, the centrifuge is able to accelerate experimental set-ups up to 30 g.2%°

Figure 44: Photograph of the large-scale centrifuge of the University of Bremen.

To follow the agglomeration process in the centrifuge, the set-up had to withstand the
massive acceleration forces of the device. As our set-up proved to be very robust and collect
reliable data under physically demanding conditions during the catapult launch, it appeared
suitable to be tested for collecting hypergravity data. To integrate the instrumental set-up into
the large-scale centrifuge, it was first integrated into the drop-tower capsule. The outer shell

of the capsule had to be removed, to be able to integrate the capsule into the centrifuge,
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leaving the DLS device and the liquid handling system exposed to the environment, see

Figure 45.

Figure 45: Photograph of the instrumental set-up implemented in the large-scale centrifuge.

If particle movements are solely due to Brownian motion, the autocorrelation function can be
described by using the decay time t, the mean residence time tpif and the constant C, see

Equation (30).1%7

2t

g2—1=A-exp<— >+C (30)
Toiff

During centrifugation, an additional directed movement of the particles along the

gravitational force is introduced, which influences the particle movement and depends on the

acceleration. To describe the autocorrelation functions recorded during the centrifugation,

Equation (30) requires to evolve to Equation (38). With an additional constant B, the
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3.4 Dynamic light scattering experiments in hypergravity

scattering vector ¢, the diffusion coefficient Dpifr, the sedimentation velocity v, and the laser

beam width w.290:231

. vir?
g2—1=A-(B-exp (—G*-Dpisr-7)-exp| — 2>
(38)

v27?
+ (1 —B)-exp <— 2 ))

The modulus of the scattering vector ¢ is given by Equation (25) and depends on the

wavelength of the incident laser beam A, the scattering angle 8, and the refractive index n.5316°

] = sin= (25)

The diffusion coefficient Dpif can be described using Equation (23), by using the Boltzmann
Constant kg, the temperature T, the solvent viscosity n and the hydrodynamic diameter of the

particles dh.

kB'T

3-m-n-dy (23)

Dpigr =

The sedimentation velocity v can be described using Equation (39), with the Earth’s
acceleration g, the acceleration of the centrifuge a, the density of the particle pp, and the

solvent ps.

_g-a-dHZ

Ty *(pp — Ps) (39)

Initially, the DLS device was tested for stability. The previously described non-agglomerating
reference system, gold nanoparticles capped with oleylamine in tetradecane was used. The
particles had a core diameter of dcore = 7.8 nm (+ 0.4 nm) and a hydrodynamic diameter of
dn =21 nm (£ 1 nm). DLS measurements were performed at room temperature. It is assumed,
that the particle size stays constant at different g-levels. Considering the size of the particles,
an acceleration between 5 and 25 g should not influence the movement of the particles. Since
all parameters of the particle system are known, the autocorrelation functions were
calculated by using Equation (38) and are shown in Figure 46. The used parameters are

summarized in Table 9. To simplify Equation (38), the parameter A and B are set to 1.
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According to what was reported in literature for DLS instruments, the laser beam width w was

assumed to be 0.16 mm.

291

Table 9: Parameter of the reference system, oleylamine-capped gold nanoparticles in
tetradecane, to calculate the autocorrelation functions of the particles at different g-levels.

w A n o T g n o ¥ o3 Psol
(mm) | (nm) (°) (K) (ms?) | (mPas) | (nm) | (gcm?) | (gcm™)
0.16 635 | 1.429 90 298.15 9.81 2.13 21 19.32 0.7628

Autocorrelation functions were calculated for 5 g, 15 g and 25 g. As expected, the acceleration
did not influence the shape of the calculated autocorrelation functions. In Figure 46 the
autocorrelation functions at 15 g and 25 g were shifted along the y-axis to show the identical

shape of the functions and their identical decay.
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Figure 46: Calculated autocorrelation functions for oleylamine-capped gold nanoparticles in
tetradecane at 5 g, 15 g and 25 g. The particles have a hydrodynamic diameter of 21 nm. The
functions at 15 g and 25 g were shifted along the y-axis.
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3.4 Dynamic light scattering experiments in hypergravity

To test the DLS device for stability, the reference system was directly placed in the cuvette in
the DLS instrument. The large-scale centrifuge was accelerated from 5gup to 25gin 2.5g
steps. After reaching the respective g level and a short stabilization period, the acceleration
was kept at a constant pace for 2.5 min and a DLS measurement with an integration time of

1 s was recoded. Selected autocorrelation functions are shown in Figure 47.
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Figure 47: Selected autocorrelation functions of oleylamine-capped gold nanoparticles in
tetradecane, with a core diameter of dcore = 7.8 nm (+ 0.4 nm) and a hydrodynamic diameter
of du =21 nm (£ 1 nm). The autocorrelation functions were recorded at different gravitational
accelerations, ranging from g =2.5 g up to 25 g.

The recorded autocorrelation functions show an unexpected mismatch at different
acceleration levels, see Figure 47. These findings indicate that the acceleration of the
centrifuge greatly influenced the recorded autocorrelation functions. Additionally, after the
deceleration of the centrifuged, optical misalignment of the DLS was clearly noticeable,

suggesting the autocorrelation functions may be unreliable.

As discussed above, the instrumental set-up was exposed to the environment during the
measurement. This caused two major problems. First, the photo detectors of the DLS
instrument are now exposed to the light of the room in which the centrifuge was placed,

leading to a high background count and a poor signal-to-noise-ratio. Additionally, the
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centrifugation process led to a contrary directed airflow, resulting in an undefined cooling of
the whole set-up, especially at higher g-levels. The Peltier element of the measurement cell
could not contradict this effect, leading to an undefined temperature of the sample during the

DLS measurements.

To be able to perform experiments in hypergravity using the large-scale centrifuge, the
instrumental set-up needs to be adapted. At first, the optical path of the DLS set-up has to be
secured and fixated to allow DLS measurements during higher acceleration for an extended
period of time. Subsequently, an adequate shell needs to be built to shield the instrumental
set-up from disruptive environmental influences, as additional light and the airflow caused by

the acceleration.
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4 Conclusion and Outlook

Nanocomposites can outperform classical materials in certain applications, especially due to
their tunability in terms of structure and properties. Rashid et al. conclude in their 2021 review
that future research should improve tools to predict and optimize properties, and exploit
inherent flexibility in design.?®? The properties of nanocomposites depend not only on the
nature of the nanofillers, but also on their arrangement and distribution in the polymer
matrix.323334 Agglomeration of the nanoparticles thus affects their properties. Gravity and

sedimentation of the agglomerates hinder the study of their effects.

During this project, a first step towards an understanding of the agglomeration of gold
nanoparticles in the absence of sedimentation and convection was realized. To the best of our
knowledge, we were the first to experimentally study the agglomeration of technically
important gold nanoparticles in microgravity and compared it with results on ground. For this
purpose, a suitable colloidal system, an option to apply microgravity conditions and an
appropriate analytical method to study the process were needed. Reliable dynamic light
scattering measurements were performed in microgravity and the results were compared
with the analogous agglomeration process under terrestrial conditions. In the following, we
summarize the conclusion from the necessary preparatory steps, tests to prove validity of the
data collected, and the outcomes of the comparison between the agglomeration processes in

microgravity and normal gravity.

4.1 Particle system

One prerequisite to study agglomeration of gold nanoparticles in microgravity was to find a
suitable agglomerating system. A reliable and practicable way to rapidly induce agglomeration
in a reversible manner was essential to perform valid measurements in microgravity and
compare the corresponding data. We decided to investigate hexdecanethiol-capped gold
nanoparticles. Their colloidal stability is largely affected by temperature, and a rapid
temperature drop appeared appropriate to induce the agglomeration process. Importantly, it
had already been demonstrated by our group, that the system shows a completely reversible
temperature dependent behaviour. Indeed, the system allowed for an exactly in time

triggering of agglomeration in the course of this project. We could exploit the temperature
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dependent reversibility of the agglomeration of hexadecanethiol-capped nanoparticles to

collect multiple data sets and proof reproducibility.

4.2 Microgravity conditions

The drop tower facility of the ZARM Institute in Bremen was chosen as a microgravity
environment. It is located conveniently in Northern Germany and could be reached by car in
several hours from INM Saarbriicken. The drop tower offers the opportunity to realize
microgravity conditions of 4.7 s, performing a simple drop with a special capsule. A unique
opportunity to perform a catapult launch extends the microgravity interval to 9.3 s.
Furthermore, the drop tower is equipped with a multi-platform drop capsule for installing the
equipment required and the analytical device. The microgravity interval turned out to be
sufficient to collect evaluable data, during the catapult launch as well as during a drop

experiment.

4.3 Agglomeration and analytical set-up

A technical set-up suitable to rapidly induce agglomeration and subsequently collect analytical
data during the microgravity interval was developed, that could be fitted into the drop tower
capsule. Dynamic light scattering (DLS) has already been established as applicable in
microgravity, and it features some inherent advantages. On one hand, it provides precise
particle sizes without disturbing the dispersion, on the other hand, the device can be built in
a simple, robust and compact way. Indeed, we were able to collect reliable DLS data with an
instrument developed in collaboration with LS Instruments (Fribourg, Switzerland). The
instrument was sufficiently robust to withstand the acceleration and deceleration forces
during the drops and launches and multiple valid data sets were recorded. While for a simple
drop experiments 4 measurements per experiment could be recorded, catapult launches

allowed to collect 8 data sets per experiment.

The agglomeration process was induced via a specially designed liquid handling system,
developed during this thesis at INM. Using a syringe pump, the sample dispersion was
transferred through an aluminium heating block, which was heated to 70°C (the
agglomeration temperature of the sample was determined at Tagglo = 60° C). Afterwards it was
injected into the precooled measurement cell (T = 10°C) of the DLS instrument. The system

allowed a remotely controlled and rapid start of the agglomeration process, and it was
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demonstrated that the analytical measurements were neither disturbed by the sample

handling nor by the physical impact of the catapult.

4.4 Reliability of the developed set-up

Test and reference measurements were carried out to ensure validity of the data. The
complexity of the experimental set-up and the sample was successively increased. Initially, a
basic test was performed with non-agglomerating silica nanoparticles without applying the
liguid handling system. Results on ground and in microgravity were identical, proving that the

DLS is in principle robust enough for the catapult launch.

Subsequently, oleylamine-capped gold nanoparticles were investigated as non-agglomerating
system, mimicking the thiol-capped gold nanoparticles as closely as possible. DLS
measurements with the liquid handling system and a temperature drop were performed on
ground and in microgravity during a catapult launch. Comparison of the data showed no
significant differences, demonstrating that the set-up developed is indeed suitable and robust

enough to perform measurements in the drop tower.

4.5 Microgravity agglomeration

The agglomeration of hexadecanethiol-capped gold nanoparticles was studied in microgravity
and compared with the analogous measurements performed on ground. In microgravity and

on ground two different particle concentrations were studied.

On ground or during catapult launches, the first measurements (at t=1 s) could not be
evaluated. On ground convection and in microgravity acceleration forces from the launch
compromised the recorded autocorrelation functions. The other measuring points (after
t =2 s), however, delivered plausible data. Performing a drop experiment ensured that all
recorded autocorrelation functions could by analyzed. The recorded autocorrelation functions
were fitted with Equation (30) to obtain the average mean residence times tpir. The
corresponding apparent hydrodynamic diameters du were calculated by using Equation (32)
and the temperatures T, refractive indices n, and dynamic viscosities n which are summarized
in Table 2. A direct comparison of the measurements performed on ground with the results
observed in microgravity revealed several major differences. First, a comparison of the used

fit function showed a perfect match for the data recorded in microgravity, whereas on ground
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a more stretched mono-exponential fit was found. Those findings indicate the formation of

more uniform agglomerates with a narrower size distribution in microgravity.

Secondly, the size of the agglomerates found in microgravity was significantly larger than
those determined on ground. Importantly, this effect was more prominent for the higher
concentration (3.8 times larger agglomerates) than for the lower (2 times larger

agglomerates).

These observations are interpreted as a shift from a more reaction-limited agglomeration
(RLA) on ground to a more diffusion-limited agglomeration (DLA) in microgravity. A transition
to DLA results in a shift from slowly formed compact agglomerates with a smaller
hydrodynamic diameter to the rapid formation of agglomerates with a more open structure
and a larger hydrodynamic diameter. Additionally, a diffusion-limited agglomeration process
is more sensible to the initial particles concentration than a reaction-limited agglomeration,
which explains a stronger dependency of the hydrodynamic diameter of the formed

agglomerates on the initial particle concentration in microgravity than on ground.?%?

In summary, it was shown that it is possible to follow the agglomeration process of gold
nanoparticles by recording DLS measurements in microgravity after catapult launches in a
drop tower. It was demonstrated for the first time that high-density nanoparticles in
dispersion are distinctly affected by microgravity. A strong influence of gravity on the

agglomeration mechanism was found.

4.6 Hypergravity

To complement microgravity experiments, the particle system was studied in hypergravity.
Since an impressive robustness of the system applied in microgravity was proven as major part
of this project, the technical set-up developed was integrated into a large-scale centrifuge
available at Bremen University. Unfortunately, the outer shell of the capsule had to be
removed to fit into the centrifuge exposing the setup to light and airflow. This led to a poor
signal-to-noise-ratio during the DLS measurements and an undefined cooling of the cell.
Additionally, optical misalignment of the DLS was observed after the experiment, suggesting
the autocorrelation functions may be unreliable. The recorded autocorrelation functions
showed an unexpected mismatch at different acceleration levels. Further experiments will be

required to evaluate the role of hypergravity on the agglomeration process.
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4.7 Outlook

This thesis has opened new venues into the study of gravitational effects on particles
agglomeration. Further experiments should extend its findings. First, the experiments were
only performed recoding DLS data with one single scattering angle. Multi-angle DLS would

provide access to information about the shape of the formed agglomerates,?

and dynamics
of the agglomeration process.?®> By analyzing autocorrelation functions of the agglomeration
process at multiple scattering angles, the dependency of the obtained mean residence times
and the scattering vector reveals information about the reaction dynamics. For example, a
linear dependency of the mean residence times and the square of the scattering vector
indicates a diffusion limited agglomeration process.?®> To gain additional insight into the

structure of agglomerates grown in microgravity, the instrumental set-up can also be

extended with a static light scattering set-up.?’®

Secondly, the monitoring time of the agglomeration process was limited to the 9.3 s
microgravity interval during the catapult launch. It is difficult to estimate how far the overall
agglomeration process has been progressed in the observed interval (early-stage vs complete
agglomeration). To obtain deeper insights and confirm the assumptions made, a longer
observation period would be essential. Repeating the experiments in sounding rockets would
allow for a study with extended microgravity interval. This approach is currently investigated

in a follow-up project with an adapted set-up for a sounding rocket.
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5 Experimental Details

The following experimental sections have been published in “Dynamic Light Scattering on
Nanoparticles in Microgravity in a Drop Tower” by Pyttlik, Kuttich and Kraus in Microgravity
Science and Technology, in 2022.%%% and as “Microgravity Removes Reaction Limits from

Nonpolar Nanoparticle Agglomeration” by Pyttlik, Kuttich and Kraus in Small, in 2022.274

5.1 Sample preparation

5.1.1 Synthesis of chloroauric acid

The synthesis of chloroauric(lll) acid by oxidation of gold with aqua regia is a well-established
synthetic route in literature.?°® 2.7 g gold were placed in 12 mL aqua regia (a mixture of 9 mL
hydrochloric acid (37 % Sigma Aldrich, Darmstadt, Germany) and 3 mL nitric acid (70 %, Sigma
Aldrich, Darmstadt, Germany)). The mixture was heated to 100 °C. After 20 min, additional
4 mL aqua regia was added. After the gold was completely dissolved, the aqua regia was
evaporated at ambient pressure until a reaction volume of 2 mL remained. Chloroauric acid
was crystalized by placing the hot reaction flask on ice. The formation of yellow, needle shaped
crystals was observed. To remove any excess acid and water, the crystals were dried for 48 h
at 35 mbar. Afterwards, the crystals were completely dried under high vacuum and stored

under an argon atmosphere.

5.1.2 Synthesis of gold nanoparticles

Oleylamine-capped gold nanoparticles with a core diameter of dcore = 7.8 nm (+ 0.4 nm) and a
hydrodynamic diameter of di =21 nm (+ 1 nm) were synthesized following the established
synthetic route of Zheng et al.?®® 1g borane-tertbutylamine (97 %, Aldrich, Darmstadt,
Germany) was dissolved in a 50 mL of a mixture of benzene (> 99 %, Sigma Aldrich, Darmstadt,
Germany) and oleylamine (c18 content 80-90 %, Acros Organics Geel, Belgium) (with a mixing
ratio of 1:1). As reaction mixture, 2.5 g chloroauric acid were dissolved in a mixture of 450 mL
benzene (=99 %, Sigma Aldrich, Darmstadt, Germany) and oleylamine (c18 content 80-90 %,

Acros Organics Geel, Belgium) (with a mixing ratio of 1:1). The reaction mixture was flushed
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with argon and stirred for 2.5 min at room temperature. Subsequently, the dissolved borane-
tertbutylamine was added. The reaction mixture immediately turned from gold to a dark red
color. The reaction was stirred for additional three hours. The particles were purified by
precipitation with a mixture of ethanol und methanol (with a mixing ratio of 2:1) followed by
centrifugation. The supernatant was discarded, and the particles were redispersed in 250 mL

toluene (99 %, abcr, Karlsruhe, Germany).

5.1.3 Sample preparation of non-agglomerating gold nanoparticles

To perform experiments with non-agglomerating gold reference samples, the oleylamine
ligand shell was renewed. To renew the ligand shell, oleylamine-capped nanoparticles in
toluene were heated under reflux and 100 mL oleylamine (c18 content 80-90 %, Acros
Organics Geel, Belgium) were added to the suspension. The sample was stirred under reflux
for 150 min. The excessive oleylamine was removed by precipitation of the gold nanoparticles
with a mixture of ethanol and methanol (2:1) followed by centrifugation. The supernatant was
discarded and the particles were redispersed in 100 mL toluene (99 %, abcr, Karlsruhe,
Germany). This washing step was repeated 3 times. After the last washing step, the particles
were redispersed in tetradecane (99 % abcr, Karlsruhe, Germany). The core diameter of the
particles was determined by SAXS measurements. The measurements were performed at
T =20 °C and the scattering data were analyzed using a Schulz-Zimm model, see Figure 48. A
core diameter of dcore = 7.8 nm (£ 0.4 nm) was obtained. To ensure the spherical shape of the
synthesized gold nanoparticles, transmission electron microscopy (TEM) images were
recorded, see Figure 49. The surface plasmon peak of the gold nanoparticles was determined
to minimize the absorption by the laser used for the DLS experiments. The recorded UV/Vis

spectrum of the particles showed an absorption maximum at A =526 nm, see Figure 50.
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Figure 48: Recorded SAXS data (black line) and corresponding fit (red dashed line) of
oleylamine-capped gold nanoparticles. A core diameter of dcore =7.8 nm (£ 0.4 nm) was
obtained. From Pyttlik et al., 2022.%°¢

Figure 49: TEM images of oleylamine-capped gold nanoparticles with a core diameter of
dcore = 7.8 nm (* 0.4 nm). From Pyttlik et al., 2022.%%¢
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Figure 50: UV/Vis spectrum of oleylamine-capped gold nanoparticles with an absorption
maximum of Amax = 526 nm. From Pyttlik et al., 2022.%°®

5.1.4 Sample preparation of agglomerating gold nanoparticles

To perform experiments with gold nanoparticles, which will agglomerate during the DLS
experiments due to the temperature change, hexadecanethiol-capped gold nanoparticles
were synthesized. Oleylamine-capped gold nanoparticles were synthesized (see
Chapter 5.1.2) followed by a ligand exchange to remove the oleylamine of the gold surface
and replace it with hexadecanethiol. A modified protocol of Pileni was followed.??” 10 mL of
the gold nanoparticle dispersion in toluene was heated to approximately 100 °C and 1 mL
1- hexadecanethiol (= 95%, Sigma-Aldrich, Darmstadt, Germany) was added to the dispersion.
After the reaction mixture was stirred for 20 min, the particles were purified by precipitation,
followed by centrifugation. A mixture of ethanol and methanol (with a ratio 2:1) was added
until the reaction mixture turned dark blue. After centrifugation, the supernatant was
discarded and the agglomerated particles were redispersed in 10 mL toluene (99%, abcr,
Karlsruhe, Germany). The purification was repeated two times. After the final centrifugation
step, the particles were redispersed in 10 mL tetradecane (99 %, abcr, Karlsruhe, Germany).
The recorded TEM images clearly showed the agglomerated nanoparticles, however, it still

showed that the single nanoparticles preserved their spherical shape, see Figure 51. The
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recorded UV/Vis spectrum of the particles showed an absorption maximum at A = 518 nm, see
Figure 52. Only a very small change of A =8 nm of the absorption maximum was observed

after the ligand exchange. To be able to observe the deagglomerated gold nanoparticles, the

UV/Vis measurement was performed at T=75 °C.

Figure 51: TEM images of hexadecanethiol-capped gold nanoparticles with a core diameter of
dcore = 7.8 nm (£ 0.4 nm).
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Figure 52: UV/Vis spectrum of hexadecanethiol-capped gold nanoparticles with an absorption
maximum of A =518 nm, at T=75 °C.
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5.1.5 Particle characterization

To determine the core diameter of the gold nanoparticles, small angle X-ray measurements
were performed by using a Xeuss 2.0 from Xenoncs (Grenoble, France). A copper Ka anode
with a wavelength of A =0.154 nm was used. The instrument was equipped with a PILATUS
Hybrid Photon Counting Detector from Dectris (Baden-Daettwil, Switzerland). 2D diffraction
patterns were recorded with a sample to detector distance of 1200 mm. With the software
FOXTROT v3.4.9, the fully isotropic 2D patterns were radially averaged into 1D scattering
patterns. The final data analysis was performed using the software sasfit 0.94.11 (Villingen

PSI, Switzerland) by applying a Schulz-Zimm fit model.

The gold concentration of the gold nanoparticle sample was determined by inductive coupled
plasma optical emission spectroscopy (ICP-EOS) measurements. The experiments were
performed using a Horiba Jobin Yvon Ultima 2 spectrometer (Oberursel, Germany) with an

emission wavelength of A =242.795 nm.

5.2 Dynamic light scattering measurements

To perform dynamic light scattering measurements at a constant temperature and with a
temperature drop under normal and microgravity conditions, the commercial DLS instrument
NanolLab 3D was modified in cooperation with LS Instruments (Fribourg, Switzerland). A laser
with a wavelength of A=638 nm and a scattering angle of 20=90° was used. The
measurement cell was a quartz glass cuvette with an outer square-cross section of 12.5 mm
and a height of 46 mm was used. The inner square-cross section was 10 mm and the thickness
of the bottom was 1.25 mm. The measurements were performed at normal gravity conditions
(1 g) or under microgravity conditions (1 g). The 2D pseudo-cross mode was used to record
the autocorrelation functions, thereby a single laser beam illuminated the scattering volume.
The scattering intensity was detected using two separate detectors. The mean residence time
Toitf Was obtained by fitting the autocorrelation functions with a simple exponential decay, by
using the software Origin 2017 64bit from OriginLab (Northampton, United States). The
corresponding hydrodynamic diameters dn were calculated using the Stokes-Einstein relation
(see Chapter 2.3). DLS measurements were performed at a constant temperature of 7= 20 °C

or with a temperature drop. The temperature drop was realized by heating the sample
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externally inside a heating block. The heating block consisted of an aluminum block, where
the liquid sample could be passed through by using plastic tubes. The aluminum block was
heated using a silicon heating mat SR Pro 12V 60 W (Frankfurt am Main, Germany) and a
customized control system built by the mechanical workshop of the Leibniz Institute for New
Materials (Saarbriicken, Germany). 3 mL of the sample were heated externally to 70 °C and
injected into the pre-cooled measurement cell (10 °C) with an injection speed of 1 mL s using
a Cetoni syringe pump (Korbussen, Germany). 1 mL of the sample stayed inside the tubing as
dead volume needed to connect the heating block and the measurement cell, so a total
sample volume of 2 mL was injected into the measurement cell, with a deviation of
approximately 50 uL. To prevent any disturbing scattering signals from dust or other
contaminants, the particles were filtered 3 by using a syringe filter with pore sizes of 20 nm
(Whateman). To determine the temperature inside the measurement cell during the
temperature drop, the temperature was measured with a type K thermocouple and recorded
using a GFT 300 UV datalogger from Greisinger (Regenstauf, Germany). Additionally, the
temperature was determined by using non-agglomerating reference particles. It was assumed
that the hydrodynamic diameter of these particles stayed constant during the temperature
drop. By recording the autocorrelation functions, the corresponding temperatures inside the
measurements cell could be calculated numerically using the software Mathematica 11.2 from

Wolfram Research (Campaign, United States).

5.3 Dynamic light scattering experiments in microgravity

Experiments in microgravity were performed at the ZARM Institute in Bremen (Germany) in
the drop tower. The drop provides a microgravity of 10 g for 9.3 s during a catapult launch
and 4.7 s during a drop experiment. The experimental set-up was integrated into the drop
tower capsule and sealed inside a steel shell, see Figure 9. To minimize condensation on the
measurement cell during the cooling, the capsule was filled with argon. The drop tower
capsule was placed either into the catapult system (see Figure 10) or lifted to the top of the

tower for the drop experiments.

After the drop tower capsule was placed, the drop tower is sealed and evacuated for

approximately 2 h. During the experiments with a temperature drop the injection of the
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sample was finished right before the lift-off of the capsule. Autocorrelation functions were

recorded as soon as the experimental set-up entered microgravity.

5.4 Dynamic light scattering experiments in hypergravity

Experiments in hypergravity were performed at Bremen University, using their large-scale
centrifuge, see Figure 44. The centrifuge had a diameter of 12.5 m and provided continuously
accelerations between 1 g up to 30 g. Experiments were performed by simply integrating the
instrumental set-up into the drop tower capsule, followed by implementing the open drop
tower capsule (without the outer shell) into the centrifuge, see Figure 45. Experiments were
performed, using the previously described non-agglomerating gold nanoparticle reference
sample, oleylamine-capped gold nanoparticles in tetradecane with a core diameter of
dcore = 7.8 nm (£ 0.4 nm) and a hydrodynamic diameter of duy =21 nm (£ 1 nm). Experiments
were performed at an acceleration of 2.5¢g, 5g,7.5¢g, 10g, 12.5¢g, 15g, 17.5g,20g, 22.5¢g
and 25 g. The centrifuge was accelerated to the desired acceleration, after 161 s a steady
acceleration could be ensured and the DLS measurements were started. 163 autocorrelation
functions with an integration time of 1 s were recorded. Subsequently, the acceleration was

increased up to the next desired level.
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7 Appendix

The following sections have been published in “Dynamic Light Scattering on Nanoparticles in
Microgravity in a Drop Tower” by Pyttlik, Kuttich and Kraus in Microgravity Science and
Technology, in 2022 % and in “Microgravity Removes Reaction Limits from Nonpolar

Nanoparticle Agglomeration” by Pyttlik, Kuttich and Kraus in Small, in 2022.%74

7.1 Comparison sedimentation and diffusion

To compare the sedimentation and diffusion of hexadecanethiol-capped gold nanoparticles in
tetradecane, the time in which the agglomerates move the distance equal to its hydrodynamic
diameter is regarded. In the following the hydrodynamic diameter dy is expressed as two times

of the hydrodynamic radius ru. First the sedimentation of the agglomerates is calculated.
7.1.1 Sedimentation

Sedimentation of a particle through a medium can be described as the balance of three forces,
gravitation Fgs, buoyancy Fs and friction Fr.2%® The friction Fr of the system can be described
using the hydrodynamic radius of the particle ry, the hydrodynamic viscosity of the solvent n,

and the sedimentation velocity of the particle v, see Equation (40).2%
Fe=6m-n-ry-v (40)

The Gravitation Fg is expressed by the gravitational constant 1 g and the mass mp of the
particle, see Equation (41).2° The mass of the particle can thereby also be described by its
volume Vp and its density pp, or by the agglomeration number Naggio and the core radius of the

particles rcore, see Equation (42).
Fg=mp-g (41)

4
FG:pP'VP'g:pP'NAgg'gn'rcslg (42)

The buoyancy Fg of the particles depends on the gravitational constant 1 g and the mass of
the solvent, which is displaced by the particle ms, see Equation (43).2°® The mass of the
displaced solvent equals the volume of the particle Vp times the density of the solvent ps, see

Equation (44).
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Fp=mg-g (43)

4
FB:pS'VP'g:pS'NAgg'gn'rg'g (44)

The agglomeration number Nagglo is estimated by using the ratio of the agglomerated particle

ru and the hydrodynamic radius of a single particle ruo, see Equation (45).

NAgglo =3 (45)

Assuming a steady state, when the particle moves with constant velocity through the medium,

the three forces Fg, Fg, and Fr will add up to zero, see Equation (46).
FG+FB+FF: O (46)

The sedimentation velocity v of the particle depends on the density difference of the particle
pr and the solvent ps, the core and the hydrodynamic radius of the particle (rcore and ru), and

the gravitational constant g, see Equation (47).2%°

zz'rgore'g'(pP_pS)'TI-%
97173

(47)

At this state, the time tseq, Which a particle needs to sediment a distance twice of its
hydrodynamic radius ry, can be calculated by using the sedimentation velocity v, see

Equation (48).

21y 9115

v _Tgore'g'(pP_pS)'rH

tseqa = (48)

7.1.2 Diffusion

Diffusion of the particle can be characterized by the diffusion coefficient Dpisr. The diffusion

coefficient can be described according to the Stoke-Einstein relation by using Equation (49).18

kB'T

I (49)

Dpigr =




7.1. Comparison sedimentation and diffusion

The distance a particle moves due to diffusion after a given time t, can be described as the

root mean squared displacement RMSD, see Equation (50).

The diffusion time tpirr after which a particle moved a distance of a RMSD equal to twice its

hydrodynamic radius ry, can be described using Equation (51).

4rf 4-menry
6'DDiff kB'T

toirf = (51)

7.1.3 Ratio between diffusion and sedimentation

The ratio I' of the diffusion time tpif and the sedimentation time tseq, can be described

according to Equation (52).

po o AT T Toore 9 (P = P5) T _ AT9 " (P = PS) Teore Th o
tsed kBTgan-?O 9'kB'T'T130

Equation (52) is applied to the used particle system, gold nanoparticles dispersed in
tetradecane. The core radius of the particles is rcore = 3.9 nm and the hydrodynamic radius of
a single particle is rio =13 nm. At a temperature of T=293 K the ratio of the sedimentation

time tseqd and the diffusion time toier is given by I'= 10712 (ry nm™)4,

For deagglomerated nanoparticles, the hydrodynamic radius of the agglomerates ry equals
the hydrodynamic radius of a single particle ruo, therefore, the ratio I" is approximately 102,
Indicating that the diffusion of the deagglomerated particles is 10® times faster than its

sedimentation, see Equation (53) and Equation (54).

t .

= _Diff ~ 108 (53)
tSed

tpifr = 1078 teq (54)

Assuming an agglomerated nanoparticle sample with a hydrodynamic radius of rqy =100 nm,
the ratio between the diffusion time tpi and the sedimentation time tseq is approximately 1073,
indicating that even for the agglomerated particles the diffusion is still 103 times faster than

the sedimentation.




7. Appendix

Assuming the system has a ratio of I = 0.1 which is at least needed to be able to detect the
diffusion and the sedimentation simultaneously, the agglomerates would have a
hydrodynamic radius of at least 400 nm, and a hydrodynamic diameter of 800 nm. Assuming
on ground particles with a hydrodynamic diameter of 800 nm were formed during the
agglomeration process, the agglomerates would have a sedimentation velocity of
approximately v =4-101? m s, see Equation (47), resulting in a movement of 0.04 nm of the
agglomerates after 10 s (without considering the displacement of the agglomerates due to
diffusion). Consequently, the formation of larger agglomerates on ground and their

undetected sedimentation during the DLS measurements is unlikely.




7.2. Calculation of the Rayleigh number and Archimedes number

7.2 Calculation of the Rayleigh number and Archimedes number

The Rayleigh number is a dimensionless number to describe the convection in a fluid.?®> The
Archimedes number is a dimensionless number to describe the motion of different fluids due
to their different densities. By applying the Archimedes number on a colloidal system, it can
be used to characterize the sedimentation of the particles though the medium.?8¢ To calculate
the Rayleigh number and the Archimedes number, the following parameters were used, see

Table 10.

Table 10: Parameters used to calculate Rayleigh number and Archimedes number. From
Pyttlik et al., 2022.%274

Density of gold PAu 19.3-10% kg/m3
Density of tetradecane3® PTetra 0.76-10% kg/m3
Dynamic viscosity of tetradecane?® NTetra 2.13-103Pa's
Thermal conductivity of tetradecane3®! Kretra 0.098 W/m/K
Isobaric heat capacity of tetradecane3® CP_Tetra 2.3-10% J/kg/K
Thermal expansion coefficient of tetradecane3® Bretra 0.9:103 1/K
Characteristic particle length / 1-:108m
Characteristic length z 5-103m
Temperature difference AT 60 K

While on ground, the parameter a =9.81 m s is applicable, in microgravity, the parameter

a=9.81-10%m s2 was used.
The Rayleigh number can be calculated according to Equation (55).28°

3

a .8 " Pretra’ Cp_Tetra " AT -z

Ra =
Nretra * kTetra

(55)
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On ground, a Rayleigh number of approximately Ra = 10> and in microgravity Ra = 10! was
found. The strong reduction of the Rayleigh number indicates the strong reduction of the
convection in microgravity, even with the large temperature drop during the agglomeration

experiments.?® As expected, effects of convection can be neglected in microgravity.

The Archimedes number was calculated according to Equation (56).%%°

13- . —
Ar = a - Pretra (pAu pTetra) (55)

2
NTetra

On ground, an Archimedes number of approximately Ar = 10® and in microgravity Ar = 10
was found. In microgravity the Archimedes number is strongly decreased, showing the

strongly decreased sedimentation of the particles.?®’
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7.3 SAXS data of gold nanoparticles at different temperatures
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Figure 53: Recorded SAXS data of hexadecanethiol gold nanoparticles in tetradecane. The
particles have a core diameter of dcore = 7.8 nm (x 0.5 nm) and a hydrodynamic diameter of
du =13 nm (£ 1 nm). (a) The particles were heated to 75 °C and cooled down to 5 °C. (b) The
particles were reheated back to 75 °C.

7.4 Autocorrelation functions of silica nanoparticles
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Figure 54: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1 s of silica nanoparticles
in water, with a hydrodynamic diameter of du =25 nm (3 nm). The measurement was
performed at a constant temperature of T=20 °C (a) under normal conditions (1 g) and (b) in

microgravity (U g).
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7.5 Autocorrelation functions of oleylamine-capped gold

nanoparticles
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Figure 55: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1 s of oleylamine-capped
gold nanoparticles in tetradecane. The particles had a hydrodynamic diameter of dy =21 nm
(+ 1 nm). The dispersion had a gold concentration of ¢ =0.72 mg mL* (£ 0.03 mg mL?). The
measurement was performed at a constant temperature of T =20 °C under normal conditions
(1 g). The DLS measurements was repeated three times a)-c).
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Figure 56: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1 s of oleylamine-capped
gold nanoparticles in tetradecane. The particles had a hydrodynamic diameter of dy =21 nm
(+ 1 nm). The dispersion had a gold concentration of ¢ =0.72 mg mL? (+ 0.03 mg mL?). The
measurement was performed with a rapid temperature drop (70 °C to 10 °C) under normal
conditions (1 g). The DLS experiment was repeated three times a)-c).
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Figure 57: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1 s of oleylamine-capped
gold nanoparticles in tetradecane. The particles had a hydrodynamic diameter of dy =21 nm
(+ 1 nm). The dispersion had a gold concentration of ¢ =0.72 mg mL? (+ 0.03 mg mL?). The
measurement was performed at a constant temperature of T=20 °C in microgravity (K g) by
using a catapult launch.
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Figure 58: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1 s of oleylamine-capped
gold nanoparticles in tetradecane. The particles had a hydrodynamic diameter of dy =21 nm
(+ 1 nm). The dispersion had a gold concentration of ¢=0.72 mg mL? (+ 0.03 mg mL?). The
measurement was performed with a temperature drop (70 °C to 10 °C) in microgravity (U1 g)
by using a catapult launch. The DLS experiments were repeated two times a)-b).
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7.6 Autocorrelation functions of hexadecanethiol-capped gold
nanoparticles
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Figure 59: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1s of
hexadecanethiol-capped gold nanoparticles in tetradecane. The particles had a hydrodynamic
diameter of dy = 13 nm (+ 1 nm). The dispersion had a gold concentration of ¢ = 1.03 mg mL™*
(£ 0.12 mg mL1). The measurement was performed with a temperature drop (70 °C to 10 °C)
on ground (1 g). The DLS experiment was repeated three times a)-c). ¢) At t =1 s, the liquid
injected influenced the autocorrelation function, so the data could not be analyzed.
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Figure 60: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1s
hexadecanethiol-capped gold nanoparticles in tetradecane. The particles had a hydrodynamic
diameter of dy = 13 nm (+ 1 nm). The dispersion had a gold concentration of ¢ =2.75 mg mL*
(£ 0.04 mg mL?1). The measurement was performed with a temperature drop (70 °C to 10 °C)
on ground (1 g). The DLS experiment was repeated two times a)-b).
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Figure 61: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1s of
hexadecanethiol-capped gold nanoparticles in tetradecane. The particles had hydrodynamic
diameter of dy = 13 nm (+ 1 nm). The dispersion had a gold concentration of ¢ =0.86 mg mL™*
(£ 0.16 mg mL?). The measurement was performed with a temperature drop (70 °C to 10 °C)

in microgravity (1 g) by using a catapult launch. The DLS experiment was repeated four times
a)-d).
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Figure 62: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1s of
hexadecanethiol-capped gold nanoparticles in tetradecane. The particles had a hydrodynamic
diameter of dy = 13 nm (+ 1 nm). The dispersion had a gold concentration of ¢ =3.27 mg mL*
(£ 0.79 mg mL1). The measurement was performed with a temperature drop (70 °C to 10 °C)

in microgravity (i g) by using a catapult launch. The DLS experiment was repeated two times
a)-b).
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Figure 63: Consecutive recorded autocorrelation functions (colored, solid lines) and
corresponding fits (black, dashed lines), with an integration time of 1s of
hexadecanethiol-capped gold nanoparticles in tetradecane. The particles had a hydrodynamic
diameter of dy = 13 nm (+ 1 nm). The dispersion had a gold concentration of ¢ = 2.67 mg mL™.
The measurement was performed with a temperature drop (70 °C to 10 °C) in microgravity
(1 g) by performing a drop experiment.
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