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Abstract
Self-assembly of nanoparticles is a widely used technique to produce nanostructured materials with crystallographic
coherence on the atomic scale, i.e. mesocrystals, which can display useful collective properties. This thesis focusses
on the underlying mechanism and dynamics of mesocrystal formation by using real-time techniques. Quartz-crystal
microbalance with dissipation monitoring (QCM-D) as well as small-angle X-ray scattering (SAXS) in combination with
optical microscopy were used to probe the temporal evolution of growing mesocrystals to elucidate the growth mechanism.

Time-resolved small-angle X-ray scattering was used to probe the formation and how the structure and defects of the
growing mesocrystals in levitating droplets evolve with time. Probing self-assembly of oleate-capped iron oxide nanocubes
during evaporation-driven poor-solvent enrichment (EDPSE) showed that a low particle concentration in combination
with a short nucleation period can generate large and well-ordered mesocrystals. Information on the formation and
transformation of defects in mesocrystals were obtained by analysis of the temporal evolution of crystal strain. A transition
from a rapidly increasing isotropic strain to a decreasing anisotropic strain towards the end of the growth stage was observed.
The occurrence of anisotropic strain was assigned to the formation of stress-relieving dislocations in the crystal, which
were induced by large internal stresses caused by superlattice contraction.

Directed assembly of superparamagnetic iron oxide nanocubes, subjected to a weak magnetic field, produced one-
dimensional mesocrystal fibers. Real-time SAXS as well as optical microscopy revealed a two-stage growth mechanism.
The primary stage involved the growth of cuboidal mesocrystals by nanocube self-assembly. In a secondary stage, the
cuboidal mesocrystals were assembled and aligned into fibers by the magnetic field. Evaluation of the magnetic dipole-
dipole and van der Waals interactions showed that the dipolar forces arising between two nanocubes in a weak magnetic
field are negligible compared to the van der Waals forces, but become the dominant force for larger mesocrystals, which
drives the formation of fibers.

QCM-D combined with optical microscopy provided simultaneously information on the rheological properties as well
as on the mass of an adsorbed self-assembled layer of iron oxide nanocubes. We show that the iron oxide nanocubes
rapidly assembled into an array with primarily viscous characteristics. This fluid-like behaviour can be assigned to a layer
of solvent surrounding the nanocubes inside the assembly. Expulsion of the thin solvent layer from the assembled array is
responsible for the increase in rigidity observed shortly after the beginning of self-assembly.
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Abstract 

Self-assembly of nanoparticles is a widely used technique to produce 
nanostructured materials with crystallographic coherence on the atomic scale, 
i.e. mesocrystals, which can display useful collective properties. This thesis 
focusses on the underlying mechanism and dynamics of mesocrystal 
formation by using real-time techniques. Quartz-crystal microbalance with 
dissipation monitoring (QCM-D) as well as small-angle X-ray scattering 
(SAXS) in combination with optical microscopy were used to probe the 
temporal evolution of growing mesocrystals to elucidate the growth 
mechanism. 

Time-resolved small-angle X-ray scattering was used to probe the 
formation and how the structure and defects of the growing mesocrystals in 
levitating droplets evolve with time. Probing self-assembly of oleate-capped 
iron oxide nanocubes during evaporation-driven poor-solvent enrichment 
(EDPSE) showed that a low particle concentration in combination with a short 
nucleation period can generate large and well-ordered mesocrystals. 
Information on the formation and transformation of defects in mesocrystals 
were obtained by analysis of the temporal evolution of crystal strain. A 
transition from a rapidly increasing isotropic strain to a decreasing anisotropic 
strain towards the end of the growth stage was observed. The occurrence of 
anisotropic strain was assigned to the formation of stress-relieving 
dislocations in the crystal, which were induced by large internal stresses 
caused by superlattice contraction. 

Directed assembly of superparamagnetic iron oxide nanocubes, subjected 
to a weak magnetic field, produced one-dimensional mesocrystal fibers. Real-
time SAXS as well as optical microscopy revealed a two-stage growth 
mechanism. The primary stage involved the growth of cuboidal mesocrystals 
by nanocube self-assembly. In a secondary stage, the cuboidal mesocrystals 
were assembled and aligned into fibers by the magnetic field. Evaluation of 



the magnetic dipole-dipole and van der Waals interactions showed that the 
dipolar forces arising between two nanocubes in a weak magnetic field are 
negligible compared to the van der Waals forces, but become the dominant 
force for larger mesocrystals, which drives the formation of fibers. 

QCM-D combined with optical microscopy provided simultaneously 
information on the rheological properties as well as on the mass of an adsorbed 
self-assembled layer of iron oxide nanocubes. We show that the iron oxide 
nanocubes rapidly assembled into an array with primarily viscous 
characteristics. This fluid-like behaviour can be assigned to a layer of solvent 
surrounding the nanocubes inside the assembly. Expulsion of the thin solvent 
layer from the assembled array is responsible for the increase in rigidity 
observed shortly after the beginning of self-assembly. 
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List of abbreviations 

AC alternating current 
CCD charged-coupled device 
DC direct current 
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FCC face centered cubic 
FEG field emission gun 
FFT fast Fourier transform 
FIB focussed ion beam 
FWHM full width at half maximum 
GS good solvent 
MC mesocrystal 
MCF mesocrystalline fiber 
MF magnetic field 
NC nanocube 
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PDF pair distribution function 
PDI polydispersity index 
PPMS physical property measurement system 
PS poor solvent 
QCM-D quartz crystal microbalance with dissipation monitoring 
SAED selected area electron diffraction 
SAXS small-angle X-ray scattering 
SC simple cubic 
SEM scanning electron microscopy 
TEM transmission eletron microscopy 
UV ultraviolett 
VSM vibrating sample magnetometer 
WH Williamson-Hall 
XPCS X-ray photon correlation spectroscopy 
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1   Introduction 

Self-assembly involves the organization of building blocks into ordered 
structures. In nature, this spontaneous and autonomous organization process 
is not only limited to inanimate objects, but can also be observed in living 
organisms.1,2 The formation of order on the atomic scale is commonly known 
as crystallization, which is a thoroughly studied but still poorly understood 
process.3 Not only has the interest in crystals and their formation process been 
kindled by the unique properties arising from the periodic structure, but the 
crystal habit — which reflects the intrinsic symmetry and order — has 
fascinated and stimulated works beyond the realm of science. Self-assembly 
of larger particles in the nanometer size range, i.e. nanoparticles, creates in 
contrast to atomic crystals, assemblies with structural features on the 
mesoscale ranging from about one nanometer to one micrometer.4 These 
crystals are known as mesocrystals or colloidal crystals depending on their 
structural arrangement.  

The structural organization of nanoparticles involves typically weak forces, 
such as van der Waals, capillary, electrostatic, dipolar and depletion forces.5,6 
These weak forces allow for some reversibility of nanoparticle attachment, 
which facilitates rearrangement of nanoparticles inside a lattice.7 The 
magnitude of the interactions can be tuned by designing the nanoparticle’s 
morphology and size, where anisotropic nanoparticles have the ability to go 
beyond the atomic analogy and generate shape-dependent directional forces.8,9 
Advances in the synthesis of nanoparticles with desired shapes, sizes, and 
small size distributions have led to an increased control and predictability of 
the assembled structure.6,8,10–12 An additional level of control can be achieved 
by the use of external fields to direct the assembly of nanoparticles by 
enhancing their directional interparticle forces, e.g. magnetic or electric 
dipolar forces.13,14 The resulting structures reflect the directionality of the 
forces, for instance subjecting superparamagnetic nanoparticles to magnetic 
fields promotes the formation of one-dimensional assemblies.15–17 
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Self-assembly is a dynamic process that involves the transport of building 
blocks, via diffusion or convective flows, to a nucleus or growing crystal.18–23 
Thus, the time scale at which self-assembly takes place strongly depends on 
the size of the building blocks. Nanoparticle building blocks for instance have 
significantly slower diffusion rates compared to atomic systems. In addition, 
control over the environment and reaction conditions are crucial to adjust the 
time scale at which crystallization or self-assembly take place to allow 
building blocks to be incorporated into the crystal lattice at 
thermodynamically stable positions.24 Probing these dynamic processes 
requires adequate techniques with high temporal resolution. Quartz crystal 
microbalance with dissipation monitoring (QCM-D) for instance measures the 
change in resonance frequency and energy dissipation of an oscillating, 
piezoelectric quartz crystal to provide information on the viscoelastic 
properties and mass of self-assembling nanoparticles depositing on the quartz 
crystal’s surface.25,26 This highly sensitive technique registers already minor 
changes in mass and rheological properties of the adsorbing material with high 
temporal resolution. Probably the most reported technique that has been used 
to study nanoparticle self-assembly is X-ray scattering.27–31 The ability to 
probe structures on the mesoscale in combination with a high photon flux that 
can be achieved at synchrotron radiation facilities makes this technique ideal 
to examine structural evolution of mesoscopically structured crystals. The 
inverse relation between length scale and scattering vector requires larger 
sample to detector distances for mesoscopic structures, which diffract X-ray 
beams at lower angles, compared to atomic crystals. This technique is 
commonly known as small-angle X-ray scattering (SAXS) and it provides 
crucial information on the structural parameters of both the nanoparticles and 
their assemblies.  
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Figure 1. Schematically depicted colloidal crystal and mesocrystal unit 
cells. For illustrational purposes, the nanoparticles have a NaCl-type 
structure (space group: Fm3m). a) Colloidal crystal consisting of cubic 
nanoparticles, which display positional, but not orientational long-
range order (left). The random orientation of the nanoparticles produces 
a diffraction ring, comparable to a powder, in the wide-angle regime 
(right), while the positional long-range order produces distinct 
diffraction spots in the small-angle regime (inset). b) Nanoparticles 
with both orientational and positional order schematically shown in a 
mesocrystal unit cell (left). Both the atomic lattice and the superlattice 
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produce distinct diffraction spots in the wide- (right) and small-angle 
(inset) regime. 

1.1   Mesocrystals 

First described in 2005, Helmut Cölfen and Markus Antonietti coined the 
term “mesocrystal” as a mesoscopically structured crystal consisting of 
nanoparticle building blocks that are aligned with positional and orientational 
long-range order.32 In contrast to colloidal crystals, which display long-range 
order on the mesoscale but not on the atomic scale (Figure 1a), mesocrystals 
can be distinguished as they produce well-defined X-ray diffraction spots in 
the small- and wide-angle regime (Figure 1b).33 Mesocrystalline materials 
have shown to be important structural features in living organisms. Biomineral 
composites consisting of inorganic nanoparticle building blocks in 
combination with organic macromolecules have been found for instance in sea 
urchin spines and teeth,34,35 the nacre of molluscs,36,37 or in corals38 and have 
gathered interest in the field of biomimetics due to their remarkable 
mechanical or optical properties.1,39–41 Mesocrystals combine the properties of 
the nanoparticles and the properties resulting from the interactions between 
them, which depend strongly on the composition, size, and shape of the 
nanoparticles.42 The physical properties of materials in bulk form often 
undergo a transition due to the high surface area to volume ratio and the 
quantum size effect, which causes discrete energy levels, when the size of the 
material is decreased to nanoscale. For instance, ferro- and ferrimagnetic iron 
oxide particles display size dependent magnetic properties and switch to 
superparamagnetic behaviour below a critical size.43 The magnetic dipole 
interactions between iron oxide nanoparticles in ordered arrays have shown to 
influence each other and induce ferromagnetic and antiferromagnetic coupling 
depending on the thickness of the array.44 In contrast to the magnetic coupling 
in ordered arrays, disordered clusters of iron oxide nanoparticles retained their 
superparamagnetism.45,46 Thus, the mesocrystal properties can be modified by 
fine-tuning the size and shape of the nanoparticles and the degree of order of 
the assembly. 

The formation process of mesocrystals can be considered non-classical 
where crystal growth is particle mediated and consists of intermediate steps, 
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which include the formation of dense, disordered prenucleation clusters 
(Figure 2).47–50 This stands in contrast to the classical crystallization process 
where a crystal grows layer-by-layer via molecular (or atomic/ionic) 
attachment to well-ordered nuclei (Figure 2).48,51 A typical route to produce a 
mesocrystal is self-assembly of polyhedral nanoparticles, which enables the 
design and fabrication of complex structures due to the anisotropic forces of 
the building blocks. The directional forces between faceted, single crystalline 
nanoparticles compared to the isotropic forces of spherical particles result in 
the alignment of nanoparticles with respect to their atomic lattices and thus to 
long-range crystallographic order on the atomic scale.11 External fields can 
also induce directional forces and can assist to fabricate mesocrystals with 
high degree of order.13 For instance, the fluctuating magnetic dipole moment 
of superparamagnetic nanoparticles can be fixated by a sufficiently strong 
magnetic field. The aligned magnetic moments enhance the directionality of 
the interactive forces between the nanoparticles, which results in the assembly 
of elongated, filament-like structures with differing magnetic properties along 
and perpendicular to the long axis of the filament.16,52 The possibility to direct 
magnetic nanoparticles into assemblies with desired structures by external 
fields facilitates the design of novel materials towards applications in a variety 
of fields, including cancer treatment using hyperthermia or optoelectronics.53–

60 
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Figure 2. Schematic illustration of non-classical and classical 
crystallization. Non-classical crystallization involves the formation of 
dense, disordered prenucleation clusters that form crystals via structural 
rearrangement. Classical crystallization is characterized by the 
formation of small, ordered nuclei, which grow to larger crystals by 
layer-by-layer growth. 

1.2   Evaporation-induced self-assembly 

The most common method to assemble nanoparticles into mesocrystals is 
evaporation-induced self-assembly.61–63 By slowly evaporating the solvent of 
a dispersion, the concentration of the nanoparticles increases and self-
assembly begins when the concentration threshold is reached. Numerous 
experimental techniques were developed to obtain mesocrystals and 
superlattices of desired sizes and structures that made use of evaporation-
driven effects in drying droplets and thin films. Drop casting a nanoparticle 
containing dispersion onto a substrate is probably the most reported method 
(Figure 3).63–66 A large number of studies conducted self-assembly in drop cast 
dispersion droplets and have shown that the particles either assemble at the 
substrate surface or at the liquid-air interface. The preferred interface at which 
self-assembly occurs depends on the interactions between the substrate and 
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the nanoparticles.67 The evaporation rate has a major impact on the final size 
and morphology of the mesocrystals. Convective and Marangoni flows in 
pinned, drying droplets for instance have shown to create different regimes 
containing mesocrystals with strongly differing morphologies.68,69 The coffee-
ring effect, caused by convective flows, led to the deposition of a large number 
of particles at the droplet perimeter that formed large mesocrystals displaying 
a lack of crystal habit; dendritic growth was observed in a transition regime, 
which was driven by the surface tension dependent Marangoni flow; and 
diffusion-controlled growth occurred in the central area of the droplet creating 
mesocrystals with well-defined crystal habits.19 In non-pinned droplets, the 
capillary pressure at the drying-front of the shrinking droplet is mainly driving 
the nanoparticles to self-assemble.63 The impact of convective flows can be 
decreased by reducing the evaporation rates to create an environment where 
self-assembly is mainly diffusion-controlled.70 

 
Figure 3. Schematic illustration of the drop-casting technique. During 
solvent evaporation, the coffee-ring effect causes deposition of particles 
at the perimeter of the droplet. 

Other self-assembly techniques involve the preparation of thin 
superlattices, for instance for electron microscopy studies, at the interface of 
a polar and nonpolar solvent.15,16,71 The thin self-assembled superlattices can 
be subsequently collected from the surface of the polar solvent once the non-
polar solvent has evaporated. Dip-coating is also a widely used method to 
create thin superlattices, in which a substrate is immersed into a dispersion 
and subsequently slowly removed. The convective flow towards the drying 
front of the liquid film deposits particles at the interface of the liquid, 
substrate, and air.72 The thickness of the nanoparticle assembly can be 
controlled by the withdrawal speed at which the substrate is removed from the 
solvent.61 Acoustic levitation is, opposed to all aforementioned techniques, a 
method that facilitates nanoparticle self-assembly in a levitating droplet 
without the influence of the surface of a solid substrate.73,74 Small sample 
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amounts and the possibility to have a controlled sample environment, where 
e.g. the evaporation rate is controlled, are additional advantages that make 
assembly in levitating droplets favourable. In addition, the droplets are 
sufficiently large to enable small-angle X-ray scattering measurements to be 
performed in transmission mode.  

1.3   Scope of the thesis 

Nanoparticle self-assembly is one of the most promising routes to produce 
mesostructured materials with unique properties suitable for various 
applications. The dynamic processes involved in the formation of 
mesocrystals were probed using time-resolved techniques to shed light on 
different aspects of the assembly mechanism. This thesis aims to elucidate the 
structural evolution during nanoparticle self-assembly and how various initial 
parameters, such as the initial particle concentration, particle size, solvent 
composition, and addition of surfactant, affected the growth dynamics and 
structural features of the formed mesocrystals.  

Real-time QCM-D and SAXS provides crucial information on the 
rheological properties and structural parameters of the assembled arrays, 
respectively. We have utilized these techniques in order to gain insight on 
certain aspects of the assembly process. The structural parameters can be 
resolved on several length scales with high time-resolution by real-time 
SAXS, which was used on levitating, colloidal droplets to follow 
mesocrystallization in bulk. This thesis focusses on the structural evolution 
and aimed to provide insight into growth mechanisms and defect structures, 
which inherently determine the quality and properties of the assembled 
mesocrystals. By quantifying crystal strain, we show how defects evolve 
during mesocrystal growth and correlate isotropic and anisotropic strain to the 
occurrence of point and line defects, respectively. Since defects affect the 
mechanical and physical properties of a crystal, understanding the formation 
of defects in mesocrystals, grown by evaporation-induced self-assembly, is of 
great importance.  

Growth of large, crystallographically coherent mesocrystals is still 
challenging due to a lack of control over the assembly conditions. 
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Evaporation-driven poor-solvent enrichment (EDPSE) allows for the 
fabrication of larger mesocrystals, which display a higher crystalline quality 
compared to the classical single solvent approach. Here, self-assembly was 
induced by an increasing polarity, in contrast to the classical single solvent 
system where supersaturation is inducing the crystallization process. Real-
time SAXS and video microscopy data provided growth and time-dependent 
structural parameters and concentration, respectively, which were used to 
correlate growth mechanisms to an improved size and quality of mesocrystals 
grown in two-solvent systems. 

Magnetic nanoparticles can be directed by external fields towards 
assemblies with desired structural features. We probed the growth mechanism 
involved in the formation of one-dimensional fibers in weak magnetic fields 
using time-resolved SAXS. Additionally, optical microscopy on magnetic 
field-directed assembly and measurements of the magnetic properties 
corroborated the findings from the SAXS data. The interparticle forces were 
evaluated to reveal the dominant forces driving the growth of one-dimensional 
mesocrystalline fibers. A finely tunable magnetic field ranging from 1.5 to 6 
mT facilitated the formation of mesocrystalline fibers with tailored aspect 
ratio.  

Tracking the resonance frequency and dissipation during nanoparticle self-
assembly using QCM-D provides crucial information on the viscoelastic 
properties and mass of growing arrays in the vicinity of a substrate interface. 
The viscoelastic properties relate to the trapped solvent in the assembled 
arrays and quantification of the viscosity and elasticity was used to correlate 
structural transitions during self-assembly to the measured changes in 
rheological properties. 
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2   Characterization techniques and methods 

2.1   In-situ techniques and methods 

2.1.1   Quartz crystal microbalance with dissipation monitoring 

The QCM-D technique provides information on the mass and rheological 
properties of an adsorbed layer by measuring differences in the resonance 
frequency of an oscillating quartz crystal. QCM-D experiments were carried 
out on a QCM-D E1 system (Q-Sense AB, Sweden) that simultaneously 
recorded the frequency and dissipation shifts Δf and ΔD. The resonance 
frequency of the fundamental overtone was 5 MHz and the device recorded 
the frequency and dissipation response up to the 13th overtone. A custom-
built chamber was used, which was equipped with an inlet and outlet for a 
nitrogen gas flow and a window facilitating simultaneous observation with a 
microscope (Figure 4a). The working principle of a QCM-D can be 
understood as a piezoelectric sensor that changes its resonance frequency 
when material adsorbs homogeneously to its surface (Figure 4b). As the 
QCM-D applies an alternating current to the quartz crystal sensor, the crystal 
is oscillating by a few nanometer in a shear motion. The difference between 
the initial resonance frequency and the new resonance frequency, Δf, is the 
output value given by the device. The current is regularly turned off and by 
measuring how quickly this oscillating motion decays; the decay rate, or rate 
of energy loss, correlates to the dissipation. When a rigid film adsorbs on the 
sensor surface, the dissipation shows none or only small changes. Sauerbrey 
showed that a linear relation between the change in frequency Δf and the 
adsorbed mass can be derived in the case of a rigid film:26,75 

∆𝑓 = 𝑚  (1) 
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Here, n is the overtone order, mA is the areal mass density, i.e. mass per unit 
area, C is the mass sensitivity constant, which depends on sensor surface area, 
the fundamental resonance frequency and the density and shear modulus of an 
AT-cut quartz crystal. However, a soft film adsorbing to the surface causes a 
faster decay of the oscillating motion due to the film’s inertia and resistance 
that depends on the viscosity of the medium in which the film is immersed. 
Along with a large dissipation comes a difference in Δf for the different 
overtones. Thus, the Sauerbrey equation is not suitable and more sophisticated 
methods must be used to obtain useful information of the adsorbed film. 
Voinova developed a model that is based on the Kelvin-Voigt model and 
derived equations that relate Δf and ΔD to the viscosity η and shear modulus 
μ of the adsorbed film, respectively:76 

𝛥𝑓 ≈ − + ∑ ℎ 𝜌 𝜔 − 2ℎ,  (2) 

𝛥𝐷 ≈ + ∑ 2ℎ,  (3) 

Here, h is the thickness, ω = 2πf is the angular resonance frequency, ρ is the 
density of, 𝛿 = 2𝜂/𝜌𝜔 is the penetration depth. The indices refer to the 

quartz crystal (0), the first (1) and second (2) viscoelastic layer, and the bulk 
liquid (3). Voinova’s equations have been implemented in the program 
QTools (Q-Sense AB, Sweden) that has been used to fit the experimental data. 
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Figure 4. Experimental setup for QCM-D and video microscopy, and 
schematic illustration of a drop-casting experiment. a) Custom-built 
chamber equipped with a gas inlet and outlet allowing for a controlled 
environment. The retractable glass slide facilitates simultaneous 
observation with an optical microscope. b) Illustration of evaporation-
induced self-assembly of nanocubes on a piezoelectric QCM-D sensor. 
Figure taken from paper IV. 

2.1.2   Small-angle X-ray scattering 

The inverse relation between the magnitude of the scattering vector q in 
reciprocal space and a distance d in real space 

𝑞 = 2𝜋 𝑑⁄  (4) 

results in low q-values or small angles when large objects, such as 
nanoparticles and their assemblies scatter X-rays. The technique to probe 
scattered X-rays at small angles is thus known as small-angle X-ray scattering. 
The information provided by SAXS is not limited to the mesocrystal structure, 
the shape and size of nanoparticles also contribute to the scattered intensity, 
which makes SAXS an ideal technique to study nanoparticles and 
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mesocrystals. Synchrotron radiation facilities provide coherent, high flux X-
ray beams and allow thus for probing dynamic processes with high time-
resolution. Time-resolved SAXS data were acquired in the course of two beam 
times at the ID02 beamline at the European Synchrotron Radiation Facility 
(ESRF) and at the P03 at the Deutsches Elektronen-Synchrotron (DESY). All 
experiments were carried out using an acoustic levitator equipped with a 
custom-built chamber and a Helmholtz magnet to apply an external magnetic 
field (Figure 5). 

 
Figure 5. Acoustic levitator used for time-resolved SAXS 
measurements. The custom-built chamber has four ports for incident 
and scattered beam, for observation with a microscope camera, and for 
injection of a dispersion droplet. For experiments in a magnetic field, 
we installed a removable Helmholtz magnet consisting of two coils. 
Figure taken from paper III. 

The scattered intensity I(q) = P(q)S(q) in the small angle regime is 
composed of the form factor P(q), that gives information on the size, shape 
and polydispersity of the nanoparticles, and the structure factor S(q), which is 
affected by the interactions between the nanoparticles. SAXS curves of diluted 
nanoparticle dispersions display solely a contribution of the form factor to the 
scattered intensity as the nanoparticles have a large enough separation 
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distance. We fitted a cubic form factor to the SAXS curves in order to get an 
estimate of the average size and obtained the polydispersity by fitting a 
Gaussian distribution. When the nanoparticles begin to form clusters and 
subsequently assemble to well-ordered mesocrystals, a contribution of the 
structure factor to the scattered intensity becomes apparent by an initial 
deviation from linear to non-linear behaviour in the Guinier regime when 
clustering begins, and by the appearance of diffraction peaks when 
mesocrystals are formed. The resulting diffraction pattern can be indexed to 
obtain the crystal structure of the superlattice. The crystal structures found 
within this thesis were mostly simple cubic with face-to-face oriented 
nanocubes. The diffraction peaks produced by mesocrystals contain crucial 
information on size, strain, and lattice parameters which correlate to the peak 
width and peak position, respectively. Hence, a crucial part of the crystal 
growth analysis is treatment of the diffraction peaks produced by the 
superlattice, which involved peak fitting using a pseudo-Voigt function to 
extract the peak area A, full width at half maximum (FWHM) w and peak 
position xC. 

𝑦 = 𝑦 + 𝐴 𝜇
( )

+ (1 − 𝜇)
√

√
𝑒

( )
 (5) 

The area of the first detected and most pronounced superlattice peak is 
proportional to the mesocrystal phase. The temporal evolution of the peak area 
during self-assembly can be hence interpreted as a crystal growth curve and 
was used to retrieve information on growth kinetics. The growth curve 
typically had a sigmoidal shape, which was treated with the Gualtieri 
function.77 Four assumptions were made by Gualtieri that also hold for our 
system; 1. Crystal growth is not constant and decreases when supersaturation 
decreases; 2. Crystal growth can be either one, two or three dimensional; 3. 
The growth symmetry is imposed by crystal symmetry restraints; 4. 
Nucleation can be either homogeneous, heterogeneous or autocatalytic. The 
Gualtieri equation, which resembles the Avrami equation,78,79 takes 
additionally to crystal growth, nucleation into account to describe the 
sigmoidal shape:  

α = 
1

1+exp
((t  tMC)  a)

b

1  exp  kg(t  tMC)
n

 (6) 
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Here, α is the fraction of a crystalline phase, which corresponds to the 
normalized peak area, a is the reciprocal of the nucleation rate kN = 1/a, b 
relates to the type of nucleation, kg is the crystal growth rate, n is related to the 
dimension of crystal growth, and ttMC corresponds to the time after 
mesocrystallization begins. The probability PN for the formation of a number 
of nuclei N can be then described by 

PN = 
dN

d(t  tMC)
 = exp 

((t  tMC)  a)2

2b2  (7) 

Paul Scherrer has shown in 1918 that the peak width is inversely 
proportional to the crystallite size:80  

𝑤 =  (8) 

Here, w is the full width at half maximum (FWHM) in reciprocal space, K is 
a shape factor that is typically close to 0.9, and D is the crystallite or domain 
size. However, there are other sample related factors that contribute to the 
peak width. One main parameter that has a drastic effect on the peak width is 
strain, which originates in crystal defects. Strain ε is the variation of the lattice 

parameter Δd from the average �̅�, ε = Δd
d
 . Williamson and Hall have shown 

that the peak width w scales linearly with the scattering vector q:81 

w = 
2πK

D
 + 2qCε (9) 

Plotting the width of a peak against its position, qC, in the so-called 
Williamson-Hall (WH) plot should thus result in a linear relationship in which 
the y-intercept and the slope of a fitted linear function correspond to the 
domain size and the crystal strain, respectively. However, anisotropic 
crystallite shapes and anisotropic strain result in anisotropic peak broadening. 
The source of anisotropic peak broadening can be determined by treating peak 
families separately, which will show whether strain or size has direction-
dependent properties, since intercepts or slopes of the linear fits of the peak 
families will deviate from each other. The type of strain, isotropic or 
anisotropic, provides information on the defects that are present in the 
mesocrystal, whereas isotropic strain is typically produced by point defects, 
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for instance vacancies or impurities, while anisotropic strain originates in line 
defects, e.g. edge and screw dislocations.82 

The partial scattering invariant, also known as Porod invariant, is according 
to equation (10) proportional to the nanoparticle volume fraction ϕNP and the 
electron density contrast 𝛥𝜌 = 𝜌 − 𝜌 , with ρNP and ρS electron density of 

the nanoparticles and the solvent, respectively. 

𝑄∗ ∝ (𝛥𝜌) 𝜙 (1 − 𝜙 )  (10) 

Thus, an increasing or decreasing Q* can be correlated to dynamic processes 
in the droplet involving an increase or decrease in volume fraction, 
respectively. The partial scattering invariant Q* was obtained by integrating  

𝑄∗ = ∫ 𝐼(𝑞)𝑞 𝑑𝑞 (11)  

with qmin and qmax being the available q-range from the experimental SAXS 
data. 

The 2D images acquired by SAXS detectors can be either radially or 
azimuthally integrated. Radial integration gives the scattered intensity in 
dependence of the scattering vector. Azimuthal integration of a 2D pattern 
displays the intensity against the azimuthal angle φ. When crystals are 
randomly oriented in a sample, azimuthal integration of the diffraction rings, 
also known as Debye-Scherrer rings, will show a homogeneously distributed 
intensity over the entire range of φ as each orientation has the same 
probability. When crystals are oriented along a specific direction, the 
azimuthal plot will display peaks with angular positions and peak widths that 
depend on the orientation in space and the degree of orientation, respectively. 
Orientation of nanoparticles or mesocrystals can be usually achieved by 
applying external forces. In the case of superparamagnetic nanoparticles, an 
external magnetic field is the easiest way to induce orientation. The degree of 
orientation f can be evaluated by  

𝑓 =   (12) 
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with w being the full width at half maximum of the azimuthal peak. It should 
be noted that this equation only applies to crystal structures with four-fold 
rotational symmetry. Changes of the degree of orientation during self-
assembly of superparamagnetic nanoparticles in applied magnetic fields can 
be thus used to draw conclusions on the growth mechanism. 

2.1.3   Acoustic levitation 

Acoustic levitation facilitates evaporation-induced self-assembly in a 
substrate-free environment (Figure 5),73,74 hence, interactions between the 
nanoparticles or the growing mesocrystals and substrate surfaces, where 
evaporation-induced self-assembly experiments are typically carried out, can 
be avoided as interfaces can be considered as sources of strain. Small sample 
amounts and the possibility to probe the droplet in transmission mode are 
additional advantages of ultrasonic levitation compared to drop casting on 
substrates. Typically, 2–3 µL of a nanoparticle dispersion were sufficient to 
probe evaporation-induced self-assembly taking place within 5–40 min 
depending on the solvent composition. The droplet levitates between two 
pressure nodes of a standing, ultrasonic wave that is generated by a sonotrode 
and reflected by a reflector (Figure 6a). The levitator (tec5, Germany) was 
equipped with a custom-built chamber having four ports for the incident and 
scattered beam, a microscope camera, and for injecting the dispersion droplet 
(Figure 5). With decreasing volume, the droplet began to oscillate in the 
levitator, hence, the initial modification of the sonotrode-reflector distance 
and the amplitude of the acoustic wave had to be readjusted by two remote-
controlled stepper motors in order to stabilize the levitating droplet. We have 
additionally installed an electromagnet consisting of two coils, i.e. Helmholtz 
coil, to produce a homogeneous magnetic field to study field-directed 
assembly of magnetic nanoparticles. The magnetic field strength B depends 
on the electric current I, the number of turns in each coil n, and the coil radius 
RC: 

𝐵 =
⁄

 (13) 

Here, µ0 is the vacuum permeability. We were able to control the electric 
current from outside the experimental station during the SAXS experiments. 
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Figure 6. Working principle of an acoustic levitator and image 
processing. a) Dispersion droplet levitating between two pressure nodes 
of an acoustic wave. The inset shows a representative image taken with 
the microscope camera. b) Image frames obtained from VirtualDub and 
post-processing with ImageJ generated binary images. The radii a and 
c were extracted from the binary images. c) Droplet volume and volume 
fraction calculated using equation (14) and (15), respectively. Figure 
taken from Paper II. 

2.1.4   Video microscopy 

Following a drying droplet in real-time and correlating the data to the 
acquired SAXS data is crucial as it gives additional information on the volume 
fraction of the nanoparticles. The recorded video was decomposed into several 
image frames using the program VirtualDub and the two radii of the oblate, 
ellipsoidal droplet were obtained using ImageJ (Figure 6b). The time-
dependent droplet volume VD (Figure 6c) can be calculated by 

𝑉 = 𝜋𝑎 𝑐 (14) 

Here, a and c correspond to the horizontal and vertical radius of the droplet, 
respectively. The time-dependent volume fraction of iron oxide 𝜙IO can be 
obtained by 

𝜙 =
cIO,tV0

ρIOVD
 (15) 
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with cIO,t and V0 being the time-dependent concentration and initial volume, 
respectively, and ρIO = 5.15 g cm−3 being the density of magnetite. The volume 
fraction of the nanocubes, which includes the inorganic core and the organic 
surfactant, was calculated by taking a 2 nm layer of oleic acid on each 
nanocube facet into account (Figure 6c).83  

2.1.5   Optical microscopy 

Nanoparticle self-assembly typically produces mesocrystals with sizes 
ranging from a few hundred nanometer to several microns, whereas the size 
strongly depends on the initial conditions and the evaporation rate of the 
solvent. Optical microscopy can be thus utilized to follow the growth of 
mesocrystals. We used a Nikon Eclipse FN1 light microscope in reflection 
mode, where images were obtained by a 2-megapixel CCD camera (Kappa 
Zelos-02150C GV, Kappa Optronics, Germany). Microscope images were 
recorded with 50x magnification. Typically, images were taken with a time-
resolution of 0.5 to 1 second and processed subsequently with ImageJ. 

2.2   Ex-situ characterization techniques and methods 

2.2.1   Electron microscopy and focussed ion beam (FIB) 

Observation of nano- and micron sized objects requires the use of electron 
microscopy, which is the most common ex-situ technique to probe 
nanoparticles and their assemblies. Depending on the thickness of the 
assembled arrays, the most suitable microscopy method must be used. For thin 
arrays (≤ 100 nm), transmission electron microscopy (TEM) was used, 
whereas larger arrays were probed by scanning electron microscopy (SEM). 
SEM images were taken on a JEOL JSM-7401F and a JEOL JSM-7000F 
(JEOL, Japan) equipped with a cold and Schottky-type field emission gun 
(FEG), respectively. TEM images were recorded on a JEOL JEM-2100F 
(JEOL, Japan; point resolution: 0.19 nm, spherical aberration Cs = 0.5 mm) 
and a Themis Z (Thermo Fisher Scientific, USA; point resolution: 0.06 nm), 
both equipped with a Schottky-type FEG. In order to obtain a thin slice of a 
mesocrystal grown in a levitating droplet, we used FIB/SEM (Nova NanoLab 
600, FEI, USA) to remove a single mesocrystal from a silicon substrate and 
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transferred the thin slice to a TEM sample holder (Omniprobe, USA) using a 
nanomanipulator (Omniprobe, USA). 

2.2.2   Physical property measurement system (PPMS) 

A PPMS (QuantumDesign, USA) was used to measure the magnetic 
properties of iron oxide nanoparticles and their assemblies. The magnetic 
moment of the nanoparticles in dependence of the applied magnetic field was 
measured in a DC field by using the vibrating sample magnetometer (VSM) 
option of the PPMS. 
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3   Colloidal interactions and defects 

3.1   Interactions in colloidal dispersions 

Controlling self-assembly requires knowledge of the interactions between 
the nanoparticles. It is essential to tune the attractive and repulsive forces for 
successful fabrication of mesocrystals. The attractive forces depend on the 
size, morphology, and composition of the nanoparticles. Anisotropic 
nanoparticles display direction dependent forces, which are crucial for the 
formation of mesocrystals with a rich structural diversity. 

3.1.1   Van der Waals interactions 

Spontaneous fluctuations of charges and electric fields occur constantly in 
particles and molecules. Attractive forces between two particles arise due to 
these fluctuations that lead to momentary, inhomogeneous charge 
distributions or dipoles, which will interact with dipoles in other particles. The 
interactions can be categorized into three different types depending on the 
electric moment of the particle; interactions between two permanent dipoles: 
Keesom forces; interactions between a permanent and an induced dipole: 
Debye forces; and interactions between two induced dipole moments: London 
or dispersion forces. All these forces can be summarized to van der Waals 
interactions. All forces arising from either permanent or induced dipoles are 
weak forces and decay with the inverse sixth power of the distance r−6.84  

The interaction energy between meso- and macroscopic bodies can be 
calculated using the pairwise-summation approximation, which integrates the 
interaction energies between small increments of two objects over the entire 
volume of the bodies. This approximation has been introduced by Hamaker in 
1937, who calculated the interaction energy between spherical objects.85 The 
magnitude of the interaction can be described by the material dependent 
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Hamaker constant A. Solutions for the interaction energies of bodies with 
other shapes than spherical, such as cylindrical and rectangular, have since 
been introduced.84,86 The van der Waals interaction energy between two face-
to-face oriented cubes with edge lengths l and two spheres with radius R 
separated by a distance d can be calculated via equation (16) and (19), 
respectively (Figure 7a).84 

𝑈 , = − 𝐾 (𝑥)| ,
,  (16) 

𝐾 (𝑥)| ,
, = 𝐾 (𝑑 + 2𝑙) − 2𝐾 (𝑑 + 𝑙) + 𝐾 (𝑑) (17) 

𝐾 (𝑥) = ln + 2 tan +

tan
( )

+  2𝑙 + (𝑥 + 𝑙 ) tan
( )

 (18) 

𝑈 , =  −
( )

+
( )

+ 𝑙𝑛(1 −
( )

)  (19) 

While atoms or molecules in gases have large enough separation distances, 
the assumption of a summation of pair interactions does not hold for 
condensed matter, where neighbouring atoms or molecules affect each other’s 
electric fields and thus their response to other fields. Lifshitz described the 
interaction of two bodies not as the summation of pairs of atoms, but treated 
the macroscopic properties of the materials and the interactions between them. 
The electromagnetic properties of the continuous media could now be derived 
from absorption spectra and the magnitude of the interactions, i.e. the 
Hamaker constant, was obtained for different materials. The general theory 
derived by Lifshitz describes the interactions of two bodies at distances that 
are larger than the atomic or molecular sizes so that the bodies appear to be 
continua. At large distances (> 5 nm), however, which are common in 
colloidal dispersions, retardation effects change the distance dependency of 
the interaction energy to r−7. The retardation effect originates in the finite 
velocity of light, which causes a delayed response of the electric field of 
particles at large distances.87,88 
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The van der Waals interactions are important for the self-assembly of 
nanocrystals and the formation of mesocrystals.9,89 The direction dependent 
interactions of anisotropic nanoparticles can result in stronger attractive forces 
of polyhedral particles, whose facets are facing each other, compared to the 
interactions of spherical particles with identical sizes (Figure 7b). As 
nanoparticles consist of a single crystal domain, the resulting assembly will 
display a long-range atomic crystallographic coherence, i.e. mesocrystals, 
since the facets of e.g. nanocubes in a simple cubic superlattice will face each 
other and thus align the atomic lattices of the nanocubes. The anisotropic van 
der Waals forces have been shown to drive nanoparticles into assemblies with 
more complex structures.90,91  

 
Figure 7. Van der Waals interaction energy. a) Schematic depiction of 
two face-to-face oriented cubes with l = 10 nm (blue dashed line) and 
two spheres with R = 6.2 nm separated by a distance d. b) Van der Waals 
interaction energy of two face-to-face oriented cubes and two spheres. 
The horizontal orange line indicates the particle thermal energy at 
3/2kT. 
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3.1.2   Magnetic interactions 

Magnetic interactions arise from magnetic moments in particles that 
display ferro- or ferrimagnetic behaviour. When materials are downsized to 
the nanoscale, their physical properties often show a size dependency and their 
optical or magnetic properties undergo a transition.92–94 For instance, 
magnetite and maghemite nanoparticles that are below a critical size (< 20–30 
nm) display superparamagnetic behaviour, i.e. their magnetic moment 
fluctuates and is not blocked at room temperature, in contrast to bulk 
magnetite and maghemite that display ferrimagnetic properties.45 Hence, the 
magnetic interactions between superparamagnetic iron oxide nanoparticles are 
insignificant at time scales of interest in absence of an external magnetic field 
and the contribution to the overall particle interactions is negligible compared 
to van der Waals forces.95 Applying a sufficiently strong, external magnetic 
field however blocks the magnetic moment and the resulting directionality of 
the magnetic forces promotes the formation of nanoparticle assemblies with 
complex crystal habits.91 The interaction energy of two particles with blocked 
magnetic dipole moments can be calculated by96 

𝑈 =
⃗ ∙ ⃗

−
( ⃗ ∙ ⃗)( ⃗ ∙ ⃗)

 (20) 

where μ0 is the vacuum permeability, �⃗� ,  =  𝜇 �⃗�𝑉 are the magnetic 

moments, with �⃗� being the magnetization vector and V being the volume of 
the particles, r is the center-to-center distance between the magnetic dipoles, 
and 𝑟 is the vector connecting the dipole centers. The equation simplifies to 

𝑈 = (1 − 3 cos 𝜃) (21) 

when the magnetic dipole moments are identical in magnitude and direction. 
The angle 𝜃 corresponds to the polar angle in a Euclidean coordinate system 
between the magnetic dipoles. It should be noted that the equations assume 
point magnetic moments. When the magnetic dipole moments are aligned 
head-to-tail and the angular term diminishes to zero, the interaction energy 
solely depends on the magnetic moments and their center-to-center distance r. 
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3.1.3   Steric repulsion 

In order to stabilize inorganic nanoparticles in non-polar solvents and 
prevent irreversible aggregation, it is necessary to coat the nanoparticle 
surface with surfactants that have hydrophobic tails, typically a hydrocarbon 
chain, and functional head groups that attach to the nanocrystal surface.97–99 
The surfactant molecules prohibit the nanocrystals to come close to each other 
and interdigitation, compression, and loss of conformational freedom of the 
surfactants generate a repulsive force, which has an entropic origin, and is 
commonly known as steric repulsion.100 The range of steric repulsion is 
essentially determined by the length of the hydrocarbon chain, which are 
typically ranging from 10 to 20 carbon atoms and functional head groups such 
as carboxylic acids,10 amines,101 and thiols102 have been used to stabilize 
metallic and metal oxide nanocrystals in non-polar solvents. Oleic acid is 
probably the most frequently used surfactant to cap iron oxide 
nanocrystals.66,83,97,103–105 

3.2   Crystal defects 

Irregularities in the crystal lattice modulate the material properties, such as 
the mechanical or optical properties.106–108 Knowledge of the effect of defects 
on the properties and controlling the amount and type of defects are thus of 
great importance for the use of materials in industrial applications.109,110 
Crystal defects can be categorized into point, line, planar, or volume defects. 
Within this thesis, the defects that are most common in nanoparticle 
superlattices and mesocrystals will be discussed. 

3.2.1   Point defects (0-dimensional) 

One of the most common defects in crystals are vacancies, i.e. the absence 
of a particle at a lattice site. The reason for crystals having vacancies is an 
entropic one, as vacancies increase the entropy of the crystal. The amount of 
vacancies in a crystal follows a Boltzmann distribution and depends on the 
energy that is required to form a vacancy Evacancy and increases exponentially 
with temperature:109  
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𝑁 ∝ 𝑒  (22) 

The polydispersity of the nanoparticles can result in crystals that consist of 
nanoparticles of different sizes. When the size of a nanoparticle deviates to a 
sufficient extent compared to its surrounding neighbours, these size 
mismatches create either compressive, when larger, or tensile, when smaller, 
stresses. This can be compared to the incorporation of impurities in atomic 
lattices that occupy lattice positions that are usually occupied by the common 
atoms (or molecules). 

3.2.2   Line defects (1-dimensional) 

Edge and screw dislocations are common line defects that occur in all types 
of crystalline materials. Usually, dislocations are induced by external or 
internal shear stresses.110 An edge dislocation is basically a half plane inserted 
into the crystal lattice. The half plane originates in a shear stress that shears 
one half of the crystal against the other (Figure 8a). A screw dislocation 
nucleates when the shear force applies to a fraction of half of the crystal, and 
only minor parts are sheared (Figure 8b). The Burgers vector 𝑏 is commonly 
being used to describe a dislocation. If we draw a rectangular loop around a 
dislocation (in a simple cubic lattice), the number of steps (or unit cells) on 
each side should be equal to the number of unit cells on the opposite side of 
the rectangle. In a defect-free crystal, the rectangle would form a closed loop 
without any additional steps, but the Burgers vector is the additional step that 
closes the loop when a dislocation is present. The Burgers vector is 
perpendicular to the dislocation line for edge dislocations and parallel to the 
dislocation line for screw dislocations. The energy per unit length of a 
dislocation line EL can be approximated with 𝐸 ≈ 𝐺𝑏  where the energy 
depends on the shear modulus G and the length of the Burgers vector b. In the 
case of a simple cubic lattice, b will be equal to the lattice parameter. The 
critical shear stress needed to nucleate a dislocation can be approximated with 
G/30, but this approximation only holds for dislocation-free crystals. When 
pre-existing dislocations are present, the critical shear stress is several orders 
of magnitude smaller than the predicted one. 
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Figure 8. Schematic illustration of the formation mechanism of edge 
and screw dislocation. a) Forces (red arrows) that shear parts of the 
crystal separated by a slip plane (red plane) in opposite directions (left), 
resulting in the formation of an edge dislocation with a Burger vector 
b⃗ = <100> (right). b) Forces (yellow arrows) that shear parts of the 
crystal separated by a slip plane (yellow plane) in opposite directions 
(left). The decreasing size of the arrows indicates that the magnitude of 
the force differs within the crystal. The resulting shear force induces a 
screw dislocation with a Burger vector b⃗ = <100> (right). Figure taken 
from paper II. 

3.2.3   Planar defects (2-dimensional) 

Typical planar defects are for instance stacking faults, grain boundaries, 
and twin boundaries. In a perfect (meso)crystal, layers of (nano)particles stack 
in a certain manner, for instance face centered cubic (FCC) and hexagonal 
closed packed structures have the stacking sequence ABCABC and ABAB, 
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respectively. A stacking fault interrupts this sequence but does not change the 
orientation of the crystal. However, stacking faults are only local defects and 
do not propagate through the entire length of the crystal. 

A grain boundary is the interface between two crystal domains, typically 
observable in polycrystalline materials. However, the crystallographic 
orientation is random. Depending on the degree of misorientation, the 
boundaries are defined as low- or high angle boundaries. Dislocations and 
grain boundaries stand in close relation to each other; several dislocations that 
are aligned can form a grain boundary. Twin boundaries are special cases of 
grain boundaries, where two grains share an interface and their 
crystallographic orientation are mirror images of each other.82  
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4   Iron oxide nanocubes  

The synthesis of oleate-capped iron oxide nanocubes is well studied and 
the possibility to tune the nanocube size in combination with a narrow size 
distribution makes this system ideal to probe nanoparticle self-assembly.10 
The synthesis of iron oxide nanocubes involved the thermal decomposition of 
an iron oleate precursor by heating the precursor to the boiling point of a 
solvent mixture and adding sodium oleate and oleic acid to the solvent 
mixture. The iron oxide nanocube systems that have been used to probe self-
assembly under different conditions are summarized in Table 1. SAXS was 
performed on each system and the nanocube edge length and edge length 
distribution were extracted by fitting a cubic form factor to the SAXS curve 
and assuming a Gaussian size distribution (Figure 9). The polydispersity index 
PDI is calculated by PDI = 𝜎 𝑙⁄  with σ and l being the standard deviation and 
average edge length, respectively. The edge length has been also determined 
by TEM and image analysis.70,Paper I Since SAXS probes significantly more 
nanoparticles compared to TEM, the average size obtained from SAXS is 
considered to be more accurate and will be thus used in discussions within this 
thesis. 
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Table 1. Iron oxide nanocubes including the average edge length and 
edge length distribution.a 

 NC068 NC091 NC102 NC120 

 

    

Iron oleate 
(mmol) 

10 10 5 10 

Na oleate/OA 
(mmol/mmol) 

5/5 5/5 0.7/0.7 5/5 

Solvent 
1-octadecene/ 
1-hexadecene 

1-octadecene/ 
1-hexadecene 

1-octadecene/ 
1-hexadecene 

1-octadecene/ 
eicosane 

Solvent ratio 3:2 9:1 5:1 15:1 

Heating rate 
(°C min−1) 

3 3 3 3 

T (°C) 308 316 315 325 

Time (min) 25 30 30 30 

Edge length 
(SAXS) 

6.8 ± 0.3 nm 9.1 ± 0.5 nm 10.2 ± 0.7 nm 12.0 ± 0.9 nm 

PDI (SAXS) 0.04 0.05 0.07 0.08 

Edge length 
(TEM) 

7.0 ± 0.6 nm 9.3 ± 0.8 nm 10.8 ± 0.6 nm 12.4 ± 1.0 nm 

PDI (TEM) 0.09 0.09 0.06 0.08 

aTEM micrograph scale bars = 5 nm 
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Figure 9. Measured SAXS curves (open symbols) of the nanocubes 
used in this thesis and fitted cubic form factor (solid lines). Please note 
that the SAXS data for NC068, NC091, and NC120 was acquired at 
ESRF, while the SAXS data for NC102 was acquired at DESY and thus 
has a differing q-range compared to the SAXS data of the other 
nanoparticle systems. Figure taken from paper II and III. 
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5   Self-assembly in real-time  

5.1   Evaporation-induced poor-solvent enrichment 

(Paper I) 

Mesocrystal formation by evaporation-induced poor-solvent enrichment 
(EDPSE) involves the assembly of oleate-capped iron oxide nanocubes 
(NC102) by evaporation of a mixture of a low-boiling, non-polar (good) and 
a high-boiling, polar (poor) solvent. The advantage of using a mixture of a 
good solvent (GS) and a poor solvent (PS) lies in the ability to control the 
assembly process through the polarity of the solvent mixture instead of 
supersaturation in the conventional one-solvent system. Controlling the 
assembly by tuning the solvent composition, initial nanoparticle and 
surfactant concentration allows to induce self-assembly at much lower 
concentrations compared to supersaturation-induced self-assembly in a good 
solvent. We have shown that this additional level of control provides the 
ability to grow well-ordered mesocrystals with sizes of several hundred 
microns (Figure 10a and b). 

 
Figure 10. Large mesocrystal grown by EDPSE. a) SEM micrograph 
of a mesocrystal grown by EDPSE in a beaker using NC102. b) High-
resolution SEM image of the mesocrystal in (a) displays well-ordered 
nanoparticles. Figure taken from paper I. 
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Table 2. Self-assembly of NC102 dispersed in different solvent 
compositions VGS/VPS and added surfactant VOA/mNC. 

Sample # VGS/VPS 
VOA/mNC (µL 

mg−1) 
c0 (mg 

mL−1) 

D1 5 1.6 3 

D2  ∞ 1.6 3 

D3 5 0 3 

We used time-resolved SAXS to probe the mesocrystallization process in 
polarity-induced self-assembly of NC102 nanocubes. We compared self-
assembly in an EDPSE system to self-assembly, induced by supersaturation 
in a dispersion consisting of octane. Additionally, we probed the influence of 
excess oleic acid (OA) on the assembly process. The volume of oleic acid VOA 
was added with respect to the mass of the nanocubes mNC. The two-solvent 
system consisted of a 5:1 VGS/VPS ratio with VGS and VPS are the volumes of 
the GS and PS, respectively, using octane as GS and 1-pentanol as PS, in 
which the nanocubes were dispersed with an initial concentration of 3 mg 
mL−1. Details on the sample compositions are listed in Table 2. A 3 µL 
dispersion droplet was placed between two pressure nodes of an acoustic 
levitator and self-assembly was typically observed after 3–5 minutes of 
measurement time. After each experiment was finished, indicated by SAXS 
curves displaying no changes, the dried beads were collected and transferred 
to a silicon wafer to be analysed with SEM.  

Self-assembly by EDPSE with additional surfactant (#D1) resulted in the 
formation of single domain mesocrystals reaching sizes around 1 µm. The 
crystal habit of the mesocrystals is well-defined with clearly visible crystal 
faces (Figure 11a). The structure factor S(q) shows defined diffraction peaks 
of a face-centered cubic structure (Figure 11b). Self-assembly in a single 
solvent (#D2) however led to the formation of spheroidal mesocrystals, 
consisting of multiple domains, which are irregularly attached to each other 
(Figure 11c). The structure factor displays wide diffraction peaks, indicating 
small domain sizes and low degree of order of the nanoparticles within the 
crystals (Figure 11d). In absence of excess surfactant, self-assembly by 
EDPSE (#D3) does not lead to the formation of crystals with well-defined 
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crystal habits (Figure 11e). However, the diffraction pattern displays 
diffraction peaks, which are more pronounced than the peaks of #D2. 
Although SEM images suggest a disordered surface, the diffraction peaks 
indicate that the nanocubes are well-ordered inside the crystals (Figure 11f). 
Our results show that higher quality crystals can be formed by EDPSE and 
that the addition of OA is crucial for the formation of well-defined crystals. 

 
Figure 11. Self-assembly by EDPSE. SEM images of self-assembled 
mesocrystals in levitating droplets and corresponding structure factor 
S(q); a–b) #D1; c–d) #D2; e–f) #D3. Extracted concentration cDL (black 
squares), partial scattering invariant Q* (red circles), and peak area A111 
(blue triangles) for; g) #D1; h) #D2; i) #D3. Figure taken from paper I. 

We extracted the concentration cDL from video microscopy, fitting the 111 
peak provided the peak area A111, and the partial scattering invariant Q* was 
obtained by integrating the SAXS curves using equation (11) (Figure 11g–i). 
By correlating the occurrence of the first structural peak, we found a critical 
concentration of about 17 mg mL−1 for the EDPSE systems #D1 and #D3, 
while the GS system, #D2, began to crystallize at a critical concentration of 
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about 230 mg mL−1. The significantly lower critical concentration can be 
achieved by an increasing polarity and seems to be advantageous for the 
formation of well-ordered mesocrystals. The addition of oleic acid does not 
have an effect on the critical concentration as our results suggest. 

The partial scattering invariant, which relates to the nanocube volume 
fraction in the irradiated volume, displays a maximum at the beginning of 
mesocrystallization in all systems #D1−#D3. The decrease of Q* was assigned 
to a decrease of nanocube volume fraction, caused by an accumulation of 
growing mesocrystals at the liquid-air interface.  

The peak area A111, which is proportional to the crystalline phase, displays 
in all systems, #D1−#D3, a slow increase in the beginning of 
mesocrystallization, which we assigned to an early growth stage (red marked 
area). The early growth stage is for #D2 longer than for the EDPSE systems, 
#D1 and #D3. We assume that during this stage a larger number of small 
mesocrystals were formed, which subsequently intergrew to form spherical 
crystals with multiple domains as seen from SEM images (Figure 11c). The 
peak area displayed for all systems a rapid increase in the major growth stage, 
which took place within about 45−50 seconds (blue marked area).  

Our results show that both the critical concentration and early growth stage 
control the formation of well-ordered mesocrystals. The lower critical 
concentration in combination with the shorter early growth stage for EDPSE 
system compared to the pure GS system result in the formation of larger and 
more ordered mesocrystals. 

5.2   Evaporation-induced self-assembly in levitating 

droplets (Paper II) 

We used time-resolved SAXS to probe self-assembly of iron oxide 
nanocubes in levitating droplets (Figure 5). We placed 2–3 µL of a dispersion 
droplet between two pressure nodes of the standing acoustic wave and 
followed the shrinking droplet using a microscope camera. We probed two 
systems containing 3 mg mL−1 NC068 and NC091, respectively, which were 



41 

dispersed in a 3:1 mixture of toluene and decane. The use of decane facilitated 
a lower evaporation rate compared to a pure toluene droplet and thus 
decelerated kinetics during the crucial parts of self-assembly. The time-
resolved SAXS curves show three stages in the formation of mesocrystals 
(Figure 12a). During the initial stage, the nanoparticles are dispersed and we 
find only form factor contributions to the scattering curve (Figure 12a; purple 
curves). With increasing concentration, we observed clustering as the 
scattering curve displayed deviations from the form factor, meaning that a 
structure factor contributed to the scattered intensity (Figure 12a; red curves). 
Structural peaks eventually occurred and indicated the formation mesocrystals 
in the levitating droplet, which marks the time tMC (Figure 12a; blue curves). 
We obtained the partial scattering invariant Q* and critical volume fraction 
ϕC using equation (11) and (15), respectively, and found that Q* reached a 

maximum at the beginning of self-assembly (Figure 12b and c), which was 
assigned to a decrease in volume fraction within the irradiated sample volume 
and an accumulation of growing mesocrystals at the liquid-air interface. The 
critical volume fractions were ϕC,NC068 = 0.171 ± 0.003 (Figure 12b) and 

ϕC,NC091 = 0.066 ± 0.008 (Figure 12c), the lower volume fraction for NC091 

corresponds to a larger average center-to-center separation of 33.5 nm 
between two NC091 compared to 19.5 nm for NC068. The larger critical 
separation distance correlates to the stronger van der Waals interactions of 
NC091 compared to NC068. 
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Figure 12. Excerpt of a time-resolved SAXS experiment as well as 
resulting volume fraction and scattering invariant. a) Temporal 
evolution of SAXS curves divided into three stages, showing well-
dispersed nanoparticles (purple curves), clustering (red curves), and 
mesocrystal formation (blue curves). The transition to blue curves 
marks the beginning of mesocrystal formation tMC. Partial scattering 
invariant (red circles) and volume fraction (blue squares) of; b) NC068; 
and c) NC091. The black vertical line marks the beginning of 
mesocrystallization tMC. Figure taken from paper II. 

5.2.1   Crystal structure of grown mesocrystals 

The end of a measurement is marked when no change of the SAXS curve 
is observed. The formed steady state mesocrystal structure was determined by 
extracting the last frame of a time-resolved measurement and indexing the 
diffraction peaks. The mesocrystals MCNC068 and MCNC091 displayed both a 
simple cubic (SC) structure (Figure 13a–c). In addition, MCNC068 exhibited a 
second phase, in which the nanocubes assembled in a face-centered cubic 
(FCC) structure (Figure 13a and d). The SC phase is the dominant one, since 
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the 100 peak of the SC phase appeared first and the number of well-
pronounced peaks is larger than for the FCC phase. The extracted lattice 
parameters were aSC,MCNC068

 = 10.8 nm and aSC,MCNC091
 = 12.9 nm for the SC 

phases of MCNC068 and MCNC091, respectively, the FCC phase has a lattice 
parameter of aFCC,MCNC068

 = 16.0 nm. The lattice parameters of the SC phases 

correspond well to the edge lengths of face-to-face aligned nanocubes 
including the additional length of oleic acid bound to each nanocube facet (2 
x 2 nm).83 

 
Figure 13. SAXS data of self-assembled mesocrystals (MC) of; a) 
NC068 (MCNC068); and b) NC091 (MCNC091). The orange lines in (a) 
and (b) mark the peak positions of a simple cubic superlattice, and the 
purple lines correspond to the peak positions of a face-centered cubic 
crystal structure. c) Schematic illustration of a simple cubic unit cell. d) 
Schematic illustration of a face-centered cubic unit cell. Figure taken 
from paper II. 
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5.2.2   Kinetics of self-assembly 

Fitting the Gualtieri equation (6) to the mesocrystal growth curve (Figure 
14) shows that the nucleation rates for the growth of MCNC068, kN,MCNC068

 = 
0.04 s1, and MCNC091 kN,MCNC091

 = 0.05 s1
,
 lie in the same order of magnitude, 

while the growth rate of MCNC068, kg,MCNC068 = 0.14 s1, is about on order of 
magnitude faster than for MCNC091, kg,MCNC091

 = 0.017 s1. Our findings imply 

a size independency of the nucleation rates. Prior to crystallization, we find 
the formation of disordered aggregates or clusters which have been previously 
described by Agthe et al.49 We expect the presence of a large number pre-
nucleation clusters that subsequently undergo a transition to mesocrystals. 
Hence, the similar nucleation rates are a result of the transformation of the 
precursors to well-ordered mesocrystals which is expected to be independent 
of the nanoparticle size. The significantly higher growth rate of the smaller 
nanocubes compared to the larger ones indicates a diffusion-controlled growth 
process, which ultimately depends on the nanocube size and number density 
in the dispersion. The probability for nucleation was calculated by using 
equation (7), and shows that for MCNC068 the nucleation period extends over 
the entire range of the crystal growth period (Figure 14a), while for MCNC091 
the nucleation period overlaps only partly with the crystal growth period 
(Figure 14b). 

 
Figure 14. Normalized peak area A100 and Gualtieri fits using equation 
(6). a) Gualtieri fit (black line) of normalized peak area A100 (blue 
squares) of MCNC068. The nucleation probability (purple line) was 
calculated using equation (7). b) Gualtieri fit (black line) of normalized 
peak area A100 (blue squares) of MCNC091 and the nucleation probability 
(purple line). Figure taken from paper II. 
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5.2.3   Williamson-Hall analysis 

Methods that treat peak widths are common in crystallography to analyse 
crystallite sizes, microstrain, or defect densities. The Williamson-Hall method 
(equation (9)) for instance assumes the peak width to be a linear function of 
the scattering vector, in which the slope of the linear function and the intercept 
with the ordinate correspond to microstrain and the crystallite size, 
respectively. We used this method to get a deeper insight on the defect 
structure in growing mesocrystals. 

 
Figure 15. WilliamsonHall analysis of growing mesocrystals MCNC068 
(a–c) and MCNC091 (d–f). a–c) The FWHM of the h00 (filled circles) and 
h1l (empty circles) reflections were fitted with a linear function (solid 
line for h00; dashed line for h1l) of MCNC068 at different times after 
structural peaks first appeared, t – tMC; a) 36 seconds; b) 96 seconds and; 
c) 384 seconds. d–f) The h00 (filled circles) and h10 (empty) reflections 
of MCNC091 were fitted with a linear function (solid line for h00; dashed 
line for h10) at t – tMC; d) 8 seconds; e) 49 seconds and; f) 145 seconds. 
Figure taken from paper II. 

When the diffraction peaks first appeared in the early growth stage for 
MCNC068, the h00 and h1l reflections showed an overlapping linear behaviour 
(Figure 15a), indicating that both microstrain and the crystallite dimensions 
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were isotropic. Due to the limited amount of diffraction peaks available from 
the SAXS patterns, we used the notation h1l to summarize the reflections 110, 
111, 210, 211. We can therefore only obtain strain and size in <100> direction. 
About 96 seconds after mesocrystallization was observed, the slopes of the 
linear fits of h00 and h1l reflections displayed deviations (Figure 15b). The 
slope of the h00 peaks was lower compared to the slope of the h1l peaks, 
indicating a decreased strain in <100> direction. The deviation of the slopes 
increased over time as seen in Figure 15c. In addition to the differences 
between h00 and h1l peaks, the h11 (111; 211) reflections displayed increased 
FWHM values compared to the h10 (110; 210) reflections, which indicates 
differing strain or size values in these directions. 

In contrast to the linear behaviour of all scattering peaks of MCNC068, 
MCNC091 shows anisotropic peak broadening already during the early crystal 
growth stage (Figure 15d). However, the slope of both the h00 and h10 
reflections is close to zero, which suggests a strain free crystal during early 
crystal growth. The anisotropic peak broadening originates thus in anisotropic 
crystallite dimensions. It should be noted that there was only a limited amount 
of higher-order reflections available, however, the slopes and intercepts of the 
h00 and h10 reflections can be used as indicators for size and strain. The slope 
of the linear fits of the h00 and h10 peaks increased during crystal growth, but 
appeared to be parallel, which indicates mostly isotropic strain within the 
crystal (Figure 15e). The slope of the h00 peaks showed subsequently a 
decreased value compared to the h10 peaks, which suggests anisotropic strain 
being present in the crystal (Figure 15f). 
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Figure 16. Schematic illustration of the surfactant configuration under 
uniaxial stress. a) Stress in <100> direction (red arrows) results in 
interdigitation of the oleic acid chains (purple and orange; the chains 
are colored differently for better contrast). b) Stress in <111> direction 
(red arrows) causes a partly shear deformation of the surfactants (inset; 
purple and orange chains). Figure taken from paper II. 

It is known that strain broadening correlates to the mechanical properties 
of a crystal, in particular to the elastic constants of the crystal. For cubic 

crystals, the Zener anisotropy ratio AZ = 
2c44

 
c11 c12

, where c11, c12, and c44 are the 

elastic constants of a cubic crystal, indicates whether the elastic properties of 
the crystal are isotropic (AZ = 1) or anisotropic (AZ ≠ 1). In cubic crystals, the 
most compliant direction is either the <100> (AZ > 1) or the <111> (AZ < 1) 
direction.111 The most compliant direction in crystals displays the largest strain 
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broadening, the <100> direction in our mesocrystals are thus the stiffest as the 
h00 peaks shows the lowest strain broadening. Considering uniaxial stress in 
<100> direction in a SC mesocrystal results in interdigitation of the oleic acid 
chains (Figure 16a) while stress in <111> direction results in partly shear 
deformed surfactant chains (Figure 16b). The stiffness is expected to increase 
significantly by surfactant interdigitation.112 Hence, the large stiffness in 
<100> direction can be correlated to the surfactants configuration. 

5.2.4   Strain and defects in mesocrystals 

The crystallite size D and the strain ε were calculated using equation (9) 
and inserting the y-intercepts and slopes of the Williamson-Hall fits, 
respectively. Their temporal evolution was correlated to the peak area A100 and 
lattice parameter d100 to extract information on dynamic processes in the 
growing mesocrystals. The peak area is indicative for mesocrystal growth as 
the area is proportional to the formed mesocrystal phase. The entire growth 
stage (tA100,max

− tMC) lasted 66 seconds for MCNC068 and 145 seconds for 

MCNC091 and is marked with a red solid line (Figure 17a and b). 

During the growth stage, strain was isotropic and increased rapidly until 
mesocrystal growth began to cease. Towards the end of the growth stage, 
crystal strain reached a maximum and began to decrease until a steady state 
was reached. The decrease of strain coincided with the occurrence of 
anisotropic strain, as shown by the different strain values in <100> and <h1l> 
direction for MCNC068 (Figure 17a) or <h10> for MCNC091 (Figure 17b), 
respectively. The crystallite dimensions in <100> and <h1l> direction for 
MCNC068 display isotropic values, which corresponds to the spherical shape of 
the mesocrystals observed in SEM (Figure 17c). The cross-section shows a 
large number of vacancies in the mesocrystal (Figure 17d). SEM images of 
MCNC091 show a cubical shape (Figure 17e) with a large number of surface 
defects, such as vacancies, steps, and kinks (Figure 17f). The cuboidal shape 
of MCNC091 corresponds to anisotropic crystallite dimensions obtained from 
the Williamson-Hall analysis. The lattice parameter d100 decreased throughout 
the entire growth process, which we assign to a superlattice contraction 
process that originates in the expulsion of solvent. Strain and d100 reached 
simultaneously a steady state for both MCNC068 and MCNC091 indicating a 
relation between those values (Figure 17a and b). The expulsion is expected 
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to begin in the center of a mesocrystal and to propagate towards its perimeter, 
which results in variation of lattice parameters that is registered as strain. 
Additionally, the small but nonetheless existent polydispersity of the 
nanocubes leads to an incorporation of cubes with deviating sizes. A large 
deviation, or size mismatch, can be thus seen as a source of isotropic strain. 

 
Figure 17. Temporal evolution of mesocrystal size and strain and 
morphology of grown mesocrystals MCNC068 and MCNC091. a) 
Normalized peak area A100 (blue squares), crystallite size D in <100> 
(dark purple circles) and <h1l> (open orange circles) direction, 
separation distance d100 (black triangles) calculated using equation (4), 
and microstrain ε along <100> (dark purple diamonds) and <h1l> (open 
orange diamonds) during growth of MCNC068. We indicated the end of 
the mesocrystal growth stage (red solid lines) and the end of lattice 
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contraction (red, dashed line). b) Normalized peak area A100 (blue 
squares), crystallite size D in <100> (purple circles) and <h10> (open 
orange circles) direction, separation distance d100 (black triangles) and 
microstrain ε in <100> (dark purple diamonds) and <h10> (open orange 
diamonds) direction during growth of MCNC091. The end of the 
mesocrystal growth stage is indicated with a red, solid line. c) SEM 
micrograph of MCNC068 display spherical, partly hollow mesocrystals. 
d) Magnified image of (c) and its fast Fourier transform (FFT, inset) 
shows ordered NCs in the mesocrystal. The mesocrystal cross section 
displayed vacancies. e) SEM micrograph of MCNC091 depicts the 
formation of cuboidally shaped mesocrystals. f) Magnified image of (e) 
displays a large number of surface defects, such as vacancies, kinks, 
and steps. The FFT (inset) suggests that the nanocubes are well-ordered 
in the mesocrystal. Figure taken from paper II. 

A typical source of anisotropic strain are line defects, such as edge and 
screw dislocations.82 In order to probe dislocations in mesocrystals, we have 
used FIB/SEM to remove a thin slice of a mesocrystal MCNC091 and transferred 
it to a TEM grid. We were able to show dislocations in the thin mesocrystal 
slice (Figure 18a), which corroborated our findings from the Williamson-Hall 
analysis. Selected area electron diffraction patterns of defect-free and 
dislocation containing areas show that the nanocubes are well-ordered with 
respect to their atomic lattices in the mesocrystal (Figure 18b and c). 
Dislocation formation is known to be a stress releasing mechanism in crystals. 
We have thus assigned the occurrence of anisotropic strain and the subsequent 
decrease of strain to the formation of dislocations in the late growth stage. The 
critical stress necessary to generate a dislocation can be approximated with 
G/30, where G is the shear modulus of the crystal. Molecular simulations of 
gold nanoparticle superlattices conducted by Liu et al. have shown that the 
shear modulus depends on the length of the capping agent and ranges around 
100 MPa.112 The internal stress σI can be estimated by σI = Yε with Y being the 
Young’s modulus, which we assumed to be 1 GPa.112 The internal stress 
generated by the inhomogeneous lattice contraction and size mismatches are 
estimated to be about 5 MPa for both MCNC068 and MCNC091, which exceeds 
the critical shear stress to nucleate dislocations and can be thus seen as the 
source of dislocation formation.  
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Figure 18. TEM micrographs and electron diffraction patterns of 
MCNC091. a) TEM micrograph of an edge dislocation taken from a thin 
slice of a mesocrystal MCNC091. b) Selected area electron diffraction 
(SAED) pattern of a defect-free area of MCNC091. c) SAED pattern of a 
dislocation containing area of MCNC091. Additional reflections originate 
in misalignment to the zone axis. Figure taken from paper II. 

The results show that initially dislocation-free grown mesocrystals 
accumulate sufficient internal stress through size mismatches and superlattice 
contraction to nucleate dislocations. As defects have a major impact on the 
mechanical and physical properties, initial design of the nanoparticles and 
surfactants as well as the experimental setup is crucial to steer self-assembly 
towards a desired product. Minimizing the polydispersity of the nanoparticles, 
or using shorter surfactants to increase the shear modulus of the mesocrystals, 
could help to tailor the amount of dislocations in mesocrystals. 

5.3   Magnetic field-directed assembly (Paper III) 

Applying an external magnetic field is a common method to induce a 
magnetic moment in superparamagnetic nanoparticles and thus directional 
interactions between the nanoparticles. The magnetic field can be either 
applied by permanent or electromagnets. Advantages of using electromagnets 
compared to permanent ones are the ability to control the magnetic field 
strength and the homogeneity of the magnetic field. We have used a 
permanent magnet in the QCM-D, which was placed underneath the sensor 
and exerting a magnetic field of 40 mT, and a Helmholtz coil in the levitator 
setup, which could be used with a maximal field strength of 6 mT. 
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5.3.1   Magnetic field-directed assembly probed by QCM-D 

We have used the QCM-D to probe self-assembly of superparamagnetic 
iron oxide nanoparticles in an external magnetic field. We used a permanent 
magnet and installed it in the QCM-D to create a magnetic field of 40 mT 
which was perpendicular to the substrate surface. The assembly experiments 
were carried out using 20 µL of a 0.3 mg mL−1 nanocube dispersion that were 
drop cast onto the sensor surface. Slow evaporation of the solvent was enabled 
by having a small nitrogen flow through the chamber. We observed however 
a certain pattern forming on the substrate surface (Figure 19a) that led to the 
conclusion that a field gradient in an inhomogeneous magnetic field promoted 
directional motion of the nanoparticles along the gradient. The time-resolved 
optical microscopy images show that after about 23.5 hours, the substrate was 
inhomogeneously covered by the dispersion film (Figure 19b(i)). Self-
assembly however was first observed after about 26.2 hours of drying time 
(Figure 19b(ii)), and growth ceased after about 27 hours (Figure 19b(iii)). This 
inhomogeneous drying pattern and subsequent growth of the mesocrystals on 
the substrate surface made the acquired QCM-D data difficult for 
interpretation, as the major frequency and dissipation shifts were caused by 
the inhomogeneous drying (Figure 19c; red dotted line). The self-assembling 
nanocubes had only a minor effect on the frequency and dissipation shifts 
(Figure 19c; blue dotted line). When growth ceased, the frequency and 
dissipation shifts displayed steady values (Figure 19c; purple dotted line), so 
that the data was unsuitable for further analysis. Thus, the QCM-D technique 
is inadequate to study magnetic field assembly, in particular because magnetic 
field directed assembly disallows growth of homogeneous arrays, which is 
required for QCM-D. Furthermore, a homogeneous magnetic field is required 
to prevent a field gradient and thus translational motion of the nanocubes. 
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Figure 19. Self-assembly in a magnetic field followed by QCM-D and 
optical microscopy. a) QCM-D sensors after self-assembly experiments 
displaying the same drying pattern formation. b) Optical microscopy 
images displaying inhomogeneous film formation after 23.5 hours (i), 
the beginning of self-assembly after 26.2 hours (ii), and the grown 
mesocrystals after growth ceased at about 27 hours (iii). c) QCM-D 
response showing the frequency and dissipation shifts of the overtone 
orders n = 3, 5, 7, 9. The vertical dotted lines correspond to the times of 
the optical images in (b). 

5.3.2   Magnetic field-directed assembly probed by SAXS 

We utilized a Helmholtz magnet consisting of two coils to produce a 
homogeneous magnetic field of 6 mT vertically oriented in the levitating 
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droplet. Typically, 2–3 µL of a 3 mg mL−1 NC120 dispersion were placed 
between two pressure nodes of the acoustic wave. Time-resolved SAXS data 
was acquired with an exposure time of 0.5 seconds, which resulted in a time-
resolution of 0.9 seconds. The 2D data was radially and azimuthally integrated 
to obtain information on both structural parameters and orientation of the 
growing crystals (Figure 20a and b). The partial scattering invariant Q* was 
obtained using equation (11) in the range 0.11 < q < 3.59 nm–1. The solvent 
slowly evaporated and the dried beads were collected and transferred onto a 
silicon wafer after each experiment. 

 
Figure 20. Radially (a) and azimuthally (b) integrated intensity during 
magnetic field-directed assembly of NC120. The azimuthal angles φ = 
0° and 90° correspond to the vertical and horizontal direction of the 2D 
SAXS images and were chosen with respect to the magnetic field 
direction. Figure taken from paper III. 

The partial scattering invariant displays a peak at the beginning of 
mesocrystallization tMC, which was determined by the first occurrence of a 
structural peak (Figure 21a). The invariant Q* shows a decrease until a plateau 
is reached at t – tMC = 19 seconds, followed by decrease until steady state was 
obtained at about t – tMC = 50 seconds. Fitting the first, observed structural 
peak, which corresponds to the 100 peak of the simple cubic structure, with a 
pseudo-Voigt (equation (5)) function provided the peak area A100, which is 
proportional to the formed crystalline phase (Figure 21a). The peak area 
increases slowly in the beginning followed by a rapid increase which ceased 
at about t – tMC = 50 seconds. The beginning of the rapid increase coincides 
with Q* reaching the first plateau. Our findings thus suggest that there are two 
stages involved in the growth mechanism. 
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Azimuthal integration of the diffraction pattern, where the integrated q-
range enclosed the 100 reflection, showed the appearance of two peaks in the 
azimuthal plot at about t – tMC = 19 seconds (Figure 20b). The peaks were 
fitted with a Gaussian function and the degree of orientation f was calculated 
using equation (12) (Figure 21b). The degree of orientation displays a small 
decrease from the beginning until a steady state was reached, which coincided 
with the times A100 and Q* reached their steady state. The late appearance of 
the orientational peaks in the azimuthal plot suggest that the initial growth 
stage does not involve the orientation of mesocrystals in the magnetic field, 
whereas in the second stage the mesocrystals display alignment with respect 
to the magnetic field. SEM have shown that long fibers were formed in the 
magnetic field (Figure 21c), which consist of smaller cuboidal mesocrystals 
(Figure 21d). Hence, we assign the delayed alignment and the two stage 
growth to a growth mechanism, in which primary cuboidal mesocrystals grow 
unaffected by the applied magnetic field. The primary mesocrystals are 
assembled and aligned by the magnetic field in the secondary growth stage to 
form fibers (Figure 21e).  
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Figure 21. Temporal evolution of A100, Q*, and f, and the morphology 
of mesocrystals grown by field-directed assembly of NC120 in a 
magnetic field. a) The normalized peak area A100 of the 100 superlattice 
peak (red circles) and partial scattering invariant Q* (blue triangles). 
The red vertical line depicts the first appearance of alignment. b) 
Degree of orientation f in horizontal fH (purple squares) and vertical fV 
direction (orange triangles). The inset displays a schematic illustration 
of the aligned mesocrystal fibers and the produced 2D diffraction 
image. The vertical (orange circle) and horizontal (purple circle) 
direction are highlighted. c) SEM images of the grown mesocrystalline 
fibers (scale bar = 10 µm). d) SEM image of a shorter fiber (scale bar = 
1 µm) that consists of smaller mesocrystals that intergrew by oriented 
attachment (inset; scale bar = 200 nm). e–f) Schematic illustration of 
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the growth mechanism involved in the formation of fibers. The 
levitating droplet contains in the beginning well-dispersed nanocubes 
(e) that assemble to primary cuboidal mesocrystals (f), which in a 
secondary stage form fibers by oriented attachment (g). Figure taken 
from paper III. 

5.3.3   Optical microscopy of magnetic field-directed assembly 

The growth mechanism of mesocrystalline fibers in a 6 mT magnetic field 
was observed using optical microscopy by first drop casting 1 µL of a 5 mg 
mL–1 NC120 dispersion onto a 2.5 × 2.5 mm2 silicon wafer, which was placed 
in the center of a closed petri dish. A 30 µL toluene reservoir was placed close 
to the Si wafer to saturate the atmosphere with toluene vapor and thus 
decreasing the drying rate of the dispersion droplet. Optical microscopy 
images have confirmed our findings from time-resolved SAXS. We first 
observed an initial growth of primary mesocrystals, the limited resolution of 
the microscope disallowed a precise statement on size and morphology of the 
primary mesocrystals (Figure 22a). With increasing size and decreasing 
separation distance to neighbouring mesocrystals, two adjacent mesocrystals 
eventually formed short fibers by oriented attachment (Figure 22b). Further 
growth by oriented attachment of shorter fibers towards a single long 
mesocrystalline fiber (Figure 22c) continued until all larger mesocrystals and 
fibers were consumed in the vicinity of the large mesocrystal fiber (Figure 
22d). We observed subsequently coarsening of the formed fibers through 
lateral growth (Figure 22e). 
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Figure 22. Magnetic-field directed assembly observed by optical 
microscopy. Small mesocrystals are highlighted (red circles) that attach 
to each other to form a mesocrystalline fiber. The magnetic field is in 
all images horizontally oriented. The growth mechanism is displayed at 
different times t – tMC after mesocrystal formation was observed; a) 9 s; 
b) 14 s; c) 19 s; d) 24 s; e) 114 s. Figure taken from paper III. 

5.3.4   Magnetic properties of nanoparticles and mesocrystals 

In order to measure the magnetic properties of mesocrystals, we used the 
drop casting method to grow mesocrystals having an average size of about 1.7 
µm on a Si wafer in the absence of a magnetic field (MCNC120). Additionally, 
we grew mesocrystalline fibers in the presence of a 6 mT field (MCFNC120) 
and prepared a diluted NC120 dispersion in paraffin wax. We measured the 
magnetic properties of NC120, MCNC120, as well as the properties parallel and 
perpendicular to the long axis of MCFNC120 using VSM (Figure 23a). The 
normalized magnetization M/MS vs. applied magnetic field curve displays an 
increased slope at low external field strengths with increasing size of the 
particle, which indicates that magnetization becomes easier for MCFNC120 
compared to MCNC120 and NC120. The magnetization parallel and 
perpendicular to the fiber length is increasing faster with increasing applied 
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field when measured parallel to the fiber length. The easier magnetization 
along the fiber displays the collective magnetic properties in one-dimensional 
chains. 

 
Figure 23. Magnetic properties of NC120, MCNC120, and MCFNC120 as 
well as interparticle forces. a) Normalized magnetization M/MS vs. 
applied field for a diluted NC120 dispersion (black circles), MCNC120 
(red triangles up), and MCFNC120 measured parallel to the long axis of 
the fiber (blue diamonds) and perpendicular to the long axis (orange 
triangles down). The inset displays the normalized magnetization at low 
magnetic fields. The solid lines are guides for the eye. b) Calculated van 
der Waals interaction energy UvdW of face-to-face oriented nanocubes 
NC120 (blue solid line) calculated with equation (16) and dipolar 
interaction energy Udd calculated with equation (21) between head-to-
tail aligned magnetic moments of two nanocubes NC120 (red dashed 
line). The particle thermal energy at 3/2kT is indicated by the horizontal 
orange line. The size of the nanocube including the length of the oleic 
acid chains is indicated by the vertical purple line. A Hamaker constant 
of 21 zJ has been used.31 c) Calculated van der Waals energy UvdW and 
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dipolar interaction energy Udd between two cuboidal mesocrystals 
MCNC120 consisting of 100 × 100 × 100 nanocubes. The particle thermal 
energy at 3/2kT is indicated by the horizontal, orange line. The size of 
the mesocrystal is indicated by the vertical purple line. Figure taken 
from paper III. 

We extracted the magnetic moment of NC120 (~26 kA m−1) and MCNC120 
(~9 kA m−1) at 6 mT to calculate the dipolar interaction energy Udd between 
two magnetic moments using equation (21). Evaluation of the interaction 
energy Udd between two head-to-tail aligned nanocubes and the van der Waals 
interaction energy UvdW between two face-to-face oriented nanocubes show 
that the dipolar interaction energy is negligible compared to the van der Waals 
interaction (Figure 23b), which is the dominant force driving the primary 
growth stage in a weak magnetic field of 6 mT. We also evaluated the dipolar 
interaction energy between two cuboidal mesocrystals, which have an average 
size of 1.7 µm and contain thus approximately 100 × 100 × 100 nanocubes. 
Optical microscopy images have shown that the average angle θ at which two 
mesocrystals approach each other is about 30° separated with an average 
distance of approximately 10 µm. The theoretical critical separation distance 
at which the particle thermal energy 3/2kT is exceeded is about 10 µm (Figure 
23c), which corresponds very well to the experimental value. The van der 
Waals interaction energy between two face-to-face oriented MCNC120 is 
significantly smaller compared to the dipolar interactions. It should be noted 
that we assumed in our calculations for UvdW and Udd that the mesocrystals 
consist of a single iron oxide domain and are a single magnetic dipole, 
respectively. Our results thus show that nanocube self-assembly is initially 
driven by van der Waals interactions, while magnetic dipolar forces are 
dominating the formation of fibers as the mesocrystals’ magnetic moments 
and interaction increases with increasing crystal size. 

5.3.5   Tunable assembly in magnetic field 

The advantage of using a Helmholtz coil compared to a permanent magnet 
is the homogeneous magnetic field, but also the ability to fine-tune the 
magnetic field strength by changing the electric current, which facilitated a 
series of experiments in which the field strength was varied. We used field 
strengths of 1.5 mT, 3 mT, and 6 mT to direct the formation of fibers in NC120 
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dispersions with initial concentrations of 0.5 mg mL–1 (Figure 24a–d) and 5 
mg mL–1 (Figure 24e–h). We used SEM to measure the fiber width, 
determination of the fiber length though was not possible without large errors 
as capillary pressure during drying resulted in cracking of fibers. However, 
some fibers have shown to exceed lengths of 1 mm or even extend over the 
entire length of the Si wafer at field strengths of 6 mT. The general trend 
shows that with increasing magnetic field strength, the fiber width and the 
width distribution decreased (Figure 24d and h). The magnetic moments 
become more aligned at higher field strengths, which induces unfavourable 
dipole-dipole interactions between neighbouring nanoparticles, resulting in a 
decreased fiber width.15 The fiber width also displayed a decreased value with 
decreasing initial nanoparticle concentration. We assume that the fiber width 
also depends on the critical mesocrystal size, at which magnetic dipole 
interactions become dominant and which depends on the applied magnetic 
field, but also on the lateral growth by assembly of dispersed nanoparticles 
and attachment of small assembled fragments. 
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Figure 24. Mesocrystalline fibers grown under magnetic field. SEM 
micrographs of mesocrystalline fibers assembled at magnetic fields of; 
a) 1.5 mT; b) 3 mT; c) 6 mT using an initial NC120 concentration c0 = 
0.5 mg mL–1. All scale bars (a–c) correspond to 10 µm. d) Histogram 
of fiber widths wF,SEM measured from SEM images. Gaussian fits (solid 
lines) gave the mean fiber widths <wF,SEM> and standard deviations for 
fibers grown at 1.5 mT (red), 3 mT (blue), and 6 mT (orange). SEM 
images of mesocrystalline fibers assembled at magnetic fields of; e) 1.5 
mT; f) 3 mT; g) 6 mT using an initial NC120 concentration c0 = 5 mg 
mL–1. All scale bars (e–g) correspond to 10 µm. h) Histogram of fiber 
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widths wF,SEM measured from SEM images (bin size: 0.2 µm). Gaussian 
fits (solid lines) gave the mean fiber widths <wF,SEM> and standard 
deviations for fibers grown at 1.5 mT (red), 3 mT (blue), and 6 mT 
(orange). Figure taken from paper III. 

5.4   Self-assembly followed by QCM-D (Paper IV) 

We followed the evaporation-induced self-assembly of toluene-dispersed 
NC091 using QCM-D in combination with optical video microscopy (Figure 
4a and b). The measurements were carried out by drop casting 20 µL of a 0.3 
mg mL−1 nanocube dispersion onto the quartz sensor surface. The sensor was 
prior to the experiment covered with a fluorosilane that created an omniphobic 
surface. By irradiating the sensor selectively with UV light in a UV/ozone 
chamber, the fluorosilane was removed from the center of the sensor. The 
pinned droplet was slowly dried in a low nitrogen flow that corresponded to a 
mass flow of �̇�  = 60 µg min−1 and 6 µg min−1 to slow down growth 
processes and to prevent convective flows, which transport large amounts of 
material towards the droplet perimeter, so that mesocrystal growth is mainly 
diffusion controlled.19,70 The assembled arrays grew homogeneously (Figure 
25a) on the sensor as observed in SEM, displaying well-ordered nanocubes 
(Figure 25b). Parts of these arrays were transferred to TEM grids, where both 
orientational and positional order of the nanocubes within the assembled 
arrays, i.e. mesocrystals, were observed as shown by the TEM micrograph and 
the SAED pattern (Figure 25c). 

 
Figure 25. Electron microscopy images of assembled arrays. a) SEM 
micrograph of grown arrays displaying the homogeneous layer 
thickness in the assembled arrays. The cracks originate in capillary 
stresses during drying. Scale bar = 1 µm b) Magnified SEM image of 
(a) showing ordered nanocubes within the assembly. Scale bar = 100 
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nm c) Transferred array probed by TEM showing well-ordered 
nanocubes, as indicated by the SAED pattern (inset). Scale bar = 50 nm 
and 10 nm−1 (inset). Figure taken from paper IV. 

Optical microscopy images of arrays grown at a nitrogen flow rate of �̇�  
= 60 µg min−1 (Figure 26a(i–iv)) show a growth stage taking place from 30.5 
to 30.75 hours of evaporation time (Figure 26a(i–ii)), which coincides with 
the steepest slope of the Δf curve, while ΔD increases rapidly (Figure 26b; 
blue curve). Hence, Δf and ΔD relate to the formation of arrays in the vicinity 
of the sensor surface. The decreasing film thickness causes after about 31.5 
hours of drying an inhomogeneous coverage of the solvent on the sensor 
surface (Figure 26a(iii)), which also affects the resonance frequency, as seen 
by a shoulder in the Δf curve (Figure 26b; blue curve). With further 
evaporation, ΔD reaches a maximum, which we assign to the solvent film 
thickness becoming smaller than the penetration depth of the acoustic wave 
(Figure 26b; red curve). After about 39 hours an almost entirely dried surface 
(Figure 26a(iv)) was observed in optical microscopy which corresponded to 
Δf and ΔD slowly approaching steady state. It becomes evident, that frequency 
and dissipation are not only affected by a depositing layer, but also by the 
solvent, or in particular the thickness of the solvent layer. The drying rate and 
growth can be significantly slowed down when comparing measurements at a 
nitrogen flow rate of �̇�  = 60 µg min−1 (Figure 26c) and a flow rate of 6 µg 
min−1 (Figure 26d). The growth stage, indicated by the steepest slope of the 
Δf begins after 82 hours of drying time and lasts about ten times longer than 
the growth stage at the higher N2 flow rate. Hence, the QCM-D study shows 
in that control of the gas flow can be used to tune evaporation and growth rate. 
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Figure 26. Optical microscopy images and time-resolved QCM-D 
measurement of self-assembling NC091. a) Optical microscopy images 
showing growth of NC091 arrays at; i) 30.5 hours; ii) 30.75 hours; iii) 
31.5 hours; and iv) 39 hours. b) QCM-D data showing the frequency 
(blue) and dissipation (red) shifts of the 5th overtone during 
evaporation-induced self-assembly of NC091 using a flow rate �̇�𝐍𝟐

 = 

60 µg min−1. The red marked area indicates the period of 
inhomogeneous solvent coverage. The green dashed line is a linear fit 
to the Δf curve with the steepest slope. c) Larger range of QCM-D 
measurement shown in b). d) QCM-D data of self-assembling 
nanocubes using a flow rate �̇�𝐍𝟐

 = 60 µg min−1 showing the frequency 

(blue) and dissipation (red) shifts of the 5th overtone. The green dashed 
line is a linear fit to the steepest slope of the Δf curve. Figure taken from 
paper IV. 

The large increase of ΔD suggests that a viscoelastic layer has been formed 
on the substrate surface that cannot be treated classically with the Sauerbrey 
equation. We have thus fitted Δf and ΔD using the Kelvin-Voigt model 
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(equation (2) and (3)) to obtain information on the areal mass density, 
viscosity, and the shear modulus of the formed arrays. Fitting the measured 
frequency and dissipation change upon self-assembly showed that the areal 
mass density increases rapidly (Figure 27) within a short time range. By taking 
the mass increase into account, we calculated an average particle flux of fNP ≈ 
16.5 particles µm−2 s−1. The areal mass density at 31.5 h obtained from the 
viscoelastic fit is mA.model ≈ 38.3 µg cm−2 (≈ 87500 particles µm−2), which is in 
good agreement with the theoretical areal mass density mA,calc ≈ 41.5 µg cm−2 

(≈ 94900 particles µm−2), which was calculated from the initial droplet volume 
and concentration. Our calculation thus suggests, that the majority of 
nanoparticles were incorporated into the superlattice in this main growth 
stage. Electron microscopy showed that the substrate was homogeneously 
covered as the fitted (hmodel ≈ 179 nm) and observed thicknesses (hEM ≈ 130 
nm) correspond well. During the early stage of self-assembly, we find that the 
viscosity is increasing whereas the shear modulus displays no change, which 
indicates the initial formation of arrays with mainly viscous characteristics. 
The shear modulus began to increase after 31 hours of evaporation time which 
occurred simultaneously with a decrease of the areal mass density (Figure 27). 
We assign the increasing shear modulus of the arrays in combination with the 
mass loss to the expulsion of solvent and the formation dense and rigid 
mesocrystal arrays.  

 
Figure 27. Schematic illustration of the growth mechanism and the 
temporal evolution of the areal mass density (blue), shear modulus 
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(red), and viscosity (black). The red marked area marks the period of 
inhomogeneous solvent coverage on the substrate surface. Figure taken 
from paper IV. 
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6   Summary and outlook 

Nanoparticle self-assembly is a promising route for the fabrication of 
mesostructured materials. The formation of mesocrystals is a dynamic 
process, which involves the fast incorporation of nanoparticles into a 
superlattice. In order to resolve the growth mechanism, real-time techniques 
are essential. This thesis aimed to give insight into certain aspects of the 
formation mechanism, including the temporal evolution of rheological 
properties or the defect structure of mesocrystals, by using time-resolved 
methods. The primary techniques used for our studies were SAXS and QCM-
D. 

The temporal evolution of structural parameters of the superlattice during 
mesocrystal growth was followed using time-resolved SAXS in levitating 
droplets. We designed a custom-built, closed compartment to slow down the 
evaporation rate. Installation of a humidifier to saturate the environment with 
solvent vapour would be beneficial for gaining additional control of the 
evaporation conditions during real-time SAXS studies. 

Mesocrystals produced by the EDPSE method have displayed larger sizes 
and a higher quality compared to mesocrystals formed by supersaturation 
when using the same nanoparticles. Real-time SAXS revealed that the early 
growth or nucleation stage by EDPSE is shortened compared to assembly in a 
pure good solvent, which in combination with a significantly lower critical 
concentration was favourable for well-ordered mesocrystals. So far, the 
EDPSE method has been applied to a limited amount of systems, involving 
iron oxide nanoparticles in hexane/iso-propanol or octane/1-pentanol, 
respectively. There is much scope in using the EDPSE method to assemble 
nanoparticles with different compositions to generate mesocrystals and 
nanoparticle arrays with useful properties. 
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By using a peak width analysis, we extracted the size and strain in growing 
mesocrystals. We observed a transition from isotropic to anisotropic strain as 
indicated by anisotropic peak broadening in the Williamson-Hall plots. The 
occurrence of anisotropic strain is related to a decrease of the overall strain in 
the mesocrystal, which suggests that dislocations were formed. Dislocations 
are well known to relieve stress within crystals. The internal stress arising 
from a contraction of the superlattice due to the expulsion of remaining solvent 
and the mismatch of nanocube sizes within the lattice was estimated to reach 
a level sufficient to induce dislocations. Future time-resolved SAXS studies 
should be performed to investigate how a reduction of chain length of the 
surfactant and minimization of the polydispersity of the nanocubes influence 
the strain and stress within the growing mesocrystal with an aim to minimize 
the formation of dislocations. 

We showed that a weak magnetic field, which is insufficient to induce 
magnetic dipole-dipole interaction between the nanocubes, can induce 
attractive magnetic dipole-forces between cuboidal mesocrystals, grown in a 
primary stage, and result in the formation of one-dimensional fibers in a 
secondary stage. The magnetic-field directed assembly of the primary 
mesocrystals into fibers occurs by oriented attachment due to the dipolar 
interactions. Future SAXS experiments of magnetic field-directed assembly 
using a controlled environment could provide more details on the temporal 
evolution of the superlattice, in particular the defect structure. Field-directed 
assembly in combination with EDPSE could furthermore facilitate growth of 
large, high-quality one-dimensional assemblies. 

The formation of disordered clusters prior to the formation of well-ordered 
mesocrystals was observed by real-time SAXS in our studies and was also 
previously described.49 The clusters act as prenucleation clusters for the 
subsequent growth of mesocrystals. However, the transition process from 
disordered clusters to ordered crystals as well as the critical size of the clusters 
are still not fully resolved. Pair distribution function (PDF) analysis could be 
a suitable technique to obtain information on the local structure of the clusters, 
hence, following how the local structure within the clusters changes during 
the transition to mesocrystals could help to have a better understanding of the 
nucleation process. X-ray photon correlation spectroscopy (XPCS) could 
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additionally be used to obtain the critical size of the clusters at which the 
transition process begins. 

By drop-casting a dispersion droplet onto an oscillating quartz crystal and 
inducing nanocube self-assembly by slow evaporation of the solvent, the 
change in resonance frequency and dissipation registered by a QCM-D 
provided information on rheological properties and mass of an adsorbed 
assembled nanoparticle array. A rapidly increasing mass on the sensor surface 
indicated fast growth of nanoparticle arrays, which initially displayed mainly 
viscous characteristics. The arrays became more rigid with time as a delayed 
increase of a shear modulus suggested. However, an inhomogeneous coverage 
of the surface disallowed analysis of the entire drying process as the model 
used for fitting requires a homogeneous surface coverage. Thus, the system 
could be improved by ensuring coverage of the surface throughout the entire 
assembly process. EDPSE could be such a method in which the polar solvent 
remains after the growth of arrays ceases. 
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Populärvetenskaplig sammanfattning 

Nanopartiklar är små kristaller vars storlekar varierar mellan 1 och 100 
nanometer, vilket motsvarar en tusendel av ett mänskligt hårstrå. På grund av 
kavant effekter, har nanopartiklar särskilda optiska, magnetiska eller 
elektriska egenskaper. När en dispersion av nanopartiklar torkar och 
koncentrationen stadigt ökar, så kommer nanopartiklarna att forma så kallade 
mesokristaller på grund av attraktiva interaktioner mellan nanopartiklarna. 
Denna autonoma och spontana process är känd som självassemblering och 
förekommer i naturen, men kan också genomföras i laboratoriet. 
Mesokristaller har egenskaper som förenar egenskaper av nanopartiklarna och 
egenskaper som är resultat av nanopartikel-interaktioner, och därför gör 
mesokristaller intressanta för tillämpningar inom biomedicin, optoelektronik, 
eller som magnetiskt lagringsmedium. Nanopartiklarna i mesokristallen är 
periodiskt arrangerade med en orientering och ordning som bara kan uppträda 
för anisotropa nanopartiklar eller om det finns en yttre kraft, t.ex. orsakat av 
ett magnetfält. Eftersom vissa dynamiska aspekter av självassemblering inte 
är fullständigt förstådda, är syftet med den här avhandlingen att studera och 
förklara den dynamiska processen med avseende på strukturella egenskaper 
och hur de förändras med tiden genom att använda tidsupplösta metoder, i 
synnerhet kvartskristallmikrovåg (engelska: quartz crystal microbalance with 
dissipation monitoring, QCM-D) och småvinkelröntgenspridning (engelska: 
small-angle X-ray scattering, SAXS). 

QCM-D består av en kvartskristallsensor vilken oscillerar med en speciell 
resonansfrekvens när en växelström används. När material adsorberar på 
kristallytan, mäts förändringen av resonansfrekvensen vilken korrelerar med 
massan av materialet. Samtidigt mäts QCM-D dissipationen eller 
energiförlusten, vilken beror på viskoelastiska egenskaper av det 
adsorberande materialet, genom att strömmen regelbundet stängs av och 
hastigheten på den oscillerande rörelsens avklingning mäts. På detta sätt 
kunde vi visa att då nanopartiklarna börjar att självorganisera och forma 
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mesokristaller har mesokristaller främst egenskaper som liknar en vätska. Det 
hänger samman med att det fortfarande finns några få 
lösningsmedelmolekyler kvar runt nanopartiklarna i början av 
självorganiseringen vilket ökar flexibiliteten hos mesokristallen. Med 
mesokristallernas ökande storlek, ökade stelheten vilken orsakades av 
utdrivning av lösningsmedelmolekyler ur kristallen.  

Småvinkelröntgenspridning bygger på principen att elektroner i atomen 
sprider röntgenstrålar. Kristaller är speciella då röntgenstrålarna bara sprids i 
vissa vinklar. Ju större avståndet är mellan partiklarna i kristallen, desto 
mindre är spridningsvinkel. Eftersom avståndet mellan nanopartiklarna i 
mesokristallen är mycket större än mellan atomer eller molekyler i en 
konventionell kristall, är spridningsvinkel mindre i mesokristallen jämfört 
med den konventionella kristallen. Därför är SAXS en ideal metod för att 
utreda mesokristallstrukturen genom att undersöka de i vissa vinklar spridande 
röntgenstrålarna, också kända som reflexer. Röntgenreflexerna innehåller 
information om strukturella egenskaper, och de tidslösade förändringarna av 
reflexerna kan därför hjälpa att förstå hur kristallen växer. Genom detta kunde 
vi visa att det inte fanns defekter i början av mesokristalltillväxten. På grund 
av ovannämnda utdrivningen av lösningsmedelmolekylerna finns det en 
kontraktion av hela kristallen vilken orsakar en ökande inre stress. Defekter, 
som kan påverka mekaniska och fysikaliska egenskaper, kan uppstå för att 
reducera stressen i kristallen om den stora inre stressen når en kritisk nivå. Det 
betyder att i ursprungligen defektfria kristaller, kan defekter förekomma på 
grund av inre stress. Våra resultat tyder på att antalet och arten av defekter kan 
kontrolleras genom att modifiera nanopartiklarna och mesokristalltillväxten 
för att skräddarsy kristaller med önskade egenskaper. 
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Populärwissenschaftliche Zusammenfassung  

Nanopartikel sind kleine Kristalle deren Größen zwischen einem und 
hundert Nanometer liegen, was etwa einem Tausendstel der Größe eines 
menschlichen Haars entspricht. Die Besonderheit von Nanopartikeln liegt in 
ihren Eigenschaften, die vom sogenannten Quantum-Size-Effekt 
hervorgerufen werden und nur bei sehr kleinen Partikeln vorzufinden sind. 
Hierdurch entstehen optische, magnetische oder elektrische Eigenschaften, 
die im selben Material über einer kritischen Größe nicht vorkommen. 
Nanopartikel können abhängig von ihrer Oberflächenchemie in polaren 
Lösungsmitteln, wie Wasser, oder in unpolaren organischen Lösungsmitteln 
dispergiert werden. Langsames Verdunsten einer solchen Dispersion erhöht 
die Nanopartikel-Konzentration stetig, aufgrund der attraktiven 
Wechselwirkungen zwischen den Nanopartikeln können spontane und 
autonome Kristallisationsvorgänge in der Dispersion stattfinden. Dieser 
Kristallisationsprozess, in dem Nanopartikel gemeinsam einen größeren 
Kristall bilden, ist bekannt als Selbstassemblierung und das Produkt der 
Selbstassemblierung wird als Mesokristall bezeichnet. In Mesokristallen 
bilden die Nanopartikel periodische Muster, sodass die Nanopartikel relativ 
zueinander eine bestimmte Orientierung und Ordnung einnehmen. Diese 
bestimmte Orientierung und Ordnung kann dadurch erzielt werden, dass 
Nanopartikel entweder anisotrop sind, d.h. sie sind nicht kugelförmig, oder 
wenn externe Kräfte, beispielsweise hervorgerufen durch ein Magnetfeld, auf 
die Nanopartikel wirken. Sowohl die Eigenschaften einzelner Nanopartikel als 
auch die Eigenschaften, die aus deren Wechselwirkungen resultieren, spiegeln 
sich in den Eigenschaften der Mesokristalle wider. Daher sind Mesokristalle 
vielversprechende Materialien mit herausragenden Eigenschaften die in 
verschiedenen Anwendungsbereichen, wie z.B. in der Biomedizin, in der 
Optoelektronik, oder in magnetischen Speichermedien zum Einsatz kommen 
können. Da der Assemblierungsprozess jedoch nicht vollständig aufgeklärt 
ist, hat sich diese Arbeit mit verschiedenen Aspekten dieses Prozesses 
auseinandergesetzt indem zeitaufgelöste Messmethoden verwendet wurden. 
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Im Vordergrund der Studien stand dabei, wie sich die strukturellen 
Eigenschaften der Mesokristalle während des Wachstumsprozesses ändern. 
Hierzu wurden hauptsächlich zwei Messmethoden verwendet, die 
Quarzkristall-Mikrowaage und die Kleinwinkelröntgenstreuung. Die 
Quarzkristall-Mikrowaage besteht aus einem Schwingquarz, der bei Anlegen 
eines Wechselstromes mit einer gewissen Resonanzfrequenz oszilliert. Bei 
Adsorption von Partikeln ändert sich die Resonanzfrequenz abhängig von der 
Masse. Zusätzlich zur Masse können ebenso die rheologischen oder 
viskoelastischen Eigenschaften des adsorbierten Materials gemessen werden, 
indem die Rate der abfallenden Oszillationsbewegung bei Abschalten des 
Wechselstromes gemessen wird, was als Dissipation bezeichnet wird. 
Zeitaufgelöste Messungen von selbstassemblierenden Nanopartikeln haben 
gezeigt, dass sich die wachsenden Mesokristalle zu Beginn des 
Assemblierungsprozesses wie viskose Flüssigkeiten verhalten, was bedeutet, 
dass einwirkende Kräfte die Kristalle deformieren können. Mit zunehmender 
Größe der Kristalle wurde ein Anstieg der Rigidität oder Steifigkeit, 
beobachtet. Die zu Beginn eher viskose Eigenschaft der Mesokristalle kann 
durch den Assemblierungsmechanismus erklärt werden, bei dem die 
assemblierenden Nanopartikel von einer dünnen Schicht des Lösungsmittels 
umgeben sind und hierdurch eine höhere Flexibilität der Mesokristalle 
entsteht. Aufgrund der attraktiven Wechselwirkungen verringert sich der 
Abstand zunehmend zwischen den Nanopartikeln, wodurch das verbleibende 
Lösungsmittel aus dem Mesokristall ausgestoßen wird, was zum verspäteten 
Anstieg der Steifigkeit führte.  

Die Kleinwinkelröntgenstreuung basiert auf dem Prinzip, dass 
Röntgenstrahlen an Elektronen in Atomen gestreut werden. Kristalle haben 
die Besonderheit, dass Streuung von Röntgenstrahlen lediglich in bestimmten 
Winkeln möglich ist. Je größer der Abstand zwischen den Bausteinen eines 
Kristalls, desto kleiner ist der Streuwinkel. Da der Abstand zwischen 
Nanopartikeln in einem Mesokristall deutlich größer ist als der Abstand 
zwischen Atomen oder Molekülen in einem konventionellen Kristall, werden 
die Röntgenstrahlen bei kleineren Winkeln gestreut, was die 
Kleinwinkelröntgenstreuung zu einer idealen Methode macht um 
Mesokristallstrukturen zu untersuchen. Die Beobachtung der gestreuten 
Strahlen bei bestimmten Winkeln, auch Reflexe genannt, während des 
Wachstums von Mesokristallen kann daher aufschlussreiche Information zu 
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strukturellen Eigenschaften liefern. So konnte beispielsweise gezeigt werden, 
dass bestimmte Defekte in Mesokristallen zu Beginn des Wachstums nicht 
auftreten. Aufgrund der zuvor erwähnten Ausstoßung von 
Lösungsmittelmolekülen, kommt es zu einer Kontraktion des gesamten 
Mesokristalls, wodurch ein großer interner Stress entsteht. Dieser Stress 
verursacht die Bildung von Defekten im Kristall, die den internen Stress 
reduzieren. Wir konnten zeigen, dass ursprünglich defektfreie Kristalle 
aufgrund eines internen Stresses Defekte bilden, die einen großen Einfluss auf 
die mechanischen und physikalischen Eigenschaften des Mesokristalls haben 
können. Hierdurch erschließen sich neue Möglichkeiten um durch 
Modifikation des Assemblierungsprozesses und der Nanopartikel gezielt 
Defekte einzubauen um so gewünschte Eigenschaften im Kristall 
hervorzurufen. 
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