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1. Introduction
What do we imagine, when we use the word crystal? Scientists were always
mesmerized by the shape of crystals. Laymen may think about snowflakes or
gemstones. Others again, may think about crystal related terms such as "crystal
clear" water. Crystals fascinated people already centuries ago and still continues to
fascinate them today.
Almost 400 years ago, the early concepts of crystallography were made by Johannes
Kepler. He suggested that the dendritic snow crystals were build up from the
combination of equally sized spheres.[1] The Danish anatomist Nicolaus Steno
measured the interfacial angles of hexagonal prisms from rock crystals. The interfacial angles of the corresponding faces were constant, irrespective of the external
form. This first ground breaking observation in the modern era is known as the
"law of the constancy of interfacial angles".[2,3] In the beginning of the 19th century,
René Haüy introduced the law of rationality of the crystallographic indices. This
law is based on the repetition of certain symmetries in crystals of a mineral. As a
consequence, Haüy concluded that diminutive, elemental chemical units form the
whole crystal of a mineral. He called these units molécule intégrante.[4] Later, the
mathematical concepts of crystallography were developed by scientist all over the
world. From then on, crystals were systematized in seven crystal systems, fourteen
Bravais lattices, 32 point groups and 230 space groups.[3] With this knowledge,
polyhedral crystals and the morphology of crystals could be investigated. In the 20th
century Max von Laue could determine the exact atomic positions by means of X-ray
diffraction phenomena, which proved that a crystal can be described as a repetition
of unit cells. The unit cell is the simplest repeating unit within a crystal and is a
parallelepiped.[5,6] So, it turned out that Johannes Kepler and René Haüy had a point
introducing the equally sized spheres and the molécule intégrante as the building
blocks of dendritic snow crystals and other crystals. But due to the absence of proper
analytical techniques, the unit cell had not been discovered by them.
Today, a crystal is defined by the International Union of Crystallography (IUCr) as
"A material is a crystal if it has essentially a sharp diffraction pattern. The word
essentially means that most of the intensity of the diffraction is concentrated in
relatively sharp Bragg peaks, besides the always present diffuse scattering. [...]".[7,8]
A crystal forms by crystallization, which is the accumulation and assembly of atoms,
ions, and molecules. A single crystal is a special crystal with an essentially sharp
wide-angle diffraction pattern in all spatial directions, when there is no change in
orientation throughout a crystal. The single crystal shows a long range order at
the atomic scale. A polycrystalline aggregate is a solid consisting of many single
crystals with different orientations. Polycrystalline aggregates of crystals can exhibit
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different properties than the single crystalline derivate.[3] Diamond is an outstanding
example, because it is one of the hardest known materials.[9] The hardness of
a single crystalline diamond varies in different crystallographic directions, hence,
polycrystalline aggregates of diamonds can grind a single crystalline diamond since
the hardest diamonds within the aggregate affect the single crystalline diamond.[3]
In conclusion, crystals are solid materials in which atoms are regularly ordered with
respect to each other. The scientific development of crystals is not yet finished, and
the progress in materials science further develops the concepts of crystallography.
In materials science, nanocrystals are one of the hot topics, but in fact most
of these nanocrystals are just tiny single crystals. A special and extraordinary
feature of these tiny single crystals is that they can show size-dependent properties,
which differ from their macroscopic bulk material properties.[10] Many scientists and
business representatives expect stunning advantages from applications which are
based on these size-dependent properties. For instance, the utilization of nanocrystal
based applications can cut costs and materials with unprecedented properties can
be created.[10–12] However, one of the main drawbacks of nanocrystals is the great
effort which is needed to transport and attach them at a target location. First, the
nanocrystals are tiny, hence their transport is sophisticated and not feasible without
highly advanced instruments.[12,13] Second, irreversible agglomeration can occur by
incorrect handling and their special properties can be lost by this agglomeration to
an ordinary polycrystalline agglomerate.[11] The forces causing the aggregation and
assembly of nanocrystals is described by the DLVO-theory[14] and its new concept
of the non-additivity of the nanoparticle interaction forces.[15] By controlling these
forces, the usage and applications of nanoparticles will be simplified.
Nature demonstrates that these drawbacks can be circumvented, because many
organisms can control nanoparticles and their attachment at targeted locations.
This handling offers great advantages for these organisms by forming highly
advanced biominerals from nanocrystals.[16–18]
The superstructures resulting
from assembled nanocrystals show exceptional properties and hereby ensure the
survival of the organism. A special kind of such superstructures is called mesocrystal. Here, the superstructure is composed of mutually aligned nanocrystals (i.e.
preferable crystallographic orientation).[19] Within a mesocrystal, the nanocrystals
are commutated and the mesocrystal comprises the properties of the nanocrystals,
and additionally new enhanced structure-property relationships can emerge from the
assembled nanocrystals.[17,20] Such relationships can originate from the addition of
the properties of every nanocrystal within the mesocrystalline structure (e.g fracture
resistance within nacre)[20] as well as from the interaction between the nanocrystals
within the mesocrystal (e.g. increase of the blocking temperature TB due to the
interaction of magnetic dipoles within a superparamagnetic assembly).[21]
In the last decade, research associated with mesocrystals became prominent.[11]
Mesocrystals arise out of the controlled accumulation and assembly of nanocrystals
which makes them extraordinary crystals. This self-assembly process is labeled mesocrystallization, following the term crystallization. Despite the classical building blocks
of regular crystals which are atoms, ions and molecules, the "effective" building blocks
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of mesocrystals are nanocrystals - so-called non-classical building blocks. Mesocrystals can show essentially sharp diffraction patterns in at least one direction
for both wide angle and small angle regions, whereby, two different kinds of mesocrystals exist, type I and type II mesocrystals. Type I mesocrystals show a long
range order of the nanocrystal building units (small angle region), while type II mesocrystals do not exhibit this long range order. However, both types must show a
long range order at the atomic scale (wide angle region). Therefore, the definition
of mesocrystals is "a nanostructured material with a defined long range order on the
atomic scale (in at least one direction), which can be inferred from the existence of an
essentially sharp wide angle diffraction pattern (with sharp Bragg peaks) together
with clear evidence that the material consists of individual nanoparticle building
units".[11,18,22] This definition is built on the aforementioned definition of a regular
crystal and is proposed by Elena Sturm and Helmut Cölfen. Since the nanocrystals
within mesocrystals are commutated, type I mesocrystals are crystals fulfilling the
definition of crystals on two hierarchical levels. In addition, the morphology of
type I mesocrystals often resembles ordinary single crystals, but the properties of
their building blocks differ widely.[22] Therefore, similarities and differences between
regular single crystals and mesocrystals are not yet clarified and little is known about
the crystallization of nanocrystals to mesocrystals. A comprehensive understanding
of this kind of crystallization will allow the targeted production of nanoparticle based
superstructures and their applications, which could not be produced otherwise.
In this doctoral thesis iron oxide mesocrystals are analyzed. In particular, it deals
with their formation, morphogenesis, structural characterization, the comparison to
classical crystals as well as resulting possible applications. The following second
Chapter 2 "Classical and Non-Classical Crystallization in Materials Science" provides
the necessary theoretical background. Chapter 3 shortly delineates the scope of
the thesis, followed by the presentation of the results in Chapter 4. Whenever
needed, the corresponding theoretical background and supporting information within
the Appendix (Chapter A-G) will be referenced throughout the results. The first
Subchapter 4.1 deals with the nanocrystal synthesis and characterization which
is important to further understand the generated structure by mesocrystallization discussed in Subchapter 4.2 "Self-Assembly of Nanocrystals - Non-Classical
Crystallization". The latter contains all results related to self-assembled mesocrystalline films and faceted mesocrystals as well as their properties, formation principles
and analogies to classical crystals and therefore forms the largest part of the present
thesis. With regard to analogies to classical crystals the following subsections may be
highlighted: Subsection 4.2.1.3 explores the bump-to-hollow structuration principle
of mesocrystals, Subsection 4.2.2.4 analyses structural polymorphism of mesocrystals, Subsection 4.2.2.6 sheds light on the reversible formation of mesocrystals
and its use to remove colloidal impurities from nanocrystal dispersions as well
as to narrow the nanocrystal size-distribution and Subsection 4.2.3.3 investigates
mesocrystal growth. Subchapter 4.3 "Directed Assembly" is an analysis of how a
homogeneous magnetic field influences the formation of mesocrystals and of how it
generates extraordinary mesocrystals and superstructures. In fact, the influence of
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a magnetic field on the mesocrystallization can be regarded as a difference between
classical and non-classical crystallization, because the magnetic field affects classical
building blocks differently than it affects magnetic nanocrystal building blocks. In
contrast to classical building blocks, an external magnetic field therefore strongly
influences the mesocrystallization. The last Subchapter 4.4 "Mesocrystal-Biomorph
Composites" demonstrates the formation of a novel composite material and their
possible application as micro-swimmer, namely, the mesocrystal-biomorph composite
(MCBC). A summary in both English (Chapter 5) and German (Chapter 6), an outlook
(Chapter 7) and an explanation of the applied methods (Chapter 8) conclude the
present thesis.

4

2. Classical and Non-Classical Crystallization
in Materials Science
Scientists working with mesocrystals will realize that their research field is highly
interdisciplinary. This scientific research field touches on many issues and a complete
overview exceeds by far this work. Hence, Chapter 2 mainly provides the theoretical
background, which is necessary to understand the results in Chapter 4. Mesocrystals
are special kinds of crystals consisting of nanocrystals . According to these topics,
Chapter 2 is divided into three subchapters: Subchapter 2.1 "Classical Crystals and
Classical Crystallization", Subchapter 2.2 "Nanocrystals and Nanoparticles in Nanoscience" and Subchapter 2.3 "Non-Classical Crystallization and Mesocrystals".
Subchapter 2.1 focuses on the morphology and morphogenesis of classical crystals,
whereby these topics either influence the self-assembly of nanocrystals into mesocrystals or show similarities to the non-classical crystallization. Subchapter 2.2
summarizes the knowledge about nanocrystals, which are the effective building
blocks for mesocrystals. Here, the superparamagnetic iron oxide nanocrystals are
the center of attention, because they are the building blocks for the iron oxide mesocrystals of this doctoral thesis. Subchapter 2.3 outlines the current research state
of non-classical crystallization and mesocrystals. As in the other subchapters, a
short and general overview is given. This overview includes the structural aspects
and definition of mesocrystals. In contrast to the crystallization of atoms, ions and
molecules, the forces leading to the agglomeration of nanocrystals into mesocrystals
are described by the DLVO-theory and its non-additivity. Then three subsections
concentrate only on the formation mechanisms, which are used to produce iron
oxide mesocrystals within this thesis. The theoretical background concludes with
biomorphs as that research field overlaps with non-classical crystallization and as
they were used as a substrate for the production of a brand-new composite material,
namely the MCBC.

2.1. Classical Crystals and Classical Crystallization
Crystals and crystallization significantly matter in our daily life, knowingly or
unknowingly. In living organisms, crystals are incorporated in materials with
extraordinary properties which maintain life.1 Examples are teeth, bones, shells
and exoskeletons.[18] Regretfully, crystals can also end life in excretions such as
1

For the sake of readability, some statements in this subchapter "Classical Crystals and Classical
Crystallization" may not be cited, because they are well-known and originate from academic teaching
books.[3,23,24]
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gall and bladder stones.[3] Synthetic crystals also deeply impact our life. Many
synthetic crystals show exceptional properties for specific applications. One of the
hardest known materials is polycrystalline diamond and this material is a basis
for construction instruments.[9] The most important single crystalline material is
silicon.[3] Silicon is used in the semiconductor industry and is up to now most
relevant for solar technology.[25] Quartz crystals show piezoelectric properties and
are commonly used in lighters to generate sparks. Besides the properties of crystals
in living and synthetic materials, crystallization affects us also. The properties of
crystals depend on the growth conditions, the growth mechanisms and the kind
and frequency of defects.[23] Hence, comprehension of crystallization is essential for
their industrial and laboratory use. First, recrystallization is a common method in
laboratory to purify synthesized solids[26] and to prepare these for further analysis by
X-ray measurements.[27] Second, secondary nucleation is the standard crystallization
method for all crystals in industry to produce crystals of equal size and form.[24] Third,
structure sensitive properties are related to the defects in crystal. On the one hand,
doping is widely used in semiconductor industry and introduces impurities as point
defects in an intrinsic semiconductor for modulating its electrical properties.[23] On
the other hand, crystallization must exclude impurities from the crystalline product
for silicon in solar technology, because the purest possible product is best.[25] Last
but not least, crystallization can also be disadvantageous for the desired product. Devitrification is a deficiency in all amorphous glasses and lowers the quality of glass.
Here, crystals and crystallization must be prevented.[3,28] These are only few examples
of the importance of crystals and crystallization. In the following chapters, the basics
of "classical" crystals and crystallization will be given.

2.1.1. Description of Crystals
A crystal consisting of the building blocks such as atoms, ions and molecules can be
described in terms of symmetry elements and of its unit cell. The entire crystal can
be build up by repetitive translation of the unit cell along the spatial directions. The
unit cell is defined by the lattice parameters. The lattice parameters are the physical
dimensions of the unit cell together with the angles of the unit cell. Therefore, the
unit cell defines the symmetry of the crystal structure.[23]
There are seven crystal systems considering the lattice parameters. All classical
and non-classical crystals2 show translational symmetry.
This translational
symmetry defines the type of symmetry of the lattice. Together with the crystal system
fourteen lattices exist for crystals, called Bravais lattices. Not only translational
symmetry is important, other symmetry elements must also be regarded. Symmetry
elements such as rotation, inversion or reflection project the faces of the crystal to the
positions of features of the same kind. These sets of symmetry elements for crystals
are called crystallographic point groups. Finally, the 230 space groups are made from
possible combinations of the 32 point groups together with the 14 Bravais lattices.[23]
2
Quasicrystals show rotational symmetry but do not show translational symmetry. Quasicrystals are
not discussed in this work.
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The mathematical considerations given above are necessary to construct the shape
of the crystal by the crystal habit and the faceting. The crystal habit is the proportion
of the faces to each other. The faceting is the ensemble of developed faces of the
crystal. The crystal faces are usually assigned by the Miller indices (h,k,l). Together
the crystal habit and the faceting build up the morphology of the crystal. So, the
morphology of a crystal is its shape. In Figure 2.1a the morphology of a magnetite
crystal, together with its unit cell is presented. In Figure 2.1b changes in the faceting

Figure 2.1 Simulation of magnetite crystal morphologies: a A simulation of a small
magnetite crystal with its developed faces {100}, {110}, {111}, {310} and {411} in different colors.
The unit cell of magnetite is presented at the bottom. Yellow (Fe1) and blue (Fe2) spheres
represent iron atoms. Each iron atom, which is labeled Fe1, is within a tetrahedral site
(yellow) build from the oxide atoms (red spheres). b Crystals with a different faceting are
presented. Each blue arrow indicates an addition of a crystal face. c Crystals with the same
faceting but different crystal habits. The green arrow indicates the enlargement of the {100}
and {110} faces. The red arrows indicate changes of the crystal habit and the faceting, while
the overall appearance of the crystals remains the same (cube).

are presented and in 2.1c changes in the crystal habit. Differences of the growth rates
of the crystal faces cause the variations of the faceting and crystal habit, even though
all crystal morphologies are constructed by the same unit cell. These variations can
result in different properties of the material and in a different energy landscape of the
surface of a crystal.[3] This is especially important in nanoscience and also for the
construction of mesocrystals because small changes in the nanocrystal crystal habit
can lead to differences in the resulting mesocrystal, which is part of this work.
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2.1.2. Nucleation and Driving Force in the Framework of Classical Nucleation
Theory
Nucleation of crystals, including mesocrystals, is a necessary process for crystal morphogenesis. The classical nucleation of an ordinary crystal is well known and similar
relations must apply for mesocrystals.3
Crystal growth or dissolution cannot occur if there is no nucleus which can grow
and if there is an equilibrium state in which there is neither a heat nor a mass
gradient. Nucleation of a crystal and the crystal growth only start when a driving
force causes a system to depart from its equilibrium state so that a nucleus of a
crystal is formed. The degree of the departure from the equilibrium state corresponds
to the driving force and this degree is expressed by the supersaturation S. For solution
growth, the driving force is determined by the difference between the concentration c∞
at the equilibrium temperature Te of the saturated solution and the concentration c at
the growth temperature Tg of the solution. A good generalization of the driving force
is the difference of the chemical potentials µ between two phases.[3]
∆µ = µl − µcr
∞ = kT ln(

cinf
) = kT ln S
c

(2.1)

l
In this connection, µcr
∞ is the chemical potential of the crystalline solid phase, µ is the
chemical potential of the supersaturated liquid phase, k is the Boltzmann constant
and T is the absolute temperature. S is the solute supersaturation ratio. Hence, The
driving force is expressed as µ/kT.[3]
Two things are influenced by the driving force µ/kT, the forming of a nucleus
and the growth of the crystal. When an appropriate driving force is applied, a
supersaturated state can be formed. Within this supersaturated state, the building
blocks of the crystal can form particles (or clusters) which can produce the nucleus
for crystal growth. The building blocks may repeatedly come together and part again
and may form particles with a particle radius r. Before these particles reach a certain
size (i.e. critical size rc ), the absolute value of the interface free energy ∆GS is higher
than the bulk free energy ∆GV and no nucleus is formed which can further grow
(Equation 2.2). The interface free energy ∆GS causes the particles to dissolve because
energy is necessary to create a surface, while the bulk free energy ∆GV initiates
crystal growth, because energy is set free in forming a particle by coagulating atoms.
The bulk free energy and the interface free energy depend on the size of the forming
particle and at the critical size rc the sum of the energy terms equals zero.[3,24]

4
∆G = ∆GS − ∆GV = 4πr2 γ − πr3 ∆Gν
3

(2.2)

γ is the interfacial tension (i.e. surface tension) and ∆Gν is the free energy change of
the transformation per unit volume.[24]
Some of these particles may grow larger than the critical size by chance, thereby
the absolute value for the bulk free energy ∆GV becomes larger than the interface
3
There is an ongoing discussion in science whether these clusters have a surface tension γ or not. The
so called "non-classical" nucleation.[29,30] The non-classical nucleation is not discussed here.
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free energy ∆GS . If a particle exceeds the critical size, the particle will grow further,
because more energy is spend by coagulating atoms than energy is gained by creating
a surface. The growing process corresponds to the end of homogeneous nucleation
and the growth stage of a crystal in its strictest sense. For the homogeneous
nucleation event it is necessary that no other material interacts with the building
blocks and that the formation of the nucleus solely depends on these building
blocks. On the contrary, heterogeneous nucleation happens due to the presence of an
adjacent surface wall, foreign particles, or impurities. The presence of solid materials
lowers the surface tension γ (i.e. the interface free energy ∆GS ) for nucleation of the
crystal. Hence, a lower driving force is required to overcome the impeding contribution
of the interface free energy and the energy barrier is reduced. Thereby, nuclei are
created faster by heterogeneous nucleation.[3,24] These considerations were proposed
for the nucleation of classical building blocks and are to a certain level true for mesocrystals. The influence of the driving force µ/kT on classical crystal growth will be
discussed in the following chapters.

2.1.3. Principles of Crystal Growth and the Kossel Model
The nucleation stage and the growth stages need to be distinctly separated to
produce crystals of the same size, which is important for the synthesis of monodisperse nanocrystals for example. Crystal growth is the development of a solid phase
with an ordered structure from an unordered state. Thus, it can be regarded as
a first-order thermodynamic phase transition, together with an exchange of mass
and heat. The development of the shape of the crystal is called morphogenesis.[3]
Investigations of Nicolaus Steno on the morphogenesis of rock crystals provided the
basis of the present-day science of crystal growth.[2,3] The reason why rock crystals
show hexagonal prismatic forms bounded by six triangular faces at the tip and six
rectangular faces, and sometimes exhibit tapering prismatic or platy forms, is that
the growth rates are different depending on crystallographic direction. The face of the
crystal with the slowest growth rate will become the largest face and will in turn define
the crystal habit. The face with the fastest growth rate will eventually disappear.[3]
The fundamentals of the crystal growth at the atomic level after nucleation
were established by Max Volmer,[31,32] Walther Kossel[33,34] and Iwan Stranski.[35]
The Kossel crystal serves as a descriptive model for the understanding of the
crystallization processes at the interface of the solid crystal and the ambient phase.
The Kossel crystal in Figure 2.2 is a simple cube made up from cubes itself.[33,34]
The Kossel crystal reflects the growing crystal, while the smaller cubes illustrate
the atoms, ions and molecules. Furthermore, the Kossel crystal outlines the rough
faces consisting of kinks, the smooth surfaces comprising the flat terrace and a small
number of steps. Here, the (100) face is perfectly flat because it is completely paved
by the units. This face is called complete. The (111) face is called incomplete because
its entire face is kinked and the surface is rough.[3]
The general principle for crystal growth is the following. A supersaturated state
is reached by lowering the temperature or by adding building blocks. When the
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driving force exceeds the energy barrier for nucleation, nucleation occurs. This results
in a diluted region of building blocks around the nucleus: the diffusion boundary
layer. The building blocks will diffuse towards the nucleus due to the concentration
differences between diffusion boundary layer and the bulk phase. After the building
blocks have moved towards the crystal, they will attach to the surface. The attached
crystallizing building blocks will diffuse onto the surface (Figure 2.2, white arrows).
Some may return to the ambient phase (Figure 2.2, red arrow), while some will
be caught at kinks and steps. These building blocks will be incorporated into the
crystal which make the crystal grow. The solvent component around the incorporated
building block will be dissociated. This is called desolvation and determines the
growth rate for crystal growth in solution. The detached solvent molecule returns to
the ambient phase and will therefore lower the concentration of solute in the diffusion
boundary layer. And again, building blocks will move towards the crystal and the
crystal grows further.[3]
The Kossel crystal also perfectly demonstrates the different attachment and
detachment energies of each crystal face. In Figure 2.2 the (100) face is classified
as in F (for flat face), the (110) face in S (stepped face) and the (111) face in K (kinked
face) according to Piet Hartman and Walther Perdok.[36] An incorporated building
block on the surface of the complete (100) face is generally connected to the crystal
at five faces out of six. Whereas an incorporated building block on the (110) face

Figure 2.2 Illustration of the Kossel crystal: The Kossel crystal is a cube made up
from cubes itself. This model represents the kinked, stepped and flat faces of a crystal. The
dots on the surface represent the attachment energy according to Piet Hartman and Walther
Perdok.[36] Point defects, adsorbed molecules, kinks and steps are also illustrated. For clarity
reason, there is an empty space between the highlighted kinked and stepped face.
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is mostly connected to four out of six faces, and building blocks on the surface of
the incomplete (111) face are connected to three out of six faces. The less faces of
the incorporated building blocks are connected to the growing crystal, the higher the
attachment energy is (Figure 2.1, each dot indicates a free face of the building blocks).
This theoretical model is made up from simple cubes and should work for all cubes
on all different length scales from atomic to macroscopic steps.[3] It becomes also
relevant for the formation of mesocrystals by the iron oxide nanocubes.

2.1.4. Growth Mechanisms of Crystal Growth
Daily experiences with the physical appearance of crystals vary from the given
theoretical considerations of the crystal structure in Chapter 2.1.1, p. 6. The forms of
snow flakes and polyhedral ice crystals differ enormously even though the crystal
structure of both crystals is the same. Snow flakes show dendritic forms, while
polyhedral ice crystals are hexagonal prisms or hexagonal plates. The form or
morphology of a crystal is not only determined by the crystal structure, but also
by factors such as the process of its growth and the growth conditions. While
snow crystals develop under the harsh conditions in the atmosphere, polyhedral
crystals usually form under soft conditions in a dilute ambient phase. Obviously,
the differences in morphology result from the different growth conditions of the water
crystal.[3]
In the early stages of crystallography, dendritic and polyhedral crystals were treated
as independent subjects. This theory was disproved, after the connection between the
driving force and growth mechanisms was made. The growth mechanism of dendritic
crystals is adhesive-type and the corresponding driving force is high. Consequently,
the attachment energy at an incomplete face or kink of any crystal is high and an
arriving building block will be immediately incorporated into the growing crystal (as
shown in Chapter 2.1.3, p. 9). Therefore, the growth mechanism of an incomplete
face is adhesive-type growth. When the driving force of a crystallization is high, many
incomplete faces will arise. The growth mechanism is adhesive-type and dendritic
crystals can form preferentially.[3]
When the driving force is too low for adhesive-type growth mechanism, the growth
mechanism changes. A building block arriving at a terrace on a complete face cannot
immediately be incorporated into the crystal. For incorporation of a building block,
two-dimensional nucleation has to take place.[31,33,37] Once the building block is
attached to the flat surface, it may diffuse or leave the interface, returning to the
ambient phase (Figure 2.2). Only if there are steps on the flat surface, an arriving
growth unit will attach to these steps and will be incorporated into the crystal.
Therefore, the complete face will grow by two-dimensional spreading of the step. When
the step reaches the edge of the face, the surface becomes completely flat. The growth
can only continue, if a new step source is provided. This growth mechanism is called
layer-by-layer growth and often polyhedral crystals are formed by this type of growth.
The growth rate in the layer-by-layer growth for perfect crystals is limited by twodimensional nucleation.[3]
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Crystal growth can happen even when the driving force is too low for the perfect
and idealized crystal. Real crystals are not perfect, that is why investigations on
real crystals revealed that a third growth mechanism must exist. Frederick C. Frank
proposed the spiral growth for real crystals with a low driving force.[38,39] Real crystals
contain impurities and defects such as dislocations. These dislocations create a step
on a complete surface of a crystal and building blocks can attach to it. This step
will advance and spread out like a spiral staircase around the dislocation. This is a
self-perpetuating step source and hence it is not necessary to overcome the energy
barrier for two-dimensional nucleation. As a result, real crystals can grow by this
growth mechanism below the critical driving force for layer-by-layer growth and form
nicely shaped polyhedral crystals.[3]
The driving force of a crystallization influences the morphogenesis of the crystal and
in turn the growth mechanism. A change in growth mechanisms results in changes
of the morphology. Therefore, dendritic and polyhedral crystals are connected by the
driving force.[3] These growth mechanisms can also be observed for mesocrystals,
showing that the driving force for the non-classical crystallization is influenced by its
crystallization conditions.

2.1.5. Driving Force and Surface Roughness
Not only the morphology of a crystal is related to the driving force µ/kT, but also the
surface roughness of the crystal face. During the process of crystal roughening two
distinct roughening transitions take place (Figure 2.3, (µ/kT)* and (µ/kT)**). These

Figure 2.3 Roughening transition of a crystal in one crystallographic direction:
As the driving force increases, the growth rate changes and the surfaces of the crystal
become rougher.[3] A, B and C illustrates the growth mechanism and (µ/kT)* and (µ/kT)**
the transitions in between: A Spiral growth mechanism B Two-dimensional nucleation
C Adhesive-type growth
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transitions are connected to the growth mechanism of the crystal face and can be
different for each crystal face. Polyhedral crystals, grown under low driving forces
and growth rates often exhibit crystal faces with smooth surfaces formed by the spiral
growth mechanism. When the driving force becomes higher again, two-dimensional
nucleation appears on specific crystal faces. When the driving force becomes even
higher, the adhesive-type growth mechanism and dendritic crystals can occur. The
surface of the crystal face becomes the roughest. All in all, the higher the driving force
for a specific crystal face, the rougher this face is to be expected.[3]

2.1.6. Recrystallization and Impurities
All crystals can be resolved and recrystallized constantly, depending on the solvent
used and the conditions. Recrystallization is often used to purify reagents and is an
important property of crystals.[26,40] For simple recrystallization, the general principle
is that the impure reagent is dissolved in the minimum amount of solvent and is
then crystallized by cooling or destabilization. The crystals will accumulate the pure
reagent, while the impurities stay in the solution. After crystallization, the formed
and desired crystals can be removed from the impure residues and the procedure is
repeated to receive an even purer product. So, soluble impurities can be excluded
from the desired solid.[24]
In addition, additives and impurities also play an important role in crystallization.
Impurities can be considered as any substance that is different from the crystallized
material. Some impurities may suppress crystallization by acting as inhibitors,
and others may enhance growth by acting as promoters or by occupying certain
crystallographic faces and thus changing the crystal habit and the faceting as
modifiers.[24,41] Also the amount of impurities affects the crystallization. Some
impurities already influence the crystallization with concentrations less than one part
per million, others need to be present in large quantities.[24,42–45] We will see that
impurities play an essential role in nanoscience and non-classical crystallization, too.
Anisotropic nanocrystals can often be produced by a certain amount and special kinds
of impurities, while synthetic mesocrystals can only be obtained if impurities in the
form of additives are present.

2.2. Nanocrystals and Nanoparticles in Nanoscience
At first sight, nanocrystals are just tiny, classical crystals and nanoparticles are tiny
particles, but these tiny materials have a huge impact in science itself. Nanoscience
is the science related to nanostructured materials and their analysis.[46] Nanoscience
offers an extraordinary opportunity in materials science and an enhancement of
materials properties.[10,13,47–50] The opportunities provided by nanoscience, including
nanoparticles, are versatile. Most of them originate from the special properties
of nanoparticles, because nanoparticles can have different properties compared to
their bulk material due to their small size. Helmut Goesmann and Claus Feldmann
divided these differences in three subgroups. These subgroups are surface-dependent
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particle properties, size-dependent particle properties and size-dependent quantum
effects.[10]
The benefits of the first subgroup "surface-dependent particle properties" are
obvious. The surface of a cube with dimensions of 1 cm increases by the factor
106 , if one creates 1 nm sized cubes out of it. Meanwhile, the volume and the amount
of material stays the same. Hence, the surface-to-volume ratio is highly dominant in
nanoparticles and nanoparticle related materials. This subgroup is of high interest
for industrial applications, because a vast amount of material could be saved, if one
could utilize a surface coated with nanoparticles instead of bulk material.[10,13] Nanoparticles can show different properties compared to their bulk materials and if the
properties of a material changes with the size of the nanoparticle, these properties
are called "size-dependent particle properties" – the second subgroup.[10] Superparamagnetism for magnetic materials is an example. Superparamagnetism appears if the
size of the particle is less than the magnetic domain of the bulk material at a given
temperature.[51,52] In case of magnetite (Fe3 O4 ), the transition from the superparamagnetic to the ferrimagnetic magnetite nanoparticle appears around 30 nm.[51–54]
From superparamagnetism results that the magnetization of the nanoparticle is
randomly distributed. Only if one applies a magnetic field, will the magnetization
align in the direction of the magnetic field. Many interesting applications arise, for
example, superparamagnetic nanoparticles can be easily used to recycle catalyst or
to remove other compounds from organometallic reactions.[55,56] The third subgroup
of the nanoparticle’s special properties are the "size-dependent quantum effects".
These are related to the electronic structure of nanoparticles. Here the electronic
structure is influenced by the size of nanoparticles.[10] Research of semiconductor
nanoparticles offers a great opportunity and is highly interesting within materials
science. The progress in nanoscience related to semiconductor materials in this
field is tremendous and might reduce the dominance of silicon, as mentioned in
Chapter 2.1, p. 5. Classical solar devices fail to employ the full emission spectrum of
the sun.[57–60] A hybrid polymer-nanorod solar cell enabled a complete overlap of the
absorption spectrum of the cell with the emission spectrum of the sun. Due to the
size-dependent quantum effects, the bandgap of the semiconductor nanorod changes
with its size. The production of a polydisperse nanorod batch in the appropriate sizerange facilitates then the complete overlap of the emission spectrum of the sun.[48]
Another promising research field of nanoparticles, which is not solely connected
to special properties of nanoparticles, is the core-shell nanoparticles.
Coreshell nanoparticles consist of chemically different cores and shells, which makes
them multi-component nanoparticles. These multi-component nanoparticles are
highly interesting as no comparable structures exist in nature and materials with
thermoelectric properties can be created.[13]
For these reasons nanoscience grew rapidly in the last decades.[12,13,19,61–64]
However, there remains some confusion about the terms nanoparticles and nanocrystals.
Academic teaching defines nanoparticles, including nanocrystals, as
materials with a size less than 1000 nm. Dmitry Talapin proposed that nanocrystals are crystals with a size ranging from 2 to 20 nm.[13] Goesmann and
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Feldmann suggested that a material should be labeled nanoparticle or nanocrystal
if one dimension is less than 100 nm.[10] The suggestion of Goesmann and Feldmann
is connected to the appearance of size-dependent properties. This suggestion is highly
compelling as the size-dependent properties of nanoparticles are remarkable and very
promising in materials research. The latter suggestion is appropriate for my work as
I will discuss particles with sizes ranging from 7 to 30 nm, which are in fact (single)
crystals and have size-dependent properties. Therefore, I will use the term nanocrystals and nanoparticles as synonyms to refer to my particles.

2.2.1. Wet-Chemical Techniques to Form Nanocrystals
Nanocrystals can be produced by different techniques such as milling. Milling is a
top-down technique to form drug nanocrystals from larger single crystals.[65] However,
this section focuses only on wet-chemical techniques. Wet-chemical techniques are
demanding, but the synthesis of more uniform products is possible.[13,66]
To utilize and further explore the unique properties of nanocrystals, one has to
control and understand the synthesis of nanocrystals. The classical nucleation of
crystals and crystal growth was described in Chapter 2.1.2-2.1.4, p.8-11 and also
applies to the growth of crystals on the nanoscale. In general, the synthesis of
nanocrystals involves several consecutive stages: nucleation of the crystals from
a homogeneous solution, growth of the nuclei, isolation of the particle from other
chemicals, and post-preparative treatment such as stabilization of the particles. For
monodisperse nanocrystals, it is important to separate the nucleation event from
the growth of the nuclei. The newly formed nanocrystals must be then stabilized
by surfactants (ligands) preventing secondary growth processes such as Ostwaldripening, coalescence or agglomeration.[13,66,67] The preliminary surfactants are often
contained within the synthesis mixture before the nanocrystals are formed, which can
also influence the kinetics of the nanocrystals growth.[13] Surfactant-free synthesis of
nanocrystals and their post-functionalization is also possible.[68]
Two different techniques with the same crystal formation mechanism prevail in
nanocrystal synthesis: the hot-injection and the heating-up method.[32,53,66,69] The
hot-injection is a synthesis in which a precursor is promptly injected into a hot
solution or vice versa. The precursor is the initial source of monomer that will
eventually react to form the atomic units within the desired nanocrystal.[66] The big
advantage of the hot-injection method is, that the nucleation event and the growth
of the nuclei are temporarily separated. When the cold precursor is injected in
the hot solution, nuclei form and the reaction mixture cools simultaneously. After
falling below a specific temperature the nuclei can grow, while no further nuclei’s can
form.[13] Unfortunately, there are several major disadvantages of the hot-injection
method for industrial purposes. The reagent injection time, the mixing time, and the
reaction cooling time are not scalable. The bigger the volume gets, the faster the
solution has to be injected, mixed and cooled. This process is only possible on a
laboratory scale. Therefore an industrial use is not suitable.[66] Furthermore, Joel
van Embden, Anthony Chesman and Jacek Jasienak claim that the hot-injection
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method leads to strong batch-to-batch variation. They assert these variations as nonnegligible and emphasize that these disadvantages can be overcome by the heating-up
method.[66]
For the heating-up method, the reaction solution comprises the reagents and precursor at low temperatures. The precursor continuously forms a monomer with
increasing reaction temperature. The further increasing temperature triggers the
nucleation event of the monomer and the growth of the nanocrystal. The further
formation of the monomer by the precursor provides the building units for crystal
growth without exceeding the concentration forming new nuclei. Obviously, it is
difficult to separate the nucleation event from the growth of the nanocrystals in the
heating-up method. Parameters such as heating rate and the choice of precursor
need to be adjusted to achieve this separation.[66] Immense quantities of superparamagnetic iron oxide nanoparticles could be obtained for the decomposition of
iron(III) oleate complex (Fe(oleate)3 ) in high boiling solvents.[53] The temperature rate
of this reaction is low at 3 °C min-1 . Once the temperature reaches 200-230 °C,
one oleate ligand dissociates by CO2 elimination from the precursor Fe(oleate)3 and
the monomer4 forms. The concentration of the monomer increases and nucleation
occurs. At this stage only a slow growth rate is present.[66,70] The major growth of the
nanoparticles begins when the temperature reaches 300 °C and the two other ligands
dissociate from the precursor.[70,71] Hence, the nucleation stage and growing stage
are separated.[66] This synthesis allows the production of nanocrystals at kilogram
scale and higher, which is desired for industrial purposes.[53]
The synthesis protocol for these iron oxide nanocrystals shows how large quantities
of nanocrystals equal in size and shape can be easily produced, but at the same
time it shows how demanding the full characterization remains for nanocrystals. By
means of this synthesis protocol, the contradiction regarding the characterization of
the product is summarized in the following paragraph. The relevant literature does
not provide which iron oxide is synthesized. Regular diffraction techniques cannot
distinguish between magnetite and maghemite (γ-Fe2 O3 ) due to the similarities of
their inverse spinel crystal structure.[72,73] The authors of the original publication
claim, based on X-ray absorption near edge spectroscopy (XANES), that magnetite is
formed,[53] while other authors claim, based on Mößbauer spectroscopy, that maghemite is synthesized.[74,75] Even so, the difference between the semiconductors magnetite and maghemite is huge. Magnetite and maghemite have band gaps of 0.1 eV and
2 eV, respectively.[76,77] Also, the saturation magnetization of magnetite is higher.[78]
Information about the exact composition of the nanocrystal is essential for materials
design and application, especially for medical purposes. To solve this contradiction,
the exact composition of the nanocrystals will be later determined by high-energyresolution fluorescence detection XANES (HERFD-XANES).

4

The chemical composition of this monomer is not yet clear.
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2.2.2. Anisotropic Nanoparticles and Related Property Changes
The special properties of nanocrystals, namely, the surface-dependent particle
properties, size-dependent properties and size-dependent quantum effects are
dependent on the size of the nanoparticles. But is size the only factor influencing
nanoparticle properties? It is suggested that shape matters as well. Changes of the
nanocrystal surface will vary its properties. Different examples show that catalytic,
electronic and magnetic properties are influenced by the crystal habit and the faceting
of the nanoparticle.[67] First, different morphologies of the nanocrystals lead to
different catalytic morphologies for platinum nanocrystals.[79] Second, zinc oxide
nanoprisms show an opposed quantum-size effect and that shortening a specific
nanocrystal dimension can decrease its bandgap.[80] Third, magnetic properties can
be influenced by the shape of the nanoparticle as well.[81,82] Hence, properties related
to superparamagnetism can be adjusted also. The complete control of the final
nanocrystal habit and the final faceting could be the perfect method to adjust nanomaterials properties for any industrial purposes such as solar cell and photo catalytic
devices.[67]
Today, the complete control over shape and size of the nanoparticle remains open.
The chemistry of each nanoparticle synthesis is the deciding factor for shape- and
size selective syntheses.[67] In Chapter 2.1.6, p. 13 impurities in classical crystal
growth were introduced and how they affect crystal growth. It is accepted that a
capping agent with multiple binding sites can attach to specific crystal faces of the
nanocrystal and prevent its crystal growth.[67,83,84] This makes a capping agent
a molecular impurity influencing crystal growth. Iron oxide nanocrystals are an
appropriate example. Lenart Bergstrom adopted the synthesis of superparamagnetic
nanocrystals mentioned above in Chapter 2.2.1, p. 15. Subsequently, he showed that
the precise adjustment of oleic acid and sodium oleate ratio is the key parameter to
synthesize monodisperse anisotropic nanocubes instead of nanospheres. The analysis
indicates that sodium oleate attaches to the {100} faces of the iron oxide nanocrystals
and prevents its growth.[83,84]

2.2.3. Scientific Issues concerning Nanoparticles
The problems related to nanoparticles and nanoscience show at the same time the
great potential of this science. Some of these problems are connected to the control
of the synthesis that determines the size and shape, as mentioned before.[12,67,85–87]
Other problems might be the secondary growth processes of nanoparticles such as
Ostwald-ripening. These problems are of minor relevance.[13] One of the mayor
problems in nanocrystal synthesis are hydrocarbons as surfactants. One will notice
that most common surfactants are hydrocarbons such as oleic acid. Even if these
hydrocarbons comprise charged parts, they act as an electric insulating shell around
nanoparticles. This insulating shell hinders electron transfer and complicates its use
in electronic devices.[87] Talapin proposed inorganic metal chalcogenide and halide
ligands to address the insulating hydrocarbons.[88,89] With these ligands an electron
transfer becomes possible and the materials can act as conductors.[87] Eventually, the
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size of nanoparticles might be a problem as well. A nanoparticle can be up to 10000
times smaller than a single hair. The smaller the applications and the nanocrystals
become, the more difficult it becomes to deal with them. Dealing with nanoparticles
becomes easy if nanocrystals agglomerate or self-assemble to larger structures.[13]
In the following chapters we will see that this is a great opportunity to transfer the
extraordinary properties of nanocrystals to the macroscopic world.

2.3. Non-Classical Crystallization and Mesocrystals
In classical crystallization only atoms, ions and molecules are considered as building
blocks of crystals. Non-classical crystallization theory holds that single crystals can
form in a particle based crystallization process. Hence, in non-classical crystallization
nanoparticles are also considered as building blocks.[19,61]
It is the chemical
and physical behaviors of the nanoparticles – which are in clear contrast to the
characteristics of "classical" building blocks – that make non-classical crystallization
such an important topic in materials science nowadays.[11] For example, nanocrystals can show strong magnetic interactions with themselves and an external
magnetic field,[90,91] while magnetic interactions of classical building blocks are
insignificant.[92,93]
The breakthrough of non-classical crystallization, termed by Helmut Cölfen, took
place in 2005.[19] In earlier reports it had already been proposed as "particle
mediated crystal growth".[94,95] However, the analytical results in these reports were
limited.[96,97] Regular colloidal crystals – crystals consisting of long range ordered
particles – were analyzed but their fusion, meaning the crystallographic attachment
of the building blocks, was rarely investigated.[11] Nonetheless, already the few
existing analyses showed that some biominerals challenge the classical viewpoint of
crystallization either by their unique shape or by their crystallization behavior.[16] The
formerly proposed classical crystallization of some biominerals utilizing atoms, ions
or molecules was then seen as unlikely since it would result in tremendous ionic
strength and osmotic pressure.[16,98–102]
Particle-based crystal growth producing single crystals with extraordinary external
morphology in biominerals and other living organism fulfills crystallization theories.
The nanoparticles are temporarily utilized as mineral storages and subsequently
transported to the building sites of the ongoing crystallization. This circumvents the
disadvantageous ionic strength and osmotic pressure of crystallization by classical
building blocks. Therefore in the case of many biominerals, the non-classical
crystallization pathway is more likely.[16,19]
The particle-based crystallization forming single crystals indicates the »oriented
aggregation« of nanocrystals and the further »(oriented) attachment« of these
building blocks. The »oriented aggregation« of nanocrystals is the assembling
and crystallographic aligning of building blocks to kinetically stabilized crystalline
materials excluding subsequent crystallographic attachment.[61]
The »oriented
attachment« is the aggregation of building blocks and the crystallographic attachment
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to single crystals of these building blocks afterwards.[103–105] The kinetically stabilized
intermediate of the aggregated building blocks formed by oriented aggregation before
the crystallographic attachment is the main focus of this work. This intermediate
state is the so called mesocrystal.[11,16,18,19,22,105]

2.3.1. Structural Aspects of Mesocrystal and its Definition
Mesocrystals result from oriented aggregation of nanocrystals and are the
intermediate state of the non-classical crystallization forming single crystals.[11,19]
Mesocrystals are kinetically stable but thermodynamically unstable structures.
To maintain its structure, the mesocrystalline state must therefore be stabilized.
Usually, mesocrystals are stabilized by organic molecules. Hence, mesocrystals are
often hybrid inorganic-organic composite structures.[11] The term "mesocrystal" is
an abbreviation for "mesoscopically structured crystal", indicating a crystalline mesostructure from aligned building units. Back in 2005, the first definition of a mesocrystal was rather indistinct.[19] Helmut Cölfen and Elena Sturm developed the
definition nowadays to "a nanostructured material with a defined long-range order at
the atomic scale (in at least one direction), which can be inferred from the existence of
an essentially sharp wide-angle diffraction pattern (with sharp Bragg peaks) together
with clear evidence that the material consists of individual nanoparticle building
units."[11,18,22] This definition builds on the definition of a crystal given by the IUCr
(Chapter 1, p. 1).[7] It further differentiates between colloidal crystals and mesocrystals, which are regular colloidal solids such as a powder without any ordering.
In the case of mesocrystals, a long range order at the atomic scale is essential, while
colloidal crystals must display a long range order of the nanocrystals. The ordering
of the nanocrystals within the superstructures is expressed in terms of the superlattice (SL), as a hierarchical super-ordinated crystal structure.[22]
Furthermore, two types of mesocrystals exist. The two different types of mesocrystals are presented in Figure 2.4 (published by the Royal Society of Chemistry)[22]
together with a single crystal and other colloidal solids. In case of type I mesocrystals, monodisperse nanocrystals with a well-defined shape form the mesocrystal.
Type I mesocrystals have a long range order of the nanoparticle unit as well as a long
range order of atomic building units within the nanoparticles throughout the mesocrystal. Thus this type of mesocrystal has a diffraction pattern with sharp maxima
in small and wide-angle regions and fulfills the definition of crystals at least on two
hierarchical levels (see the definition of crystals in Chapter 1, p. 1). Type I mesocrystals are at the same time colloidal crystals. Another kind of mesocrystals are
type II mesocrystals, which exhibit no long range order of the nanocrystals. Still,
type II mesocrystals must display a long range order on the atomic scale. Usually
type II mesocrystals consist of polydisperse nanocrystals.[22]
The structuring of colloidal crystals – and therefore mesocrystals – follows the
principle of maximum space filling.[22,106] This principle implies that nanocrystals
tend to arrange in a way that the optimal packing efficiency is achieved. The optimal
packing efficiency of nanocrystals can be realized in three different ways, namely,

19

2.3. Non-Classical Crystallization and Mesocrystals

Figure 2.4 Single crystal and colloidal solids: Schematic illustration of a single crystal
and colloidal solids with their corresponding diffraction patterns. Top rows show a single
crystal, disordered crystalline aggregates (green frame) and a colloidal crystal (blue frame)
with the corresponding diffraction patterns. Bottom rows show a type I and type II mesocrystals are presented (red frame) with their corresponding diffraction pattern. Type I mesocrystals consist of mutually aligned nanocrystals and can also be related to colloidal crystals.
Type II mesocrystals from mutually oriented polydisperse nanocrystals. Published by the
Royal Society of Chemistry.[22]

covering, tiling and packing. Which space filling principle can actually be observed
depends on the core of the nanocrystal and its organic shell. The space filling
"thinnest covering" appears in case of soft and easily deformable spheres with a small
anisotropic core and a thick shell of organic molecules. However, nanocrystals with
a thick shell tend to assemble with a minimal overlap of the shell which occurs at
the expense of their orientational ordering. It follows that the space filling "thinnest
covering" cannot result in mesocrystals. Tiling is the assembling of rigid, anisotropically shaped nanocrystals with or without a thin shell of organic molecules. The
thicker the shell of stabilizing molecules becomes, the more likely it is that the space
filling is achieved by packing. Mesocrystals can emerge from space filling by tiling
and packing, whereby regular artificial mesocrystals are constructed from oleic acid
stabilized nanocrystals by packing.[22] In conclusion, the structure of mesocrystals
and other colloidal solids strongly depends on the morphology of the crystalline cores
as well as the thickness of their stabilizing shell.[107,108]
Nanocrystals, with or without organic shells, which act as building blocks in
crystallization are not well investigated. Only a little is known about the extent that
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classical viewpoints apply for non-classical building blocks. Since the physical and
chemical nature differ greatly from other building blocks, the formation of mesocrystals and their resulting properties are of high scientific interest.[13,18,86,109–111]

2.3.2. Formation Mechanisms of Mesocrystals
The formation of mesocrystals from nanocrystals can be called mesocrystallization.
The accurate understanding of the formation mechanism of mesocrystals allows the
precise creation of superstructures from nanocrystals. Yet little is known about mesocrystal formation. Monitoring the nanocrystal assembling is challenging, because
analytical techniques are limited to certain size and time frames.[11] First, the
size range of the assembling building block (10 nm) and the resulting mesocrystal
(1 mm) varies widely. This range of size can be further apart than five orders of
magnitude.[11,112,113] Second, the timescale of mesocrystal formation is even larger.
While the primary particle formation takes place in microseconds, the final mesocrystal formation can take days or even months.[11,107,114,115]
The Boris Derjaguin and Lev Landau, Evert Verwey and Theodoor Overbeek (DLVO)theory describes the physical interaction between aggregating colloidal particles and
nanocrystals. It combines van-der-Waals and electrostatic interactions of particles
within a liquid medium. The sum of the attractive potential and repulsive potential
energy is the total potential energy, which depends on the distance between the
particles.[14,116–119] However, the fundamental assumption of the simple additivity
of the different potentials of this theory has to be reconsidered when nanocrystals
and nanoparticles with small sizes (approx. less than 80 nm) are looked at. Due to
the size and the characteristics of the (anisotropic) nanoparticles, the ordinary DLVOtheory reaches its limitations. The interaction forces (electrostatic, van-der-Waals,
hydrophobic, and other interactions) between the nanoparticles demonstrate nonadditivity at the nanometer-scale in case of nanoparticles stabilized with surfactants.
This further reflects a complex multi-scale collective and coupled dynamics of
interacting nanoparticles and surrounding media.[15]
Unaffected by the (non)additivity of nanoparticle interactions, seven formation
mechanism of mesocrystals have been observed so far:[11,22]
1. The mineralization of collagen fibril by apatite nanoparticles within bone hard
tissues is an outstanding example for the alignment of nanoparticles by an
organic macromolecular matrix.[22,120]
2. The formation of mesocrystalline intermediates preceding the crystallization to
single crystals via oriented attachment is also a mechanism. Single crystals
formed by this mechanism are often defect-rich and porous.[95,103–105]
3. A very rare formation mechanism is the nanocrystal alignment by face selective
molecules. An excellent example is the crystallization of BaCO3 nanocrystals to
helical superstructures with equal amounts of left and right handed helices.[121]
4. The formation of SrTiO3 mesocrystals by topotactic solid state transformation is
a recently found formation mechanism.[11,122]
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5. The coffee-ring effect is a well-known example for the nanocrystal alignment
by spatial constraints.[123] Furthermore, the Langmuir-Blodgett technique uses
this alignment to generate large monolayers of nanoparticles.[124–126]
6. Mesocrystals can also be simply formed by the mutual alignment of nanoparticle
crystal faces. A very promising and simple example is the destabilization of a
nanocrystal dispersion.[107,112]
7. Nanocrystal alignment can also occur by physical fields. The magnetotactic
bacteria produce a magnetic sensor by aligning ferrimagnetic magnetite nanocrystals along [111].[127]
Mesocrystals in this work were formed as a result of the last three crystallization
mechanism (5-7). Hence, these formation mechanism are presented in more detail.
Different formation mechanism can occur at the same time and they should not be
regarded completely separate.
2.3.2.1. Nanocrystal Alignment by Spatial Constraints - The Coffee Ring Effect
The most popular way to achieve an alignment of anisotropic nanocrystals is by
spatial constraints. The evaporation of solvent from a nanocrystal dispersion confines
the available space for each nanocrystal. Mesocrystal formation succeeds, when the
attaching nanocrystals can move and rotate before the space is too small. These
tiny movements of the nanocrystals during assembling are important for orientational optimization of an attached nanocrystal in an aggregate.[22] The "coffeering effect"[123] and the Langmuir-Blodgett technique[124–126] are illustrative examples
of this formation mechanism. The Langmuir-Blodgett technique was historically
introduced to generate organic films from fatty acids. The fatty acids align along the
air-solution interface in an ordered way, because the hydrophobic tails favor exposure
to air, and the hydrophilic heads prefer interaction with the solution. Assembling can
be enhanced by additional compression of an arranged bar.[126,128–130] Nowadays, the
Langmuir-Blodgett technique is an excellent method to generate large areas of ordered
nanoparticle monolayers. The inter-particle distance and the final superstructure
can be tuned by controlling the compression process.[124–126] The coffee-ring effect
describes the observation that grounded coffee bean particles assemble at the edge of
a drying coffee stain.[123] The edge of a drying droplet evaporates faster than its center.
Due to the different evaporation rate between edge and center, strong capillary forces
emerge. These capillary forces push the enclosed particles towards the edge of the
drying droplet, which further confines the space for the particles.[131–133] Ordered
colloidal solids, including mesocrystals, can finally form if the nanocrystals can move
and rotate during assembly.[22]
The interaction of convection and capillary forces to confine the space for nanocrystals and the subsequent self-assembling into mesocrystals is illustrated by several
experiments from the group of Lennart Bergström. A typical experiment starts with
the drying of an iron oxide nanocrystal dispersion under a nitrogen flow. The nanocrystals start to assemble at the rim of the drying droplet due to the convection and
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as time elapses, tetragonal prismatic mesocrystals crystallize from iron oxide nanocubes.[18,113,134,135] This formation of mesocrystals unfolds in a two-step process,
which is observed by light microscopy and X-ray scattering experiments for iron oxide
nanocrystals. The first step is the nanocrystal assembling to a superstructure with
low density and a strong orientational mismatch. The second step is a contraction
of the superlattice associated with the reorientation of the nanocrystals, resulting
in a mesocrystal with a weak oriental mismatch.[113,135,136] The processes within
the second step leading to the weaker oriental mismatch can also be regarded as a
face-to-face interaction (i.e. mutual alignment of the crystal faces) indicating that a
secondary formation mechanism meanwhile occurs.[22] Interestingly, dendrites can
form and the surface of the mesocrystals can be disordered and defective, while the
interior is highly ordered. This indicates that the mesocrystal growth occurs close
to the diffusion limited growth regime of crystallization.[134] The two-step process
was further demonstrated for the formation of mesocrystals from lead sulfide nanocrystals.[137]

2.3.2.2. Mutual Alignment of Crystal Faces
In contrast to spherical building blocks, anisotropic building blocks can mutually
align by their developed crystal faces due to face-to-face interactions.
This
allows the creation of mesocrystals, which are more complex than regular colloidal
crystals.[22,109,138,139] The crystal habit and the faceting of the nanocrystal determine
the resulting structure of these kind of mesocrystals. The packing principle is either
tiling or packing, depending on the thickness of the nanocrystals’ (organic) shell (for
a detailed discussion see Chapter 2.3.1, p. 19).[22]
An example of mutual alignment of crystal faces is the destabilization of a
nanocrystal dispersion into mesocrystals by a non-solvent.[22] Paul Simon et al.
has already formed inorganic-organic nanocomposite PbS mesocrystals by such a
formation pathway. Truncated octahedrally shaped, oleic acid stabilized PbS nanocrystals were assembled in a face centered cubic (fcc) superlattice with a short range
order by the destabilization of the nanocrystal dispersion in toluene with the nonsolvent ethanol. The assembled nanocrystals showed a preferred crystallographic
orientation as a texture-like diffraction pattern displays demonstrating that mesocrystals did form. The analysis of the mesocrystals indicates that the nanocrystals
have a tendency towards face-to-face interactions within the fcc superlattice. The
analysis further revealed a [111]SL ||[110]PbS crystallographic orientational relation
of the mesocrystalline structure.[107] Indeed, for this assembly technique, a second
formation mechanism can also occur. After the first developed aggregates form, a
misaligned nanocrystal could reorient within the mesocrystalline structure. Then the
surrounding nanocrystals confine the space for the single misaligned nanocrystal.[22]
Another example using the same assembling technique is the self-assembling
of silver nanocrystals to either colloidal crystals or mesocrystals with an fcc
superstructure.[112] The assembled structure cannot be assigned to either of the
colloidal solids due to missing diffraction patterns. Nevertheless, the authors propose
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solely by dynamic light scattering (DLS) analysis that a homogeneous nucleation event
precedes the formation of the fcc superstructures and that the crystal faces of the
superstructure develop in solution. The assembled particle-based crystals rotate and
finally sediment to the ground. Even though the authors always observe the same
crystal face of the resulting superstructure, they do not consider a different pathway
such as a heterogeneous nucleation event.[112] However, several aspects have to
be considered when a homogeneous nucleation event appears prior to mesocrystal
growth – assuming that it appears similar to classical crystal growth. Following the
nucleation event in solution, the mesocrystals grow and rotate until they sediment
due to gravitation forces. Since the mesocrystal nucleus can rotate within the solvent
before the mesocrystal nucleus reaches the bottom, any possible mesocrystal crystal
face can be randomly exhibited and is therefore equally accessible for the building
blocks. From the moment the mesocrystal touches the bottom onwards, not every
crystal face is accessible for the building blocks and only the exhibited faces further
grow.[3,23,24] As we will see later, a homogeneous nucleation event together with
developing crystal faces of the superstructure is very unlikely for this assembling
technique and the formation mechanism of mesocrystals.

2.3.2.3. Nanocrystal Alignment by Magnetic Fields
Nanocrystals can be influenced and aligned by a large variety of physical fields, of
which electric and magnetic fields are the most prominent.[22] The influence of the
magnetic field on the assembly process is an excellent example for distinguishing
between classical and non-classical crystallization. The magnetic moment of classical
building blocks is tiny and in most cases the building blocks are spherical. Hence, the
influence of a magnetic field on such a crystallization is of secondary nature.[92,93] In
contrast, magnetic materials can be affected by magnetic forces and, therefore, nanocrystals with magnetic properties can be strongly influenced by a magnetic field.[91,140]
Furthermore, it is self-explanatory but important to note that the magnetic field has
to have a certain magnitude to impact the crystallization.
The driving force for the assembly of magnetic nanoparticles originates from the
magnetostatic dipole-dipole interaction between the nanoparticles. When applying an
external field, the interaction of the magnetic dipoles with the magnetic field has a
significant impact, too. Intrinsic magnetic characteristics influence or determine the
specific crystallographic orientation of the nanocrystals and therefore the orientation
within the assembly.[22] Dunin-Borkowski et al. have demonstrated that this mesocrystal formation is not restricted to artificial systems, by enabling the alignment
of ferrimagnetic magnetite nanocrystals within magnetotactic bacteria. Magnetotactic
bacteria exhibit chain-like mesocrystals from the alignment of magnetite nanocrystals
along the easy axis [111]. This easy axis reveals in which direction the magnetic
moment of the material tends to align. The magnetite mesocrystalline assembly within
the bacteria serves as magnetic sensor of direction.[127]
The assembly of magnetic nanocrystals within an applied external field is called
(externally) directed assembly. Directed superstructures, including directed meso-
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crystals, form from the directed assembly.[141] Magnetic materials can be affected by
an external magnetic field. Hence, magnetic nanocrystals can be influenced by an
external magnetic field as well.[91,141] Large helical superstructures can be formed
by the evaporation of a nanocrystal dispersion layered on top of a non-solvent within
a magnetic field. Due to missing diffraction patterns, the helical structure cannot
be distinctly assigned to any specific colloidal solid. Yet, the authors claim that
nanocrystals align along [111] and advance like a spiral staircase (helical).[91] This
implies a specific crystallographic orientation throughout the superstructure and
indicates that a mesocrystal might have been observed. Furthermore, this technique
is in fact a combination of mesocrystal formation by magnetic fields and spatial
constraints. The evaporation of the nanocrystal dispersion constrains the space
until face-to-face interaction lead to the attachment of the nanocrystals, while the
magnetic field generates dipole-dipole interactions between the nanocrystals. Other
examples involving superparamagnetic nanocubes and octahedral nanocrystals are
also reported.[83,142] As we will see later, different formation mechanisms can compete
on the way towards mesocrystals and strongly affect the outcome.

2.3.3. Properties and Perspectives of Mesocrystals
The recent progress in non-classical crystallization mainly refers to the mechanisms
of mesocrystals.[11,22] The structure-property relationship of mesocrystals offers
extraordinary opportunities as well.
Many biominerals with a mesocrystalline
structure already demonstrate advantages over regular minerals. These advantages
lie in the hybrid architecture of an inorganic mineral (crystal) and a soft organic
component.[11,16,18,19,22] Due to the hybrid architecture, the biominerals show
improved mechanical properties.
The sea-urchin spines,[17,143] nacre,[144,145]
corals[146,147] and egg shells[148] are prominent examples. Nacre consists mostly of
aragonite, but in contrast to aragonite, nacre amplifies the mechanical properties of
aragonite by a factor of three thousand. The reason is the aragonite nanocrystals are
enclosed in ductile and elastic organic layers, whereby these layers prevents crack
propagation throughout the whole biomineral. This unique property is attributed to
the mesocrystalline structure.[11,20] Besides this, the morphology of biominerals such
as the sea urchine spine is extraordinary compared to regular single crystals.[17]
Nature already shows that the structure-property relationship can be a great
advantage.
The structure-property relationship further indicates coupling and
amplification of the physical properties of the inherent nanocrystals. Furthermore,
collective and emergent properties of the inherent nanocrystals can arise.[11,13] The
structure-property relationship is not the only advantage of mesocrystals. Mesocrystals offer a great opportunity in materials design, since the chemical and physical
properties of the material can be also addressed. Compared to single nanocrystals
the most obvious advantage of the mesocrystalline structure is its size. The size
of the nanocrystals often makes applications of nanocrystals highly sophisticated.
Macroscopic mesocrystals maintain the properties of the nanocrystals and are
easier to handle and compared to the uncontrolled assembly of nanocrystals to
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disordered agglomerates their mechanical properties can remain uniform throughout
the structure.[11,85,109,149] Such a mechanical property is the porosity. Mesocrystals
can show high porosity.[150] The porosity originates from the space in-between the
nanocrystals, which renders the structure of mesocrystals very suitable for catalytic
applications.[51,85,151,152] Mesocrystalline TiO2 offers the possibility to expose the
{001} faces, which are high energy surfaces and especially catalytically active.[153]
However, not all mesocrystals show porosity. Nanocrystals assembled with an organic
surfactant are organic-inorganic hybrid structures as are the sea urchin spine[154] or
lead sulfide[107] mesocrystals.
Nature also provides examples of ferrimagnetic mesocrystals as sensors within
the magnetotactic bacteria,[127] while the assembly of superparamagnetic magnetite
nanocrystals into mesocrystals is a promising example of advanced nanostructured
materials. The assembly of superparamagnetic magnetite nanocrystals into mesocrystals forms a material with a much higher magnetization than that of the individual
nanocrystal. At the same time, the mesocrystals maintain the superparamagnetic
properties of the magnetite nanocrystals at room temperature.[21] This makes superparamagnetic macroscopic solids ideal candidates for bioseparation, drug delivery
and magnetic resonance imaging.[51,85]

2.3.4. Classical Relations of Particle-Based Crystals
Crystals from atoms, ions and molecules have been well investigated. The growth
regime, growth mechanism and defects have been related to the crystal growth. The
Kossel crystal is a theoretical model made up from cubes to explain the crystal
growth from atoms, ions and molecules – which are in most cases spheres. The
size of these cubes is irrelevant to understand the principles of crystal growth.[3] The
shape of atoms, ions and molecules which construct the Kossel crystal is in most
cases a sphere, while nanocrystals with a cubic shape have already been successfully
synthesized (Chapter 2.2.2, p. 17). Obviously, the crystallization of nanocrystals with
the morphology of a sphere or a cube must resemble the crystallization of atoms, ions
and molecules. Yet, little is known about the crystallization of nanocrystals, which
might result from the demanding synthesis. This section summarizes the current
scientific knowledge.
The solvent-induced self-assembly of gold nanocrystals to colloidal crystals from
non-polar solvents exposes layer-by-layer growth,[155] which is one of the fundamental
growth mechanisms of classical crystals.[156] Similar to classical crystals, scanning
electron microscopy (SEM) analysis on maghemite colloidal crystals unveiled that
cracks preferentially follow the direction of the hexagonal array on the top surface
of the film.[75] This resembles the crack propagation of other materials at various
scales.[157,158] Another similarity related to the defects of colloidal crystals and
classical crystals is a forbidden five fold symmetry due to twinning. Multiple twinned
fcc superlattices with decahedral and icosahedral symmetry were formed from 7 nm
PbS nanocrystals. The twinning induces the crystallographically forbidden five-fold
elements.[159]
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Different structural domains of nanocrystal assemblies, colloidal crystals and
mesocrystals were observed from the assembly by spatial constraints of gold and
silver nanocrystals. These changes were termed as polymorphism of colloidal crystals
and are related to the nanocrystallinity of the building block. The nanocrystallinity
is a vague term which is referred to as the crystal habit, the faceting and the ligandnanocrystal interaction. Differences in the nanocrystallinity of the building block
led to the formation of either colloidal crystals or mesocrystals, respectively.[160,161]
Unfortunately, the authors did not take into account that changes in crystal habit
and faceting have a deep impact on the morphology of the resulting superstructure
and that different building blocks lead to different results. One important insight from
these recent studies is therefore that structural polymorphism of mesocrystals must
be observed for nanocrystals from the same nanocrystal batch to guarantee same
morphology and composition of the building blocks, which is continuously considered
and put into practice in the present work.

2.3.4.1. Recrystallization of Colloidal Crystals
Another remarkable property of crystals is reversible formation.
In classical
crystallization, recrystallization can be used to remove impurities and accumulate
the pure reagent.[24] In contrast to classical crystallization, non-classical building
blocks can be largely polydisperse in shape and irregular in size and therefore a new
hierarchical level of impurity appears in addition to the chemical soiling.[79,162–164]
Non-classical crystallization therefore has the potential to draw much interest to
purifying mesocrystals, including building blocks. Little research has been conducted
concerning the removal of impurities from mesocrystals and building blocks. So far,
there is in fact no published literature analyzing the removing of impurities from
mesocrystals and only few articles that address this topic with regard to other colloidal
solids. The present work therefore aims to contribute to closing this research gap.
The research already conducted has found that "Zenon-packing" is observed when
a highly polydisperse nanoparticle dispersion is assembled by spatial constraints.
"Zenon-packing" describes a self-organization of nanoparticles to single layer
assemblies with large particles at the center and small particles at the edge. The
superstructure prompts smaller nanoparticles to the edge and somehow excludes
them.[165] An exclusion of additionally added impurity particles was resolved with
confocal laser scanning microscopy in the case of charged colloidal silica. The
superstructure was melted and crystallized by heating procedures, while impurity
particles were excluded.[163] In the case of anisotropic nanocrystals, impurities
in form of shapes were segregated by DNA. Platelet gold nanocrystals assembled
together by DNA mediated particle interaction and the spheres were removed easily
afterwards.[164] Gold nanorods and gold platelets were separated in another approach
due to their different solubility in solvent mixtures. Here no superstructures were
observed.[162] The "size-selective precipitation" is well researched and was observed
for metallic and semi-conducting nanocrystals.[69,166] Only in the case of platinum
nanocrystals, impurities of nanocrystals in form and shape were removed from a
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superstructure by rinsing it with ethanol.[79] Indeed, this is not a recrystallization
in its strictest sense.
Still, the impurities in size and shape were excluded
from the interior of the superstructure, similar to the "Zenon-packing". Besides
recrystallization, additionally, advanced methods such as a fractioning by a density
gradient can be used to separate nanocrystals of different sizes.[167–171] However, such
methods are demanding and easier methods are required.
As we will see later, the exclusion of impurities in form of building blocks is a
fundamental property of mesocrystals, which can be used to form highly monodisperse nanocrystal batches on the one side and almost perfect mesocrystals on
the other side.

2.3.5. Silica-Biomorphs
Another current and important topic in particle-based science, nowadays, are the
complexly curved biomorphs.[172–175] Biomorphs form by non-classical crystallization
and generate structures at the interface between mesocrystals, colloidal crystals
and colloidal powders.[172]
To a certain extent biomorphs are just regular
[22]
colloidal solids.
Their outstanding characteristics are that special morphologies,
including smooth curvatures and higher-order structuring, and they can occur
in purely inorganic environments, without any lifeforms involved.[172,173,176,177]
These structures simply form by precipitation of alkaline earth carbonates in
silica containing basic water.[172,178–181] The morphologies resulting from these
pure inorganic environments strongly resemble biominerals, in which complex
mineralization processes of organisms are involved.[182,183] Hence, biomorphs are
highly relevant in detecting life on earth and extraterrestrial regions, because a lifelike morphology cannot be exclusively claimed as proof for living organisms due to
biomorphs anymore.[174,182–185] Biomorphs had a deep impact in geology and were
impelled by Juan-Manuel García-Ruiz, although life-like shapes in inorganic silicacarbonate (rich alkaline) environments were recorded earlier.[174,179–181,184,186] Due
to its complexity, the definition of biomorphs remains vague today. The definition
is stated as the following: biomorphs compose of myriad (carbonate) nanocrystals
arranged without any template according to well-defined long-range order, and the
whole superstructure as well as the individual particles are sheathed by an outer
skin of amorphous silica.[172]
Biomorphs are inorganic colloidal solids featuring hierarchical structures and
astonishing morphologies beyond crystallographic restrictions.
Three different
morphologies of biomorphs are the most frequent ones emerging, namely, helicoidal filaments, thicker worm-like braids and extended flat sheets.[172,183,187] These
morphologies depend on the crystallization conditions such as the alkaline earth
metal used, species concentration, pH-value and temperature.[179–181,188–190] The
preparation of biomorphs is rather simple. The first experiments were carried out with
a silica gel body at a pH of about 10.[179–181,191,192] The carbonate crystallization is
induced either by counter-diffusion of reactants or by covering the gel with dissolved
carbon dioxide and alkaline earth metal chlorides. Each preparation procedure
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generates a gradual precipitation of biomorphic forms throughout the gel matrix and
leads to the crystallization of biomorphs.[183,187,193,194]
In strong contrast to the general preparation procedure of biomorphs, the
formation mechanism of these unique morphologies is complicated. The formation of
these morphologies can be explained with differences in local growing velocities during
crystallization.[172,173] Hereafter, the biomorph formation is illustrated by the autocatalytic co-precipitation of amorphous silica and BaCO3 (witherite) nanocrystals in
solution.[172,173,185,195] The biomorph formation is composed of three growth steps.
The first step comprises the crystallization of witherite crystals together with a fractal
branching at the tips of the nanocrystals.[173,182,185,187] This fractal branching is
induced by oligomeric silica species and the further branching forms the cauli flower
structure as the origin of other shapes. At the second step, a quasi-two dimensional
growth of carbonate and silica appears at the growing front.[172,173,196,197] This twodimensional growth occurs due to a local decrease of the pH value. The differences of
the growth velocities induced by pH differences at the different positions influence the
final morphology. The last step is of secondary nature and describes the precipitation
of silica based on low pH values.[187,198] In the end, silica coats the biomorph.
Despite their unique appearance, their relevance in early life-detection and pure
inorganic composition, almost no application for biomorphs has been proposed
so far.[199,200] A neglected but interesting aspect of biomorphs is related to their
composition. The treatment of biomorphs with alkaline solutions leaves their
carbonate skeletons, while the treatment with acid results in a hollow silica network
that can fully retain its morphology.[178,182,183,193,201–203] Additionally, biomorphs
consist of silica compounds, which makes them suitable as carriers after successful
functionalization with nanoparticles using silane chemistry.[200] An application of
biomorphs remains demanding, since a directed movement of biomorphs has not
yet been carried out. The combination of superparamagnetic mesocrystals and biomorphs, as presented in this work, enables the movement of the generated structure
and thereby offers a contribution in the field of micro-carriers, including microswimmers, with detachable cargo.
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Nanocrystals show extraordinary properties which are different from the bulk
material of the same composition, thus offering a great opportunity in materials
science. Unfortunately, applications of nanocrystals are often too sophisticated
and therefore the controlled assembly of nanocrystals is a worthwhile goal for
transferring nanoparticle-related properties to the macroscopic world. However, little
is known about the self-assembly of nanocrystals and their resulting superstructures,
including mesocrystals. Mesocrystals stand out because their building blocks are
commutated after the aggregation.[11] A rough indication to understanding the
self-assembly of nanocrystals into mesocrystals is provided by the crystallization
concepts of atoms, ions and molecules,[3] the formation of colloidal crystals,[62] the
DLVO-theory[14] as well as the non-additivity of nanocrystal interaction forces.[15]
Here, the crystallization concepts are highlighted. These concepts seem to apply for
the crystallization of nanocrystals to mesocrystals (mesocrystallization), because the
structures formed from the self-assembly of nanocrystals often resemble classical
crystals.[22]
By understanding the formation process, structure and physical
properties of mesocrystals in more detail, applications of nanocrystals and tailormade materials will be easier to produce.
This work therefore aims to analyze mesocrystals and their formation from the selfassembly of iron oxide nanocrystals. It compares mesocrystals and ordinary classical
crystals, deduces general tools from this comparison and provides the design of novel
materials by the combination of mesocrystallization with biomorphs. Before being
able to investigate mesocrystals, their building blocks (i.e. the iron oxide nanocrystals)
had to be synthesized and characterized. Iron oxide nanocrystals were chosen,
because large amounts of these nanocrystals can be easily produced. Furthermore,
they exhibit different properties, such as superparamagnetism, than do classical
building blocks and are therefore an ideal showcase to examine the influence of a
magnetic field on the mesocrystal formation process. Following the synthesis and
characterization of the building blocks, mesocrystals were prepared using the solvent
evaporation technique and the gas phase diffusion technique. It was demonstrated
that mesocrystalline monolayers and multilayers differ in their structure and that
the mesocrystal morphology depends on the nanocrystal size and habit, including
truncation. Later, classical concepts of crystals such as their structure formation
principles, their reversible formation and their polymorphism were compared to
the observations regarding mesocrystals. In particular, the reversible formation
of mesocrystals allowed the generation of nanocrystal dispersions with a highly
narrow particle size dispersity. From this the first difference between the building
blocks of crystallization and mesocrystallization was revealed. For mesocrystalli-
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zation, larger building blocks aggregate before the smaller one. It was in fact the
combination of the above mentioned techniques for the assembly of nanocrystals with
an applied homogeneous magnetic field, which provided the starting point to examine
obvious differences of the mesocrystal formation process and classical crystallization,
because the superparamagnetic behavior of iron oxide nanocrystals is in contrast
to the properties of classical building blocks. Based on the understanding of the
aforementioned concepts including formation and structure of classical crystals for
mesocrystals, the self-assembly of nanocrystals could be optimized and the design
of novel functional anisotropic nanostructured materials approached. These novel
materials were to be created by the formation of mesocrystals on biomorphs to further
produce composites with a large structural variety, which can be used as inorganic
micro-swimmers responding on an external magnetic field.
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4.1. Nanocrystal Synthesis and Characterization
Before superstructures including mesocrystals can be formed, their building blocks
have to be synthesized and characterized. This chapter focuses on the synthesis
and characterization these building blocks. In particular, the building blocks are
iron oxide nanocubes. The characterization provides information of the chemical
composition, the magnetic properties and the morphology of the nanocrystals
(Figure 4.1). The composition is examined by XANES and chemical analyses, while the
magnetic properties are investigated by superconducting quantum interference device
(SQUID) measurements. The morphology and size of the nanocrystals is determined
by spherical aberration corrected high resolution transmission electron microscopy
(Cs-corrected HRTEM) and analytical ultracentrifugation (AUC) measurements. These
measurements give a detailed description of the iron oxide nanocrystals, which is
crucial to further understand the properties and characterization of them as building
blocks in superstructures including mesocrystals.

Figure 4.1 Nanocrystal synthesis and nanocrystal characterization: This scheme
depicts the mayor parts of the synthesis and characterization of iron oxide nanocubes.
At the beginning, the iron oleate precursor decomposes to a monomer of unknown
composition, which are illustrated as single iron and oxide atoms. These atoms
crystallize to an iron oxide nanocube.[66] Furthermore, the nanocube is characterized
by different analytic tools to give detailed information of the composition, property
and structure.
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4.1.1. Synthesis of Iron Oxide Nanocubes
The self-assembling of nanocrystals to superstructures requires the production and
stabilization of nanocrystals.[53,84,108] Iron oxide nanocubes are synthesized from a
Fe(oleate)3 precursor by the heating-up method. For a detailed discussion of their
production see Chapter 2.2.1, p. 15 and Chapter 2.2.2, p. 17. The Fe(oleate)3 precursor is prepared by reacting iron(III) chloride with sodium oleate. The Fe(oleate)3
precursor, sodium oleate and oleic acid is heated up at a constant heating rate within
solvents such as octadecene or eicosane to synthesize the nanocubes. The ratio of
sodium oleate to oleic acid (1:1), the ratio of Fe(oleate)3 to the additives (1:3.5) and the
constant heating rate (3.3 ◦C/min) is highly relevant to receive monodisperse nanocubes, instead of polydisperse nanospheres. The oleic acid and sodium oleate acts as
a stabilizing surfactant, while the sodium oleate also acts as an inhibitor restraining
the {100} faces to grow.[83,84]

4.1.2. Size-Distribution, Composition and Magnetic Properties of the
Nanocubes
Following the above described synthesis, highly monodisperse nanocrystals of
different sizes were produced (Figure 4.2 and Figure A.1, p. 139 as well as Table 4.1).
At first, the nanocrystals were analyzed by AUC measurements and the nanocrystal
shape including the surfactant shell is assumed to be a sphere.
Table 4.1. Nanocrystal core diameters (diagonal) and hydrodynamic diameters of different
synthesized iron oxide nanocrystals. The hydrodynamic diameters were obtained from AUC.
These measurements were performed in toluene as dispersion agent. TEM images were
processed via Fiji to calculate the nanocrystal diameter without the oleic acid shell.

Batch
Nanocrystal
Nanocrystal
Nanocrystal
Nanocrystal
Nanocrystal
Nanocrystal
Nanocrystal
Nanocrystal
Nanocrystal
2

hydrodynamic
diameter [nm]
batch
batch
batch
batch
batch
batch
batch
batch
batch

I
II
III
IV
V
VI
VII
VIII1
IX

11.0
13.3
13.3
14.3
10.3
9.9
16.3
14.2
11.3

±
±
±
±
±
±
±
±
±

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

Ð from AUC
1.029
1.112
1.056
1.017
1.043
1.022
1.015
1.057
1.018

core diameter
[nm]
10.3
11.2
11.9
13.3
10.0
9.4
14.4
12.2
10.4

±
±
±
±
±
±
±
±
±

1.0
1.1
0.8
1.3
2.0
1.5
1.3
1.3
0.9

THF instead of toluene as a dispersion agent

AUC is a global, analytical tool to calculate the hydrodynamic diameter (dH ) of
nanocrystals in different solvents. Table 4.1 shows the hydrodynamic diameters and
the particle-diameter dispersity (Ð) of all synthesized nanocrystal batches in toluene,
while Figure 4.2 presents a graph of a small collection of different distributions of
the hydrodynamic diameter (g(dH )) (batch I 11 nm, batch IV 14.3 nm and batch VII
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Figure 4.2 Size distribution of synthesized oleic acid stabilized iron oxide nanocrystals in toluene: The particle size distribution is obtained using AUC in toluene. The
graph shows the distribution of batch I (10.7 nm, Ð = 1.03), batch IV (13.9 nm, Ð = 1.017)
and batch VII (14.9 nm, Ð = 1.015). The particle size and Ð varies, though the same synthesis
protocol was performed. The measurements were performed at 20 ◦C and the density as well
as the viscosity of the solvents are provided in Table 8.1, p. 136. The real particle density
is 4.299 mg/mL (Chapter 8.2.3, p. 136). The image is partly reused with permission from
Advanced Materials Interfaces (John Wiley and Sons).[108]

16.3 nm).2 The nanocrystal sizes of all batches vary between 9.9 and 16.3 nm with a
Ð equal or smaller than 1.112. These measurements already indicate a narrow sizedistribution. The nanocrystal sizes and the narrow size distribution are additionally
confirmed by transmission electron microscopy (TEM). The regular imaging by
electron microscopy cannot resolve the attached oleate surfactant and therefore the
iron oxide core diameter (dC ) is obtained by TEM image processing, instead of the
hydrodynamic diameter dH . By applying TEM image processing several hundreds
of nanocrystals are measured and histograms are obtained (Figure A.1, p. 139). The
mean size and the standard deviation of the histograms are obtained from a Gaussian
fit. The average core diameter is 1.2 nm smaller than the hydrodynamic diameter,
which is reasonable, since the free oleic acid molecule has a length of 1.9 nm.[205]
This data implies that the nanocrystal size and polydispersity can be different for
each synthesis, even though the same synthesis protocol was applied. The nanocrystal size is certainly, but not solely influenced by the duration of the growth stage,
2
Note that the International Union of Pure and Applied Chemistry (IUPAC) recommends to use dispersity Ð instead of the polydispersity index to describe the particle size distribution.[204]
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which is the time the reaction mixture is hold at the boiling temperature. This makes
the nanocrystal synthesis susceptible.
A lot of researchers claim that either magnetite Fe3 O4 or maghemite γ-Fe2 O3 nanoparticles are synthesized by decomposing the Fe(oleate)3 precursor, sometimes even
providing a full characterization and structural evidence of the nanoparticles.[53,83]
Indeed, crystal structure characterization by Cs-corrected HRTEM and electron
diffraction (ED) cannot be definitely attributed to magnetite or maghemite. The inverse
spinel crystal structure is highly similar for both solids.[72,73]

Figure 4.3 Determination of magnetite and maghemite amounts in iron oxide
nanocrystals: The measurements were performed using HERFD-XANES techniques.
a Comparison of the Fe-K pre-edge HERFD-XANES spectra of the iron oxide nanoparticle
samples and reference bulk systems: batch I, batch II, magnetite (Fe3 O4 ) and maghemite (γFe2 O3 ). b The results of spectra decomposition by the iterative transformation factor analysis:
Black line (black dots) - experimental data (normalized to L2-norm). Red - reproduction of the
experimental data by linear combination of two spectral components (maghemite and magnetite). Green - deficit between data and reproduction. c Fractions of the different components
magnetite and maghemite (Fe3 O4 , green dots and γ-Fe2 O3 , blue dots) in the samples 1-4
(1: batch I, 2: batch II, 3: bulk γ-Fe2 O3 , and 4: bulk Fe3 O4 ). The image is reused with
permission from Advanced Materials Interfaces (John Wiley and Sons).[108]

The determination of the exact composition was performed by HERFD-XANES on
two different nanocrystal batches (batch I and batch II). Figure 4.3 presents the
pre-edge structures at the Fe K-edge of the nanocrystal batches and the reference
compounds magnetite Fe3 O4 and maghemite γ-Fe2 O3 . Magnetite and maghemite
seem to be components of both nanocrystal batches, since the energy position of
the pre-edge maximum of the nanocrystals is not distinctly assigned to one specific
reference compound. Nevertheless, the intensity in the spectrum appears to be more
different from the maghemite and more close to the magnetite reference in both
batches. To further determine the exact composition of the nanocrystal batches,
iterative factor analysis was used (Figure 4.3b).[206] This iterative factor analysis
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allows the decomposition of the spectral mixtures into the recorded spectra. The
spectra can be sufficiently reproduced by linear combination of the two components
and the residual (Figure 4.3b, green line) is similar to the expected experimental error.

Figure 4.4 Magnetic properties of superparamagnetic iron oxide nanocrystals:
The magnetic properties were determined using SQUID. a Hysteresis loops for batch II (dH =
13.3 nm) measured at 4 and 300 K. It shows the dependence of the nanocrystal magnetization
to the external magnetic field in z-direction. b Temperature-dependent measurements
of nanocrystal magnetic moments recorded at constant magnetic fields for batch II. The
critical blocking temperature TB for this sample is TB = 110 K. c Temperature-dependent
measurements and determination of TB for batch IV (dH = 14.3 nm, 136 K). d Temperaturedependent measurements and determination of TB for batch VII (dH = 16.3 nm, 136 K). b-c The
critical blocking temperature increases for bigger nanocrystals. ZFC is the zero field cooled
curve of the magnetic material within the SQUID and FC the field cooled curve. The image is
partly reused with permission from Advanced Materials Interfaces (John Wiley and Sons).[108]

The fractions of the components and the extracted spectra are presented in
Figure 4.3c. The extracted spectra show that both nanocrystal batches consist of
different fractions of magnetite and maghemite. Whereas nanocrystal batch I contains
77.4 % magnetite and 22.6 % maghemite, batch II comprises a higher amount of magnetite. It consists of 85 % magnetite and 15 % maghemite. The dominating phase in
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both nanocrystal batches is magnetite Fe3 O4 . Therefore it is assumed that the nanocrystals are only composed of magnetite. Chemical analysis based on carbon, iron
and hydrogen further revealed that the oleic acid content of the iron oxide nanocubes
is approximately 20 percent by weight (wt%).
The magnetic properties of the superparamagnetic iron oxide nanocrystals are
analyzed by SQUID and vary for different nanocrystal sizes. Figure 4.4 and A.2,
p. 140 depict the magnetic behavior of the disordered powders of different nanocrystal batches. Figure 4.4 illustrates the hysteresis loops of batch II (Figure 4.4a)
and the temperature dependent measurements of the nanocrystal magnetic moments
from batch II, batch IV and batch VII (Figure 4.4b-d). The hysteresis loops of batch IV
and batch VII are given in the Appendix in Figure A.2, p. 140. The remanence (MR )
and the coercivity (Hc ) show significantly different behavior. They can be referred to
ferrimagnetic and superparamagnetic properties of the nanocrystals for all recorded
hysteresis loops at 4 and 300 K, respectively. Hence, all investigated nanocrystal
samples also reveal a magnetic phase transition from the superparamagnetic to the
ferrimagnetic regime at different temperatures (batch II 110 K, batch IV 136 K and
batch VII 169 K). The phase transition from the superparamagnetic to the ferrimagnetic regime corresponds to the blocking temperature (TB ) and depends on the nanocrystal size (batch II 13.3 nm, batch IV 14.3 nm and batch VII 16.3 nm). The bigger
the nanocrystals get, the higher the temperature for this phase transition becomes.
This is in agreement with the analyses of Park et al.[53] and Faure et al.[54]

4.1.3. Crystal Morphology of the Nanocubes
The morphology of the building block can influence the property of the material
on one side (Chapter 2.2.2, p. 17), and change the morphology of the resulting
superstructures on the other side (Chapter 4.2.2.3, p. 52). Hence, this morphology
therefore should be carefully examined to determine the faceting and the crystal habit
of the building blocks.
Cs-corrected HRTEM was performed to investigate the iron oxide nanocube in
different orientations and to further obtain more information of the crystal shape.
Figure 4.5a-b show the nanocrystal batch I recorded along two different zone axes
with each corresponding fast Fourier transform (FFT). With the FFT (right), the
orientations of the magnetite nanocubes can be determined (a, [100] and b, [310]).
The simulations (left) present the idealized magnetite nanocube recorded along the
same zone axis as determined from the FFT (right) in comparison. Altogether, these
images clearly reveal that the nanocrystal morphology is very close to a cubic shape,
which is slightly truncated by the {111}, {110}, {310}, and {114} faces. Hence, the iron
oxide nanocubes have significantly smoothed edges and vertices as well as stepped
basal facets, which is approximated as a magnetite nanocube with its stepped {310}
face in Figure 4.5c.
Figure 4.6 is a collection of Cs-corrected HRTEM images of iron oxide nanocubes
with their simulations for different batches visualized along the zone axis [100]. The
nanocrystals are increasingly more strongly truncated for each batch from Figure 4.6a
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Figure 4.5 Shape characterization of the synthesized nanocrystal batch I derived
from Cs-corrected HRTEM: a,b Cs-corrected HRTEM images of nanocrystals viewed along
[100]Fe3 O4 and [310]Fe3 O4 and their corresponding FFTs as well as projections of the simulated
truncated cubic shaped nanocrystals (left). c Simulated shape of a magnetite nanocube
slightly truncated by the {100}, {110}, {111}, {310}, and {411} and a visualization of the stepped
{310} face.

to Figure 4.6d, while their size can be the same (a: batch II, dH = 13.3 nm and
dC = 11.2 nm, b: batch IV, dH = 14.3 nm and dC = 13.3 nm, c: batch III, dH =
13.3 nm and dC = 11.9 nm and d: batch VII, dH = 16.3 nm and dC = 14.4 nm). This
collection of HRTEM images proves that even though the same synthesis protocol has
been applied, the nanocrystals have the same faceting but diverging crystal habits
(Figure 2.1, p. 7). This is an important consideration in regard to the theoretical
aspects of the heating-up and hot-injection method.[66] Batch-to-batch variations on a
specific level not only appear for the hot injection method, but also for nanocrystals in
the heating-up method (Chapter 2.2.1, p. 15). These variations have to be considered
when further utilizing the nanocrystals for the formation of mesocrystals.

Summary - Nanocrystal Synthesis and Characterization
Highly monodisperse oleic acid stabilized iron oxide nanocubes were synthesized by
decomposing a Fe(oleate)3 precursor. The size, magnetic properties and chemical
composition of the nanocrystals were investigated. The content of the oleic acid
shell was calculated by chemical analysis and to be around 20 wt%. The ED
analysis showed that the iron oxide nanocubes have a spinel crystal structure
and, furthermore, XANES measurements proved the dominant magnetite phase, but
consist of both magnetite and maghemite. Different to the bulk phase magnetite, the
nanocubes are not ferrimagnetic but superparamagnetic at room temperature. The
magnetic phase transition from the superparamagnetic to the ferrimagnetic behavior
occurs at higher temperatures the bigger the nanocrystals are. The nanocrystal
morphology could be derived by Cs-corrected HRTEM measurements, while medium
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Figure 4.6 Cs-corrected HRTEM images of different nanocrystal batches and
their corresponding simulations: Representation of nanocrystal batches with different
sizes and truncation from the synthesis protocol using octadecene as solvent. a Nanocrystal
batch II (dH = 13.3 nm, dC = 11.2 nm ± 1.1) is the least truncated nanocrystal batch, while
its size is small compared to the other nanocrystals. b Nanocrystal batch IV (dH = 14.3, dC =
13.3 ± 1.3) is slightly higher truncated than batch II. c Nanocrystal batch III (dH = 13.3 nm,
dC = 11.9 nm ± 1.3) is similar truncated to nanocrystal batch I. d Nanocrystal batch VII is the
most truncated and biggest (dH = 16.3 nm, dC = 14.4 nm ± 1.3) nanocrystal batch.

resolution TEM and AUC provides an analysis of the size and size-distribution
of the batches. The morphology, the hydrodynamic diameter dH and the core
diameter dC could be determined by these methods. The nanocrystal morphology
can be approximated to a cube truncated by {100}, {110}, {111}, {310}, and {411}.
The faceting of all nanocrystals is the same, but the truncation and size can differ.
This is expressed by a different crystal habit and overall morphology. Although
a batch-to-batch variation appears and the synthesis is susceptible, highly monodisperse nanocrystals of different sizes and truncation have been synthesized and
characterized. The nanocrystal morphology is crucial for the understanding of the
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packing arrangement and the orientational order in 2D mesocrystalline films and
3D faceted mesocrystals.

4.2. Self-Assembly of Nanocrystals - Non-Classical Crystallization
4.2.1. Structural Aspects of Self-Assembled Mesocrystalline Films
The synthesized nanocrystals are the building blocks for the self-assembly to mesocrystalline films. This subchapter provides the self-assembly of nanocrystals by
spatial constraints as the primary formation mechanism and the characterization of
the formed mesocrystalline films (Chapter 2.3.2.1, p. 22). Fundamental structural
aspects will be unveiled by the characterization.
First, the orientational and
translational relations of self-assembled monolayers are analyzed by TEM. Second,
these relations are compared to self-assembled multilayers to disclose the packing
principle of the building blocks. Third, structural elucidation of the self-assembled
multilayers is presented and supported by atomistic modeling. All in all, important
aspects of the mesocrystal formation mechanism and its structural evolution are
revealed (Figure 4.7).

Figure 4.7 Structural aspects of self-assembled iron oxide mesocrystalline
films: This illustration highlights the structural elucidation of mesocrystalline assemblies
in agreement with its simulation. Regarding the small and wide angle diffraction patterns,
the left side displays the simulation, while the right side displays the experimental data.
The extracted structural aspects of self-assembled monolayers and multilayers allow the
construction of the mesocrystalline crystal structure (top left). The image is reused with
permission from Advanced Materials Interfaces (John Wiley and Sons).[108]
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4.2.1.1. Preparation of Mesocrystalline Films by Spatial Constraint
The solvent evaporation induced self-assembly of nanocrystals to mesocrystalline
films and faceted mesocrystals is a simple technique. In general, mesocrystalline
films for this work had been prepared by drying a nanoparticle dispersion on top of a
TEM grid or a silicon substrate. The nanocrystals align to mesocrystals due to spatial
constraints in a drying droplet (Chapter 2.3.2.1, p. 22).[22] Capillary forces direct the
nanocrystals to the edge of the drying droplet. The principle leading to the assembly
of the nanoparticles is also known as the coffee ring effect.[123] Monolayers and multilayers of self-assembled iron oxide nanocrystals were mainly produced by placing a
droplet on top of the substrate, while the dispersion dries in seconds. Doublelayers,
multilayers and faceted mesocrystals were formed when the substrate was placed
within a small amount of the nanocrystal dispersion. The nanocrystal dispersion
dried within hours. In all cases, the nanocrystal dispersion contained additional small
amounts of oleic acid as the free additive (1-5 µL/mL). These oleic acid molecules are
not directly attached to the surface of the nanocrystals and act as a self-assembling
promoter of the nanocrystals. The influence of oleic acid on the self-assembly and
crystallization will be discussed later in this work (Chapter 4.2.3.2, p. 85).
4.2.1.2. Structural Aspects of Self-Assembled Mesocrystalline Monolayers

Figure 4.8 Coexisting structural domain of a self-assembled monolayer (batch I):
a A self-assembled monolayer with structural domains is presented (TEM image). These
structural domains show p4mm (blue, domain 1) and c2mm (red, domain 2) symmetry,
respectively. b FFT image of the domain 1 with p4mm symmetry presenting the packing.
The p4mm is further imposed by FFT-1 . c FFT and zoomed filtered TEM image of the domain 2
(bottom right) with c2mm (p2) plane up symmetry. The red rhomboid illustrates the p2 plane
group and the white rectangle shows the c2mm plane group symmetry imposed by FFT-1 .
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Figure 4.8 (batch I) and 4.9 (batch III) present the coexistence of structurally
different domains in self-assembled assemblies. In Figure 4.8a, three domains of
self-assembled nanocrystals are presented. The first domain has the topology of a
square lattice (blue, p4mm, a = 14.5 nm). The other two domains in Figure 4.8a,c
represent a distorted close-packed arrangement (red, p2, a = b = 14.8 nm, γ ~ 115°,
this oblique cell can be also described in a c2mm plane group (a = 25.0 nm, b =
15.9 nm). The fast Fourier transform filtered (FFT-1 ) TEM images impose the domains
with the average lattice parameters, respectively (Figure 4.8b-c, FFT-1 blue frame
and red frame). A small domain with p6mm plane group (green, p6mm, a = 14.3 nm
(calculated)) has also been observed for batch III in Figure 4.9, beside the c2mm plane
group (red). These results are consistent with previous theoretical modeling of cubic
packing and experimental observations.[134,207,208] They show that nanocrystals can
pack in monolayers with various packing symmetry, which will then influence the
structure of larger mesocrystals.
Mesocrystalline assemblies consist by definition of nanocrystals with a specific
long range order on the atomic scale (Chapter 2.3.1, p. 19).[22] Thus, a preferable
crystallographic orientation of the nanocubes is essential. Mesocrystalline assemblies
(type I) of various self-assembled nanocrystal batches, packing symmetry and quality
are confirmed with selected area electron diffraction (SAED) as Figure 4.10a-f shows
(batch I (p4mm and c2mm), batch II, batch III and batch VIII). The SAED pattern of
all monolayers is similar and illustrates the preferable crystallographic orientation

Figure 4.9 Coexisting structural domains of a self-assembled monolayer
(batch III): a A monolayer of iron oxide nanocrystals with a structural domain showing
p6mm and c2mm symmetry is presented by a TEM image. The first domain shows a p6mm
symmetry (green), while the second domain a c2mm symmetry (red). b FFT of the domain 2
with c2mm symmetry. c FFT image illustrating the p6mm plane group symmetry taken from
domain 1, which is further imposed by FFT-1 .
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Figure 4.10 Mesocrystalline monolayers of different iron oxide nanocrystal
batches and their corresponding ED and FFT: The monolayers were imaged using TEM
techniques. a Self-assembled iron oxide mesocrystalline monolayers from the nanocrystal
batch II. The FFT on the lower left indicates the plane group symmetry p4mm. b Selected area
electron diffraction pattern (SAED) from the mesocrystalline monolayer in (a). The texturelike diffraction pattern can be indexed as [001] magnetite zone axis. c,d Self-assembled iron
oxide mesocrystalline monolayers from nanocrystal batch I. The same diffraction pattern is
recorded for both packing symmetries, however, a different plane group symmetry is indicated
by the FFTs. e,f Self-assembled iron oxide mesocrystalline monolayers of different quality
(e batch III, f batch VIII). The azimuthal spread of the reflections indicates a stronger orientational mismatch of nanocrystals in e, while this spread is only minimal in f. The decreasing
quality of mesocrystalline assemblies is visualized by the FFT and SAED.
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of the nanocrystals. They further represent the orientational order of the nanocubes. From this follows that magnetite nanocubes with {001} faces are lying on the
substrate (Figure 4.10). Still, the quality of the FFT and SAED varies for different
monolayers. The azimuthal spread of the SAED neither depends on the packing
symmetry (Figure 4.10c-d) nor the nanocrystal batch (Figure 4.10a-d,f), it depends
on the quality of the mesocrystalline film (Figure 4.10e-f). The better the nanocrystal
building blocks attach to each other, the lesser the azimuthal spread of the SAED
becomes. Therefore, the azimuthal spread in the SAED is an indicator for the quality
of the mesocrystalline films, which can be additionally derived from the FFT (only in
the case of type I mesocrystals).

4.2.1.3. Structural Aspects of Self-Assembled Mesocrystalline Multilayers
At first glance, similar observations compared to monolayers occur on the way
towards the formation of multilayered films. Different structural domains within the
same assembly can occur, and SEM images visualize the stacking of p4mm and c2mm
monolayers creating the multilayered films (Figure 4.11a-b, batch I: c2mm (red) and
p4mm (blue) and in addition Figure B.1, p. 140). Furthermore, the nanocrystals tend
to arrange in a slightly distorted fcc mesocrystal, which is confirmed by small-angle Xray scattering (SAXS) measurements (Figure 4.11c, batch I). The SAXS measurement
reveals that the space group of the mesocrystals is Fm3m with the lattice parameter
of the fcc multilayer a = 20 nm. The determination of the superlattice distortion from
the SAXS measurement is impeded by broad reflections.
The filtered TEM images FFT-1 of the multilayers impose the p4mm plane group
symmetry as a projected unit cell (Figure 4.12a and Figure 4.13a, bottom right, red
frame). This layer correspond to the [100] zone axis of a fcc mesocrystal structure.

Figure 4.11 Structural domains and stacking of multilayers of self-assembled
nanocrystals together with a recorded SAXS (batch I): a Coexisting structural
domains (c2mm, red and p4mm, blue) of self-assembled multilayers (TEM image). b SEM
images of multilayered films of iron oxide nanocrystals exhibiting c2mm and p4mm
symmetries of stacked layers. c SAXS recording from self-assembled magnetite multilayers.
The recorded SAXS indicates a fcc structure of the 3D multilayers. The space group of this
superlattice is Fm3m, with the lattice parameter a = 20 nm. The image is partly reused with
permission from Advanced Materials Interfaces (John Wiley and Sons).[108]
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The calculated lattice parameters of the different nanocrystal batch mesocrystals are
in good accordance with other measurements and are a fcc = 21.7 nm (Figure 4.12,
batch II, FIB-cut: Figure 4.20, p. 58) and a fcc = 20.4 nm (Figure 4.13, batch I, SAXS:
Figure 4.11). The white frames in the FFT-1 show the related projection of the body
√
centered tetragonal (bct) cell (Figure 4.13, batch I: abct = afcc / 2 = 14.5 nm, cbct =
√
afcc = 20.4 nm, Figure 4.12, batch II: abct = afcc / 2 = 15.5 nm, cbct = afcc = 21.7 nm).
These results are reasonable since the nanocrystal batch II is bigger than nanocrystal
batch I.
At second glance, new reflections appear in the SAED pattern of double- and multilayered films, which are not present for monolayers. Figure 4.12 (batch II, p4mm)
and Figure 4.13 (batch I, p4mm) illustrate the projection of a 3D mesocrystal formed
by stacking monolayers with p4mm symmetry. Both SAED patterns show the same
pattern with additional reflections. These new reflections correspond to new zone
axes of magnetite and can be indexed as [013] and [103]. Therefore, some nanocubes seem to lay on (013) and (103) faces within the next layer of the mesocrystalline film (Figure 4.13b and Figure 4.12b). Independent from which nanocrystal
batch is examined, the new reflections only appear for double- and multilayers. A
more efficient space filling is achieved when the nanocrystals are incorporated with
the aforementioned orientations in the mesocrystalline structure (Figure 4.13c). This

Figure 4.12 TEM image of a self-assembled doublelayer and its corresponding
SAED pattern (batch II): a Self-assembled doublelayer of iron oxide nanocrystals. The
multilayer is formed by stacking monolayers with p4mm symmetry, which is confirmed by
the FFT inset and zoomed filtered image (FFT-1 ). b The corresponding SAED pattern of the
self-assembled doublelayer is presented. The texture-like diffraction pattern differs from the
monolayer and new reflections appear (marked in red and green). These reflections can be
indexed to the zone axis [103] (big red circles) and [013] (small green circles).
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packing principle is already known for molecular crystals as "bump-to-hollow" and
describes the packing of molecules in a crystal.[209,210] This principle describes
that the "convexities" of one molecule matches the "concavities" of another molecule,
correspondingly. Similar to molecular crystals, the "convexities" of one layer of the
mesocrystal fits into the "concavities" of another layer. SAED of 3D films composed
of layers with c2mm symmetry show similar orientation relations in Figure B.2,
p.141. The new reflections in the ED pattern of multilayered mesocrystalline films
are therefore simply a superposition of different orientations of the nanocube building
blocks.

Figure 4.13 Bump-to-hollow principle of self-assembled iron oxide nanocrystals:
a TEM image of a self-assembled doublelayer of iron oxide nanocrystals (batch I) with a fcc
superstructure and its corresponding SAED pattern (top left), FFT (top right), and zoomed
filtered TEM image (bottom right). The TEM image and SAED pattern are obtained along [001]
direction of the superlattice and show a projected p4mm symmetry. b The SAED pattern is
separately overlaid by simulated electron diffraction pattern of magnetite in [001], [103] and
[013] zone axis. Below each pattern, a modeled nanocube in respective orientation is given.
c Schematic illustration of the more efficient space filling (bump-to-hollow principle). The
monolayers are stacked within a fcc superlattice. The second layer of nanocubes fit more
efficiently into the concavities of the first layer by changing the orientation of the nanocubes.

A series of models representing 2D and 3D mesocrystals with simulated electron
diffractions in small and wide-angle regions was created in Figure 4.14 to further
understand the mesocrystalline assemblies. The atomistic modeling of the mesocrystalline structure should confirm the experimental findings. The size of the model
magnetite clusters was set to 4 nm in order to achieve reasonable computational
efficiency. This size is almost 2.5 times smaller than the real size of the nanocrystals. The nanocrystal were arranged in monolayers with p4mm symmetry and
6 nm distance between the centers of neighboring nanocrystals (Figure 4.14a-b).
Then, the monolayers were stacked to approximate an overall fcc crystal structure for
comparison. The nanocrystals within the monolayers orient exclusively along [001]
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Figure 4.14 Simulations of structural models of 3D mesocrystals: a Simplified
structural model of a 3D-mesocrystals. The nanocrystals are oriented along [100] exclusively
within stacked squared layers. b Realistic structural model of a 3D magnetite mesocrystal. [001], [013], and [103] orientation of the nanocrystals contribute to the mesocrystal
superstructure. c Atomistic model of a squared magnetite monolayer with its corresponding
simulated wide and small angle diffraction pattern. d Atomistic model of an oblique mesocrystalline monolayer with uniform coaxial [100] magnetite orientation. e Model of a mesocrystalline multilayer projected along [001] direction. f Model of a realistic mesocrystalline
multilayer (b) projected along [001] direction with additional orientation (103) and (013) of
building blocks. The image is reused with permission from Advanced Materials Interfaces
(John Wiley and Sons).[108]

in the simplified model (Figure 4.14a) and along [001], [013] and [103] in the realistic
model (Figure 4.14b). Simulated electron diffraction patterns in the small and wideangle regime were calculated to examine the possibilities having different orientations
of the nanocrystals relative to the mesocrystal ([100]SL || [013]Fe3 O4 , [100]SL ||
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[103]Fe3 O4 , [100]SL || [001]Fe3 O4 ). Individual models of monolayers and multilayers
with p4mm and c2mm symmetry (oblique cell, p2, γ ~ 115°) were constructed and
compared. In the simplified structural model with coaxial nanocrystal orientation, the
simulated ED pattern only fits the experimental diffraction in the case of monolayers
(Figure 4.14a,c and e), while the simulated ED pattern exclusively fits for multilayers
in the realistic structural model (Figure 4.14b and f). These simulations confirm the
considerations given above on the nanocrystal packing of the mesocrystals and the
superpositions of orientational order within them (Figure 4.7).
Summary - Structural Aspects of Self-Assembled Mesocrystalline Films
Iron oxide nanocubes were self-assembled to mesocrystalline mono- and multilayers
from different nanocrystal batches by the solvent evaporation technique. The nanocubes tend to self-assemble with p4mm and c2mm layer symmetries within monolayers. The monolayers show the same orientational ordering with the magnetite
nanocube {001} faces lying on the substrate. In case of multilayers, the crystal
structure can be approximated as slightly disordered fcc, while new orientations of
the nanocrystal building blocks contribute to the mesocrystalline structure. The orientational relations can be described as a superposition of orientational order within
the mesocrystalline structure: [100]SL || [013]Fe3 O4 , [100]SL || [103]Fe3 O4 , [100]SL ||
[001]Fe3 O4 . These orientations are determined by the shape and the packing principle
of the nanocrystals and can be verified by atomistic modeling. The orientational order
is the same for different nanocrystal batches and nanocrystal packing (translational
order). The data provides that the nanocrystals achieve a more efficient space filling
by assembling to mesocrystals in accordance to the bump-to-hollow principle.

4.2.2. Structural and Morphogenetic Aspects of Faceted Mesocrystals
The following subsections describe the crystallization as well as the structural and
morphogenetic aspects of superparamagnetic faceted self-assembled iron oxide mesocrystals (Chapter 4.2.2.1-4.2.2.6, p. 50-71). Here, two central similarities to classical
crystals can be proven: the structural polymorphism of mesocrystals and their
reversible formation.
The physical interaction between aggregating nanoparticles is described by
the DLVO-theory, whereby mesocrystals can form (Chapter 2.3.2, p. 21). The
mesocrystals are formed from a dispersion of different iron oxide nanocrystal
batches stabilized by oleic acid molecules using the gas phase diffusion technique
(Chapter 2.3.2.2, p. 23). Diffraction and microscopy techniques reveal that type I
mesocrystals are produced (Chapter 2.3.1, p. 19). The symmetry of the nanocrystal
superlattice and the morphology of the mesocrystals depend on several variables.
First, different mesocrystals are formed depending on variations in size and degree
of truncation of the nanocrystals in different batches. Second, the mesocrystal
(crystal) structure including the mesocrystal morphology and the symmetry of the
nanocrystal superlattice alter depending on the dispersion agent used. Analogous
to classical crystals, the changes of the crystal structure demonstrate structural
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polymorphism of mesocrystals. A model based on the Voronoi polyhedron is presented
to show the transition of structural polymorphs depending on the mesocrystal lattice
parameters. In order to understand the phenomenon of mesocrystalline polymorphs,
the hydrodynamic radii of the nanocrystal batches are investigated in different
solvents. With these means, it is demonstrated that the effective shape of the nanocrystal is dependent on the solvents used, which then alter the crystal structure
of the mesocrystal. Further, the magnetic behavior of the resulting mesocrystals is
investigated. Strikingly, even mesocrystals larger than 700 µm still show superparamagnetic behavior. Finally, an analysis of the reversible formation of mesocrystals
is presented, which provides a valuable tool for the production of high quality nanocrystal batches with a particle-diameter dispersity (Ð) of 1.0001.
4.2.2.1. Preparation of Faceted Mesocrystals by Mutual Alignment of Crystal Faces
The gas phase diffusion technique is an excellent method to produce large faceted
mesocrystals. In fact, it has been reported that the largest artificial mesocrystals
were formed by this technique.[13,22,152,211]
The mesocrystals crystallize by a
slow infiltration of a non-solvent into a nanocrystal dispersion via the gas phase
(Figure 4.15). The nanocrystals are gradually destabilized by the slow diffusion
of the non-solvent. Thus, the nanocrystals finally aggregate by reducing repulsive
interaction with the non-solvent via mutual alignment of the their crystal faces
(Chapter 2.3.2.2, p. 23). The formed mesocrystals can be collected by the removal
of the substrate.

Figure 4.15 Illustration of the setup for the gas phase diffusion technique:
Two glass vials containing the nanocrystal dispersion and a substrate which is placed in
another glass vial containing the destabilizing agent. To reduce effects of the surroundings
(e.g. evaporation, contamination...), the glass vials are stored within a desiccator.

The gas phase diffusion technique can be adjusted by several parameters.
Obviously, such parameters address the involved chemicals and the temperature.
The dispersion agent, the non-solvent and the additive are the chemicals that
can be replaced. As in the case of the preparation of mesocrystalline films,
added oleic acid acts as a crystallization promoter. Different additives and their
concentration can influence the morphogenesis of mesocrystals, also. Different
dispersion agents can additionally affect the morphogenesis of the mesocrystals and
structural polymorphism can occur by these changes. Last but not least, different
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non-solvents prolong or shorten the time it takes for complete crystallization. The
final size of the mesocrystals is often affected by changing this parameters, while the
mesocrystal morphology remains the same (Chapter 4.2.3, p. 82).
Note that the crystallization conditions throughout this book are provided as
follows. For all crystallization conditions, the nanocrystal batch and the dedicated
dispersion agent are labeled. The substrate, non-solvent and the additive are
only mentioned if they differ from the default. The default substrate, non-solvent
and additive are a polished silicon snippet, ethanol and oleic acid, respectively.
Furthermore, the conditions are usually enumerated in the following order: Nanocrystal batch, dispersion agent, non-solvent and additive (For example: batch I,
heptane, n-propanol, oleyl amine).

4.2.2.2. Structural Features of Self-Assembled Mesocrystals (type I)
Self-assembled iron oxide mesocrystals from batch III (Cs-corrected HRTEM,
Figure 4.6, p. 40) were investigated with light microscopy (LM), SEM, TEM, FFT, SAXS
and wide-angle X-ray scattering (WAXS) and the results are depicted in Figure 4.16.
Batch III is chosen for crystallographic analysis, because it is an ideal candidate
for simplified investigations. Figure 4.16 illustrates the mayor structural features of
mesocrystals (type I) with a fcc superlattice symmetry (a = 21.0(3) nm) grown using
cyclohexane nanocrystal dispersion. The morphology of such mesocrystals grown
from nanocrystal batch III can be described best as trigonal and hexagonal truncated
pyramids. The different morphologies are depicted in Figure 4.16a-b using LM and
SEM microscopy. The hexagonal truncated pyramidal mesocrystal shows on its (111)
basal face a projected p6mm plane symmetry of the packed nanocrystals which is
provided by the high resolution scanning electron microscopy (HRSEM) image and its
corresponding FFT pattern in Figure 4.16c and d. The SAXS pattern (Figure 4.16e)
recorded along the [111] direction of the mesocrystal superlattice is typically single
crystal-like and indicates a long-range order of the nanocrystals throughout the mesocrystal. The indexed SAXS pattern is given in the Appendix (Figure C.2, p. 143).
Interestingly, secondary Bragg peaks are displayed in the indexed SAXS pattern,
which are forbidden in classical single crystals. These forbidden Bragg peaks are
caused by limited coherence of the mesocrystalline lattice and have been already
reported for fcc colloidal crystals.[212] Unlike ordinary colloidal crystals consisting
of spherical building blocks, mesocrystals have a long-range order of the atomic
building blocks, which is displayed by the WAXS measurement in Figure 4.16f. The
texture-like WAXS pattern proves the preferred orientational order of the nanocrystal
building blocks throughout the mesocrystal. Subsequently, it can be concluded that
the investigated mesocrystals can be described as mesocrystal type I. Additionally,
Figure C.3, p. 144 shows this summary for the rhombohedral mesocrystals formed
from nanocrystal batch IV.
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Figure 4.16 Summary of the mayor structural features of an iron oxide selfassembled mesocrystal (type I) with a fcc superlattice symmetry (batch III,
cyclohexane): a LM image of mesocrystals grown on a silicon substrate. b SEM image
of a mesocrystal with a morphology of a hexagonal truncated pyramid. c SEM image of the
surface of a mesocrystal (b) presents the nanocrystal packing. d FFT of the surface shown
in (c), illustrating the p6mm packing symmetry. e Typical two-dimensional point-like SAXS
pattern recorded along [111] of a mesocrystal (a = 21.0(3) nm). The face shows a p6mm
symmetry. f Typical texture-like diffraction pattern recorded from WAXS of the mesocrystal
shown in (b).

4.2.2.3. Effect of the Nanocrystal Habit on the Mesocrystal Morphology
The characterization of the nanocrystal building blocks in Chapter 4.1, p. 33 is
crucial, since the symmetry of the nanocrystal packing (translational order) is
significantly influenced by the crystal habit and size of the initial nanocrystal building
block. The morphology of the resulting mesocrystals and the packing symmetry of its
building blocks is affected by changes of the crystal habit. The influence on the
morphology is illustrated for the gas phase diffusion technique using tetrahydrofuran (THF) in Figure 4.17 and toluene in Figure C.4, p. 145 by forming mesocrystals
under same conditions, but with different nanocrystal batches. Toluene and THF as
dispersion agents are suitable to demonstrate the effect of the nanocrystal habit, since
the effective shape of the nanocrystal is pronounced in such solvents as we will see
later (Chapter 4.2.2.4, p. 55). The building blocks of the formed mesocrystals were
already characterized in Chapter 4.1.2, p. 34 and Chapter 4.1.3, p. 38 by means of
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AUC and Cs-corrected HRTEM analyses. The characterization of the nanocrystals in
these subchapters provide the basics to understand the changes of the translational
order by changing the nanocrystal batch. All nanocrystal batches show a very narrow
size-distribution and have the same faceting, but they are different in size and in
their crystal habit. With reference to the introduction, the description of the classical
nanocrystal habit is important to understand the final non-classical mesocrystalline
structure (Chapter 2.1.1, p. 6).

Figure 4.17 Mesocrystals grown from different nanocrystal batches with
different truncation under same conditions (THF): The mesocrystals were imaged
using SEM. The building block size increases from (a) to (d) (dH = 9.9 - 16.3 nm, Table 4.1,
p. 34). a HRSEM image and its corresponding FFT of the mesocrystal surface (inset: rhombohedron, scale bar 6 µm) with a c2mm symmetry from batch V (simulation). b The (001) face of
a tetragonal prism (inset: bct superlattice, scale bar 6 µm) grown from batch II (simulation).
The corresponding FFT demonstrates the p4mm packing symmetry. c Self-assembled nanocrystals from batch III (simulation) and their corresponding FFT from the (001) face of a
rhombohedral mesocrystal (inset: scale bar 40 µm). d HRSEM image of the basal face (inset:
truncated tetragonal pyramid, scale bar 15 µm) of a mesocrystal batch VII (simulation). The
corresponding FFT demonstrates the p4mm symmetry of the (001) basal face.

The large faceted mesocrystals were prepared by the gas phase diffusion technique
using THF (Figure 4.17) and toluene (Figure C.4, p. 145) as dispersion agents using,
ethanol as non-solvent to destabilize the nanocrystals. In Figure 4.17 and Figure C.4,
p. 145 the size of the building block (simulation) increases from a to d (dH = 9.9 16.3 nm, Table 4.1, p. 34), while their crystal habit (i.e. the degree of truncation)
varies. Nanocrystal batch I (in Figure C.4, p. 145) and batch VII are highly truncated
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compared to batch II with the lowest truncation. Nanocrystal batch III and batch V
are in between these degrees of truncation. Besides the degree of truncation, the size
is important for the mesocrystal formation. Nanocrystal batch VII is the biggest and
batch V the smallest nanocrystal batch (Table 4.1, p. 34).
The morphology of the prepared mesocrystals and therefore the translational order
of the nanocrystals (packing of nanocrystals) depend strongly on changes of the
crystal habit and size of the building block. Beginning with the mesocrystals selfassembled using THF (Figure 4.17), the smallest nanocrystal batch V (dH = 10.3 nm)
forms rhombohedral mesocrystals (Figure 4.17a). The (001) basal face (Figure 4.17a)
of these rhombohedra depicts a c2mm packing symmetry (FFT) of the building blocks.
Rhombohedral mesocrystals with the same morphology and packing symmetry were
also obtained from the nanocrystal batch III (Figure 4.17c, dH = 13.3 nm). The crystal
habit of nanocrystal batch III resembles batch V, but the size of the building block is
bigger. Nanocrystal batch II consist of the least truncated nanocubes, while their size
is equal to batch III (dH = 13.3 nm). Here, the nanocubes self-assemble to tetragonal
prisms (Figure 4.17b) with a bct superlattice and the same orientational order as the
mesocrystalline films under same conditions (Figure 4.21, p. 59). The topology of the
(001) basal face is a square lattice with the projected p4mm symmetry (Figure 4.17b).
The most truncated and at the same time biggest nanocrystal batch VII (dH = 16.3 nm)
leads to tetrahedral truncated pyramidal mesocrystals (Figure 4.17d). Its (001) basal
face exhibits a p4mm symmetry (Figure 4.17d). Similar observations were obtained
for the self-assembling of nanocrystals using toluene as dispersion agent (Figure C.4,
p. 145). It is noticeable, that nanocrystal batch I (highly truncated, dH = 11.3 nm)
crystallizes to octahedral mesocrystals consistent with a fcc superlattice (Figure C.4b,
p. 145). The projected packing symmetry of the octahedral (111) face is p6mm.
Additionally, these observations are the same for mesocrystals formed by the
solvent evaporation technique. Figure C.1, p. 142 is a collection of faceted mesocrystals formed by the solvent evaporation technique for nanocrystal batch I, batch II
and batch III according to the procedure introduced in Chapter 4.2.1.1, p. 42. These
experiments confirm that the nanocrystal habit influences the assembly, because
the mesocrystal morphology clearly changes for the different nanocrystal batches
although under same conditions. In Chapter 4.2.1, p. 41, several mesocrystalline
monolayers and multilayers were investigated. The nanocrystals mostly self-assemble
in mesocrystalline films with a p4mm and c2mm plane group. Nanocrystal batches
with a lower degree of truncation preferably self-assemble in superlattices with a
topology of a square (p4mm plane group). Still, all investigated mesocrystalline films
exhibit the same texture-like ED pattern, which can be interpreted as a superposition
of [310], [301] and [100] zone axes of magnetite Fe3 O4 . Remarkably, the change of the
translational order does not affect the projected orientational order.
In summary, it is shown that the translational order changes with nanocrystal
size and degree of truncation for solvents such as THF and toluene. The differences
between the mesocrystal morphologies obtained from solvents such as cyclohexane
and heptane are smaller or nonexistent. The provided figures further demonstrate,
that the orientational order of the nanocrystals within the mesocrystalline array is
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the same throughout different nanocrystal batches, due to the same faceting of the
building blocks. This conclusion is based on the analysis of mesocrystalline films and
the focused ion beam cut (FIB-cut) preparation (Figure 4.21, p. 59).

4.2.2.4. Structural Polymorphism of Mesocrystals
Polymorphism of ordinary classical crystals is defined by the IUCr as a "[...]
phenomenon in which the same chemical compound exhibits different crystal
structures. [...]"[213] Using this definition, structural polymorphism of mesocrystals
can only occur, when the building blocks of the mesocrystals are the same (e.g.
composition (oleic acid content), nanocrystal habit, size, etc.). Additionally, structural
polymorphism of mesocrystals can occur with respect to the translational and the
orientational order of the nanocrystals. The translational and orientational order
of the nanocrystals within mesocrystals can be influenced by the type of dispersion
agent. Below, mesocrystals from selected nanocrystal batches are being presented
from which the assembly in different dispersion agents leads to mesocrystals with
either a cubic, a tetragonal or a rhombohedral crystal structure. Thereby, structural
polymorphism of mesocrystals analogous to classical crystals is demonstrated. The
transformation of the mesocrystal polymorphs occurs for dispersion agents with a
dielectric constant ε close to that of oleic acid. Hence, solvents with a dielectric
constant ε higher than oleic acid are referred to as polar solvents, while others are
referred to as non-polar solvents for clarity reasons in the later discussion.
LM and SEM images in Figure 4.18 and 4.19 illustrate the structural mesocrystal polymorphism in respect to the translational order crystallized from different
dispersion agents. Rhombohedra (batch III, batch V, batch VI), tetragonal truncated
pyramids (batch VII) and tetragonal prisms (batch II, batch V, batch VI) form once
the mesocrystals are prepared from polar solvents such as THF and toluene. The
projected symmetry of the rhombohedral (Figure 4.19a1,a2,b1,b2 Figure 4.17b,f)
(001) basal face is c2mm (Figure 4.17a,e), while the packing symmetry of the
tetragonal truncated pyramidal (Figure 4.19c1,c2 and Figure 4.18a-d) and tetragonal
prismatic (Figure 4.17d) (001) basal face are p4mm (Figure 4.17c). When mesocrystals
form from non-polar solvents such as cyclohexane or heptane, the mesocrystal
morphology of these nanocrystal batches changes to trigonal or hexagonal truncated
pyramids (Figure 4.19a3-c3, a4-c4) which is in strong contrast to the observations
mentioned above. The plane symmetry of the (111) basal face is p6mm (Figure 4.18eh) and the 3D-superlattice symmetry in these cases is fcc. The difference in mesocrystal morphology and translational order of the observable crystal faces already
indicates the differences in the mesocrystal crystal structure.
To gain deeper insights into the phenomenon of mesocrystal polymorphism
including translational and orientational order, the structure of mesocrystal polymorphs is investigated using FIB-cut and TEM techniques. The FIB-cut preparations
are performed on two samples of batch II (Figure 4.20 and 4.21), since this batch
shows the lowest truncation of the nanocubes, and therefore, the biggest structural
difference. These investigations allow the determination of the superlattice lattice
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Figure 4.18 Structural polymorphism demonstrated by batch VII with different
magnifications and selected solvents: LM and SEM images of different mesocrystals
are depicted. a-d Mesocrystals with a tetrahedral truncated morphology are obtained when
batch VII is crystallized from polar solvents. The (001) basal face of these mesocrystals has
a p4mm nanocrystal packing symmetry (FFT). (a, inset: Scale bar 10 µm, c, inset: scale bar
25 µm). e-h Trigonal truncated pyramids and hexagonal truncated pyramids are obtained,
when the nanocubes self-assemble in cyclohexane or heptane. The mesocrystal surface and
their corresponding FFT show a p6mm packing on the (111) face (e, inset: scale bar 10 µm.
g, inset: scale bar 10 µm). A similar illustration for all relevant nanocrystal batches is given
in the Appendix from Figure C.5-C.10, p. 146-151.
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Figure 4.19 Structural polymorphism of mesocrystals: Collection of various
morphologies of mesocrystals imaged by SEM. The crystal structure and morphology differs
from polar to non-polar solvents.3 The building block size increases from (a) to (c) (batch V,
batch III, batch VII). a1-a2 Tetragonal prisms and rhombohedral mesocrystals are formed by
destabilizing batch V in THF and toluene. a3-a4 Trigonal truncated pyramids and hexagonal
truncated pyramids occur from batch V, when mesocrystals are formed by using cyclohexane
and heptane. b1-b2 Rhombohedral mesocrystals are obtained, when nanocrystals from
batch III are self-assembled using THF and toluene. b3-b4 The destabilization of batch III in
cyclohexane and heptane leads to similar mesocrystal morphologies of batch V in non-polar
solvents. c1-c2 Tetrahedral truncated pyramids are obtained for polar solvents and batch VII.
c3-c4 Mesocrystals of batch VII formed from non-polar solvents show the same morphologies
as the other batches under same conditions.
3

For clarity reasons in the later discussion, solvents with a dielectric constant ε higher than oleic acid
are referred to as polar solvents, while others are referred to as non-polar solvents.

parameters.
A mesocrystal with a trigonal truncated pyramidal morphology is examined in order
to investigate the crystal structure and to show structural polymorphism of mesocrystals. The preparation of the mesocrystal lamella is presented in Figure 4.20a-c
and demonstrates that the inner structure of the mesocrystal is homogeneous. The
FIB lamella was cut perpendicular to the (111) basal plane and parallel to the edge of
the projected truncated trigonal pyramid (i.e. perpendicular to the [112] zone axis of
the fcc superlattice). Thus, the lamella surface corresponds to the (112) plane of the
fcc superlattice. The prepared lamella was further moved to the TEM to investigate the
nanocrystal packing (Figure 4.20d). The superlattice parameters (fcc, a = 21 nm) are
calculated based on the FFT pattern of the nanocrystal packing along the zone axis
[112]SL . The wide-angle ED pattern along the [112]SL of the nanocrystal assembly is
texture-like and proves the mesocrystalline character of the assembly (Figure 4.20e).
This diffraction pattern can be approximated as a superposition of an ED pattern with

57

4.2. Self-Assembly of Nanocrystals - Non-Classical Crystallization

Figure 4.20 FIB-cut preparation of a trigonal truncated mesocrystal (batch II,
cyclohexane): a The mesocrystal is presented with a fcc superlattice (a fcc = 21 nm) before
and after (b) the FIB-cut. c The SEM image shows the prepared lamella. d TEM image is
illustrated of the nanocrystal arrangement along the [112] zone axis of a trigonal truncated
mesocrystals and its corresponding FFT (d 110 ~15 nm). e The SAED shows the nanocrystal
packing in (d).

the crystallographic relations: [112]SL || [310]Fe3 O4 , [112]SL || [411]Fe3 O4 .
By comparing the superlattice parameters and the corresponding ED pattern
of mesocrystals from the same nanocrystal batch but from different solvents,
the structural polymorphism of mesocrystals can be proved.
Therefore, TEM
investigations from a FIB-cut were repeated on a tetragonal prismatic mesocrystal
lamella (Figure 4.21). The successful lamella preparation of the mesocrystal was
performed and is illustrated in Figure 4.21a-c. The thin lamella was cut perpendicular
to the (001) basal plane and parallel to the prismatic face of the tetragonal prism
(i.e. perpendicular to the [100] of the bct superlattice). Thus, the lamella surface
corresponds to the (100) plane of the bct superlattice. It shows a crack-free inner
structure and the lamella was transferred for TEM imaging (Figure 4.21b). The TEM
image (Figure 4.21d) displays the nanocrystal packing along [100]SL . The lattice
parameters of the bct superlattice are calculated by FFT calculations (a = 13.6 nm,
c = 19.7 nm). The investigated tetragonal prism exhibits a long-range order on the
atomic scale, which can be inferred from the texture-like ED pattern (Figure 4.21e),
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Figure 4.21 FIB-cut preparation of a tetragonal prismatic mesocrystal (batch II,
THF): a SEM image shows the mesocrystal and its (bct superlattice, a = 13.6 nm, c = 19.7 nm)
before and after (b) the FIB-cut (batch II, THF). c The SEM image of the prepared lamella is
presented. d TEM image of the self-assembled nanocrystals along the [001] zone axis of the
superlattice and its corresponding FFT illustrating the packing symmetry. e SAED pattern of
the superlattice recorded along [001].

hence, the mesocrystalline structure is affirmed. The ED pattern can be indexed as a
superposition of [001]Fe3 O4 , [114]Fe3 O4 , [310]Fe3 O4 and [013]Fe3 O4 . The [114]Fe3 O4 zone
axis is added, because some signals within the ED pattern are weaker than others.
Therefore, the orientational relations are [100]SL || [013]Fe3 O4 , [100]SL || [103]Fe3 O4 ,
[100]SL || [001]Fe3 O4 , [100]SL || [114]Fe3 O4 . The examination of mesocrystals formed
by using cyclohexane and THF shows that the mesocrystals belong to different crystal
structures and verify the structural polymorphism (including different orientational
relations) of mesocrystals.
The investigations of the inner structure of the tetragonal prism not only
prove the structural polymorphism, but additionally reveal an ED pattern
which strongly resembles thhttps://kunde.comdirect.de/lp/wt/logoute examined ED
pattern presented in Chapter 4.2.1. Figure 4.22 depicts this comparison and further
demonstrates that the nanocrystal packing is changing for mesocrystals prepared
by the solvent evaporation technique and gas phase diffusion technique, although
the orientational order within the superlattice is similar. This is controlled by the
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Figure 4.22 Comparison of the SAED patterns of self-assembled iron oxide mesocrystalline films and faceted mesocrystals: a A comparison between the SAED pattern
of a mesocrystalline film (Figure 4.12, p. 46) and a rotated SAED pattern of the faceted mesocrystal from the FIB-cut preparation (Figure 4.21) is presented. b Realistic structural model
of an iron oxide mesocrystal with different orientation contributing to the superlattice crystal
structure (Figure 4.14, p. 48).

crystal habit of the nanoparticles. Furthermore, the structural model derived from
the analysis of mesocrystalline films applies to the faceted mesocrystals with adjusted
lattice parameters also (Figure 4.22b).

Figure 4.23 The Voronoi polyhedron: a The fcc unit√cell can be constructed within a bct
setting. b In case of the fcc superlattice, the ratio c/a is
c-direction enlarges and the ratio c/a deviates.

2. c In case of the bct unit cell, the

The investigations of mesocrystals prepared from different dispersion agents
causes the mesocrystals’ difference in crystal structure (translational order).
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Therefore, the structural relation between the fcc and bct superlattice is illustrated
in Figure 4.23, which is represented by the Voronoi polyhedron. For this illustration,
the Voronoi polyhedron visualizes the arrangement of nanocrystal neighbors around
a selected structural unit. The Voronoi polyhedron is used as a tool for the
determination in structural disorder of the bct superlattice compared to the fcc superlattice. The fcc superlattice can be presented in a bct setting, which is shown in
Figure 4.23. Considering two unit cells (black) of a fcc lattice next to each other,
the bct unit cell (red) can be constructed within. In case of a fcc superlattice, cbct
√
√
equals afcc and afcc equals 2 abct . Consequently, the ratio cbct /abct is therefore 2
√
for the close-packed lattice fcc. As soon as this ratio deviates from 2, the crystal
structure cannot be described by the fcc lattice anymore and is described best by the
bct unit cell. The calculated lattice parameters in a bct setting of the mesocrystals
√
√
show that the ratio is 2 in case of the fcc superlattice and deviates from 2 in case
of the tetragonal (bct) superlattice (cbct /abct = 1.4516). Finally, the Voronoi polyhedra
in Figure 4.23b visualize this relation. The Voronoi polyhedron in case of a fcc superlattice is a rhombododecahedron, but in case of the bct superlattice it is disturbed and
elongated along the c-axis. The Voronoi polyhedron is a suitable model to visualize the
structural relations between the fcc and bct crystal structure which were calculated by
TEM measurements. Yet, it still remains enigmatic how the crystallization conditions
influence the self-assembly that forms structural polymorphs.
The formation of polymorphs due to differences of the kinetics of the crystallization
by different solvents as well as other experimental parameters can occur for
classical crystals.[214] At first glance, the structural polymorphism of the magnetite mesocrystals might be explained by the kinetics of the crystallization, hence, the
differences of the durations for the complete mesocrystallization. This represents the
time the destabilization and self-assembly takes. The duration differs for each mesocrystallization and especially for each different dispersion agent (Chapter 4.2.3.4,
p. 98 and Table E.2, p. 161). If the same destabilization agent is used, the duration
for the complete mesocrystallization takes only four days in case of THF but up
to one month or more in case of heptane. Under similar conditions, the mesocrystallization duration for toluene (≥ 10 days) and cyclohexane (≥ 21 days) lie in
between. Nevertheless, the kinetics of the crystallization cannot exclusively explain
the formation of fcc or bct superlattices. The kinetics for every dispersion agent can be
changed by adjusting the destabilization agent (Chapter 4.2.3.4, p. 98). The utilization
of n-propanol instead of ethanol as destabilizing agent can slow down the kinetics. By
applying these adjustments, the growth rates for the crystallization within THF can
be tuned to make it equal to the growth rate within cyclohexane. So far, changes
of the destabilizing agent did not affect the morphology of the mesocrystals and
the symmetry of the superlattice. Furthermore, the non-classical crystallization of
mesocrystals by gas phase diffusion is reversible (Chapter 4.2.2.6, p. 71) and the
structure of the mesocrystal can be controlled by changing the solvent. Completely
new aspects have to be regarded to understand this crystallization phenomenon, these
aspects address the "effective shape" of the building block and will be discussed in
the following passage.[15,22,107]
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The effective shape of a nanocrystal is the shape of the nanocrystal including its
surfactant. The effective shape can be affected by the interaction of the nanocrystal
surfactant with its surrounding media (e.g the dispersion agent). Here, the effective
shape of a nanocrystal depends on the dispersion agent used. The difference of the
morphology and symmetry of the superlattice reflects the specific interaction of the
nanocube stabilized with oleic acid in the surrounding media (Chapter 2.3.2, p. 21).[15]
This interaction is associated with the dielectric constant ε of the dispersion agent,
with the type of the additive as well as with the stabilizing shell of the nanocube
(Table 4.2). Regarding the presented data, the interaction between surfactant and
additive is not that important since surfactant and additive are the same molecule
(oleic acid). Hence, the interaction between dispersion agent and organic shell is
the most relevant one. The interaction between dispersion agent and organic shell
influences the final mesocrystal morphology and the symmetry of its superlattice.
The dielectric constant ε of THF and toluene is higher than that of cyclohexane and
heptane (Table 4.2), while ε of oleic acid is lower than that of toluene and higher than
cyclohexane. Tetragonal prismatic, rhombohedral and tetragonal truncated mesocrystals form from solvents with a higher or similar ε compared to free oleic acid.
Trigonal or hexagonal truncated pyramidal mesocrystals crystallize from solvents with
a lower ε than oleic acid. The packing arrangement of the nanocrystals within the
mesocrystal is changing within solvents with ε close to the one of oleic acid (Table 4.2).
One has to consider that oleic acid as surfactant is attached to the iron oxide nanocube with its carboxyl group.[83,84] Hence, the real ε of the surfactant oleic acid
might be lower than ε of the free oleic acid molecule. The differences of the dielectric
constants of the particular dispersion agents give a hint that the effective shell of the
nanocrystals changed.
The formation of structural polymorphs can result from the differences in effective
nanocrystal shape. When the effective shape of a nanocrystal in different dispersion

Table 4.2. Self-assembly of nanocrystals to mesocrystals in different media. The mesocrystal
morphology differs when nanocrystals are crystallized in dispersion agents with varying
dielectric constants (standard conditions). Selected mesocrystals from the solvents cyclopentane, octadecene and benzene are depicted in the Appendix (Figure C.5-C.10, p. 146-151).
This table uses the terminology of morphology and the crystal structure of batch II for reasons
of simplicity.[26,215,216]

Crystallization
Medium
Heptane
Cyclopentane
Cyclohexane
Octadecene
Benzene
Oleic Acid
Toluene
Tetrahydrofuran
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trigonal
trigonal
trigonal
trigonal

Mesocrystal
Morphology

Crystal
Structure

[26] Dielectric

truncated pyramid
truncated pyramid
truncated pyramid
truncated pyramid
tetragonal prism

fcc (cubic)
fcc (cubic)
fcc (cubic)
fcc (cubic)
bct (tetragonal)

tetragonal prism
tetragonal prism

bct (tetragonal)
bct (tetragonal)

1.92
1.97
2.02
[215] 2.06
2.28
[216] 2.34
2.38
7.52

Constant
[A s V−1 m−1 ]
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agents changes in an unknown way, the friction and thereby dH should be affected
as well. Different analysis techniques exist to calculate dH from the sedimentation
coefficient and the diffusion coefficient of a nanocrystal dispersion. In the following
passage, dH of nanocrystal batch VII and batch IX is determined by AUC, DLS and
Taylor dispersion analysis (TDA) measurements, to provide insights into the formation
of structural polymorphs.
The preparation of the specimens for the analysis of dH is crucial to reduce
secondary effects that may have an influence on dH . Before the nanocrystals are
investigated, the nanocrystal dispersion is destabilized by ethanol and self-assembled
to mesocrystals. The supernatant is removed and parts of the same mesocrystal
batch are then redispersed in different solvents. This procedure reduces the dispersity Ð of the nanocrystal dispersion by recrystallization and removes building blocks
of improper size and improper shape (Chapter 4.2.2.6, p. 71). At the same time,
this procedure facilitates the formation of nanocrystals with the same size while the
influence of Ostwald-ripening on the particle size distribution (PSD) is reduced.
At first the specimens in different solvents were investigated by AUC
measurements. Figure 4.24a depicts the sedimentation coefficient distributions
(SCDs) of nanocrystal batch VII from different solvents. The SCDs are corrected
to water at 20◦C (apparent sedimentation coefficient at 20°C for water (s20 ,w)) and
the differences of the sedimentation coefficients are small (sedimentation coefficients,
batch VII: cyclohexane = 447 S, THF = 467 S, toluene = 486 S and heptane =
487 S). Nevertheless, in contrast to the s20,w -corrected SCDs, the calculated particle
diameter dH from the PSD varies for THF and heptane for the investigated nanocrystal
batches revealing an interesting trend (Figure 4.24b,c and Figure C.11, p. 152 nanocrystal batch IV). The differences of the PSDs are significant and for all investigated

Figure 4.24 Nanocrystal dispersions in various solvents: The AUC measurements
were performed at 20 ◦C. a The sedimentation coefficient distributions of nanocrystal
batch VII in different solvents after the nanocrystal synthesis. The sedimentation coefficients
are corrected to water at 20 ◦C. b The particle size distributions of nanocrystals within
heptane and THF. The nanocrystals are transferred to different solvents after the assembly
to mesocrystals (batch VII, twice crystallized). c The particle size distributions of nanocrystal
batch IX within heptane and THF. The nanocrystal dispersion is prepared as mentioned
before (batch IX, two times crystallized).
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nanocrystal batches dH is approximately 0.7 nm higher within heptane (Table 4.3).
The determination of dH by AUC already shows a tendency that dH of the nanocrystal
dispersions is higher within heptane than within THF. Obviously, this increase of dH
cannot be assigned to a change of the iron oxide core. Instead, this means the oleic
acid shell is affected by the different dispersion agents resulting in a variation of the
effective nanocrystal shape.
Table 4.3.

Summary of the sedimentation coefficients, diffusion coefficients and
hydrodynamic diameters dH obtained by AUC, DLS and TDA using different dispersion agents
for nanocrystal batch VII and batch IX. The density and viscosity of the solvents are provided
in Table 8.1, p. 136. For the determination of dH , the real shape of the nanocrystals was
not taken into account. The particle density of the nanocrystal, including its surfactant, is
4.299 mg/mL (Chapter 8.2.3, p. 136). The DLS (int. wavg.) and TDA (mass wavg.) experiments
were performed at 20◦C and the table shows the average of three successive measurements
determining the value with the greatest proportion.

Batch VII
THF heptane

Batch IX
THF heptane

s=
dH =
s20,w =
dH =

946
15.9
467
16.0

1267
16.5
487
16.3

467
11.2
270
11.4

663
11.9
268
11.7

[S]
[nm]
[S]
[nm]

DLS int. wavg.

D =
dH =

3.64
23.2

4.99
20.0

4.57
18.5

5.91
16.9

[m2 s-1 ·10-11 ]
[nm]

TDA mass wavg.

D =
dH =

4.03
18.3

5.87
14.5

5.20
16.6

6.95
12.2

[m2 s-1 ·10-11 ]
[nm]

Analysis technique

AUC
AUC std.

The effect of the dispersion agent on dH was further investigated by TDA and DLS
experiments. TDA and DLS measure the diffusion coefficient of the specimen and
thereby complement the data received from AUC. The preparation of the specimen
for DLS and TDA is similar as in the AUC experiments. Table 4.3 shows that
dH calculated by DLS and TDA analyses is higher than for the AUC experiments
for all used nanocrystal batches (batch VII and batch IX). The deviation of the
calculated value for dH by DLS and TDA from dH and dC provided by AUC and TEM
is significant. Additionally, the diffusion coefficients and dH provided by DLS and
TDA differ. The calculations of dH based on the TDA measurements for heptane
are closer to the calculations of the AUC and TEM measurements than those of
the DLS. The diffusion coefficients are smaller and therefore dH received from DLS
is higher than for TDA (Table 4.3). The deviations of the dH can be caused by
different reasons. The larger calculated values of dH by DLS can be caused due
to the use of the intensity-weighted average (int. wavg.). This also explains the
difference of the diffusion coefficients between the DLS and TDA, because the TDA
uses the mass-weighted average (mass wavg.). However, it is not the exact dH of the
nanocrystals which is of interest, but the difference of the dH of the nanocubes in
different dispersion agents which corresponds to the oleic acid layer thickness. The
measurements based on the diffusion coefficients show that the trend in different
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solvents is reversed. Within heptane, the hydrodynamic diameter dH is significantly
smaller for all nanocrystal batches than in THF (Table 4.3). The changes of dH
indicate that the effective shape of the nanocrystals might be affected by using
different dispersion agents. Changes of the effective shape due to different dispersion
agents can be detected by a different frictional ratio f/f0 in different solvents for the
same nanocrystal batch. Both, the diffusion coefficient and sedimentation coefficient
are inversely proportional to f/f0 , because the larger the friction is, the slower the
sedimentation (AUC decreasing sedimentation coefficient) and the movement (DLS,
TDA, increasing diffusion coefficient) is.[217] For the reason of simplicity, the nanocrystal shape of a nanocube is assumed to be spherical for regular measurement
techniques and f/f0 of a hard sphere is 1 per definition. For most of the measurement
techniques and specimens, this assumption is sufficient. However, the shape of a
nanocrystal affects the f/f0 , while f/f0 of a cube (f/f0 = 1.3)[218,219] is higher than
that of a sphere.4 The frictional ratio affects the calculation of dH in different ways
depending on the measurement technique. Measurement techniques calculating dH
based on the diffusion coefficient show larger hydrodynamic radii dH for a higher
frictional ratio. This trend is reversed for measurement techniques based on the
determination of the sedimentation coefficient. Here, a higher f/f0 shows smaller
hydrodynamic radii dH . Until now, the determination of dH was based on the
assumption that nanocubes can be regarded as spheres with a frictional ratio f/f0 = 1.
This assumption explains the different dH and their corresponding trends in different
solvents. Fortunately, f/f0 can be calculated for different solvents by two dimensional
spectrum analysis (2-DSA) (UltraScan) of the sedimentation velocity experiments
performed with AUC.[220,221]
Changes of the effective shape of the nanocrystals can be monitored by
2-DSA simulations.
Hence, 2-DSA Monte Carlo iterations were performed to
determine the frictional ratio f/f0 for different nanocrystals in different solvents
(batch VII: Figure 4.25, batch IX: Figure C.12, p. 153). Figure 4.25 shows 2-DSA
Monte Carlo results for nanocrystal batch VII performed with UltraScanIII.[220,221]
The sedimentation coefficients are s20,w -corrected. The 2-DSA Monte Carlo results
clearly demonstrate that the frictional ratio is affected by the used solvent. For such
analyses, it appears often that the signal splits into several distinct peaks as shown in
Figure 4.25. However, the mean values of the analysis are addressed in the following
passage. The frictional ratio f/f0 for nanocrystal batch VII is 1.5 within THF and 1.1
within heptane. The frictional ratio for nanocrystal batch IX increases around 0.4 in
THF (2.2), too, as compared to heptane (1.8) (Figure C.12, p. 153). But the overall f/f0
for the measurements are higher than expected for this nanocrystal batch.
An increase of f/f0 within polar solvents such as THF indicates an increased
friction. The increased friction decelerates the sedimentation (i.e. larger sedimentation
coefficient) and the movement (i.e. smaller diffusion coefficient).
Hence, the
hydrodynamic radius increases in the case the AUC experiments with a larger
sedimentation coefficient, while the hydrodynamic radius decreases in the case the
4
The literature provides only the drag coefficient and not f/f0 . However, the drag coefficient contains the
same characteristics as the f/f0 .
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Figure 4.25 2-DSA Monte Carlo simulations in order to determine the frictional
ratio of batch VII within THF and heptane: The upper frictional ratio f/f0 limit for the
fitting is 4. a Determination of the frictional ratio within THF with another projection below,
the frictional ratio is 1.5 (RMSD: 0.006). b Determination of the frictional ratio within heptane
with another projection below, the frictional ratio within heptane is 1.1 (RMSD: 0.005).

TDA and DLS experiments with a smaller diffusion coefficient (Equation 8.1, p. 137
and 8.2, p. 137).[217] This also explains why the calculated values of dH using TDA
for heptane are closer to the calculated values using AUC than those for THF. The
increase of the frictional ratio further indicates that the nanocrystals are regarded as
cubes (f/f0 = 1.4) instead of spheres within polar solvents (f/f0 = 1.0). The effective
shape of the nanocrystals is altered by the dispersion agent used, while the space
filling principle varies between tiling and packing (Chapter 2.3.1, p. 19). In the case
of polar solvents, the space filling principle happens to be rather tiling than packing.
The 2-DSA analysis of the nanocrystal behavior in different dispersion agents
shows that the effective frictional ratio and the effective shape change.5 The structural
polymorphs of mesocrystals and their structural differences (visualized by the Voronoi
5

Additionally, the particle density should change depending on the solvent used, because the thicker
the surfactant shell is, the more solvent molecules contribute to the particle density. Hence, the thicker
the surfactant shell is, the lower the particle density should be. This effect has not been considered in
this thesis.
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polyhedra, Figure 4.23) likely originate from the differences in the effective shape
of the building blocks. Figure 4.26 summarizes this assumption for nanocrystal

Figure 4.26 Illustration of the effective shape in different dispersion agents: The
effective shell changes in different solvents, which is presented by the increasing shell (yellow)
around nanocrystal core (cyan). Within polar solvents such as toluene and THF the nanocubes
are recognized rather as cubes than as spheres. Within non-polar solvents the influence of
the nanocube core decreases and the nanocubes appear as more spherical. It is possible to
obtain mesocrystals with a different morphology and crystal structure due to the change of
the effective shape of the building blocks. For this illustration, images of mesocrystals from
nanocrystal batch VII are used. The SEM images of the mesocrystal surface correspond to
THF and to heptane. The white cubes and spheres illustrate the simple two-dimensional
packing of the different effective shapes.

batch VII as a simple illustration. The nanocrystal batches revealing structural polymorphs produce rhombohedral (batch III, batch V, batch VI), tetragonal prismatic
(batch II, batch V, batch VI) or tetragonal truncated pyramidal (batch VII) mesocrystals depending on their nanocrystal habit and size within polar solvents such
as THF and toluene. In case of nanocrystal batch II, a bct crystal structure is
observed. Within polar solvents the nanocrystal building blocks resemble a cube.
When using non-polar solvents such as cyclohexane and heptane, all nanocrystal
batches form trigonal and hexagonal truncated pyramidal mesocrystals (batch II: fcc
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crystal structure) and the nanocrystals are regarded as more truncated building
blocks (more spherical). The influence of the nanocrystal habit including size on the
mesocrystal morphology decreases. This highlights two additional considerations.
First, if the effective shape of the nanocrystals causes the structural polymorphism
of mesocrystals, there has to be an upper and lower limit of the nanocrystal core
size at which the effective shape contributes to the mesocrystal morphology. This is
because changes of the effective shape can only influence the mesocrystal morphology
if the alteration of the oleic acid shell is significant. This applies for nanocrystal
batch IX. Nanocrystal batch IX is the nanocrystal batch with the smallest nanocrystals and forms for all solvents similar mesocrystals (Figure C.10, p. 151). The
second consideration attributes the influence of the nanocrystal habit on the mesocrystal morphology. The nanocrystal habit is affecting the mesocrystal morphology
only for polar solvents (Chapter 4.2.2.3, p. 52). For non-polar solvents, the mesocrystal morphology is not affected at all and for all nanocrystal batches similar mesocrystals form, which resemble colloidal crystals with spheres as building blocks.
Nevertheless, the observed assemblies are still mesocrystals (type I), because the
long-range order of the atomic building blocks remains. An exception for mesocrystal
polymorphism is observed for nanocrystal batch IV. Nanocrystal batch IV behaves
differently and shows no structural polymorphism, instead, rhombohedral mesocrystals form from all different solvents with a strong variation in quality (Figure C.7,
p. 148). In contrast to other nanocrystal batches, almost perfect rhombohedral mesocrystals form within cyclohexane and heptane, while smaller and deformed mesocrystals form within THF and toluene. This behavior might be attributed to the
effective shell of the nanocrystal batch IV, too.

4.2.2.5. Magnetic Properties of Iron Oxide Mesocrystals
The iron oxide nanocrystals synthesized from an iron oleate precursor are superparamagnetic and the blocking temperature TB depends on the size of the synthesized
nanocrystals (Chapter 4.1.2, p. 34 and Figure 4.4, p. 37). When these nanocrystals
self-assemble the resulting mesocrystals are superparamagnetic, also. A structureproperty relationship within the mesocrystal may exist which can be indicated by
an increase of the blocking temperature TB . In order to detect such a relationship,
the magnetic properties of large iron oxide mesocrystals from different batches are
measured by SQUID techniques and compared to the properties of uncontrolled
aggregated nanocrystals.
Figure 4.27 and Figure C.13, p. 153 show the magnetic behavior of single mesocrystals from batch IV (cyclohexane, propanol: approx. size 600 µm) and batch VII
(THF, propanol: approx. size 300 µm and cyclohexane, ethanol: approx. size 300 µm).
Figure 4.27a displays the hysteresis loops of a single mesocrystal from batch IV
together with the temperature dependent measurements of the magnetic moment
from batch IV as well as the structural polymorphs of batch VII. The hysteresis loops
of the single mesocrystals from batch VII are depicted in the appendix (Figure C.13,
p. 153). The hysteresis loops of the mesocrystals recorded at 4 and 300 K show
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Figure 4.27 Magnetic properties of superparamagnetic iron oxide mesocrystals:
The magnetic properties of the mesocrystals with sizes between 300 and 700 µm were
measured using SQUID techniques. a Hysteresis loops for an iron oxide mesocrystal from
batch IV measured at 4 and 300 K. It shows the dependence of the nanocrystal magnetization
to the external magnetic field in z-direction. b Temperature-dependent measurements of
the magnetic moment recorded at constant magnetic fields for a mesocrystal from batch IV.
The critical blocking temperature TB is 148 K. c,d Temperature-dependent measurements of
the magnetic moment recorded at constant magnetic fields for mesocrystals with a different
morphology from batch VII (c is from cyclohexane and d is from THF). The critical blocking
temperature is TB = 192 K (cyclohexane) and 190 K (THF).

different behavior for remanence and coercivity. Similar to unordered nanocrystals,
this magnetic behavior can be referred to as ferrimagnetic at 4 K and superparamagnetic at 300 K. The changes of the magnetic behavior indicate a magnetic phase
transition. Hence, the temperature TB of the phase transition is determined by
temperature-dependent measurements (Figure 4.27b-d). The temperature-dependent
measurements and the corresponding blocking temperature TB for three different
single mesocrystals are displayed in Figure 4.27b-d. The blocking temperatures for
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the mesocrystals are: batch IV, cyclohexane, propanol = 148 K (600 µm), batch VII,
cyclohexane, ethanol = 192 K (300 µm) and batch VII, THF, ethanol = 190 K (300 µm).
The magnetic behavior of the trigonal truncated pyramidal mesocrystal and the
tetragonal truncated pyramidal mesocrystal are similar and the difference between
the blocking temperature of the structural mesocrystal polymorphs of batch VII is
insignificant. An increase of the blocking temperature TB for all mesocrystals is
noted when compared to the blocking temperature of the same nanocrystal batches
which are assembled to agglomerates in an uncontrolled way (Figure 4.4c-d, p. 37).
For all mesocrystals, the increase of the blocking temperature TB is more or less
15 K. Two different factors have to be considered to explain the increase of the
blocking temperature TB . The first factor is the accumulation of bigger nanocrystals by mesocrystal recrystallization (Chapter 4.2.2.6, p. 71 and Figure 4.33,
p. 81). The crystallization of nanocrystals to mesocrystals can show a size-fractioning
effect, because greater attractive van-der-Waals forces cause larger nanocrystals to
agglomerate prior to smaller ones.[32,166,222] However, nanocrystal batch IV and
batch VII do not show such a size-fractioning effect and an accumulation of larger
nanocrystals by recrystallization (Figure 4.31b,e, p. 78). The second factor to
explain the increase of the blocking temperature TB is the coupling of the magnetic
dipoles of the iron oxide nanocubes.[21] This coupling indicates a structure-property
relationship of the formed iron oxide mesocrystals.
This subsection has shown the magnetic properties of macroscopic mesocrystals
with sizes close to 1 mm that were determined by SQUID techniques. The huge
mesocrystals show superparamagnetic behavior, even though the size of the mesocrystals exceeds the regime for superparamagnetic behavior of single magnetite nanocrystals by far. No difference between the structural polymorphs of batch VII using
different dispersion agents is detected. Still, the blocking temperatures TB of the
mesocrystals increase by approximately 15 K when compared to their unordered
building blocks. The increase of the blocking temperature TB may result either from
the size-fractioning effect of recrystallization or the coupling of the magnetic dipoles
of the building blocks as a structure-property relationship.

Summary - Structural and Morphogenetic Aspects of Faceted Mesocrystals
This subsection summarizes all findings of faceted self-assembled mesocrystals
presented so far, before the reversible formation of mesocrystals is analyzed. The
presented sections from 4.2.2.1 (Preparation of Faceted Mesocrystals by Mutual
Alignment of Crystal Faces, p. 50) to 4.2.2.5 (Magnetic Properties of Iron Oxide Mesocrystals, p. 68) show various faceted mesocrystals and their magnetic properties using
the gas phase diffusion technique. The crystallization parameters for the mesocrystallization are analyzed in terms of the used nanocrystal batch and the dispersion
agent. Mesocrystals with a texture-like WAXS and single crystal-like SAXS pattern
are formed, which demonstrate type I mesocrystals. The mesocrystal morphology
is affected by different hierarchical parameters. First, the resulting mesocrystal
morphology and its translational order is affected by the nanocrystal habit (e.g.
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size and truncation). Second, the resulting mesocrystal can be influenced by the
dispersion agent used for the crystallization. SEM measurements reveal that the
translational order of the mesocrystals can change depending on the used solvent.
In addition, a FIB-cut of a mesocrystal formed within cyclohexane reveals a fcc
crystal structure of the superlattice for nanocrystal batch II. When using THF as
a dispersion agent, a different crystal structure for mesocrystals formed from batch II
is observed. Here, mesocrystals with a bct crystal structure of the superlattice form.
Hence, structural polymorphism of mesocrystals is observed. The lattice parameters c
and a of the superlattice change depending on the dispersion agent used. The
Voronoi polyhedron acts as a suitable model to demonstrate the transition of the
fcc and bct crystal structure depending on the variation of the lattice parameters. In
order to understand the structural polymorphism of mesocrystals, the mesocrystal
crystallization duration and the effective shape of the building block are investigated.
The crystallization duration can be adjusted while this does not affect the mesocrystal
morphology. Hence, the effective shape of the nanocrystals is further examined by
DLS, TDA and AUC experiments. These experiments show that the effective shell
of the nanocrystal is affected depending on the used solvent. The alteration of
the effective shell is presented by 2-DSA Monte Carlo simulations which allow the
determination of the frictional ratio. The frictional ratio of the iron oxide nanocrystals
varies depending on the used solvents. The 2-DSA Monte Carlo simulations lead to the
assumption that the iron oxide nanocrystals act differently within different solvents
during the crystallization to mesocrystals. The nanocrystals appear more spherical in
case of non-polar solvents such as heptane producing trigonal or hexagonal truncated
pyramidal mesocrystals. In case of polar solvents such as THF, the nanocrystals act
as cubes producing various other mesocrystals. Finally, the magnetic properties of
the mesocrystals are investigated by SQUID measurements. The mesocrystals show
superparamagnetic behavior with a slightly increased blocking temperature TB , which
indicates a structure-property relationship of the mesocrystals.
These findings are a fundamental contribution regarding the iron oxide mesocrystal morphogenesis and the resulting magnetic properties of mesocrystals. The
basic principles presented can be transferred to other nanocrystal systems and their
corresponding mesocrystals, which will allow the optimization of the crystallization
conditions of mesocrystals with defined structure and morphology.

4.2.2.6. Non-Classical Recrystallization
The formation of magnificent mesocrystals demands nanocrystals of high quality.
Indeed, most nanoparticle related applications require monodisperse nanoparticles
in size and shape. Therefore, a general and basic procedure to purify nanocrystals
from colloidal impurities is of high scientific interest. Similar to classical crystals
(Chapter 2.1.6, p. 13) and colloidal crystals (Chapter 2.3.4.1, p. 27), the formation
of mesocrystals from nanocrystals is reversible and sensitive to the incorporation of
suitable building blocks (Figure 4.28). Hence, non-classical recrystallization of nanocrystals to mesocrystals is an efficient tool for producing nanocrystal dispersions of
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Figure 4.28 Scheme of the recrystallization of mesocrystals: The formation of mesocrystals is reversible and the assembling step excludes colloidal and molecular impurities. The
impurities can be removed from the nanocrystal dispersion by separating the mesocrystals
from the supernatant. For reasons of simplicity, the different nanocrystal orientations,
according to the bump-to-hollow principle, are not attributed in this scheme.

outstanding quality with a particle-diameter dispersity (Ð) close to one.6 In order to
demonstrate non-classical recrystallization, AUC, TEM and SEM measurements of
the most important crystallization steps are presented. The nanocrystal dispersion is
investigated before and after the formation of mesocrystals. In addition, investigations
of the supernatant after successful crystallization demonstrate that it contains
misshapen and polydisperse colloidal impurities. These findings further prove that
the formation of structural polymorphs as presented in Chapter 4.2.2.4, p. 55 is
reversible.
Mesocrystals can be formed, redispersed and then recrystallized (Figure 4.28). The
formation of mesocrystals is reversible and crystallization parameters can be adjusted
for each crystallization step. The procedure of recrystallization with the gas phase
diffusion technique is rather simple. Mesocrystals crystallize within a glass vial on
a silicon substrate (Figure 4.15, p. 50). Instead of collecting the silicon substrate
after crystallization, the supernatant is removed and the nanocrystals are redispersed with a freely chosen dispersion agent for the recrystallization. The nanocrystals can be redispersed by simple shaking and by ultrasonic bath techniques.
Afterwards, the nanocrystal dispersion can be destabilized with any agent to produce
mesocrystals. The whole procedure can be repeated several times. Different iron
oxide nanocrystal batches are investigated to provide insights into the reversibility
of mesocrystal formation. Figure 4.29a-e depicts three crystallization steps with
LM images of the silicon substrate after crystallization and redispersion (batch II,
THF). Regular tetragonal prismatic mesocrystals form using THF with ethanol as
dispersion agent. The mesocrystals completely vanish from the silicon substrate
when redispersed within THF and the crystallization parameters can be changed
resulting in different mesocrystal morphologies (Figure 4.29e). Figure 4.29f shows
6
Note that the IUPAC recommends the use of the dispersity Ð instead of the polydispersity index to
describe the particle size or sedimentation coefficient distribution.[204]
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Figure 4.29 Recrystallization of mesocrystals: LM images of selected steps of the
recrystallization process of mesocrystals (batch II, THF) a Mesocrystals on a silicon substrate
after the first crystallization (inset: scale bar = 20 µm). b Silicon substrate after rinsing
with THF. c Mesocrystals form again, when the nanocrystal dispersion is destabilized.
d Silicon substrate after the second time rinsing with THF. e Mesocrystal formation with
different crystallization conditions. Instead of oleic acid, dioctyl ether is used as additive.
f Regular images of the impure nanocrystal dispersion and the supernatant after successive
recrystallization steps. The supernatant clears up with each recrystallization step from I to III
(batch IV, cyclohexane).

the most obvious improvement by recrystallization. The supernatant becomes more
transparent with each purification step. A regular image of the deep black iron oxide
nanocrystal dispersion before the purification is illustrated (Figure 4.29f, batch IV).
After the first purification step, the supernatant remains opaque. The formation of
iron oxide mesocrystals (black dots) at the bottom and at the rim of the glass vial
indicates that the crystallization is finished. After the second purification step the
colored supernatant is less opaque than after the first step and becomes transparent
after the third recrystallization.
The scientific interest concerning reversible mesocrystal formation lies within the
size-narrowing effect. The repeated recrystallization produces mesocrystals and nanocrystal dispersions of extraordinary quality. In the following passage, the presented
data from AUC, SEM, TEM and Cs-corrected HRTEM data shows the effect of
recrystallization on the nanocrystal dispersion as well as on the resulting meso-
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crystals. The diffusion-corrected sedimentation coefficient distribution (cSCD) and
SCD from AUC measurements are obtained, calculated and illustrated.7 The cSCD
is calculated from the original data using the Tikhonov-Philips second derivative
regularization.[223] Each SCD next to its associated cSCD is presented in the
corresponding figure or in the Appendix. According to literature, the SCD and cSCD
allow the calculation of the diffusion-corrected hydrodynamic diameter (dH,c ), Ð and
diffusion-corrected particle-diameter dispersity (Ðc ).[204] The Ðc will be attributed in
the main text and the ordinary Ð is given in the Appendix of the corresponding figure.
The AUC experiments were performed at 20 ◦C. Note that most of the experiments
were performed using cyclohexane and heptane as dispersion agents. Hence, the
nanocrystals including their surfactant shell are assumed to be spheres.
In the case of a nanocrystal dispersion, recrystallization produces monodisperse
nanoparticles with a Ð close to one. Figure 4.30 is an excellent summary to
demonstrate that nanocrystal dispersions with an Ð of 1.0001 can be produced
and that molecular as well as colloidal impurities of the nanocrystal dispersion
that remain within the supernatant at first can be removed after recrystallization.
Nanocrystal batch IV (dH = 15 nm) is destabilized with ethanol using heptane as
the dispersion agent. The destabilization results in rhombohedral type I mesocrystals under the given conditions (Figure C.3, p. 144). In Figure 4.30, TEM,
SEM and LM images as well as AUC data of selected steps of the recrystallization
are presented. Regarding the TEM measurements, a decrease of the polydispersity before and after the purification is observable. Especially at the edges of an
assembly, smaller nanocrystals accumulate according to the "Zenon"-packing of polydisperse samples.[165] Before the purification more of these smaller particles can
be observed than afterwards (Figure 4.30a,c). The exclusion of colloidal impurities
such as smaller particles is even better demonstrated by TEM measurements of the
supernatant (Figure 4.30b). Nanocrystal assemblies observed in the supernatant
consist of large amounts of differently sized and misshapen nanocrystals compared to
ordinary nanocrystals of batch IV. Often spherical nanocrystals instead of nanocubes
are observed indicating the exclusion of imperfect building blocks. The exclusion of
colloidal impurities as well as the size-narrowing effect of crystallization is further
proved by AUC measurements which provide more global information about the
dispersions. Figure 4.30d shows the normalized cSCD of the nanocrystal dispersion
before (green line) and after (red line) the purification as well as of the supernatant
(dashed green line). The cSCD of the nanocrystal dispersion obviously narrows. The
Ðc decreases for this purification step from 1.0126 to 1.0001 and the shift of the
sedimentation coefficient from 1061 to 1015 S (15 nm ± 0.2 to 14.7 nm) indicates
that larger colloidal impurities are removed by a recrystallization step (Figure 4.31b).
Note that the secondary peak at a higher sedimentation coefficient (1400 S) of the
cSCD for the nanocrystal dispersion before the purification completely vanishes after
7

The dispersion agents used within this chapter contain some small amounts of oleic acid (3 µL/mL)
for the successful crystallization. Without the excess of oleic acid, the crystallization may not succeed
(Chapter 4.2.3.2, p. 85). The density and viscosity of the dispersion agents with oleic acid as additive
were determined experimentally and the values are provided in Table 8.1, p. 136.
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Figure 4.30 Summary of the non-classical recrystallization as purification step
for batch IV in heptane: a TEM images of the nanocrystal dispersion before the
purification. Beside the regular building blocks, smaller and deformed nanocrystals are
observable. b TEM images of the supernatant after the crystallization show that the nanocrystal dispersion of the supernatant contains many different species of misshapen and polydisperse building blocks. c TEM images of the monodisperse nanocrystal dispersion after
purification. d Normalized cSCD of the nanocrystal dispersion before and after the purification
and the supernatant in heptane. The cSCD of the nanocrystal dispersion narrows after the
recrystallization and the supernatant contains different species. e SEM images of the mesocrystal surface before crystallization. The surface is rough and shows humps of disordered
nanocrystals. f LM image of a rhombohedral mesocrystal of batch IV from heptane. g SEM
images of the mesocrystal surface from the purified nanocrystal sample. The surface is flat
and areas of disordered nanocrystals almost vanish.

75

4.2. Self-Assembly of Nanocrystals - Non-Classical Crystallization

the recrystallization. On first sight, this is in contradiction to the cSCD of the
supernatant, because it is strongly shifted to lower sedimentation coefficients. But
the supernatant contains significant amounts of ethanol from the destabilization
process affecting the sedimentation coefficient. With the assumption of a constant
particle density within different solvents, the sedimentation coefficient declines for an
increase of ethanol in a mixture of ethanol and heptane. The sedimentation coefficient
decreases because the viscosity and the density of the solvent mixture increase for
larger amounts of ethanol.[224] Hence, the shift of the cSCD can be attributed to the
mixture of heptane and ethanol. However, different nanocrystal species are recognized
by the broad cSCD of the supernatant, proving the exclusion of colloidal impurities by
recrystallization. This exclusion of impurities explains the decrease of the Ð and the
improvement of nanocrystal quality. In addition, Figure D.2, p. 154 and Figure D.3,
p. 155 support these findings with TEM images (batch V, batch VI, cyclohexane).
The supernatant accumulates colloidal impurities that do not fit in the crystal
lattice of the mesocrystal. When the supernatant is removed, the quality of the
resulting nanocrystal dispersion increases. It is not only the quality of the nanocrystals which is improved by recrystallization, the quality of the mesocrystal can be
improved also (Figure 4.30e,g). SEM images depict the change of the mesocrystal
surface by using purified nanocrystal dispersions. Mesocrystals formed from nanocrystal dispersions without a recrystallization step often show areas of disordered
particles and areas which cannot be resolved due to charging (Figure 4.32 and
Figure 4.33). The quality of the mesocrystal surface drastically increases when
recrystallized nanocrystal dispersions are used (Figure 4.30g). Even though the
same crystallization parameters are applied, the surface of the mesocrystals smooths
significantly. The observations shown in Figure 4.30 already summarize the major
potential of non-classical recrystallization. Deeper insights are presented by the
investigation of several nanocrystal batches.
Nanocrystal batches III-VII are recrystallized using cyclohexane as dispersion
agent with ethanol as destabilizing agent and are investigated by LM and AUC
(Figure 4.31a-e). All nanocrystal batches form trigonal truncated pyramidal mesocrystals, except nanocrystal batch IV (dH,c = 14.4 nm, Ðc = 1.005). For nanocrystal
batch IV, rhombohedral mesocrystals appear. Nevertheless, different nanocrystal
species cannot be resolved by the ordinary SCD (dashed green line). They are detected
by the cSCD before the purification (green line) and each nanocrystal batch contains
different amounts of colloidal impurities. Nanocrystal batch V (dH,c = 11.4 nm,
Ðc = 1.0092) contains more smaller than larger impurities (Figure 4.31c), while
other batches mostly show more larger than smaller impurities. The size-narrowing
of the nanocrystal dispersion by recrystallization is presented in Figure 4.31a-e.
The nanocrystal dispersion narrows in all cases for one crystallization step (red
line) and secondary species vanish completely in a size-selective process for nanocrystal batch III (dH,c = 13.2 nm, Ðc = 1.0224) and batch V. In case of nanocrystal batch VI (dH,c = 10.1 nm, Ðc = 1.0265) and batch VII (dH,c = 15.7 nm,
Ðc = 1.024), two different nanocrystal species remain within the dispersion. The
different species distinctly separate due to the purification step. The second species
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may itself form a second mesocrystal type at the same time, which separates from
other nanocrystal species. Hence, the better distinction of the two different species by
recrystallization. These observations are remarkable and demonstrate that different
aspects have to be considered when trying to explain the size-narrowing process. The
assembly of the building blocks to a crystal and their incorporation in the crystal
lattice is the first aspect to consider. Similar to classical crystals, imperfect building
blocks are excluded from the emerging crystal. The second aspect concerns the
arising van der Waals forces from the destabilization by the non-solvent. Larger
nanocrystals exhibit greater attraction forces than smaller nanocrystals.[32,166,222]
Independent of successful mesocrystal formation, the van der Waals forces lead to
a preferred aggregation of larger instead of smaller nanocrystals. With regard to
these considerations, the proposed aspects compete with each other, because of
the aggregation of larger nanocrystals, but therefore larger colloidal impurities are
favored. Beside the size-narrowing effect of recrystallization, Ostwald ripening may
occur which additionally influences the distribution. The appearance of a smaller
nanocrystal species in Figure 4.30b might result from the dissolution of nanocrystals.
The illustration of recrystallization for several nanocrystal batches proved the
quality criteria for nanocrystal batches. The Ð and the appearance of different
impurities may be used as one criterion of the nanocrystal quality. The second
criterion regards the resulting mesocrystals. The largest and well-shaped mesocrystals form for the nanocubes batch III, batch IV and batch VII, while smaller and
not well shaped mesocrystals form for nanocrystal batch V and batch VI. Therefore,
nanocrystal batch III, batch IV and batch VII are labeled as nanocrystal batches of
better quality than nanocrystal batch V and batch VI.
The quality of the nanocrystals and hence the resulting mesocrystals of batch V
and batch VI is lower compared to the other batches. Therefore, these nanocrystal
act as an appropriate sample for repeated recrystallization. In addition, the reversible
formation of structural polymorphs is illustrated. Figure 4.32 and Figure 4.33
depict the recrystallization of nanocrystal batch V and batch VI after the synthesis
from the stock solution without the ordinary purification step by centrifugation
techniques. This explains why the distribution is broader than in Figure 4.31d-e.
The nanocrystal dispersion and the resulting mesocrystals are investigated by SEM
and AUC at particular steps. Note that the mesocrystals are imaged by SEM and
that this terminates this particular recrystallization step as well as that the AUC
measurements are performed using toluene as dispersion agent.
Figure 4.32 shows the change of the mesocrystal morphology and its corresponding
surfaces together with AUC measurements before and after the third crystallization
step (batch V, THF and cyclohexane as dispersion agent, AUC measurements are
performed in toluene). Before the first crystallization, the AUC measurement shows
a broad SCD (dashed green line, normalized g(S)) of nanocrystal batch V. Different
nanocrystal species are visualized by the cSCD (green line, normalized c(S), s = 330 S,
dH,c = 9.8 nm, Ðc = 1.0709) (Figure 4.32e). The first crystallization of the nanocrystals to mesocrystals forms assemblies with a rough surface and curved edges
(Figure 4.32a). The mesocrystal surface seems to be disordered and due to charging
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Figure 4.31 Non-classical recrystallization in cyclohexane of different nanocrystal batches: a-e SCD (dashed green line) and cSCD of different nanocrystal batches
before (green solid line) and after purification (red solid line). The nanocrystal batches IIIVII (a-e) are depicted accordingly. Different nanocrystal batches contain more larger than
smaller impurities in size (a,b,d,e) or the other way round (c). The color-coded sedimentation
coefficients are marked in the images.
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Figure 4.32 Size-selective formation of mesocrystals and the reversible
crystallization of structural polymorphs (batch V): SEM images illustrate the mesocrystal morphology and the mesocrystal surface after several recrystallization steps. a Mesocrystals formed using THF and a mesocrystal surface after the first crystallization step. The
mesocrystals are of lower quality and the mesocrystal surface is not well ordered. b Similar
imaging after the second recrystallization step. The mesocrystal surface is well ordered
and the edges of the mesocrystal are stronger pronounced. c Mesocrystals formed using
cyclohexane as a dispersion agent after the third recrystallization step. The mesocrystal
morphology is trigonal truncated and the surface is even smoother. d Rhombohedral mesocrystals with a rougher surface after the sixth recrystallization step. e SCD and cSCD of the
nanocrystal dispersion before and after the third recrystallization step. AUC measurements
are obtained using toluene as dispersion agent.
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the imaging of the nanocrystal packing is demanding. The surface of the mesocrystals appears to be covered with disordered assemblies of nanocrystals because
the mesocrystal shape beneath can be assumed. The second recrystallization step of
nanocrystal batch V forms rhombohedral mesocrystals with pronounced edges and
a smoother crystal face (Figure 4.32b). The nanocrystal packing can be visualized
easily (Figure 4.17a, p. 53 and Figure 4.19b, p. 57). For the third recrystallization
step, the mesocrystals are redispersed in cyclohexane.
The destabilization of
the nanocrystal dispersion forms mostly trigonal truncated pyramidal mesocrystals
(Figure 4.32c). Pronounced edges of the crystals appear again. However, less steps
on the mesocrystal surface are detected than for the recrystallization within THF. The
smoothening of the mesocrystal surface is attributed to the changes of the growth
mechanism of mesocrystal formation by different crystallization media and not to the
recrystallization itself (Chapter 4.2.3.3, p. 89).8 Parts of the formed mesocrystals are
redispersed in toluene for AUC measurements (red line, normalized c(S), s = 375 S,
dH,c = 10.4 nm, Ðc = 1.0122). Rhombohedral mesocrystals with a rougher surface
form again when the nanocrystals are transferred to THF and destabilized by ethanol
(Figure 4.32d). This demonstrates the reversible formation of structural polymorphs
by changing the crystallization media and the increase of mesocrystal as well as nanocrystal quality by several recrystallization steps. There is a peak shift of the cSCD from
330 S to 375 S. This shift also appears for nanocrystal batch VI which will be now
discussed.
For nanocrystal batch VI from the stock solution, the mesocrystal formation
only succeeds after several recrystallization steps.
Figure 4.33 summarizes
these observations.
The normalized SCD and the diffusion-corrected particle
size distribution (cPSD) of the nanocrystal dispersion before (green line) the first
crystallization are presented in Figure 4.33e-f. The shoulder in the cPSD graph
reveals that the nanocrystal dispersion consists of different nanocrystal species. After
the destabilization of this nanocrystal dispersion only agglomerates are observed and
no mesocrystals form (Figure 4.33f, normalized c(dH ), dH,c = 9.2 nm, Ðc = 1.0487
and Figure 4.33a, inset, THF). Fortunately, a cracked agglomerate exhibits nanocrystal ordering on the inside (Figure 4.33a), indicating that the destabilization of
the nanocrystal dispersion still excludes colloidal impurities by self-assembly. The
second recrystallization step shows agglomerates, too (Figure 4.33b, THF). However,
these agglomerates contain substructures similar to rhombohedral mesocrystals. It is
only after the third crystallization from cyclohexane that mesocrystals appear, mostly
with a trigonal truncated pyramidal morphology (Figure 4.33c). Parts of these mesocrystals are redispersed in toluene and the SCD and cPSD (blue line, normalized c(dH ),
dH,c = 9.8 nm, Ðc = 1.0013) visualize a narrow distribution. The nanocrystals can be
transfered to THF again and rhombohedral mesocrystals form (Figure 4.33d). Finally,
highly narrow nanocrystals emerge from the recrystallization step, which is proved by
AUC measurements (Figure 4.33e-f, red line, normalized g(S) (e), normalized c(dH ) (f),
8

The growth mechanism and the growth regime of mesocrystal growth is connected to the driving force,
and therefore, to the dispersion agent. The connection between the growth of mesocrystal and the
driving force will be presented later.
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Figure 4.33 Emergence of mesocrystals from agglomerates by several
recrystallization steps (batch VI): SEM images of different magnifications demonstrate
agglomerates and mesocrystals as well as selected mesocrystal surfaces after several
recrystallization steps.
The nanocrystal dispersions are destabilized within different
solvents. a Nanocrystal agglomerates obtained using THF as dispersion agent after the
first recrystallization cycle (inset: scale bar = 10 µm). No mesocrystals are recognized, but
ordered areas of nanocrystals appear. b The agglomerates after the second recrystallization
cycle with THF as dispersion agent contain ordered areas with crystal edges. c Trigonal
truncated pyramidal mesocrystal and its surface is illustrated after the third crystallization
using cyclohexane as a dispersion agent (inset: scale bar = 4 µm). d Rhombohedral mesocrystals form after the sixth recrystallization cycle, when the nanocrystals are transferred to
THF again. e,f Normalized SCD (e) and cPSD (f) of the nanocrystal dispersion before and
after different purification steps. The mesocrystals are redispersed in toluene for the AUC
measurements. The particle diameter dispersities without the diffusion corrections are 1.1064
(before), 1.0330 (third) and 1.0225 (sixth).
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dH,c = 10 nm, Ðc = 1.0005). Therefore, the formation of mesocrystals for batch VI only
succeeds after several recrystallization steps. These recrystallization steps narrow the
particle size distribution (PSD). Therefore it has been shown that the recrystallization
is of high interest for improving the quality of nanocrystal batches with a broad size
distribution and less uniform shapes.
Similar to nanocrystal batch V, a peak shift of the SCD is observed. This shift
indicates that larger nanocrystals accumulate from the repeated recrystallization
(Figure 4.32e and Figure 4.33e-f). The accumulation of larger nanocrystals from a
broad distribution seems reasonable, because larger nanocrystals exhibit stronger
van der Waals forces and sediment preferably. Even though when considering
the crystal lattice smaller and larger colloidal impurities should be regarded as
equal, van der Waals forces contribute to the assembly of the nanocrystals. This
contribution accumulates larger nanocrystals, while smaller nanocrystals remain
within the supernatant.
Summary - Non-Classical Recrystallization
In conclusion, the reversible formation of mesocrystals can be used to improve
nanocrystal and mesocrystal quality. AUC, SEM and TEM measurements clearly
demonstrate that colloidal impurities remain within the supernatant and can be
removed after the assembly of nanocrystals to mesocrystals. Due to the assembling
in a crystal lattice, a size-narrowing, size- and shape-selective effect appears. These
effects improve the nanocrystal quality with each recrystallization cycle. Firstly, the
size-narrowing effect depends on the assembling of nanocrystals in a mesocrystal
lattice. Secondly, van der Waals forces cause the accumulation of larger nanocrystals by the destabilization with a non-solvent. The accumulation of larger nanocrystals and the exclusion of colloidal impurities by the assembly in a mesocrystal
lattice influence each other. Nevertheless, the non-classical recrystallization is an
excellent tool to provide nanocrystals of extraordinary quality (PDI = 1.0001) for
further applications. Importantly, most of the mesocrystals presented in this work
originate from purified samples which highlights mesocrystal recrystallization.

4.2.3. Formation and the Aspects of Mesocrystal Growth
The creation of mesocrystals and mesocrystal related materials is successful due
to an understanding of the formation and the aspects of mesocrystal growth.
This subchapter provides details about the nucleation of mesocrystals, the aspects
of mesocrystal growth and selected structural features of mesocrystal defects
(Figure 4.34). Observations by microscopy techniques indicate that a heterogeneous
nucleation event dominates mesocrystal formation and precedes mesocrystal growth.
Other research demonstrates that molecular impurities as additives are necessary
for mesocrystal growth. Hence, the replacement of these additives together with
changes of other crystallization conditions reveal basic "classical" relations of the
growth mechanism, growth regime and defects of mesocrystals. These relations
include the Kossel crystal as a fundamental model for crystal growth. Finally, the
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Figure 4.34 Design of mesocrystals: The design of mesocrystals precedes a detailed
understanding of their growth, growth mechanism, growth regime and nucleation. The design
of mesocrystals succeeds by optimizing crystallization parameters.

understanding of the basic principles of mesocrystal growth and the adjustment of
their crystallization parameter facilitates the formation of tremendous mesocrystals
reaching sizes around a millimeter. This brings properties related to nanocrystals to
materials in the macroscopic regime.

4.2.3.1. Heterogeneous Nucleation of Mesocrystals from Nanocrystals
Nucleation of atomic, molecular or ionic crystals can occur homogeneously and
heterogeneously (Chapter 2.1.2, p. 8). Colloidal crystals and mesocrystals nucleate
heterogeneously for the solvent evaporation induced self-assembly at the edge of
the drying droplet leading to colloidal crystals.[113,123] For the gas phase diffusion
technique, it is proposed that the mesocrystals nucleate homogeneously before
colloidal crystals form. The crystal faces of the colloidal crystal emerge before the
superstructure sediments and finally reaches the substrate.[112] This proposal for
the nucleation of mesocrystals is quite debatable and, therefore, therefore it is worth
examining the silicon substrate and the mesocrystals on their surface in regards to
their nucleation. The aforementioned findings for the gas phase diffusion technique
for colloidal crystals are in contrast to the following analysis of the mesocrystal
formation. The growth of mesocrystals depends highly on the substrate used, while
the same crystallographic face of the mesocrystal is always perpendicular to the
substrate. In a homogeneous nucleation event, any crystallographic face would
randomly emerge perpendicular to the substrate and the substrate would not directly
affect the crystallization (Chapter 2.3.2.2, p. 23).
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Figure 4.35 Heterogeneous nucleation of mesocrystals (batch IV): The mesocrystals were imaged using LM techniques. a Image of rhombohedral mesocrystals grown
on a defect free polished silicon snippet (cyclohexane, EtOH). b Growth of mesocrystals at
notches is visible (heptane, PrOH, low concentration). c,d Grown mesocrystals on rough
substrates, (c) on a rough silicon snippet (heptane, EtOH) and (d) on a rough sapphire
substrate (cyclohexane, EtOH) is illustrated. The mesocrystal size and quality decreases
under the same condition with increasing roughness of the substrate. e-g Formed mesocrystals on different substrates under the same conditions (cyclohexane, PrOH). (e,f) have the
same starting nanocrystal concentration (11 mg/mL), while (g) starts with a slightly higher
concentration (12 mg/mL). The mesocrystals grown on the silicon substrate are bigger, while
the mean distance between the mesocrystals grown on the sapphire substrate is smaller.

Figure 4.35 and Figure E.3, p. 159 depict the growth of mesocrystals (cyclohexane,
heptane) on different substrates. Nanocrystal batch IV suits well as a model system
to illustrate the important observations.
The ordinary growth of mesocrystals from batch IV (heptane, cyclohexane) on a
polished silicon substrate (Figure 4.35a and Figure C.3, p. 144) always forms rhombohedral mesocrystals with the basal (001) face perpendicular to the substrate and
their morphology resembling each other. The symmetry of nanocrystal packing on this
mesocrystal face is c2mm (Figure C.3c, p. 144). For crystals from the rhombohedral
crystal structure such an observation is not unusual, but for all mesocrystals in the
case of the cubic crystal structure the same basal face is also parallel to the substrate
(Figure C.5-C.10, p. 146-151, for all nanocrystals destabilized from non-polar
solvents such as heptane and cyclohexane). This observation already contradicts
a homogeneous nucleation event, since any possible crystal face should be randomly
exposed. Furthermore, the preferred growth of mesocrystals along notches makes
a homogeneous nucleation event very unlikely (Figure 4.35b, Figure E.5c, p 160
and Figure E.3, p. 159). The preferred growth can be explained by heterogeneous
nucleation, since the surface tension at the notch is decreased and therefore the
nucleation event is promoted by a reduced energy barrier. Finally, the type of the
solid substrate seems to affect the mesocrystal growth. In case of a homogeneous
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nucleation event, the type of the solid substrate should not affect mesocrystal growth.
Formed mesocrystals were investigated on rough and polished silicon and sapphire
substrates (Figure 4.35c-g). When mesocrystals form under the same conditions on a
rough and unpolished substrate (Figure 4.35c-d), LM images suggest that the mesocrystals are smaller, defect-rich and not so well faceted as ordinary mesocrystals
(Figure 4.35a). Image processing of the LM images verified these observations by
comparing counts and single mesocrystal areas (Figure E.1, p. 158. These areas are
the sections on the silicon substrate that are covered in mesocrystals. Histograms
made by image processing shows that the area covered by one mesocrystal is larger
for the polished substrate (polished: 2800 µm2 , rough: 1500 µm2 ), while less mesocrystals appear (polished: count = 181, rough: count = 405). Finally, mesocrystals on
polished sapphire and silicon substrates are compared (Figure 4.35e-g, cyclohexane,
PrOH). Image processing of the LM images reveals that mesocrystals grow larger on
a silicon substrate, but more mesocrystals are observed when grown on a sapphire
substrate (sapphire: 28000 µm2 , count = 248; silicon: 121000 µm2 , count = 53).
Considered together, these observations contradict any claim that a homogeneous
nucleation event dominates before mesocrystal growth. A heterogeneous nucleation
event on the substrate is more likely to happen, since the same mesocrystal face
always orientates perpendicular to the substrate. In addition, the area covered
by single mesocrystals as well as the mesocrystal count depend on the substrate
used. Consequently, the surface tension for the originating nucleus is lowered
by the presence and type of the external solid materials (substrate). The lowered
surface tension reduces the energy barrier for the mesocrystal nucleation process and
heterogeneous nucleation occurs. The heterogeneous nucleation event is essential
to crystallize iron oxide mesocrystals on biomorphs and to generate micro-swimmers
(Chapter 4.4, p. 109 and Figure 4.49, p. 111). Even though a homogeneous nucleation
event does not dominate mesocrystal formation, it must be emphasized that spherical
disordered agglomerates of destabilized nanocrystals might form in solution. These
spherical agglomerates would explain the larger superstructures in solution measured
by DLS.[112]

4.2.3.2. Effect of Additives on Mesocrystal Growth - Influence of Molecular Impurities
on Mesocrystal Growth
Molecular impurities (e.g oleic acid) can act as inhibitors or promoters in classical
crystallization and therefore have to be precisely adjusted to control the mesocrystal morphology (Chapter 2.1.6, p. 13).[24,41] Molecular impurities as additives
also strongly influence the self-assembly of nanocrystals to mesocrystals. The
formation of self-assembled superstructures by the solvent evaporation technique
and other techniques is only observed when additives such as oleic acid are added
(Chapter 4.2.1, p. 41).[91,108]
The influence of added oleic acid on mesocrystal formation by gas phase diffusion
is presented in Figure 4.36 and Figure E.5, p. 160 (batch VI, THF, EtOH). The nanocrystal batch VI was already analyzed in Chapter 4.1, p. 33 and Chapter 4.2.2.6,
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Figure 4.36 Influence of free additive concentration on mesocrystal formation
(batch VI, THF, EtOH, oleic acid): The nanocrystal concentration for all samples was the
same (3 mg/mL). a Spherical agglomerates form when no free oleic acid is used. The inset
shows a close-up of a spherical agglomerate (scale bar of the inset: 600 nm). The magnification
below presents the disordered surface of the agglomerate. b A rhombohedral mesocrystal
formed with a small amount of oleic acid (1 µL/mL) is presented with a magnification of its
surface (below). c A tetragonal prism formed with a high oleic acid concentration (100 µL/mL)
with higher magnification of its surface is depicted. Note that further removal of impurities at
the mesocrystal surface by recrystallization to improve image quality would contaminate the
nanocrystal dispersion with oleic acid.

p. 71. It is a nanocrystal batch with a broader size and shape distribution than other
nanocrystal batches (dH = 9.9 nm). Mesocrystals from nanocrystal batch VI formed in
THF can show rhombohedral or tetragonal prismatic morphologies at the same time
(Chapter 4.2.2.4, p. 55). The mesocrystals only appear if an additive such as oleic acid
is added and no mesocrystals form when there is no additive added. Instead, spherical
agglomerates with a disordered surface appear (Figure 4.36a). As soon as small
amounts of oleic acid are added to the nanocrystal dispersion (0.5 µL/mL additive
concentration for 3 mg/mL nanocrystal concentration), the crystallization succeeds
and rhombohedral mesocrystals form (Figure 4.36b and Figure E.5b, p. 160). The
morphology of these mesocrystals is mainly rhombohedral. The overall morphology
of mesocrystals changes to tetragonal prisms when the additive concentration is
further increased (Figure 4.36c, Figure C.9a-b, p. 150 and Figure E.5b-e, p. 160,
batch VI, THF). It is worth to noticing that both morphologies appear in the process
of making these mesocrystals. The appearance of both morphologies can be caused
by the lower quality of the nanocrystal batch and the changing of the crystallization
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kinetics (similar to classical crystals).[214] The additive concentration might influence
the crystallization kinetics. Beside the succeeding mesocrystal formation, high
concentration (50-100 µL/mL) of additives can lead to dark and undefined films
(Figure E.5e, p. 160). For low additive concentration (0.01-1.5 µL/mL), more and
smaller mesocrystals are observed (Chapter 4.4, p. 109 and Figure 4.50h, p. 113).
Mesocrystal formation does not solely depend on oleic acid. Mesocrystals also
form when other additives such as dioctyl ether or oleyl amine are used (Figure 4.37,
different solvents were used as dispersion agent and ethanol as destabilization
agent). The additives can significantly influence the morphogenesis and morphology
of mesocrystals when they are replaced. The replacement of additives affects
the growth mechanism and the growth regime. Mesocrystals with an undefined
morphology (e.g. multiply-twinned structure) and a rough surface crystallized,
when small amounts of dioctyl ether were used (Figure 4.37a, batch II, THF). In
this particular case, the crystal faces grow by an adhesive-type growth mechanism
and clearly show an increased surface roughness and resulted in multi-domain
structure (Chapter 4.2.3.3, p. 89). The growth mechanism and the appearance of
the mesocrystals changes drastically when a mixture of oleic acid and dioctyl ether
as additive is used. Large tetragonal prismatic mesocrystals with a highly ordered
surface form and the crystal growth mechanism by two-dimensional nucleation is
observed. (Figure 4.37b, batch II, THF, dioctyl ether:oleic acid(1:5)). These large
mesocrystals of nanocrystal batch II are highlighted, because they are huge compared
to ordinary grown mesocrystals under similar conditions with other additives and
additive mixtures (Figure 4.21, p. 59). The additives not only influence the growth
mechanism, the growth regime (e.g. interface and diffusion-controlled growth) of
mesocrystals is affected as well. Mesocrystals with flat and smooth surfaces form
when the growth regime is interface-controlled (Figure 4.37b and Figure E.6, p. 161).
The growth regime is diffusion-controlled and skeletal defects appear. Characteristics
of skeletal defects are deformed edges and bulges. Mesocrystals with deformed
edges and bulges at the center form, when a nanocrystal dispersion is destabilized
using cyclohexane with dioctyl ether as additive (Figure 4.37c-d, batch III). These
bulges prove skeletal defects. Skeletal defects appear solely in the diffusion-controlled
growth regime. Beside these changes in growth mechanism and growth regime, no
general differences occur when oleic acid is replaced with oleyl amine as additive
(Figure 4.37e, batch IV). Final interesting aspects on mesocrystal formation are
obtained when a mixture of dioctyl ether and oleic acid was used (Figure 4.37f,
batch IV, cyclohexane, oleic acid and dioctyl ether as additive (1:1)). Regular mesocrystals were obtained, while the surface of the mesocrystals may show inclusions of
colloidal impurities. The inclusion of the colloidal impurities might be the result of the
formation of aggregates in solution and their incorporation into the growing crystal
using a mixture of oleic acid and dioctyl ether as additive.
The reason that mesocrystals form when molecular impurities as additives are
added to the nanocrystal dispersion remains unknown. However, the deep impact of
additives on the success of mesocrystal formation, growth mechanism and growth
regime is undeniable and probably the effective shape and the interaction of the
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Figure 4.37 Influence of other additives as impurities: Mesocrystals also form, when
other additives such as oleyl amine and dioctyl ether are used. This is illustrated by SEM
and LM images of different magnifications. a In case of nanocrystal batch II, adhesive-type
growth occurs with dioctyl ether (batch II, THF, dioctyl ether). This leads to multi-domain
superstructures (inset). b Mixtures of oleic acid and dioctyl ether promote growth of tetragonal
prisms (batch II, THF, dioctyl ether:oleic acid (1:5), recrystallized). c,d Skeletal bulges form
with different additives. These bulges are skeletals. Skeletal growth appears in the diffusioncontrolled regime (batch III, cyclohexane, dioctyl ether). e Mesocrystals close to standard
quality are formed with oleyl amine (batch IV, cyclohexane, oleyl amine). f The changing of
additives can lead to inclusion of imperfect, bigger and smaller building blocks (batch IV,
cyclohexane, dioctyl ether:oleic acid (1:1)).

nanocrystals is affected as well. The selected additive might affect the interaction
of the aggregating nanocrystals or change the effective shape of the building blocks.
Furthermore, these experiments show that the mesocrystal morphogenesis is also
highly susceptible and depends strongly on the nanocrystal batch used, dispersion
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agent and additive. Knowledge of all parameters of the mesocrystal morphogenesis is
of prime importance to facilitate the production of tailor-made unique materials for
any purposes.

4.2.3.3. The Non-Classical Kossel Crystal, Growth Regime, Growth Mechanism and
Generation of Defects
The magnitude of the driving force of classical crystallization can influence the growth
regime and growth mechanism (Chapter 2.1.3-2.1.5, p. 9-12). These fundamental
relations also apply for "non-classical" crystallization and can be influenced by
different crystallization conditions using different additives, dispersion agents and
destabilizing agents.
The "Kossel crystal" consists of cubes and for decades it has been a suitable model
for the growth of classical molecular crystals (Chapter 2.1.3, p. 9). The Kossel
crystal can be further used as a model for the approximation of the mesocrystal
growth. The morphogenesis of iron oxide mesocrystals can be described in terms
of classical relations as presented in Chapter 2.1.3-2.1.5, p. 9-12. Figure 4.38a
depicts the theoretical Kossel crystal next to an atomic force microscopy (AFM) image
of the mesocrystal surface. The dimensions of the mesocrystal superlattice (i.e. the
distance between adjacent lattice planes of periodic array of identical building blocks)
and the height difference between the adjacent steps is determined by the size of
the single nanoparticle (Figure 4.38a, profile, batch IV, cyclohexane). The adsorbed
iron oxide nanocubes on the surface of the mesocrystal are visible (Figure 4.38b,
growth mechanism B, white points represented on a single surface) and the iron
oxide nanocubes built up the mesocrystal and exhibit the terraces, steps and kinks
on its surface.
The changing of the crystal surface roughness which is the result of different
growth mechanism is observed for mesocrystals, also (Figure 4.38b). The surface
roughness of (meso-)crystal faces depends on the magnitude of the driving force
for the crystallization (Figure 4.38b, inset). Smooth mesocrystal crystal faces result
from the growth by the spiral growth mechanism which is related to a weak driving
force. Mesocrystal growth by the spiral growth mechanism is often observed when
the nanocrystals are destabilized slowly in non-polar solvents such as cyclohexane
or heptane (Figure 4.38b, growth mechanism A). The mesocrystal growth mechanism
and the surface roughness can be affected by changing the crystallization parameters
and by reducing the crystallization duration which changes the strength of the
driving force for crystallization. The roughness of the crystal face is increased
for the growth process related to the two-dimensional nucleation (Figure 4.38b,
growth mechanism B). Two-dimensional nucleation often appears with THF as solvent
and oleic acid as additive. The roughest surfaces of mesocrystals are observed
when mesocrystals are grown in THF with dioctyl ether as additive (Figure 4.38b,
growth mechanism C). The rough surface of the mesocrystals showing multi-domain
structures indicates for these particular crystallization parameters that the growth
mechanism is adhesive-type growth.
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Figure 4.38 The non-classical Kossel crystal and the roughening transition of
mesocrystals: a AFM measurement in peak force mode shows the step height of an iron
oxide mesocrystal (batch IV, cyclohexane), which is in between 12-13 nm (profile, right).
The AFM measurements and its profile demonstrate the similarities to the Kossel crystal.
A small illustration of the mayor parts of the Kossel crystal is given (right). b Roughening
transition of mesocrystals due the change of crystallization parameters visualized by SEM
images. The surface of the mesocrystals roughens from A-C (low magnification), while the
growth mechanism changes from spiral growth over two-dimensional nucleation to adhesivetype growth (high magnification).

The final morphology including the surface structure of mesocrystals is affected
by different growth mechanisms, but also by different growth regimes, namely, the
interface-controlled growth regime and the diffusion-controlled growth regime. The
two different growth regimes are illustrated next to each other in the Appendix
(Figure E.6, p. 161). Mainly the edges of a mesocrystal are growing and skeletal
crystals appear in the diffusion-controlled growth regime, while mesocrystals in the
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interface-controlled growth regime exhibit smooth and plane faces. Growth regime
and growth mechanism can be changed separately and both influence the final
morphology of the mesocrystal as well as defects.
Different growth mechanism and growth regimes can be observed at different
crystallization conditions for the same nanocrystal batch (Chapter 2.1.4, p. 11).
Therefore, general relations can be derived for the morphogenesis of mesocrystals.
The driving force and therefore the morphogenesis of mesocrystals is influenced by
the type of the dispersion agent, the additive and nanocrystal surfactant. Smooth
mesocrystal faces are obtained when the dielectric constant ε of the dispersion agent
is lower or similar to oleic acid and the crystallization duration is long and the growth
rate slow. The surface becomes rougher with increasing driving force. Obviously,
polar solvents with shorter crystallization durations and faster crystallization growth
rates lead to the increase of the driving force since no smooth surfaces are obtained
with THF as dispersion agent. Nanocrystals self-assemble to mesocrystals like
classical building blocks crystallize to crystals. Spiral growth, two-dimensional
nucleation and adhesive-type growth are not exclusively related to classical crystals,
they are also growth mechanisms of mesocrystals. The results suggest that the
principles of mesocrystal growth can be explained to some extent by using the
approximation of the Kossel crystal model.
Analogous to classical crystals, mesocrystals show also different types of defects.
Figure 4.39 depicts several mesocrystal defects. Furthermore, these defects are
categorized in groups of different dimensions D (0D, 1D, 2D and 3D). Voids in
the superlattice are an example of zero-dimensional (0D) point defects in mesocrystals (Figure 4.39a). Point defects within a mesocrystal can arise due to missing
incorporated nanocrystals. The next level of defects are one-dimensional (1D) line
defects. Line defects in mesocrystal growth were already discussed for the spiral
growth mechanism and the partial splitting of dislocation will be discussed in
more detail in the next subsection. (Figure 4.38b, growth mechanism A, p. 90
and Figure 4.39b and Chapter 4.2.3.3, p. 92). Furthermore, two-dimensional (2D)
planar defects can emerge. Planar defects are very common on the surface of
mesocrystals when THF as dispersion agent and dioctyl ether as additive are used
(Figure 4.39c). Nevertheless, the variety of three-dimensional (3D) mesocrystal
defects is the largest. A collection of large mesocrystal 3D defects is illustrated and
includes multiple twinning (including intergrowth), inclusions, branching, dendrites,
skeletals (Figure 4.39d-i). Dendrites and skeletals are defects which originate from
the diffusion-controlled growth regime, while the intergrowth for mesocrystals was
mainly observed for crystallizations at conditions within the interface-controlled
growth regime (Figure 4.39i, THF, ethanol, oleic acid). The branching of mesocrystals
did occur often for the adhesive-type growth mechanism with a high driving force,
when dioctyl ether instead of oleic acid is used as additive for the crystallization
process (Figure 4.39e). High supersaturation can cause the branching due to internal
stress of the crystal. The depicted dendrite stems from a crystallization in toluene as
dispersion agent, 2-propanol as destabilizing agent with only small amounts of oleic
acid as additive (0.1 mµ/mL) (Figure 4.39f). The crystallization of nanocrystals from
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Figure 4.39 Defects of mesocrystals: Defects of mesocrystals destabilized with ethanol
and oleic acid as additive from nanocrystal batch II (if not marked otherwise). The defects
are imaged using SEM techniques. a Point defects (batch III, cyclohexane) b Line defect
inducing spiral growth (cyclohexane) c Planar defect (THF, dioctyl ether) d Bending twinning
of a mesocrystal (THF, oleic acid : dioctyl ether (1:5)) e Branching of mesocrystals (THF, DOC)
f Dendrite (toluene, propanol) g Skeletal growth (batch III, cyclohexane, dioctyl ether) h Twin
defect (batch I, toluene) i Intergrowth of mesocrystal (batch II, THF).

batch III with cyclohexane as dispersion agent and dioctyl ether as additive leads to
the presented skeletal (Figure 4.39g). Twins are often observed when the driving force
is weak and are often caused by the usage of toluene and cyclohexane as dispersion
agents (Figure 4.39h, batch I).
Structural Insights in Mesocrystalline Structures - Point Defects and Screw Dislocations
The origin of a defect might be small, but often the defect propagates throughout
the complete structure (e.g. screw dislocation). The origin of the defect or the defect
itself (e.g point defect) can be enclosed by the crystal and are therefore inaccessible
for further investigations. Yet, the morphology of the crystal can be strongly affected
by a single defect and its origin. The local imaging of this origin and the ordering of
the building blocks around it is of high scientific value in understanding the defect
propagation. X-ray techniques have been used for more than a century to investigate
crystal structures, and to show periodicity throughout the crystal. However, X-ray
techniques are not suitable to image local parts of the interior of a crystal in real
space. Different microscopic ED methods have to be considered to image the interior
of a crystal and therefore the origin of the defect. Advanced electron microscopy and
diffraction techniques provide excellent tools for this task.
Crystal defects of classical and particle-based crystals strongly resemble each
other (Figure 4.39). Hence, the mesocrystalline structure of self-assembled nano-
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crystals and their defects provides a unique opportunity to image the interior of a
crystal, because advanced electron microscopy techniques enable the local imaging
of the mesocrystal structure including its nanocrystal building blocks. For well
performed sample preparation, these techniques do not affect the interior of the
material too strongly. Still, they are limited by the thickness of the specimen. The
scanning transmission electron microscopy (STEM) tomography and the holographic
TEM tomography are presented below as such a technique.
STEM is similar to ordinary TEM techniques, but the beam is focused to one
tiny spot. By moving the beam across the specimen, the microscope images each
spot step-by-step. Electron holography is an extraordinary technique in which an
electron beam is split into two distinct coherent electron beams. One electron
beam is transmitted through the specimen, while the other electron beam transmits
unaffected. The combination of the transmitted electron beams past the specimen
creates an interference pattern, namely, the electron hologram. In contrast to
ordinary TEM techniques, the phase information of the affected electron beam is
not lost. The amplitude and phase information of the electron beam are recored
in the hologram, which can be reconstructed numerically. In isolation, the presented
electron microscope techniques cannot be used to produce spatial image information.
But these techniques can be combined with electron tomography. In electron
tomography, an electron beam penetrates the specimen from as many directions as
possible. For that reason, the specimen needs to be rotated. The collected data from
every angle is then reconstructed by computational methods to produce the three
dimensional image – the tomogram. As a consequence the interior of the crystal can
be reconstructed without destroying the specimen. These methods provide a great
opportunity to give local insights in the mesocrystalline structure and the propagation
of defects. In the following passage, two different mesocrystalline samples of the
same nanocrystal batch are investigated by STEM and holographic TEM tomography
(batch II, cyclohexane).9
The first specimen is examined using holographic TEM tomography revealing point
defects within the mesocrystalline structure. At the beginning, a specimen of the
mesocrystal needs to be prepared by the FIB-cut technique before the interior can
be measured (Figure 4.40a-b). The specimen removed from a mesocrystal has
a trigonal truncated morphology and a fcc superlattice symmetry (Figure 4.40a,
batch II, cyclohexane). The angle of the selected corner before the preparation is
close to 60° (58.5°). In addition, the basal (111) crystal face, parallel to the substrate,
is smooth and exhibits a screw dislocation. Hence, this crystal face is grown by
the spiral growth mechanism, while the lateral pyramidal faces of the mesocrystal
discloses the specimen and reveals a mesocrystal crystal face with a rough surface
(Figure 4.40b). This crystal face is grown by the adhesive-type growth, a different
growth mechanism. After the FIB-cut preparation, the specimen of the mesocrystall9

It must be emphasized that the data originates from the collaboration with the Institut für
Werkstoffforschung (IFW) in Dresden.
The supervising coordinator for the electron microscopy
techniques is Axel Lubk. The TEM sample preparation, data acquisition, reconstruction of the
tomograms as well as the analysis of the data was performed by Sebastian Sturm as part of his doctoral
dissertation.
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Figure 4.40 Holographic TEM tomography of a fcc superlattice revealing an
interior point defect by computational reconstruction (batch II, cyclohexane):
a SEM image of a trigonal truncated pyramidal mesocrystal is depicted before the specimen
preparation by FIB. The smooth crystal face parallel to the substrate is grown by the spiral
growth mechanism. b A SEM image of the preparation of the mesocrystalline specimen is
illustrated. The side-view further reveals a rough crystal face of the mesocrystal grown
by a different growth mechanism as presented in (a). c A computational reconstruction is
calculated by isosurface rendering of the mesocrystal fcc superlattice after holographic TEM
tomography measurements. It reveals the complete interior of the mesocrystalline specimen
without destroying it. d Slices of the reconstructed tomogram from different crystallographic
direction ([110] and [111]) show a point defect within the specimen. The holographic TEM
tomography measurement as well as the tomogram originates from the collaboration with the
group of Axel Lubk and was performed by Sebastian Sturm at the IFW in Dresden.

ine structure is removed from the substrate and transferred for holographic electron
tomography measurements. The obtained tomogram facilitates the visualization of the
mesocrystalline structures by an isosurface rendering of the dataset. This visualizes
the fcc crystal structure of the superlattice (Figure 4.40c). Each nanocrystal and
each mesocrystal layer within the mesocrystalline structure can be resolved and
the different crystal faces of the mesocrystal and their dedicated crystallographic
directions are highlighted. The tomogram allows insights into the mesocrystalline
interior and the creation of short video clips. These video clips are presented in
supporting material S1 and exhibit a void in the superlattice.10 By chance, a single
point defect is visible within the selected interior of the mesocrystal (Figure 4.40d and
10

The supporting material is provided on a separate data storage medium.
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supporting material S1). This mesocrystal defect is visualized for the corresponding
layers/slices along different crystallographic directions [110] and [111] (Figure 4.40d).
The point defect is enclosed by the surrounding nanocrystals and not observable
otherwise. The local imaging of the enclosed point defect convincingly demonstrates
the advantage of such an electron microscope technique.
Unlike the randomly occurring point defects, screw dislocations affect the crystal
structure thoroughly and in a predictable way, which can be retraced by electron
microscopy for scientific interests. A screw dislocation intersecting the (111) in a fcc
atomic crystal (i.e. classical) splits partially either according to Shockley or Frank.
The vast majority split into the former one: b → b1 + b2 (gliding on (111) planes
b = 1/2<110>; b1 = 1/6<211> and b2 = 1/6<12-1>). Here, the partial splitting into
two partial dislocation is induced by an intrinsic stacking fault (i.e. planar fault
in the crystal) which propagates throughout the crystal and the step height of a
dislocation intersecting the surface is 1/3d111 . These stacking faults (i.e. defects)
can be visualized by multiples of the three different stacked layers (Ax ,By ,Cz ) of a fcc
superlattice.[225]
The screw dislocation of mesocrystals (i.e. of non-classical crystal) is well suited for
investigating this defect in more detail by STEM tomography. According to previous
investigations, the preparation of a mesocrystalline needle (specimen) precedes the
STEM tomography measurements (Figure 4.41a-c, batch II, cyclohexane). The
selected screw dislocation on the (111) basal face with a fcc superlattice symmetry
before FIB-cut preparation is depicted in Figure 4.41b. After the FIB-cut preparation,
the HRSEM image illustrates the needle-like specimen for the STEM tomography
measurement (Figure 4.41c). The tomogram of the specimen nanocrystals within
the specimen and confirms the fcc superlattice of the mesocrystal which is expected
from other investigations performed before (Figure 4.41d). Furthermore, the tomogram of the mesocrystalline needle facilitates the extraction of the real nanocrystal
coordinates as a center of mass vertex and hereby improves the volume rendering.
Figure 4.41d illustrates the volume rendering. This illustration reveals that the fcc
crystal structure is distorted close to the screw dislocation at the surface (step and
defect, right) as well as the almost perfect fcc crystal structure within the interior (left).
Similar to a classical screw dislocation, the step height of the screw dislocation on the
surface is 1/3d111 (Figure 4.41d, red arrow "step"). But not only the step height of the
screw dislocation equals classical crystals. Analogous to classical crystals, stacking
faults also occur for mesocrystals. <110> suits as an ideal candidate to illustrate the
stacking fault, which originates from the screw dislocation (Figure E.7a, p. 162). For
that reason, the extracted real coordinates of the nanocrystals and the coordinates of
an ideal fcc superlattice are presented next to each other and the <110> is marked
within (11-1) (Figure E.7a, p. 162).
The different stacked layers of the mesocrystal fcc superlattice are provided by
the extracted nanocrystal coordinates from STEM tomography. The different stacked
layers can be visualized separately (Figure 4.42d and Figure E.7b, p. 162). Six
different layers are highlighted and labeled as A1, B1, C1, A2, B2 and C2. According
to the volume rendering of the interior, the different layers do not match close to
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Figure 4.41 FIB-cut preparation and computational reconstruction after TEM
tomography of a screw dislocation from a mesocrystal with a fcc crystal
structure (batch II): a A SEM image of a truncated pyramidal mesocrystal before FIB-cut
preparation exhibiting a screw dislocation highlighted within the red square. b A HRSEM
image shows a high magnification of the terminating screw dislocation in (a). The blue circle
indicates the position from where the specimen is prepared. c The specimen needle is depicted
after the FIB-cut preparation (a,b). d A tomogram of the specimen needle from (c) containing
the screw dislocation after TEM tomography measurements. The defect within the mesocrystalline structure and the step of the screw dislocation are highlighted. The TEM tomography
measurement as well as the tomogram originates from the collaboration with the group of
Axel Lubk and was performed by Sebastian Sturm at the IFW in Dresden.

the surface and screw dislocation (Figure 4.42a, right). Hence, each layer needs
to be separately investigated. A1, B1, and C1 reproduce the fcc superlattice
satisfactorily (Figure 4.42b). In addition, A1/A2 and B1/B2 stack on top of one
another, respectively (Figure E.7b, p. 162). While the layers C1 and C2 do not match
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Figure 4.42 The stacking of different layers within the mesocrystalline interior
(fcc crystal structure): The layers are derived from the real coordinates of the nanocrystal
within the mesocrystal (batch II). Six layers (A1, B1, C1, A2, B2, C3) can be extracted. a All
different layers are visualized in different colors. Stacking faults are clearly visible when the
dislocation intersects the surface. b The stacking of the layers A1, B1 and C1 demonstrates
the fcc mesocrystalline crystal structure. c The stacking fault of layer C1 and C2 is visualized
by the dashed yellow line. The (11-1) plane of C2 is distorted and shifts throughout the
lamella. The tomogram originates from the collaboration with the group of Axel Lubk, and
was performed by Sebastian Sturm at the IFW in Dresden.
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locally one another and the shift due to the stacking fault is indicated by <110> as
a dashed yellow line (Figure 4.42c). Hence, the structure of the dislocation core is
located and the screw dislocation splits into two partial dislocations which can be
possibly explained according to either Shockely or Frank. These investigations are in
accordance to other investigations of colloidal crystals with X-ray tomography.[226]
4.2.3.4. Increasing Mesocrystal Size by Nanocrystal Concentration and Destabilizing
Agent
Within this subsection, crystallization protocols are provided to form macroscopic
and faceted mesocrystals by adjusting the initial nanocrystal concentration and
destabilization agent.
Nanocrystals are tiny single crystals with extraordinary
properties, whereby their small sizes comprise both advantages and disadvantages.
The formation of large mesocrystals with the size-dependent properties of nanocrystals overcomes one of the mayor disadvantages of nanoparticles, while most of
their advantages persist (Chapter 2.2.3, p. 17). The handling of mesocrystals with
sizes around 1 mm3 is a lot easier than the handling of nanocrystals with sizes around
10 nm3 . At the same time, the mesocrystal retains the properties of the single nanocrystals (Chapter 4.2.2.5, p. 68).

Figure 4.43 Influence of nanocrystal concentration and destabilizing agents
on mesocrystal size (batch IV): The mesocrystals are imaged using LM techniques.
a-c The size of mesocrystals increases by increasing the initial nanocrystal concentration.
d,e By changing the destabilizing agent to a mixture of n-propanol and the dispersion agent
(cyclohexane (d), heptane (e), 1:1), large mesocrystals with sizes exceeding 1 mm were formed.
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Figure 4.43a-c and Figure E.4, p. 160 present the dependency of the final mesocrystal size between the initial nanocrystal concentration (batch IV, cyclohexane,
EtOH). Larger mesocrystals form under the same conditions when a higher initial
nanocrystal concentration is used. LM image processing validates these observations
(Figure E.4, p. 160). Under the given conditions, the mean area of a single mesocrystal covering the substrate increases from 260 to 950 µm2 by increasing the initial
nanocrystal concentration from 2 to 10 mg/mL. The higher the starting nanocrystal
concentration is, the larger the colloidal crystals become. This is consistent with
findings on colloidal crystals.[112]
The initial nanocrystal concentration is not the only factor that influences the
final mesocrystal size. The mesocrystal size can also be increased by replacing
the destabilization agent (non-solvent), while the original mesocrystal morphology
remains. Figure 4.43e-f illustrates large faceted mesocrystals (batch IV, cyclohexane
and heptane) with sizes in the macroscopic regime. The overall destabilization
duration was greatly extended by exchanging ethanol (3-7 days) with a mixture of
propanol and solvent (60 days) (Table E.2, p. 161). Extending the destabilization
duration by the destabilization agents, decelerates the infiltration of the non-solvent
in the nanocrystal dispersion.
Figure 4.43 summarizes the data for nanocrystal batch IV in non-polar solvents
such as cyclohexane or heptane. These conclusions also apply for other nanocrystal
batches and solvents. In general, the longer the destabilization duration and the
higher the initial nanocrystal concentration, the larger the final mesocrystal size
becomes.

Summary - Formation and the Aspects of Mesocrystal Growth
This subsection summarizes the findings provided within Chapter 4.2.3. As a result
of the data presented, one can draw the conclusion that the nucleation event that
precedes iron oxide mesocrystal growth is predominately heterogeneous. Another
remarkable result is that mesocrystal growth only succeeds if molecular impurities in
forms of additives such as oleic acid are added. Similar kinds of additives (e.g. dioctyl
ether or oleyl amine) can also be used. These additives in connection with other
crystallization conditions (e.g dispersion agent, destabilization agent...) allowed the
formation of mesocrystals with a different surface roughness. Thereby, the different
growth mechanisms, growth regimes and defects were collected. The collection of
different growth regimes and growth mechanisms of mesocrystals strongly resembled
those related to classical crystals. Furthermore, the so-called Kossel crystal is
a fundamental model for crystal growth and also applies to some extent for the
approximation of mesocrystal growth. Also regarding the defects, similar observations
appeared. Hence, similar defects as known for classical crystals built up from atoms,
ions and molecules occur in the case of mesocrystals. Finally, crystallization protocols
based on the nanocrystal concentration and the kind of destabilization agent was
presented for the formation of large mesocrystals.
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4.3. Non-Classical Crystallization within a Magnetic Field Directed Assembly
Chapter 4.2 provides a detailed overview of diverse self-assembled iron oxide
mesocrystals obtained from different crystallization techniques and under various
conditions, whereby the mesocrystal formation was realized by spatial constraints
and mutual alignment of crystal faces. The chapter shows that the formed colloidal
solids are mesocrystals exhibiting a long-range order on the atomic scale and the
same structuring principles (i.e. bump-to-hollow principle) as for molecular crystals
(Chapter 4.2.1, p. 41). Regarding the gas phase diffusion technique, large superparamagnetic type I mesocrystals can be obtained and the morphology of these
faceted mesocrystals depends on the crystallization parameters (Chapter 4.2.2.14.2.2.5, p. 50-68). The formation of mesocrystals is reversible, and recrystallization
is a powerful tool to improve mesocrystal and nanocrystal quality (i.e. a narrow
size- and shape distribution) (Chapter 4.2.2.6, p. 71). Furthermore, mesocrystals
show similar growth mechanisms as classical crystals (Chapter 4.2.3, p. 82). All
these findings demonstrate that the crystallization of nanocrystals to mesocrystals
is strongly related to classical crystallization. However, the properties of nanocrystals differ significantly from classical building blocks. In particular, classical
building blocks do not contain a notable magnetic moment compared to iron oxide
nanocrystals and the influence of a magnetic field on a classical crystallization is
of secondary nature.[92,93] Magnetic (nano-)crystals can be affected by a magnetic
field, whereby the magnetic moment of the crystal tends to align along a certain axis:
the easy axis. Therefore, superparamagnetic nanocrystals with an easy axis along
<111>Fe3 O4 are an extraordinary opportunity to further influence the crystallization of
nanocrystals to mesocrystals with a magnetic field and to design mesocrystals with
different orientational relations of the nanocrystals as well as different morphologies.
The assembly of nanoparticles to superstructures under an external physical field
and their resulting superstructures are called directed self-assembly and directed
assemblies (Chapter 2.3.2.3, p. 24). The behavior on the nanocrystals depends on the
strength of the magnetic field. Within a sufficiently strong homogeneous magnetic
field, the easy axis of magnetite should align parallel to all magnetic field lines and,
in the case of the provided experimental set-ups within this thesis parallel to the
substrate surface. This Chapter summarizes the findings on how a sufficiently strong
magnetic field during the crystallization process causes a change of the orientational
and translational orders within colloidal solids, including mesocrystals, and how
this affects the mesocrystal morphology. A competition of the assembly techniques
according to spatial constraints, mutual alignment of the crystal faces and nanocrystal alignment by magnetic fields occurs. By changing the magnetic field strength
(0-200 mT), the assembly process of the nanocrystals is influenced.
For the formation of directed mesocrystals, the gas phase diffusion technique and
the solvent evaporation technique are performed within a homogeneous magnetic
field (Figure 4.44e-f). The mesocrystallization techniques are carried out according
to Chapter 4.2.1.1, p. 42 and Chapter 4.2.2.1, p. 50. The position of the substrates
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Figure 4.44 Assembly within a magnetic field - Directed assembly: a SEM image of
self-assembled nanocrystals without an applied magnetic field (drying mediated self-assembly,
batch I, toluene, 3 hours). The growing direction of the superstructures is the same and the
orientation of the superstructures to each other is random. b SEM image of directed selfassembled nanocrystals (120 mT, drying mediated self-assembly, batch I, toluene, 3 hours).
The superstructures are elongated and equally aligned along the direction of the magnetic
field. c LM image of self-assembled nanocrystals without an applied magnetic field (gas
phase diffusion technique, THF, batch VII, 3 days). The truncated tetragonal mesocrystalline
pyramids exhibit the same growing direction and they are randomly oriented to each other.
d LM image of the same crystallization protocol but with an applied magnetic field (30 mT, gas
phase diffusion technique, batch VII, THF, 3 days). The superstructures are elongated and
equally aligned along the direction of the magnetic field. e-f Scheme of the experimental setup
for the nanocrystal assembling influenced by an electro magnet (1) for the solvent evaporation
technique (e) or the gas phase diffusion technique (f). Either the nanocrystal dispersion (2) is
dried by evaporation (e) within a glass vial on a TEM grid (3) or it is destabilized within the
magnetic field (f) forming directed superstructures on a silicon substrate (3). The inset (4) in
(f) depicts a different visualization angle (turned by 90°) of the glass vial for better illustration
of the slightly tilted silicon substrate.

with respect to the magnetic field is important, because under the selected conditions
the assemblies start to grow on them. In case of the solvent evaporation technique
the substrate is placed on the bottom of a glass vial containing the nanocrystal
dispersion (Figure 4.44e, batch I, toluene). In case of the gas phase diffusion
technique (batch VII, THF or toluene), the silicon substrate is aligned against the
glass vial (Figure 4.44f). Thereby, the substrate is oriented parallel to the magnetic
field line for both assembly methods as shown in Figure 4.44e,f. The strength of
the magnetic field can be adjusted by the electromagnet. The morphology and the
structure of the directed assemblies of nanocrystals formed within a magnetic field
are investigated by electron microscopy and diffraction (X-ray and ED) techniques.
The assembly of iron oxide nanocubes within a magnetic field leads to large
elongated superstructures independent of the assembly technique. Similar to the
formation of ordinary mesocrystals, the formation of directed superstructures only
succeeds when an extra amount of oleic acid is added. In case of the solvent
evaporation technique, elongated mesocrystalline films with projected c2mm and
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p4mm layer symmetries of the basal plane maintain the same orientational order. In
contrast to mesocrystalline assemblies without an influence of a magnetic field during
the assembly, new orientational orders such as [112]Fe3 O4 and [114]Fe3 O4 zone axes
perpendicular to the substrate contribute to the formed structures, whereby <111> of
the magnetite nanocrystals aligns parallel to the direction of the magnetic field which
is in competition to the face-to-face interaction of the truncated cubes. In fact, it
will be shown that for some mesocrystals the contributions of [100]Fe3 O4 , [112]Fe3 O4
and [114]Fe3 O4 zone axes differ (i.e. which appear perpendicular to the substrate).
The contributions of the new orientational orders indicate the competition between
the two mesocrystal formation processes: the face-to-face interaction of the nanocrystals during their assembling at the final growing stage of the mesocrystal and the
alignment by physical fields. In case of the gas phase diffusion technique, frustrated
assemblies form due to the influence of the magnetic field which are more disordered
at high strengths of the magnetic field. These frustrated assemblies show neither
orientational nor translational long-range order. The competition between two mesocrystal formation processes is also observable. Here, the mutual alignment of crystal
faces (i.e. face-to-face interaction) and the alignment by physical fields primarily
compete each other.
The most obvious influence of a magnetic field on the mesocrystal formation
process, which is the elongation of the colloidal solid, is illustrated by LM and SEM
in Figure 4.44. Instead of regular mesocrystals, elongated superstructures form for
both assembly techniques. The magnetic field strongly affects the assembly of nanocrystals into mesocrystals. The ordinary assembly of nanocrystals by the solvent
evaporation technique without a magnetic field was already investigated in detail
(Chapter 4.2.1, p. 41, batch I). Although the growing direction of the independently
grown superstructures is the same, the superstructures are mesocrystals (type I)
and are randomly directed to each other on the substrate, which is displayed in
Figure 4.44a. The morphology of the superstructures strongly differs when a magnetic
field is applied. By applying a magnetic field during the crystallization, elongated
superstructures form (Figure 4.44b). These elongated structures align parallel to the
magnetic field lines. Similar observations appear, when nanocrystals are assembled
by the gas phase diffusion technique (Figure 4.44c, Chapter 4.2.2.4, p. 55, batch VII).
Regular tetragonal truncated pyramidal mesocrystals form from nanocrystals when
no magnetic field is applied (Figure 4.44c, batch VII, THF). In addition, the mesocrystals are randomly oriented. Equal crystallization conditions, but with an applied
magnetic field lead to large elongated superstructures (Figure 4.44d, 30 mT). These
superstructures are again aligned according to the direction of the applied magnetic
field and some superstructures are misaligned, due to removal of the silicon substrate
from the solution after the finished formation process. Hence, the crystallization
process of nanocrystals to mesocrystals is significantly influenced by the magnetic
field. The impact of the magnetic field on the crystallization process already proves
the new opportunities for materials design that arise from this assembly technique.
In order to obtain structural insights into directed superstructures by the solvent
evaporation technique, TEM and ED measurements are performed. Figure 4.45a-d
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Figure 4.45 Directed mesocrystals with different contributions of nanocrystal
orientations (batch I, 120 mT): Directed mesocrystals formed by the solvent evaporation
technique within a magnetic field with toluene as dispersion agent and imaged by TEM
techniques. The arrows indicate the direction of the magnetic field. a An elongated
superstructure is presented. The FFT pattern (inset) shows the projected c2mm packing
symmetry of nanocrystals from the corresponding mesocrystal. b One indexed SAED pattern
is depicted from position 2 in (a). The SAED pattern indicated by the yellow circles of position
1 and 3 in (a) equals 2. New signals emerge, which were not observed for self-assembled mesocrystals without the influence of a magnetic field, these signals can be indexed as [112]Fe3 O4 .
c Another elongated directed mesocrystal showing a projected p4mm packing symmetry of
the nanocrystals (inset). d SAED pattern of the elongated structure exhibits new signals of
magnetite. The newly appearing zone axes and their signals are indexed. Note that [001]Fe3 O4
is not indexed anymore due to missing signals.

and Figure F.1, p. 163 depict directed superstructures with their corresponding SAED
pattern (Figure 4.45b,d and Figure F.1b, p. 163) and FFT (Figure 4.45a,c (inset) and
Figure F.1c, p. 163). The formed superstructures are directed mesocrystals type I
because their corresponding SAED pattern is texture-like and the FFT confirms the
long range order of the building blocks. All mesocrystals are elongated in the same
direction and parallel to the homogeneous magnetic field lines (Figure 4.44b). The
plane group of the projected mesocrystal surface which is parallel to the substrate is
c2mm (Figure 4.45a (inset)) and p4mm (Figure 4.45d (inset) and Figure F.1c, p. 163),
respectively. ED confirms that similar to ordinary mesocrystals formed without a
magnetic field, the directed mesocrystals show a long range order on the atomic
scale (Figure 4.12, p. 46, Figure 4.13, p. 47 and Figure B.2, p. 141). However,
the orientational relations slightly differ between different mesocrystals. On the
one hand, new and weak reflections appear (e.g. (111)) in the SAED pattern of the
directed mesocrystals indicating additional nanocrystal orientations within the mesocrystalline structure (Figure 4.45b,d). On the other hand, some signals disappear
(e.g (311)). This is highlighted by the mesocrystals in Figure 4.45a-d together with
their corresponding ED. The new diffraction spots belong to the [112] and [114]
zone axes of magnetite perpendicular to the substrate (Figure 4.45b,d), while the
[100]Fe3 O4 zone axis may disappear for some mesocrystals. Other signals correspond
to the zone axes [310]Fe3 O4 and [130]Fe3 O4 , which are also present for the mesocrystals
aligned without a magnetic field. Due to the indexed pattern, the signals can be
identified and related to the direction of the mesocrystal elongation which indicates
that [111]Fe3 O4 is parallel to the substrate and the magnetic field lines. For both meso-
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crystals displayed in Figure 4.45, the easy axis of certain magnetite nanocrystals is
almost perfectly aligned with the magnetic field.11 Most mesocrystals aligned within
a magnetic field show a morphology and an ED pattern similar to the mesocrystals
displayed in Figure 4.45a-b (c2mm) and in Figure F.1, p. 163 (p4mm).12
Unfortunately, the symmetry of these 3D structures cannot be derived from the
provided data. Hence, the relations of the orientational and translational order from
the 2D SL structures is obtained from the FFT and SAED recorded in the same
direction. The orientational relations of the mesocrystals presented in Figure 4.45a-b
and Figure 4.46b are: [01]SL || [001]Fe3 O4 , [01]SL || [130]Fe3 O4 , [01]SL || [310]Fe3 O4 ,
[01]SL || [112]Fe3 O4 . The orientational relations of the mesocrystal presented in
Figure 4.45c-d is: [01]SL || [130]Fe3 O4 , [01]SL || [310]Fe3 O4 , [01]SL || [112]Fe3 O4 ,
[01]SL || [114]Fe3 O4 . These orientational relations differ then from the ordinary
mesocrystals assembled without the influence of a magnetic field (Chapter 4.2.1,
p. 41). Hence, three different kinds of mesocrystalline structures from the same
iron oxide nanocrystal batch are displayed, which is remarkable. Taking into
account that the properties of a crystal can change depending on the direction it
is investigated, these three different mesocrystalline structures could additionally
display different properties (e.g. magnetic properties) for the same investigated
direction. The opportunity to adjust the nanocrystal orientations within a mesocrystal means that different, tailor-made mesocrystals can be produced using the
same starting material.
The occurrence of nanocrystals in different orientations related to the mesocrystal
is summarized in Figure 4.46. Figure 4.46 shows an ordinary mesocrystal and
its corresponding SAED (Figure 4.46a and Figure 4.13, p. 47) grown without the
influence of a magnetic field next to two mesocrystals grown within a homogeneous
magnetic field (b,c) and their corresponding SAED patterns. All projected mesocrystal surfaces show layers with p4mm symmetry (Figure 4.46a-c, inset). For better
illustration of the newly appearing and missing signals, the SAED patterns of the
different mesocrystals are rotated to match the orientation of the SAED pattern in
Figure 4.46a. In addition, the corresponding mesocrystals are rotated in correlation
to the SAED pattern to provide the real orientation of the mesocrystal and ED. The
contribution of different magnetite zone axes is listed as inset at the bottom right
of the SAED patterns. Similar to the observations from Figure 4.45, different zone
axes can contribute to the selected mesocrystalline structure and these zone axes
are indexed as [001], [310], [130], [112] and [114] perpendicular to the substrate,
respectively. The elongation of mesocrystals proves the effect of the magnetic field
on the nanocrystal assembly. In contrast to the previous observations, for few
mesocrystals the easy axis of some nanocrystals within the mesocrystals appears
perpendicular to the substrate but it is not aligned along the mesocrystal elongation
and therefore not along the magnetic field (Figure 4.46b and Figure F.1, p. 163).
11

In fact, the basis vector of the easy axis which is parallel to the substrate is aligned with the magnetic
field lines.
12
Note that the ED pattern is rotated in Figure 4.45b,d and the insets in Figure 4.46. This rotation
originates from the calibration of the TEM instruments to provide the exact mesocrystal orientation
from the image to its corresponding ED pattern.
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Figure 4.46 Mesocrystals and directed mesocrystals with different SAED
patterns (batch I, 120 mT, toluene):13 25 of such directed mesocrystals (b,c) were
investigated using TEM techniques and for seven mesocrystals, the {111} signals were not
observable. a SAED pattern of a regular mesocrystalline multilayer formed without the
influence of a magnetic field (inset: scale bar = 300 nm, fcc superstructure). The signals
corresponding to the [001] zone axis of magnetite are present (blue). The zone axis is
perpendicular to the substrate. b SAED pattern of a directed mesocrystalline self-assembly
(inset: scale bar = 300 nm). Signals corresponding to the [112] zone axis appear (Figure 4.45
for indexed signals). c For this directed mesocrystal (inset: scale bar = 200 nm, Figure 4.45 for
indexed signals), the signals corresponding to [100] almost vanish and those corresponding
to [114] and [112] are more pronounced within the SAED.

This misalignment of the easy axis in relation to the mesocrystal orientation might
result from the contribution of different forces affecting the nanocrystals during the
assembly process.
In particular, two different formation mechanisms of mesocrystals have to be considered: the formation by face-to-face interactions and the
formation by a magnetic field.
The formation mechanism of mesocrystals by the solvent evaporation technique
without a magnetic field is by spatial constraints at the very beginning and by faceto-face interaction later on (Chapter 4.2.1, p. 41). Obviously, the similar formation
continues to occur when this formation method is performed within a magnetic field.
Nevertheless, in addition, the magnetic field induces the alignment of the magnetic
dipole within the superparamagnetic nanocrystals. The nanocrystals will then tend to
orient their easy axis along the direction of the magnetic field. The magnetic dipole of
each nanocrystal will affect surrounding nanocrystals as they come closer. Hence, it
is the interaction of the alignment by spatial constraints, the face-to-face interaction
and the influence of the magnetic field on the nanocrystals during the assembly that
can cause the misalignment of the easy axis of magnetite in relation to the mesocrystal elongation (Figure 4.46b). A competition of formation mechanisms occurs.
Additionally, inhomogeneity of the magnetic field and local defects of the substrate
13

In order to illustrate the appearing and disappearing signals better, the SAED patterns and the real
images are rotated. First, the SAED patterns of the different mesocrystals are rotated to achieve
congruence of the signals which appear within all SAED patterns. Second, the images of the mesocrystals (insets) are rotated according to the calibration of the TEM instrument to provide the correct
orientation.
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may affect the assembly process as well. However, these effects should be of minor
influence.
The formation of directed mesocrystals by crystallization of magnetic nanocubes
is not well researched. For the superparamagnetic iron oxide nanocubes within a
magnetic field, chains and ring-like structures can occur (Figure F.3, p. 164). A
recently published article shows that also ferrimagnetic hematite cubes (size of the
cubes approx. 1 µm) formed chains and ring-like structures within a liquid media
and an applied homogeneous magnetic field in similar direction.[227] Furthermore, it
is stated that for higher particle concentrations the chains of ferrimagnetic particles
start to interact with each other and form bundles.[227,228] This is another interesting
similarity. Such bundles of aggregated building blocks and the competition of two
different formation mechanisms can also be observed in the case of the gas phase
diffusion technique, which is presented in the following passage.
The competition of different formation mechanisms of mesocrystals is even better
demonstrated by the destabilization of nanocrystals with a non-solvent within a
magnetic field (Figure 4.47, batch VII, 200 mT, THF, ethanol). Here, elongated
superstructures form which can no longer be labeled mesocrystals. They are directed
colloidal solids and consist of elongated bundles. In fact, these superstructures are
referred to as frustrated assemblies, because the crystal growth of mesocrystals by the
destabilization of the non-solvent is frustrated by the environment.[90] The frustration
in these cases is caused by the magnetic field.
Figure 4.47 shows the main structural features of frustrated assemblies formed
by an applied magnetic field (batch VII, THF, 200 mT, 8 mg/mL). Large rodlike superstructures with dimensions exceeding 1 mm form from iron oxide nanocrystals when assembled in a magnetic field (Figure 4.47a). These rod-like structures
seem themselves to consist of smaller rods (Figure 4.47b and in the Appendix in
Figure F.4d, p. 165). HRSEM images of the surface reveal mosaic structures of
ordered domains (Figure 4.47e). The SAXS (Figure 4.47c) and WAXS (Figure 4.47d)
recorded along different directions neither show translational (i.e. long range order of
the nanocrystal building unit) nor orientational order (i.e. preferable crystallographic
orientation of the nanocrystals). Instead, ring-like in place of single crystal-like or
texture-like diffraction patterns are obtained.14 Hence, these superstructures cannot
be referred to as mesocrystals nor colloidal crystals, rather as directed colloidal solids.
The transition from mesocrystals to frustrated assemblies is discussed below.
In case of weak magnetic fields (5-10 mT), the formation of mesocrystals is
not affected at all or only small changes appear (Figure F.2, p. 163, batch VII,
toluene, 10 mT). Within toluene, trigonal truncated pyramidal mesocrystals, which
are slightly elongated and asymmetric, form for batch VII with a projected c2mm
plane symmetry instead of tetragonal truncated pyramids (p4mm plane symmetry).
The stronger the magnetic field strength becomes (10-20 mT) the more the mesocrystal morphology changes until frustrated assemblies develop (Figure 4.48a-f and
Figure F.4a-b, p. 165). The frustrated assemblies appear as rods with an aspect
14

Ordinary type I mesocrystals with a single crystal-like diffraction pattern are depicted in Figure 4.16,
p. 52 and Figure C.3, p. 144.
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Figure 4.47 Structural features of frustrated iron oxide assemblies (batch VII,
THF, 200 mT): a SEM image of a single frustrated assembly. b SEM image of a fragment of a
frustrated assembly exposes smaller rods. c Two-dimensional ring-like SAXS pattern recorded
along the superstructures demonstrating the missing long range order of the nanocrystals.
d WAXS recorded from a single superstructure showing a typical ring-like diffraction pattern,
which proves that the complete structure cannot be labeled mesocrystal. e HRSEM image of
the surface of such a frustrated assembly exposes multiple domains.

ratio and these rods become thinner with a stronger magnetic field (20-200 mT). The
aspect ratio of the rods is defined by the longest dimension as the first number and
increases with the strength of the applied magnetic field (batch VII, THF: 20 mT = 5:1,
40 mT = 15:1 and 200 mT = 40:1). Figure 4.48 displays several frustrated assemblies
formed using THF as dispersion agent. In fact, the morphology of the frustrated
assemblies seems to be independent of the dispersion agents used for sufficiently
strong magnetic fields (THF: Figure 4.48, toluene: Figure F.4a-b, p. 165). Beside the
rod-like appearance of the frustrated assemblies, the surfaces show highly mosaic
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Figure 4.48 Frustrated assemblies formed by the gas phase diffusion technique
(batch VII, THF): a LM image of an assembled superstructure by applying a weak magnetic
field with 20 mT. Flat and elongated parts are observed along the superstructure. b SEM
imaging (red box) of the elongated part of such a superstructure in (a). c The higher
magnification of the red square in (b) depicts the kinked nanocrystal packing on the surface.
d LM image of an assembled superstructure by applying a magnetic field with 40 mT. Flat
(blue square) and rough (red square) surfaces are observed. e LM image of an assembled
superstructure by applying a strong magnetic field 200 mT. Flat surfaces are not observed
anymore. f SEM imaging of nanocrystal packing of the surface of such a directed colloidal
solid in (e).

structures with flat (Figure 4.48d, blue square and Figure F.4, p. 165) or with kinked
and stepped surfaces (Figure 4.48a-c red squares). The flat surfaces may indicate
mesocrystalline domains within the directed colloidal solid (Figure F.4c, p. 165).
Kinked, flat and stepped surfaces appear for frustrated assemblies formed with
medium magnetic field strengths (20-100 mT). Frustrated assemblies formed within
strong magnetic fields show rough and mosaic surfaces (Figure 4.48e,f, Figure 4.47e
and Figure F.4b,d, p. 165). Such a surface is depicted in Figure 4.48f.
LM and SEM images further illustrate that the frustrated assemblies start to
grow on the silicon substrate and along the direction of the magnetic field. Since
the silicon substrate is tilted within the glass vial and the setup does not allow a
perfect parallel arrangement of the substrate’s surface to the magnetic field lines
(Figure 4.44f), the assemblies may depart the silicon substrate to further grow within
solution in real parallel alignment of the magnetic field (Figure 4.48a,d, red squares
and Figure F.4c, p. 165, blue square). The growth of the superstructures continues
until they break and drop to the bottom of the glass vial. The dimensions of these
elongated superstructures are huge compared to ordinary mesocrystals, because
the superstructures can easily exceed 1 mm in one dimension, which hadn’t been
observed under similar conditions without a magnetic field. For many crystallization
experiments, elongated superstructures were not only collected from the silicon
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substrate but also from the bottom of the glass vial.
Summary - Directed Assembly
In order to gain relevant tools for materials design, this subsection shows
that the assembly of superparamagnetic nanocrystals into mesocrystals is highly
susceptible to an applied magnetic field. For sufficiently strong magnetic fields,
directed superstructures form independently of the assembly technique. These
superstructures are aligned parallel to each other and to the magnetic field lines.
The interaction of the magnetic field with the nanocrystals demonstrates for both
assembly techniques that an additional formation mechanism influences the face-toface interaction at the final stage of the mesocrystallization. The assembly techniques
are affected by the nanocrystal alignment by a magnetic field. The assembly using
the solvent evaporation technique within an applied magnetic field leads to mesocrystals (type I) with different orientational relations than the ordinary mesocrystal. In
particular, these orientational relations perpendicular to the substrate are: [01]SL ||
[001]Fe3 O4 , [01]SL || [130]Fe3 O4 , [01]SL || [310]Fe3 O4 , [01]SL || [112]Fe3 O4 and [01]SL ||
[130]Fe3 O4 , [01]SL || [310]Fe3 O4 , [01]SL || [112]Fe3 O4 , [01]SL || [114]Fe3 O4 . In most
cases, the easy axis of certain nanocrystals <111>Fe3 O4 aligns along the magnetic
field. The destabilization of a nanocrystal dispersion within a strong magnetic field
(200 mT) by a non-solvent, formed elongated colloidal solids with neither orientational nor translational order. The crystallization to mesocrystals is frustrated by the
magnetic field. Hence, these assemblies can be labeled as frustrated assemblies. The
formation and the appearance of frustrated assemblies depends on the strength of
the applied magnetic field.

4.4. Mesocrystal-Biomorph Composites
Next to the great scientific interest, mesocrystal formation including mesocrystal morphogenesis and mesocrystal nucleation provides the opportunity to
design materials with extraordinary properties for various applications. In earlier
sections, the heterogeneous nucleation, additive, nanocrystal concentration and other
crystallization parameters for mesocrystals have been examined and discussed. The
adjustment of these crystallization parameters for iron oxide mesocrystals allows the
production of mesocrystal-biomorph composites (MCBCs) by growing mesocrystals
on silica-biomorphs as substrates. Biomorphs are pure inorganic colloidal solids with
life-like shapes consisting of a carbonate framework and a silica shell (Chapter 2.3.5,
p. 28). In collaboration with Julian Opel of the group of Helmut Cölfen at the
University of Konstanz the development of MCBCs by the combination of mesocrystals
and biomorphs has been established. This finding marks a revolutionary progress in
science related to biomorphs and mesocrystals. Furthermore, superparamagnetic
micro-swimmers are produced. The biomorphs act as a swimming unit and the
iron oxide mesocrystals act as a magnetic responding unit for movement control.
Biomorphs do not show functionality but their formed shapes are extraordinary.
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The magnetization of biomorphs with iron oxide mesocrystals creates a tremendous
library of ceramics with complex shapes including ceramic micro-swimmers, while
the random attachment of unordered superparamagnetic nanocrystals to biomorphs
reduces the structural variety of nanocrystal-biomorph composites. The formation of
MCBC is an advantage. As a consequence of heterogeneous mesocrystal nucleation,
the formation of a superparamagnetic responding unit at a biomorph is controllable
and the location of attachment can be influenced. Particularly, selective mesocrystal
formation is possible by ordinary functionalization and dissolution of the silica and
carbonate component.[182,200] This creates a toolbox for a large variety of MCBCs and
micro-swimmers with a huge potential as micro-carriers.
Mesocrystals presented in this chapter originate from the nanocrystal batch VII
with THF as a dispersion agent, if not labeled otherwise. The formation of MCBC
is rather simple by using biomorphs instead of a silicon wafer as a substrate. To
perform the first experiments, mostly worm-like and helicoidal biomorphs are used
for mesocrystallization to create the micro-swimmers but other forms of biomorphs
are suitable as well.[172]

4.4.1. Structural Variety of Mesocrystal-Biomorph Composites
The mesocrystals must form on carbonate surfaces as substrates to produce MCBCs
including micro-swimmers with a swimming unit (biomorph) and a responding
unit (iron oxide mesocrystal). Hence, first experiments forming mesocrystals on
carbonate surfaces are performed on different single-crystalline carbonate substrates
for the proof of principle. A heterogeneous nucleation event precedes the mesocrystal formation, which has been already described in Chapter 4.2.3.1, p. 83. The
heterogeneous nucleation is highly relevant because the nucleation event depends on
the used substrate which enables the control of mesocrystal formation at selected
locations. The subsequent and successful formation of mesocrystals on singlecrystalline carbonate surfaces is presented in Figure 4.49a-b. Mesocrystals from
nanocrystal batch VII form mesocrystals on aragonite (a, THF as dispersion agent)
and calcite (b, toluene as dispersion agent). The formation of trigonal and tetragonal
truncated pyramidal mesocrystals from batch VII with toluene as dispersion agent
is unusual and might either result from the substrate or the age of the nanocrystal
dispersion. The change of the nanocrystal habit by aging has been already observed
for long time storage of the dispersion.[229] Nevertheless, the growth of mesocrystals
along notches is clearly visible (Figure 4.49b) and iron oxide mesocrystals grow on
carbonate surfaces.
When a biomorph is used as a crystallization substrate instead of a silicon or
carbonate substrate, a MCBC can form. These MCBCs facilitate micro-swimmer, but
before the micro-swimmers are demonstrated the large variety of different MCBCs
by different modification steps is presented. The straightforward procedure of MCBC
formation without affecting the silica shell and carbonate core is to grow mesocrystals
on unmodified biomorphs at their rough tips (Figure 4.49g, Figure 4.50c, pathway IIIa
and supporting material S2-3). In Chapter 4.2.3.1, p. 83 it has been shown that more
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Figure 4.49 Mesocrystal growth on different carbonate minerals together with
the structural variety of MCBCs: For explanation of the different pathways, see
Figure 4.50. The nanocrystal dispersion was destabilized within THF, if not marked otherwise
(batch VII). a,b LM images visualize the mesocrystal growth on carbonate substrates (a:
aragonite, b: calcite (toluene)). c-f SEM images of different magnifications of the tip of a
helicoidal MCBC illustrate the connection of a hydrophobized mesocrystal with its biomorph
substrate (pathway IIId). g,h LM images depict a worm-like MCBC (g, pathway IIIa) and a helicoidal MCBC (h, pathway IIIc) as micro-swimmers. The white arrow (h) shows the attached
mesocrystal. i,j LM images show MCBC silica ghosts. Carbonate residues from the biomorph
treatment are indicated by the black arrow.

mesocrystals form on rougher surfaces. The rougher the surface of a crystallization
substrate, the more likely a heterogeneous nucleation event takes place. The mesocrystal growth at the biomorph is selective due to differences on the local surface
roughness of the different biomorph areas and its local chemical behavior. For biomorphs with an unmodified silica shell, mesocrystal growth is solely observed at
the rough tips (Figure 4.49g and Figure 4.50a,c pathway IIIa). The mesocrystals
grow around and enclose the tip at which witherite (BaCO3 ) crystals are attached
to increase surface roughness. Consequently, mesocrystal formation at the tip is
preferably induced by the witherite crystals. Witherite crystals contaminate the biomorph tip when the biomorph growth duration is extended. The pH value in the
bulk solution decreases from approximately 10.5 to 8.5 after 16 h and witherite rods
form. The formed biomorphs are called unmodified, because the formation of witherite crystals is inherent to the biomorph synthesis.
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The growth of mesocrystals on biomorphs allows the production of various
structurally different MCBCs. Iron oxide mesocrystals are grown on worm-like biomorphs (Figure 4.49g) and helicoidal biomorphs (Figure 4.49h,j). Not only the selected
biomorph substrate determines the variety of MCBC. The treatment of the carbonate
component before the mesocrystal formation enables the access to widely different
MCBCs. Figure 4.49g-j shows a collection of regular MCBCs and silica "ghost"
MCBCs, which can be used as micro-swimmers. In case of silica ghost biomorphs,
the carbonate core of the biomorph is dissolved by 0.05 M acetic acid solution and
hydrophobized before the mesocrystal formation takes place. The black arrow in
Figure 4.49i points to carbonate residues from the dissolution treatment.
Certainly, the properties of MCBCs as micro-swimmers are influenced by the
location and amount of mesocrystals at the biomorph. Larger mesocrystals that
encase the biomorph tip form in high nanocrystal concentration and medium scaled
oleic acid concentration according to Chapter 4.2.3, p. 82 (Figure 4.50c,h and
Figure G.1a-b, p. 166). The location of mesocrystals at the biomorph can be
influenced by modifying the biomorph silica skin which itself affects the behavior
of the resulting biomorph as a crystallization substrate (Figure 4.50a). The silica
skin of a biomorph can be modified by hydrophobization. This modification step
further increases the structural variety of MCBCs. Either the mesocrystals grow
directly at the rough tip of the biomorph or hydrophobization allows the mesocrystal
formation at different places. Two different procedures are presented to form hydrophobized biomorphs. In the first procedure, sodium hydroxide removes the silica
shell to excavate the pure carbonate framework and, subsequently, this framework
is hydrophobized with oleic acid (Figure 4.50a, pathway I and pathway IIIb). In
the second procedure, alkyl triethoxysilanes modify the silica shell (Figure 4.50a,
pathway IV, alkyl = n-octyl-, isooctyl-, dodecyl- or octadecyl).[200] In contrast to the
pure carbonate framework, mesocrystals attach to both after the hydrophobization by
pathway II and IV: to the extremes and to the center of the biomorph. Figure 4.49cf,h, Figure 4.50d, Figure G.1e-h, p. 166 and supporting material S3 show hydrophobized MCBCs formed by pathway II and IV. Starting with the first case (pathway I),
the silica shell is removed with a sodium hydroxide solution (1 M). The absence
of silica leaving the pure carbonate framework is established by attenuated total
reflection infrared (ATR-IR) measurements. The Si-O vibrations between 1250 cm-1
and 950 cm-1 vanish which is displayed by the red spectra in Figure 4.50b. The
pure carbonate framework then enables the hydrophobization, by attaching an oleic
acid layer (pathway II). The hydrophobization is not necessary, the pure carbonate
framework can also be directly used as a substrate (Figure 4.49h and Figure G.1e-f,
p. 166, pathway IIIc). Mesocrystal growth is additionally observed at the middle of the
structure (Figure 4.49h, white arrow).
Pathway IV, the modifying of silica containing biomorphs with alkyl triethoxysilanes is an elegant approach to cover the whole biomorph surface with mesocrystals
which can be traced by ATR-IR. The Si-C signal at 1200 cm-1 and the C-H signals
close to 2900 cm-1 appear together for the hydrophobized biomorph (Figure 4.50b,
pathway IV). Figure 4.49c-f and Figure G.1g-h, p. 166 depict a MCBC formed by
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Figure 4.50 Post treatment pathways of biomorphs and MCBC formation:
a Schematic illustration of biomorph treatment and MCBC formation pathways. (I) Synthesis
of "naked" carbonate biomorphs by dissolving the outer silica shell with 1 M sodium hydroxide
solution. (II) Hydrophobization of the naked biomorph by treating with oleic acid. (IIIad) MCBC formation by mesocrystal growth using biomorphs as substrate. (IV) Hydrophobization of the untreated biomorph with alkyl triethoxysilanes. b IR-spectra of modified biomorphs presented in (a). c A SEM image of an unmodified MCBC (pathway IIIa, cyclohexane
as dispersion agent). d A generated MCBC with a dodecyl triethoxysilane post-functionalized
biomorph by pathway (IV) is depicted using SEM. The white arrows indicate the mesocrystals,
which surround the biomorph. e A TEM image of a witherite nanocrystal which is functionalized by iron oxide nanocrystals. The witherite crystal was treated with oleic acid by
pathway (II) before. f A TEM image illustrates a hydrophobized silica biomorph (pathway IV)
surrounded by iron oxide nanocubes. g A SEM image of an iron oxide mesocrystal. The
shallow concaves on the mesocrystal indicate its growth around and along the biomorph.
h Growth of smaller mesocrystals at the biomorph tip covered with carbonate crystals
(SEM image) under reduced oleic acid (1 µL/mL) and iron oxide nanocrystal concentration
(1 mg/mL).

pathway IIId. The mesocrystals grow all over the biomorph due to the functionalization. From all the above presented pathways, Pathway IV is the the most efficient
procedure to increase the iron oxide mesocrystal loading to the biomorph substrate
without changing the crystallization conditions for mesocrystals. Unfortunately, the
nanocrystal packing of the attached mesocrystals cannot be entirely visualized due to
charging of the investigated specimen within the electron microscope (Figure 4.49c-f).
However, steps of the attached mesocrystals are visible and these steps indicate the
formation of mesocrystals (Chapter 4.2.3.3, p. 89). Hereto this point, a large variety
of MCBCs with and without treatment have been presented. A library as a summary
presenting all different MCBCs from the functionalization of the silica shell of the biomorph is presented in Figure G.1, p. 166. Note that so far the presented modification
steps change the probability of the nucleation event in a way that ordinary MCBCs
with one mesocrystal at the tip can still form beside MCBC with mesocrystals at other
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locations.
In order to establish the attachment of nanocrystals to the hydrophobized biomorph substrates, TEM samples are prepared from the corresponding MCBC. The
attachment of nanocrystals to the chemically different witherite nanorod and the
silica shell is illustrated in Figure 4.50e-f. The iron oxide nanocrystals attach in
an ordered way to the hydrophobized witherite nanorod (Figure 4.50e, pathway II).
The attachment of the iron oxide nanocrystals to the silica shell is less ordered
than to the hydrophobized witherite nanorod, but the attachment is still clearly
visible (Figure 4.50f, pathway IV). Finally, the adaptability of mesocrystal growth
is highlighted in Figure 4.50g. One can detect several vaultings on the surface of
the mesocrystals which originate from a worm-like biomorph that interfered with
the mesocrystal earlier. The mesocrystal growth adapted and the mesocrystal grew
around the biomorph due to the limited space. In the following purification step the
biomorph detaches from the mesocrystal but the negative imprint of the worm-like
structure remains.
Above different techniques were presented that modify biomorphs and their use
as substrates for MCBC formation. Furthermore, the size of the mesocrystals is
affected by additives and nanocrystal concentration (Figure 4.50d, white arrows,
Figure 4.50h and Figure G.1a-b, p. 166) as well as by dispersion agents and other
crystallization parameters already presented elsewhere. Additionally, the dispersion
agent and additive can influence the mesocrystal morphology and morphogenesis.
Controlled mesocrystal morphogenesis further expands the variety of formed MCBC.
Considering all of the presented combination possibilities of mesocrystal and biomorph morphogenesis, a huge toolbox of material functionalization is revealed. The
illustrated data only shows a small fraction of possible shapes of MCBCs. MCBCs
can be used as micro-swimmers, if they contain a unit which can be influenced.
The biomorphs are the swimming unit of the micro-swimmers and the mesocrystals
act as the responding unit controlling the movement due to their magnetic behavior
(Figure 4.27, p. 69).

4.4.2. Mesocrystal-Biomorph Composites as Micro-Swimmers
A magnetic field affects the iron oxide MCBCs, because their responding unit is superparamagnetic. Therefore, a controlled movement of MCBCs by a moving magnet is
possible. A simple setup is depicted in Figure 4.51a to demonstrate the usage of
MCBCs as micro-swimmers. The magnet-induced motions of the MCBC are observed
in a petri dish placed on a fixed platform under a light microscope. The magnet
(SBS Neodymium, 8x3 mm, N45 (1.3 T)) lies on a glass slide which can be moved
in one direction (x-axis) horizontally. The movement in a perpendicular direction
(y-axis) is not possible, because the whole setup would move without any change.
The microscope displays the exact movement of the magnet, because the glass slide
is fixed to the sample holder and the position can be traced. An exaggerated fast
movement of the magnet has to be avoided to prevent relocation of the structures and
to facilitate imaging.
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Before demonstrating the usage of MCBCs as micro-swimmers, the rotation of the
structures as micro-manipulators is demonstrated by a moving magnet (Figure 4.51b

Figure 4.51 Mesocrystal-biomorph composites as micro-swimmers: LM images
visualize the movement of MCBCs. a Schematic illustration of microscope setup to examine
MCBC as micro-swimmers (positions: 1: objective, 2: specimen, 3: petri dish, 4: glass slide,
5: magnet (diameter 8 mm), 6: plateau) b Reversible rotation by the moving magnet of a
fixed MCBC on a substrate without any media illustrated by a time series (video: supporting
material S2). The rotation is indicated by the drawn angles (red). c A MCBC swimming over a
high viscous aqueous PEG solution (50 wt.%; Mw 8000 g/mol; videos: supporting material S3
(1 and 2)).
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and supporting material S2).15 The MCBC rotates on a fixed position, because
the mesocrystal as responding unit is affected by the exterior magnet changing its
orientation. The orientation of the MCBC is connected to the movement of the magnet
(indicated by the scale marks at the arrow). This makes the orientation of the MCBC
adjustable by the displacement of the magnet.
The short video clips of rotating and moving micro-swimmers in the supporting
materials supporting material S2 (reversible rotation and in the Appendix S2: rolling)
and supporting material S3 (reversible movement and "there and back again")
prove that the movement of the MCBC is reversible. The MCBC micro-swimmer is
investigated by placing it on the surface of a highly viscous polyethylene glycol (PEG)
(Mw = 8000 g/mol; 50 wt.%; η = 325.5 mPa s).[230] The hydrophobized MCBC presented
in supporting material S3 (1 and 2) contains two mesocrystalline responding units
(Figure 4.51c). The MCBC follows the moved magnet. More selected video clips of the
precise movement of MCBC in solution are presented in the corresponding Appendix
in supporting material S3. The position of the magnet can be estimated by the moving
of a white roundish background in the recordings.
The applications of mesocrystals and therefore MCBCs as micro-swimmers is pointed out by the hollow ghost-like MCBCs in supporting material S4 (moving ghost,
"collector" and Appendix S4). The carbonate core of these MCBCs is dissolved and
a hollow silica swimming unit is left (supporting material S4, Appendix: dissolution
of the carbonate). Similar to the regular MCBC, the movement of these structures is
easily demonstrated. The video clip labeled "collector" shows that dirt can be attached
to the micro-swimmer. The biggest characteristic and application opportunities may
however not lie within the pure movement or the collection of dirt of MCBCs but in
the hollow silica swimming unit. The hollow silica shell offers space to take up and
transport various compounds. By taking advantage of ordinary silane chemistry the
silica shell of the biomorphs can be modified to attach and detach cargo.[200]
Summary - Mesocrystal-Biomorph Composites
This chapter highlights a promising symbiosis of two complex and versatile model
systems in the field of crystallization by forming mesocrystal-biomorph composites.
MCBCs form in a simple accessible straightforward process by growing mesocrystals
on a biomorph substrate and due to the large variety of mesocrystal and biomorph
structures, a large library of MCBCs including micro-swimmers is accessible in only
two or three process steps. The surface modification of silica-biomorphs allows the
particular adsorption of nanocrystal and mesocrystal growth at selective positions.
The formed MCBCs can be used in different application areas, ranging from microswimmers and micro-carriers to micro-manipulators, based on purely inorganic
materials. The future application of MCBC is demonstrated by a simplified setup
which emphasizes the precise and reversible movements of the composite materials
with remarkable results.

15

The supporting material is provided on a separate data storage medium.
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This chapter summarizes the mayor results and conclusions presented in this
doctoral thesis. Within this research project the formation and structure of mesocrystals formed from iron oxide nanocubes to mesocrystals, as well as the analogies
and differences from classical crystals and colloidal crystals were examined. In
addition, a new and promising composite material consisting of witherite biomorphs
and these mesocrystals was produced. Mesocrystals are crystals possessing different
effective building blocks than ordinary crystals with building blocks such as atoms,
ions and molecules. The formation and the potential application of mesocrystals
requires a clean synthesis and characterization of their effective building blocks. The
building blocks of mesocrystals within this research project are iron oxide truncated
nanocubes stabilized by oleic acid which were synthesized in different sizes. Their
synthesis and characterization is presented at the beginning of this doctoral thesis.
The synthesis of these iron oxide nanocubes requires an iron oleate precursor
which was then decomposed according to the heating-up method. After the synthesis,
the nanocubes were investigated with regards to their particle-diameter dispersity, chemical composition, magnetic properties and morphology using analytical
ultracentrifugation, X-ray absorption near edge spectroscopy, chemical analysis,
superconducting quantum interference device and transmission electron microscopy.
All synthesized nanocrystal batches showed a narrow particle size distribution and
the iron oxide nanocubes were superparamagnetic at room temperature. The
temperature for the magnetic phase transition between superparamagnetic and ferrimagnetic behavior (so-called blocking temperature TB ) depends on the size of the
nanocubes (110-170 K for 11-16.3 nm). Bigger nanocrystals display this phase
transition at higher temperatures. The nanocrystals composed of an inorganic core
and an oleic acid shell (4:1 mass ratio), and, additionally, the inorganic core itself
consisted of maghemite (γ-Fe2 O3 ) and to a mayor extent of magnetite (Fe3 O4 ). The
morphology of the nanocrystal batches is approximated as a cube truncated by {100},
{110}, {111}, {310}, and {411} faces. Regarding the crystal morphology of the different
nanocrystal batches, the nanocrystals have the same faceting and differ only in their
crystal habit (e.g. degree of truncation) and size.
Subsequent to the synthesis and characterization of the nanocrystals, mesocrystalline films, faceted mesocrystals and other colloidal solids were produced by the
controlled assembly of these building blocks. The controlled assembly of nanocrystals
within this research project was realized by three different approaches. The first
approach is based on a slow evaporation of the dispersion agent. In this case, the
highly ordered assemblies (i.e. translational and orientational order of nanocrystals)
formed due to the mesocrystal formation by spatial constraints as the primary
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formation mechanism - the so-called coffee-ring effect.[22,123] The space is constrained
by the evaporation of the nanocrystal’s dispersion agent, which leads predominately to
the formation of self-assembled mesocrystalline films. The second approach is mainly
based on the mesocrystal formation by mutual alignment of the faceted nanocrystals
during the slow self-assembly process. The nanocrystal dispersion is destabilized
by the slow infiltration of a non-solvent via gas phase. The destabilization via this
approach can produce faceted mesocrystals with sizes close to a millimeter. The first
two approaches rely on the self-assembly process of nanocrystals, which can be also
called mesocrystallization. The third approach is the alignment of magnetic nanocrystals by applying of a homogeneous magnetic field and its combination with the
aforementioned approaches. The applied magnetic field affects the nanocrystals (i.e.
orientation) due to their inherent magnetic properties and, therefore, the mesocrystal
formation (i.e. arrangement). Depending on the strength of the magnetic field, mesocrystals or directed assemblies (so-called frustrated assemblies) can be produced. The
formation of these directed assemblies can no longer be called mesocrystallization,
because it is not based on a self-assembly process.
Morphogenetic and morphologic aspects of mesocrystals were analyzed after the
formation of mesocrystals and other superstructures. Regarding the examination of
the mesocrystalline films, this examination revealed fundamental findings and the
first analogy to classical crystals. The self-assembly of nanocubes to mesocrystalline monolayers occurred almost exclusively with p4mm and c2mm layer symmetries.
Electron diffraction analysis demonstrated that the nanocubes are lying on their {100}
crystal face and it further showed a texture-like appearance proving that these mesocrystalline films are type I mesocrystals. Additionally, in the case of mesocrystalline
multilayers, the structural investigations revealed that they are also type I mesocrystals. Furthermore, the crystal structure of their superstructures are cubic (fcc).
Particularly noteworthy is the difference between the diffraction pattern of mesocrystalline mono- and multilayers: the mesocrystalline structure of these films differ and
indicate that in the case of multilayers the nanocubes additionally lay on their {310}
and {301} crystal faces. Based on the experimental findings the atomistic structural
model was constructed. This structure was confirmed by simulations and can be
described as: [100]SL || [013]Fe3 O4 , [100]SL || [103]Fe3 O4 , [100]SL || [001]Fe3 O4 . By
such a mesocrystalline structure a more efficient arrangement (i.e. space filling) is
achieved by the self-assembled nanocrystals, and this is known for molecular crystals
as the bump-to-hollow principle.[108,210] Hence, the structuration principles of iron
oxide mesocrystals and classical molecular crystals are similar. This finding already
marks a considerable parallel between classical crystals and mesocrystals.
Further parallels between crystals and mesocrystals were identified by the analysis
of faceted mesocrystals, which had been formed by the gas phase diffusion technique.
This revealed that the mesocrystal formation is reversible, mesocrystals show
structural polymorphism and that rudimentary principles of crystal growth apply.
Before these parallels will be discussed, the results of the examination of the
structural aspects of the mesocrystals and the influence of the nanocrystal size
and habit including the degree of truncation are presented. The produced faceted
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crystals are superparamagnetic type I mesocrystals, which were determined by light
and electron microscopy, small and wide angle diffraction techniques as well as
the analysis of the magnetic properties by a superconducting quantum interference
device. Initial findings showed that slight differences of the nanocrystal habit (e.g.
size and truncation) can influence the resulting mesocrystal morphology, even when
the same crystallization conditions were guaranteed. Depending on the dispersion
agent used (e.g. THF and toluene) and nanocrystal batch, the 3D-symmetry of the
superlattice varied between cubic, rhombohedral and tetragonal. Furthermore, the
layer symmetry of the basal face altered between p6mm, c2mm and p4mm. These
variations indicated mesocrystals with either a cubic, rhombohedral or tetragonal
crystal structure. Although the crystal structure of these mesocrystals differs, they
cannot be claimed to be polymorphs. According to the IUCr, polymorphs have to
consist of the same chemical compound, which is not true for mesocrystals from
different nanocrystal batches.[213] The chemical composition including the surfactant,
the different particle sizes as well as the differences in the crystal habit varies for each
nanocrystal synthesis and, therefore, the chemical compound for the crystallization
to mesocrystals changes.
Mesocrystals synthesized via the gas phase diffusion technique were labeled polymorphs if they were formed by the same nanocrystal batch but crystallized under
different crystallization conditions which resulted in different crystal structures
(cubic, tetragonal or rhombohedral). Usually, such polymorphs did appear for
dispersion agents having a higher and a lower dielectric constant than that of oleic
acid (surfactant). Structural polymorphism of mesocrystals is a fundamental analogy
to classical crystals. Structural characterization was performed using focused ion
beam cuts and electron microscope investigations on selected mesocrystals, which
were formed from the same nanocrystal batch with the lowest truncation but from
different dispersion agents (THF and cyclohexane). These investigations revealed the
long range packing order of the nanocrystals, allowed the determination of the superlattice symmetry (fcc and bct) and lattice parameters and further showed the specific
orientational order of the nanocrystals giving the evidence for the structural polymorphs of mesocrystals.
Following the examination of the structural polymorphs, a phenomenological model
was introduced to demonstrate the formation of the structural polymorphs. This
model is based on the effective shape of the nanocrystal building unit.[15,22,107]
The effective shape of the nanocrystals is composed of the (iron oxide) nanocrystal
core and the stabilizing oleic acid shell. This oleic acid shell can interact with its
surrounding medium and can change its size and shape slightly. The hydrodynamic
radius and the friction coefficient, and therefore the shape of the iron oxide nanocrystals all change within different dispersion agents, as shown by analytical
ultracentrifugation, dynamic light scattering and Taylor dispersion analysis. Due
to the fact that the iron oxide core cannot be affected by the dispersion agent, these
changes must occur at the oleic acid shell. When the oleic acid shell changes due
to the interaction with the solvent molecules, the effective shape of the overall nanocrystal changes, too. The self-assembly process of the individual mesocrystal poly-
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morphs is affected by the changes of effective shape. Hence, the effective shape within
the different dispersion agents causes the structural polymorphs. The better the
nanocrystals disperse within different solvents, the more these nanocrystals appear
as a sphere and the more the probability increases of obtaining mesocrystals with a
cubic crystal structure.
To determine the hydrodynamic radius and the friction coefficient with a narrow
particle size distribution, the nanocrystal dispersion was recrystallized multiple
times. This multiple recrystallization and redispersion of nanocrystals results in
another prominent similarity of mesocrystals to classical crystals, namely, the
reversible formation of crystals. For decades, the reversible formation of crystals
has been used to purify synthesized chemical compounds by »recrystallization«.
Recrystallization removes by-products and other impurities from the desired product
after the synthesis.[24,26] This investigation shows that mesocrystals including
their structural polymorphs form reversibly and that recrystallization can be used
to narrow the particle size distribution and to significantly reduce the content of
colloidal impurities. Colloidal impurities are nanocrystals which cannot be inserted
in the superlattice of the mesocrystals due to their size and shape. Using the
recrystallization to purify nanocrystal batches allowed the production of nanocrystal
batches with low particle-diameter dispersities (Ðc = 1.0001) having been examined
by analytical ultracentrifugation and electron microscopy. A striking difference to
classical crystallization is that repeated recrystallization can accumulate bigger nanocrystals, because bigger nanocrystals exhibit stronger van-der-Waals attraction forces
and, thereby, agglomerate before the smaller ones.[32,166,222]
Another part of this research project comprised the optimization of mesocrystallization to produce mesocrystals of exceptional large sizes. The production of mesocrystals and other superstructures up to one millimeter was possible by optimizing the
crystallization parameters such as the nanocrystal concentration, the destabilization
agent and the dispersion agent. This includes the proper kind of destabilization
and dispersion agent. However, a successful mesocrystal formation does not only
require suitable destabilization and dispersion agents, it also requires the addition of
a proper additive amount such as oleic acid or oleyl amine. Even though the additive
is necessary for the formation of mesocrystals and other superstructures, the working
mechanism of how the additives influence the mesocrystallization remains unknown.
In the course of these investigations other similarities between classical crystals
and mesocrystals were revealed. The crystallization parameters (e.g. substrate,
dispersion agent, destabilizing agent, additive ...) influence the nucleation of mesocrystals, the morphogenesis of mesocrystals, and the generation of various structural
mesocrystal defects. First, the mesocrystals nucleate heterogeneously under the
investigated conditions using the gas phase diffusion technique, as confirmed by
investigations of the substrate after mesocrystallization. Homogeneous nucleation
may appear but it is not the predominant nucleation event. Second, the morphogenesis of mesocrystals including the growth mechanisms and growth regime strongly
depend on the selected crystallization conditions. Depending on these crystallization
conditions and their related driving force, three elemental crystal growth mechanisms
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and two crystal growth regimes were observed: the spiral growth mechanism, the
two-dimensional nucleation, and the adhesive-type growth, as well as the diffusion,
and interface controlled growth. The examination of the final mesocrystal morphology
further disclosed basic similarities to classical crystals, because characteristics of the
»Kossel model«[3] also apply for mesocrystals. Eventually, the spectrum of collected
mesocrystal defects further outlined that many observations of mesocrystals appear
for classical crystals, too. These mesocrystal defects were imaged and examined by
electron microscopy techniques, and for one mesocrystal, which had been grown by
the spiral growth mechanism, the structure of the screw dislocation was resolved and
analyzed by advanced electron microscopy techniques in a collaboration.
Despite the numerous similarities between classical crystals and iron oxide mesocrystals, clear differences exist as well. The effect of a magnetic field on the
growth of classical crystals is small, because the building blocks do not contain a
notable magnetic moment. Superparamagnetic iron oxide nanocrystals do contain
a significant magnetic moment and the crystallization process of these crystals
can be easily affected by an applied magnetic field. The first impressions of such
crystallizations revealed that the morphology changes drastically in contrast to mesocrystals grown without the influence of a magnetic field. Instead of a regular
crystal morphology, directed and elongated superstructures (including mesocrystals)
were obtained when a sufficiently strong magnetic field was applied. Using the
solvent evaporation technique within an applied homogeneous magnetic field for the
crystallization of mesocrystals, mostly elongated type I mesocrystals were observed.
In contrast to mesocrystals prepared without the external magnetic field, the nanocrystals have a tendency to align along <111> parallel to the elongation of the mesocrystals and the direction of the magnetic field. This alignment of the nanocrystals
results in directed mesocrystals with a different mesocrystalline structure than those
mesocrystals formed without the influence of a magnetic field. New nanocrystal
orientations contribute to the mesocrystalline structure. When making use of the gas
phase diffusion technique within an applied homogeneous magnetic field to produce
mesocrystals, a transition between mesocrystals (type I) and frustrated assemblies
was observed. This transition depends on the strength of the magnetic field.
These so-called frustrated assemblies neither show orientational nor translational
order throughout their whole structure, but they may show domains with ordered
structures (e.g. commutated nanocrystals). Therefore, such assemblies cannot be
labeled colloidal crystals nor mesocrystal. However, the frustrated assemblies are still
colloidal solids, hence, they can be called as directed colloidal solids. In summary,
a magnetic field allows the formation of tailor-made superstructures and mesocrystals with an outstanding morphology and it can further introduce new nanocrystal
orientations in the mesocrystalline structure which cannot be enabled or are hard to
realize otherwise.
Within the final project many findings from the projects before (e.g. heterogeneous
nucleation and mesocrystallization optimization) were used to produce a new
composite material which was unknown up to this date. This composite material
is composed of two components: an iron oxide mesocrystal and a silica witherite
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biomorph. It is therefore labeled mesocrystal-biomorph composite. The combination
of mesocrystals and biomorphs produces a material with a complex morphological
diversity. Both, mesocrystals and biomorphs, show a morphological variety for
themselves and this variety is further increased by their combination. Moreover, the
growth of mesocrystals at selected positions of the biomorph is possible, because the
mesocrystals nucleate heterogeneously. The mesocrystals grow almost exclusively
at the tip of the biomorph, if this biomorph is untreated. The mesocrystals can
additionally grow at other locations by a treatment of the biomorph. Such a
treatment includes the dissolution of the carbonate scaffold and the functionalization of the silica surface. Consequently, custom mesocrystal-biomorph composites
can be created in few synthesis and crystallization steps which can be adjusted to
the respective needs. In particular, mesocrystal-biomorph composites can be used as
micro-swimmers, if the mesocrystal unit is magnetic, as in the case of an iron oxide
mesocrystal. The iron oxide mesocrystals act as a responding unit for movement
control due to their superparamagnetic behavior, while the biomorph morphology
can further influence the movement of the whole mesocrystal-biomorph composites.
By applying an external magnetic field, the mesocrystal-biomorph composites can
be controlled and operate as micro-swimmers, creating the first application of biomorphs. Modifications of the biomorph silica shell would facilitate the attachment
and detachment of cargo, whereby mesocrystal-biomorph composites could be used
as inorganic carriers for future applications.
All in all, this doctoral thesis presents the formation of assembled iron oxide mesocrystals of a great variety. At the beginning, it shows how the crystal habit and
size of the building block affects the mesocrystal morphology. It further provides
that many similarities exist between classical crystals and self-assembled mesocrystals. In order to achieve a more efficient space filling, nanocrystals, just as
molecular crystals, pack with different orientations. Another interesting similarity
is that structural polymorphs of mesocrystals appear, which can be transformed into
each other by recrystallization. Furthermore, the reversible formation of mesocrystals
can be used to produce nanocrystal dispersions with a narrow size-distribution
by ordinary recrystallization. On the basis of such similarities, it is therefore not
surprising that elemental principles of crystal growth, which have been known for
several decades, apply for mesocrystals also. These include the different growth
mechanisms and growth regimes, which appear under different conditions. Hence,
under no circumstances mesocrystals and crystals should be considered completely
different. In fact, mesocrystals are regular crystals with building blocks other than
atoms, ions and molecules which lead to particular differences. These differences are
based on the kind of the building blocks. Such differences include the accumulation
of larger nanocrystals by recrystallization and the influence of the magnetic field
on the crystal growth. The comprehensive understanding of these similarities and
differences enables the production of novel materials such as mesocrystal-biomorph
composites which further promotes mesocrystals within material science.
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Dieses Kapitel fasst die Ergebnisse und Schlussfolgerungen dieser Doktorarbeit
zusammen. Meine Doktorarbeit ist ein Beitrag zur Aufklärung der Kristallisation
von Nanokristallen zu Mesokristallen. In dieser Arbeit habe ich die nicht-klassische
Kristallisation von Eisenoxidnanokristallkuben zu Mesokristallen und ihre Analogie
zu klassischen Kristallen untersucht. Zusätzlich konnte ich in einer Kooperation
ein vielversprechendes neues Kompositmaterial aus der Kombination zwischen Biomorphs und Mesokristallen erschaffen. Die Bildung von Mesokristallen und ihre
ausgiebige Untersuchung setzt die einwandfreie Synthese und eine Analyse der
Baueinheiten von Mesokristallen voraus. Die Baueinheit der Mesokristalle sind
Eisenoxidnanokristallkuben, welche ich zu Beginn meiner Arbeit in verschiedenen
Größen synthetisiert und analysiert habe.
Die Synthese von ölsäurestabilisierten Eisenoxidnanokristallkuben erfolgte
durch die heating-up Methode über eine Eisenoleatvorstufe. Infolgedessen konnte
die Partikelgrößenverteilung Ð, die magnetischen Eigenschaften, die chemische
Zusammensetzung und die Morphologie der produzierten Nanokristalle mittels
Elektronenmikroskopie, analytischer Ultrazentrifugation, Röntgenspektroskopie,
einer supraleitenden Quanteninterferenzeinheit und der chemischen Analyse
bestimmt werden. Die hergestellten Nanokristallchargen zeigen eine enge
Partikelgrößenverteilung und sind superparamagnetisch bei Raumtemperatur.
Die Nanokristalle besitzen in Abhängigkeit ihrer Größe einen magnetischen
Phasenübergang und bestehen in einem Massenverhältnis von 4:1 aus einem Mineral
und einer Ölsäureschicht. Dabei ist für ausgewählte Nanokristallchargen festgestellt
worden, dass der Mineralkern der Nanokristalle einerseits aus Maghemit (γFe2 O3 ) und – zu einem deutlich größeren Anteil – aus Magnetit (Fe3 O4 ) besteht.
Die Morphologie der Nanokristalle lässt sich als ein Würfel mit abgestumpften
Kanten an den Kristallflächen {100}, {110}, {111}, {310}, und {411} beschreiben.
Die Nanokristallchargen unterscheiden sich nur in ihrem Kristallhabitus und ihrer
Größe.
Im Anschluss an die Charakterisierung der Nanokristalle können mithilfe der
kontrollierten Selbstanlagerung dieser Bausteine mesokristalline Filme, Mesokristalle
und andere Überstrukturen erzeugt werden. Die Überstrukturen, die in dieser
Arbeit durch die vorgestellten Methoden aus Nanokristallen gebildet werden
können, werden über drei verschiedene Ansätze produziert. Der erste Ansatz
basiert auf der Verdampfung einer Nanokristalldispersion auf Grundlage des
Kaffeering-Effekts.[22,123] Hierbei entstehen überwiegend mesokristalline Filme. Beim
zweiten Ansatz wird die Nanokristalldispersion mithilfe eines Fällungsmittels
über die Gasphase destabilisiert. In Abhängigkeit der gewählten Bedingungen
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der Destabilisierung können makroskopische Mesokristalle mit Größen von
etwa einem Millimeter produziert werden. Der dritte Ansatz besteht darin, die
Mesokristalle innerhalb eines homogenen Magnetfelds nach den ersten beiden
Ansätzen zu züchten.[22] Durch die magnetischen Eigenschaften der einzelnen
Nanokristalle können diese von einem Magnetfeld beeinflusst werden. Über die Stärke
des Magnetfelds können entweder Mesokristalle oder gerichtete Überstrukturen,
sogenannte gehinderte (frustrierte) Anlagerungen, hergestellt werden.
Die Morphogenese und Morphologie der Mesokristalle und Überstrukturen
wurde ebenfalls untersucht. Bei der Untersuchung von mesokristallinen Filmen
wurden grundlegende Erkenntnisse gewonnen und dabei eine fundamentale
Analogie zu klassischen Kristallen festgestellt. So erfolgt die Anlagerung von
Nanowürfeln zu mesokristallinen einlagigen Filmen in zweidimensionalen Gittern
fast ausschließlich in den kristallographischen Gruppen p4mm und c2mm. Die
Elektronenbeugung an diesen mesokristallinen Filmen zeigt, dass die Nanowürfel
mit ihrer {100} Kristallfläche auf dem Substrat liegen, wobei enge Bögen im
Beugungsmuster den mesokristallinen Charakter der Struktur bestätigen. Im Fall
von mehrlagigen dreidimensionalen Filmen kann das Übergitter mit dem kubisch
flächenzentrierten Kristallgitter (fcc) beschrieben werden. Die Analyse mittels des
Transmissionselektronenmikroskops legte dar, dass es sich bei den einlagigen
und mehrlagigen Filmen um Mesokristalle vom Typ I handelt.[22] Das heißt, dass
diese Filme sowohl Mesokristalle als auch kolloidale Kristalle sind. Besonders
Bemerkenswertes offenbarte der Vergleich der Beugungsbilder von einlagigen und
mehrlagigen Filmen: Die mesokristalline Struktur der Filme unterscheidet sich und
deutet gleichzeitig an, dass für mehrlagige Filme Partikel innerhalb der einzelnen
und angrenzenden Gitter zusätzlich auf den {310} und {301} Kristallflächen liegen.
Die Mesokristallstruktur von diesen mehrlagigen Filmen wurde durch Simulationen
bestätigt und kann wie folgt beschrieben werden: [100]SL || [013]Fe3 O4 , [100]SL ||
[103]Fe3 O4 , [100]SL || [001]Fe3 O4 . Die Anlagerung der Nanokristalle gemäß dieser
Struktur ermöglicht eine höhere Packungsdichte und ist bei Molekülkristallen unter
dem bump-to-hollow Prinzip bekannt.[108,210] Dies ist bereits eine bedeutende Analogie
zu klassischen Kristallen.
Weitere elementare Analogien zwischen klassischen und nicht-klassischen
Kristallen (Mesokristallen) wurden mithilfe von Mesokristallen gebildet durch
die Gasphasendestabilisierung entdeckt. Mesokristalle lassen sich reversibel
züchten. Sie zeigen Polymorphismus und elementare Prinzipien der klassischen
Kristallbildung. Vor der detaillierten Besprechung einzelner Analogien galt es
aber zunächst die strukturellen Merkmale dieser Mesokristalle und den Einfluss
verschiedener Nanokristallchargen auf die Mesokristallmorpholgie zu beschreiben.
Bei den hergestellten Mesokristallen handelt es sich um superparamagnetische
Typ I Mesokristalle, was mit Licht- und Elektronenmikroskopietechniken,
Weit- und Kleinwinkelbeugungsmethoden zusammen mit der Analyse einer
supraleitenden Quanteninterferenzeinheit gezeigt werden konnte. Sowohl die Atome,
als auch die Nanokristallbaueinheiten des Mesokristalls sind gleichgerichtet.
Eine der ersten Erkenntnisse ist, dass verschiedene Nanokristallchargen zu
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unterschiedlichen Mesokristallen führen können. Durch den Vergleich von
Mesokristallen, die unter denselben Bedingungen aber mit unterschiedlichen
Nanokristallchargen gebildet wurden, zeigte sich, dass geringe Variationen des
Kristallhabitus (Größe und Abrundung) der Baueinheit einen starken Einfluss
auf die Morphologie des Mesokristalls haben können. Die Gittersymmetrie der
basalen Mesokristallfläche variierte für Dispersionsmittel wie Toluol und THF
zwischen p6mm, c2mm und p4mm – je nach Nanokristallcharge. Obwohl
diese Mesokristalle aus Eisenoxidnanokuben gebildet wurden und daraus
Mesokristalle mit unterschiedlichen Kristallstrukturen kristallisiert sind, werden
diese Mesokristalle nicht als Mesokristallpolymorphe bezeichnet. Laut IUCr sind
Polymorphe Kristalle, die aus derselben chemischen Verbindung entstanden sind.[213]
Für Nanokristallchargen mit unterschiedlicher chemischer Zusammensetzung
(inklusive des Oberflächenadditivs), einer unterschiedlichen Partikelgröße und einem
unterschiedlichen Kristallhabitus ist dies offensichtlich nicht der Fall.
Deshalb wurden Mesokristalle aus verschiedenen Kristallstrukturen nur als
Mesokristallpolymorphe bezeichnet, wenn diese aus derselben Nanokristallcharge
entstanden sind. Für die meisten Nanokristallchargen traten Mesokristallpolymorphe
auf, wenn man für die Destabilisierung der Nanokristalle Lösungsmittel
(Dispersionsmittel) mit einer jeweils größeren und geringeren Dielektrizitätskonstante
als der von Ölsäure nutzte. Um diese wichtige Analogie zu klassischen
Kristallen zu bestätigen, sind FIB-Schnitte an verschiedenen Mesokristallen
aus Cyclohexan und THF derselben Nanokristallcharge vorbereitet und mithilfe
von Elektronenmikroskopietechniken analysiert worden. Die Bestimmung der
Gitterparameter der Mesokristalle belegt, dass es sich bei diesen Mesokristallen um
Polymorphe handelt, da der eine Mesokristall eine tetragonale (bct) Kristallstruktur
zeigt und der andere Mesokristall eine kubische (fcc). Der Zusammenhang zwischen
diesen beiden Kristallstrukturen kann anhand des Voronoi-Polyeders veranschaulicht
werden.
Nachdem der Beweis für die Mesokristallpolymorphe erbracht war und der
Zusammenhang zwischen den Kristallstrukturen nachvollzogen wurde, konnte ein
Modell für die Bildung dieser Polymorphe entwickelt werden. Dieses Modell basiert
auf der tatsächlichen (effektiven) Form der Nanokristallbaueinheit.[15,22,107] Die
tatsächliche Form der Nanokristallbaueinheit setzt sich aus dem Eisenoxidkern
und der stabilisierenden Ölsäureschicht zusammen, wobei die Ölsäureschicht
mit dem umgebenden Dispersionsmittel wechselwirken kann. Unter Verwendung
von analytischer Ultrazentrifugation, dynamischer Lichtstreuung und TaylorDispersions-Analyse konnte gezeigt werden, dass sich der hydrodynamische Radius
zusammen mit dem Reibungskoeffizient des Nanokristalls und damit die Gestalt
der Ölsäureschicht in verschiedenen Lösungsmitteln ändert. Die unterschiedliche,
tatsächliche Form des Nanokristalls kann damit als Grund für die Bildung der
Mesokristallpolymorphe angeführt werden. Je besser die Nanokristalle in einem
Lösungsmittel dispergierbar sind, desto mehr ähnelt die tatsächliche Form des
Nanokristalls einer Kugel und man erhält bevorzugt Mesokristalle mit einer kubischen
Kristallstruktur.
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Solche und ähnliche Analysen waren nur aufgrund einer weiteren Analogie
von Mesokristallen und klassischen Kristallen möglich, nämlich der reversiblen
Kristallbildung, die oft zur Probenpräparation in diesem Forschungsvorhaben
diente. Die reversible Kristallbildung dient bereits seit Jahrzehnten der Reinigung
von chemischen Substanzen in Form der »Umkristallisation«. Hierdurch werden
nach einer Synthese unerwünschte Nebenprodukte vom gewünschten Produkt
getrennt.[24,26] In dieser Doktorarbeit konnte gezeigt werden, dass sich Mesokristalle
einschließlich ihrer Kristallpolymorphe reversibel bilden lassen und dass
Mesokristallbildung genutzt werden kann, um eine Nanokristallcharge von kolloidalen
Verunreinigungen zu befreien. Der Begriff kolloidale Verunreinigung umfasst dabei
Nanokristalle, welche angesichts ihrer Größe und Form nicht in das Übergitter
des Mesokristalls eingebaut werden können. Das Ausschließen von kolloidalen
Verunreinigungen durch die Kristallisation ermöglichte es, Nanokristalldispersionen
mit einer außergewöhnlich engen Partikelgrößenverteilung (Ðc = 1.0001) zu
produzieren, die mittels analytischer Ultrazentrifugation und Elektronenmikroskopie
untersucht wurden. Im Unterschied zu klassischen Kristallen kann es dabei zu einer
Anreicherung von zu großen Nanokristallen durch die Kristallisation kommen, weil
größere Nanokristalle höhere attraktive van-der-Waals Kräfte aufzeigen und dadurch
bevorzugt agglomerieren.[32,166,222]
Ein weiterer wichtiger Teil dieser Doktorarbeit umfasst die Optimierung der
Kristallisationsparameter der Mesokristallbildung, die zu außerordentlich großen
Mesokristallen führen kann. Es gelang, Mesokristalle und Überstrukturen
mit Dimensionen von bis zu einem Millimeter herzustellen, indem die
Kristallisationsparameter wie Nanokristallkonzentration, Destabilisierungsagens
und Dispersionsmittel aufeinander abgestimmt wurden. Die Bildung von
Mesokristallen setzt nicht nur voraus, dass geeignete Dispersionsmittel und
Destabilisierungsagenzien gewählt werden, sondern auch, dass die Zugabe von
Additiven in Form von reiner Ölsäure oder Oleylamin ebenso unerlässlich für
die erfolgreiche Mesokristallbildung ist. Der Grund, warum Additive für die
Mesokristallbildung nötig ist, konnte nicht ermittelt werden, aber ohne Additive
blieb die Bildung von Mesokristallen und Überstrukturen in der Regel aus.
Die gewonnenen Erkenntnisse offenbaren weitere, wesentliche Gemeinsamkeiten
von Mesokristallen und klassischen Kristallen. Hierzu gehört der Einfluss der
Kristallisationsparameter auf die Nukleation von Mesokristallen, die Morphogenese
von Mesokristallen und die Vielfalt an verschiedenen Mesokristalldefekten. Die
Untersuchung der Substrate und der darauf befindlichen Mesokristalle zeigte,
dass eine homogene Nukleation von Mesokristallen unwahrscheinlich ist und
dass Mesokristalle mithilfe dieser Methode vorwiegend heterogen nukleieren.
Die Morphogenese einschließlich der auftretenden Wachstumsmechanismen
und Kristallwachstumsregime (growth regime) hängt stark von den gewählten
Kristallisationsbedingungen ab. Abhängig von diesen Bedingungen und der
damit verbundenen Triebkraft der Kristallisation wurden die drei elementaren
Wachstumsmechanismen und zwei Kristallwachstumsregime von Kristallen
beobachtet: Das Spiralwachstum, sekundäres Kristallwachstum und adhäsives
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Kristallwachstum zusammen mit den zwei Wachstumsregime (grenzflächen- und
diffusionskontrolliert). Die Untersuchung der Mesokristalloberflächen äußerte
weitere grundsätzliche Ähnlichkeiten zu klassischen Kristallen, weil Charakteristika
des »Kossel-Modells«[3] vorlagen. Die Bandbreite an Mesokristalldefekten stellt
weiterhin dar, dass Defekte von Mesokristallen denen von klassischen Kristallen
gleicht, wobei die Mesokristalldefekte und teilweise auch ihr Ursprung in einer
Kooperation mit fortschrittlichen Elektronenmikroskopiemethoden aufgelöst und
analysiert wurden.
Trotz der zahlreichen Gemeinsamkeiten von klassischen Kristallen und
Mesokristallen gibt es klare Unterschiede. So ist der Einfluss von Magnetfeldern auf
das klassische Kristallwachstum gering, da die dabei verwendeten Baueinheiten kein
signifikantes magnetisches Moment besitzen und damit nicht mit dem Magnetfeld
wechselwirken. Die superparamagnetischen Eisenoxidnanokuben besitzen ein
vergleichbar starkes magnetisches Moment und können durch ein Magnetfeld
beeinflusst werden. Dabei erlaubten die Nanokuben eine Untersuchung der
nicht-klassischen Kristallisation innerhalb eines Magnetfelds. Die Morphologie der
dadurch hergestellten Kristalle und Überstrukturen unterscheidet sich bei einem
entsprechend starken Magnetfeld deutlich von herkömmlichen Mesokristallen. Die
Überstrukturen sind in Richtung des Magnetfelds in die Länge gezogen. Im Fall
der Verdampfung einer Nanokristalldispersion entstanden Typ I Mesokristalle,
deren strukturelle Analyse offenbarte, dass andere Nanokristallorientierungen an
der Mesokristallstruktur teilhaben können. Im Fall der Gasphasendestabilisierung
konnte ein Übergang zwischen Mesokristallen und gehinderten (frustrierten)
Anlagerungen in Abhängigkeit der Magnetfeldstärke ermittelt werden. Weder die
Atome noch die Nanokristalle sind innerhalb dieser gehinderten Anlagerungen
durchweg gleichgerichtet. Diese gehinderten Anlagerungen können damit nicht als
kolloidaler- oder Mesokristall bezeichnet werden, es handelt sich um gerichtete
kolloidale Feststoffe (directed colloidal solids). Zusammengefasst: Die Verwendung
eines Magnetfelds bei der Bildung von Überstrukturen aus Nanokristallen erlaubt die
Herstellung von maßgeschneiderten Materialien mit einer Morphologie einschließlich
Nanokristallorientierungen, die ohne Magnetfeld nicht möglich oder nur schwer zu
erreichen wären.
Im letzten Projekt dieser Arbeit konnte auf die zuvor gewonnenen Erkenntnisse
über die nicht-klassische Kristallisation zurückgriffen und auf dieser Grundlage in
einer Kooperation ein bisher unbekanntes Kompositmaterial verwirklicht werden.
Dieses Kompositmaterial setzt sich aus zwei Komponenten zusammen: Einem
Eisenoxidmesokristall und einem Siliziumdioxidbiomorph. Es wird deshalb als
Mesokristall-Biomorph Komposit bezeichnet. Die Verbindung von Biomorphs und
Mesokristallen erzeugt ein Material mit einer komplexen und morphologischen
Vielfalt. Die innewohnende morphologische Vielfalt von Mesokristallen und
Biomorphs ist offensichtlich. Besonders bemerkenswert ist das Aufwachsen
von Mesokristallen an ausgewählten Positionen des Biomorphs. Aufgrund der
heterogenen Nukleation von Mesokristallen an Substraten kristallisieren die
Nanokristalle fast ausschließlich an der Spitze eines unbehandelten Biomorphs.
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Mesokristalle können an anderen Stellen des Kompositmaterials auftreten, falls
die Oberfläche der Biomorphs vorher behandelt wurde. Diese Behandlung kann
den Carbonatanteil durch Auflösung und das enthaltende Siliziumdioxid durch
Funktionalisierung betreffen. Mesokristall-Biomorph Komposite können daher in
wenigen Synthese- und Kristallisationsschritten individuell nach den jeweiligen
Bedürfnissen angepasst werden, wobei die Komposite weiterhin als Mikroschwimmer
eingesetzt werden können. Durch die Eisenoxid-Mesokristalle ist erste mögliche
Anwendung für Biomorphs gefunden. Die hergestellten Eisenoxidmesokristalle sind
superparamagnetisch. Durch diese magnetische Eigenschaft lassen sich MesokristallBiomorph Komposite sehr einfach über einen Magneten steuern, die verschiedenen
Formen des Biomorphs bestimmen dabei die Fortbewegung des Komposits in Lösung.
Gleichzeitig lassen sich Siliziumdioxid-Biomorphs über Silanchemie modifizieren
und entsprechende Beladung anbringen, wodurch der Biomorphanteil in den
Mesokristall-Biomorph Kompositen in Zukunft als anorganischer Transportträger
genutzt werden könnte.
Insgesamt konnte in dieser Arbeit anhand von Eisenoxid-Mesokristallen gezeigt
werden, dass viele Analogien zwischen klassischen Kristallen und Mesokristallen
bestehen. So zeigen Mesokristalle bestimmte Prinzipien um Nanokristalle zu
packen, damit diese eine höhere Raumfüllung erreichen. Es können strukturelle
Polymorphe von Mesokristallen auftreten, die sich reversibel ineinander überführen
lassen. Des weiteren ermöglicht die reversible Mesokristallbildung die Bildung von
Nanokristalldispersionen mit einer sehr engen Partikelgrößenverteilung und schließt
dabei kolloidale Verunreingungen aus. Aufgrund dieser Gemeinsamkeiten ist es daher
nicht überraschend, dass auch elementare Gesetzmäßigkeiten der Kristallbildung
für Mesokristalle zutreffen, die bereits seit mehreren Jahrzehnten bekannt sind.
Dazu gehören die beobachteten Wachstumsmechanismen, Wachstumsregime und
Defekte. Mesokristalle sollten daher keinesfalls strikt vom Bild der klassischen
Kristalle getrennt werden, eher als Kristalle die sich mit gewissen Besonderheiten
von regulären Kristallen unterscheiden. Diese Unterschiede sind zum Beispiel die
Anreicherung größerer Nanokristallbaueinheiten durch Umkristallisation und der
erhebliche Einfluss eines Magnetfelds auf die Kristallbildung. Das umfassende
Verständnis dieser Gemeinsamkeiten und Unterschiede erlaubt es neuartige
Materialien wie den Mesokristall-Biomorph Komposit zu erschaffen und das
Anwendungsfeld von Mesokristallen in der Materialforschung zu erhöhen.
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Above all, the presented findings show the tremendous value of mesocrystals in
materials science. However, they also point towards the immense potential of progress
in research fields related to mesocrystals. This chapter elaborates on the potential of
those fields.
To highlight the potential of mesocrystals, one should start with the most obvious
advantages. The obvious advantages of mesocrystals compared to nanocrystals is
their size. The assembling of tiny nanocrystals to mesocrystals allows the transference
of the nanocrystals properties to the macroscopic regime without too much
variability of mechanical properties such as the porosity and density. Additionally,
materials with anisotropic mechanical properties can be produced.[11,85,109,149] The
uncontrolled assembly of nanocrystals to disordered agglomerates forms a material
with less predictable (mechanical) properties.[231] Within this thesis, superparamagnetic mesocrystals with sizes larger than 700 µm were produced. These large
macroscopic mesocrystals are easier to handle than single nanocrystals with sizes
of 10 nm. Obviously, the assembling of other kinds of nanocrystals facilitates the
dealing with all other size-dependent properties within macroscopic materials, too.
Another promising research area is the investigation of structural and morphogenetic similarities between mesocrystals and ordinary crystals built up from atoms,
ions and molecules. This work provides a large overview of these similarities and has
shown important similarities such as polymorphism, reversible formation, structuration principles and other elemental mechanisms of crystal growth. Nevertheless, not all
of the potential similarities could be disclosed and investigated. Therefore, it might be
interesting for future research to look for other structuration principles of the crystal
structure and elemental concepts of crystal morphogenesis. For example, the orientational order of the nanocrystal building blocks within mesocrystals might be reversibly
changed as observed for fullerene crystals already.[232] In addition, the progress of
advanced electron microscopy and X-ray scattering techniques will pave the way for
deeper insights in mesocrystal crystal structures. Thereby, other similarities and
differences between crystal structures of classical crystals and of mesocrystals might
be detected.
An inspiring similarity – which should be further investigated – is the size- and
shape-selective purification of nanocrystal dispersions during recrystallization. The
ordinary synthesis of nanocrystals often produces nanocrystal dispersions with a
broad size-distribution. The successful experiments presented within this thesis show
that the size-distribution of the initial nanocrystal dispersion can be significantly
reduced by recrystallization.
Further investigations, as for example into the
combination of different purification steps, might allow the generation of nanocrystal
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dispersions with a narrow size-distribution, which cannot be obtained otherwise.
Such a combination may exist by fractioning a nanocrystal dispersion into different
sizes by AUC[167–169] (e.g different density gradients) or other techniques,[170,171]
followed by another purification of selected sizes by recrystallization.
Another direction for research that is worthwhile exploring, is the differences
between classical and non-classical crystallization. These crystallizations can differ
on several aspects. First, nanocrystals agglomerate similarly to colloid particles by
the DLVO theory, including their non-additivity depending on the size of the nanocrystal, and differently than classical building blocks such as atoms (Lennard-Jones
potential). Second, repetitive syntheses and reproduction of nanocrystals can lead
to small changes in the crystal habit of the resulting nanocrystals and, therefore, to
differences in the resulting colloidal solid (e.g self-assembled or directed mesocrystal).
Further investigations need to be undertaken to find out what causes the changes
of the nanocrystal habit, because they do not appear for classical building blocks.
If the cause is known, one may find a reproducible way to synthesize nanocrystal
batches with the same nanocrystal habit and faceting. Third, the properties of nonclassical building blocks and classical building blocks can vary strongly. Nanocrystals
can be affected by physical fields differently than classical building blocks. The
alignment of superparamagnetic iron oxide nanocrystals with an external magnetic
field, as presented in this work, indicates that colloidal solids and mesocrystals with
extraordinary shapes can be produced which cannot be formed otherwise without
changing the whole experimental set-up – if they can even be formed at all with other
techniques. In particular, the investigations showed changes of the orientational and
translational order in the mesocrystalline structure. Therefore, the alignment of nanocrystals to colloidal solids including mesocrystals using an external physical field is a
highly anticipated field for materials design to enlarge the library of possible shapes
of colloidal solids. This kind of materials design is only possible, if the nanocrystals
show relevant interactions with external physical fields.
The final auspicious scientific topic presented within this thesis, which should
be further pursued, is the brand-new inorganic composite material MCBC. MCBCs
show an extensive structural variety. Furthermore, MCBCs might be used in future
applications as micro-manipulator or micro-carrier. Magnetic iron oxide mesocrystals
allow the controlled movement of the MCBC with an external magnetic field, while
cargo may be attached and detached to the silica scaffold of the biomorph. The loading
of biomorphs with magnetic mesocrystals endows biomorphs with their first potential
applications and the potential use as micro-carriers might have a deep impact in the
future. In addition, other mesocrystals than iron oxides might be used to further
improve movement control and stability in different media.
Besides the upcoming field of MCBCs as micro-swimmers, mesocrystals can be
used in other fields. Literature research reveals that knowledge on mesocrystal
formation mechanisms and applications has increased rapidly in the last few years,
whereby different applications have even already been realized. The science related
to mesocrystals is interdisciplinary, thereby indicating the wide range of potential
applications. For example, mesocrystals can be used as electrodes including anode
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and cathode materials in Li-ion batteries, as catalysts and as sensors.[11,51,85] Mesocrystals show several advantages compared with ordinary electrode materials. Such
advantages arise due to the crystalline type of the building blocks and the nanocrystal
orientation eliminating grain boundaries, which combined with a high porosity lead
to better charge and mass transfer. Mesocrystalline electrodes offer a large reactive
surface and a stability of micro-sized electrodes. In order to produce better batteries,
a mayor objective will be to further decrease the nanocrystal size and increase the
porosity of the mesocrystals as electrodes. Mesocrystals can be also used as catalysts
and gas sensors for two reasons. First, high energy surfaces (e.g. {001} of TiO2 )
can be exposed, which are especially catalytically active.[11,153] Second, a high mass
transfer is provided by the high porosity.[85] However, additives and surfactants such
as oleic acid can block the pores and decrease the porosity. This is why the utilization
of mesocrystals in such applications requires additive-free mesocrystal formations
or additives which can be removed subsequently.[11] Mesocrystallization without
additives is demanding and an obstacle for industrial demands. Hence, there needs
to more focus on the non-classical crystallization of nanocrystals to mesocrystals
without additives as presented in Chapter 2.3.2, p. 21 "Formation Mechanisms of
Mesocrystals".
Previously, the academic progress in the field of mesocrystals was presented but
what are the further objectives? The considerations given above show that the future
developments within the field of mesocrystals will be twofold in addressing mesocrystal applications and mesocrystal morphogenesis. Already existing applications
will be improved and new mesocrystal applications will be investigated. In addition,
mesocrystal morphogenesis including formation mechanisms and structuration
principles can be examined in much more detail and general conclusions will be
derived to provide better understanding. The unawareness of mesocrystal morphogenesis will promote advances within in-situ analytical techniques that make it possible
to observe mesocrystal formation and to further provide knowledge for the theoretical
framework. Due to this missing theoretical framework, currently a large part of the
optimization of mesocrystal formation is often done by trial and error. The enhanced
knowledge might facilitate fast and easily controllable self-assembly mechanisms,
which ideally work at room temperature. This would increase the probability that
mesocrystals can be used for industrial purposes.
With an overall theoretical framework for mesocrystal morphogenesis, applications
of mesocrystals will easily advance in fields where they are underrepresented or not
represented so far. Mesocrystals do have great potential, but within the solar industry,
the medical field and other industrial branches their presence is marginal to the
present day. The progress in producing mesocrystalline quantum dot based solar cells
could benefit from the optical and electronic size-based quantum dot properties and
at the same time from the charge transfer properties of the mesocrystalline structure
similar to those in single crystals.[11] Mesocrystal applications within the medical field
can be achieved via two ways. On the one hand, mesocrystals can be used as bone
implants to mimic the natural bone structure, because mesocrystalline arrangements
of hydroxyapatite platelets do exist within bones.[18] On the other hand, mesocrystals
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might enhance dissolution kinetics within drugs due to the advantageous solubility of
nanoparticles combined with the simple handling of macroscopic mesocrystals, which
had already been reported for Ibuprofen.[233] New industrial branches might arise
from the use of mesocrystals consisting of either plasmonic nanocrystals or magnetic
nanocrystals, because interesting properties can be developed from their structureproperty relationships.[11] For instance, the directional coupling in metal nanorod
mesocrystals might lead to two different surface plasmon resonance bands of the
resulting material, while mesocrystals consisting of superparamagnetic nanocrystals
can show high magnetization.[11,21]
All of the aforementioned fields are very aspiring and several breakthroughs can be
expected, but the most inspiring field related to mesocrystals may be their formation
by two or more nanocrystalline species. The formation of mesocrystals with two or
more nanocrystalline species creates an even larger tool box for materials design with
an even wider application range, since all available nanocrystals could be united
within such mesocrystals. Mesocrystals consisting of two or n-different nanocrystal
building blocks are labeled binary mesocrystals or n-ary mesocrystals.[11] Binary or
n-ary mesocrystals can combine disparate properties of nanoparticles within the same
material. The combination of different nanocrystal species can lead to new properties.
Binary mesocrystals consisting of metal nanocrystals and quantum dots could be
interesting materials, because the quantum dots with fluorescence at the wavelength
of the plasmon resonance could compensate the energy loss through light absorption
by the metal nanocrystals.[11] Another goal in materials science is the production
of metamaterials, which can affect visible light and might be formed by n-ary mesocrystals. Metamaterials can affect electromagnetic waves in a way that they show
a negative index of refraction for a particular wavelength, by which unprecedented
applications can emerge. The particular wavelength depends on the size of the
building blocks of the metamaterial. Up to now, metamaterials with a negative
refractive index are only known for microwave radiation. Here, a periodic array of
copper split ring and wire conducting elements is constructed and then deposited
onto a circuit-board substrate.[234–238] Nanocrystals within n-ary mesocrystals may
offer such metamaterials for the visible wavelengths by the correct placing of metallic,
magnetic and/or optically active building blocks in a periodic array.[239–241]
All in all, this doctoral thesis showed that the potential of mesocrystals in
applications is astonishing. Mesocrystals merge the well-known concepts of crystal
growth and colloid chemistry with the current progress in materials science creating
a large research field. Nanocrystals can (self-)assemble to mesocrystals enlarging the
concepts of crystallography and materials science, because they show that crystals
can build up superordinate crystals. Therefore, I want to pose the question that
I asked at the beginning of this thesis again: What do I imagine, when I use the
word crystal? I imagine the fascinating, versatile mesocrystals with their exceptional
potential in materials science and the manifold ways in which further research may
change our world.
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8.1. Synthesis and Self-Assembling of the Iron Oxide Nanocrystals
Chemicals Used The following chemicals were used within this research project:
barium chloride dihydrate (99 %, Sigma-Aldrich), benzene (99.9 %, Sigma-Aldrich),
1-butanol (99 %, Sigma-Aldrich), cyclohexane (99 %, Sigma-Aldrich), cyclopentane
(99.9 %, Sigma-Aldrich), dioctyl ether (99 %, Sigma-Aldrich), ethanol (99.9 %, SigmaAldrich), heptane (99.9 %, Sigma-Aldrich), hexane (99.9 %, Sigma-Aldrich), iron (III)
chloride hexahydrate (97 %, Sigma-Aldrich), MilliQ water (18 µS/cm, Merck Millipore),
1-propanol (99 %, Sigma-Aldrich), silicon dioxide (99.8 %, Sigma-Aldrich), sodium
hydroxide (98 %, Sigma-Aldrich), sodium oleate (97 %, Tokyo Chemical Industry),
1-octadecene (90 %, Sigma-Aldrich), oleic acid (99 %, Tokyo Chemical Industry),
oleyl amine (99 %, Sigma-Aldrich), tetrahydrofuran (99.9 %, Sigma-Aldrich), toluene
(99.9 %, Sigma-Aldrich).
Synthesis of the Nanocubes The heating-up method was used to form iron oxide
nanocubes from an iron (III) oleate precursor.[84,108] The preparation of the iron (III)
oleate precursor was as follows. Iron (III) chloride hexahydrate (5.4 g, 20 mmol) and
sodium oleate (18.3 g, 60 mmol) were heated up to reflux temperature in a mixture
of ethanol (40 mL), hexane (70 mL), and MilliQ water (30 mL) for four hours. The
resulting organic phase was washed with water and dried under vacuum using a
rotary evaporator at 40 ◦C and at 10 mbar to remove water residues. The heatingup synthesis to form iron oxide nanocubes was started afterwards. The as prepared
iron (III) oleate (9.08 g, 10 mmol), sodium oleate (0.436 g, 1.43 mmol), and oleic acid
(0.453 mL, 1.43 mmol) were solved in 1-octadecene (50 mL) and dried under vacuum
at 60 ◦C for 30 min to remove water residues. Afterwards, the reaction mixture was
heated up to reflux temperature using a heating ramp of 3.3 ◦C/min. The reflux
temperature was held for 30 min and cooled down to room temperature. The resulting
product was purified by centrifugation (500-1500 rpm, two times) with ethanol at the
beginning and then with a mixture (4:1, 3:1, 2:1) of ethanol and toluene at the end
(1500-6000 rpm, three times). In addition, larger agglomerates can be filtered. The
nanocrystals were transferred in any desired solvent. A list of the solvents used within
this thesis is provided in Table 4.2, p. 62.
Formation of Mesocrystalline Films via Solvent Evaporation Mesocrystalline monolayers were prepared by evaporation of the solvent from a nanoparticle dispersion
using an excess of additive. A drop of a nanocrystal dispersion (5 mg/mL nanocrystal
concentration) in toluene with an excess of surfactant (3 µL/mL oleic acid) was dried
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on a carbon-coated copper grid (London finder Science Services, CFLF400-Cu-UL;
Quantifoil Carbon Films, Cu 300 hex, 2 nm) for transmission electron microscopy.
Mesocrystalline multilayers and mesocrystals were formed by a slower evaporation.
A nanocrystal dispersion (300 µL, 0.25 mg/mL nanocrystal concentration) with an
excess of oleic acid (1.5 µL/mL) was dried in a 2 mL glass vessel on a TEM grid for
further investigation. The drying process lasts minutes to hours, approximately.
Formation of Faceted Mesocrystals via Gas Phase Diffusion The formation of faceted
mesocrystals was performed by a modified setup of the gas phase diffusion method.
The following procedure presents an ordinary experiment. The nanocrystal dispersion
(e.g. toluene 400 µL, 5 mg/mL nanocrystal concentration) with an excess of additive
(e.g. oleic acid, 3 µL/mL) was injected into a small glass vial containing a silicon or
sapphire snippet (orientation (100)Si and C-plane (0001)Al2 O3 , Siegert Wafer Specialist,
Germany). The nanocrystal dispersion was destabilized by alcohols via gas phase
diffusion. The reservoir of the alcohols (e.g. 1 mL) was within another glass vial
surrounding the smaller one. This setup was stored until the nanocrystals were
destabilized. Depending on the nanocrystal dispersion quality, the supernatant of
the crystallization clears after the finished destabilization. Finally, the silicon snippet
was removed and investigated. The crystallization duration of selected dispersion
and destabilization agents is presented in Table E.2, p. 161. Within this research
project, the nanocrystal concentration (0.5-20 mg/mL), the volume of the nanocrystal dispersion (100-900 µL) and destabilization agent (0.5-2 mL) and the additive
concentration (0.5-100 µL/mL) was adjusted for the particular experiment.
Directed Self-Assembly of the Iron Oxide Nanocrystals The directed self-assembly of
the iron oxide nanocrystals was performed by applying a constant external magnetic
field. The strength of the magnetic field was adjusted between 10-200 mT, depending
on the experiment. The magnetic field was produced by a laboratory electro magnet
type B-E1085 from Bruker.
Biomorph Preparation and Post Treatment First, a sodium silicate solution was
prepared by mixing water (MilliQ water 18 µS/cm) with 10.6 wt % sodium hydroxide
and 26.5 wt % silicon dioxide. Second, a silicate solution was produced by diluting sodium silicate solution (1.39 g) in water (349 mL). The pH was adjusted and controlled
by a pH electrode to 11.1 using sodium hydroxide solution (0.1 M). Third, the silica
solution was further mixed (1:1) in a linbro plate (6 wells) with a barium chloride
solution (0.01 M). Finally, the structures were collected after 16 h and washed several
times with MilliQ.
Biomorphs (10 mg) were hydrophobized by incubating them in a tube with dissolved
silane (10 µL silane, 1.5 mL of EtOH:H2 O (4:1)) in an Eppendorf vial overnight. The
used silanes are: n-octyl-, isooctyl-, dodecyl- or octadecyl triethoxy silanes.
The outer silica shell was dissolved by incubating the biomorphs overnight with
sodium hydroxide solution (1 M, 1.5 mL). The naked biomorphs were further covered
with oleic acid. For the covering of the biomorphs an incubation mixture was
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produced. This mixture was prepared from cyclohexane (2.5 mL), THF (600 µL),
ethanol (500 µL) oleic acid (10 µL) and NaOH (10 µL, 1 M). The mixture was threatened
in an ultrasonic bath for 5 minutes and before the biomorphs (10 mg) were added to
this solution. The incubation took place over night.

8.2. Analysis of the Nanocrystals and Self-Assembled Structures
8.2.1. Microscope Equipment
Light Microscopy The AX10 imager m2m Zeiss light microscope with a halogen lamp
was used for the investigation of faceted mesocrystals and superstructures. Both,
transmission and reflected light microscopy was performed.
Scanning Electron Microscopy Three different SEMs were used for the investigation
of mesocrystalline multilayers, faceted mesocrystals, directed superstructures and
MCBCs. The Zeiss crossbeam 1540XB and Zeiss Auriga equipped with a SE2 and an
InLens detector were used for the high resolution imaging. The acceleration voltage
was changed from 1 to 20 kV and at 20 kV a resolution of 1.1 nm can be achieved.
The MCBCs and biomorphs were mostly investigated with a Hitachi Tabeltop SEM
TM3000 at low magnification.
Transmission Electron Microscopy Different TEMs were used for the investigation of
nanocrystals and mesocrystalline films. The HRTEM investigations of the nanocrystals were generally performed by using a FEI Tecnai F20 and a FEI Titan3
transmission electron microscope. The acceleration voltage of the image aberration
corrected FEI Titan3 for imaging was 300 kV. The acceleration voltage of the Cscorrected FEI Tecnai F20 for imaging was 200 kV. The investigation of mesocrystalline
multilayers was performed by a Zeiss Libra120 with a 120 kV lanthanum hexaboride
emitter and a Koehler illumination system. An in-column OMEGA filter is installed.

8.2.2. X-Ray Equipment
Single-Crystal Wide angle X-Ray Diffraction The recordings of the wide angle X-ray
patterns were performed using two different diffractometers, the Rigaku AFC7 and
the Stoe IPDS II diffractometer. The diffraction images were collected by using a
Rigaku AFC7 diffractometer equipped with a Mercury CCD Detector (Mo-Kα-radiation,
λ = 0.71073 Å) and a Stoe IPDS II diffractometer (graphite monochromator, Mo-Kα
radiation, λ = 0.71073 Å). The mesocrystals and superstructures were mounted on a
MicroLoop holder (Microtechnologies for Structural Genomics, USA)
Small-Angle X-Ray Scattering The SAXS measurements of were performed by means
of a AXS Nanostar diffractometer (Bruker, USA) equipped with pinhole collimation
and Cu-Kα-radiation (λ = 1.5406 Å).

135

8. Methods

X-Ray Absorption Spectroscopy The determination of maghemite and magnetite in
the iron oxide nanocrystals in Figure 4.3 has been performed at the Rossendorf
beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble. The
incident energy was selected using the (111) reflection from a double silicon crystal
monochromator, while the rejection of the higher harmonics was achieved by two
silicon mirrors at an angle of 2.5 mrad relative to the incident beam. The XANES
spectra were measured in HERFD mode using an X-ray emission spectrometer.[206]
Analyzer crystal, sample, and photon detector (silicon drift diode) were arranged
in a vertical Rowland geometry for X-ray emission spectrometer. By recording the
maximum intensity of the Fe-kβ1 emission line (7059.3 eV) as a function of the
incident energy, the Fe HERFD spectra at the K-edge were obtained. Using (620)
reflection of the spherically bent Ge crystal analyzers (with 1 m bending radius)
aligned at 79° Bragg angle, the emission energy was selected. The intensity of the
recorded spectra was normalized to the incident flux. An energy resolution of 1.8 eV
was obtained as determined by measuring the full width at half maximum of the
elastic peak. The energy calibration for the absorption edge was performed with iron
foil as reference material.

8.2.3. Other Analysis Equipment

Table 8.1. Literature values and measured values for the density and viscosity of different
solvents. The values for "solvent and additive" belong to a mixture of the selected solvent and
oleic acid (3 µL/mL). These values were used for the AUC measurements in Chapter 4.2.2.6,
p. 71. The density and viscosity were determined by a Viscosizer 200 from Malvern at 20°C
and the literature values are provided at 20°C:[216]

Crystallization
Medium

Density [g/mL]
literature measured

Viscosity [P]
literature measured

Heptane
Heptane and additive

0.68

0.68
0.69

0.0041

0.0042
0.0043

Cyclohexane
Cyclohexane and additive

0.78

0.78
0.78

0.0098

0.0098
0.0099

Tetrahydrofuran
Tetrahydrofuran and additive

0.89

0.89
0.89

0.0048

0.0050
0.0051

Toluene
Toluene and additive

0.87

0.87
0.87

0.0060

0.0060
0.0060

Analytical Ultracentrifugation The hydrodynamic radii dH and the Ðs were
determined by an Optima XL I (Beckman Coulter, USA) using Rayleigh interference
optics and 12 mm double titanium centerpieces (Nanolytics, Germany). The nanocrystal dispersions in different solvents were investigated at 20◦C. Repetitive radial
scans at 280 nm with a UV absorption optical scan record the moving boundary.
Sedimentation coefficient distributions were generated by the software SEDFIT
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(National Institute of Health, USA). The cSCDs using the Tikhonov-Philipps second
derivative regularization were determined according to literature.[223] The frictional
coefficients (f/f0 ) were determined by 2-dimensional spectrum analysis (2-DSA, Monte
Carlo) with 20 iterations and grid resolution of 3600 by using Ultrascan III.[220,221]
The real density of the magnetite nanocrystals (4.299 g/mL) was estimated by
taking into account that the oleic acid content was around 20 wt.% (based on the
results from the chemical analysis). The Ðs were determined by calculation of the
ratio of the quadratic average and the square of the arithmetic average.[204]
M=

sRT
D(1 − ν̄δs )

(8.1)

kT
= 3πηs dp
(8.2)
D
Thereby, M equals the molar mass of the nanocrystals, s equals the sedimentation
coefficient, R equals the gas constant, T equals the temperature, D equals the
diffusion coefficient, ν̄ equals the reciprocal of the particle density, δs equals the
density of the solvent, f equals the friction coefficient, k equals the Boltzmann number,
ηs equals the viscosity of the solvent and dp equals the particle diameter.[217]
f=

Atomic Force Microscopy Atomic force microscopy measurements were performed
using a Multimode 8 AFM (Bruker, USA) in peak force tapping mode. ScanAsyst-AirHR were used as probes for the AFM.

Chemical Analysis The chemical analysis was performed by the CHN-Analyser Vario
Micro Cube (Elementar Company, Germany). The content of oleic acid in synthetic
and purified nanocrystals was calculated on the basis of carbon concentration.

Dynamic Light Scattering DLS measurements provided the determination of the
diffusion coefficient. The measurements were performed within heptane and THF
with a Malvern Zetasizer Nano ZSP at 20 ◦C.

pH Meter The pH of the reaction mixture for the biomorph preparation was controlled
and adjusted by a pH-510 Meter (Eutech, USA).

Superconducting Quantum Interference Device The determination of the magnetic
properties of the iron oxide nanocrystal powder and iron oxide mesocrystals were
performed using SQUID, MPMS XL (Quantum Design, USA). Hysteresis loops were
measured at 4 and 300 K in a range of -3.5 to 3.5 T. The blocking (critical)
temperature TB was identified using temperature dependent measurements at
different, constant magnetic H-fields. The applied magnetic fields were fixed to 0 T,
10 mT, 25 mT, 50 mT, and 100 mT and the used temperature range was 4-300 K.

137

8. Methods

Taylor Dispersion Analysis Taylor dispersion analysis provided the determination of
the diffusion coefficient. The measurements were performed within the selected
solvent with a Viscosizer 200 from Malvern at 20 ◦C.

8.3. Software
Analysis Software The analysis of TEM and SEM images as well as the FFT
calculations were performed by the Digitial Micrograph (Gatan, USA) software.
CRISP (Calidris, Sweden) was used to create the zoomed filtered TEM images
from the original data.
The analysis of the SAXS patterns were performed
using Scatter (Version 2.5, 03/2011) software.
The analysis of the AUC
measurements were performed using OriginLab (OriginLab Corporation, USA),
SEDFIT and UltraScanIII.[220,221,223] Light microscope, scanning microscope images
and transmission microscope images were processed and analyzed by Fiji (Fiji is just
image J, Image J, USA). Further analysis and processing software was programmed
by the BioImaging Center (Constance, Germany)
Graphics Design Blender 2.78 (open software, Stichting Blender Foundation,
Netherlands) was used to create the models in Figure 2.2. Adobe Illustrator 15.0
(Adobe Systems Software Ireland Companies, Ireland) was used for the graphs in
Figure 2.3. All other images were created by Inkscape (open software, GNOME
Illustration Application, USA).
Structure Modeling Vesta 3.0 (Vesta, Japan) was used to model the structure of magnetite (space group F d3̄m). An individual nanoparticle was modelled by a cluster
with the habit of a truncated cube, cut from a magnetite structure exhibiting the
faces {111}, {110}, {310} and {114}. The additional faces were chosen as suggested by
HRTEM data. Vesta and JEMS (JEMS, Switzerland) were used to simulate electron
and X-ray diffraction patterns.
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A. Nanocrystal Synthesis and Characterization

Figure A.1 Histograms of counted nanocrystal diameters from TEM images and
all nanocrystal batches: a-i Histograms of counted nanocrystal batches by TEM image
processing. The iron oxide core diameter is given by dC with its standard deviation SD from a
gaussian fit. Fiji was used to perform the image processing.
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Figure A.2 SQUID hysteresis loops: Both nanocrystal batches are superparamagnetic.
a Hysteresis loops for batch IV measured at 4 and 300 K. b Hysteresis loops for batch VII
measured at 4 and 300 K. It shows the dependence of the nanocrystal magnetization to the
external magnetic field in z-direction.

B. Structural Aspects of Self-Assembled Mesocrystalline Films

Figure B.1 Coexisting structural domains of self-assembled multilayers of iron
oxide batch I: a A self-assembled multilayer with structural domains. The domains of the
3D multilayer are formed by stacking of monolayers with c2mm (red, domain 1) and p4mm
(blue, domain 2). b FFT of the domain 1 with c2mm symmetry. Unfortunately, the data could
not be further processed to form the zoomed-in TEM filtered image. c FFT and zoomed filtered
TEM image of the domain 2 with p4mm packing symmetry.
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Figure B.2 TEM image of self-assembled multilayer of batch I and the
corresponding FFT (c2mm) and ED pattern: Self-assembled multilayer of iron oxide
nanocrystals and a projected c2mm packing symmetry. The corresponding SAED pattern
demonstrates the long range order at the atomic scale and looks similar to the the SAED
pattern of mesocrystals with the p4mm packing symmetry.
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C. Structural and Morphogenetic Aspects of Faceted
Mesocrystals

Figure C.1 Collection of different faceted mesocrystals from the solvent
evaporation technique: a Smaller mesocrystalline films and mesocrystals from batch I.
Most of the mesocrystals are spherical, and some show an octahedral morphology. b A mesocrystal and large mesocrystalline films from batch II. The mesocrystal exhibits a square like
projection. c A mesocrystal from the nanocrystal batch III. The mesocrystal has a trigonal
projection. d Another mesocrystal from batch III with a parallelogram-like projection.
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Figure C.2 Indexed two-dimensional SAXS pattern of a mesocrystal from
batch III: The SAXS pattern for the mesocrystal with a fcc superlattice (a = 21.0(3) nm) is
recorded along [111]. The p6mm symmetry with its forbidden signals is visible. For instance,
the six small signals (not indexed) close to the center. The inset on the top left shows a light
microscope image of the measured mesocrystal.
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Figure C.3 Mayor features of a mesocrystal (type I) (batch IV, cyclohexane): a LM
image of rhombohedral mesocrystals grown on a silicon substrate. b SEM image of a typical
rhombohedral mesocrystal. c HRSEM image of the nanocrystal packing on the (001) face
of such a mesocrystal shown in (b). d Texture-like diffraction pattern of a rhombohedral
mesocrystal recorded from WAXS. e Point-like SAXS diffraction pattern recorded along (001)
face of a rhombohedral mesocrystal.
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Figure C.4 Different morphologies of mesocrystals grown from different nanocrystal batches under the same condition (toluene): The building block size is
increasing from (a) to (h). a HRSEM image of a mesocrystal (b, octahedron, fcc superlattice)
from batch I represented as a simulation. The nanocrystal packing and its corresponding
FFT show the {111} face and the projected p6mm plane symmetry. c The (001) basal face of
a tetragonal prism (d, bct superlattice) from batch II (simulation). The projected symmetry
of the packed layer is p4mm (FFT). e SEM image of the projected c2mm nanocrystal packing
symmetry of the (001) face of a mesocrystal (f, rhombohedron) from batch III (simulation).
g HRSEM image of the basal mesocrystal face (h, tetragonal truncated pyramid) with the
projected p4mm packing symmetry from batch VII (simulation).
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Figure C.5 The mesocrystal library for nanocrystal batch II: All nanocrystal
dispersions were destabilized with ethanol except the destabilization from octadecene (nbutanol). a-f Mesocrystals with a tetragonal prismatic morphology are obtained when nanocrystal batch II is crystallized from polar solvents (a, inset: scale bar 10 µm, c, inset: scale bar
10 µm and e, inset: scale bar 10 µm). g-i Mesocrystals with a trigonal truncated morphology
and rhombohedral morphology are obtained when nanocrystal batch II is crystallized from
nonpolar solvents (g, inset: scale bar 10 µm and i, inset: scale bar 10 µm).
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Figure C.6 The mesocrystal library for nanocrystal batch III: All nanocrystal
dispersions from all solvents are destabilized with ethanol. a-d Mesocrystals with a rhombohedral morphology are obtained when nanocrystal batch III is crystallized from polar solvents
(a, inset: scale bar 20 µm and c, inset: scale bar 40 µm). e-h Mesocrystals with a trigonal
truncated morphology and rhombohedral morphology are obtained when nanocrystal batch III
is crystallized from nonpolar solvents (e, inset: scale bar 6 µm and g, inset: scale bar 10 µm).
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Figure C.7 The mesocrystal library for nanocrystal batch IV: All nanocrystal
dispersions are destabilized with propanol except the destabilization from toluene (ethanol).
a-h Mesocrystals with a rhombohedral morphology are obtained when nanocrystal batch IV is
crystallized from any solvent (a, inset: scale bar 4 µm, c, inset: scale bar 5 µm, e, inset: scale
bar 20 µm and g, inset: scale bar 50 µm). The assembly of nanocrystals from batch IV within
THF and toluene did only seldom succeed for ethanol or propanol as destabilizing agent.
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Figure C.8 The mesocrystal library for nanocrystal batch V: All nanocrystal
dispersions are destabilized with ethanol. Rhombohedral mesocrystals occur for every
solvent. a-b Mesocrystals with tetragonal prismatic morphology are obtained when nanocrystal batch V is crystallized from THF (a, inset: scale bar 10 µm). c-h Mesocrystals with
a trigonal truncated (c,e,g) and octahedral (e) morphology are obtained when nanocrystal
batch V is crystallized from nonpolar solvents (c, inset: scale bar 20 µm, e, inset: scale bar
20 µm and g, inset: scale bar 60 µm).
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Figure C.9 The mesocrystal library for nanocrystal batch VI: The nanocrystals are
destabilized with ethanol. Rhombohedral mesocrystals occur for every dispersion agent.ab Mesocrystals with a tetragonal prismatic morphology are obtained when nanocrystal
batch VI is crystallized from THF (a, inset: scale bar 10 µm). c-h Mesocrystals with a trigonal
truncated and octahedral morphology are obtained when nanocrystal batch VI is crystallized
from nonpolar solvents (c, inset: scale bar 20 µm, e, inset: scale bar 20 µm and g, inset: scale
bar 30 µm).
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Figure C.10 The mesocrystal library for nanocrystal batch IX: The nanocrystals are
destabilized with ethanol in (a), (c), (e) and (h) and with propanol in (b), (d), (f) and (h). The
nanocrystal packing of the mesocrystal surface could not be imaged by SEM. a-h LM images
of the self-assembled mesocrystals are depicted. The mesocrystal morphology from all selfassembly processes can be described as an octahedron (a, inset: scale bar 10 µm, c, inset:
scale bar 10 µm e, inset: scale bar 20 µm and g, inset: scale bar 50 µm). Impurities prevent
the imaging of the crystal faces in (h).
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Figure C.11 Nanocrystal dispersions in various solvents (batch IV, THF,
heptane): The particle size distributions of nanocrystal batch IV within heptane and THF.
Although the same nanocrystal batch is used, the nanocrystal diameter changes in different
solvents. The nanocrystal dispersion was recrystallized (two times). The PSD was recorded at
20 ◦C.
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Figure C.12 2-DSA Monte Carlo simulations in order to determine the frictional
ratio of batch IX within THF and heptane: The 2-DSA measurements were performed
from different recrystallization experiments than in Figure 4.24, p. 63. The limit for the
frictional ratio f/f0 is 4. The average value is the mean of the different distinct peaks. a The
average frictional ratio within THF is 2.2 (RMSD: 0.008). b The average frictional ratio within
heptane is 1.8 (RMSD: 0.011).

Figure C.13 Hysteresis loops for different mesocrystal morphologies (batch VII,
trigonal truncated and tetragonal truncated): a Hysteresis loops for a trigonal
truncated mesocrystal from cyclohexane at 4 and 300 K. b Hysteresis loops for a tetragonal
truncated mesocrystal from THF at 4 and 300 K. The hysteresis loops indicate that the mesocrystals are still superparamagnetic under room temperature.
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Figure D.1 cSCD and corresponding SCD of each measurement in heptane in
Figure 4.30 (batch IV): The Ð decreases for this purification step without the diffusion
correction from 1.0185 to 1.009. a The normalized distribution before the purification. b The
normalized distribution of the supernatant. c The normalized distribution of the nanocrystal
dispersion after the purification.

Figure D.2 TEM images of the main purification steps (batch VI, cyclohexane):
a The impure nanocrystal dispersion (green) contains nanocrystals of different sizes and
irregular shapes. b The supernatant after complete crystallization (white) contains particles
with a broad size-distribution, including a variety of different shapes. c The pure nanocrystal
dispersion (red) contains nanocrystals with similar sizes and shape.
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Figure D.3 TEM images with low and high magnification of the nanocrystal
dispersion after several recrystallization steps (batch V, cyclohexane): a The nanocrystal dispersion before the first crystallization contains nanocrystals of different sizes and
irregular shapes. b The nanocrystal dispersion after the first crystallization step contains
less nanocrystals different in size and shape. c The nanocrystal dispersion after the fifth
crystallization step contains almost equal nanocrystals.
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Figure D.4 cSCD and corresponding SCD in cyclohexane of each measurement
in Figure 4.31: a Normalized SCD and cSCD of batch III before (Ð = 1.0375) and after (Ð =
1.005) the purification. b Normalized SCD and cSCD of batch IV before (Ð = 1.0271) and after
(Ð = 1.0021) the purification. c Normalized SCD and cSCD of batch V before (Ð = 1.0414)
and after (Ð = 1.0201) the purification. d Normalized SCD and cSCD of batch VI before (Ð =
1.0661) and after (Ð = 1.0079) the purification. e Normalized SCD and cSCD of batch VI
before (Ð = 1.0414) and after (Ð = 1.0201) the purification.
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Figure D.5 cSCD and corresponding SCD in toluene of each measurement in
Figure 4.32 (batch V, toluene): a The normalized cSCD and SCD distributions before the
purification (Ð = 1.1495). b The normalized cSCD and SCD distributions after the purification
(Ð = 1.0232).
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Figure E.1 Histograms of single mesocrystal areas from the growth on polished
and rough silicon substrates (batch IV, heptane: The mean mesocrystal area is fitted
by a Gaussian distribution. The same conditions were applied for the growth of mesocrystals
on both substrates – except the substrate. Mesocrystals were only counted with areas between
100 to 10000 µm2 . a Histogram of single mesocrystal areas from a polished silicon snippet.
The mean mesocrystal area is 2800 µm2 , count = 181. b Histogram of mesocrystal areas from
a rough silicon snippet. The mean mesocrystal area is 1500 µm2 , count = 405).

Figure E.2 Histograms of single mesocrystal areas from the growth on polished
silicon and sapphire substrates (cyclohexane, 1-propanol, batch IV): The mean
mesocrystal area is fitted by a Gaussian distribution. The same conditions were applied for
the growth of mesocrystals on both substrates. Mesocrystals were only counted with areas
between 10000 - 700000 µm2 . a A histogram of single mesocrystal areas from growth on
polished silicon snippets is shown (Mesocrystal area 121000 µm2 , count = 53). b A histogram
of mesocrystal areas from growth on polished sapphire snippets is shown (Mesocrystal area
28000 µm2 , count = 248).
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Figure E.3 Heterogeneous nucleation of mesocrystals at the inside rims of the
glass vial: a Regular imaging of a glass vial after the nanocrystal dispersion had been
destabilized (batch IV, cyclohexane). b,c Magnified images of (a) presenting the mesocrystals
at the inside rims in more detail. The rhombohedral crystal structure is observable. d Highly
covered glass vial rim after the destabilization (batch VI, cyclohexane).
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Figure E.4 Histogram of mesocrystals from different initial nanocrystal
concentrations (batch IV, cyclohexane): a-e The area of single formed mesocrystals on
a silicon snippet using different initial nanocrystal concentrations (a = 260 µm2 , b = 410 µm2 ,
c = 770 µm2 , d = 820 µm2 , e = 950 µm2 ). The mean area was calculated by a Gaussian fit
of this data. For all histograms the same parameter and image magnification were used to
process the images and to show the histograms. Areas between 60-10 000 µm2 were taken
into account.

Figure E.5 Influence of the additive concentration on the self-assembly of nanocrystals (batch VI, THF): The nanocrystal concentration was 3 mg/mL and oleic acid is
used as additive. The images were recorded using a light microscope. a No mesocrystal form
when no oleic acid is used. b Mesocrystals form for small amounts of oleic acid. c-e Large
amounts of mesocrystals form and with increasing oleic acid concentration dark, blurry films
occur (e).

160

E. Appendix: Formation and the Aspects of Mesocrystal Growth

Figure E.6 Kinetic and diffusion controlled growth regimes of mesocrystals
(batch VII, cyclohexane): a A mesocrystal grown in the kinetic-controlled growth regime.
The mesocrystal is smooth and well shaped. The center of the crystal face is growing as fast
as the edges. b A mesocrystal grown in the diffusion-controlled growth regime. The edges of
the mesocrystal face are growing faster than the center of its face which results in a rough
surface.

Table E.2. Complete crystallization duration for different dispersion and destabilization
agents (nanocrystal concentration 13 mg/mL). The kinetics of the crystallization depend
strongly on the used destabilization agent. The crystal structure of mesocrystals does not
depend on the crystallization kinetics. The crystal structure was investigated by crystallization
of batch II in different solvents, since the morphology of the mesocrystals can differ. But these
observations can be assigned for other batches as well.

Crystallization
Medium

Destabilization
Agent

Dielectric
Constant

[A s V−1 m−1 ][26]

Crystallization
Duration [days]

Heptane

EtOH
Solvent:EtOH (1:1)
PrOH
Solvent:PrOH (1:1)

1.92

5-10
28-40
25-40
40-60

Cyclohexane

EtOH
Solvent:EtOH (1:1)
PrOH
Solvent:PrOH (1:1)

2.02

3-7
21-28
5-10
28-50

Toluene

EtOH
Solvent:EtOH (1:1)
PrOH
Solvent:PrOH (1:1)

2.38

3-5
10-15
12-18
21-28

Tetrahydrofuran

EtOH
Solvent:EtOH (1:1)
PrOH
Solvent:PrOH (1:1)

7.52

1-3
3-6
10-14
14-21
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Figure E.7 Comparison of a tomogram of the real nanocrystal coordinates of
a fcc mesocrystal and an idealized fcc crystal structure: a Extracted coordinates
of the real nanocrystal position within the mesocrystalline lamella next to an idealized fcc
crystal structure. The green line shows the (11-1) plane to illustrate the intersection of (111)
and (11-1) at the surface of fcc crystal. b The almost perfect overlap of the real mesocrystalline
layers (A1/A2 and B1/B2) within the interior is demonstrated.
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Figure F.1 Elongated mesocrystal assembled by the solvent evaporation
technique showing projected p4mm symmetry (batch I): a TEM image of selfassembled elongated multilayer of magnetite nanocrystals. b A SAED pattern is illustrated
of the mesocrystalline area in (a) (red circle). c FFT presenting the p4mm projected packing
symmetry of the nanocrystals.

Figure F.2 Poorly affected mesocrystal growth in a weak magnetic field
(batch VII, toluene, 10 mT): LM (a) and SEM (b-c) images of mesocrystals grown in a
weak magnetic field. The magnification increases from (a) to (d). The mesocrystals show a
projected c2mm plane symmetry of the basal face (c, FFT).
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Figure F.3 Formation of linear nanocrystal chains and rings next to a directed
mesocrystal (batch I, 120 mT): Similar to the directed assembly of hematite cubes,[227]
chains (blue, green) and rings (red) of nanocrystal assemblies form within an applied magnetic
field. Most linear chains are oriented parallel to the directed mesocrystal. The colored areas
indicate the magnified areas.
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Figure F.4 Frustrated assemblies from different solvents and magnetic fields
(batch VII): LM (a,b) and SEM (c,d) images of directed colloidal solids. a Frustrated assembly
formed from toluene (20 mT). b Frustrated assembly formed from toluene (200 mT). The
elongation increases for increasing strength of the magnetic field. c Different magnifications
of a flat surface are presented from a directed colloidal solid (THF 30 mT). FFT calculations
demonstrate the projected nanocrystal packing on the surface. Apparently the surface is
vaulted. The blue square indicates the position of the frustrated assembly leaving the
substrate. The further growth of the frustrated assembly is parallel to the magnetic field.
d SEM image of the surface of a rod-like frustrated assembly, the green squares indicate the
tip of smaller rods constructing the final frustrated assembly.
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G. Application of Mesocrystals as Micro-Swimmers

Figure G.1 Library of formed MCBC with different functionalization (batch VII):
SEM images of different MCBCs are depicted and some biomorphs also show the with witherite
contaminated tips to (a) to (c). a,b MCBC with untreated biomorphs but higher (a, 5 mg/mL)
and lower (b, 0.5 mg/mL) nanocrystal concentrations (pathway (IIIa)). c,d MCBCs formed after
the removal of the silica shell (pathway (IIIc)). e,f MCBCs formed after the functionalization
with oleic acid (pathway (IIIb)). g,h MCBCs formed after the hydrophobization with silane
chemistry (pathway (IIId)).
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