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Abstract

Self-assembly of nanoparticles is a promising route to form complex,

nanostructured materials with functional properties. Nanoparticle as-

semblies characterized by a crystallographic alignment of the nanopar-

ticles on the atomic scale, i.e. mesocrystals, are commonly found in

nature with outstanding functional and mechanical properties. This

thesis aims to investigate and understand the formation mechanisms

of mesocrystals formed by self-assembling iron oxide nanocubes.

We have used the thermal decomposition method to synthesize

monodisperse, oleate-capped iron oxide nanocubes with average edge

lengths between 7 nm and 12 nm and studied the evaporation-induced

self-assembly in dilute toluene-based nanocube dispersions. The in-

fluence of packing constraints on the alignment of the nanocubes in

nanofluidic containers has been investigated with small and wide an-

gle X-ray scattering (SAXS and WAXS, respectively). We found that the

nanocubes preferentially orient one of their {100} faces with the con-

fining channel wall and display mesocrystalline alignment irrespective

of the channel widths.

We manipulated the solvent evaporation rate of drop-cast disper-

sions on fluorosilane-functionalized silica substrates in a custom-

designed cell. The growth stages of the assembly process were inves-

tigated using light microscopy and quartz crystal microbalance with

dissipation monitoring (QCM-D). We found that particle transport

phenomena, e.g. the coffee ring effect and Marangoni flow, result in

complex-shaped arrays near the three-phase contact line of a drying

colloidal drop when the nitrogen flow rate is high. Diffusion-driven

nanoparticle assembly into large mesocrystals with a well-defined

morphology dominates at much lower nitrogen flow rates. Analysis

of the time-resolved video microscopy data was used to quantify the

mesocrystal growth and establish a particle diffusion-based, three-

dimensional growth model. The dissipation obtained from the QCM-D

signal reached its maximum value when the microscopy-observed

lateral growth of the mesocrystals ceased, which we address to the



fluid-like behavior of the mesocrystals and their weak binding to the

substrate. Analysis of electron microscopy images and diffraction pat-

terns showed that the formed arrays display significant nanoparticle

ordering, regardless of the distinctive formation process.

We followed the two-stage formation mechanism of mesocrystals

in levitating colloidal drops with real-time SAXS. Modelling of the SAXS

data with the square-well potential together with calculations of van

der Waals interactions suggests that the nanocubes initially form disor-

dered clusters, which quickly transform into an ordered phase.
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1 Introduction

Nature uses self-assembly in its vast repertoire to build objects from

small components like viruses and molecules up to dynamic systems

of weather patterns and galaxy formation. Self-assembly was defined

as the self-governing “organisation of components into patterns or

structures without human intervention” and requires three key condi-

tions1: 1. pre-existing building-blocks; 2. the process is reversible; 3.

self-assembly can be controlled by appropriate design of the building

blocks.

The compositional- and shape-dependent anisotropic properties of

the building blocks can be amplified and tuned to give rise to functional

collective properties of the ordered arrays.2 Rich material libraries of

well-defined nanoparticles with different compositions, shapes and

sizes3,4,5 have already been fabricated and partially upscaled to be

implemented into industrial applications.6 Several assembly strategies

exist such as evaporation-induced assembly,7,8,9,10 DNA-mediated as-

sembly,11,12 the Langmuir-blodgett technique,13,14 and assembly by

using external fields15,16,17. Understanding the reversibility and proper

control of the assembly process requires the ability to manipulate the

assembly-governing particle interactions such as magnetic dipolar,

van der Waals and electrostatic forces, combined with entropic con-

siderations including nanoparticle packing constraints.18 Additionally,

particle transport phenomena can play a major role in the evaporation-

induced assembly of dispersed nanoparticles.19

Indeed, studying spontaneous self-assembly of nanoparticles of
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Figure 1.1: Iron oxide nanocubes with 12.4 nm edge length self-assemble
into large, well-ordered mesoscopic arrays.

various shapes into ordered arrays (Fig. 1.1) is fundamentally inter-

esting.20 The anisotropic properties of the individual building blocks

can be amplified and possibly tuned in an ordered array by apply-

ing external fields, which allow for tuning the relative magnitude and

anisotropy of the magnetic dipolar interactions with respect to the van

der Waals interactions.21,22 Self-assembly also produces structures that

rival our conceptual comprehension of the ubiquitous crystallization

phenomena. Understanding the dynamics of the particle-mediated

nucleation and growth processes23, i.e. crystallization, requires a fun-

damental knowledge base accounting for the individual properties of

the building units that involves concepts from continuum descriptions

and quantum mechanics.24 Further advances in the characterization

tools, i.e. experimental instrumentation and theoretical modelling,

allow for following the dynamical processes constituting self-assembly.

1.1 Crystallization pathways – From individual nano-

crystals to assembled superstructures

The monomer-by-monomer attachment of single chemical species

was the predominant interpretation of classical nucleation and crystal

growth for decades.25,26 However, studies on the structural diversity

and crystal growth habits of diverse biominerals such as the sea-urchin

spine, mammalian tooth enamel, mollusc larval shells and biomineral-

ized magnetite27,28 have suggested that several alternative pathways

exist involving e.g. transient amorphous phases (Fig. 1.2).29,30,23 Other
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Figure 1.2: Sketch of the two-step formation mechanism depicts the for-
mation of a transient phase (agglomerate) as a precursor for the ordered
arrays.

so-called non-classical mechanisms include oriented attachment of

nanoparticles that fuse together to a single unit with crystallographi-

cally aligned axes31 These mechanisms are commonly referred to as

crystallization by particle attachment (CPA) and describe an interplay

between thermodynamics and kinetics, and frequently involve the for-

mation and transition of metastable dense liquid-like, amorphous or

gel phases or states.23

Understanding the multitude of external forces such as flow-induced

phenomena is pivotal in controlling the crystallization of nanostruc-

tured, mesoscopic, functional materials by e.g. evaporation-induced

self-assembly. Advanced experimental instrumentation and theoreti-

cal modelling must account for a broad range of length scales, as well

as the composition- and shape-dependent properties of the building

blocks and their ordered assemblies.

1.2 Colloidal crystals and mesocrystals

Colloidal systems or colloids are small particles with dimensions be-

tween 1 nm to 1000 nm dispersed or suspended in a liquid.32 Nanopar-

ticles are colloids that have at least one dimension below 100 nm. Prop-

erties such as superparamagnetism and quantum confinement24 show

that continuum descriptions that treat the nanoparticles as bulk ma-

terials need to be modified and include size-dependent phenomena.

The size-dependent properties of nanoparticles can be modulated and
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amplified by the formation of large, well-ordered arrays. Such ordered

arrays, often called colloidal crystal33 or nanoparticle superlattices,

can be found in nature in the form of the precious gemstone opal.

Here, incident waves of the visible spectrum diffract and interfere con-

structively at ordered, hydrated silica particles, where size and packing

geometry determine the colour of the diffracted light. Colloidal crystals

may be built from amorphous or crystalline particles and their proper-

ties depend not only on the size and packing geometry of the particles,

but also on the composition and homogeneity of the alignment.

The term mesocrystal was first coined in 2005 by Cölfen and Antoni-

etti to name a special case of a colloidal crystal.34 Recently, Bergström

et al.27 defined mesocrystals as nanostructured materials composed of

individual nanoparticle building blocks with a distinct long-range or-

der on the atomic scale. The order must be evident from an anisotropic

electron or X-ray diffraction pattern showing Bragg-diffracted spots or

arcs (a so-called texture) with finite radial and azimuthal width.

The radial width of the Bragg peaks or arcs observed in an X-ray

diffraction can be used for determining the nanoparticle size distribu-

tion using Scherrer’s equation.35 The degree of the crystallographic

alignment can be deduced from the azimuthal width of the arcs in

the diffraction pattern. Slight misorientation between the particles

results in the formation of arcs compared to a single crystal that dis-

plays distinct spots. It is still a matter of debate how much alignment

has to be present to exactly define oriented assemblies of particles as

mesocrystals. Biominerals such as bone (apatite)36, sea urchin spicule

(calcite)37 and chains of magnetite in magnetotactic bacteria38 are

classical examples of mesocrystals found in nature. Mesocrystals at-

tract scientific interest, because they combine features and properties

of the atomic scale with the complexity of the nanoparticle arrange-

ment on the mesoscopic scale.

Colloidal mesocrystals may be produced by assembly of anisotropic,

monodisperse nanocrystals. These mesocrystals show diffraction spots

or arcs on both the atomic and the mesoscopic length scale, e.g. in a
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wide angle and small angle X-ray scattering pattern. This unusual type

of highly ordered alignment is intriguing and has generated a desire to

understand how to control the orientational and translational order

on the atomic and mesoscopic scale.

1.3 Overview of colloidal interactions

Control of the nanoparticle assembly process requires an understand-

ing of the magnitude and the range of nanoparticle interactions.24 Dis-

persed nanoparticles are subject to Brownian motion, i.e. the nanopar-

ticles rotate and translate randomly in the liquid and constantly collide

with each other. Without a sufficient long-range repulsion inferred by

e.g. a surface coating, the nanoparticles would rapidly aggregate in the

liquid and ordered, self-assembled arrays would not be able to form.

This section provides an overview of the most important interpar-

ticle forces that play a role in evaporation-induced self-assembly of

toluene-dispersed iron oxide nanoparticles in the absence of an ap-

plied magnetic field, i.e. van der Waals forces and steric repulsion.

The square-well potential is also introduced as a useful model for the

interaction of oleate-capped nanoparticles dispersed in toluene.

1.3.1 Van der Waals force (vdW)

The van der Waals force between atoms and molecules is a short-

ranged, attractive interaction that consists of: interaction between

permanent dipoles (Keesom force), interaction between permanent

and induced dipoles (Debye force), and the dipole-induced-dipole in-

teraction (London force).39 Characteristic time scales at which atoms

or molecules are polarised belong to the IR and UV/Vis spectrum of

the electromagnetic radiation, respectively. Therefore, the polarizabil-

ity, the first ionization potential of the respective atom together with

the separation distance r between the positive and negative charges

determine the strength of the interaction that decays with −r−6. The

London force is usually the most significant contribution to the van der

Waals force and is essential for describing phenomena such as wetting,
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surface tension, self-assembly and colloidal stability.40,41,42,43,44

For microscopic bodies, the resulting net pair-interaction energy,

i.e. the path-dependent integral of the force, can be calculated from

the integration of all pair-interactions present in the volume of the

bodies. The density and polarizability of the constituting materials and

the relative dielectric permittivity of the surrounding medium are sum-

marised in the Hamaker constant, which determines the magnitude

of the interactions. The interaction energies of large particles at small

separation distances do not follow the −r−6 dependency any longer,

but show e.g. a 1/r behaviour for the pair-potential of spheres.

However, the simple additivity of interactions is a poor representa-

tion of dense bodies where many-body interactions must be consid-

ered.39 The Lifshitz-theory handles how neighbouring dipoles affect

the dielectric response. Knowledge of how the dielectric permittivity

(and magnetic permeability in the case of iron oxide nanoparticles)

changes with frequency is central in the calculation of the non-retarded

Hamaker constant. At small separation distances r < 5 nm, the mag-

nitude of the interactions is proportional to a Hamaker constant A,39

which is calculated from the dielectric response of the involved mate-

rials, i.e. the frequency-dependent refractive indices and relative di-

electric permittivities. At large separation distances, retardation effects

can appear for large bodies, as the electromagnetic waves exchanged

between macroscopic dipoles possess a finite propagation velocity

and the Hamaker constant turns into a separation distance-dependent

Hamaker coefficient.45

Analytical expressions have been derived and given in a condensed

form that describes the vdW potential for interacting bodies of various

geometries.46 Numerical procedures for the exact calculation of the

Hamaker coefficient can also be found in the book of Parsegian.46 How-

ever, theories that collectively account for the geometrical and crys-

tallographic anisotropy, as well as the direction-dependent dielectric

(and magnetic) properties of the body are under intense development

as computation time decreases with highly-scalable, GPU-accelerated
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computing clusters and possibly even quantum computers.47

Figure 1.3 illustrates the geometrical dependence of pair-interactions

between spheres and cubes, respectively, interacting at their corre-

sponding separation distance r . Also sketched are randomly oriented

cubes with the radius of gyration Rg,cube, which is the distribution of

mass around the centre of an object that provides an equivalent in-

ertia compared to a sphere with the same radius. The plot in Figure

1.3b demonstrates the interaction energy U of face-to-face interacting

cubes with various edge lengths Ledge and spheres with the correspond-

ing effective radius Rg,cube. Similar calculations of anisotropic vdW

interactions have shown a good correlation with experimental data of

assembling nanocubes at relatively large separation distances.22,48

1.3.2 Steric repulsion

Stabilization of nanoparticles in non-polar solvents such as toluene

requires adsorption of amphiphilic molecules with functional, polar

headgroups (e.g. fatty acids) to the surface of the colloid. The thick-

ness of the attached monolayer depends on the chain lengths of the

stabilizing moieties and the interactions between the segments of the

chain molecule and in the solvent. The monolayer expands in a good

solvent, but collapses into a globule in a poor solvent.39 At large sepa-

ration distances, the attached layer has an insignificant contribution

to the net interaction energy between colloids, but becomes important

when the diffuse interfaces of the adsorbed capping layers overlap. At

separation distances that are smaller than twice the layer thickness,

steric repulsion dominates the net interaction energy.45 In this thesis,

interparticle separation distances in ordered arrays of self-assembled

iron oxide nanocubes were approximately twice the thickness of the

oleate capping layer.15

1.3.3 The square-well potential

Modelling of particle interactions needs to provide an accurate de-

scription of the scaling with separation distance and the magnitude of
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Figure 1.3: Interaction potentials for spheres and cubes – (a) Sketch
of the isotropic (spheres) and anisotropic (cubes) van der Waals pair-
interactions (vdW) acting at a separation distance r . (b) Calculated pair-
interaction energies of spheres and cubes illustrate the nanoparticle
size-dependence of the vdW interactions.
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the attractive and repulsive components. Power law and exponential

potentials are commonly used to describe e.g. attractive vdW inter-

actions and repulsive hard sphere (HS) potentials, respectively. Pair-

interaction potentials such as the square-well (SW) combine the at-

tractive and repulsive interactions between polymers, proteins and

colloids.39 The popularity of the SW lies in its simplicity and its ability

to model crystalline solids, glasses, simple liquids and dense fluids

over a broad range of separation distances.49,50,51,52,53,54 The SW pro-

vides an effective potential by averaging over all possible orientations

of the cubes and implicitly including interactions from neighbouring

particles according to

U (r ) =


∞, r < 2R

−ε, 2R ≤ r <λ2R

0, r ≥λ2R

(1.1)

Three parameters account for the interaction energy (well depth

−ε), the range of the interaction (well width λ2R) and the size of the

particle, assumed as a hard sphere with diameter 2R ( Fig. 1.4).

Figure 1.4: The square-well model – Sketch of two spheres interacting
at a multiple of the particle diameter λ2R and the respective diagram of
the total pair-interaction energy.
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1.4 Characterization techniques and methods for fol-

lowing self-assembly

1.4.1 X-ray scattering

X-ray based scattering tools provide essential insights into the struc-

ture of a material ranging from the determination of the unit cell pa-

rameters to micron-sized features. In general, a detector placed at a

distance d to the sample captures the scattering pattern formed by the

interactions between the incident X-ray beam and the sample. The

momentum transfer, commonly referred to as the scattering angle,

q = ks −ki between the wave vectors of the scattered ks and incident ki

beam provides information on e.g. the structure and morphology of a

sample. The detection of characteristic lengths of a sample depends on

the sample-to-detector distance and X-ray scattering techniques are

therefore divided into the different length regimes covering 1 Å - 1 nm

for e.g. interatomic bond distances and sizes of small molecules (wide-

angle X-ray scattering, WAXS); 1 - 100 nm for e.g. sizes and shapes of

nanoparticles, interparticle distances in colloidal crystals, aggregate

formation (small-angle X-ray scattering, SAXS).

Synchrotron radiation at large scale facilities provides much higher

X-ray flux and coherency than laboratory equipment and can even

reach characteristic length scales on the micrometer scale with ultra

small-angle X-ray scattering (USAXS). To underline the effort of looking

into the micrometer scale: The scattered beam propagates in a vacuum

tube to the detector and state-of-the-art sample-to-detector distances

span a few cm for WAXS, ca. 2-6 m for SAXS and up to some 30 m for

USAXS.

Small angle X-ray scattering (SAXS)

Small angle X-ray scattering is based on probing variations in the elec-

tron density ρ of e.g. liquids, solids or a combination of them such

as colloidal dispersions. The magnitude of the scattering vector q de-

fines the reciprocal length between the scattered and the transmitted
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(incident) wave defined by

q = 4πsinθ

λ
= 2π

d
(1.2)

with θ the angle between the scattered and the incident wave, λ the

wavelength of the incident X-ray beam and d the distance in real space.

Babinet’s principle55 states that the intensity of the scattered signal

is proportional to the average electron density difference ∆ρ2 of the

sample constituents, i.e. I (q) ∝ (ρ1 −ρ2)2 =∆ρ2, which is also called the

contrast. Besides the contrast of the sample, the X-ray absorption of the

material and the X-ray flux of the instrument determine the exposure

time. The scattered intensity I (q) divides into two contributions, i.e.

the form factor P (q) and the structure factor S(q), with the volume

fraction of scattering entities φ as a scaling factor according to

I (q) =φ ·P (q) ·S(q) (1.3)

P (q) of a dilute dispersion solely depends on the shape, size and

size distribution of the nanoparticles. S(q) indicates how the nanopar-

ticles are positioned in space with respect to each other and thus is

a manifestation of particle interactions. Well-ordered arrays of self-

assembled nanoparticles exhibit a long-range order demonstrated by

distinct peaks in the scattering pattern. The peak centres represent the

average nearest-neighbour distances and thus provide information on

the structure of the array. Figure 1.5 compares the formation of scatter-

ing curves obtained from radially integrating the respective scattering

pattern and shows the dominating influence of the form factor (a) and

the structure factor (b), respectively.

Numerous models of form factors exist for analysing the shape and

size of isotropic and anisotropic particles. Models for structure factors

are mathematically more complex, as they are based on the periodic ar-

rangement of the constituting particles and for simplification assume

almost exclusively isotropic (spherical) geometry as a building unit.

This causes significant differences in the resulting scattering pattern

when using anisotropic building blocks, as the form factor and the

structure factor of an assemblage of complex shaped nanoparticles are

difficult to isolate from each other.56,57,58
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Figure 1.5: Typical SAXS curves of iron oxide nanoparticles – (a) Car-
toon and SAXS pattern from a dilute dispersion show the form factor P (q)
with its periodic oscillations. (b) Sketch and scattering curve of an ensem-
ble of ordered arrays assembled from iron oxide nanocubes exemplify
the distinct peaks of a dominating structure factor S(q).

A useful parameter derives from the Guinier analysis at low q-

values, where the scattered intensity follows a linear decay for monodis-

perse particles (or molecules) described by Guinier’s law:

ln I (q) = ln I (0)− q2Rg

3
. (1.4)

For spheroidal particles with a low aspect ratio Guinier’s law is lim-

ited to q < 1.3Rg .59 However, the analysis of Rg requires monodisperse

particles and it is not sufficient to assume monodispersity from the

linear decay in Guinier’s law. Other measurement techniques covering

larger length scales than SAXS must be employed for verification, e.g.

dynamic light scattering (DLS). Any deviation from Guinier’s law can

be either attributed to multi-modal particle distributions or interac-

tions between monodisperse particles at relatively large separation
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distances. In case of the latter, S(q) 6= 1 and the particle interactions

can be modelled with appropriate interaction potentials such as the

square-well model.

1.4.2 Acoustic levitation and drop monitoring

The schematic in Fig. 1.6 shows the general principle of the acoustic

trap, in which sound pressure matches gravitational forces to acousti-

cally levitate a colloidal drop.

Figure 1.6: Experimental set-up for following the mesocrystal forma-
tion in levitating colloidal drops – The ultrasonic levitator was installed
at the i911-4 beamline of the former MAX-Lab in Lund. X-ray scattering
probed the structural processes during solvent evaporation-induced as-
sembly of iron oxide nanocubes and a microscope camera recorded the
shrinkage of the drop.

Under terrestrial conditions, the sample is trapped between the

pressure nodes of the acoustic standing wave created between the flat

sonotrode and the concave reflector. Levitated colloidal drops (mostly)

shrink as the solvent evaporates from the free drop surface. The re-

leased heat of vaporization cools the drop temperature for pure toluene

to Tdr op = 17◦C at 30 ◦C ambient air temperature.60 Furthermore, the

ultrasonic field influences solvent evaporation by acoustic streaming

and generates a convective flow in the drop (see video 5.1).61,62



14 Chapter 1: Introduction

The sample density and the surface tension as well as the acoustic

resonance frequency f0 limit the maximum sample size. Furthermore,

a drop can be shaped by adjusting the distance between the sonotrode

and the reflector, thus influencing the acoustic sound pressure level

SPL. However, the application of excessive acoustic power leads to

deformation, oscillation and bursting of a 3 µL drop (Fig. 1.7 and the

VIDEO in section 5.1).

Figure 1.7: A colloidal drop with excessively applied acoustic pressure
oscillates and eventually bursts with continuous solvent evaporation
(scale bar 1 mm).

1.4.3 Video microscopy

Video microscopy (VM) with a Nikon Eclipse FN1 light microscope

operating in reflection mode was carried out to follow in operandi the

lateral growth of self-assembled arrays. Two long working distance

objectives (10×, NA = 0.3, WD = 17.5 mm; 50×, NA = 0.45, WD = 17mm)

together with a 10× eyepiece resolve features of d ≈ 1200 nm according

to Abbé’s limit

dV M = λ

N A
,

where λ = 550 nm is the wavelength of green light and N A is the numer-

ical aperture of the objective. The actual pixel resolution of the images

captured with a CCD camera (Kappa Zelos-02150C GV, Kappa Optron-

ics) is dV M ,50x ≈ 110 nm for the 50× objective and dV M ,10x ≈ 545 nm for

the 10× objective, as measured with a microscopic reference scale. The

vast amount of acquired snapshots from time-resolved measurements

ranging between 102 and 4 ·105 with 1 s time resolution required a semi-

automated analysis procedure using the Fiji (64-Bit ImageJ) software

package.63

In brief, a stack of typically 3500 individual images was converted

to 8-Bit, the background flattened and the histogram equalized. The
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Figure 1.8: Temporal evolution of mesocrystal growth – Top view video
microscopy images show two original snapshots (top row) of growing
mesocrystals assembled from iron oxide nanocubes. The corresponding
processed binary images at the bottom were analysed to obtain the time-
dependent change in area occupied by the growing arrays. Scale bar 100
µm

median filter was applied to increase the contrast between the back-

ground and the ordered arrays. Subsequent thresholding converted

the stack to binary images and binary operations such as close, fill

holes and erode were used to match the shape and size of the ordered

arrays with respect to the original images. In between the processing

steps, a regular comparison of a random processed image and its cor-

responding original should be carried out to check for inconsistencies

in the routine. I found that the binary operation “erode” was crucial in

obtaining the correct area of the ordered arrays.

1.4.4 Quartz-crystal microbalance with dissipation monitoring
(QCM-D)

The working principle of a quartz-crystal microbalance is deceptively

simple: A piezoelectric, single-crystalline quartz sensor oscillates at its

resonance frequency fR = 4.95 MHz, which is driven by a voltage that

is intermittently switched off to measure the damping of the resonant

wave, i.e. the dissipation. Any deposited mass on the crystal’s sur-
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face thickens the sensor and causes a shift in the resonance frequency

∆ f . The sensitivity for a resonating quartz crystal with fundamental

frequency fR = 4.95 MHz as used in this thesis is derived from the Sauer-

brey equation64 and is ≈ 18 ngcm−2Hz−1.

The dissipation monitoring is especially useful for studying soft

or solvated interfaces and provides additional information on the vis-

coelastic properties of the adsorbed mass.65 Different types of deposits

such as laterally homogeneous or heterogeneous films, single nanopar-

ticles or a polymer brush require a specific interpretation of QCM-D

data.65 The technique is used in a wide range of studies describing the

adsorption of membrane layers and proteins, the formation of protein

nanocrystals, the corrosion of aluminium nanoparticles, following the

layer-by-layer crystallization of polymers and surface functionaliza-

tion of iron oxide nanoparticles.66,67,68,69,70,71 However, the applicabil-

ity of QCM-D for studying self-assembly is limited to the amount of

deposited mass and the binding of the adsorbed mass to the sensor

surface.

Keeping a drop in place – Surface-functionalization of substrates

The specific design of the quartz crystals for microbalancing (Q-Sense)

comprises a flat, circular sensing area with roughness on the nm-scale

and a roughened surface at the rim of the sensor to reduce slip be-

tween the sensor and the tightening, sealing O-ring. Dispensing a drop

of a toluene-dispersed iron oxide nanoparticle dispersion with low

surface tension wets a freshly cleaned, UV-treated quartz crystal sur-

face perfectly. The dispersion also spreads onto the rough area, which

is problematic, as arrays form outside the sensing area and thus the

QCM-D data and VM analysis could not be correlated.

Therefore, a simple, but experimentally crucial surface functional-

ization scheme has been devised to enable repetitive dispensing of the

nanocube dispersion onto the central area of silica-coated sensors. A

video presented in section 5.2 showcases a 20 µL drop of pure toluene
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on a silane-functionalized silicon substrate. The drop remains on the

substrate when shaken or held upside down. The substrate, e.g. the

QCM-D sensor, is first cleaned according to the protocol provided by

the manufacturer (Q-Sense). Afterwards, the sensor together with sev-

eral drops of a per-fluorinated silane (see molecular structure below)

are placed into a sealable glass bottle and heat treated for ≈ 4 hr at ≈
120°C. Prior to the next step, the silane-coated sensor is rapidly trans-

ferred to a UV/ozone chamber. Here, the silane is removed by placing a

mask (a custom Teflon ring) onto the silane-coated area and irradiating

the exposed surface with UV light for at least 30 min. The resulting an-

nular functionalized surface is comprised of an omniphobic silanized

outer ring and a clean, hydrophilic circular area in the centre.

This substrate functionalization scheme has been tested success-

fully on silicon substrates, silica surfaces, cover glasses used for mi-

croscopy applications and silicon nitride substrates. The scheme might

be useful for any other material that can bind the silane molecule

shown below.

F
F

F
F F

F F

F F

F F

F F

Si
O

O
O

1.4.5 A chamber to control drop drying

Drying of the deposited drops could be controlled from minutes to

weeks by using a sealable chamber (Fig. 1.9). A mass flow-controlled

stream of dry nitrogen gas regulated the solvent evaporation of the

colloidal drops, which were deposited on a sensor for quartz crystal

microbalancing (see section 1.4.4). The temperature of the sensor was

controlled by a Peltier element and was kept constant at 20°C. A re-

tractable cover slip located on top of the chamber allowed for studying

the formation of ordered arrays with video microscopy. Additionally,

the design comprises space for a ca. 300 µm thick permanent magnet

below the sensor to influence the assembly of magnetic nanoparticles.



18 Chapter 1: Introduction

Figure 1.9: Experimental chamber for following the formation of or-
dered nanoparticle arrays in real-time – The chamber houses the sen-
sor for measurements with a quartz crystal microbalance with dissipation
monitoring (QCM-D). The formation of ordered arrays was optically fol-
lowed with video microscopy from the top of the chamber. Adapted from
Paper IV 72
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1.5 Scope of this thesis

The development of self-assembly as a viable processing route is of

pivotal importance to utilize and transform anisotropic nanoparticles

with a narrow size distribution and well-defined shape into complex

shaped nanostructured functional materials. Information from direct

imaging techniques on how the nanoparticle order proceeds in real-

time is usually limited by the size of the nanoparticle and the ordered

array, the dispersion medium and the assembly kinetics.

In this work, we aim to synthesize oleate-capped, toluene-dispersible

iron oxide nanocubes by the thermal decomposition method and in-

vestigate in detail how evaporation-induced assembly yields nanocube

arrays with both positional and orientational order. The ability to ma-

nipulate the evaporation conditions in a controllable environment

will be crucial to provide insights into the effects of particle transport

phenomena and diffusion on the size and shape of the arrays and the

resulting formation kinetics. Time-resolved light microscopy imaging

combined with quartz crystal microbalance with dissipation monitor-

ing (QCM-D) is well-suited to track the growth of large mesocrystalline

arrays.

X-ray scattering performed at synchrotron sources is a powerful

tool to probe how the anisotropic nanoparticles assemble and form

arrays with orientational and translational alignment. We aimed to

study and understand the confinement-induced assembly of iron oxide

nanocubes and the two-step formation mechanism of mesocrystals in

levitating colloidal drops.
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2
The building blocks and their

ordered assemblies

2.1 The iron oxides

Processing of iron-rich compounds commonly found as deposits in

soils and river beds into paints or dyes dates back to some 10,000 years

BC.73 Dyeing techniques, e.g. the Bògòlanfini,74 use either iron salts

mixed with biomass or an earth pigment containing hydrated ferric

oxide (ocher).75 Apart from pigments, present-day mining of iron ore,

for instance in Europe’s largest iron ore mine in Kiruna in northern

Sweden, and its processing created ubiquitous applications for iron ox-

ide compounds as catalysts, household appliances, magnets, sorbents

and many more.73,4

At least 17 different iron oxides and iron oxide-hydroxides exist

under standard atmospheric conditions.73 Under extreme pressure

and temperatures one of the most thermodynamically stable iron ox-

ides, hematite (α-Fe2O3), has recently been used to form more complex

phases (Fe5O7 and Fe25O32), complementing the rich diversity of iron

oxides found in the earth’s mantle.76 Besides geological formation

processes, iron oxides are synthesized microbiologically in bioreac-

tors with Thiobacillus ferrooxidans 77 and by magnetotactic bacteria28.

Mineralized magnetite nanoparticles in the beak of the homing pigeon

enable sensing of slight variations in the earth’s magnetic field.78

Iron oxide nanoparticles of various shapes and sizes attract a major

scientific interest especially for medical applications, e.g. as contrast

agents in magnetic resonance imaging (MRI), in biosensing and for

hyperthermia in cancer treatment.79,80,81,82,83,84 Only two iron oxide
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phases, goethite (α-FeOOH) and hematite, are thermodynamically

stable. However, the minerals lepidocrocite (γ-FeOOH) and the techno-

logically important magnetite (Fe3O4) are synthesized easily and their

phase transformations can be inhibited by keeping the products under

a non-reducing atmosphere.77 The nanoparticles in this thesis were

exclusively synthesized by a thermal decomposition method in organic

media at elevated temperatures in an inert argon atmosphere, which

was pioneered by the work of Hyeon et al.85 As a consequence of the

synthesis conditions described in the next section, the only phases to

consider for this work were magnetite and maghemite (γ-Fe2O3).

Figure 2.1: Structural comparison of maghemite and magnetite –
Representation of the unit cell of magnetite (a, ICSD file 26410) and
maghemite (b, ICSD file 250541), respectively, with the corresponding
(100) lattice plane. Oxygen atoms are red and iron atoms are blue. (c)
Powder diffraction patterns show the shifts in the peak positions of
maghemite compared to magnetite, as well as the weak superlattice
reflections of maghemite (subscript “SL”).

The crystal structures of magnetite and maghemite are similar as

presented in Fig. 2.1. Magnetite has an inverse spinel structure with
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mixed ion valency of FeII and FeIII in equal amounts in octahedral sites

and solely FeIII in tetrahedral sites. Maghemite has 5/6 of its octahedral

and tetrahedral sites filled by FeIII with the rest being iron vacancies.77

The structural distinction between maghemite and magnetite is seen

in a comparison of modelled powder X-ray diffraction patterns (PXRD,

Fig. 2.1c). Peaks belonging to the maghemite phase (space group

P4332) shift towards larger diffraction angles, i.e. smaller interatomic

distances, as a result of the lesser iron content in the unit cell compared

to magnetite (space group F d3m). Superlattice reflections may occur

in the diffraction pattern depending on the amount and distribution

of iron vacancies in Fe〈3−δ〉O4 (maghemite = 2.667 ≤ 〈3−δ〉 ≤ 3 = mag-

netite). The stoichiometry of Fe〈3−δ〉O4 cannot be reliably obtained

from XRD as a consequence of line broadening (not even from syn-

chrotron PXRD.86) Instead, Mössbauer spectroscopy is commonly used

to deduce the stoichiometry from the iron occupancy in nanoparti-

cles.87,88,89

2.2 Preparation, morphology and size of the iron ox-

ide nanocubes

Various synthesis methods have been applied to produce nanoparti-

cles dispersable in polar and non-polar solvents including sol-gel90,

co-precipitation91, hydrothermal and solvothermal synthesis92,93,94,

microemulsion95, microbiological synthesis28 and many more84. In

this thesis, I used the scalable thermal decomposition method popu-

larised by Hyeon85 to synthesise well-defined magnetite nanocubes

with sizes ranging from 7 nm to 12 nm and narrow size distribution.

The synthesis is comprised of two steps: (1) preparation of the iron

oleate precursor in a solvent/non-solvent mixture and (2) thermal de-

composition of the precursor in a high-boiling point solvent together

with amphiphilic shape- and size-controlling additives to form mag-

netite nanoparticles. The iron oleate precursor is produced by heating

up an ethanol-water mixture containing FeCl3, together with a mixture

of sodium oleate and hexane. The mixture refluxed for 4 to 5 hours at

ca. 80◦C to result in a hexane-dissolved iron oleate precursor. Several
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washing steps with ethanol and the removal of hexane with a rotavapor

yielded the oily, red-blackish precursor.

The thermal decomposition in a 3-neck round bottom flask starts

with dissolving the iron oleate in a (mixture of) high-boiling point sol-

vent such as hexadecene or 1-octadecene and adding oleic acid (OA)

and the shape directing agent sodium oleate (NaOl). After degassing at

140◦C in an argon atmosphere, the solution is heated up to the boiling

point of the solvent (mixture) at 3◦C/min and refluxed for a defined

time. Wetterskog et al.96 and Zhou et al.97 found that the ratio between

iron oleate and sodium oleate as well as the reflux temperature are the

main parameters that control the nanoparticle shapes, e.g. truncated

cubes, tetrahedrons, hexagonal platelets, truncated octahedrons and

concave and multi-branched nanoparticles.

Table 2.1 shows the synthesis parameters of the truncated iron

oxide nanocubes studied in this thesis. The sample designation “C”

stands for cube and the three following digits signify the average edge

length of the cubes in Å measured by transmission electron microscopy

(TEM, led g e,T E M ) or small angle X-ray scattering (SAXS, led g e,S AX S). We

varied the solvent mixtures and thus the reflux temperature for samples

C124, C096/C101 and C068. Iron oxide nanocubes with led g e,T E M = 9.6

nm and led g e,S AX S = 10.1 nm, respectively, were synthesized at the same

reflux temperature. The nanocubes’ similar edge lengths measured

with SAXS suggests that the synthesis is robust and allows nanocube

synthesis with nanometer precision.4

Larger cubes (C124) were synthesized in a eicosane/octadecene

mixture together with a higher amount of added surfactant, resulting

in a higher reflux temperature. Small cubes (C068) require adjustments

in the added surfactant ratio (OA/NaOl = 3) together with a decrease in

reflux time and temperature.98,99,100,88 Further synthesis attempts at

lower reflux temperatures than the boiling point of the solvent mixture,

as well as reducing the reflux time, yielded cubes with a significant

polydispersity in both size and shape. The HRTEM images in Table 2.1

show the cuboidal shape of the nanoparticles with blunt and round
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edges. The selected area electron diffraction (SAED) pattern inset in

the TEM image of sample C124 (taken from Paper II 58) testifies the

terminated {100} faces of the magnetite cubes with respect to their

cubic symmetry.

After the synthesis had been completed, the particles were purified

by using copious amounts of a toluene/ethanol mixture that slightly

precipitates the nanocubes. Subsequent centrifugation or shaking of

the destabilized dispersion leads to precipitation of the nanoparticles.

Several washing cycles are needed to obtain a redispersible paste with

an iron oxide content of ca. 50 wt% measured by thermogravimetric

analysis (TGA). To prevent the particles from aggregation, tiny amounts

of oleic acid were added (0.05 mgOA/mgpaste) to the nanoparticle disper-

sion in between the previous cycles. The final paste was stored under

a nitrogen atmosphere in a fridge to prolong the shelf-life of the mag-

netite nanoparticles.21 Small amounts of the dried nanoparticle paste

were redispersed in toluene to yield dilute dispersions with particle

concentrations between 0.1 to 10 mg iron oxide per mL toluene.

Figure 2.2: Powder X-ray diffraction patterns of iron oxide nanocubes
– Comparison of powder diffraction patterns obtained from samples C124
and C101, and modelled reflections of cubic magnetite. The inset shows
the small shift in peak position suggesting maghemite as the iron oxide
phase of sample C101.

Fig. 2.2 shows the diffraction patterns of samples C124 (lattice

constant aFe3O4
= 8.370 Å) and C101 (lattice constant aγ−Fe2O3

= 8.344 Å)

together with the PXRD reflections of cubic magnetite (ICSD 26410).

The inset demonstrates the subtle shift in the position of the (113) peak

centre and suggests that sample C101 has been oxidized to maghemite,
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likely as a result of prolonged exposure of the nanoparticle paste to

ambient air.

2.3 Preparation and characterization of nanocube

assemblies

Several techniques exist to produce thin films and long-range ordered

arrays composed of self-assembled nanoparticles. The techniques,

such as dip coating, drop-casting, spin coating and many more6 rely

upon control of the evaporation-induced assembly from a dilute nanopar-

ticle dispersion and vary in their scalability, film/array thickness, uni-

formity of the film/array, and the required equipment.84 Drop-casting

does not require special equipment to achieve highly ordered nanopar-

ticle arrays, but the resulting arrays depend significantly on the evapo-

ration conditions.

2.3.1 Evaporation-induced self-assembly – Drop-casting

Typically, drop-casting is performed by dispensing a dispersion drop

on a substrate. Controlling the spreading of the drop and the evapora-

tion rate of the solvent is crucial, so that ordered nanoparticle arrays

form spontaneously upon drying in a thin homogeneous liquid film

with high particle concentration. The shape of the created arrays de-

pends on numerous drying processes, as well as the colloids’ properties

(e.g. size, shape, magnetic properties), dispersion medium, substrate

(roughness, patterning, shape), evaporation conditions and evapora-

tion rate, interactions between substrate, particle and solvent, to name

a few. Some of the drying processes observed in this thesis are pre-

sented in Chapter 3.

The overall size distribution of the assembled arrays is sensitive

to, e.g. the solvent evaporation rate, which influences the particle

transport inside the drop and ultimately the local nanoparticle con-

centration in the final drying stage when the liquid film is thin. An

undesirable influence of the array size and distribution on the sub-
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strate is the cleanliness of the substrate surface that can strongly direct

the growth of ordered arrays. Figure 2.3 shows a comparison of drop-

cast arrays on substrates with (a), and without (b) careful cleaning

procedures. In Fig. 2.3(b) the silicon surface was cleaned from a protec-

tive photoresist applied by the manufacturer that is difficult to remove

consistently. However, the collective alignment of the ordered arrays

on the not carefully cleaned surface in (b) is compelling and suggests

that the alignment may be controlled by selective patterning of the

substrate surface.

Figure 2.3: Impact of cleaning protocol on the distribution and size
of self-assembled arrays on a silicon substrate – (a) Homogeneously
distributed mesocrystals on a cleaned silicon substrate. (b) Lines of
arbitrarily organized self-assembled arrays stemming from improper
cleaning of a pre-lacquered silicon substrate. Scale bars: 100 µm

2.3.2 Mesocrystalline alignment of drop-cast ordered arrays

We performed most of our drop-casting experiments by spreading 5

µL of an iron oxide nanocube dispersion with a concentration CN P = 2

mgmL−1 on single crystalline silicon substrates [area: (5×5) mm2]. A

covered Petri dish with a solvent reservoir of ca. 100 µL housed the sub-

strate to prolong the evaporation time to several hours. This procedure

yielded ordered arrays of typically 1 to 10 µm. Fig. 2.4 demonstrates

an ordered array assembled from maghemite nanocubes with aver-

age edge length lS AX S = 10.1 nm (sample C101), which separated into

smaller entities during late stage drying.
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The FFT pattern in the top right inset shows the square symmetry of

the surface layers of the array with 2D space group p4mm. Precise anal-

ysis of the top layers suggests a face-to-face stacking of the nanocubes

indicative of a simple cubic (sc, also called primitive cubic PC) struc-

ture with 3D space group Pm-3m. The lattice constant aSC = 13.3 nm

is smaller than the expected ≈ 14 nm and is probably caused by the

late stage drying. The sc structure together with the cubic morphology

and the cubic crystal structure of maghemite suggest a mesocrystalline

alignment with [100]γ−Fe2O3
|| [100]sc, i.e. the {100} faces of maghemite

align parallel to the {100} planes of the colloidal array.

Figure 2.4: A large ordered array of assembled iron oxide nanocubes
exhibits square symmetry. Scale bars: SEM image 1 µm, magnified image
100 nm and FFT pattern 0.1 nm−1. Adapted from Paper V 101

2.3.3 Mesocrystalline alignment of assembled nanocubes in
mono- and multi-layers on TEM grids

In contrast to the thick arrays produced on silicon substrates, drop-

casting dilute nanoparticle dispersions on the thin membranes of TEM

grids with quick solvent evaporation yielded mono- and multi-layers

of assembled iron oxide nanocubes. On the mesoscopic scale, the SEM

images in Figures 2.5a and b demonstrate the high degree of nanopar-

ticle order. The periodicity in the FFT pattern (Fig. 2.5a, sample C101)
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and the sharp spots in the SAED pattern (Fig. 2.5b, sample C096) show

the preferential alignment of the assembled nanocubes into a square

lattice with 2D space group p4mm. An analysis of the average particle

center-to-center distances yields amono = 13.8 nm for the cubic lattice

of the mono-layer, which is well in agreement with the edge length of

the cubes (
〈

lSAXS
〉 = 10.1 nm) together with the thickness of the oleic

acid layer (2×2 nm).

Figure 2.5: Assembly of iron oxide nanocubes on the mesoscale – (a)
Mono-layer assembly of the nanocubes on a TEM grid. The correspond-
ing FFT pattern shows the square symmetry. (b) Multi-layer assembly on
a TEM grid. The corresponding diffraction pattern at long camera length
demonstrate the 4-fold symmetry. Scale bars: (a) TEM image 200 nm and
inset 0.1 nm−1; (b) TEM image 20 nm and inset 0.1 nm−1

Multi-layers of assembled iron oxide nanocubes show a rich diver-

sity in their mesoscopic structure, as a result of the interactions (mag-

netic dipolar and van der Waals) and the truncated corners and edges

of the nanocubes.22,21 Disch et al.48 reported on a dense, non-close

packed body-centred tetragonal (BCT) structure for ordered iron oxide

nanocube arrays. The alternating stacking sequence of the nanocubes

together with the 4-fold diffraction pattern in Fig. 2.5b indicate that

the 3D symmetry relates to the suggested BCT arrangement with space

group I4/mmm. The BCT structure consists of two axes, a and c, but

solely the lattice constant of the basal plane amul ti = 13.7 nm could be
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measured with TEM in this case.

We used Hermans parameter102,103 S = 0.5
〈

3cos〈∆α〉2 −1
〉

to quan-

tify the three-dimensional crystallographic alignment of the nanocubes

with respect to a common orientation n̂, i.e. the director (Fig. 2.6a).

The average angular spread 〈∆α〉 of the azimuthally integrated narrow

(400) arcs shown in the diffraction patterns in Figures 2.6b and c were

fitted with Gaussian distributions. The difference in the order parame-

ters S = 0.90 (〈∆α〉 = 15.0°) for the mono-layer and S = 0.67 (〈∆α〉 = 28.1°)

for the multi-layer array, respectively, suggests that packing of the

nanocubes into more than one layer provokes the nanocubes to rotate

slightly in the BCT structure.

Figure 2.6: Alignment of the nanocubes’ crystallographic axes in
mono- and multi-layer assemblies – (a) Modelled nanocubes show 4-
fold symmetry and orient their crystallographic axes by an azimuthal
angle α with respect to a common orientation n̂. (b) and (c) Selected area
electron diffraction (SAED) patterns taken at short camera lengths and
azimuthally integrated intensities of the (400) reflections demonstrate
the alignment of the nanocubes’ crystallographic axes on the atomic
scale. Scale bars: 2 nm−1
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2.4 Alignment of iron oxide nanocubes in nanoscale

slits

The ability to direct the assembly of nanoparticles in spatial confine-

ment might lead to enhanced translational and orientational order

on the mesoscale. In a simple approach, we drop-cast a highly con-

centrated dispersion (φNP = 1.9 vol %) of oleate-capped iron oxide

nanocubes with total edge length including the organic layer L = (16.2±
1) nm (sample C124) into nanofluidic containers as illustrated in Fig.

2.7. The containers were essentially gratings consisting of 1,750 slits

with a period of 200 nm and a depth d ≈ 640 nm of the nearly parallel

confining walls. The distance between the confining walls, W , was

varied between 70 nm ≤ W ≤ 103 nm.

We evaluated the mesocrystalline order of the nanoparticle assem-

blies in the slits primarily with small angle and wide angle X-ray scatter-

ing (SAXS and WAXS), respectively, with support from SEM imaging. In

the SAXS analysis, the two scattering vector components perpendicular

q⊥ and parallel q∥ to the confining walls represent the orientational and

translational alignment of the nanocubes, respectively. Also, the ratio

between the wall separation and the total nanoparticle edge length,

W /L, distinguishes between commensurate and incommensurate con-

finement. Commensurate means that the wall separation is larger than

an integer multiple of the particle size. Incommensurate defines a wall

separation that is smaller than an integer multiple of the particle size.

Intuitively, we would expect superior alignment of the nanocubes for

commensurate confinement, as the space to rearrange is more limited

than in incommensurate confinement.

Cross-sectional SEM imaging in Fig. 2.8 showcases the translational

alignment of the assembled nanocubes, which preferentially orient

their {100} faces parallel to the walls. Fourier-filtering of a small region

of the assembly highlights the nanoparticle alignment and suggests a

vertical particle center-to-center spacing of 17 nm, slightly larger than

the center-to-center distance expected for dense packing of the cubes.

The collected SAXS data from more than a thousand parallel slits
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Figure 2.7: Experimental procedure to study the alignment of iron
oxide nanocubes in confinement – A concentrated dispersion of
nanocubes was drop-cast in nanoscale channels into which the
nanocubes assemble during solvent evaporation. Simultaneous SAXS
and WAXS detected the nanoparticle ordering between the confining
walls on the atomic and mesoscopic length scale. Adapted from Paper
II 58

Figure 2.8: SEM image of commensurate confinement indicates prefer-
ential alignment of the nanocube faces towards the channel walls. The
Fourier-filtered region exemplifies the order in the channels. Scale bar:
100 nm. Adapted from Paper II 58
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represents a bulk average of the translational and orientational mis-

alignment of the nanocubes. Panels a and b in Fig. 2.9 compare the

SAXS patterns obtained for incommensurate (b, W /L = 5.8) and com-

mensurate (c, W /L = 6.4) confinement of iron oxide nanocubes. Both

scattering patterns bear a similarity in the position and the arrange-

ment of the pronounced peaks. The patterns have a two-fold symme-

try, which is likely to be caused by the higher degree of freedom of

the nanocubes to rotate around q⊥ than along q∥. The intense diffrac-

tion from the periodic channels overlays the scattering along q∥ = 0

and renders a careful analysis practical exclusively along q⊥ = 0. The

major difference between the two presented SAXS patterns lies in the

intensity of the peaks, which is higher for commensurate confinement,

suggesting a higher degree of order.

Simultaneous acquisition of WAXS patterns provides information

on the orientational ordering of the nanocubes, i.e. the crystallographic

alignment on the atomic scale. Fig. 2.9c shows the WAXS pattern col-

lected from commensurate confinement with ratio W /L = 6.4. Only a

narrow arc of the (220) peak is visible along q∥, which indicates that

the pattern is indeed textured compared to homogeneous diffraction

rings obtained from a powder average of the cubes. Also, the presence

of an arc reflects the preferential alignment of the nanocubes with

their {100}-terminated faces oriented parallel to the confining wall, in

agreement with observations with SEM imaging.

Horizontal cuts of the SAXS pattern at q⊥ = 0 including supporting

plots of the bulk dispersion and from commensurate confinement with

much smaller wall separation W = 70nm (W /L = 4.3) are presented in

Fig. 2.9d. The bulk dispersion is void of peaks and the oscillations

purely reflect the shape and size of the nanocubes. The peaks corre-

spond to a spacing between the nanoparticle centers d∥ = 16.3 nm and

d⊥ = 15.7 nm. Both values are close to the expected center-to-center

particle spacing L and hence support the preferred face-to-face orien-

tation of the nanocubes. The larger spacing parallel to the confining

walls might be related to the higher degree of freedom to rotate the

nanocubes around the q⊥-axis. The orientational distribution of the
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Figure 2.9: Assembly of iron oxide nanocubes in nanoscale slits – (a)
and (b) A two-fold symmetry is observed in the SAXS patterns of both
incommensurate and commensurate confinement. (c) WAXS pattern
of commensurate confinement shows a narrow arc of the (220) peak
that shows the significant alignment of the crystallographic axes of the
nanocubes. (d) Cuts through SAXS patterns at q⊥ = 0 compare the bulk,
disordered dispersion with assembled nanocubes in the slits. (e) Widths
of the (220) WAXS peaks compare commensurate (70 nm and 103 nm)
and incommensurate (94 nm) confinement. Adapted from Paper II 58
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nanocubes in confinement was quantified by integrating the width of

the WAXS peak along q∥. The curves in Fig. 2.9e show that commensu-

rate confinement not only creates a more intense, but also a narrower

scattering response than incommensurate confinement, indicated by

the corresponding full width at half maxima of 1.3° (commensurate)

and 2.5° (incommensurate), respectively.
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3
Following the formation of

mesocrystals and ordered arrays

in real time

3.1 Convective flows in the evaporation-induced as-

sembly of iron oxide nanocubes

Nanoparticle self-assembly in drying drops may be influenced by con-

vective transport phenomena, e.g. the coffee ring effect driven by

capillary flow and the Marangoni effect driven by surface tension gradi-

ents.104,105,106 Fig. 3.1 illustrates a sketch of a colloidal drop containing

toluene-dispersed 9.6 nm iron oxide nanocubes with concentration

C ≈ 2 mg/mL. The three-phase contact line (also called a triple line)

of the drop is pinned and the solvent evaporation is manipulated by

a stream of nitrogen gas (ṁN 2 = 3.6 µL/min) through the experimental

cell described in section 1.4.5.

The liquid film is much thinner at the rim of the drop than in the

centre and the evaporative flux of solvent molecules emanating from

the air-liquid interface reduces the height of the drop uniformly. With-

out pinning, the drop shrinks. However, surface tension and surface

roughness pin the drop perimeter and cause a non-uniform reduction

in height across the drop, i.e. a gradient in evaporative flux. Conse-

quently, a radial outward flow must compensate for the difference in

the reduction of drop volume in the wedge-shaped region close to the

triple line. This convective flow replenishes the evaporated solvent

at the perimeter and hereby transports the nanocubes towards the

triple line. Ordered nanocube arrays form consequently first at the
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Figure 3.1: Convective particle transports in a drying drop – Sketch of
a cross-section of the pinned colloidal drop illustrates the two main flows
that govern the evaporation-induced assembly of iron oxide nanocubes.
Adapted from Paper III 19

drop perimeter (time t0, Fig. 3.2b) and the continuous increase in

nanoparticle concentration results in a macroscopic growth front that

propagates radially inwards (t0+≈ 1000 s). The underlying phenomena

was coined the coffee ring effect.104

Video microscopy images of the temporal evolution of the ring-

shaped nanoparticle deposits (Fig. 3.2b) suggest that the velocity at

which particles impinge and attach to the continuously growing de-

posits increases with time.107,108 The initially smooth growth front

splits up and the uneven morphology suggests a direction dependent

growth. Further indications that variations in the local chemical po-

tential exist are deduced from the constant formation, dissolution and

coalescence of unstable spheroidal assemblies of nanocubes of up to 3

µm (t0 +1443 s), which quickly develop into dendritic-like arrays (Fig.

3.2c). Previous reports109,110,111,112 on the drying of colloidal drops

observed a similar transition, where the change in the morphology of

the deposits was associated with a recirculating flow.

Indeed, Deegan et al.104 suggested that evaporation may lead to

temperature and concentration gradients that cause surface tension-

driven recirculating flows, i.e. Marangoni flows. The seminal work by

Hu and Larson106 found that Marangoni flows must be suppressed

to allow for the formation of coffee ring-like particle deposits. Our
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results suggest that the carrier gas enhances convective flow that in

turn invokes local variations in surface tension and nanoparticle con-

centration close to the drop perimeter. Consequently, we assume that

thermo-capillary convection or Marangoni flow opposes the particle

deposits by recirculating the nanocubes towards the drop centre and

thus promoting the growth of the dendritic-like arrays.

Figure 3.2: Nanoparticle assembly close to the triple line in a drying
drop – (a) Time-sequence of video microscopy images demonstrate the
transition from nanoparticle deposits at the triple line towards dendritic-
like growth. (b) Temporal evolution of the dendritic-like grown arrays.
The white frame indicates the location at which the rapidly developing
dendritic-like arrays initiate to grow from the nanoparticle deposits. Scale
bars: 20 µm. Adapted from Paper III 19

The atomic force microscopy (AFM) images in Fig. 3.3 show the

height vs. lateral distance profile and demonstrate that the particle

deposits and the dendritic-like arrays grow to similar lengths. Apart

from the morphological differences, the dendritic-like arrays are higher

and form ca. 20 times faster than the particle deposits. SEM imaging of

interior parts of the arrays demonstrate that both the ring-shaped par-

ticle deposits (Fig. 3.4a) and the dendrites (Fig. 3.4b) are well-ordered

despite the different kinetics and the non-equilibrium morphology.
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Figure 3.3: Atomic force microscopy images of assembled arrays – (a)
Three-dimensional representation of the arrays displayed in the video
microscopy images in Figures 3.2b and c. (b) Height profile of the particle
assemblies following the white line in (a)

Figure 3.4: SEM imaging of nanocube ordering in convective flow-
enhanced self-assembly – (a) Nanoparticle arrays deposited by the cof-
fee ring effect show exceptional order. (b) Tilted SEM image illustrates
the finger-shaped particle deposits and the dendritic-like arrays. The
magnified region of a crack reveals the nanocube order, but also the dis-
ordered surface structure. Scale bars: (a) 3 µm and magnified image 100
nm, (b) 10 µm and magnified image 200 nm. Adapted from Paper III 19
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3.1.1 Dendritic assembly of iron oxide nanocubes

We also performed experiments at the N2-gas flow rate ṁN 2 ≈ 36 µL/min,

thus significantly increasing the evaporation of the solvent. The gas

flow is so strong that the drop could not be contained on the silica-

coated centre of the substrate and spread across the entire substrate

surface (Fig. 3.5a, see also video-microscopy image and accompany-

ing video in section 5.3). The high gas flow resulted in the formation

of assembled arrays with a branched morphology (Fig. 3.5b,c). The

branched structure resembles dendrites (from the Greek word for tree

“dendron”) and may also be referred to as viscous fingering.113,114,115

Some of these dendrites reach a length of up to 600 µm. The den-

drites are composed of subunits, which indicates the existence of a

fractal structure (Fig. 3.5c). A magnified view of the assembled arrays

presented in Fig. 3.5d shows that the surface of the branched crystals

displays terraces and steps. We used FFT-filtering to analyse the char-

acteristic lengths present in the arrays. The spots in the multi-coloured

frames of the FFT in the top right corner of panel (d) shows the highly-

aligned ordering of the nanocubes. Spots located close to the centre

define the largest correlation distance and relate to an average center-

to-center distance of the terraces of dterrace ≈ 50 nm. By masking these

spots and inverting the FFT, we obtain stripes that match the terraces

shown in the bottom right inset.

Intensity maxima located at the edges of the FFT define the small-

est correlation distance found in the array, i.e. the nanocubes with

ledge = 9.6 nm. A magnified set of inverse FFT at characteristic cor-

relation lengths of 9.6 nm (edge-to-edge in the nanocube), 12.4 nm

(corner-to-corner in the nanocube) and 14.8 nm (center-to-center

distance of the nanocubes) were mutually overlaid in the top centre

inset. The alternating stacking of the nanocubes indicates a non close-

packed body-centred structure. Despite the quick formation of the

large dendrites (less than a minute in total), the suggested structure is

similar to what has been previously reported for arrays formed during

longer evaporation and with the help of a magnetic field.48
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Figure 3.5: Structural analysis of dendritic nanocube arrays – (a)
Sketch of the drying dispersion, where the nitrogen gas flow creates a
thin film in which the dendritic arrays are formed. (b-d) Large branched
nanocube assemblies nucleated at different locations on the substrate
surface. The surface morphology is comprised of terraces and well-
ordered layers of nanoparticles. Selective FFT-filtering in (d) indicates the
body-centred tetragonal structure (top-centre inset) as well as repetitive
ordering of the terraces with an average separation distance of 50 nm
(bottom right inset). Scale bars: (b) 100 µm, (c) 10 µm and (d) 200 nm
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3.2 Diffusion-driven assembly

We have followed the evaporation-induced assembly of iron oxide

nanocubes into mesocrystals with a combination of video-monitored

light microscopy (VM) and quartz crystal microbalance with dissipa-

tion monitoring (QCM-D) at very low nitrogen flow rates of ṁN2,low = 6

µg/min and ṁN2,hi g h = 60 µg/min. We used toluene-dispersed, oleate-

coated iron oxide nanocubes with two different edge lengths
〈

lS AX S,C 101
〉=

10.1±0.3 nm (sample C101) and
〈

lS AX S,C 068
〉= 6.8±0.3 nm (sample C068),

determined with SAXS. Fig. 3.6 shows a TEM image and the correspond-

ing diffraction patterns of an assembled array. The diffraction pattern

in the bottom right demonstrates the co-alignment of the iron oxide

nanocubes at the mesoscale. The arcs in the atomic scale diffraction

pattern (top left inset) indicate that the nanocubes have also co-aligned

their crystallographic axes, which corroborates that we have formed

mesocrystals.

Figure 3.6: Structural analysis of a mesocrystal assemled from the
smaller nanocubes – TEM image and corresponding diffraction pattern
(bottom right inset) show the mesoscale order. The diffraction pattern
in the top right inset demonstrates the co-alignment of the assembled
nanocubes on the atomic scale. Scale bars: TEM image 100 nm, top right
inset 10 nm−1 and bottom right inset 0.1 nm−1.



44 Chapter 3: Following the formation of mesocrystals and ordered arrays

3.2.1 Mesocrystal growth followed by video microscopy

Fig. 3.7a displays a time sequence of the growing mesocrystals assem-

bled from the smaller nanocubes C068 (Fig. 3.7a) at ṁN2,low = 6 µg/min

and with an initial concentration of C0,C 068 = 0.5 mg/mL. The first ar-

rays appeared after ca. 100 hr of solvent evaporation and the growth

of the arrays was completed after an additional time of ca. 8 hr. In

comparison, the first ordered arrays assembled from the larger cubes

C101 (Fig. 3.7b) at ṁN2,hi g h = 60 µg/min and at an initial concentration

of C0,C 101 = 0.3 mg/mL, formed after ca. 33 hr of solvent evaporation.

The mesocrystal growth terminated after an additional time of ca. 1 hr.

The final dimensions between 2 and 30 µm of the self-assembled arrays

are similar for the different nanocube sizes. Smaller nanocubes form

mesocrystals with hexagonal crystal habit, whereas the larger cubes

form primarily arrays with rectangular morphology that elongates with

proceeding assembly (see video in section 5.4).

Figure 3.7: Growth sequences of mesocrystalline arrays recorded by
video microscopy – (a) assembly of the smaller nanocubes (C068) at
ṁN2,l ow = 6 µg/min; and (b) assembly of the larger nanocubes (C101) at
the higher nitrogen flow rate ṁN2,hi g h = 60 µg/min. Scale bars: 20 µm.
Adapted from Paper IV 72

We studied the growth of the normalized volume of each mesocrys-
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tal VMC that was obtained from an analysis of 3500 sequential mi-

croscopy images with 1 s time resolution (Fig. 3.8). The time for the

growth of the ordered arrays, t − tC,e, is normalized to the time at which

each array appeared tC,e. The volume VMC was calculated by assum-

ing that the height h of the ordered array is constant to the observed

perimeter p of the mesocrystals with the ratio h/p ≈ 0.18, as derived

from SEM analysis of the dimensions of the dry arrays. Based on a

two-dimensional growth model that was originally developed by Bi-

gioni et al.8 and only depends on particle diffusion, we can describe

the temporal evolution of VMC by eq. 3.1 for a rod-shaped mesocrystal

volume with hexagonal cross-section:

dVMC ,r od

d t
= k ·

(
0.18

p3

4π2 +0.43
p2 ·d

π
+1.18p ·d 2 +πd 3

)
(3.1)

The simple model could accurately describe the growth process

(see solid lines in Fig. 3.8) and indicated that the particle attachment

is driven by diffusion. We obtained the diffusion length d , which is

the distance of the growing mesocrystal with VMC to the surrounding

rod-shaped volume VMC,rod. The difference in volume contains the

dispersed nanoparticles that can attach to the growing array. The

parameter k = f ·VNC is the rate constant, where VNC is the nanocube

volume and f is the flux f of nanocubes attaching to the growing

mesocrystal. The fitting of the growth model resulted in d = 0.054±
0.0005 µm and k = 0.85±0.0002 s−1, which gives a flux f ≈ 680000 particles

m−3 s−1 for the smaller nanocubes wth VC068 = [(6.8+2×2)nm]3 (ledge,C068

+ twice the length of an oleic acid molecule). Fitting the growth model

to the larger cubes and accounting for the nearly square morphology

of the arrays gives d = 0.079 ± 0.002 µm and k = 0.94 ± 0.003 s−1 that

corresponds to a flux f ≈ 340000 particles m−3 s−1 with VC101 = [(10.1+
2×2)nm]3 at the higher nitrogen flow rate.

Additionally, we analyzed the final mesocrystal area AMC as a func-

tion of the available number of particles for the formation of each

mesocrystal (Fig. 3.9). We calculated the number of particles from

the drop volume, the initial particle concentration and the Voronoi

cell area, which describes the half spacing between a mesocrystal and

its adjacent mesocrystals. The linear scaling corroborates that the
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mesocrystal growth is driven by diffusion, as the final mesocrystal area

relates to the number of particles available in the Voronoi cell and

depends not on the time when the mesocrystals appear.

Figure 3.8: Mesocrystal growth tracked by video microscopy. – Nor-
malized mesocrystal volume as a function of the normalized time of
appearance for each mesocrystal assembled from: (a) the smaller cubes
C068 at the lower nitrogen flow rate; and (b) the larger nanocubes C101
at the higher nitrogen flow rate. The black solid line was calculated from
fitted values of the growth model. Adapted from Paper IV 72

3.2.2 Following mesocrystal growth by QCM-D

Fig. 3.10 shows a typical QCM-D response of the third overtone f3

acquired during evaporation-induced self-assembly of oleate-coated

iron oxide nanocubes. We identified three stages from the distinct

features of the frequency shift −∆ f3 and the dissipation ∆D: bulk sol-

vent evaporation, particle assembly/deposition, and final drying of the

toluene-saturated mesocrystals. The QCM-D responds immediately
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Figure 3.9: Voronoi cell analysis – Final lateral area of the mesocrystals
AMC,final assembled from the smaller nanocubes at ṁN2,low = 6 µg/min as
a function of the number of particles available for each array obtained
from the Voronoi analysis. The inset shows a color-coded overlay of
the arrays with their corresponding Voronoi cell area. White cells were
excluded from the Voronoi analysis. Adapted from Paper IV 72

on the spreading of the dilute dispersion drop on the silica-coated

sensors with a frequency shift and an increase in dissipation. The fre-

quency shift −∆ f3 ≈ 340 Hz and the dissipation ∆D3 ≈ 120×10−6 remain

constant during the bulk solvent evaporation, which suggests that the

thickness of the dispersion drop is larger than the penetration depth

δ=
√
ηliqn fRρliq of the acoustic wave into the dispersion. We found that

the frequency shift −∆ f3 ≈ 280 Hz and the dissipation ∆D3 ≈ 110×10−6

for a pure drop of toluene are lower than the values for the dispersion,

which is a consequence of the lower viscosity and density of toluene

compared to the dispersion liquid.

The drastic change in −∆ f and ∆D after ca. 33 hr marks the end of

the bulk evaporation stage and the beginning of the assembly stage.

Combining our video microscopy and QCM-D results (Fig. 3.11), we

found that the frequency shift, which relates to the deposited mass on

the sensor, is considerably delayed compared to the growth curve of the

mesocrystal volume obtained from microscopy. Also, we identified that

the dissipation reaches a maximum at a time when the microscopy-

observed mesocrystal growth ceases. This significant correlation in-

dicates that the mesocrystals are weakly bound to the substrate and

can be related to the viscoelastic properties of the mesocrystals while

they grow and deposit. In comparison to previous reports on ferritin
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Figure 3.10: Temporal evolution of the frequency shift and the dissipa-
tion during evaporation-induced self-assembly of oleate-coated iron
oxide nanocubes (C068, ṁN2,hi g h = 60 µg/min, C1,C068 = 0.3 mg/mL).

on gold,116 liposomes on gold,117 and ordering of silica nanoparticles

on gold,118 our system of the oleate-coated iron oxide nanoparticles

on silica-coated sensors show much larger dissipation and frequency

shifts, which we address to the large difference in density of iron oxide

and toluene.

The final drying stage is marked by a steady decrease in dissipation

and a small increase in the frequency shift, which indicates that the

mesocrystals bind stronger to the sensor surface and the heteroge-

neous thin film becomes increasingly elastic.
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Figure 3.11: Correlation of video microscopy analysis and QCM-D re-
sponse – Normalized mesocrystal volume calculated from analysis of
video microscopy images correlates with the dissipation of the QCM-D
signal. (a) assembly of the smaller cubes C068 at ṁN2,low = 6 µg/min; and
(b) assembly of the larger cubes C101 at ṁN2,hi g h = 60 µg/min. Adapted
from Paper IV 72
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3.3 A two-step crystallization process – Assembly of

iron oxide nanocubes in levitating drops

We have followed the structural transitions in drying, levitating col-

loidal drops with SAXS and additionally recorded the temporal evolu-

tion of the drop size with a microscope camera with a resolution of

dcam = 17.2 µm (Fig. 3.14a, further details on the set-up in section 1.4.2).

The drops consisted of oleic acid-capped iron oxide nanocubes of sam-

ple C101 with edge length 〈lS AX S〉 = 10.1±0.3 nm dispersed in toluene

with two different starting concentrations (C1 = 2 mgmL−1 and C2 =

10 mgmL−1, see section 2.2 for information on the cubes). The surface

area of the drop decreases linearly over time (see fit in Fig. 3.12b) when

the drop shrinks, which suggests a constant evaporative flux from the

drop.

Figure 3.12: Temporal evolution of a drying colloidal drop – (a) Micro-
scope camera snapshots illustrate the time-dependent change in the
cross-sectional area of a colloidal drop with continuous solvent evap-
oration. Scale bar: 1 mm. (b) Surface area and particle concentration
with respect to the drying time derived from an analysis of the spheroidal
shape of the drop. Adapted from Paper V 101
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3.3.1 Morphology and mesocrystalline structure of dried spheres

SEM imaging of a dried sphere assembled from nanoparticles with

initial concentration C2 in Fig. 3.13a bears similarities to granules from

spray dried particle dispersions.119 The dried sphere is in fact a hollow

microcapsule with a 10-15 µm thick crust,120 which broke into frag-

ments during an ozone treatment. Further SEM analysis of a pyrolyzed

fragment revealed that the crust (panel 3.13b) features a surface layer

of ordered nanoparticles (panel 3.13c) and fused, spheroidal micropar-

ticles embedded in a carbon matrix.

SEM imaging of a cross-section polished fragment reveals the in-

terior of the microparticles (Fig. 3.13d), which consists of ordered

nanoparticles. Three-dimensional artistic modelling of a distorted

primitive cubic PC structure with cubes agrees well with the struc-

tural features and the FFT obtained from the SEM image. Selected

area electron diffraction of a fragment shows the preferential common

alignment of the nanoparticles’ crystallographic axes (panel 3.13e),

thus showing that we indeed formed mesocrystals in a levitating drop.

The mean position of the narrow arcs in the SAED pattern was com-

pared to a perfectly aligned assembly of maghemite nanocubes. The

model agrees well with a preferred alignment of the nanocube {100}

faces. An analysis of the azimuthal breadth of the arcs, 〈α〉 = 31°, results

in a mesocrystalline order parameter SMC = 0.6.

3.3.2 The first step – Formation of dense-packed, disordered
clusters

The set of time-resolved SAXS curves with a temporal resolution of 4.5

s in a I (q, t ) vs. q plot, (Fig. 3.14a) demonstrates the structural changes

that occur during the nanocube assembly in the shrinking drop (see

also the VIDEO in 5.5). The scattered intensity gradually increases over

time, which relates to the increasing nanoparticle concentration. We

observe a subtle transition in the low-q regime (Fig. 3.14b), i.e. the

Guinier region at long separation distances between the nanoparticle

centers. The linear decay in the scattered intensity of the starting dis-
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Figure 3.13: Structural analysis of ordered domains assembled from
iron oxide nanocubes in a levitating drop – (a) SEM image of a dried
sphere shows the oblate spheroidal shape. The hollow sphere collapsed
during ozone treatment and a fragment was extracted and pyrolyzed
for further structural analysis. (b) Backscattered electron image of the
fragment shows an ensemble of microparticles and a dense top-layer of
ordered nanocubes (c). (d) Magnified view of a cross-section polished mi-
croparticle together with modelling shows the distorted primitive cubic
(PC) structure on the mesoscopic scale. (e) Arcs in an electron diffrac-
tion pattern obtained from a thin part of a microparticle demonstrate
the co-aligned crystallographic axes of the assembled nanocubes. The
white spots demonstrate modelled diffraction reflexes of single crystalline
maghemite. Scale bars: (a) 200 µm, (b) 2 µm, (c) and (d) 100 nm and (e) 5
nm−1. Adapted from Paper V 101
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persion was fitted with the Guinier law and indicates a monodisperse

and cluster-free dispersion. Thus, only the shape and size distribution

of the nanocubes, i.e. the form factor (see section 1.4.1), contribute to

the scattering signal. The scattering curves increasingly deviate from

the Guinier law with proceeding solvent evaporation, as shown in the

top inset in Fig. 3.14b. This behaviour is typically associated with

nanoparticle interactions.

Figure 3.14: Time-resolved SAXS analysis of the clustering – (a) SAXS
curves acquired during self-assembly of oleic acid-capped iron oxide
nanocubes with concentration C1 = 2 mgFe2O3mL−1. The colour-coded
intensity guides the eye to the most prominent changes in the scattering
signal. (b) A plot of the Guinier region at low scattering vector q shows
the temporal evolution of the deviation from Guinier’s law, which applies
exclusively in the frame bordered by the dashed line. (c) Comparison
of nanoparticle interaction energies resulting from fits of a square-well
model potential to the scattering data and from calculations of the van
der Waals interactions between dense packed spheres (CN=12) and cubes
(CN=6), respectively. The vdW energy of the final assembly was added for
comparison. Adapted from Paper V 101
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Pair-interaction potentials that model the sum of all forces or en-

ergies contributing to interparticle interactions are commonly ap-

plied to describe the agglomeration or clustering behaviour of col-

loids.121,122,123 We fitted a structure factor based on the square-well

potential (SW)52 model (see section 1.3) to the scattering data and

present the results in Fig. 3.14c. The fitting results were compared with

multi-body van der Waals interactions of dense packed assemblies

acting at a nearest-neighbour distance dNN (center-to-center). The

results of the SW modelling fit well in between the envelope generated

by the vdW potentials of close-packed assemblies with coordination

numbers CN = 12 and CN = 6. The absence of a pronounced peak in

the scattering pattern suggests that the clusters are disordered.

3.3.3 The second step – Growth of mesocrystalline assemblies

Continuous solvent evaporation of the levitating drops led to the ap-

pearance of pronounced peaks in the X-ray scattering patterns (Fig.

3.15a). We analysed the phase transformation from a dense liquid to

a crystalline solid by following the time evolution of the normalized,

integrated peak area A∗
100. Fig. 3.15b shows that the mesocrystal growth

is slow in the beginning. The crystal growth progresses with a constant

rate until the process slows down as a consequence of a depletion of

nanoparticles in the surrounding liquid. The Avrami equation (eq. 3.2)

is a simple kinetic model that describes how the normalized amount

of crystalline phase (YC/Ymax) progresses over time. Solving the Avrami

equation provides the Avrami exponent n and the apparent rate con-

stant kapp .

YC

Ymax
= 1−exp(−kt n) (3.2)

The fits of the Avrami equation to three different datasets, where tC

denotes the time before a structural peak appeared, result in Avrami ex-

ponents n = 1.8±0.1 for C1 = 2 mgFe2O3mL−1 and n = 3.0±0.3 for C2 = 10

mgFe2O3mL−1, respectively. The obtained values suggest a predominant

two-dimensional growth of the mesocrystals in case of the low initial

concentration C1, which probably originates from dominant assembly
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at the liquid-air interface. The Avrami exponent for C2 is compati-

ble with three-dimensional growth in agreement with the dominant

spheroidal morphology of mesocrystals observed in Fig. 3.13b.

Figure 3.15: Growth of ordered nanocube domains in a levitating drop
– (a) Temporal evolution of the (100) and (110) peaks of ordered nanocube
domains with initial concentration C1 starting with the first SAXS curve
to contain a peak (bottom, pentagon symbol) and ending with the final
SAXS curve of the particular experiment (top, star symbol). (b) Fits of the
Avrami equation to the normalized integrated area of the (100) peak (A∗

100)
for samples C1 and C2. (c) Temporal evolution of the lattice constant
aPC during the growth of ordered domains (circle symbol) and the final
drying regime (triangle symbol) for samples C1 and C2. Adapted from
Paper V 101

During mesocrystal growth, the (100) peak shifts to slightly larger

q-values, indicating that the assembly shrinks (Fig. 3.15c).124,125 Ir-

respective of the starting concentration, the lattice constant aPC, i.e.

the average nearest-neighbour distance of the ordered nanocubes, de-

creases from 14.7±0.1 nm of the nascent crystals to 14.0±0.1 for the

dried assembly, which is in very good agreement with the edge length

of the nanocubes lSAXS = 10.1 nm including the organic coating 2×2 nm.
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4 Summary and Outlook

Evaporation-induced self-assembly is a potential route to shape com-

plex, nanostructured materials. Powerful characterization and mod-

elling tools are needed to determine and understand how the build-

ing blocks form highly ordered nanostructured arrays. This thesis

has explored the formation of well-ordered nanoparticle arrays by

evaporation-induced assembly of nanoparticles with new and estab-

lished characterization techniques, than can also provide insights into

the orientational and translational order in the assembled arrays.

The use of gratings that contain thousands of nanoscale channels

provided a simple route to investigate the effect of confinement on

the orientational and translational order of assembled, anisotropic

nanoparticles. We found that confinement induces a mesocrystalline

order and that the nanocubes align their {100} faces parallel to the

confining channels. This relatively new assembly method could be

improved by optimizing the deposition method and the complex fab-

rication of the expensive custom-made substrates. Additionally, it is

unknown how the ligand-substrate or particle-substrate interactions

promote ordering parallel to the confining walls.

Understanding how the evaporation rate influences the particle as-

sembly during drying of colloidal dispersions is technologically essen-

tial for spray-drying and ink-jet printing. While evaporation-induced

assembly has been widely used to yield well-ordered colloidal arrays,

means to manipulate the solvent evaporation in-situ have been less

explored. Consequently, I designed a chamber in which it is possible
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to manipulate the solvent evaporation by adjusting the nitrogen gas

flow rate across the colloidal drop. We found that particle transport

phenomena, e.g. the coffee ring effect and Marangoni flow, influence

the morphology and size of the ordered arrays at high N2 gas flow rates

with solvent evaporation occurring in a few minutes to a few hours.

The coffee ring effect creates ordered arrays at the drop perimeter with

dimensions of several tens of micrometers and non-uniform morphol-

ogy. Diffusion-driven assembly of the nanocubes into mesocrystals

with dimensions up to 30 µm and with uniform, square or hexagonal

crystal habit was found to dominate when the solvent evaporation was

prolonged to days or weeks at very low N2 gas flow rates. The evapo-

ration rate influenced the final size of the mesocrystals, whereas both

the evaporation rate and the nanoparticle size have an effect on the

shape of the ordered arrays. We found that despite the vastly different

formation process and kinetics, the formed iron oxide nanocube arrays

are highly ordered. Image analysis of the time-resolved mesocrystal

growth at very low nitrogen flow rates demonstrates that the final size of

the mesocrystals depends primarily on the diffusion of the nanocubes

from the surrounding volume towards the growing array. These find-

ings may pave the way to an understanding of how to tune and direct

the evaporation-induced nanoparticle self-assembly.

The last part of this thesis investigated the formation process of

mesocrystalline arrays from dispersed iron oxide nanocubes in a dry-

ing levitating drop with small angle X-ray scattering (SAXS). Our results

suggest a two-step particle-mediated crystallization mechanism of the

nanocubes into mesocrystals. When the drop shrinks, the nanocubes

transform from dense, structurally disordered assemblies into mesocrys-

talline domains with distorted primitive cubic symmetry. We combined

modelling of the scattering patterns using a square-well potential to-

gether with calculations of multi-body van der Waals interactions and

show that the clusters adopt a structure between that of dense-packed

spheres and cubes. The crystal growth analysis with the Avrami equa-

tion indicates that the dimensionality of the mesocrystals depends

on the initial particle concentration. However, the diameter d of the

dense clusters and also the ordered domains was beyond the acces-
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sible limit d > 80 nm of the operated SAXS beamline. Time-resolved

USAXS (ultra-small angle X-ray scattering) or light scattering/DWS

on a levitating drop would be useful in determining the cluster and

ordered domain size. Combining the X-ray scattering techniques US-

AXS/SAXS/WAXS may allow for distinguishing the orientational order

between dense packed clusters and ordered arrays. The high photon

flux at modern synchrotrons together with fast read-out detectors and

a suitable IT-infrastructure could enable time-resolved measurements

in the µs-range and supply unprecedented information on the kinetics

of assembling colloids. X-ray scattering will presumably be one of the

key techniques to probe nanoparticle self-assembly.
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5
Dynamic visualization of my

thesis

Life would be boring without the beautiful dynamics offered by nature

and I sincerely hope you can enjoy the videos in this chapter. I am

afraid the only PDF reader I am aware of to play the videos is Adobe
Acrobat Reader.

5.1 A bursting levitating drop

This video shows a colloidal drop that bursts when the acoustic pres-

sure is too high.

5.2 Surface functionalization of substrates

This video shows my first attempt to confine a drop of toluene on

a patterned substrate with a high-surface energy silica centre and a

fluorosilane-functionalized outer ring. The substrate can be flipped

upside down and the solvent remains on the substrate.


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton0'){ocgs[i].state=false;}}
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5.3 Dendritic growth

The following video demonstrates the formation of ordered arrays

with a dendritic morphology. The word dendrite originates from the

Greek word for tree dendron and is a common term to name tree-like,

branched structures. For example, snow flakes are dendritic grown ice

crystals.


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton1'){ocgs[i].state=false;}}




var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton2'){ocgs[i].state=false;}}
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5.4 Diffusion-driven growth of ordered arrays

The following videos show the diffusion-driven, evaporation-induced

assembly of iron oxide nanocubes into mesocrystals. The assembled

arrays have a uniform morphology and form homogeneously across

the entire substrate surface.

Mesocrystal growth by assembly of 6.8 nm cubes:

Mesocrystal growth by assembly of 10.1 nm cubes (the assembly starts

at a playback time of ≈ 3:20 min):


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton3'){ocgs[i].state=false;}}




var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton4'){ocgs[i].state=false;}}
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5.5 Assembly of nanocubes in a levitating drop

The following video demonstrates the temporal-evolution of scattering

data during the self-assembly of iron oxide nanocubes in a levitating

drop. The inset shows the corresponding drop that was monitored

with a microscope camera. As the drop shrinks, the drastic change in

the scattering data illustrates the transition from a disordered to an

ordered phase by the appearance of distinct peaks.


var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton5'){ocgs[i].state=false;}}





Populärvetenskaplig

sammanfattning

Naturen har länge inspirerat forskare att utveckla material med kom-

plexa former, strukturer och skräddarsydda egenskaper. Under de tre

senaste decennierna har forskare producerat en mängd olika nanopar-

tiklar. Nanopartiklarna har en storlek på mellan 1 till 100 nanometer,

d.v.s. 10 000 till 1 miljon gånger mindre än en millimeter. Man har

producerat dessa nanopartiklar med olika former, storlekar och egen-

skaper. Nanopartiklarna kan spontant självorganiseras till att bilda

komplexa strukturer med hjälp av olika typer av interaktioner, t. ex.

den mellan två magneter som attraherar varandra. För att kunna spon-

tant sammanfogas krävs det att nanopartiklarna framställts med hög

precision. När man ”bygger” med 10 nanometer stora nanokuber av

järnoxid så krävs en tillverkningstolerans på några atomrader på varde-

ra sida om kuben.

I det här arbetet följde jag självorganiseringen av nanopartiklar i

så kallade mesokristaller. Mesokristaller är komplexa strukturer och

har mycket intressanta egenskaper. Vi framställde nanopartiklar med

homogen storlek och form samt med ett ytskikt av oljesyra. Oljesyrans

syfte var att stabilisera nanopartiklarna i lösningsmedlet toluen, utan

oljesyran bildar nanopartiklarna oordnade klumpar som inte kan an-

vändas för självorganisering.

Tillsammans med mina kollegor och samarbetspartners studerade

jag tillväxten av mesokristaller i torkande droppar av nanopartiklar och

toluen. När dropparna torkade så avdunstade toluen och nanopartik-

larna bildade mesokristaller. Med hjälp av röntgenstrålning kunde vi



följa självorganiseringen av nanokuber i droppar som hölls svävande

med hjälp av ljudvågor. Det visade sig att bildningen av mesokristaller

sker i två steg. Först organiseras nanokuberna i tätpackade men oord-

nade kluster och sedan växer mesokristaller fram.

I ytterligare experiment manipulerade vi avdunstningshastighe-

ten av toluen från droppar i en egenutvecklad provkammare. Därmed

kunde vi kontrollera tillväxthastigheten och på mesokristallerna som

bildades. Mesokristallernas tillväxt kunde vi studera med hjälp av ett

optiskt mikroskop och en mikrovåg (QCM-D), som är ett instrument

som utvecklats i Sverige. Vid hög avdunstningshastighet bildas små

mesokristaller inom några timmar med många olika former. När drop-

pen torkar så transporteras många av nanopartiklarna till kanten av

droppen med hjälp av ett fenomen som kallas konvektion. Detta re-

sulterar i en delvis oönskad, ringformad struktur som liknar torka-

de kaffekoppsfläckar. Genom att minska avdunstningshastigheten så

minskades konvektionen och det skapades 10-100 gånger större ho-

mogena kvadratiska eller hexagonala mesokristaller som växte under

flera dagar eller veckor. Vid låg avdunstningshastighet så bestämdes

den växande mesokristallens slutliga storlek endast av antalet nano-

partiklar som fanns tillgängliga i närheten och bestämdes inte av när

mesokristallerna bildades.



Populärwissenschaftliche

Zusammenfassung

Die Natur hat Forscher seit langem inspiriert Materialien mit komple-

xen Formen und Strukturen und maßgeschneiderten Eigenschaften

zu entwickeln. In den letzten drei Jahrzehnten haben Forscher eine

Vielzahl an Nanopartikeln mit unterschiedlichen Formen, Größen und

Eigenschaften herstellen können. Nanopartikel haben eine Größe zwi-

schen 1 bis 100 Nanometer, d.h. 10.000 bis 1 Million-mal kleiner als ein

Millimeter, und können sich spontan in komplexe Strukturen zusam-

menfügen. Dieses Zusammenfügen nennt sich Selbstassemblierung

oder Selbstorganisation und benötigt neben hoher Präzision bei der

Nanopartikelherstellung anziehende Kräfte zwischen den Nanoparti-

keln, wie z.B. zwischen zwei sich anziehenden Magneten. Wenn man

zum Beispiel 10 Nanometer große Eisenoxidnanowürfel zusammen-

bauen lassen möchte, benötigt man eine Herstellungsgenauigkeit von

wenigen Atomreihen auf jeder Würfelseite.

In der vorliegenden Arbeit befasste ich mich mit der Bildung von

sogenannten Mesokristallen aus magnetischen Eisenoxidnanoparti-

keln mit Hilfe der Selbstassemblierung. Mesokristalle sind komplexe

Strukturen mit hochinteressanten, nützlichen Eigenschaften und be-

finden sich zum Beispiel in Knochen oder Seeigelstacheln wieder. Die

Nanopartikel wurden mit homogener Größe und Form hergestellt und

mit einer äußeren Schicht aus Ölsäure versehen, um sie im Lösungs-

mittel Toluol stabilisieren zu können. Ohne die Ölsäure würden die

Nanopartikel ungeordnete Klumpen in Toluol bilden und könnten so-

mit nicht mehr für die Selbstassemblierung benutzt werden.



Meine Kollegen, Kooperationspartner und ich waren primär daran

interessiert das Wachstum der Mesokristalle in trocknenden Tropfen

zu untersuchen. Während das Toluol verdampft wird der Abstand zwi-

schen den Nanopartikeln fortlaufend geringer und bei Unterschreitung

eines bestimmten Abstands fügen sich die Nanopartikel spontan zu-

sammen. Mit Hilfe von Röntgenstrahlung konnten wir die Selbstassem-

blierung in Tröpfchen verfolgen, die durch Ultraschall zum Schweben

gebracht wurden. Es stellte sich heraus, dass die Bildung der Mesokri-

stalle in zwei Schritten abläuft. Zuerst ordnen sich die Nanowürfel in

dichtgepackte, aber ungeordnete Haufen (Englisch: cluster) aus denen

dann im zweiten Schritt die Mesokristalle wachsen.

In weiteren Experimenten haben wir die Verdampfungsrate des

Toluols vom Tropfen in einer selbstentwickelten Probenkammer mani-

puliert. Somit konnten wir die Wachstumsgeschwindigkeit und Größe

der geordneten Strukturen kontrollieren. Das Wachstum der Mesokri-

stalle studierten wir mit einem Lichtmikroskop und einer Mikrowaage,

die in Schweden entwickelt wurde. Bei hohen Verdampfungsraten ent-

standen innerhalb weniger Stunden kleine Mesokristalle. Allerdings

wurde dabei durch sogenannte Konvektion ein Großteil der Nano-

partikel zum Tropfenrand transportiert, wodurch sich unerwünscht

stark unterschiedliche Strukturen bildeten. Durch Verringerung der

Verdampfungsrate umgingen wir Konvektionsströmungen und schu-

fen 10- bis 100-mal größere, homogen quadratische oder sechseckige

Mesokristalle, die über mehrere Tage bzw. Wochen wuchsen. Im Un-

terschied zur konvektionsbedingten Entstehung hing die Größe der

Mesokristalle nicht davon ab, zu welchem Zeitpunkt sie entstanden.

Allein die Anzahl an verfügbaren Nanopartikeln in der Nähe des wach-

senden Mesokristalls bestimmte dessen finale Größe.
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stieren. Nun ist sie fertig! Ich freue mich auf die kommenden Jahre mit

unserer Familie.

Lieber Frido, liebe Anni: Könntet Ihr es einrichten länger zu schla-

fen? Eine Stunde mehr genügt mir vollkommen.
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