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1 Summary
Two modular non-classical crystallization pathways were investigated in this work by using nonspherical and single crystalline gold nanoparticles in dispersion as chemical building blocks in oriented
assembly and oriented attachment reactions, respectively.

The shown sketch illustrates the proposed reaction pathway for oriented assembly and oriented attachment.

Non-spherical single crystalline gold nanoparticles A can be arranged into NP-based structures in a
dispersion B by controlled removal of surfactant from specific crystal faces, as illustrated in Fig. 1.
Dynamic chain breaking C and rearrangement processes took place in the early stages of the assembly.
The calibration of the NP interactions by the adjustment of the pH value enabled the tailored synthesis
of gold nanochains E at neutral conditions or closed packed structures D at a pH value of 2.0. The
further removal of surfactant triggered the oriented assembly of the building blocks into nanowires
and networks F, or mesocrystals J. New single crystals (H and I) were synthesized by oriented
attachment triggered by the further desorption of surfactant. The crystal lattices of two oriented
individual nanocrystals underwent fusion by the formation of chemical metal bonds and formed a new
single crystal. Complex crystalline materials (H and J) were synthesized via oriented assembly and
subsequent oriented attachment using single crystalline gold nanoparticles in a non-classical
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crystallization pathway. It has been assumed that the formation of chemical metal bonds between the
initial gold nanocrystals by oriented attachment resulted in an irreversible reaction in the case of gold
in aqueous dispersion.
The reaction mechanisms were investigated by using uniform gold nanoparticles with the same crystal
habit but different crystal faces. The polyhedra shaped gold nanocrystals showed {100}, {110} and
{111} crystal faces in different sizes and ratios. These differences enabled investigations about the
influence of particle morphology and chemical reactivity of specific crystal faces on the oriented
assembly and the oriented attachment reaction pathways. All used gold nanoparticles have been
synthesized in an aqueous dispersion by a seed-mediated approach using cetyltrimethylammonium
bromide (CTAB) as a surfactant. CTAB has different adsorption energies on different gold crystal faces
which enables the synthesis of gold nanocrystals with different morphologies. The slower the exchange
of adsorped tensid against free CTA-AuX2 (X = Br-, Cl-) in the reaction mixture, the larger the final area
of the crystal face. The activation barrier of defined crystal faces by selective desorption of surfactant
is therefore contrary to the size of the area of the corresponding crystal face.
The thesis is separated into three parts according to the different morphology of the synthesized
building blocks.
In the first part, gold nanorods (GNRs) were synthesized with large {100} and {110} faces at the sides
and small {100}, {110} and {111} crystal faces at the tips. The slow removal of ligand from the GNR
crystal faces yielded unordered agglomerates and various polycrystalline gold structures by the
formation of chemical gold-gold bonds. It was concluded that the larger {110] crystal faces become
activated for oriented assembly before the small {111} crystal faces are active for oriented attachment.
Therefore, the small, high energy {111} and {110} crystal faces at the tips are not favored for the
oriented attachment despite the higher chemical reactivity compared to the larger {110} crystal faces
at the GNRs sides. Hydrogen bonds were therefore selectively introduced by an exchange of surfactant
against 2-mercaptoethanol at the tips to support the assembly into chains of gold nanorods. The slow
removal of surfactant from the particle interfaces by the gradual addition of acetonitrile yielded
unordered structures. It was concluded that the introduction of physical bonds is not sufficient enough
to control the assembly and rearrangement processes of the of the building blocks. Light scattering
and particle tracking microscopy showed in the case of the truncated gold nanocubes (GNC_d40) that
the CTAB layer in dispersions is in a size range of 5 – 6 nm. In the case of gold nanorods that means
that the surfactant layer is in the range of the GNR radius and from this it was concluded that the
influence of the gold nanorod crystal faces becomes significantly decreased for the corresponding
crystal faces. Single crystalline 1-D gold structures were obtained by quick activation and the oriented
attachment of gold nanorods at the tips. The synthesis included a quenching step, done by the addition
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of aqueous CTAB solution. The activation of the GNR surface by the gradual removal of the passivating
CTAB also enabled the migration of the gold atoms within the crystal lattice, whereby the potential
surface energy can be reduced and more roundish gold nanostructures are formed.
In the second part, a synthetic protocol for truncated gold nanocuboctahedra with {100} and
{111} faces in similar sizes and small {100} crystal faces was developed. The assembly of truncated gold
nanocuboctahedra (TOHs) into nanowires and networks was performed in ethylene glycol at elevated
temperatures. UV-Vis measurements have shown the triggered progression of the oriented assembly
reaction in the dispersion. Cryo-TEM imaging confirmed that the oriented attachment subsequently
takes place within the previously formed structures. The oriented attachment of two single crystals
forms a new single crystal. The OA of a nanocrystal with crystal defects and a single crystalline TOH
has introduced the defects into the newly formed crystal. The TOHs fused selectively at the {111}
crystal faces and formed wavy gold nanowires. These nanowires were assembled at the liquid/air
interface, fixed by the surface tension, and formed flat gold nanonetworks by lateral migration and
fusion. Gold nanonetworks up to 7 mm in diameter have been synthesized from gold nanocrystals with
a mean diameter of 43 nm. The step-wise deformation of the defined crystal faces by migration of gold
atoms in the crystal lattices has been achieved by the reduction of the surfactant concentration or by
the increase of the reaction temperature. These experiments indicated that the gradual desorption of
surfactant from the nanocrystal surfaces, by an increased solubility of CTAB in the reaction medium, is
involved in NP assembly processes.
The same tendency was corroborated by experiments in which comparable reaction products were
obtained in aqueous dispersion. The reactions were performed by the quick addition of ethanol at
80 °C as well as by the slow addition by exposure of NP dispersions to ethanol vapors at room
temperature to the reaction mixture, respectively.
Also, it was demonstrated that the previous addition of EtOH to the reaction mixture leads to the
formation of denser gold nanostructures. It was assumed that the obtained structures were formed
by a faster desorption of surfactant and therefore an accelerated increase of the attractive
interparticle forces. This lead to the assembly into more branched nanochains which act as crosslinkers
in the subsequent OA. These results confirmed that the observed reaction steps had been triggered by
the gradual removal of CTAB from specific crystal faces.
The oriented assembly of TOH yields into a cubic close-packed lattice in an fcc type (𝐹𝑚3̅𝑚) and was
confirmed by electron diffraction pattern and HR-TEM images. The TOHs were transferred into
different sized mesocrystalline superlattices with various morphologies from a colloidal dispersion.
These nanoparticle based structures were synthesized by controlled self-assembly triggered by the
slow evaporation of the dispersion medium, in analogy to the conditions of single crystal synthesis. A
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convection stream was caused by the evaporation of the solvent and resulted in the transport of
nanoparticles and NPs based structures from the center to the exterior regions. The so generated
nanoparticle gradient enabled the investigation of the stepwise growth of mesocrystalline structures,
starting from small 2-D assemblies of building blocks consisting of several dozens of nanoparticles up
to superlattices in sizes of > 100 µm. The observed early transition into 3-D fcc superlattices has been
explained by the presence of a convection stream which provided the energy for the necessary
rearrangement processes. This could also explain the radial size gradient of the observed colloidal
crystals by the transport of NPs and larger assemblies. Common crystal defects, such as vacancies and
the exclusion of differently shaped NPs from the superlattice formation, were observed and confirm
that the mesocrystals can grow by the addition and migration of single building blocks. It was also
shown that larger superlattices can grow by the addition and rearrangement of nanoparticle based
assemblies, acting as larger building units. The obtained mesocrystals show square-like packed (p4mm)
{100} crystal faces as well as the hexagonal packed {111} crystal faces (p6mm) of a fcc superlattice.
The faster evaporation of the dispersion medium led to a significant reduction of the long-range order
in the final superlattices, which can be described as an analog to the formation of polycrystalline or
amorphous superlattices via a classical crystallization pathway. These observations are consistent with
the classical crystallization behavior of atoms, ions or molecules which includes surface migration and
rearrangement steps.
The controlled assembly of TOHs from an acidic aqueous dispersion by the gas phase diffusion of
ethanol yielded mesocrystals of various morphologies and sized up to 13 µm. The typical crystal
defects, such as poisoning and stacking fault, were found in the final superlattices, caused by modular
crystal growth based on monomer-by-monomer addition. From these results it was concluded that the
formation of mesocrystals by the oriented assembly of NPs is based on similar principles as the classical
crystal growth by the attachment of atoms, ions or molecules to a nucleus. The subsequent oriented
attachment within the superlattices confirmed that mesocrystals could also be described as an
intermediate in an oriented attachment reaction pathway.
Gas diffusion experiments were performed additionally by using various organic solvents as
precipitation agents for the synthesis of mesocrystals and the subsequent oriented attachment of the
building blocks. These results also confirm that the reaction pathway is based on the gradual removal
of the stabilizer from specific crystal faces, caused by an increased solubility of the surfactant in the
aqueous reaction mixture. The controlled oriented attachment with previously synthesized gold
nanocrystals was achieved for the first time in a dispersion by the performed experiments.
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In the third chapter, two different sized gold nanocubes (GNC) were synthesized and used as chemical
building blocks. Both synthetic procedures were developed in this work. They have been named after
by their rounded mean diameter in GNC_d70 and GNC_d40, respectively.
The quicker precipitation of GNC_D70, compared to the TOHs and the GNC_d40, was observed during
the evaporation of the dispersion medium. A polycrystalline superlattice was obtained, containing
differently oriented domains, which were separated by grain boundaries. The missing long-range order
within the superlattices can be explained by the reduced number of rearrangement events caused by
a smaller diffusion coefficient and a faster precipitation. Additionally, the inclusion of prism-shaped
gold nanocrystals into the superlattices disturbed the formation of long-range ordered structures. As
the exclusion of differently sized nanoparticles from the final superlattices was also shown for TOHs,
these results indicate that gold nanocubes with a diameter of 70 nm are too large for the synthesis of
larger mesocrystals. That means that the size range of suitable building blocks is limited in case of gold.
The oriented attachment of GNC_d70 has been successfully performed with the small area, high
energy {111} crystal faces as well as at the larger {100} faces. It can be concluded that the desorption
energy of CTAB from the corresponding gold crystal faces is in a narrow energy range relative to each
other. It was concluded that the {100} faces become activated for oriented assembly before the
{111} crystal faces become active for the oriented attachment. Therefore, the gold nanocubes are able
to rearrange from the {111} faces to the {100} crystal faces and have reacted in a subsequent oriented
attachment to form a larger single crystal. These rearrangements have also been observed in the case
of gold nanorods but not for NP with the shape of TOHs. It has been concluded, that therefore the
rearrangement during gradual removal of surfactant is only favorable for crystal faces with a significant
difference in surface area. The migration of gold atoms within the crystal lattice of the gold
nanocrystals surfaces has led to the gradual removal of planar defects, which have been introduced by
the oriented attachment. Also, gold nanocrystals without the typical planar defects have been
obtained with this procedure. Therefore, it can be concluded that gold nanostructures can be
synthesized via the oriented attachment pathway which does no longer allow the conclusion wether
they were formed by OA or by classical crystallization. By-products with various morphologies have
also become activated for oriented attachment and formed single crystals with complex shapes. That
indicates that the same crystal faces have been activated selectively under the same conditions. In
addition, the fusion of the same crystal faces in different sizes was observed. These results showed
that alternating gold nanostructures are accessible by the fusion of differently shaped gold NPs as an
analogy to block-copolymers in molecular chemistry.
The assembly properties of the homogeneous GNC_d40 were consistent with the results obtained
from the TOHs under comparable conditions. Variously sized fcc packed mesocrystals were obtained
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by the drying mediated self-assembly under the influence of a convection stream. Electron diffraction
has proven that the individual crystal lattices in 2-D close-packed assemblies are oriented in the same
direction. From this, it was concluded that the crystal shape is directing all individual NPs into the same
orientation in a fcc superlattice. The GNC_d40 also had formed single crystals in ethylene glycol at
elevated temperatures via an OA reaction pathway. They have also reacted at their {111} faces and
the {100} crystal faces, as also observed for the larger GNC_d70. The formation of planar defects by
the truncation of the cubic building blocks was confirmed as well as the subsequent elimination by the
subsequent migration of gold atoms. The formation of single crystalline gold NPs by the OA of
GNC_d40 with differently shaped gold nanocrystals was corroborated and confirms that the same
crystal faces become activated under the same conditions. These results also confirm that the
formation of alternating gold nanostructures by oriented attachment can yield products which can be
described analogous to copolymers.
The GNC_d40 formed comparable reaction products as obtained for the TOHs by the oriented
assembly and oriented attachment in gas phase diffusion experiments. Most GNC_d40 were
assembled at their {100} crystal faces due to the slow removal of the CTAB from the crystal surfaces.
The GNC_d40 fused to gold nanonetworks in sizes up to 8 mm via oriented attachment which means
an increase in magnitude by a factor of 105. The same experiment has yielded fcc close-packed
mesocrystals under acidic conditions. The superlattices showed square-like {100} faces and
hexagonally packed {111} crystal faces. Crystal defects, such as vacancies, adsorbed NPs, steps, kinks,
and islands, were observed at the mesocrystals obtained from GNC_d40 building blocks. These results
confirm that mesocrystals can grow by a classical monomer-by-monomer addition to a nucleus and
form close-packed superlattices by further migration of NPs into an optimum position. The fusion of
the building blocks within the superlattices was also observed, as for the TOHs.
The developed experiments and the gained experimental data opened the door for the transfer of the
investigated concepts to other materials, the build-up of monomer libraries and the development of
new synthetic strategies. The shown results will enable the controlled synthesis of single crystalline
materials on the nanoscale by using nanoparticles as chemical building blocks via a non-classical
crystallization pathway.
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2 Zusammenfassung
In dieser Arbeit wurden zwei modulare Reaktionswege der nicht-klassischen Kristallisation untersucht,
indem einkristalline Goldnanopartikel jeweils in orientierten Assemblierungs- (engl. oriented
assembly) und orientierten Anlagerungsreaktionen (OA) (engl. oriented attachment) als chemische
Baueinheiten verwendet wurden.

Das abgebildete Schema zeigt den vorgeschlagenen Reaktionspfad for die orientierte Assemblierung und die
orientierte Anlagerung.

Nicht-sphärische und einkristalline Goldnanopartikel A wurden in einer Dispersion durch die
kontrollierte Entfernung von Tensid von spezifischen Kristallflächen in nanopartikelbasierte Strukturen
C angeordnet. In den frühen Stadien der Assemblierung fanden dynamische Kettenbrüche und
Neuausrichtungen statt. Die Kalibrierung der Wechselwirkungen der Nanopartikel durch das Einstellen
des pH-Wertes ermöglichte den gezielten Aufbau von Goldnanoketten E bei neutralem pH-Wert oder
dichtest gepackte Strukturen D bei einem pH-Wert von 2. Durch das weitere Entfernen von Liganden
bildeten sich über eine

orientierte

Assemblierung der

Baueinheiten Nanodrähte

und

-netzwerke F oder Mesokristalle J. Neue Einkristalle (H und I) wurden über eine orientierte
Assemblierung hergestellt, ausgelöst durch die weitere Desorption von Stabilisator. Die Kristallgitter
zweier individueller Nanokristalle fusionierten durch die Knüpfung von chemischen Metallbindungen
und bildeten neue Einkristalle. Komplexe kristalline Materialien (H und J) wurden hergestellt, indem
nicht-sphärische einkristalline Gold-Nanopartikel über eine orientierte Assemblierung und der
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nachfolgende orientierte Anlagerung durch einen nicht-klassischen Kristallisationspfad. Es wurde
angenommen, dass die Bildung chemischer Metallbindungen zwischen den ursprünglichen
Gold-Nanokristallen durch die orientierte Anlagerung im wässrigen Medium eine irreversible Reaktion
darstellt.
Die Reaktionsmechanismen wurden anhand einheitlicher Nanopartikel mit demselben Kristallhabitus
aber unterschiedlicher Kristalltracht untersucht. Die polyedrisch geformten Partikel zeigten {100},
{110} und {111} Kristallflächen in verschiedenen Größen und Verhältnissen. Diese Unterschiede
ermöglichten Untersuchungen über den Einfluss der Partikelmorphologie und der chemischen
Reaktivität spezifischer Kristallflächen auf die Reaktionspfade der orientierten Assemblierung und der
orientierten Anlagerung. Alle verwendeten Gold-Nanopartikel wurden in wässrigen Dispersionen
anhand eines durch Saatpartikel vermitteltem Syntheseansatzes mit Cetyltrimethyl-ammoniumbromid
(CTAB) als oberflächenaktivem Reagenz hergestellt. CTAB besitzt verschiedene Adsorptionsenergien
auf unterschiedlichen Goldkristallflächen und ermöglicht so die Synthese von Gold-Nanokristallen in
unterschiedlichen Morphologien. Je langsamer der Austausch des an der Kristallfläche adsorbierten
Tensids mit dem freien CTA-AuX2 (X = Br-, Cl-) aus der Reaktionslösung ist, desto größer ist die finale
Kristallfläche. Die Aktivierung der jeweiligen Kristallflächen ist daher entgegengesetzt zu der Größe der
jeweiligen Kristallfläche.
Diese Arbeit ist entsprechend der drei verschiedenen Morphologien der Baueinheiten in drei separate
Teile gegliedert.
Im ersten Teil wurden Gold-Nanostäbchen (GNRs) mit großen {100} und {110} Kristallflächen an den
Seiten und kleinen {100}, {110} und {111} Kristallflächen an den Spitzen hergestellt. Das langsame
Entfernen von Ligand von den Gold-Nanostäbchen ergab ungeordnete Agglomerate und
unterschiedliche polykristalline Goldstrukturen durch die Bildung chemischer Gold-Gold-Bindungen.
Daraus wurde geschlossen, dass die großen {100} Kristalflächen für die orientierte Ansammlung
aktiviert sind, bevor die kleinen {111} Kristallflächen für die orientierte Assemblierung aktiviert sind.
Daher sind die kleinen, hochenergetischen {111} und {110} Kristallflächen an den Spitzen trotz ihrer
höheren chemischen Reaktivität gegenüber den großen {110} Kristallflächen an den Seiten der
Stäbchen nicht bevorzugt in einer orientierten Anlagerungsreaktion. Es wurden daher durch den
Austausch von CTAB gegen 2-Mercaptoethanol selektiv Wasserstoffbrücken zwischen den Spitzen der
Gold-Nanostäbchen eingeführt, um die Assemblierung in Ketten zu unterstützen. Das langsame
Entfernen von Stabilisator von den Partikeloberflächen durch die schrittweise Zugabe von Acetonitril
ergab ungeordnete Strukturen. Daraus wurde geschlossen, dass die eingeführten physikalischen
Bindungen nicht stark genug sind, um die Umlagerung der Baueinheiten zu verhindern. Lichtstreuung
und Einzelpartikelverfolgungsmikroskopie (engl. particle tracking microscopy) zeigten am Beispiel von
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Gold-Nanowürfeln (GNC_d40), dass die CTAB-Schicht in Dispersion eine Dicke von etwa 5 – 6 nm
aufweist. Im Falle der Gold-Nanostäbchen entspricht das in etwa dem Partikelradius. Daraus wurde
geschlossen, dass in diesem Fall der Einfluss der jeweiligen Kristallflächen der Gold Nanostäbchen
signifikant reduziert ist. Einkristalline 1-D Gold-Strukturen wurden durch eine rasche Aktivierung und
durch orientierte Anlagerung der Gold-Nanostäbchen an den Spitzen erreicht. Diese Synthese wurde
dazu nach kurzer Reaktionszeit durch die Zugabe von wässriger Tensidlösung gequencht. Die
Aktivierung der Gold-Nanostäbchen-Grenzfläche durch die schrittweise Entfernung von Tensid
ermöglicht die Migration von Goldatomen innerhalb des Kristallgitters, wodurch potentielle
Oberflächenenergie abgebaut werden kann und abgerundete Strukturen gebildet werden.
Im zweiten Teil wurden eine Sythesevorschrift für abgestumpfte Gold-Nanokuboktaeder (TOHs) mit
{100} und {111} Kristallflächen in ähnlichen Größen und kleinen {110} Kristallflächen entwickelt. Die
Assemblierung von TOHs in Ketten und Netzwerke wurde in Ethylenglycol bei erhöhten Temperaturen
durchgeführt. Anhand Kryo-Transmissionenelektronenmikroskopie konnte gezeigt werden, dass die
anschließende orientierte Anlagerung innerhalb der vorab gebildeten Strukturen verläuft. Die gezielte
Aktivierung in einer Dispersion wurde durch UV-Vis-Spektren bestätigt. Die orientierte Anlagerung
zweier Einkristalle ergibt einen neuen Einkristall. Die OA eines Nanopartikels mit einem Kristalldefekt
und einem Einkristall führt den Kristallfehler in den neue gebildeten Kristall ein. Die TOHs fusionieren
selektiv an den {111} Kristallflächen und bilden gewellte Gold-Nanodrähte. Diese Gold-Nanodrähte
wurden an der EG/Luft-Grenzfläche angeordnet, von der Oberflächenspannung fixiert, und bildeten
flache Gold-Nanonetzchen durch laterale Migration und anschließende Fusion. Die GoldNanonetzchen

wurden

in

Durchmessern

bis

zu

7

mm

aus

Gold-Nanokristallen mit einem durchschnittlichem Durchmesser von 43 nm hergestellt. Die
schrittweise Deformation der definierten Kristallflächen, durch die Migration von Gold-Atomen in den
Kristallgittern, wurde durch die Reduktion der Stabilisatorkonzentration oder durch eine Erhöhung der
Reaktionstemperatur erreicht. Diese Experimente bewiesen die schrittweise Desorption von
Stabilisator von der Nanopartikeloberfläche durch eine Erhöhung der Löslichkeit von CTAB im
Reaktionsmedium.
Derselbe Trend wurde durch Experimente bestätigt, die im wässrigen Medium durch die Addition von
Ethanol durchgeführt wurden und vergleichbare Ergebnisse lieferten. Die Reaktionen wurden sowohl
durch die schnelle Zugabe von Ethanol bei 80 °C als auch durch die langsame Zugabe in einem
Gasphasendiffusionsexperiment zum jeweiligen Reaktionsgemisch durchgeführt.
Ausserdem konnte gezeigt werden, dass die Zugabe von EtOH zu der Reaktionsmischung im vorhinein
zu der Bildung von dichteren Gold-Nanostrukturen führt. Es wurde angenommen, dass die
erhaltenenen Strukturen durch eine schnellere Desorption von Tensid und einen damit verbundenen
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schnelleren Anstieg der attraktiven interpartikulären Kräfte gebildet wurden. Dies führte zu einer
beschleunigten Assemblierung in stärker verzweigte Nanopartikelketten, die in der anschließenden OA
als Quervernetzer agierten. Diese Resultate bestätigen, dass die beobachteten Reaktionsschritte durch
die schrittweise Entfernung von Stabilisator von definierten Kristallflächen ausgelöst wird.
Die orientierte Assemblierung der TOH Partikel ergab eine kubisch dichtest gepackte Kugelpackung
vom Typ kfz (𝐹𝑚3̅𝑚) und konnte anhand von Elektronenbeugungsbildern und hochauflösenden

Transissionselektronenmikroskopiebildern nachgewiesen werden. Die Goldnanokristalle mit der
Morphologie abgestumpfter Kuboktaeder wurden in unterschiedlich große Mesokristalle aus einer

kolloidalen Dispersion in zahlreichen Morphologien überführt. Diese nanopartikelbasierten Strukturen
wurden durch das kontrollierte Verdampfen des Dispersionsmediums und der dadurch ausgelösten
Selbstassemblierung hergestellt, analog zu den Bedingungen einer Einkristallsynthese. Eine
Konvektionsströmung wurde durch das Verdampfen des Dispersionsmediums ausgelöst und daraus
resultierte der Transport von Nanopartikeln und NP-basierten Strukturen aus dem Zentrum zu den
äusseren Regionen. Der so erzeugte Nanopartikelgradient ermöglichte die Untersuchung des
Wachstums von mesokristallinen Strukturen in kleinen Schritten, angefangen bei 2-D Schichten
mehrerer Dutzend assenblierter Bausteine bis hin zu Übergittern in einer Größe von über > 100 µm in
einer Längenskala. Die beobachtete frühe Überführung in 3-D kfz Übergitter wurde beobachtet und
durch die vorhandenen Konvektionsströmung erklärt, welche die Energie für die notwendigen
Umordnungsprozesse bereitstellte. Dadurch konnten ebenfalls die beobachteten radialen
Größengradienten der kolloiden Kristalle durch den Transport von Nanopartikeln und größeren
Assemblierungen erklärt werden. Übliche Kristalldefekte, wie Fehlstellen und der Ausschluss von
unterschiedlich großen Partikeln von der Bildung der Übergitter, wurden beobachtet und bestätigen,
dass die Mesokristalle auch durch die Addtition und Migration einzelner Baueinheiten wachsen
können. Es wurde zusätzlich gezeigt, dass größere Übergitter auch durch die Addition und
Neuausrichtung größerer Nanopartikel-basierter Assemblierungen, die wiederum als Baueinheiten
agieren können, wachsen können. Die erhaltenen Mesokristalle zeigen sowohl quadratisch gepackte
(p4mm) {100} Kristallflächen als auch hexagonal dichtest gepackte (p6mm) Flächen einer
kfz Überstruktur.
Das schnellere Verdampfen des Dispersionsmediums führte zu einer signifikanten Abnahme der
Fernordnung in den Übergittern, welche als Analoga zu polykristallinen oder amorphen Kristallen
beschrieben werden können und über einen nicht-klassischen Kristallisationsverlauf gebildet wurden.
Diese Beobachtungen sind konsistent mit dem klassischen Kristallisationsverhalten von Atomen, Ionen
oder Molekülen, welches Migration und Neuordnungsprozesse einschließt.
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Durch die kontrollierte Assemblierung der TOHs aus einer wässrig-sauren Dispersion durch
Gasphasendiffusion von Ethanol wurden Mesokristalle in unterschiedlichen Morphologien in Größen
bis zu 13 µm erhalten. Typische Kristalldefekte, wie Korngrenzen, wurden in den Übergittern gefunden
und deuten auf ein modulares Kristallwachstum durch die Addition von einzelnen Monomereinheiten
hin. Aus diesen Resultaten wurde geschlussfolgert, dass die Bildung von Mesokristallen durch
orientierte Assemblierung von Nanopartikeln auf ähnlichen Prinzipien beruht wie das klassische
Kristallwachstum durch die Addtion von Atomen, Ionen oder Molekülen an einen Kristallisationskeim.
Die anschließende orientierte Anlagerung innerhalb der Übergitter bestätigte, dass Mesokristalle auch
als ein Zwischenprodukt in einer orientierten Anlagerungsreaktion beschrieben werden können.
Zusätzlich wurden Mesokristalle und die anschließende orientierte Anlagerung der jeweiligen
primarären

Baueinheiten

innerhalb

Gasphasendiffusionsexperimente

mit

der

Übergitter

verschiedenen

ebenfalls

organischen

erfolgreich

durch

Lösungsmitteln

als

Fällungsreagenzien durchgeführt. Diese Ergebnisse bestätigen, dass der Reaktionspfad auf der
schrittweisen Entfernung des Stabilisators von spezifischen Kristallflächen durch die erhöhte
Löslichkeit in der wässrigen Reaktionsmischung basiert. Die kontrollierte orientierte Anlagerung mit
zuvor synthetisierten Gold Nanokristallen wurde in den durchgeführten Experimenten zum ersten Mal
in einer Dispersion erfolgreich durchgeführt.
Im dritten Kapitel wurden zwei unterschiedliche Arten von Gold-Nanowürfeln (GNC) hergestellt und
als chemische Baueinheiten eingesetzt. Beide Synthesevorschriften wurden im Rahmen dieser Arbeit
entwickelt. Sie wurden nach ihren gerundeten Durchmessern als GNC_d70 und GNC_d40 benannt.
Ein schnelleres Ausfällen der GNC_d70, verglichen mit den TOHs und den GNC_d40, wurde beim
Verdampfen des Dispersionsmediums beobachtet. Es wurde ein polykristallines Übergitter erhalten,
das aus unterschiedlich orientierten Domänen bestand, die jeweils durch Korngrenzen separiert
waren. Die fehlende Fernordnung der Übergitter wurde mit der verringerten Anzahl an Umordnungen
erklärt, die durch einen kleineren Diffusionskoeffizienten und eine schnellere Ausfällung bedingt
waren. Zusätzlich störte der Einschluss von Goldnanokristallen in der Gestalt von Prismen die
Ausbildung von Übergittern mit Fernordnung. Da die Exklusion von Nanopartikeln mit
unterschiedlichen Größen aus den Übergittern anhand der TOHs gezeigt werden konnte, deuten diese
Ergebnisse an, dass die Gold-Nanowürfel in einem Durchmesser von 70 nm zu groß für die Synthese
von größeren Mesokristallen sind. Das bedeutet, dass der Größenbereich für geeignete Baueinheiten
im Fall von Gold-Nanopartikeln limitiert ist.
Die orientierte Anlagerung von GNC_d70 wurde erfolgreich sowohl an den kleinen, hochenergetischen
{111} als auch an den großen [100] Kristallflächen durchgeführt. Daraus wurde gefolgert, dass die
Desorptionenergien von CTAB auf den jeweiligen Gold-Kristallflächen relativ zueinander in einem
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engen Bereich liegen. Es wurde geschlossen, dass die {100} Kristallfläche (analog der Ergebnisse für die
Gold-Nanostäbchen) für die orientierte Assemblierung aktiviert wurde, bevor die {111} Kristallfläche
aktiv

wird

für

die

orientierte

Anlagerung.

Daher

können

sich

die

Gold-Nanowürfel von den {111} Flächen zu den {100} Kristallflächen umlagern und danach in einer
orientierten Anlagerung ebenfalls zu einem neuen Einkristall reagieren. Diese Umlagerungen wurden
auch bei den Gold-Nanostäbchen beobachtet aber nicht für die NPs in der Gestalt von TOHs. Daraus
wurde geschlossen, dass die Umlagerung während der schrittweisen Eliminierung von Tensid nur für
Kristallfächen mit einer großen Differenz in der Größe der Oberflächen günstig ist. Die Migration von
Goldatomen innerhalb der Kristallgitter der Gold-Nanopartikel führte zur schrittweisen Entfernung von
planaren Defekten, welche durch die orientierte Anlagerung eingeführt wurden. Es wurden ebenfalls
Gold-Nanokristalle ohne die planaren Kristalldefekte durch diese Methode erhalten. Dadurch konnte
gezeigt werden, dass durch OA Einkristalle hergestellt werden können, die keinen Rückschluss mehr
darauf erlauben, ob sie durch OA oder durch klassisches Kristallwachstum entstanden sind.
Verschieden geformte Nebenprodukte wurden ebenfalls für OA aktiviert und bildeten neue Einkristalle
mit komplexen Morphologien. Die Ergebnisse deuten darauf hin, dass dieselben Kristallflächen selektiv
unter ähnlichen Bedingungen aktiviert werden. Es wurde ebenfalls die Fusion gleicher Kristallflächen
in unterschiedlichen Größen beobachtet. Diese Ergebnisse beweisen, dass alternierende
Nanostrukturen durch die Fusion verschieden geformter Gold-NP zugänglich sind, analog zu BlockCopolymeren in der organischen Chemie.
Die Assemblierungseigenschaften der homogenen GNC_d40 sind mit den Ergebnissen konsistent, die
anhand der TOHs unter vergleichbaren Bedingungen erzielt wurden. Unterschiedlich große
kfz gepackte Mesokristalle wurden durch die durch eintrocknungsvermittelte Selbst-Assemblierung
unter dem Einfluss einer Konvektionsströmung erhalten. Es wurde anhand Elektronenbeugung
nachgewiesen, dass die individuellen Kristallgitter in 2-D dichtest gepackten Strukturen in derselben
Orientierung ausgerichtet sind. Daraus wurde geschlussfolgert, dass die Gestalt des Kristalls alle
individuellen NPs in einem kfz Übergitter in dieselbe Orientierung dirigiert. Die GNC_d40 bildeten
ebenfalls Einkristalle in Ethylenglykol bei erhöhten Temperaturen über einen OA Reaktionspfad. Diese
reagierten ebenfalls sowohl an den {111} Flächen als auch an den {100} Kristallflächen, was auch für
die größeren GNC_d70 beobachtet wurde. Die Bildung planarer Defekte durch die Abstumpfung der
kubischen Baueinheiten wurde ebenso bestätigt wie auch deren Eliminierung durch die anschließende
Migration von Gold-Atomen. Die Bildung von einkristallinen Gold-NP durch OA von GNC_d40 mit
unterschiedlich geformten Gold-Nanokristallen wurde ebenfalls bestätigt und bekräftigt, dass
dieselben Kristallflächen unter den gleichen Bedingungen aktiviert werden. Diese Resultate bestätigen
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ebenfalls, dass über OA die Synthese von alternierenden Gold-Nanostrukturen möglich ist, welche mit
Block-Copolymeren vergleichbar sind.
Die GNC_d40 bildeten die entsprechenden Reaktionsprodukte, sowohl über die orientierte
Assemblierung als auch über die orientierte Anlagerung in Gasphasendiffusionsexperimenten. Die
meisten GNC_d40 lagerten sich an den {100} Flächen an, ausgelöst durch das langsame Entfernen von
CTAB von den Kristalloberflächen. Die GNC_d40 fusionierten zu Nanonetzwerken in Größen von bis zu
8 mm über OA, was einer Erhöhung der Größenskala um den Faktor 105 entspricht. Das gleiche
Experiment ergab unter sauren Bedingungen kfz gepackte Mesokristalle. Die Übergitter zeigten
quadratisch angeordnete NPs in einer {100} Fläche und hexagonal gepackte {111} Kristallflächen.
Kristalldefekte wie Fehlstellen, absorbierte NPs, Stufen und Inseln wurden in Mesokristallen
beobachtet, die aus GNC_d40 Baueinheiten erhalten wurden. Diese Ergebnisse legen nahe, dass die
Mesokristalle über eine klassische schrittweise Addition von Monomer an einen Kristallisationskeim
gewachsen sind und durch die weitere Migration der NPs in eine optimale Position die dichtest
gepackten Übergitter bildeten. Die weitere schrittweise Entfernung von Stabilisator führte zu der
Fusion von Baueinheiten innerhalb der Übergitter, wie ebenfalls anhand der Nanopartikel mit der
Gestalt von abgestumpften Kuboktaeder gezeigt wurde.
Die entwickelten Experimente und die gewonnen experimentiellen Daten ermöglichen den Transfer
der untersuchten Konzepte auf andere Materialien, den Aufbau von Monomer-Bibliotheken und die
Entwicklung neuer Syntheserouten. Dies ermöglicht zukünftig den kontrollierten Aufbau von
einkristallinen Materialien in der Nanoskala durch die Verwendung von Nanopartikeln als chemische
Baueinheiten in einem nicht-klassischen Kristallisationspfad.
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3 Introduction
Many forms of crystals are omnipresent in daily life. They are naturally present such as snowflakes and
minerals or can be formed by living organisms like sea urchin spines, nacre, and mussel shells, which
are called biominerals. Additionally, they are frequently used in many commercial products, for
example sun lotion, drugs, jewelry and pigments, and technical applications such as semiconductor
devices, solar cells or catalysts. Crystals are solids which are composed of smallest subunits, such as
atoms, ions or molecules, which are ordered into a crystal lattice. A single crystal is a solid in which the
crystal lattice is continuously oriented in all dimensions. Single crystals can exhibit unique electrical,
mechanical, thermal, magnetic, and optical properties due to their high order and periodicity in their
crystalline structure.
It is widely accepted that crystals can grow by classical crystallization mechanisms, which means that
the final crystal is formed via addition of atoms, ions or molecules to a nucleus. Crystals with complex
morphologies can be synthesized using a shape-directing template to direct the growth of crystals via
a classical crystallization pathway. The knowledge about the crystallization mechanisms enables the
controlled synthesis of single crystals in tailored sizes and morphologies. Macroscopic crystalline
structures and objects, such as prisms, lenses, functional alloys and so on, can be synthesized in many
different shapes and sizes and they all exhibit the same specific material properties. This changes for
small structures in size ranges of 1 - 1000 nm in one dimension, termed as nanostructures. They can
exhibit significantly different chemical reactivity and mechanical, electrical, optical, thermic, and
magnetic properties than the bulk material.[1-4]
Crystalline nanostructures can be synthesized from zero up to three dimensions.[5] Typical inorganic
nanomaterials are nanoparticles (0-D),[6-8] nanorods and nanowires, (1-D),[6,

9-16]

nanoplates and

nanofilms (2-D),[17-19] and nanoflowers (3-D).[20] The tailored synthesis of nanostructures is a field of
interest in science and industry due to new and unique properties that can be achieved.[21] A plethora
of applications is realized for materials containing or based on nanostructures, like storage devices,
catalysts, and optical materials.[22-23]

-1-

SEM image A shows a sea urchin spine. The complex calcite structure is mechanically robust and much more
stable than the corresponding bulk material. Detailed investigations show that the spines are composed of single
crystalline calcite nanoparticles which are embedded in a matrix of amorphous CaCO3 and are crystallographically oriented
in the same direction.[24] The kinds of crystals are called mesocrystals.[25] In SEM image A the conchoidal fracture behavior
of the composite material is visible. Brittle stars, shown in B and D, can fabricate calcite structures which act as skeletal
construction and as microlenses at the same time. SEM images visualize small selected areas of two different structures
isolated from the shown subspecies in B and E in image C and D.[26]

Some living organisms can form complex crystals in the nanoscale range. The structures of biominerals
can inspire chemists to develop new materials and to investigate their synthetic routes and procedures
leading to new, single crystalline inorganic nanostructured materials with tailored properties. A wellknown example of complex inorganic structures synthesized by organisms is the sea urchin spine. The
SEM images A and B illustrate the complex structure of the sea urchin spine in Fig. 3. It reveals that sea
urchin spines are composed of single crystalline nanoparticles surrounded by an amorphous layer of
CaCO3.[24] The diffraction pattern taken from sea urchin spines show the signals of single crystalline
calcite. This means that the crystal lattices of the individual nanoparticles are all oriented in the same
direction and therefore meet the definition of mesocrystals, which will be explained in detail in the
following chapter 3.1.[24-25] Sea urchin spines exhibit an enhanced mechanical stability compared to the
brittle bulk calcite due to their superstructure.
Another example for complex crystalline functional structures in living organisms is a specific single
crystalline calcite structure found in brittle stars. Aizenberg et al. reported in 2001 that these complex
structures are acting as the skeletal construction and as the microlens at the same time.[26] Fig. 3 (B
and E) shows two different subspecies of brittle stars which synthesize different calcite structures
shown in Fig. 3 in the images C and F. In addition to the mechanical stability these calcite structures
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exhibit remarkable optical properties. The tailored structure focuses the incident light, minimize
spherical aberration and birefringence and enables the detection of light from a particular direction.[26]
Investigations on some biominerals superstructure, such as sea urchin spines, showed that the
formation of crystalline structures is not only possible by the addition of single atoms, ions or
molecules to a nucleus, as described by the classical crystallization theory. Instead of growing a crystal
by the addition of smaller subunits to a nucleus, tailored single crystalline and non-spherical
nanoparticles (NPs) can be synthesized and be used as building blocks. Single crystalline structures can
also be formed via a non-classical crystallization pathway, called oriented attachment (OA).

3.1 The Synthesis of Single Crystalline Structures via Oriented
Attachment in a Non-Classical Crystallization Pathway

Scheme of single crystal formation by the classical and non-classical pathway. The nucleation clusters A grow by
addition of atoms or molecules to small crystals B, which can grow further following the classical pathway to a larger single
crystal F. Following the non-classical crystallization pathway, those crystals B can also be stabilized by surface active agents,
resulting in nanoparticles C which can be arranged by oriented assembly into a mesocrystal D. Further surfactant removal
leads to direct contact of the nanocrystals E. The formation of chemical bonds by oriented attachment form a larger single
crystal F. Driving force is a reduction of surface energy. The cartoon is taken from[27] and modified.

Fig. 4 shows schematically possible formation pathways for crystalline materials, starting from a critical
supersaturated solution, in which nucleation clusters (Fig. 4, A) can form and grow to small crystals B.
Those small crystals can grow to a larger single crystal (Fig. 4, F) by further addition of monomers,
-3-

following a classical crystallization reaction pathway.[28] A second possible pathway is the stabilization
of the small crystals (Fig. 4, B) during the growth in dispersions by surface active agents to yield
temporarily stabilized nanoparticles C.[29] Non-spherical NPs C can be used as building blocks in the
synthesis of larger crystals via non-classical crystallization mechanisms. In this case, the nanoparticles
start to attach to each other in the dispersion via a diffusion-triggered process.[25] The controlled
removal of surfactant from specific crystal faces and therefore the weakening of the repulsive forces
as well as the dynamic rearrangements of the nanoparticles enables the formation of a mesocrystal
D.[30] In this work a distinction is made between the self-assembly of nanocrystals during the slow
evaporation of the dispersion medium and the oriented assembly, triggered by the gradual removal of
surfactant. In the case of oriented aggregation, the NPs (Fig. 4, C), while already in close proximity, are
still able to rotate with respect to each other until they find the perfect crystallographic alignment. The
shape-depending influence of NPs morphology is directing the NPs into the optimum position within
the assemblies,[31] and the building blocks get finally fixed by physical forces. If all nanocrystals are still
separated by remaining surfactant and oriented with their crystal lattices in the same direction, the
reaction product is called a mesocrystal (Fig. 4, D).[27] In a mesocrystal, the unique property of the
primary nanoparticles remains unchanged in the macroscopic crystal.
The mesocrystals D can be transformed into an iso-oriented crystal E by the further removal of
surfactant. The subsequent oriented attachment (OA) of the individual nanoparticles forms a larger
single crystal F.[16] Driving force is the minimization of surface energy. In this case, the mesocrystal can
be described as an intermediate in a non-classical crystallization pathway which can lead to new single
crystalline structures. The scheme in Fig. 4 illustrates that the same single crystalline product F can be
synthesized following a classical or a non-classical crystallization pathway. It cannot be concluded from
the final product F to the crystallization pathway without a step-by-step investigation of the
reaction.[25] However, a crystal with a symmetric morphology is not the only possible product which
can be synthesized by using primary NPs as chemical building blocks in an OA pathway. Tailored
anisotropic and complex single crystalline nanostructures can be synthesized using primary NPs as
chemical building blocks depe di g o NPs’

orpholog a d o trolled a ti atio of defi ed r stal

faces which cannot be accessible by classical crystallization pathways.[27] The syntheses of crystals via
classical approaches become more and more challenging by reducing the dimensions of the targeted
structure which has a complex morphology. Controlling the reaction over monomer addition, mixing,
heat transfer, wetting, removal of by-product and shrinking processes of the final product can become
challenging on the nanoscale. Therefore, the oriented attachment approach is a powerful bottom-up
tool for the synthesis of tailored single crystalline super nanostructures.
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The use of nanoparticles as chemical building blocks by the oriented assembly and the subsequent
oriented attachment has a striking analogy to the coupling of monomers in polymer chemistry.[32] The
fusion of primary individual NPs (as repeating units) into a regular structure by the formation of new
chemical bonds into predictable structures, enables the access to the syntheses of advanced materials
with new properties. The controlled setting up of tailored structures by a predictable oriented
attachment reaction pathway requires a very homogeneous starting material, which is similar to
polymer chemistry. There are additional tasks to solve by using NPs as building blocks. Nanoparticlebased systems cannot be monodisperse and always show a certain degree of size and shape
distribution. Organic monomers have the same size and reactivity, which is not true in the case of NPs
due to the always present distribution in size and shape. Moreover, purifying can be challenging,
especially in the case of nanoparticles with the same size but a different morphology. The use of
nanoparticles in an oriented attachment reaction pathway also enables the synthesis of larger building
blocks and therefore the setting up of a library for the synthesis of tailored nanostructures. Depending
on the used NPs spacer, linker, cross-linker, and capping-units can be synthesized, purified and used in
following OA reactions as chemical building blocks.
The homogeneous formation of nucleation clusters A from a solution and the further growth to small
crystals B (Fig. 4) can be described by the La Mer diagram which is shown in Fig. 5.

The plot of La Mer diagram. It shows the different reaction steps while increasing the monomer concentration
in a solution. The image is taken from [73].

The classical nucleation and crystallization theory describes a possible pathway for the formation of
solids from a solution. La Mer was first to investigate the homogeneous formation of monodispersed
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hydrosols of sulfur in ethanol.[28] The corresponding La Mer plot, shown in Fig. 5, illustrates the
different stages of classical nucleation and crystallization theory in a solution. Following the change in
monomer concentration with time, the process can be divided into three general sections. The
monomer can be dissolved in a proper solvent to yield a stable solution of atoms, ions or molecules.
This solution is turned afterwards into a state of critical super-saturation to cause the homogeneous
nucleation of particles. In the case of homogeneous nucleation, the nucleus is formed spontaneously
in the solution at critical super-saturation by aggregation or self-nucleation.[28] The solution can be
transferred into this stage by a change in temperature, pH value, pressure, monomer concentration or
a chemical reaction, like reduction of metal ions or decomposing of the precursor, e.g. The whole
mechanism and all involved species of classical nucleation are not investigated in detail yet.
The nucleus has to reach a critical size until the further growth becomes thermodynamically favorable,
called the critical nucleus. Once the nucleus overcomes the critical size, the particles grow further until
they reach the new equilibrium state under the given conditions determined by the corresponding
solubility product. The further growth can occur in two different ways. Following the mononuclear
crystal growth pathway, the particles grow layer by layer which means that every new layer starts to
grow when the old layer is complete. In the case of the polynuclear crystal growth, more than one
layer grows simultaneously on the same crystal. This growth mechanism is preferred in the tailored
synthesis of homogeneous nanoparticles because the small differences in size, coming from different
nucleation at different points of time, can be averaged. Therefore diffusion controlled polynuclear
crystal growth can lead to a more homogeneous size-distribution in the final product than present in
the early stages of the synthesis.
Inorganic nanoparticles are a particular class of nanomaterials, which are produced in large amounts,
in various shapes and sizes and for a plethora of applications. As an example, the estimated worldwide
production of titanium dioxide nanoparticles in 2009, mostly used as pigments and UV filter, was 4.68
million tons.[33] Nanoparticles can be fabricated, in general, via various methods, which can be
distinguished into two approaches. One way to generate matter on the nanoscale is the reduction of
the dimensions of an object by the top-down approach. The second possibility is the construction of
nanoscale materials from smaller subunits using bottom-up approaches.[34] Conventional methods for
the production of nanoparticles are microemulsions, electrochemical, hydrothermal, sonochemical
and solvothermal synthesis, sol-gel processing, flame spray pyrolysis, pulsed laser ablation,
homogeneous precipitation, hot-injection and microwave methods, mechanical milling, thermal
evaporation, freeze-drying, 3-D printing and much more.[35]
Nanoparticles have a high surface to volume ratio. Therefore, the chemical and physical properties of
nanoparticles become more and more dominated by unsaturated surface atoms. The observed
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melting-point depression is based on the same reason.[36] Nanoparticles are thermodynamically not
stable, and the Van-der-Waals forces cause the rising attractive interaction of nanoparticles with
decreasing distance. At the direct contact of the NPs, the interaction becomes repulsive. Lennard Jones
describes the nanoparticles interaction in more detail including dipole-dipole interaction.[37] Therefore,
the surface has to be passivated, and the NPs stabilizing surface active agents are usually ions, small
organic molecules or polymers, which can be adsorbed or chemically bound to the nanoparticle
interface. The use of surfactants with different binding energies on specific crystal faces enables the
adjustment of the growth velocities during synthesis and therefore the tailoring of the final
nanoparticle morphology.
Dispersed nanoparticles approach each other by diffusion. In the case of nanoparticles stabilized by
organic molecules or polymers, the local concentration of surfactant is locally rising. The surfactant
molecules have to be arranged into ordered structures for a stable arrangement which is entropically
unfavorable. The local increase of surfactant concentration also causes an osmotic pressure, and the
resulting convection stream of dispersion media drives the NPs apart from each other. This concept of
nanoparticle stabilization is called steric stabilization. Another possibility for stabilization is the
introduction of charges onto the nanoparticle interface and is called electronic stabilization and usually
done by adsorption of ions on the NPs interphase to keep the nanoparticles separated by electronic
repulsion forces. The third possibility for NP stabilization is the combination of both approaches, by
using charged organic molecules or polymers in an electro-steric stabilization. Using those methods,
stabilized NPs can be dispersed in solvents resulting in a kinetically stable suspension. NP suspensions
are thermodynamically not stable, but they can be stored without any loss of quality for several
months or even years. The stability mainly depends on the particle size distribution, ligand and storage
conditions. Famous examples are colloidal gold suspensions synthesized by Michael Faraday which
were stable for more than 100 years. War actions finally destroyed the gold soles during world-war II.
The reproductions are exhibited in The Faraday Museum – The Royal Institution in London.[38]
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Fig. The DLVO theory describes the behavior of stabilized NPs is a suspension. The attractive Van-der-Waals
forces and the introduced repulsive forces sum up to a potential energy graph. The scheme is taken from[39].

The behavior of stabilized nanoparticles in a dispersion can be described by the DLVO theory which is
named after its developers Derjaguin, Landau, Verwey, and Overbeek. The scheme is shown in Fig. 6
describes the behavior of dispersed nanoparticles in a solvent in dependence on the distance to
another dispersed nanoparticle. The attractive forces, dominated by Van-der-Waals forces, and the
introduced repulsive forces, caused by stabilization, sum up to a potential energy graph which
describes the stability and the behavior of suspended NPs. Attractive Van-der-Waals forces as well as
the repulsive forces caused by stabilizer act at very low distances. Van-der-Waals forces are acting on
very short distances due to their 1/R-6 relation and strongly depend on the corresponding material
properties. The steric stabilization of surfactant is limited to the dimensions of the layer of adsorbed
molecules in the case of a secondary minimum, NPs get assembled and form agglomerates which are
still separated by an energy barrier, usually a layer of surfactant what enables the dispersion of the
nanoparticles by physical forces like shaking or ultrasonic treatment.
If NPs get closer in the distance, the repulsive forces caused by stabilization are dominating due to the
energy barrier caused by the introduced stabilizer. The properties of the resulting energy barrier
naturally strongly depend on the character of chosen stabilization. Usually, colloidal systems are
designed in a way to keep the NPs dispersed without any formation of agglomerates. In this case, the
secondary minimum can be used for purification by centrifugation or precipitation by changing the
solvent quality. The NPs which overcome the main energy barrier fall into the primary energy minimum
and form irreversible agglomerates which cannot be dispersed anymore. The formation of
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agglomerates can be triggered by raising the kinetic energy of the individual NPs or by reduction of the
energy barrier. A typical experiment is the addition of ions to an electrochemically stabilized NPs
suspension. The energy barrier for agglomeration is reduced by neutralization of charge until the
kinetic energy is high enough to overcome the energy barrier and leads to an irreversible
agglomeration. In the primary energy minimum, NPs are usually at a distance very close to physical
contact. If surfactant molecules are involved, an organic layer is still separating the crystalline NPs. A
rapid increase of repulsive forces by reducing the particle-particle distance is observed at the primary
minimum caused by the high repulsive forces resulting from physical contact.
However, the introduction of a secondary minimum can also be used to induce a controlled NP
attachment. In the secondary minimum, NPs are still physically separated enabling rotation of the NPs
mutually relatively to each other to find the perfect orientation, which can lead to oriented attachment
reaction.

3.2 Synthesis of Gold Nanoparticles as Building Blocks
Gold is chosen as the material for potential building blocks in this work for several reasons. Gold is the
noblest metal and inert under most commonly performed reaction conditions. Side reactions such as
oxidation and Ostwald-ripening, e.g., are negligible, especially in aqueous dispersion. The solubility of
elementary gold in water is extremely low. The gold concentration in the oceans is around 50 – 150
fmol*L-1.[40] Gold has a high electron density and therefore a good contrast in electron microscopy
which enables a detailed investigation of small gold nanostructures down to atomic resolution with
High-Resolution Transmissions Electron Microscopy (HR-TEM). The melting point of bulk gold (1064.18
°C)[36] is expected to be high enough to resist the performed reaction conditions and the analytic
conditions, like the electron beam during HR-TEM measurements. Larger structures in the micrometer
range can be investigated by scanning electron microscopy (SEM) without any further treatment, like
sputtering, e.g., due to the high conductivity of gold.
An exhaustive study of the available literature was conducted to examine the field of gold nanoparticle
synthesis. A multitude of protocols for the synthesis of gold nanoparticles in several morphologies and
different sizes are available. Most synthesis procedures are based on a reduction of chloroauric acid in
aqueous solution in the presence of a surfactant. The size range of the described gold nanostructures
starts at ~ 2.0 nm in diameter[41] in the case of nanoparticles (0-D), up to several micrometers in the
case of nanotriangles[18] (2-D) and nanowires[42] (1-D). The most simple building block is a cubically
shaped particle with its six {100} crystal faces. The synthesis of gold nanocubes is reported by several
authors,[29,

43-47]

also as many other polyhedra shaped gold nanoparticles[14,

29,

47-51]

.

Cetyltrimethylammonium bromide (CTAB) is frequently used as a surface active agent in gold
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nanoparticle synthesis due to its specific binding energies to different gold crystal faces.[52] This enables
the production of single crystalline gold nanoparticles with well-defined polyhedral morphologies.
Especially the synthesis of gold nanorods (GNRs), as an anisotropic nanocrystal species, is well
investigated and reported by many authors. The tailored tuning of size and aspect ratios is reported
by several authors,[11-12, 50, 53-56] as well as insights of growth mechanism,[52, 57] crystallography,[58] the
role of surfactant[50, 54, 58-59] and additives.[12, 50, 52, 54, 60] Gold nanorods are particular due to their
anisotropic shape. GNRs show two maximum absorption bands in the visual spectra of light, resulting
from their longitudinal and transversal surface plasmon resonance of nano-sized gold particles.[61] The
absorption in the visual spectrum of light enables detection of positions and orientations in three
dimensions.
Several authors describe the different synthesis of single crystalline GNRs in a narrow size and shape
distribution tunable to various sizes and aspect ratios, also scalable in large amounts up to 2.0 liter of
reaction dispersion.[50, 54, 56, 58, 62] The exact reason for the anisotropic growth and final shape of GNRs,
based on an fcc cubic packing of gold, is widely discussed in the literature. Substantial progress in
synthesizing GNRs in high quality and to significantly decrease the production of side products (mainly
spherical NPs) was made possible by the finding of the positive influence of AgNO3 addition on GNR
synthesis reported from Al-Sayed in 2003.[12] Almora-Barrios et al. arguments with the different
adsorption energies of CTAB and the corresponding silver complexes onto different crystal faces of
GNRs.[52] This might be one reason but is not sufficient to explain the formation of GNR without any
silver ions, as reported by Jana et al.[11] The adsorption behavior of CTA halides plays a significant role
in GNRs formation. Smith et al. reported in 2008[58] and 2009[63] about the prevention of GNR formation
in the presence of a certain amount of iodide salt in the reaction solution. Cetyltrimethylammonium
iodide is suspected to bind strongly onto {111} crystal faces and therefore prevents the formation of
GNR by suppressing the crystal growth in [111] direction. Another open question is still the
identification and localization of the silver atoms onto the final gold nanorods. The used amounts are
that small that a quantitative analysis is tough to perform with common methods. Wright and
coworker tried to answer this question in 2014 and reported first about the first experimental evidence
of the position of silver ions on the final gold nanorod by performing advanced energy dispersive X-ray
spectroscopy.[64] They found that the deposition of silver ions on the final gold nanorod show no
preference for specific crystal faces or axis. The role of silver ions in the crystal growth cannot be
answered from this point of view. Etheridge et al. reported in 2015 about the role of silver in symmetry
breaking in early stages of GNR growth.[65] They concluded from a series of HR-TEM images from
several samples that silver ions are supporting the stabilization of the {110} crystal face in very early
stages of GNR growth. Those seed particles have a truncated cuboctahedron shape with {100}, {110}
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and {111} crystal faces. The stronger adsorption of CTAB on the {100} face than on {111} enables the
faster growth in the [111] direction and therefore the formation of anisotropic gold nanorods. The
differences in binding energy is an important factor in common gold nanorod synthesis as available
commercial CTAB often contains traces of iodide salt from CTAB synthesis in various amounts. That
leads to different results by using different batches of CTAB in GNR synthesis.[66] The batch depending
behavior of CTAB in gold nanoparticles synthesis is also observed for all performed gold nanoparticles
synthesis in this work.
The synthesis of single crystalline nanoparticles with the same crystal faces and different crystal habit
yields the building blocks for oriented assembly and oriented attachment reactions. A homogeneous
starting material is an essential requirement for the synthesis of predictable reaction products analog
to polymer chemistry. The use of polyhedron shaped nanoparticles as chemical building blocks enable
a controlled performance of an oriented attachment experiment to construct larger oriented
structures. In polyhedron shaped NPs, the size of the different crystal faces is contrary to their chemical
reactivity.[52, 67-68] The higher the surfactant adsorption energy on a specific crystal face is, the larger
the crystal faces grow during NP synthesis. In a truncated cubic shaped NP, the large {100} faces are
better stabilized by surfactant than the smaller {110} and {111} faces. During slow removal of
surfactant, the smallest faces will react first. If the different adsorption energies of {100}, {110} and
{111} faces are in a small range, truncated cubic NPs can rearrange during OA to larger faces. The
rearrangement is possible if the larger faces become destabilized before, the smaller, chemically more
reactive crystal faces become activated for a chemical reaction. Once NPs attach at the larger crystal
faces, they get fixed and should not be able to rearrange to the smaller faces under the given
conditions. The further removal of surfactant leads to physical contact and the fusion at the chemically
less reactive, larger crystal faces directed by the NP morphologies.

3.2.1 The Seed-mediated Method
The detailed knowledge about the different mechanisms described from the classical nucleation
theory and illustrated by the La Mer diagram, shown in Fig. 5, enables the tailored synthesis of
homogeneous products in nanoparticle synthesis. Here the nucleation process is separated from
nanoparticle growth to yield a narrow size distribution of the final product. The separation enables the
fast nucleation of seed particles at a very high super-saturation and growth of the final crystals at slow
and controlled conditions and low super-saturation. For the synthesis of gold nanoparticles, this
variation of an aqueous microemulsion based seed-mediated synthesis approach is chosen in this
work.[12]
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Preparation of Seed Particles
According to the La Mer diagram (Fig. 5), the seed solution is prepared by adjusting a very high supersaturation in a tiny time window. This is usually done by fast addition of an excess of a strong reducing
agent. In the case of gold seed particle synthesis, aqueous NaBH4 is injected into a stirred solution of
chloroauric acid in the presence of a surface active agent like cetyltrimethylammonium bromide
(CTAB). The reduction of chloroauric acid causes the rapid formation of a super-saturated monomer
solution and therefore the formation of a high number of nuclei by homogeneous nucleation which
grow very quickly to their final size under consumption of all present material. The seed nanoparticles
are passivated and stabilized by surface active agents present in the reaction mixture to prevent
secondary processes like agglomeration or coalescence. In the case of gold nanoparticles synthesis,
this reaction leads to small seed particles in a size range of 4 – 6 nm and a narrow size distribution.[65]
Nevertheless, a specific distribution in size is always present in all NPs syntheses based on nucleation,
as the nucleation time cannot be infinitesimally short.

Preparation of the Growth Solution
The previously synthesized seed particles are used in a second reaction step as nucleation sites for the
final heterogeneous growth of the NPs.[69] The conditions are adjusted to enable slow, diffusion
controlled and polynuclear crystal growth enabling particle growth under nearly the same conditions
for each NP. The size distribution, given from the seed particle synthesis, can be compensated by
polynuclear particle growth.
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3.3 The Surface Plasmon Resonance of Gold Nanoparticles

Scheme A shows the theoretical UV-Vis absorbance spectra of spherical gold nanoparticles and gold nanorods.
The conductive band electrons of the gold NPs interacts with the electromagnetic waves of incoming light, as illustrated
in image B. An absorption maximum is formed if the incoming wavelength hits the resonance frequency of the
nanoparticles.[70] In the case of anisotropic NPs, like gold nanorods, the resonance frequency splits into a transversal (c-1)
and a longitudinal (c-2) vibration mode as demonstrated in C and illustrated in A.

The electrons in the conductive band of metals have a high mobility which can be described by the
electron gas model and causes the high electrical conductivity of metals in general. Nanoparticles can
show an oscillation of conductive electrons on their interfaces stimulated by incident light. If the
frequency of incident photons matches the natural resonance frequency of surface electrons,
oscillating against the restoring force of positive nuclei, (Fig. 7, B) resonance conditions are established,
the so-called surface plasmon resonance. For some materials, like gold and silver, the energy for the
resonance frequency of this vibration is in the visual spectra of light. Therefore gold and silver NPs
show an absorption maximum in UV-Vis spectra and the NP dispersions appear colored. The energy
changes are proportional to the size of NPs and therefore lead to different absorption energies
enabling an analysis of the average sizes of gold and silver NPs by UV-Vis spectra. In the case of
anisotropic NPs, like gold nanorods, two absorption maxima are observed (Fig. 7, A) due to the splitting
into two main vibration modes caused by the anisotropic gold nanorod geometry. A transversal
vibration (Fig. 7, C, c-1) and a longitudinal vibration (Fig. 7, C, c-2) mode are observed and visible in the
corresponding UV-Vis spectra (Fig. 7A).[70] The individual surface plasmon resonances starting to
couple when gold nanoparticles came into close distances to each other in dispersion leading to a blue
shift of the newly formed absorption band.[71] The change in absorption behavior enables, therefore,
the direct observation of the oriented assembly of gold nanoparticles in dispersion in real time
resolution.

Previous work in the field of nanoparticle-based structures was reported by Schubnikow, A. in 1933
and 1935.[72-73] These works are based on the in-depth investigation of the crystallization of potassium
alaun. It was found that crystallograhic oriented
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the self-assembly of small crystals. Jana reported in 2004 about the influence of the nanoparticle shape
on assemblies of a gold spheroid, gold plates, gold nanorods and mixed samples.[31] Cölfen and
Antonietti systematically described in 2005 the concept of the mesocrystal formation.[74] Ahniyaz et al.
demonstrated in 2007 the assembly of truncated iron oxide nanocubes in large 2-D superlattices by
applying an external magnetic field.[75] The crystallographic orientation of the individual building blocks
is confirmed by electron diffraction (ED), and x-ray diffraction patterns and the synthesized structures
can, therefore, be identified as mesocrystals. Yuwono et al. reported in 2010 the oriented aggregation
of goethite nanoparticles into needle-like mesocrystals within 14 days.[76] The mesocrystalline
structure was confirmed by HR-TEM and cryo-TEM images and the corresponding FFT pattern. Disch
et al. showed in 2011 by small-angle scattering and electron diffraction the assembly of non-spherical
nanoparticles into highly ordered body-centered tetragonal mesocrystals.[77] Disch et al. investigated
in 2013 the influence of the degree of truncation of the used iron oxide building blocks on the final
mesostructure and particle orientation.[78]
Liao et al. reported in 2013 the formation of 3-dimensional superstructures out of a gold NC dispersion
by evaporation of solvent at elevated temperatures.[79] They synthesized close-packed structures of
gold NPs up to a diameter of ~ 10 µm by drying an aqueous octahedral shaped gold nanoparticles
dispersion onto a substrate at 90 °C under addition of aqueous NaOH solution. Yang et al. synthesized
in 2014 close-packed 3-D assemblies of octahedral and rhombic dodecahedral shaped gold
nanoparticles using a surfactant gradient created by overlaying diluted surfactant solution with
concentrated gold NP dispersion. This experiment is performed in an Eppendorf tube. Superstructures
up to ~ 5 µm in diameter are obtained.[80] In both experiments, the analysis of the crystallographic
orientation of the involved nanoparticles is missing, and therefore the 3-D structures are called
supercrystals.

Penn and Banfield were first to report 1998 the imperfect oriented attachment of TiO2 nanoparticles
during coarsening under hydrothermal conditions.[81] In 1999, both authors reported first the oriented
attachment with a subsequent fusion of anatase nanoparticles under hydrothermal conditions.[16] Long
chain-like structures of fused anatase NPs are obtained under hydrothermal and acidic conditions.
Privman et al. published in 1999 the formation of sizeable monodisperse gold particles by aggregation
and coagulation of spherical nanoparticles as precursors.[82] In 2002 Weller and coworkers described
the synthesis of ZnO2 nanorods by using spherical ZnO2 nanoparticles as starting material. TEM images
show the fusion of crystallographic oriented primary ZnO2 spheres and the formation of larger ZnO2
nanorods.[83] Zeng and Liu showed in 2004 CuO microspheres with a complex morphology formed by
oriented aggregation of building blocks. Nanoribbons assemble into rhombic crystal stripes and act as
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building blocks in the formation of CuO dandelions by oriented aggregation. The microspheres are
hollow, and the nanoribbons show a single crystalline diffraction pattern.[84]
In 2006 Cölfen and Niederberger reported the concept of non-classical crystallization by using building
blocks for mesocrystalline assemblies by oriented attachment and the formation of larger single
crystals by oriented attachment.[25] In 2014 Boneschanscher et al. demonstrated the formation of a
honeycomb superlattice formed by the oriented attachment of PbSe nanoparticles on a liquid-liquid
interface. Diffusion of surfactant is supposed to cause the activation of the nanoparticles and trigger
OA. The obtained structure shows a significant necking of the primary building blocks in the final
product, visible in HR-TEM images taken from the final structure.[85] Electron diffraction pattern taken
from small selected areas show a high degree of crystallographic order. De Yoreo et al. described in
2015 in detail the crystal growth by the attachment of particles.[86]
The use of nanoparticles as building blocks in a non-classical oriented attachment pathways enabling
access to advanced and anisotropic meso- and single crystalline materials. The performance of an
oriented attachment reaction by controlled removal of stabilizer from specific crystal faces in a
dispersion is a promising route for the bottom-up synthesis of tailored (nano)materials with enhanced
and useful properties.
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4 Scope of the Thesis
The bottom-up synthesis of nanoparticle (NP) based materials opens up new pathways for the
synthesis of advanced anisotropic materials. However, the precision of assembly and chemical
reactions, which is reached for low molecular systems is not even rudimentary reached for
nanoparticles. The challenge is that a chemical approach which is using nanoparticles as chemical
building blocks is missing entirely.
Therefore the scope of this thesis was to establish a new chemistry with nanoparticles as chemical
building blocks. The potential to perform a chemical reaction analog by oriented attachment of NPs
was explored as well as the formation of molecular complex analogs by the oriented assembly in
mesocrystal formation. Syntheses of defined nanocrystals with defined crystal faces and different
crystal habit were identified and optimized where necessary to yield suitable building blocks to achieve
this goal. These nanocrystals were assembled in a controlled way and then either were characterized
as a mesocrystal or fused by the subsequent oriented attachment to yield a single crystal. As a strategy
to achieve OA only at defined crystal faces, face selected removal of the surfactant after a trigger signal
was tested. It was investigated whether reaction control enables the isolation and analysis of the
present intermediates and final reaction products in OA and mesocrystal formation. Detailed
investigations were performed, to illuminate the influence of chemical reactivity and crystal
morphology to the OA reaction pathway.
Analysis of the synthesized building blocks and OA reaction products by TEM, ED, HR-TEM, FFT-pattern,
SEM, UV-Vis, and multi-wavelengths UV-Vis spectroscopy were used to enable the detailed
investigation of the controlled performed OA reaction or mesocrystal formation pathway.
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5 Results and Discussion
5.1 Gold Nanorods
5.1.1 Synthesis of Gold Nanorods
Single crystalline gold nanorods are produced to be used as chemical building blocks in controlled
oriented attachment reactions. The synthesis is performed by a seed-mediated approach and
described in more details in the experimental section in chapter 7.3.1.[87] The addition of AgNO3 and
2,6-dihydroxybenzoic acid suppresses the formation of spherical byproducts[12] and supports a narrow
size- and uniform shape distribution in the final product. It is supposed that the
2,6-dihydroxybenzoic acid enhances the binding properties of CTAB on certain GNR faces during the
growth process.

The TEM images A and B show gold nanorods (GNRs) obtained in a conventional synthesis. The side-by-side
assembly of GNRs is illustrated by picture B. The UV-Vis spectrum shown in C shows the transversal absorption maxima at
512 nm and the longitudinal absorption maximum at 719 nm. The TEM image D shows a single GNR, and the corresponding
electron diffraction (ED) pattern E displays the diffraction spots of a single crystalline gold nanocrystal in [110] zone axis.
A 3-D model of the single gold nanorod is shown in F with indexed crystal faces constructed with Vesta® from single GNR
electron diffraction pattern.

A successfully performed gold nanorod synthesis is usually confirmed by TEM imaging, as illustrated in
the images A and B in Fig. 8 and the UV-Vis spectrum C. The yielded GNRs show distinct crystal faces
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in the TEM projection. GNRs are obtained in dimensions of ~65 nm in length, ~27 nm in diameter,
which results in an aspect ratio of 2.4, determined by counting from TEM images, and can be
synthesized in large scale up to 500 mL of reaction dispersion. The GNR purification is performed by
centrifugation and decanting of the supernatant. Assemblies of GNR are illustrated by the TEM images
A and B in Fig. 8, yielded by the trickling of concentrated aqueous GNR dispersion onto TEM grids and
a subsequent evaporation of dispersion medium under atmospheric conditions. Cubic shaped NPs are
obtained in small numbers as a byproduct as shown by TEM image B in Fig. 8. The UV-Vis spectrum C
is shown in Fig. 8 shows two absorption maxima. The transversal vibration mode has an absorption
maximum at 512 nm, and the longitudinal vibration mode has an absorption maximum at 719 nm.[87]
The GNR synthesis is highly sensitive to halide impurities which are commonly present in various and
also unknown amounts in the commercial CTAB.[47]
The GNRs are assembled on a TEM grid, after synthesis, to investigate the fundamental behavior of
GNRs self-assembly. Crude reaction dispersion is purified from excess surfactant by centrifugation and
afterwards trickled onto a TEM grid and dried under atmospheric conditions. The regular arrangement
of GNRs by drying mediated self-assembly into closed packed structures is shown by the TEM image B
in Fig. 8. The tendency to arrange with the larger crystal faces side-by-side leads to the dominating
structures.
The TEM image D shows a selected single GNR for ED investigation. The corresponding ED pattern E in
Fig. 8 displays the diffraction spots of a single crystalline GNR from [110] direction. The detailed
knowledge about GNRs crystal habit and crystal faces enables the further use of chemical building
blocks. It is known from the literature that CTAB binds differently to {100} than on {110} and
{111} crystal faces with descending energy, respectively.[52] In other words, the small high-energy {111}
faces are the most chemically reactive ones in case of GNRs. The 3-D morphology of GNRs is simulated
by means of the Vesta® program from the electron diffraction pattern of single GNRs from different
positions and is shown as a model in F in Fig. 8. The morphology can be described as a truncated
cuboctahedron, elongated in 1-D along [100] zone axis. Therefore, the GNRs show large {100} and
{110} crystal faces at the sides of GNR and small {100}, {111} and {110} crystal faces at the tips.

5.1.2 Chemical Modification of Gold Nanorods with 2-Mercaptoethanol
Unmodified GNRs show a strong tendency to the side-by-side assembly as demonstrated in this work
by TEM imaging (Fig. 8, B) and as reported by El-Sayed and co-workers in 2000.[10] A second reaction
step is introduced to the GNRs system to support an OA reaction selectively at the GNR tips. Prior to
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the OA reaction, GNRs are assembled into chains of gold nanorods by the aid of hydrogen bonds of the
2-mercaptoethanol (MCE) ligands which reside preferentially at the GNR tips. For the scheme of the
exchange mechanism see Fig. 9.

The sketch shows the fundamental principle of GNR modification with 2-mercaptoethanol (MCE) preferentially
at {111} faces, and therefore the exchange of individual CTAB molecules by MCE takes place at the tips. This sketch is
strongly simplified and does neither show any specific crystal faces nor displays the correct dimension.

The sketch in Fig. 9 shows the fundamental principle of GNR modification. Centrifugation concentrates
crude GNR dispersion originated from the synthesis, and the excess of surfactant is removed with the
supernatant. GNR dispersion is diluted afterwards with Milli-Q water to obtain the reaction dispersion
for further treatment. The addition of 2-mercaptoethanol dissolved in MeCN under vigorous stirring
causes a change in color from reddish to bluish-purple what is confirmed by the UV-Vis spectrum C in
Fig. 10 (blue graph). Previous experiments showed that the modification of GNRs with MCE is only
preferred at the tips and is not selective. The preferential binding at GNR tip results from faster
exchange rates due to the weaker binding energies of CTAB at {111} crystal faces. The faster exchange
of CTAB also enables the preferential growth of the GNRs at the {111} faces during synthesis. The
addition of MCE without an excess of GNR also leads to MCE binding all over the GNRs sides and
therefore to the agglomeration of the GNRs. Therefore, an excess of GNRs is used in this synthesis to
adjust the distribution of MCE onto GNRs preferential at the {111} faces at the tips. The crude reaction
dispersion can be fractionated by means of centrifugation, and the supernatant is decanted to remove
the excess of GNRs.
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The TEM images A and B illustrates the gold nano chains formed by the end-to-end assembly of chemically
modified GNR at different magnification. The UV-Vis spectra in C show the successful separation of GNR-chains (black
graph) from the excess gold nanorods (red graph) as starting material, as well as the spectrum of the crude reaction
mixture (blue graph).

The successful modification and assembly of the GNRs into gold nanorod chains is demonstrated by
the TEM images A and B in Fig. 10 and supported by UV-Vis spectroscopy (Fig. 10, C). The UVVis spectra C in Fig. 10, are taken from the crude reaction mixture (Fig. 10, C, blue graph) and both
centrifugation fractions (Fig. 10, C, red graph and black graph). The spectrum of the crude reaction
mixture shows still both maxima at 512 nm and 715 nm, and a new and broad and red-shifted
absorption maximum at >800 nm (Fig. 10, C, blue graph). The spectrum of the supernatant shows the
signal of the original and unmodified GNR (Fig. 10, C, red graph). The UV-Vis absorption of the
transversal vibration of the GNRs is also observed in the gold nanorod chains (Fig. 10, C, black graph)
which corroborates the formation of ordered gold nano chains in the reaction mixture. The black graph
in the UV-Vis spectrum C of the crude reaction mixture in Fig. 10 shows a new, broad maximum starting
from 700 nm which is related to the newly formed transversal vibration, caused by the coupling of the
transversal vibration mode of the original GNR by the assembly into 1-D nanostructures with close
distances.
These results corroborate that GNR are aligning end-to-end caused by the introduced hydrogen
bridges originating from the modification with 2-mercaptoethanol preferential at the GNRs tips. The
change of GNRs assembly is visible in the corresponding TEM images A and B of GNRs without
modification in Fig. 8 and after the modification with 2-mercaptoethanol in the images A and B in Fig.
10. The corresponding UV-Vis spectra of the unmodified GNRs C in Fig. 8 can be compared with the
spectrum of the modified GNRs C in Fig. 10 and show a new broad adsorption band starting at
~ 800 nm. The spectra, therefore, confirm the formation of 1-D gold nanorod chains in the reaction
mixture. Observed via TEM the GNR chains typically consist of 4 up to 15 GNR chain links. GNR chains
have an enhanced tendency to form large agglomerates onto TEM grids.
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5.1.3 Oriented Attachment of Gold Nanorod Chains

The gradual removal of CTAB from GNR crystal faces by the addition of MeCN to an aqueous
GNRs-chain dispersion activates the GNR for oriented attachment as described above.

The TEM images A - C show a typical reaction result, obtained by gradual removal of surfactant. The oriented
attachment occurs at various crystal faces and forms unordered gold nanostructures with grain boundaries.

When acetonitrile is slowly added to an aqueous GNR-chain dispersion under vigorous stirring a change
in color from bluish-purple to dark blue is observed by the unaided eye and indicates the coupling of
the individual surface plasmon vibration which occurs when GNRs are close in the distance to each
other. Aqueous CTAB solution is added to quench the reaction, and the samples are purified by
centrifugation. The TEM images A - C in Fig. 11 show unordered gold nanostructures formed by the
fusion of statistically oriented GNRs. The previous chain-like, end-to-end orientation is not present to
a significant extent in the final product anymore. The observed gold nanostructures indicate that GNR
chains collapse during the slow addition of MeCN and form unordered structures by rearrangement
processes before the oriented attachment at {111} crystal face can occur.
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The TEM images A and B show statistically fused GNRs. The removal of surfactant by higher amounts of MeCN
addition leads to a loss of the former shape.

A general observation is the deformation of the previously defined shape by activation of the gold
interface by more copious amounts of detergent in all performed experiments. It can be supposed that
the removal of CTAB from the GNRs surfaces by the addition of bigger amounts of MeCN leads to the
deformation of the final reaction product as shown by the TEM images A and B in Fig. 12. The GNRchain dispersions show a high tendency to form agglomerates after the addition of MeCN to the
reaction dispersion. Therefore the activation by addition of acetonitrile for OA has to be performed
fast and precise. The CTAB can be removed by the quick addition of an aqueous GNR-chain dispersion
into acetonitrile, followed by fast quenching by injection of an excess aqueous CTAB solution to
stabilize the final reaction products. Ultrasonic treatment of the crude reaction mixture disperse the
gold nanostructures in the aqueous reaction mixture. A centrifugation step is applied to purify the
reaction mixture from an excess of CTAB.

The TEM images A – C are showing gold nanostructures formed by the oriented attachment of gold nanorods
and fast quenching by addition of an aqueous CTAB solution.
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The quick addition of concentrated GNR chain dispersions to a small amount of MeCN with the
subsequent quenching by addition of an aqueous CTAB solution leads to the formation of more defined
reaction products. Typical results are shown in the TEM images A – C in Fig. 13 and end-to-end
orientation of the initial GNR-chains are visible. The previously formed GNR-chains undergo oriented
attachment triggered by removal of the stabilizing ligand. The final reaction product shows a high
content of fused structures. The original GNR building blocks can be still identified in the newly formed
gold nanostructures which are visualized by TEM images A and B in Fig. 13. End-to-end orientation is
observed as well as side-by-side orientation in TEM image A shown in Fig. 13.

The HR-TEM images A - C show quasi-1-D gold nanostructures formed by the oriented attachment of gold
nanorods selectively at the tips.

The shown quasi-1-D structures in Fig. 14 formed by oriented attachment of previous modified GNRs
are obtained from the same experiment as illustrated in Fig. 13. Predictable gold nanostructures are
synthesized using GNR as chemical building blocks and are shown by the HR-TEM images A - C in Fig.
14.
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The HR-TEM images B and E illustrate two dimers formed by the oriented attachment of two primary GNR from
[110] direction. The corresponding FFT patterns, visible in A and C, confirm the perfect match of the reflections. The
ED pattern E shows the diffraction spots of a slightly misaligned gold nanocrystal from [110] zone axis. Both gold
nanocrystals exhibit a difference in contrast to the structure.

Two gold nanocrystals formed by oriented attachment of two primary gold nanorods at the tips are
illustrated by the TEM images B and E in Fig. 15 from [110] direction. The FFT patterns A and C, taken
from each primary building block and visible in image B at a higher magnification, confirm the perfect
orientation of the crystal lattices. The ED-pattern D shown in Fig. 15 is acquired from the dimer, shown
in E, and illustrates the diffraction spots of a single crystalline gold nanostructure taken from [110]
direction. From the patterns, it cannot be concluded at which crystal faces the fusion event occurs.
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The HR-TEM images C, D, and E show a newly formed gold nanowire at different magnifications. The
corresponding FFT patterns A, B, F, and G confirm the perfect crystallographic orientation of the new crystal formed by an
oriented attachment reaction of three primary gold nanorods.

In addition, the HR-TEM images C, D, and E in Fig. 16 illustrate a newly formed single crystal from [110]
direction. The shown gold nanowire is formed by oriented attachment of three previous chemically
modified primary GNRs as chemical building blocks. The corresponding FFT patterns A, B, F and G in
Fig. 16 display the same signals of gold from [110] direction and therefore confirm the perfect
crystallographic orientation of the crystal lattice. The differences in contrast, visible in the HR-TEM
image (Fig. 16, D) indicate that the three building blocks are not in one plane in the new single crystal
which indicates that the structure is not in one plane. It is not possible to conclude from the FFT
patterns which crystal faces take part in the oriented attachment. The wavy character indicates that
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the fusion does not occur at the {100} crystal face. The synthesis of larger single crystalline
nanostructures is performed using previously synthesized GNR as chemical components following a
two-step approach.

The HR-TEM A and B images in atomic resolution show the connection area of the trimer shown by HR-TEM
image D in Fig. 16, formed by OA and fusion of three primary single crystalline building blocks in a two-step synthesis. The
crystal defect in the newly formed connection area, visible in HR-TEM image A, is remarkable because its position on the
newly formed connection area indicates that it is formed during the oriented attachment reaction. A possible pathway for
the formation is the formation of a small mineral bridge in an early stage of the oriented attachment.

Furthermore, HR-TEM images A and B in Fig. 17 show the newly formed connection areas of the gold
nanostructure shown by HR-TEM image D in Fig. 16 at high magnification which enables atomic
resolution. The crystal defect, visualized by HR-TEM image A in Fig. 17, is remarkable as its position on
the newly formed connection area indicates that it is formed during the OA and fusion process. The
HR-TEM image B in Fig. 17 shows the second newly formed connection area without any detectable
crystallographic defect from [110] zone axis.

5.1.4 Discussion and Conclusions Gold Nanorods
The obtained data show that slow and unspecific removal of CTAB from GNR interfaces leads to sideby-side assembly. This is caused by the large {100} and {110} faces at the GNR sides, which are
competing with the small {100} and {110} faces at the tips. In accordance, it is concluded that
controlled OA by surfactant removal at {100} or {110} is not favored at the tips. Additional to that, the
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gradual removal of CTAB from GNR crystal faces favors the removal from {110} compared to {100}
faces. Therefore the OA and fusion at the {100} faces are not favored either at the tips or the sides.
The small {111} crystal faces are the chemically most reactive ones due to the lower affinity of CTAB
to this faces.[52] Therefore the oriented attachment should be possible at the {111} crystal faces.
Palpant et al. demonstrated in 2013 the cold-welding of GNRs in end-to-end orientation by removal of
surfactant done by complex formation of CTAB with a block copolymer.[88] However, the yielded
structures show statistically oriented crystal lattices. From the presented data, it can be concluded
that the GNRs tips are energetically not favored for controlled oriented attachment.
Therefore, a second reaction step is introduced to the synthetic strategy to overcome this challenge
for a controlled synthesis of single crystals by oriented attachment and fusion of GNRs. The assembly
of GNRs into end-to-end oriented chains is supposed to support oriented attachment at the small,
high-energy {111} crystal faces as described in Fig. 9. The orientation is achieved by chemical
modification of GNRs preferentially at the {111} crystal faces using small organic molecules with a thiol
moiety. Several authors report general procedures for the modification of GNR at the tips using organic
molecules

carrying

a

thiol

moiety.[4,

89]

For

the

chemical

modification

of

GNRs

2-mercaptoethanol (MCE) is chosen because it has a C2 body and carries a hydroxyl group in the first
position and a thiol moiety at the second carbon atom. A small organic molecule is chosen to minimize
the steric influence on further OA reactions.
The chemical modification allows the introduction of attractive forces which enables the assembly of
GNRs in aqueous dispersion into energetically not favored quasi 1-D end to end nanochains. These
GNR chains can act as intermediates in the performed reaction. They were fractionated by
centrifugation, isolated and characterized by means of TEM and UV-Vis spectroscopy. The successful
separation was corroborated by the corresponding UV-Vis spectra. The assembly of GNRs in the close
proximity caused the coupling of the individual surface plasmon resonances. GNR-chain dispersions
are freshly prepared but show in long-term experiments stability over more than three days. This
stability indicates that dynamic chain breaking and rearrangement takes place in GNRs dispersions.
Otherwise, the chains would grow larger, start to form agglomerates and precipitates in the earth
gravitational field.
In a second reaction step, GNR chains are treated with MeCN for a gradual removal of surfactant from
the GNR interfaces and quenched at short reaction times with an aqueous CTAB solution. The
controlled removal of surfactant triggers the fusion of GNRs. However, the structures which were
obtained by the slow addition of MeCN exhibit a poor crystallographic order.
The former end-to-end orientation of GNRs is not detectable in the final reaction products. These data
suggest that it can be concluded that the differences in adsorption energies of CTAB on the present
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gold crystal faces are in a narrow range. From this, it can be concluded that the removal of CTAB from
{110} crystal faces starts before {111} faces are active for the fusion. Afterward, GNRs start
rearrangement processes resulting in side-by-side assembly, and the previous chain-like orientation
gets lost. The attractive hydrogen bonds, formed by introduced hydroxyl groups of MCE, are not robust
enough to compensate the increase of attractive forces caused by side-by-side attraction.
The removal of a larger amount of surfactant from gold NPs surfaces leads to a deformation of the
original shape. As gold is the most malleable metal[90] with a high ductility, gold atoms can migrate
within the crystal lattices if they are not passivated by surfactant molecules anymore. Driving force for
this rearrangement is the reduction of surface tension by smoothening of the formally faceted
interfaces. This behavior is observed and reproduced with a high degree of surfactant removal from
gold interfaces many times in this work for every shown gold NP species. These migration processes
indicate a corollary between the degree of desorption of surfactant and the visible deformation of gold
NP.
Therefore, a quick activation of the GNR dispersions and the subsequent quenching leads to more
predictable reaction products. The previous assembly into end-to-end orientation supports the
oriented attachment at the crystal faces at the tips after quick removal of surfactant. In this case, the
GNR crystal faces at the tips get activated for oriented attachment before the GNRs can rearrange in
the energetically more favored side-to-side assembly. The corresponding ED and FFT patterns
confirmed the single crystalline character of the reaction products. From the obtained TEM imaging
data it is not possible to conclude from this data which crystal faces are involved in the oriented
attachment.
A possible mechanism for the formation of the crystal defect, (visible in Fig. 16, D and Fig. 17, A), is the
formation of a thin mineral bridge in an early stage of OA by a slight physical contact of the two primary
building blocks. After this event, the original GNR rotated 180 ° mutually to each other before they
finally react in an oriented attachment event and the mineral bridge is stretched around the newly
formed connection area. At the crystal defect, gold atoms can migrate until the crystal reaches its final
shape, with smooth faces, to reduce surface energy. Gold is malleable and ductile as already known.
Masuda H. showed in 2016 that a monoatomic gold string could be stretched to the double of its length
before it breaks.[90] Therefore, it can be assumed that a formed gold mineral bridge can resist the
expected acting forces and can be twisted by a rotating GNR.
Therefore, the synthesis of single crystalline gold nanowires by using gold nanorods as chemical
building blocks via a non-classical crystallization pathway is successfully performed in aqueous
dispersion under standard conditions for the first time.
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5.2 Truncated Gold Nanocuboctahedra
It is found that single crystalline truncated cuboctahedral-shaped gold nanoparticles (TOH) (defined as
rhombicuboctahedron representing the combination of the rhombic dodecahedron, octahedron, and
cube) can be the synthesized in a narrow size- and shape distribution by a variation of a gold nano cube
synthesis reported by Murphy and coworkers.[91] More details are given in the experimental section in
chapter 7.3.2.

5.2.1 Synthesis of Gold Nanocrystals with Rhombicuboctahedron Shape

The HR TEM images A and D show the synthesized gold nanoparticles in different orientations. The
corresponding FFT pattern B and E show the diffractogram of two gold nanocrystals in [110] and [100] zone axis,
respectively. The nanoparticles morphology is determined from this data and simulated by Vesta® program. A model was
constructed with Vesta® and is shown in C with [110] and in F [100] crystallographic orientation.

The shape of the synthesized NPs is determined by the HR-TEM images A and D in Fig. 18 and the
corresponding FFT pattern B and E, taken from different orientations. TOHs show a slightly compressed
hexagonal-shaped projection, visible in the HR-TEM image A from [110] direction. If the TOH is
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orientated in [100] direction, the HR-TEM image D shows a slightly truncated squared projection. The
nanoparticle morphology can be described as a rhombicuboctahedron (as a combination of a small
rhombic dodecahedron faces (yellow) and relatively large octahedron (blue) and cubic (green) faces)
or as a truncated cuboctahedron (TOH).

The TEM images A and B show close-packed 2-D arrays of synthesized truncated gold nanocuboctahedra. The
crude reaction dispersions show only a minimal number of byproducts, mainly rod and prism-shaped NPs. The analytical
ultracentrifuge measurement shows a sharp peak with a maximum of 44 nm in C. The 3-D model D illustrates the size ratio
of the {100}, {110} and {111} crystal faces.

Single-crystalline TOH gold nanocrystals are synthesized in a narrow size- and shape distribution. The
HR-TEM image A visualizes the crystal faces in Fig. 19. A large 2-D array of homogeneous TOHs are
shown at lower magnification by the TEM overview image B in Fig. 19. A small number of byproducts
is present in the crude reaction dispersion, mainly rod-like shaped gold NPs. The analytical
ultracentrifuge (AUC) measurement corroborates the narrow size distribution and the average
diameter of 44 nm, shown by C in Fig. 19. The determination of the average diameter by particle
counting from TEM overview images using iTEM® statistics software gives an average diameter of
43 nm; the corresponding statistic is shown in the appendix in Fig. 90. The 3-D model D illustrates the
relative ratio of the surface area of the {100}, {110} and the {111} crystal faces. The reddish reaction
dispersion shows an absorption maximum at 532 nm in UV-Vis measurements and is visible in Fig. 91
in the appendix. Light scattering and UV-Vis spectra are taken after field flow fractionation and indicate
a hydrodynamic radius of ~ 30 nm, shown in Fig. 92 in the appendix. More details on the synthesis of
TOHs are given in the experimental section in chapter 7.3.2 and the Bachelor Thesis of Holger
Höfmann, Cölfen group, submitted in 2013.[92] The 3-D model D in Fig. 19 is shown in the appendix at
a higher magnification in A in Fig. 90 again, for an enhanced visualization.

The crude TOH reaction dispersion is concentrated and injected into ethylene glycol (EG) under stirring
at elevated temperatures, to perform an oriented attachment reaction in the dispersion. More details
are given in the experimental section in chapter 7.6.1.
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5.2.1.1 The Oriented Attachment of Gold Nanoparticles in Ethylene Glycol

The HR-TEM images A – D illustrate differently sized gold nanostructures synthesized via oriented attachment of
TOHs, performed in ethylene glycol at elevated temperature and isolated from the same reaction batch.

The formation of gold nanostructures by oriented attachment of primary TOHs is visible from HR-TEM
images A - D in Fig. 20. All shown structures are isolated from the same reaction batch. The image A
displays a gold nanoparticle formed by the fusion of two primary TOHs. Gold nanostructures are
synthesized in different sizes by the OA of two up to eight building blocks, as illustrated in B. Wavy
nanowires, formed by OA of several dozens of individual TOHs, are illustrated by the TEM images C
and D. The observed gold nanostructures show a broad size distribution, starting with dimers in a size
of ~ 100 nm up to wavy gold nanowires in length of > 1 µm. Also, single TOHs are observed, and two
examples are marked in D by red arrows.

The MWL UV-Vis spectrum A is taken during a performed oriented attachment experiment and shows the
decrease of the absorption band of the primary TOHs at 530 nm within 150 sec and the rise of a broad absorption band
starting from 650 nm. The UV-Vis spectrum B shows the absorption spectrum of the primary TOHs (B, black graph) and
the spectrum of a final reaction product (B, red graph). The broad absorption band > 700 nm (B, red graph) results from
the newly formed transversal vibration modes of the larger nanostructures.

The reaction is illustrated by the multi-wavelength (MWL) UV-Vis spectrum A in Fig. 21, taken from the
reaction dispersion during the experiment. It shows the decrease of the absorption maximum at 530
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nm, related to the primary TOH building blocks with time during the experiment and the rise of a broad
absorption band, starting at ~ 650 nm. The spectrum also indicates that the reaction is almost finished
after ~ 125 sec. The change in absorption can be explained by the coupling of the individual surface
plasmon resonances at small distances during the formation of the particle-particle complexes.[71] The
coupling leads to a decrease of the maximum of the primary NPs at 530 nm and the formation of a
broad, red-shifted longitudinal absorption band, starting from ~ 650 nm. The change in absorption
caused by oriented attachment is expected to be very small due to the very similar vibration modes of
assembled NPs and fused NPs formed by oriented attachment. Therefore, it can be assumed that only
the assembly of gold NPs is observed by UV-Vis spectroscopy. The UV-Vis spectra B are taken before
the reaction from the primary TOHs (Fig. 21, B, black graph) and after the experiment from the
dispersion containing the synthesized gold nanostructures (Fig. 21, B, red graph). The formation of a
new and broad absorption band > 700 nm is visible after the OA reaction takes place (Fig. 21, B, red).
These data confirm that the quick oriented attachment of TOHs takes place in the dispersion of
ethylene glycol at elevated temperatures.

Gold nanostructures are formed by assembled TOHs in ethylene glycol and illustrated by the cryo-TEM images A
– C at different points in time. The samples are quenched by cooling in an ice-bath after 30 sec (A), 60 sec (B) and 90 sec
(C).

The cryo-TEM experiments are performed and evaluated by Dr. Jennifer Soltis, DeYoreo group, PNNL,
WA, USA. More details are given in the experimental section in chapter 7.6.4. The samples, imaged by
means of cryo-TEM, are shown in Fig. 22 (A – C) and prepared from the crude ethylene glycol reaction
dispersion after quenching the reaction by cooling by an ice-bath after 30 sec (A), 60 sec (B) and 90 sec
(C), respectively. All three cryo-TEM images show wavy and network like structures of assembled TOHs
which grow in size by time, visible from A to C, and confirm the results of the MWL and UV-Vis
measurements.
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The TEM images A and B show the breakdown of the network-like structures into smaller substructures after
sublimation of the ethylene glycol matrix.

The TEM images A and B in Fig. 23 show the samples after the sublimation of the ethylene glycol matrix
which is caused by the electron beam and the low pressure. The network-like structures of assembled
NPs decompose during the evaporation of the surrounding ethylene glycol into single building blocks
and small wavy gold nanowires formed by the OA of TOHs as visible in the TEM image A in Fig. 23.
Different sized gold nanocrystals are illustrated by TEM imaging in picture B in Fig. 23 at a higher
magnification. The shown structure indicates the chain-like assembly and visualizes the formation of
two dimers by oriented attachment in the presence of primary TOHs.

5.2.1.2 Electron Diffraction on Single Nanoparticles Formed by Oriented Attachment of
Gold Nanocrystals in Ethylene Glycol

The TEM images A and C show the projection of two synthesized nanoparticles via oriented attachment of TOH
building blocks from [110] zone axis. The corresponding ED patterns B and D show the orientation of the crystal lattices
and confirm the fusion at the {111} crystal faces.

Electron diffraction is performed on small, selected structures to analyze the orientation of the crystal
lattices of the fused nanocrystals within newly formed nanostructures. The TEM image A in Fig. 24
shows the projection of a fused dimer oriented along the [110] direction. The corresponding electron
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diffraction pattern B in Fig. 24 shows that the primer nanocrystals are only slightly misoriented within
the fused dimer. Both TOHs are fused at their {111} crystal faces. The definite shape of the primary
building blocks is still clearly visible in the TEM image. Not all synthesized NPs synthesized in one
reaction batch have the same shape and a single-crystal structure. A certain amount of particles (as
side-products) have internal defects, such as stacking faults, twin planes. The fusion of a single
crystalline building block (Fig. 24, C, 1) in specific crystallographic orientation with a twinned TOH (Fig.
24, C, 2) yield the nanostructure shown in the TEM image C. The differently oriented region within the
nanocrystal (Fig. 24, C, 2) is visible in the TEM image (due to the different contrast). Picture D in the
Fig. 24 shows the superposition of the ED patterns of both involved crystals lattices and confirms that
the oriented attachment occurs with the {111} crystal faces.

The TEM image A shows a nanostructure, synthesized by the oriented attachment of four primary TOHs. The
differences, in contrast, indicate a locally different crystallographic orientation. The dark field image B visualizes the
different crystallographic orientation, caused by the OA reaction of twinned building blocks. The corresponding ED pattern
C shows the signals of the differently oriented crystal lattices.

The TEM image A in Fig. 25 shows the reaction product of one single crystalline TOH (Fig. 25, A, 1) with
three twinned NPs (Fig. 25, A, 2 – 4). The visible differences, in contrast, indicate distinct oriented
crystalline domains within the newly formed nanoparticle. The dark field TEM image B in Fig. 25 is
taken by the position of the objective aperture at the 00-2 reflections (Fig. 25, C, red circle) and
illuminates crystalline domains with the same crystallographic orientation. It is remarkable that after
the fusion of the twinned NP (Fig. 25, A, 2) and (Fig. 25, A, 3), the crystallographic orientation is the
same at the end of the newly formed nanostructure (Fig. 25, A, 1 – 3). The oriented fusion of another
twinned NP (Fig. 25, A, 4) leads again to a crystallographic twist within the reaction product. Picture C
illustrates the slight misorientation by the superposition of the involved ED patterns and confirms the
oriented attachment at the {111} crystal faces.
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The TEM image A shows the projection of a tetramer formed by oriented attachment of four TOHs from [110]
direction. The corresponding electron diffraction patterns B show the reflections of the gold nanocrystals and in picture C
with an overlay of a calculated diffraction pattern from the [110] direction.

A nanoparticle formed by the oriented attachment of four primary TOH building blocks is displayed by
the TEM image A in Fig. 26. The corresponding ED pattern B corresponds to [110] zone axis and is
combined with the simulated diffraction pattern in the image C. The diffraction spots 020, 1-1-1 and 1-11 are labeled, to enable a precise allocation. From the orientation of the ED pattern, it can be
concluded that the primary TOH building blocks are fused via their {111} crystal faces.
Two trimers are analyzed additionally by the same method, and the corresponding data is shown in
the appendix in Fig. 93 and Fig. 94.

5.2.2 Structural Characterization by Means of HR-TEM of Gold Nanostructures
Formed by Oriented Attachment of Nanoparticles

The HR-TEM image B show a newly formed single crystal, synthesized by oriented attachment and a subsequent
fusion of two primary TOH building blocks. The corresponding FFT pattern A and C corroborate the perfect orientation of
the crystal lattice.
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The analysis of the crystallographic orientation of single building blocks and partial structures is
performed by mean of HR-TEM imaging and by FFT (Fast Fourier Transform) pattern, taken from
selected areas.
The HR-TEM image B in Fig. 27 illustrates a synthesized dimer and corroborates the fusion of both
building blocks. The corresponding FFT pattern A and C Fig. 27 confirm the single crystalline character
of the formed gold nanocrystal. The crystallographic orientation can be determined from the distances
and positions of the given signals and validates that both primary TOH shaped building blocks are fused
at the {111} crystal faces.

The HR-TEM image B show a synthesized single crystalline gold nanocrystal formed by oriented attachment of
four primary TOH building blocks. The FFT patterns A, C, D, and E are taken from each building block and confirm the
perfect orientation of the crystal lattice of the newly formed nanostructure. Additional to that, they corroborate that the
oriented attachment takes place at the corresponding {111} crystal faces.

The HR-TEM image B illustrates in Fig. 28 a newly formed single crystal via the oriented attachment of
four primary TOH building blocks. The corresponding FFT patterns (Fig. 28, A, C, D, E) corroborate the
perfect crystallographic orientation and therefore the successful synthesis of new single crystalline
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wavy nanowires. The positions of the reflections of the -111 crystal face show that the fusion occurred
at the {111} crystal faces.

A new gold nanocrystal is formed by the oriented attachment of three TOHs and is shown by the HR-TEM images
B and F. The orientation of the individual crystal lattices is shown by the corresponding FFT patterns (A, C, D, E), taken
from the individual building blocks. The HR-TEM image F shows the slightly misaligned crystal lattices underlined by white
stripes. In picture E, the specific crystallographic orientations are illustrated by the FFT pattern of the whole crystal to
visualize the different angles.

The HR-TEM image C in Fig. 29 shows an isolated reaction product formed by the fusion of three
primary TOH building blocks. The corresponding FFT patterns (Fig. 29, A, B, D) show the slightly shifted
diffraction spots (with respect to each other) of the individual building blocks. These reflections are
overlapping in the FFT pattern E and taken from the whole nanostructure. Picture E shows the three
slightly shifted {111} diffraction spots in Fig. 29. The HR-TEM image F illustrates the inner area of the
nanocrystal at a higher magnification. The lattice fringes are underlined with white bars, respectively,
to visualize the slightly different orientations.
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The TEM images A – F illustrate gold nanostructures formed by oriented attachment of TOHs dispersed in
ethylene glycol at 185 °C. The samples in A - C are taken after 15 sec and the samples, corresponding to the TEM images
D - E are quenched after 40 sec reaction time, respectively.

The shown pictures in Fig. 30 illustrate the oriented attachment as well as the growth of wavy gold
nanostructures with time. For the HR-TEM images A – C and the TEM images D – F shown in Fig. 30,
the reaction is performed at 180 °C and samples are taken for 15 sec and 40 sec, respectively. The HRTEM images (Fig. 30, A - C) show small gold structures consisting of two up to four TOHs synthesized
by oriented attachment. The primary building blocks can be identified in the formed gold
nanostructures by the images. Wavy gold nanowires, composed of dozens of primary NPs, are obtained
after 40 sec reaction time and illustrated by TEM imaging (Fig. 30, D – F).
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The SEM images A – C show gold nanonetworks formed by oriented attachment of TOHs at longer reaction times
of 3 – 5 minutes up to a diameter of > 7 mm. The GNNs are shown at different magnification by SEM images as well as by
the photograph D.

The SEM images A – C show the final reaction product of the oriented attachment of truncated gold
nanocuboctahedra in ethylene glycol at different magnifications, and by the photograph D., The SEM
images illustrate sample 1, visible in the photo D in Fig. 31. The gold nanonetwork (GNN) consists of
cross-linked wavy gold nanowires as visualized by the SEM images A and B. The flat and smooth
structure of the GNN at lower magnification is displayed by the SEM images B and C in Fig. 31.
Additional to that, the folding of the GNN during the sample preparation is displayed in the SEM image
C. The GNN 1 has a diameter of > 7 mm, and is visible by the unaided eye as demonstrated by the
photograph D in Fig. 31. It is observed that the GNN are formed at the ethylene glycol/air interface.
The SEM images A and B, shown in Fig. 95 in the appendix, illustrate the flexible mechanical properties
of the synthesized gold nanonetworks. The SEM image A illustrates a selected area of a gold nanonetwork in Fig. 95, which is attached on top of fiber which is present on the SEM sample holder as an
impurity. The gold nano-network covers the substructures of the fiber, and their morphology is still
clearly visible. The SEM image B in Fig. 95 shows the rumbling and folding of an isolated gold nanonetwork onto a substrate created during the sample preparation.

- 41 -

5.2.3 Oriented Attachment Reactions with Different CTAB Concentrations
Additional oriented attachment experiments are performed at various CTAB concentrations in EG at
90 °C, to investigate the influence of the surfactant concentration on the oriented attachment reaction
products. For each performed series of experiments, the concentrated TOHs dispersions are always
produced from the same reaction batch and divided into two parts (experiments A and B). The first
part A is used without any further treatment and the second one, B, is washed with water to reduce
the CTAB concentration. Therefore, the TOH concentration is constant for each series of experiments
and ensures the comparability of the experimental data. Additional to that, small differences in TOH
morphology coming from the synthesis can be excluded by this procedure.

The HR-TEM images (A, A’, B, B’) show the reaction products which are isolated from two different oriented
attachment experiments. Both experiments A and B are performed at 90 °C, but at different surfactant concentrations.
Both reaction products appear different from the TEM projection. Defined gold nanostructures are isolated from
experiment A, still showing the crystal facets. Experiment B yield more roundish structures and not well-defined structures.

The difference in reaction products, isolated from the experiments performed with two different CTAB
concentrations, is illustrated by the HR-TEM images A, A’, B and B’ in Fig. 32. The HR-TEM images A
and A’ in Fig. 32 show well-defined, branched and wavy gold nanostructures formed by OA of TOHs in
EG at 90 °C taken from experiment A. The sample is quenched by the addition of an aqueous CTAB
solution after 5 min. The shapes of the primary building blocks, with their defined edges and faces, are
visible in the final reaction product as substructures of the reaction product. Structures which are
isolated from the experiment B are illustrated by the HR-TEM images B and B’ in Fig. 32, and the OA is
performed with a reduced amount of surfactant. Both illustrated reaction products show a significant
difference

in

the

shape

of

their

surfaces.

The

HR-TEM

projections

(Fig. 32, B, B’) show a significant degeneration of the original TOH shape in the final nanostructures to
a more roundish surface. The original shape of the primary TOHs is barely or not visible anymore in the
final reaction product.
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The HR-TEM images A –C show a typical oriented attachment product obtained with the same CTAB
concentration, but at different reaction temperatures.

A second experiment is performed to confirm the trend of the influence of surfactant concentration,
which is shown in Fig. 32, on the oriented attachment reaction. A TOH dispersion produced from the
same reaction batch is split into three parts. Therefore, the TOH and the surfactant concentration is
precisely the same. Also, slight differences in nanoparticle quality, coming from the synthesis, get
averaged. Three reaction batches are prepared and heated up simultaneously in the same oil bath.
This procedure ensures the comparability of the reaction results. The samples are quenched at
different temperatures by the addition of an aqueous CTAB solution. The HR-TEM images A – C in Fig.
33 show typical reaction products synthesized with a constant surfactant concentration but quenched
at different reaction temperatures. The first sample is taken at 95 °C and the HR-TEM image A in Fig.
33 illustrates the well separated, primary TOHs and a very low conversion regarding oriented
attachment. The HR-TEM image B shows a typical reaction result taken from a sample which is
quenched at 105 °C. Most of the original TOH building blocks are fused in specific orientation after
oriented aggregation, and a slight rounding of the edges and corners is observed by HR-TEM
projections shown by picture B in Fig. 33. A third sample is taken at 140 °C and displayed by HR-TEM
image C in Fig. 33. The original TOH building blocks are barely detectable anymore in the formed gold
nanostructures from HR-TEM images C. The deformation of the initial shape of the building blocks in
the synthesized structures is visible from the HR-TEM projection C. Additional to that, the HR-TEM
images A and B, shown in the appendix in Fig. 96, demonstrate the coexistence of well-defined primary
TOHs and smooth, wavy nanostructures in the reaction dispersion previously shown by
HR-TEM image C in Fig. 33.
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Selected areas of gold nanonetworks obtained after prolonged reaction times are illustrated by SEM images A
and B and the smoothening of the synthesized structure is visible. The structures do not indicate the original shape of the
primary building blocks anymore.

The tendency of the formation of gold nanonetworks with roundish and smooth interfaces during or
after the oriented attachment reaction is also observed in the SEM images A and B in Fig. 34 which
show selected areas of a gold nanonetwork at different magnifications. The shown structures are
synthesized at elevated temperatures and without quenching in EG. The former defined shape of the
primary building blocks is not detectable anymore in the final structure. The structures appear like
sintered or even molten in SEM images (Fig. 34, A, B).
Bulk gold has a melting point of 1064.18 °C. Buffat and
Borel reported in 1976 about the size depending melting
point of gold nanoparticles.[36] Their results indicate that
gold nanoparticles with diameters < 50.0 Å are far away
from their expected melting point under the performed
experimental conditions. The graph of the changing
melting point is shown in Fig. 35. The reaction temperature
is limited to 197 °C during the performed experiments due
to the boiling point of ethylene glycol.
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This figure shows the graph of the
size depending melting point of gold
nanoparticles (the figure is taken from [36]).

5.2.4 Oriented Attachment of Gold Nanoparticles in Water/Ethanol Mixtures
at Elevated Temperatures

The oriented attachment of CTAB stabilized gold nanoparticles in aqueous dispersion at elevated
temperatures, up to reflux conditions, is not observed. It can be assumed that the solubility gradient
of CTAB is just not high enough in the pure water to cause sufficient desorption of surfactant from the
NP surface. Additional oriented attachment experiments are performed in the absence of ethylene
glycol to exclude a direct role of EG in the reaction mechanism.

Concentrated TOH dispersion is mixed with
water, heated up in an oil bath to 90 °C.
Ethanol is slowly added to the stirred
dispersion until a change in color is observed.
The reaction is quenched by addition of an
aqueous CTAB solution after 15 sec. The TEM
image A in Fig. 36 shows an isolated product
from the performed OA reaction. It shows the
successful

fusion

in

the

specific

crystallographic orientation of the TOH
building blocks. The ED pattern B in Fig. 36

The TEM image A shows the isolated products of an
oriented attachment experiment performed in an aqueous
TOH dispersion. The addition of EtOH at elevated temperatures
triggers the OA reaction. The corresponding electron
diffraction pattern B is taken from the area marked with the
red frame in A and confirms the oriented crystal lattices of the
newly formed gold nanostructure from [110] direction.

demonstrates the preferred direction of the crystalline domains in a selected area of the formed
nanostructures visualized in [110] zone axis. The deformation of the yielded gold structures is also
observed and shown in the appendix in Fig. 97 by HR-TEM image A and the corresponding ED pattern
B. More details are given in the experimental section in chapter 7.7.
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5.2.5 The Controlled Oriented Assembly and Oriented Attachment of
Truncated Gold Nanocuboctahedra from Aqueous Dispersion by Gas
Phase Diffusion Experiments

The sketch A illustrates the setup of the gas diffusion experiment. The surfactant is gradually removed from the
NPs interfaces by the diffusion of EtOH into an aqueous TOH dispersion in the presence of a silicon wafer. Image B shows
a sharp sedimentation front line during a performed experiment. Picture C shows the experimental setup after the reaction
and the increase in the total volume of the reaction mixture due to the diffusion of EtOH into the aqueous reaction mixture.
The reaction chamber containing the reaction mixture has a total volume of 1.0 ml.

Controlled oriented assembly and oriented attachment reactions are performed by the gas phase
diffusion of EtOH into an aqueous TOH dispersion, in the presence of a silicon wafer. In this experiment,
the used TOH dispersions are purified by centrifugation and an additional washing step to adjust the
minimum surfactant concentration. The whole setup is shown in the sketch A in Fig. 37, placed into a
desiccator and stored in a heating oven at 25 °C to ensure constant reaction conditions. A typical
reaction is done after 3 – 5 days, depending on the used amount of EtOH. The progress of the reaction
can be observed by the unaided eye. The two photographs B and C in Fig. 37 show two reaction
mixtures at different points of time. The picture B in Fig. 37 additionally shows the sharp precipitation
front line which is formed by diffusion of EtOH into the reaction vial. The photograph C in Fig. 37 is
taken after the reaction is complete. The pink color at the bottom area of the reaction vessel indicates
that a small amount of TOHs is attached to the glass wall during the reaction. Additionally, a black solid
is observed on the bottom of the glass vial. The silicon wafer is allowed to dry under atmospheric
conditions after the precipitation of all suspended gold NPs. More details are given in the experimental
section in chapter 7.5.3.
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The SEM images A and B show a silicon wafer covered with primary TOHs and gold nanochains formed by
aggregated NPs, triggered by EtOH diffusion into an aqueous dispersion.

The results are shown in SEM images A and B in Fig. 38 are obtained by the diffusion of 0.5 ml EtOH
into an aqueous reaction mixture. The SEM image A in Fig. 38 shows a selected area of the silicon wafer
which is covered with mostly separated primary building blocks and some chain-like gold
nanostructures, formed by the oriented aggregation of the TOHs. Chain-like structures formed by the
oriented aggregation of gold NPs are visualized by SEM imaging in B, besides a small number of
separated TOHs. The investigated structures indicate that the stabilization layer of the NPs is still active
under the given conditions.

The SEM images A and B show gold nano networks formed by fused TOHs, triggered by the diffusion of EtOH
into the aqueous reaction mixture. The HR-TEM images C and D illustrate gold nanostructures formed by oriented
attachment of TOH.

The gas diffusion experiment is performed by using 3.0 ml of ethanol as precipitation agent and the
SEM images A and B in Fig. 39 show a gold nanonetwork. Selected structures are visualized by HR-TEM
imaging in C and D and confirm the oriented attachment of the building blocks at higher magnification.
The nanostructures are formed under mild conditions, and the individual primary building blocks can
be detected in the final reaction product. The synthesized gold nanonetwork is covering the whole
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silicon wafer as a smooth film, visualized by the SEM images A and B shown at different magnifications
in the appendix in Fig. 98. Additional HR-TEM images, shown in the appendix, A – D in Fig. 99 illustrate
fused NPs at higher magnifications which are isolated from the precipitate at the bottom of the
reaction chamber. Those results indicate the gradual removal of the CTAB from specific crystal faces
after the oriented aggregation of the building blocks. Therefore, the TOHs came in direct contact and
reacted in an oriented attachment reaction under the formation of larger gold nanocrystals. This
hypothesis is supported by the observed deformation of the final product at higher final
concentrations of EtOH in the reaction mixture and is illustrated by SEM images A and B in Fig. 100 in
the appendix.

The shown SEM images A – C demonstrate the influence of the previous addition of EtOH to the reaction mixture.
The general trend to the formation of denser structures with increasing amount of EtOH is visible in the shown SEM images
A - C. The amount of EtOH as a precipitating agent by gas diffusion is kept constant for all here shown experiments.

The SEM images A – C in Fig. 40 illustrate the effect of the previous EtOH addition to the reaction
mixture on the reaction product. Different densities of gold nanonetworks are obtained by the
previous addition of increasing amounts of EtOH in the reaction mixture.
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5.2.6 The Oriented Assembly of Truncated Gold Nanocuboctahedra
The controlled assembly of TOHs into close-packed structures enables the investigations of the
mechanism of mesocrystal formation.

The TEM image A illustrates a 2-D array of TOH onto a substrate. The corresponding ED pattern B shows the
oriented crystal lattices of the individual TOH building blocks. The position of the signals of the (1-11) and (2-20) crystal
faces are labeled. In TEM image C a starting second layer is visualized, besides a barely close-packed monolayer of TOHs.
The corresponding ED pattern D shows a set of two different signals which shows a certain degree of order of the TOH
assembly.

The TEM image A in Fig. 41 illustrates a close-packed 2-D array of TOHs with a low content of present
rod-shaped NPs as impurities. The corresponding electron diffraction pattern B shows the preferred
orientation of the gold nanocrystals within the 2-D superlattice with a hexagonal (p6mm) symmetry.
The selected diffraction spots are indexed as the 1-11 and 2-20 reflections of gold. The TEM image C
in Fig. 41 shows a starting second layer of TOHs surrounded by a barely closed packed monolayer of
TOHs and different shaped gold NPs, present as by-products. The corresponding texture-like electron
diffraction pattern (Fig. 41, D) indicates a certain degree of orientational order of gold nanocrystals.
More TEM images A – D which show regular 2-D arrays of TOHs are shown in the appendix in Fig. 101.
Nearly all NPs are arranged in a 2-D superlattice with a hexagonal symmetry (plane group p6mm) onto
the substrate due to their {110} orientation perpendicular to the substrate. The HR-TEM image B
shown in Fig. 101 indicates the slight misalignment of the individual TOHs to each other within the
packing. More TEM images A, C, and E and the corresponding ED pattern B, D and F, taken at different
magnifications are shown in the appendix in Fig. 102 and also confirm the crystallographic orientation
of the primary building blocks within the monolayers.
The HR-TEM image A in Fig. 103 in the appendix shows an ordered close-packed structure surrounded
by unordered NPs. The fcc lattice formed by arranged TOH is visible at higher magnifications in the HRTEM image B shown in Fig. 103. The image is taken in an under-focused mode to enable the detection
of all three layers at the same time. The complete coverage of the TEM grid without any gap with three
layers of NPs is also only possible by the ABC stacking in an fcc structure. It is not suitable to investigate
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close-packed lattices of TOH with more than three layers by HR-TEM and TEM. The TOH scatters most
of the electron beam, and so the resulting signals became too low with an increasing number of layers.
It

can

be

assumed

that

the

principles

of

first

3-D structures formation can also be transferred to more massive structures as shown and discussed
above.
In a drying mediated self-assembly experiment, a concentrated TOH dispersion is diluted by the double
amount of water, trickled into a carbon foil covered SEM sample holder and allowed to dry under
atmospheric conditions in a sealed sample holder box. The drying process lasts approximately 12 h.
The result of an experiment which is performed without sealing and faster drying (~ 2 h) is shown in
the appendix by SEM images A and B in Fig. 109. More details are given in the experimental section in
chapter 7.5.2.

The SEM image A visualizes the ring-shaped structure which is formed by self-assembly during slow drying of a
TOH dispersion onto a substrate. In B the selected area is shown at higher magnification by SEM imaging to visualize the
different sized gold structures. Close-packed assemblies of TOHs are observed in the ring-shaped structure, discontinued
by cracks in sizes of > 100 µm in diameter. The SEM image D visualizes the regular structure of the 3-D close packing. The
illumination of a selected area by SEM imaging in C and E shows close-packed NPs in diameters up to > 1 µm.

The self-assembly of TOHs during slow drying onto a substrate can be described by the so-called coffeering effect theory.[93] This effect is mainly based on the resulting capillary flow caused by the
replenishing of evaporated liquid from the inside of a droplet which causes the transport of NPs and
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agglomerates, and therefore an NP concentration gradient, from the inner to the outer regions of the
droplet. At the contact line of a drying droplet, a close-packed, ring-shaped deposition of dispersed
NPs is formed. The kinetic energy of the capillary flow enables NP transport and rearrangement into
large, close-packed 3 D arrays.[93]
The SEM image A in Fig. 42 is taken at low magnification and shows the ring-shaped structure formed
by assembled TOHs. A selected area is illustrated in B by SEM imaging and demonstrates the evolution
of small structures up to the extensive close-packed ring-shaped structure along the radius, from the
middle to the outer region which was covered by the former droplet. The SEM image B in Fig. 42 shows
arrays of close-packed assemblies discontinued by cracks and smaller gold structures in the interior
regions of the ring, alongside the radius. The SEM images C and D visualize the 3-D objects, formed by
assembled TOHs, at different magnifications. The ring-shaped nanoparticle-based structure is visible
by the unaided eye and shown by photographs in Fig. 110 in the appendix.

The SEM image B shows a selected area of the ring-shaped structure and illustrates the particle gradient which
is formed by the convection stream during the drying process. The transition from 2 D into 3 D arrays can be observed in
the interior regions of the former dispersion droplet, as visualized by SEM imaging in A. The SEM image C shows a selected
TOH assembly which illustrates a close-packed 2 D TOH monolayer with a starting second layer on top. The corresponding
FFT pattern D confirms the regular alignment in a close hexagonal packing of the TOHs within the observed structure.
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A selected area of the ring-shaped structure is shown in the SEM image B in Fig. 43 and illustrates the
different sized reaction products dependent on the radial distance which can be explained by the
convection stream caused by the evaporation of the solvent.
The area marked by the red frame is displayed in A and shows the transition from 2-D to 3-D structures.
The SEM image C illustrates a close-packed 2 D arrays with a starting layer of ordered TOHs on top.
The corresponding FFT pattern D in Fig. 43 shows the hexagonal symmetry of the close-packed layers
stacked perpendicular to the [111] direction of the fcc superlattice.

The SEM images A and B show selected small NP-based 3-D structures. In pictures A the close-packed and highly
ordered 3-D gold structures formed by the self-assembly of TOHs is visualized. The red frame highlights a close-packed
assembly of TOHs with square-like symmetry and a crystal face in the size of four TOHs in one dimension. The
corresponding red hexagon illustrates the hexagonal packing of a different crystal face in the same image. In picture B
several small colloidal crystals are visible from various zone axis.

The SEM images A and B in Fig. 44 illustrate small colloidal crystals obtained in the central region of
the ring-shaped structure as visualized before by SEM images B and C in Fig. 42. The SEM picture A in
Fig. 44 shows a small mesocrystal with a crystal face in the size of four individual building blocks,
marked with the white dots and visible inside the red frame. Depending on the observed crystal faces
of the fcc superlattices, packings with different hexagonal (plane group p6mm, for {111} faces) and
square-like (plane group p4mm for {100} faces) rotational symmetries are observed. Two crystal faces
are marked with a red frame with the corresponding shape. The SEM picture B in Fig. 44 displays a
selected area with several small colloidal crystals with side lengths of a couple of gold nanoparticles
and therefore in size range of a few nanometers. The square-like and hexagonal packing symmetry is
also observed in picture B in Fig. 44. Both images are shown at a higher magnification in the appendix
(Fig. 111, A and B) for an enhanced visualization. Additional, the SEM image C in Fig. 111 illustrates the
high order of the crystal faces of small mesocrystals synthesized by evaporation of the solvent in more
detail at a higher magnification. SEM imaging shows a step-wise structured mesocrystal face in image
D Fig. 111.
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The hexagonal, square-like and glass-like packing of the TOHs is shown by the SEM image A and marked by the
corresponding white symbol. Also, an included gold nanorod is marked by a black arrow. Typical surface phenomena
observed during the classical crystal growth, such as vacancies (black circle), adsorbed NPs (white circle), steps and kinks
(white arrow) are illustrated by picture B.

Square-like, a hexagonal and the glass-like symmetry are visualized by the SEM image A in Fig. 45 in
the direct neighborhood and marked by the corresponding white frame, respectively. Additionally, the
inclusion of a gold nanorod, present as an impurity, is marked by a black arrow. The SEM image B
shows a colloidal crystal interface with typical structural features observed at classical monomer-bymonomer crystal growth, such as steps, kinks, vacancies (black circle), adsorbed NPs (white circles),
and islands.

A colloidal crystal formed by the self-assembly of TOHs is shown by SEM image B as well as gold nanocrystals
with another morphology, mainly gold nanorods. Picture A illustrates the interface of the colloidal crystal, and the gold
nanocrystals are displayed in more detail by picture C.

A colloidal crystal of TOHs is displayed by the SEM image B in Fig. 46. The regular assembly of the TOHs
into a superlattice is demonstrated by picture A, taken from the selected area inside the red frame. An
agglomerate consisting of several dozens of gold nanocrystals with a significantly different morphology
than the truncated gold nanocuboctahedra, mainly gold nanorods, is located close to the colloidal
crystal. This agglomerate is shown at a higher magnification in C to illustrate the high content of gold
nanorods. It can be assumed that the differently shaped gold nanocrystals are excluded from the
growth of the colloidal crystals and form, therefore, an agglomerate beside the TOH superlattice. The
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SEM images A – C are shown aggain at a higher magnification in Fig. 106 to enble the proper
visualization of all mentioned features.

In the SEM image A, a monocrystalline assembly of TOHs in the size of > 100 µm in one dimension is illustrated.
The regular packing is visualized in the selected area, illustrated in B with its corresponding FFT pattern C.

The SEM image A in Fig. 47 shows a large assembly of TOHs, as a part of the ring-shaped structure
formed at the outer regions of the observed structure. A selected area is shown by SEM image B to
resolve the positions of the primary building blocks within the close-packing and visualizes the regular
superlattice consisting of TOH shaped nanocrystals. The investigated interface corresponds to a {111}
crystal face of an fcc superlattice. (confirmed by electron diffraction patterns B and D in Fig. 41, and
the corresponding FFT pattern C in Fig. 47). Some holes are present in the observed structure acting
as crystal defects.

The drying TOH dispersion is observed during the evaporation of the dispersion medium by an optical
microscope. Picture A illustrates the formation of colloidal crystals in the dispersion and gets fixed at the glass substrate
after the observed area runs dry (white circle). The evolution of the ring-shaped structure is displayed by B. The gold
structure in the red frame is illustrated in C and shows different sized gold NP-based structures which get added to the
ring-shaped structure.

The growth of the ring-shaped structure at the contact line of the drying TOH dispersion is investigated
in in-situ measurements by means of optical microscopy. The image A in Fig. 48 illustrates the
formation of colloidal crystals in the dispersion. Due to the corresponding interaction with the visible
spectrum of light, the boundary line appears pinkish and runs between the dry glass substrate (bluish
color) and the TOH dispersion (reddish color). These gold structures can be visualized after they get
fixed to the glass substrate at the same level and are displayed in black color. An area of interest is
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marked by a white circle. The growth of the TOH superlattices at the contact line of the droplet is
observed. The image B displays the typical projection of the ring-shaped structure, as also shown by
the SEM images A in the Fig. 42 and A in Fig. 48. As in image A, the TOH dispersion is displayed in a
reddish color, and the dried glass substrate appears bluish from the picture, beside the gold NP
structures which appear black. A red frame marks a selected area which is shown in C at a higher
magnification to illustrate the inhomogeneous frontline of the growing gold superlattice (white arrow)
and the presence of visible gold structures in the TOH dispersion (white circle). The sample was
afterward investigated by SEM and comparable superlattices to the drying-mediated self-assembly are
observed. An example is shown in Fig. 112 in the appendix.

5.2.7 Synthesis of Mesocrystals onto a Silicon Wafer by a Gas-Diffusion
Experiment Using Gold Nanocrystals with a Truncated Cuboctahedral
Shape
The experimental setup is the same as described and discussed before in chapter 5.2.5 for the oriented
attachment of TOHs, but the pH value is adjusted at 2 by the addition of hydrochloric acid. The sketch
A of the experimental setup is shown in Fig. 37. More details are given in the experimental section in
chapter 7.5.3. If the reaction conditions slightly differ from the optimum settings, unordered, quasispherical 3-D objects are obtained besides unordered single NPs, shown in the appendix by the SEM
images A – C in Fig. 113.

The overview images A and B show the obtained of 3-D objects on a silicon wafer by SEM imaging. The structures
exhibit various morphologies and are usually based on a polyhedron shaped footprint.

The addition of a small amount CTAB dissolved in hydrochloric acid leads to a remarkable change in
the obtained reaction product. 3-D structures are selectively formed instead of network-like structures
as previously shown in Fig. 38 - Fig. 40. The surface of a silicon wafer is visualized by SEM imaging and
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is shown in the images A and B in Fig. 49. Many 3-D structures cover the whole wafer and exhibit
various morphologies. The observed footprint of the objects is based on a polyhedron shape. Prisms,
disks, bars, blade-like and several polyhedron-like shaped colloidal crystals are observed. A certain
amount of pollution caused by unordered, individual TOHs is observed on many samples. The same
phenomena are observed and discussed for mesocrystals synthesized using gold nanocubes (GNC) as
building blocks in chapter 5.4.4. Besides primary TOHs, small unordered, sometimes string-like objects
are observed, as visible in SEM image A in Fig. 49. More images are shown in the appendix (Fig. 114, A
– D). Crystal growth can also occur at the sides of the silicon wafer and is demonstrated by the SEM
images A – D and shown in the appendix in Fig. 121.

The FFT patterns B and C illustrate the position of the TOHs within the synthesized mesocrystals. The
corresponding mesocrystalline structures are shown in SEM images A and C.

The hexagonal packing of the TOH building blocks, corresponding to the {111} crystal faces, and the
high degree of order within the observed mesocrystals, shown by SEM images A and C in Fig. 50, and
D and C in Fig. 51, is demonstrated by the corresponding FFT patterns B and D in Fig. 50. The FFT
patterns are reciprocal to the investigated number of individual building blocks. The square-like packed
{100} crystal face is visible at the corners of the triangular based mesocrystal, illustrated in A.
More mesocrystals and their corresponding FFT patterns are shown in the appendix in Fig. 117 to
illustrate the trend in order.
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SEM image A visualizes three mesocrystals in different sizes and morphologies. The SEM images B – D display
the individual objects at a higher magnification. The corresponding FFT patterns of both mesocrystals, demonstrated by
SEM image C and D are shown in Fig. 50.

The SEM image A in Fig. 51 displays three mesocrystals in different sizes and morphologies. A
pyramidal-like shaped mesocrystal with a multiple truncated tip and a non-symmetry base, 5 µm in
diameter, is illustrated by SEM image B in Fig. 51. The polyhedral shaped mesocrystal, displayed in SEM
images C in Fig. 51, show sharply defined crystal faces, a crack close to the center and a flat surface
parallel to the substrate and a maximum diameter of ~ 13 µm. A mesocrystal with a triangular shaped
base, around 3 µm in diameter, and sharply defined crystal faces is visualized by SEM imaging in D in
Fig. 51. The magnification allows the identification of the individual building blocks and displays the
close packing and the high order of the TOHs within the mesocrystal.
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Pyramidal shaped mesocrystals of gold TOHs are shown by the SEM images A and C, and the tips are shown in B
and D at a higher magnification, to illuminate the square-like packing parallel to the substrate and the hexagonal packing
symmetry at the sides.

Two pyramidal shaped mesocrystals are shown in the SEM images A and C in Fig. 52. The crystal
displayed by SEM image A has a foursquare base, shows a little truncation at the tip and a step-like
assembly of building blocks close to the tip. SEM imaging visualizes the tips in images B and D at a
higher magnification and shows the square-like packing of the TOHs parallel to the substrate at the
tips and the hexagonal packing at the crystal sides. The imaged crystal in A and B show sharp corners,
which line up with a line of single TOH building blocks. The second depicted pyramidal shaped
mesocrystal in picture C in Fig. 52 has a rectangular shaped base and shows several vacancies as well
as adsorbed single building blocks. The tip is illustrated by SEM image D at higher magnification and
also shows the square-like packing of the {100} crystal faces at the tip and a hexagonal packing of the
{111} crystal faces at the sides of the mesocrystal, including vacancies of single primary gold NPs. The
formation of the {100} crystal face parallel to the substrate complete the data together with the
previously shown mesocrystals in Fig. 50 which show the {111} crystal on top. Those observations show
that both types of packing, the square-like and the hexagonal, can be formed on the substrate and
enable the further crystal growth into 3-D superlattices.
The SEM images (Fig. 52, A - D) are shown together with four additional SEM images from two more
pyramidal mesocrystals in a larger size in the appendix in Fig. 115 to complete the data.
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The picture A shows the truncated tip of a polyhedron shaped mesocrystal to illustrate the different crystal faces.
The image illustrates the {100} faces with a square-like symmetry and the hexagonal packed {111} crystal faces, besides
vacancies and adsorbed single NPs. Selected areas of the different crystal faces are marked by a white square and a white
hexagon, respectively.

The picture A, shown in Fig. 53, illustrates different crystal faces of a fcc close-packing at the truncated
tip of a mesocrystal with a triangular shaped base. The different packing symmetries are highlighted
by a white square, in case of a square-like packed {100} face and by a white hexagon for a {111} crystal
face with the hexagonal symmetry. The shown mesocrystal tip shows distinct crystal faces, sharp
corners a small number of vacancies and single TOHs adsorbed at the crystal faces.
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The mesocrystal in picture A shows crystal defects described by the terrace ledge kink model.[94] The tip is
visualized at a higher magnification in image B. The white circle encloses a vacancy, the white arrow an analog to a kink
atom, besides a crystallographic kink and surface atom-like NPs which for the crystal faces. The red arrows mark single
TOHs adsorbed at the crystal faces as an analog to an adatom, and stepatome-like NP is visible in the white square. A short
gold nanorod is integrated into the crystal lattice and visible in the black square.

The SEM image A in Fig. 54 displays a mesocrystal, matching the description by the terrace ledge kink
model.[94] The tip is shown at a higher magnification by image B in Fig. 54 to highlight the observed
vacancies (white circle), kinks and kink atom-like NPs (white arrow) adsorbed single building blocks as
an analog to adatoms (red arrow) and a step-atom like arranged TOH (white square). Besides some
bigger quasi-spherical shaped gold NPs, the distinct crystal faces show many NPs which can be
described as an analog to surface atoms in a crystal and a short gold nanorod is included into the crystal
lattice as an interstitial nanoparticle. The mesocrystal shows small {100} faces and large {111} crystal
faces. This indicates that adsorbed building blocks have some levels of mobility and can rearrange into
an energetically more favorable position, usually a kink, to form a fcc crystal lattice.
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This figure shows two mesocrystals which show a stacking fault by SEM images, marked by a red arrow at higher
magnifications. The stacking fault, visible in images A and B stops at a crystal defect. A white arrow marks an expanding
crystal defect. The second stacking fault shown by the SEM images C and D is crossing the whole mesocrystal. The white
arrow points an island of NPs.

The SEM images A – D in Fig. 55 show two mesocrystals with stacking faults. The whole structures are
illustrated by SEM images A and C in Fig. 55. The mesocrystal shown in A exhibits a stacking fault which
can be identified from both visible crystal faces at a higher magnification in SEM image B, marked by
a red arrow. In this mesocrystal, the stacking fault stops at a crystal defect. In addition, the mesocrystal
shows a stepwise growth, including kinks and different sized building blocks which are inducing a
crystal defect by adsorbing different sized nanocrystals and disturb the formation of the new crystal
layer (poisoning). The SEM image C in Fig. 55 illustrates a stacking fault which is crossing the whole
mesocrystalline structure consistently, in contrast to the previous observation. The stacking fault is
also shown at a higher magnification and marked by a red arrow in SEM image D in Fig. 55. A small
assembly is visible in the SEM images C and D and can be described as an early stage of a new crystal
layer which starts to grow. Additionall, to that, vacancies and adsorbed single TOHs are visible by the
SEM images C and D in Fig. 55. These observations strongly indicate a growth mechanism which is
based on the addition and rearrangement of single building blocks to a growing superlattice, as also
described for atoms, ions, and molecules for classical crystal growth.
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The SEM images A and C illustrate the impact of present impurities on mesocrystalline growth. In the shown
structures the formation of an inclusion and the stop of crystal growth in one dimension are shown, respectively. The
affected parts are highlighted in B and D at higher magnifications.

The SEM images A – D are shown in Fig. 56 and illustrate two possible pathways how impurities can
take influence on colloidal crystal growth. The first mesocrystalline structure illustrates the formation
of an inclusion and is shown in the SEM images A and B in Fig. 56. The SEM image B illustrates the free
space around the foreign matter and the border to the colloidal crystal which is well-defined in some
parts. The surface of the mesocrystal indicates a stepwise growth by several unfinished crystal layers,
visible in picture A. In the second structure, shown by the SEM images C and D in Fig. 56, the foreign
matter inhibits the crystal growth in one direction by poisoning. The resulting crystal lattice shows
amorphous, as well as defined areas, visible in D. Usually, organic matter (CTAB and CTAC) is observed
as a common solid impurity in the final reaction product. More examples of mesocrystals with an
inclusion are shown in the appendix in Fig. 118, to complete the data.
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Two twinned mesocrystals are visualized by SEM imaging in the pictures A and C and the area of interest is
illustrated by the pictures B and D. A five-fold twinned crystal is visualized by SEM image A and a bar-like mesocrystalline
structure which exhibits one twin plane which indicates a lateral crystal growth is displayed in D.

Mesocrystals with twin planes are observed in the final reaction product in addition to the previously
shown crystallographic defects. Two examples are shown in the SEM images A - D in Fig. 57. A five-fold
twinned mesocrystal, formed by TOHs acting as building-blocks, is shown by SEM imaging in the
pictures A and a selected area of interest in image B in Fig. 57. The mesocrystal has the same shape
and crystallography as reported for seed particles in the synthesis of gold nanorods when citrate is
used as the surfactant. An anisotropic, bar-like mesocrystalline structure which exhibits a lateral crystal
growth is visualized by SEM imaging in the pictures C and D in Fig. 57. This mesocrystal shows at all
crystal faces unfinished crystal layers, as well as adsorbed gold nanoparticles and vacancies. An
example of a branched mesocrystal which can also be described as a contact twin is shown in the
appendix in Fig. 119.
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The SEM images A and B displays two mesocrystals which show the signs of inter-crystal growth. Both SEM
images illustrate an unordered layer of single TOHs, which is covering the whole silicon wafer.

The presented crystals in the pictures A and B in Fig. 58, visualized by SEM imaging, show the typical
signs of inter-crystal growth. The SEM image A in Fig. 58 displays a hexagonally shaped, disk-like
structure which can be described as shifted to its base. The mesocrystal visualized by SEM imaging in
picture B shows several twin planes and additional symmetry elements. Both SEM images show a
diffuse and unordered monolayer of primary TOHs all over the observed area. Two more twinned
mesocrystals (Fig. 120, A and B) are displayed at a higher magnification in the appendix to complete
the data.

Two Mesocrystals which show signs of crystal intergrowth are visualized by the SEM images A and B.

An anisotropic and complex mesocrystalline structure is shown in A in Fig. 59 and composed of three
individual polyhedrally shaped crystals including a mineral bridge. The second structure is illustrated
in SEM image B in Fig. 59 and can be described as the product of crystal intergrowth of two individual
crystals with a triangular base. The SEM images A – C in Fig. 116 show mesocrystals with complex
shapes and therefore indicate that the crystals can grow in every present dimension.
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The SEM images A - D show 3-D gold structures which are obtained after oriented aggregation of TOH acting as
building blocks and further gradual removal of surfactant.

The SEM images A – D in Fig. 60 show 3-D gold structures obtained after oriented assembly of TOH,
acting as building blocks and the further gradual removal of surfactant. The SEM images A and B in Fig.
60 illustrate the same crystal at different magnifications. The selected area in picture B highlights the
discontinuous distribution of the TOHs in the superlattices and the arrangement of some building
blocks at closer distances than usually observed in the obtained mesocrystals. Two objects with an
irregular composed interface are demonstrated by the SEM images C and D which are shown in Fig.
60. The SEM picture C in Fig. 60 illustrates a 3-D gold structure with a triangular base and an irregular
and holey interface and massive gold structures attached to the silicon wafer, besides primary building
blocks marked by the red arrow. In the 3-D gold structure shown by SEM image D in Fig. 60 small grains
are visible included in the irregular structure and small gold particles with the double size of a TOH
particle at the bottom of the sample. The grains and the small gold NPs are marked with a red circle in
image D, respectively. These observations indicate that the building blocks can undergo oriented
attachment within the mesocrystals by removal of surfactant. The fast OA can lead to the structures,
shown by the SEM images C and D in Fig. 60. Additional SEM images which also indicate a subsequent
oriented attachment reaction after mesocrystal formation are shown in the appendix in Fig. 123.
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The SEM images A – H show selected colloidal crystals grown by using different organic solvents as precipitation
agents. The corresponding organic solvent is given in the corresponding pictures.

The gas diffusion experiment is also successfully performed with various organic solvents, as
precipitation agents additionally to EtOH, for the successful synthesis of colloidal and mesocrystals.
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Selected structures are shown in the SEM images A - H in Fig. 61. A general trend in morphology cannot
be observed according to the low number of experiments and due to the general structural diversity
of the mesocrystals obtained by the standard experiments, using EtOH. Those experiments are
supporting the assumption that the synthesis is based on the removal of surfactant from the NPs
interfaces by increasing the solubility of CTAB in the aqueous reaction mixture.

The SEM images A and B visualize a colloidal crystal synthesized by the gas phase diffusion of n-Butanol into an
aqueous TOH dispersion. The surface contains gold nanostructures which can be explained by the oriented attachment of
the building blocks.

The general trend to the oriented attachment of assembled nanocrystals is also observed for colloidal
crystals which are synthesized by the gas phase diffusion of other organic solvents than ethanol. A
colloidal crystal is shown in the SEM images A and B in Fig. 62. Picture A illustrates polyhedra shaped
colloidal crystal beside TOH agglomerates. The interface is visualized by the image B and shows the
presence of gold nanostructures which indicates the fusion of some individual building blocks triggered
by the further removal of CTAB. Another example is shown in picture A in the appendix in Fig. 125 to
complete the data.
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5.2.8 Discussion and Conclusions Truncated Gold Nanocuboctahedra
A synthesis of well-defined truncated cuboctahedra (TOH) shaped single crystalline gold nanoparticles
is developed in this work[92] by a variation of a procedure for gold nanocubes.[91] The variations are
mainly based on different reaction temperatures and a different purity grade of the surfactant.
It has been found that the result of the synthesis varies considerably with the use of various batches
of CTAB as purchased by a supplier. From this data, it can be concluded that the presence or absence
of an impurity or even several impurities are responsible for the successful synthesis of gold
nanoparticles with the shape of truncated cuboctahedra. Traces of iodide salt, coming from the CTAB
synthesis, in the ppm range are discussed in the literature as a typical impurity.[63, 66, 95] The different
CTAB halide salts have different adsorption energies to various crystal faces of gold.[52] That can explain
the significant influence of halide impurities to gold NP synthesis and also the growth of cuboctahedron
shaped crystals. CTAI binds stronger to {111} crystal face than the corresponding chloride or bromide
species.[52] The TOH morphology can also be described as a strongly truncated gold nano cube which
is a result of a suppressed growth along the [111] direction, caused by the enhanced adsorption energy
of the involved surfactant and surfactant-gold complexes. Therefore, the crystal growth of TOHs,
instead of gold nanocubes in the presence of traces of iodide, is consistent with the current literature.
It is not possible to detect a second present species in the used CTAB, purchased by different suppliers
in various batches and purity grades (96 – 99+% and recrystallized) by mass spectroscopy (MS). The
MS analytics of 12 investigated batches of CTAB is shown in the appendix in Fig. 126 and Fig. 127,
showing the signals of the bromide anion and the cetyltrimethylammonium cation. Due to the lack of
available analytics, the most efficient way to solve problems in reproducibility is to order a different
batch of CTAB.
TOHs completes the series of crystal habits besides the gold nanorods in chapter 5.1 and both species
of gold nanocubes (chapter 5.3 (GNC_d70) and chapter 5.4 (GNC_d40)). Therefore, the TOHs are ideal
building blocks for the formation of ordered assemblies, supported by their narrow size- and shape
distribution.
It can be assumed that the critical step for a controlled activation of gold NPs for an oriented
attachment reaction is the gradual desorption of surfactant from specific NP crystal faces. The ongoing
desorption of stabilizer from the NPs surfaces leads to a reduction of the repulsive forces and finally
to the controlled oriented aggregation of the individual NPs caused by Van-der-Waals forces at short
distances. In the dispersion, the NPs can mutually rotate until they are entirely oriented as long they
are still separated by the surfactant. The driving force of the final orientation is the maximizing of the
attached surface area. Nanocrystals can be assembled in 1-D, 2-D, and 3-D structures, and if they have
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a preferred crystallographic orientation they can also be described as mesocrystalline assemblies or
mesocrystals.
The further removal of surfactant from the crystal faces of NPs, arranged into mesocrystalline
assemblies, induces the direct contact of the crystal lattices and causes the formation of chemical AuAu bonds. In case the nanoparticles fusing at the equivalent crystallographic faces the process can be
described as an oriented attachment. The driving force of this process is the reduction of free surface
energy. A new single-crystalline gold NP can be formed by the oriented attachment of two correctly
oriented primary single-crystalline TOHs as well as a NP with stacking faults (and/or other linear or
planar defects). The surfactant desorption can be triggered for example by a temperature gradient in
a suitable solvent which enables the controlled shift of the equilibrium between dissolved CTAB and
the bound CTAB onto the NP’s interfaces within the double layer.
Wavy gold nanostructures can be synthesized from TOHs at elevated temperatures in ethylene glycol
by the statistically oriented attachment at any available {111} crystal faces. The reaction is screened in
situ by multi-wavelengths (MWL) UV-Vis spectroscopy during the running reaction and by UV-Vis
spectra, taken from the monomer and the crude reaction mixture after the experiments, respectively.
The spectra show the decrease of the absorbance of the primary building blocks and the rise of the
broad and red-shifted absorption of the newly formed longitudinal bands of the formed TOH chains
due to the coupling of the individual vibration modes during the assembly of the gold nanocrystals.
The formation of gold nano networks by further NP assembly and the combination of NP-based chainlike nanostructures is corroborated by cryo-TEM analysis, as well as the formation of larger gold
nanocrystals within the previously formed structures by statistical oriented attachment by pictures
taken from dried cryo-TEM samples. From this data, it can be concluded that the TOHs first form large
nanonetworks in an oriented aggregation pathway. In a second step, the building blocks form larger
gold nanocrystals by oriented attachment, triggered by the further removal of stabilizer from defined
crystal faces, within the previous formed gold nanonetworks. The driving force for the fusion is the
minimization of surface area. This assumption is supported by TEM images which show isolated gold
nanostructures in a broad size range, obtained from the same experiment and shown at different
magnifications.
Small reaction products are isolated by quenching at short reaction times, done by cooling the reaction
dispersion or the addition of aqueous CTAB solution. Electron diffraction and FFT patterns confirm that
oriented attachment of gold nanocrystals can form single crystals as well as crystals with stacking
faults. The oriented attachment of NPs with a stacking fault is also observed and can yield a gold
nanocrystal with a twist in the crystallographic orientation, a larger twinned gold NP by the
combination and the perfect match of two twinned NPs. All investigated (small) gold nanostructures
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are formed by the oriented attachment of TOHs at the {111} crystal faces. This observation leads to
the conclusion that the {100} crystal face shows a significantly lower reactivity during the oriented
attachment reaction.
Flat gold nanonetworks (GNN) are isolated in sizes up to 7 mm in diameter after the reaction is
complete. The GNNs appear very flat and smooth by SEM images. The synthesized gold nanostructures
start to precipitate when they grow too big and get temporarily fixed by the surface tension at the
air/EG interface. It can be concluded that the GNN are formed by the lateral addition of in situ formed
building units, such as wavy gold nanowires and networks at the EG/air interface.

From this data, it can be concluded that the controlled removal of surfactant from the NP’s surface
leads to the oriented assembly of TOH at various {111} crystal faces into gold nanowires. It can be
assumed that the oriented attachment mechanism starts with the formation of small structures which
grow very fast by consumption of primary NPs and form chain-like substructures. Due to the rapid
kinetics of surfactant ad- and desorption equilibrium with the surrounding solution, the activation
should be occurring for all NPs in dispersion in a short period, as the surfactant concentration should
be similar to the interfaces of the present nanocrystals. That means nearly all NPs get simultaneously
activated for the corresponding reaction step when the surfactant concentration is gradually
decreased.
In the case of two single NPs, undergoing the OA reaction pathway in dispersion, the reaction can be
seen as undisturbed and particles can be correctly oriented to each other and undergo subsequent
oriented attachment. The bigger the newly formed nanostructures grow, the more significant becomes
the influence of secondary processes, such as diffusion. This is true for attached structures and newly
formed structures via oriented attachment. The formerly Van der Waals forces dominated oriented
attachment mechanism turns more and more into a reaction pathway which is dominated by the
statistical movement of the growing building blocks. Another influence popping up is the reduction of
space for structures formed inside a network-like structure. The formed gold nanostructures are stiff,
and the larger they grow, the more their freedom degrees are decreased.
Activated gold interfaces of nanocrystals reacted under the formation of chemical gold-gold bonds
when they came in direct contact with each other. This also can occur when the building blocks are
not oriented, and a nanoparticle with a stacking fault and/or other defects is formed. This can explain
the ED taken from the extensive aggregates which usually show the typical diffraction pattern of a
polycrystalline material. Another reason for the polycrystalline character of the synthesized
nanomaterials is the changing of crystallographic orientation by reaction of defected building blocks
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(e.g., twins). In this case, the crystallographic orientation of domains is changing within a single chain,
even at a perfect match of the initially involved crystal faces.
For the investigation of the influence of the CTAB concentration on the oriented attachment reaction,
experiments are performed in ethylene glycol with different CTAB concentrations, reaction times and
temperatures. The reaction products show a general trend for oriented assembly, oriented
attachment, and subsequent deformation processes, triggered by decreasing the CTAB concentration
or by the increase of the reaction time or temperature.
These observations support the assumption that the activation of OA is based on the removal of
surfactant from the specific crystallographic equivalent NP faces. In addition, it can be concluded that
gold atoms can migrate and rearrange within the NP interface into an energetically more favorable
position during or after oriented attachment if the passivation by surfactant is reduced below a critical
limit. Also, a higher mechanical stress onto the nanoparticles surface during the fusion process can be
assumed. This hypothesis is supported by the coexistence of defined primary building blocks beside
gold nanostructures with a roundish topology, which is formed by OA and a subsequent deformation
process isolated from the same sample. These observations confirm that the deformation of the gold
surfaces is not caused by melting processes of gold NPs during the performed experiments. In addition,
the melting point of gold nanoparticles is reported to be far away from the performed conditions.[36]
The same trend is observed, and comparable reaction products are obtained from experiments
performed in an aqueous dispersion of gold nanoparticles by the addition of ethanol. The reaction can
be performed by the quick addition of ethanol at 80 °C as well as by slow addition in a gas phase
experiment at room temperature. Usually, close-packed superlattices are obtained by the precipitation
of TOHs. The synthesis of gold nanonetworks, therefore, confirms that the NPs within the gold
nanonetworks are not able to rearrange anymore in the late stages of the reaction. Also, it is
demonstrated that the addition of EtOH to the reaction mixture leads to the formation of denser gold
nanonetworks. It can be assumed that the investigated structures are formed by faster desorption of
surfactant which leads to a faster increase of the attractive forces and therefore denser gold
nanonetworks. These results confirm that the observed reaction steps are triggered by the gradual
removal of CTAB from specific crystal faces.
The assembly of TOHs into 2-D arrays onto a substrate provide more information about the packing
behavior in general and the crystallographic orientation of the individual crystal with respect to each
other. The morphology of TOHs can explain the observed slight differences in crystallographic
orientation in close-packed 2-D arrays. Nearly all TOHs are oriented with the {110} crystal faces onto
the substrate and therefore perpendicular to the electron beam. This enhances face-to-face
interaction of nanoparticles within the slightly distorted close-packed layer. Only a tiny number is
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oriented with the {100} crystal face to the substrate. The {100} and {111} crystal faces of the TOHs have
similar sizes. Due to that, the directing influence of the NPs shape is not as high as, e.g., in the case of
gold nanorods or gold nanocubes. In the case of 2-D arrays, differently sized gaps are observed, caused
by a fast drying process during sample preparation, and observed with around 2 – 5 nm. Also, the
packing behavior is dominated by the surrounding NPs in the case of TOHs. Therefore, the orientation
of the NP to the substrate is different to an isolated TOH what also leads to differences in the
crystallographic orientation in dependence on the distances to the next neighbors and can explain the
presence of arc-like reflections in the ED pattern reflections (termed as a texture-like pattern).
The close-packed 2-D arrays can also be described as 2-D colloidal crystals which can develop into a
close-packed 3-D colloidal crystal by further addition of building blocks. The formation of a 3-D closepacked structure requires some synthetic preconditions. The inter-particle forces and the reaction
time have to be in a range which enables the formation of a NP-NP complex and multiple
rearrangement processes of the individual building blocks mutually to each other. The gold truncated
nanocuboctahedra sediment within several days in earth gravitational field due to the high density of
gold. Therefore the slow homogeneous formation of a sizeable colloidal crystal in solution is
unfavorable compared to the heterogeneous colloidal crystal formation onto a substrate due to the
resulting lack of time. The formation of a nucleus onto an interface is also favored compared to the
homogeneous nucleation. This can be demonstrated by the self-assembly of TOHs into 2-D and 3-D
close-packed structures by precipitation caused by the slow evaporation of the solvent. A
concentration gradient of NPs radial to the frontline is created by a convection stream which can be
explained by the so-called coffee-ring effect. This gradient enables the observation of different stages
in colloidal crystal formation in the same sample.
It is remarkable that no large 2-D arrays are found on the sample substrate (e.g., carbon coated SEM
sample holder or Si-wafer). TOH nanocrystals tend to assemble into close-packed 3-D structures. This
supports the formation of nuclei and the further crystal growth of well-defined 3-D structures. The
accumulation of several mesocrystals in close distance suggests that the crystals can move with the
convection stream on the substrate. Moreover, if they can also move, they might also be able to collide
during movement and form larger colloidal aggregates (inc. colloidal crystals and/or multi-domain
superstructures). The in-situ investigations by an optical microscope visualize the formation of colloidal
crystals which are moving from the center to the contact line of the droplet. The images also show the
formation of the ring-shaped structure by the addition of larger aggregates. They confirm, therefore
that superlattices can also grow by the modular addition of agglomerates and colloidal crystals,
additional to the step-wise addition of single building blocks to the superlattices. This can explain the
growth of the ring-shaped superlattice and the gradient in colloidal crystal size radial to the center. It
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is found that small colloidal crystals are obtained starting at a crystal face of 4 individual NPs (~ 200
nm) in diameter, up to large colloidal crystals in diameters >100 µm. Colloidal aggregates have different
degrees of packing order of nanoparticles ranging from glass-like state to highly ordered superlattices
with fcc symmetry. In case the colloidal crystals with a fcc superstructure are grown on Si-substrate,
they are mainly oriented along their {100} and {111} crystal faces (showing square-like (p4mm) and a
hexagonal (p6mm) plane symmetries of viewed (projected) crystal faces, respectively. Glass-like
packings can be synthesized via the fast precipitation during quick drying processes (analog to the
classical crystallization theory). In the highly-ordered colloidal crystals, confirmed by FFT pattern, and
the results of the electron diffraction, it can be assumed that all TOHs within the structure are oriented
with their crystal lattices in the same direction and therefore are conform to the definition of a
mesocrystal. From this can be concluded that TOHs are ideal for the mimicking of phenomena
observed in classical crystallization products by close-packed NP assemblies.
Mesocrystals are selectively synthesized by the gas diffusion of ethanol into the aqueous reaction
dispersion at pH value 2. From the obtained data, it can be concluded that the particle-particle
interactions are different as during the synthesis of gold nanonetworks. CTAB is a charged surfactant,
and the trimethylamine headgroup is positively charged. A decrease in the pH value by HCl addition
leads to a change of the repulsive forces between the CTAB double layers and the individual NPs. It
can be assumed that the TOHs can slide against each other during the oriented assembly. This can
explain the formation of mesocrystals synthesized via a non-classical crystallization pathway of TOHs
and is supported by the observed selective change in crystallization behavior of TOH during a gas
diffusion experiment. The change in solvent quality and the gradual removal of surfactant within
several days enables multiple rearrangement processes and therefore the formation of highly ordered
colloidal crystals from TOHs. This is confirmed by SEM images and the corresponding FFT pattern which
show the signals of a hexagonal packing.
A certain amount of unordered NPs is usually observed on large areas of the silicon wafer. A possible
scenario is that the remaining NPs start to precipitate uncontrolled from the dispersion when a certain
ethanol level is reached. Another possibility is a convection stream during the final drying process
caused by the so-called Marangoni effect. This effect is based on the faster evaporation of ethanol due
to its lower boiling point from the reaction mixture, which causes a gradient in surface tension. Water
flows into the areas with a higher EtOH concentrations and generates a convection stream which whirls
up single TOHs which undergo fast sedimentation during the final drying process onto the whole silicon
wafer. A combination of both processes is also possible. But in many experiments, the observation of
clean areas without any pollution is possible even if the pollution is more or less present in every
observed sample. The mentioned assumptions cannot explain these results.
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A general trend to the formation of polyhedral-shaped mesocrystals is observed. It can be assumed
that the symmetry of TOHs leads to a quasi-spherical behavior in the dispersion. Steric effects only
affect the NP’s interaction at very short distances in the dispersion. Therefore, the observed diversity
in the formation of different morphologies is large.
It is remarkable that many observed mesocrystals show large crystal faces with only a low number of
vacancies and corners which are not truncated and finish with a single line of TOHs. However, also
mesocrystals which show truncated crystal faces in different sizes are observed and illustrate the
presence of different crystal faces by different rotational symmetry, usually square-like and hexagonal.
The TOH particles exhibit a crystallization behavior which has a striking analogy to gold on the atomic
scale.
Mesocrystal faces and aggregate surfaces show in general the similar structural features which are
known by literature for the molecular and atomic crystals (grown by classical crystal growth
mechanisms). These include the presence of kinks, single adsorbed building blocks, steps, vacancies,
stacking faults, poisoning, intergrowth, inclusions and much more. The concept of the terrace kink
model is illustrated by the faceted tip of a pyramidal shaped mesocrystal. It can be concluded that the
oriented assembly of NPs with a narrow size- and shape distribution and a quasi-spherical rotational
symmetry is dominated by similar principles as the classical crystal formation by atoms. No change in
color is observed during the formation of mesocrystals by gas phase experiments, illustrated by
photographs. This indicates that the gold NPs are well separated during crystallization processes and
therefore the coupling of the surface plasmon resonance is not observed. It is also confirmed that NPs
with a different size and shape are excluded from the mesocrystals. These observations strongly
indicate that the mesocrystals grow via the monomer by monomer addition to a previously formed
nucleus.
Different crystal faces are observed due to the fcc packing of gold nanocrystals. The hexagonal packing
corresponds to the {111} crystal faces of gold, and SEM imaging visualizes the {100} crystal face with
its square-like symmetry.
Mesocrystals are observed with a hexagonal as well as a square-like packing perpendicular to the
substrate. It can be assumed that the mesocrystal base had the same packing and concluded that the
differences in energy for both types of packing are in a narrow range.
Gold nanocrystals are observed in direct contact by using higher amounts of ethanol or prolonged
reaction times. It cannot be resolved by means of SEM imaging, if those NPs are in a very close distance
or if they are fused. Also, 3-D gold structures are observed which show clear evidence of a direct
reaction of the gold NPs within previously formed assemblies to form a holey gold crystal. Gold
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nanostructures are observed at the bottom of the silicon wafer which is double the size of the primary
building blocks. From this, it can be concluded that the further removal of surfactant leads to direct
contact of the TOHs and therefore to the oriented attachment. More massive gold structures are
formed in different degrees of order concerning position and crystallographic orientation. These
observations also confirm that mesocrystals can be seen as intermediates in an oriented attachment
pathway for the synthesis of larger structures by using nanoparticles as chemical building blocks.
Additional experiments confirm the concept of controlled removal of the surfactant by diffusion of a
precipitation agent into the aqueous reaction dispersion. Mesocrystals are successfully synthesized
from the same reaction mixtures by using eight different organic solvents instead of ethanol. Based on
this data, a possible reaction mechanism can be suggested.

This sketch illustrates the suggested reaction steps in the formation of single crystalline materials by using gold
nanoparticles as chemical building blocks via a non-classical oriented attachment pathway.

The sketch in Fig. 63 illustrates the proposed reaction steps in the synthesis of gold crystals using
nanoparticles as chemical building blocks in a non-classical oriented attachment crystallization
pathway.
Single crystalline gold nanoparticles A can be arranged into NP-based structures in a dispersion B by
controlled removal of surfactant. Dynamic chain breaking C and rearrangement processes are
supposed to take place in the early stages of the reaction. The calibration of the NPs interactions by
adjustment of the pH value enables the tailored synthesis of chain-like structures E at neutral
conditions or closed packed structures D at a pH value of 2, by oriented complexation. The further
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removal of surfactant induces the oriented assembly of the building blocks into network-like structures
F or mesocrystals K. New single crystals (J and F) can be synthesized by oriented attachment triggered
by the desorption of more stabilizer from the nanoparticle crystal faces. The crystal lattices of two
oriented individual nanocrystals undergo an oriented attachment under formation of chemical bonds
to form a new single crystal. Complex single crystalline materials (G and J) can be synthesized using
single crystalline gold nanoparticles via oriented assembly and subsequent oriented attachment via a
non-classical crystallization pathway. According to the chemical properties of gold, it can be assumed
that the OA of gold NPs can be described as an irreversible chemical reaction.
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5.3 Truncated Gold Nanocubes (GNC_d70)
5.3.1 Synthesis of Gold Nanocrystals with the Shape of Truncated Cubes
(GNC_d70)
Two species of truncated gold nanocubes (GNC_d70 and GNC_d40) are synthesized in this work. They
are obtained in two different sizes and named after their rounded diameter.
The synthesis of truncated gold nanocubes (GNC_d70) in a mean diameter of 70 nm is mainly achieved
by decreasing the number of seed particles by a factor of 10 in a seed-mediated approach, compared
to the GNC_d40 which are shown and discussed in chapter 5.4. More details on the performed reaction
conditions are given in the experimental section in chapter 7.3.3.1.

The TEM images A show the typical reaction product of a truncated gold nanocubes (GNCs) synthesis. The TEM
image B shows a single GNC at higher magnification; a white frame illustrates the truncation at the corners and edges of
the gold nano cube and the diameter of ~ 68 nm, which is labeled in the picture. The corresponding electron diffraction
pattern C confirms the single crystalline character and the morphology with large {100} crystal faces and small {110} and
{111} crystal faces, formed by truncation. The bluish reaction dispersion shows an absorption maximum at 582 nm in the
UV-Vis spectrum D. The GNC_d70 form large superlattices with different oriented crystal domains onto a substrate during
evaporation of the dispersion medium, shown by SEM image E. Additionally, the SEM image F displays the inclusion of
gold nano-prisms into the final structure to finish some crystalline domains at the sides, e.g., as highlighted by the black
line.

Typical reaction products, obtained from of the GNC_d70 synthesis, are illustrated in Fig. 64 by the HRTEM image A. The yielded GNC_d70 are synthesized in an average diameter of 70 nm in suitable yields
and show a narrow size distribution. Prism and rod-shaped gold nanocrystals, and smaller amounts of
small quasi-spherical NPs are obtained as by-products, as shown in picture A in Fig. 64. A single
GNC_d70 is displayed by the TEM image B in Fig. 64 and the slightly truncated corners and edges are
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highlighted by the white frame, as well as the diameter of 68 nm. The corresponding ED pattern C
shows the diffractogram of a single crystalline gold nano cube from [100] zone axis and confirms the
morphology with large {100} faces and small {110} and {111} crystal faces. An absorption maximum at
582 nm is screened by the UV-Vis spectrum D of the crude, bluish reaction dispersion in Fig. 64.
The GNC_d70 can be assembled into superlattices by the drying mediated self-assembly from an
aqueous dispersion caused by evaporation of the dispersion medium under atmospheric conditions
within two hours on a carbon foil coated SEM sample holder. The precipitation of GNC_d70 during the
evaporation of the solvent is significantly faster compared to gold nanocrystals with a diameter around
40 nm (> 12 h), shown and discussed in chapter 5.2.5 for truncated gold nanocuboctahedra (TOH) and
chapter 5.4.3 for truncated gold nanocubes (GNC_d40). Polycrystalline superlattices are obtained
consisting of small close-packed domains in various orientations with a square-like rotational
symmetry (p4mm) in different orientations, supported by the influence of the large {100} crystal faces.
The SEM overview image E shows such a GNC_d70 superlattice and a selected area is marked by a red
frame and highlighted in picture F (Fig. 64) to visualize the differently oriented crystal domains in the
white frames. The present by-products are introduced into the crystal lattice and also support the
formation of various oriented colloidal domains. For example, present gold nano-prisms are integrated
into the final structure to form regular assemblies at the corners of the observed structures,
highlighted by the black line in image F in Fig. 64. Both pictures, A and B, also show the narrow size
distribution of the individual gold nanocrystals within the domains.
The use of GNC_d70 in a gas phase experiment, as described for truncated gold nanocuboctahedra in
chapter 5.2.7 and truncated gold nanocubes in chapter 5.4.5, yield amorphous superlattices instead of
mesocrystals, and a fast precipitation within minutes is observed. A typical reaction product is shown
in SEM image A and B in the appendix in Fig. 130.
The image B in Fig. 64 is shown again in Fig. 128, and the SEM images E and F are shown again in the
appendix at a higher magnification in Fig. 129 to resolve the shown GNC_d70 structures completely.

5.3.2 Structural Characterization by Means of TEM of Nanostructures Formed
by Oriented Attachment of Gold Nanocrystals
Oriented attachment reactions are performed by using GNR_d70 as building blocks for the synthesis
of larger single-crystalline nanostructures in ethylene glycol (EG) as dispersion medium at elevated
temperatures in a range of 150 – 200 °C. Small reaction products enable the investigation of reaction
products at an early stage by conducting HR-TEM and TEM analysis. More details are given in the
experimental section in chapter 7.6.2.
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Therefore, the surfactant first desorbs from the smallest {111} crystal faces when the surfactant
concentration is gradually decreased on the GNC’s surfaces, compared to the {110} faces and the large
{100} crystal faces of gold nanocubes using CTAB as a surfactant. The results from oriented attachment
experiments with gold nanorods (GNRs) in chapter 5.1.3 show that the adsorption energies of CTAB
on the different crystal faces of gold are in a narrow range relative to each other. A controlled
desorption of surfactant from GNC_d70 crystal faces enables reaction control whether the GNC_d70
building blocks can react via the larger {100} crystal faces or at the the small {111} crystal faces in an
oriented attachment reaction.

The HR-TEM images A – D show different reaction products obtained from GNC_d70 dispersion in ethylene glycol
at elevated temperatures after quenching by addition of aqueous CTAB solution. In the HR-TEM image F, a gold cuboid is
shown beside an assembled GNC_d70. The corresponding FFT patterns E, G, and H show the orientation of the investigated
crystal lattices in the same direction from [100] direction. An isolated gold nano cuboid formed by oriented attachment is
displayed in I using TEM imaging, and its corresponding electron diffraction pattern is shown in J.

The HR-TEM images A – D, F and I in Fig. 65, show a selection of reaction products formed by the
oriented attachment at the large crystal faces, obtained from a GNC_d70 dispersion in ethylene glycol
at elevated temperatures after quenching by addition of an aqueous CTAB solution. Two initial gold
nanocubes are assembled at the large {100} crystal faces and are well-separated by surfactant, as
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visible by the image A in Fig. 65. Slight differences, in contrast, indicate that NP 2 (Fig. 65, A) is slightly
tilted out of the plane and is therefore not entirely oriented to NP 1 (Fig. 65, A). The assembly of two
truncated gold nanocubes at the {100} faces leads to the formation of a notch, as visible in HR-TEM
image A in Fig. 65 and marked by a white circle. The image B in Fig. 65 displays a dimer formed by
oriented attachment at the {100} crystal face with a surface which does only show a line of small
crystallographic defects, marked by a red arrow. Image C shows a nanocrystal formed by the oriented
attachment of three cubic building blocks at the corresponding {100} faces, to form a gold
nanostructure with a bar-like shape showing lateral crystal defects. A small notch is marked by a red
arrow at the newly formed connection area. This nanostructure also includes a fourth member. An
angled gold nano trimer displayed in image D in Fig. 65 still shows the former borders of the building
blocks. The area, marked with a red arrow, has a much smoother corner than excerpted after fusion
of three cubic shaped NPs with truncated {110} and {111} faces. The HR-TEM images are shown again
at a higher magnification in Fig. 131 in the appendix to visualize the small crystallographic defects at
the NP’s interfaces, marked by red and white arrows in pictures B and D in Fig. 65.
A gold cuboid besides an assembled gold nano cube is illustrated by the HR-TEM image in picture F.
The cuboid still shows the truncation of the building blocks at the corners. The whole crystal does not
show any lateral defect and therefore any evidence of the oriented attachment from the HR-TEM
projection F in Fig. 65. The corresponding FFT diffraction patterns G and H in Fig. 65, retrieved from
the HR TEM image F, show the perfect orientation of the investigated crystal lattice in [100] zone axis.
The single GNC_d70 is assembled to the cuboid with the {100} crystal facet and shows a notch resulting
from the truncated corners and edges, marked by the red circle in F in Fig. 65. The FFT-pattern E
confirms the perfect orientation of the individual crystal lattices of the gold nano cube and the gold
nano cuboid with respect to each other.
The TEM image I illustrates another perfectly shaped gold nano cuboid in Fig. 65. The white dotted line
visualizes the projection of the crystal face perpendicular to the substrate. The cuboids appear entirely
smooth at the connection area and do not show any planar defect. The truncation of the former
GNC_d70 is still visible at the corners of the final structure (Fig. 65, I). The ED pattern J shows the single
crystalline character of the nano cuboid from [100] direction.
More HR-TEM images which show gold nanocrystals fused at the large crystal faces at different stage,
and in various sizes are shown in the appendix in Fig. 132 and in Fig. 133.
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In picture B and image F, newly formed nanocrystals formed by OA of two gold nanocrystals are shown. Both
NPs are fabricated by the OA at the {111} crystal faces to form a new single crystal as confirmed by the corresponding FFTpattern A, C, and E and G, respectively. A gold nanocrystal formed from four gold nanocubes is displayed in image D. An
alternating gold nanostructure is shown by HR-TEM image H, formed by the OA of three small gold nanocubes and two
gold nanocrystals with the shapes of prisms.

The HR-TEM images B, D, F, and H, visualize different reaction products formed by oriented attachment
of gold nanocrystals at the small, high-energy {111} crystal faces. Newly formed gold nanocrystals are
shown to the HR-TEM images B, D, F and H in Fig. 66. The image B shows a dimer formed by oriented
attachment of two primary gold nanoprisms in Fig. 66. The HR-TEM image F in Fig. 66 illustrates the
reaction product of a gold nanocube 2 and a gold nanocrystal 1 with a prism shape. The corresponding
FFT patterns A, C, and E, G in Fig. 66 respectively confirm the same orientation of both parts of the
newly formed crystal lattice and the oriented attachment at the small {111} crystal faces. The
controlled oriented attachment at the small {111} crystal faces of gold nanocubes yields branched gold
nanocrystals as shown by picture D in Fig. 66. The HR-TEM image H in Fig. 66 visualizes an alternating
gold nanocrystal synthesized by fusion of three gold nanocubes and two gold nano-prisms at the small
crystal faces.
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Two gold nanoparticles formed by oriented attachment of gold nanocrystals are illustrated by the HR-TEM
images B and E, together with the corresponding FFT patterns A, C, D, and F.

The HR-TEM image B show in Fig. 67 a dimer, formed by the oriented attachment of a gold nano prism
(Fig. 67, B, 1) and a GNC_d70 (Fig. 67, B, 2). The fusion event takes place at the large {100} crystal faces
which can be shown by the corresponding FFT pattern A and C in Fig. 67 taken, from [100] zone axis,
which also confirms the match of the diffraction spots, taken from both building blocks of the newly
formed gold nanostructure. The different diameters of the crystal faces which are involved in the
oriented attachment process are visible from image B in Fig. 67.
In picture E in Fig. 67, a newly formed gold nanocrystal by the oriented attachment of three individual
GNC_d70 building block, is illustrated by HR-TEM imaging. The perfect oriented crystal lattice is
demonstrated by the corresponding FFT pattern D and F and also confirm that the OA of the two
building blocks (Fig. 67, E, 1, 2) occurred at the large, chemically disfavored {100} crystal faces to form
a cuboid. From the observed angles between the crystal faces of the gold nano cuboid and the third
NP 3 illustrated in E in Fig. 67 it can be assumed that OA occurred at the small {111} crystal faces. No
changes, in contrast, can be detected in the newly formed connection area from HR-TEM image E in
Fig. 67.
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5.3.3 Conclusion Truncated Gold Nanocubes (GNC_d70)
GNC_d70 show a significant faster precipitation during evaporation of the solvent, compared to gold
nanocrystals with a diameter around 40 nm, shown and discussed for truncated gold
nanocuboctahedra (TOH) and truncated gold nanocubes (GNC_d40). It can be concluded that the
faster precipitation is limiting the possible rearrangement processes during the crystallization
processes. Therefore, small 2-D colloidal domains are formed instead of large superlattices and
mesocrystals, as screened for the smaller TOHs (chapters 5.2.6 and 5.2.7) and GNC_d40 (chapters 5.4.4
and 5.4.5). From this is concluded that the size of suitable building blocks is limited in case of cubic
shaped gold nanocrystals. Additionally, the present by-products introduce different oriented crystal
faces into the lattice and also support the formation of polycrystalline superlattices with various
oriented colloidal domains. From this data, it can be concluded that the fast precipitation of different
sized and shaped NPs is not suitable for the synthesis of mesocrystals.
Based on the results, shown and discussed in chapter 5.2, oriented attachment reactions are
performed in ethylene glycol as dispersion medium at elevated temperatures. Small reaction products
are isolated by quenching and investigated after short reaction times by transmission electron
microscopy and electron diffraction.
The {111} crystal faces are the chemically most reactive faces during the gradual removal of solvent,
followed by {110} and the large {100} crystal faces, caused by the different binding properties of CTAB
on the specific crystal faces. The reactivity is therefore contrary to the surface area of the
corresponding crystal faces.[52] It is demonstrated that GNC_d70 can form single crystalline gold
cuboids via oriented attachment at the large, low energy {100} faces as well as branched gold
nanostructures by fusion at the small, high-energy {111} crystal faces. The OA of two truncated gold
nanocubes at the {100} crystal faces creates a planar defect in the final crystal, visible as a notch around
the newly formed connection area. In contrast to this, many investigated gold nanocrystals show other
morphologies in the TEM projection than expected. It can be assumed that small angles of the planar
defect, introduced by the fusion of truncated gold nanocubes are causing a high surface tension in the
formed crystals. Therefore, the gold atoms can start to migrate in the crystal lattices into an
energetically more favorable position. Perfectly shaped gold nano cuboids are isolated, which do not
show any crystallographic defect. Therefore, it cannot be concluded in case of such gold nanocrystals
as a final reaction product if they are formed via an oriented attachment pathway or by classical crystal
growth.
Branched gold nanostructures are formed by OA at the {111} crystal faces and can act as cross-linkers
for the synthesis of gold nanonetworks. These nanostructures also show the signs of recrystallization
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processes. It can be shown that crystals with different morphologies also become activated at specific
crystal faces for oriented attachment under the same conditions. They can act, therefore, as chemical
building blocks under formation of various shaped single crystals and alternating gold nanostructures.
It is also demonstrated that the oriented attachment of differently sized and shaped nanocrystals at
the same crystal faces can also form single crystalline gold nanostructures. This enables the use of
differently sized building blocks in OA reaction pathways.
It is therefore confirmed, that the synthesis of gold nanocubes (GNC_d70) and the subsequent use as
chemical building blocks in an oriented attachment can give access to a plethora of new gold
nanostructures with various morphologies.
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5.4 Truncated Gold Nanocubes (GNC_d40)
Two species of different sized truncated gold nanocubes (GNC_d40 and GNC_d70) are synthesized in
this work and labeled by their rounded diameter to enable clear denomination. The GNC_d70 are
shown and discussed in chapter 5.3.
The truncated gold nanocubes (GNR_d40) are obtained by a seed-mediated approach by the variation
of a protocol for the synthesis of gold nanospheres and differently sized nanocubes
(~ 54 nm) reported by Sivapalan et al.[91] More details are given in the experimental section in chapter
7.3.3.2.

5.4.1 Synthesis of Gold Nanocrystals with the Shape of Truncated Cubes
(GNC_d40)

A typical reaction product of a GNC_d40 synthesis is shown by TEM image A. Picture B shows a selected area of
assembled GNC_d40 into a 2-D square-like packing (p4mm). The corresponding ED pattern C shows the diffraction spots
of a fcc crystal from [100] direction. Analytical ultracentrifugation analyses confirm the narrow size distribution and an
average diameter of 39 nm, as shown by D. To determine the shape of GNC_d40 the HR_TEM images E and G are taken
from single GNR_d40 at high magnification and different orientations. The corresponding FFT patterns show the
diffractograms of single crystalline gold nanocubes from [100] zone axis in F and [110] direction in H, respectively.

Truncated gold nanocubes (GNC_d40) are obtained at high yields, a narrow size distribution, and a low
amount of by-products, mainly gold nanorods and quasi-spherical gold NPs. The narrow size- and
shape distribution are visible at lower magnification in TEM picture A in Fig. 68. The GNC_d40 can be
assembled into short range square-like close-packed 2-D arrays (p4mm) onto a substrate during
evaporation of the dispersion medium visible in picture A. The TEM image B in Fig. 68 displays a
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selected area of assembled GNC_d40 and the corresponding ED pattern C shows the diffractogram of
a fcc crystal lattice from [100] zone axis. Therefore, the ED pattern C corroborates the orientation of
the individual crystal lattices of the GNC_d40 in the same direction. The investigated structure can,
therefore, be described as a small 2-D mesocrystalline assembly of truncated gold nanocubes.
Analytical ultracentrifugation (AUC) confirms the narrow size distribution and the mean diameter of
39 nm in the plot D, shown in Fig. 68. The UV-Vis spectra of the crude reaction dispersion
(C, Fig. 69, black graph) show a sharp absorption maximum at 530 nm, what confirms the average size
and also indicating a narrow size distribution.
The crystalline character and the morphology of GNC_d40 are investigated by means of HR-TEM
measurements. The HR-TEM images E and G in Fig. 68 illustrate single crystalline GNR_d40 at high
magnification in [100] and [110] zone axis, respectively. A large and flat {100} crystal face as well as
the truncation of the {110} and {111} crystal faces are visible from the HR-TEM image E and highlighted
by the white frame in Fig. 68. The high-resolution image E is shown in the appendix as picture A in Fig.
134 at a higher magnification with regard to the observations and to visualize the lattice fringes. The
single crystalline character and the morphology of the truncated gold nanocubes are confirmed by the
FFT pattern F and H in Fig. 68 from [100] and [110] zone axis, respectively.
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5.4.2 Oriented Attachment of Cubic Shaped Gold Nanoparticles in Ethylene
Glycol
A controlled oriented attachment reaction is performed by controlled gradual removal of surfactant
using GNR_d40 as chemical building blocks. The crude GNC_d40 reaction dispersion is purified and
concentrated by centrifugation. The reaction is carried out in ethylene glycol (EG) as dispersion media
at 80 °C. More details are given in the experimental section in chapter 7.6.3.

Both HR-TEM images A and B corroborate the formation of new gold nanocrystals by an oriented attachment
reaction, carried out in EG at 80 °C. Picture C illustrates the UV-Vis spectrum of the initial GNC_d40 building blocks (black
graph) and the UV-Vis spectrum of the crude reaction mixture (red graph) which confirms the oriented attachment in the
dispersion.

HR-TEM imaging in A visualized two newly formed crystals in Fig. 69 which illustrates two possible
reaction pathways of truncated nanocubes in an oriented attachment reaction. The nanocrystal
1 shown in image A is formed via OA at the large {100} crystal faces yielding a bar-shaped
nanostructure. The fusion of truncated cubes at the {100} faces leads to a planar defect in the final
structure, visible as a notch in the TEM projections taken from [100] zone axis. The imaged crystal
1 illustrates a subsequent recrystallization process also at different stages leading to the removal of
those planar defects as described before for the GNC_d70 in chapter 5.3.2. The morphology of the
gold nanostructure 2 shown in picture A in Fig. 69 indicates the formation of oriented attachment at
the small, high-energy {111} crystal faces. The fusion at the small {111} crystal faces creates a tapered
gold nanocrystal. The statistically oriented attachment of GNC_d40 at the {111} faces and the {100}
crystal faces yields gold nanostructures with a zigzag morphology as visualized by HR-TEM imaging in
image B in Fig. 69. In depiction C in Fig. 69 the UV-Vis spectrum of the primary GNC_d40 building blocks
is shown by the black graph with an absorption maximum at 530 nm. The UV-Vis spectrum of the crude
OA reaction dispersion C in Fig. 69 shown in the red graph still shows the absorption maximum of the
primary GNC_d40, at 530 nm as transversal vibration mode and a newly formed, broad absorption
maximum at 750 - 900 nm. Small OA products for TEM and HR-TEM analysis are obtained after short
reaction times produced by quenching after 30 sec by addition of aqueous surfactant solution. The
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TEM images, the UV-Vis spectra and additional overview TEM images are shown in the appendix in Fig.
135 at a higher magnification to enable a better visualization.

Small OA reaction products are visualized by HR-TEM imaging by the pictures A, E, and H. Two GNC_d40 which
are assembled at the {100} crystal faces are shown by the image B. Picture E displays a dimer by HR-TEM imaging,
synthesized by the oriented attachment of two primary GNC_d40 at the large {100} crystal faces. A single crystalline gold
nanostructure formed by oriented attachment at {111} faces is shown by the HR-TEM image H. The corresponding FFT
patterns D, F, G and I confirm that the initial crystal lattices are oriented in the same direction, respectively.

Two attached GNC_d40 at the {100} crystal faces are shown by the HR-TEM image B in Fig. 70. A small
gap is visible between both NPs. The corresponding FFT pattern A and C shows the perfect match of
the observed diffraction spots in Fig. 70. The NPs are oriented to their centers without a significant
shift, indicating a maximum of the attached surface area. In Fig. 70 the HR-TEM image E shows a gold
nanoparticle, formed by the oriented attachment of two primary building blocks at the large {100}
crystal faces. The newly formed nanostructure still illustrates the former borders of the primary
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building units. A notch-shaped planar defect is formed at the connection area due to the truncation at
{110} and {111} crystal faces of the primary GNC_d40, marked by the white arrow. The corresponding
FFT patterns D and F in Fig. 70 are taken from each initial building block, marked by a red arrow, and
show the same set of signals in the same orientation in [100] zone axis. The diffraction spots, therefore,
corroborate the perfect crystallographic orientation of the newly formed single crystal. A newly
formed gold nanostructure formed by OA is illustrated by the HR-TEM image H in Fig. 70. The
corresponding FFT patterns G and I are shown in Fig. 70 and taken from each building block in from
[110] direction. The patterns are obtained from each former GNC_d40 as marked by the red arrows.
They show the diffraction spots of the -111 crystal faces in the same orientation and confirm that the
OA takes place at the small and chemically most reactive {111} crystal faces. The tapering in the final
structure, visible in H in Fig. 70 is marked by the white arrow.

Three different species of trimers are formed by oriented attachment in ethylene glycol at 80 °C and shown by
the HR-TEM images B, F and J. The orientation of the individual lattice fringes within the synthesized gold nanostructures
is illustrated by the corresponding FFT pattern, marked by the red arrows.

A newly formed gold nanoparticle formed by oriented attachment of three primary building blocks is
visualized by HR-TEM imaging in picture A in Fig. 71. The corresponding FFT patterns A, C, and D
showed in Fig. 71 are taken from each building block from [100] direction, as indicated by the red
arrows. The patterns show the single crystalline character of the trimer and corroborate the oriented
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attachment at the {100} faces. Also, an irregular interface is observed at the newly formed connection
area between NP 2 and NP 3 displayed in TEM image B in Fig. 71. HR-TEM image F shows a single
crystalline, angled trimer formed by the OA of three primary GNC_d40. The formation of an angled
conformation is the second possible morphology of a trimer formed by cubic subunits. The
corresponding FFT patterns E, G, and H in Fig. 71 are showing the perfect match of the observed
diffraction spots taken from each building block from [100] direction. The first connection area
between NP 1 and NP 2 in image J, shown in Fig. 71, appears different from the projection compared
to the area between NP 2 and NP 3 which shows a planar crystal defect, visible as a notch, and indicates
the original shape of NP 3 in Fig. 71. This reaction product shows a subsequent recrystallization process
to reduce the surface energy of the newly formed single crystal.
The total amount of side products is significantly decreased in the synthesis of GNC_d40 compared to
the previously discussed synthesis of GNC_d70, shown and examined in chapter 5.3. Nevertheless,
there are different shaped gold nanoparticles present in the final reaction dispersion, such as gold
nanorods, e.g. These gold nanocrystals also become activated under the same conditions and can take
part in the OA reaction. Such a nanostructure is shown by HR-TEM image J in Fig. 71 formed by oriented
attachment of two primary GNC_d40 (Fig. 71, J, 2, 3) and one gold nanorod (Fig. 71, J, 1). The
corresponding FFT patterns I and K in Fig. 71 show the perfect crystallographic orientation of the
primary cubic building blocks (Fig. 71, J, 2, 3) to each other after fusion at {100} faces. The gold nanorod
(Fig. 71, J, 1) and the GNC_d40 (Fig. 71, L, 1, 2) are fused, and the crystallographic orientation is
displayed by the corresponding FFT patterns I and L in Fig. 71.

The HR-TEM image C illustrates a selected area of a gold nanostructure formed by oriented attachment of three
primary GNC_d40. The shown NP’s 2 and 3 fused at the large {100} crystal faces, shown by the corresponding FFT patterns
B and C. The FFT patterns A and B illuminate that the orientation of NP 1 and NP 2 is twisted by 90 ° with respect to each
other and the fusion at the {111} crystal faces.

Also not perfectly oriented nanostructures are observed after fusion of GNC_d40 introducing
crystallographic defects into the synthesized gold nanostructure. The HR-TEM image C in Fig. 72 shows
a selected area of a nanostructure formed by the OA of three GNC_d40. Two GNC_d40
(Fig. 72, C, 2, 3) are fused at the {100} crystal faces. The corresponding FFT patterns B and D in Fig. 72
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show the perfect crystallographic orientation to each other. The HR-TEM image shows that both NPs
(Fig. 72, C, 2, 3) are slightly laterally offset to each other. The third GNC_d40 (Fig. 72, C, 1) is fused via
the small {111} crystal face to the other NP (Fig. 72, C, 2) and is twisted by 90 ° with respect to each
other. The FFT patterns A and B are taken from [110] and [100] zone axis, respectively. This gold
nanostructure demonstrates that oriented attachment can occur at different crystal faces and in
different orientations at the same building block.

5.4.3 The Drying-Mediated Self-Assembly of Gold Nanocubes (GNC_d40)

Concentrated and washed GNR_d40 dispersion is diluted with the double amount of water and trickled
onto a carbon foil coated SEM sample holder. The sample is dried under atmospheric conditions in a
closed SEM sample holder box. This procedure causes a slow drying process of more than 12 hours. It
can be assumed that the slow drying process enables diffusion, rearrangement and migration
processes of GNC_d40 during the precipitation until they find an optimal position. Therefore prolonged
drying processes enable long reaction times and enhance the order of the final product. Less ordered
gold superlattices, with 3-D crystalline domains, are obtained by faster evaporation of the dispersion
medium within ~ 2 h, as shown in the example of TOHs in the appendix in Fig. 109. The obtained
structures are shown by using the example of truncated gold nano cuboctahedra (TOH) by SEM images
A and B in Fig. 109 in the appendix. The experimental results are equal to the data previously shown
and discussed in chapter 5.2.6, using the example of TOHs.

Different sized and shaped nanoparticle-based gold structures are formed by close-packing of GNC_d40 during
the slow evaporation of the dispersion medium and shown by the SEM images A – C.

Small 3D structures are observed in the center of the SEM sample holder. GNC_d40 forms highly
defined 3-D structures by the drying mediated self-assembly on a SEM sample holder. It is remarkable
that all observed structures in picture A – C in Fig. 73 have a 3-D shape. The SEM image A in Fig. 73
illustrates a gold NP-based structure (marked by a white arrow) which indicates an incomplete
stepwise, polynuclear crystal growth and vacancies. Means of SEM imaging illustrate packings in
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different symmetries such as hexagonal, square-like and glass-like. Picture B shows many small
colloidal crystals in various shapes, orientations and a high degree of order. Even small structures are
arranged into 3-D structures, instead of 2-D arrays, which show crystal faces consisting of 4 * 5
individual NPs, as visible in Image C in Fig. 73.

SEM imaging visualizes close-packed NP assemblies in the micrometer range and shown by pictures A and B.
which show close-packed GNC_d40 in differently oriented domains, as well as the transition to a homogeneous
superstructure, visible in B.

A superlattice composed of close-packed domains in various orientations is visualized by SEM imaging
in picture A in Fig. 74. In some areas, the partial structures came into direct contact, and are oriented
in the same direction. The same phenomenon is illustrated by picture B where areas of different
domains coexist with homogeneous superlattices formed by the oriented assembly of GNC_d40. These
observations indicate that the superlattices can also grow by the addition of NP-based structures such
as colloidal crystals, and not only from the step-wise assembly of single building blocks. The SEM
images A and B are shown at higher magnification in Fig. 136 in more detail.

The SEM overview images A - C are taken from the contact line of the former droplet and illustrate a large
superlattice formed by close-packed GNC_d40 in diameter up to > 100 µm, at different magnification. Visible cracks are
supposed to be related to the drying process. At high magnification the high order is visible in picture C. It shows the
hexagonal packing of a {111} crystal face of a gold fcc superlattice.
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GNC_d40 can be assembled onto a SEM holder into large, close-packed assemblies of > 100 µm in size
in diameter by slow evaporation of the dispersion medium. A typical large assembly is shown at
different magnification by SEM images A – C in Fig. 75. It can be assumed that the very narrow sizeand shape distribution of synthesized GNC_d40 supports the packing into close-packed superlattices.
The shown data confirm that the synthesized GNC_d40 are suitable building blocks for the controlled
synthesis of tailored, larger nanostructures.
The final assembly is partially visible with the unaided eye as a golden shining structure on the SEM
samples as demonstrated by the photographs 1 -3 in Fig. 110, shown in the appendix. It can be
distinguished between the exterior regions of the contact line of the former droplet and the center. In
the peripheral regions, large structures of close-packed 3-D assemblies are formed during the
precipitation and self-assembly. Small and highly ordered nanostructures of close-packed GNC_d40
are observed near to the center of the former droplet. The so-called coffee-ring effect can explain the
shown structures.[93] Evaporation of the dispersion medium from a dispersion droplet, fixed on a
substrate causes this phenomenon. During evaporation, the whole droplet is supposed to shrink.
However, the radius of wetted substrate area cannot shrink because the outer contact line is pinned
to the substrate. Therefore a capillary flow is induced which also transports GNC_d40 and the
corresponding small assemblies to the outer region.

The SEM image A in Fig. 76 illustrates a
selected area of close-packed GNC_d40, taken
from the ring-shaped superlattice synthesized
by drying of a concentrated and washed
GNC_d40 dispersion. The visible holes act as
crystal defects. The corresponding FFT pattern
B in Fig. 76 shows the signals of a close-packed
{111} face of an fcc crystal lattice. The NPs
assemble

in

a

hexagonal

packing

The SEM image A shows a close-packed assembly of
GNR_d40. The corresponding FFT pattern B shows the
diffraction spots of the hexagonal (p6mm) packed fcc crystal
face.

perpendicular to the substrate.
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5.4.4 The Controlled Oriented Assembly and Oriented Attachment of
Truncated Gold Nanocubes from Aqueous Dispersion by Gas Phase
Diffusion Experiments
Truncated gold nanocubes are assembled
onto a silicon wafer by diffusion of EtOH into
an aqueous nanoparticle dispersion in the
presence of CTAB as a surfactant. A sketch of
the experimental setup is shown in Fig. 77. In
this experimental setup, a silicon wafer is
placed into a glass vial and aqueous
concentrated

and

washed

GNC_d40

dispersion is filled into the glass vial in the
presence of additional CTAB. The glass vial is
placed into a glass container with a snap-on

The sketch shows the setup of a typical diffusion
experiment. The aqueous GNC_d40 dispersion is given in a
glass vial in the presence of a silicon wafer. The reaction
mixture is placed in the presence of EtOH as precipitation agent
in a glass container with a snap-on caps. The experiment is
performed in a sealed desiccator at 25 °C.

caps in the presence of EtOH as precipitation
agent. The container is placed in a sealed desiccator at 25 °C. More details are shown in the
experimental section in chapter 7.5.3.

Nanostructures composed of several attached GNC_d40 are obtained by gas phase diffusion of EtOH into an
aqueous GNC_d40 dispersion in the presence of CTAB and visualized by SEM imaging in pictures A – C. Most of the NPs
are assembled at the {100} crystal faces and separated by stabilizer, as visible from the pictures as a thin and bright layer
surrounding the GNC_d40 building blocks.

Differently sized assemblies of attached and well-separated GNC_D40 are obtained by gas phase
diffusion, using small amounts of EtOH. Typical reaction products are visualized by the SEM images A
– C as well as the surrounding layer of CTAB, shown in Fig. 73. The SEM image A in Fig. 78 displays four
attached GNC_d40 in a straight line. Three NPs are assembled at the {100} faces, and the fourth is
attached to the {110} crystal face to the {100} face of the third one. A thirteen-member chain of
GNC_d40 is formed by the oriented assembly, mostly at the {100} crystal faces and illustrated by the
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TEM image B in Fig. 78. The assembly at {100} crystal face leads to straight geometries and right angel
in the formed structures. A 3-D structure of assembled GNC_d40 is visible in picture C in Fig. 78.

Network-like gold nanostructures are formed via the oriented attachment of GNC_d40 onto the silicon wafer
during the gas phase experiment, by using a higher amount of EtOH (3.0 ml), and is shown by the SEM images A – C.

The SEM images A – C in Fig. 79 show nanostructures obtained by gas phase diffusion experiments
using 3.0 ml of EtOH as precipitation agent. The SEM image A shows zigzag gold nanowires formed by
the oriented attachment of truncated nanocubes. GNC_d40 are observed which are separated by
surfactant, besides NPs which are in direct contact or fused. A fusion event between two nanocrystals
cannot be detected from the SEM image due to the resolution limit of 2 nm. However, small differences
in the resulting gold structure, such as the missing planar defect at the contact area are indicating the
fusion of the GNC_d40. The oriented attachment at the larger crystal faces results in vertical structures
including right angles. Single primary building blocks are illustrated by picture B, besides zigzag gold
nanostructures. Gold nanonetworks are formed by the OA and are illustrated at lower magnification
in the SEM picture C. The oriented attachment at the larger crystal faces results in vertical structures
including right angles. An overview SEM image is shown in the appendix in Fig. 137 for enhanced
visualization.

5.4.5 Synthesis of Mesocrystals by Gas Diffusion Experiments Using Gold
Nanocrystals with the Shape of Truncated Cubes
The gas phase diffusion experiment, shown in Fig. 77, is modified to obtain close-packed 3-D
mesocrystals using GNC_d40 as building units. More details are given in the experimental section in
chapter 7.5.3. Quasi-spherical assemblies of GNC_d40 without any crystallographic order are obtained,
besides single NPs if the settings are differing slightly from the optimum reaction conditions. The SEM
images A – C illustrate those structures in the case of TOHs and are shown in the appendix in Fig. 113
for the case of usingTOHs as building blocks.
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The SEM overview images A – C are taken from a silicon wafer after a gas diffusion experiment performed at a
pH value of 2 and show defined colloidal crystals in a high yield formed by the oriented assembly of GNC_d40. 3-D objects
in sizes > 10 µm are obtained instead of a flat nanonetworks.

Polyhedron shaped 3-D gold structures in sizes of 5 – 10 µm are obtained instead of gold nanonetworks
(Fig. 79, A - C), by the setting of the pH value to 2 and the addition of the aqueous CTAB solution to the
reaction mixture, visible in the SEM images A – C in Fig. 80. The whole silicon wafer is covered by the
3-D gold NP-based structures.

Two hexagonal shaped colloidal crystals are synthesized by the oriented assembly of GNR_d40 and illustrated
by the SEM images A and C. The corresponding FFT patterns A and D show the signals of a hexagonal {111} fcc packing.

The SEM images A and C show two hexagonal shaped colloidal crystals in different sizes formed by the
oriented assembly of GNC_d40. The FFT patterns D and B in Fig. 81 are taken from the corresponding
SEM images A and C in Fig. 81, as marked by the red arrow. The patterns illustrate the hexagonal closepacking of the GNC_d40 into a {111} crystal face of an fcc packing. The FFT patterns and the electron
diffraction pattern C in Fig. 68 indicate that the crystal lattices of the GNC_d40 are oriented in the same
direction inside a close-packed structure. The synthesized colloidal crystals are, therefore, conform to
the definition of a mesocrystal.
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Mesocrystals are formed by the oriented assembly of GNC_d40 by gas phase diffusion of ethanol into an aqueous
dispersion under acidic conditions onto a silicon wafer. SEM imaging visualizes the reaction products, consisting of
mesocrystals with a triangular A, rhombic B, and pyramidal C morphologies.

The SEM images A – C in Fig. 82 show three mesocrystals assembled by using GNC_d40. The SEM image
A displays a triangular based mesocrystal with defined crystal faces. An angled rhomboid shaped
mesocrystal is synthesized at the corner of the silicon wafer and illustrated by SEM picture B in Fig. 82.
The interface shows vacancies and the hexagonal packing of the building blocks. A mesocrystal with a
pyramidal morphology is displayed in image C. The tip shows a square-like packing of the primary
GNC_d40 in a fcc crystal lattice. A higher amount of surfactant, compared to the experiments
performed with the TOHs as building blocks in chapter 5.2.6, is necessary for a successful synthesis but
also leads to more crystallized CTAB present on the substrate which is disturbing the analysis via SEM
imaging. The removal of the organic compounds by washing, e.g., is not possible without destroying
the obtained crystals.

Two different crystal faces ({111} and {100}) of a close-packed fcc structure are illustrated by the SEM images A
and B.

The SEM image A displays a mesocrystal with a hexagonal shaped base in Fig. 83. The interface shows
some vacancies besides single adsorbed NPs. The {111} crystal face of an fcc packing with a hexagonal
symmetry is visualized in image B, as well as the {100} face with a square-like packing.
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The mesocrystals formed by GNC_d40 show typical phenomena of classical crystal growth, like steps and
vacancies in A. An incomplete crystal face is visualized in picture B and shows the presence of vacancies (white circle),
kinks (red arrow), steps (red arrow), adsorbed single building blocks (white arrow) and inclusions (white square) which can
be described by the terrace ledge kink model.

Some observed mesocrystals show similar structural features known from classical crystal growth and
described by the terrace ledge kink model. The triangular based crystal displayed by A in Fig. 84 shows
incomplete crystal layers on top, visible as steps beside some vacancies. The interface of the
mesocrystal illustrated by SEM image B shows vacancies (white circle), inclusions (white square),
adsorbed primary building blocks (white arrow), as well as kinks and steps (red arrow). Such surface
defects are observed during crystal growth and can be described by the terrace ledge kink model.
These phenomena indicate the mesocrystal growth via the addition and migration of single primary
building blocks to a nucleus.

The selective formation of mesocrystals on the silicon wafer, but not onto a defected surface area is
demonstrated by the SEM images A and B.

The assembly of mesocrystals by the gas phase diffusion onto a silicon wafer is illustrated by SEM
imaging in A and B in Fig. 85. The pictures demonstrate that mesocrystals are only obtained on the
rough surface of the silicon wafer. The area, formed by a defect coming from the cutting process, is
entirely free of any structure based on the aggregation of gold nanocrystals. In addition, no single NPs
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can be detected, while they are present all over the area where mesocrystals had grown, as visible in
A and B in Fig. 85.

stages.

The subsequent oriented attachment of assembled GNC_d40 is corroborated by SEM imaging in A – C at various

The oriented attachment of GNC_d40 within the previously formed assemblies and mesocrystals are
confirmed by the SEM images A – C in Fig. 86. The formation of gold structures by oriented attachment
is visible in picture A after the 2-D assembly of the building blocks. Many GNC_d40 in direct contact
are visualized by image B, indicating the further removal of the stabilizing surfactant layer. Picture C
displays a whole gold crystal formed by the oriented assembly and the subsequent fusion of the
GNC_d40. The porous composition can be explained by the movement of the nanocrystals out of their
former position during the fusion which leads to the inclusion of surfactant into the final structure. It
was observed that the building blocks can also fuse within the mesocrystals after several weeks under
atmospheric conditions.

5.4.6 Discussion and Conclusion Truncated Gold Nanocubes (GNC_d40)
The highly symmetric and well-defined crystal faces of the truncated gold nanocubes (GNC_d40)
enable further studies about the non-classical oriented assembly and oriented attachment mechanism
and the comparison with the results, obtained from GNC_d70, shown and discussed in chapter 5.3.
The results of the OA performed in ethylene glycol at elevated temperatures is consistent with the
experimental data shown in the chapters 5.2 (TOH) and 5.3 (GNC_d70).
Gold nanocrystals which are formed by the oriented assembly and subsequent oriented attachment
of two and three building blocks are isolated after quenching and investigated by means of TEM and
HR-TEM. The orientation of the individual lattice fringes in the same direction is demonstrated by
FFT pattern as well as the determination of the involved crystal faces. Therefore, the GNC_d40 are
successfully used as chemical building blocks in a non-classical OA pathway. It is found, that the
GNC_d40 can react at the large {100} faces or the small {111} crystal faces via an oriented attachment
pathway to form a larger gold nanocrystal, triggered by the gradual removal of surfactant from the
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specific crystal faces. The fusion is always observed for two identical crystal faces what confirms the
selectivity of the chemical reaction. The fusion at the {100} faces leads to a bar-shaped structure with
a planar defect, visible as a notch in TEM projections, coming from the truncation at the {111} and
{110} faces. The oriented attachment at the {111} crystal faces forms a tapered gold structure due to
the small size of the {111} faces compared to the NPs diameters. The differences in planar defects
allow the detection of the involved crystal face by TEM projections and also SEM images. Small planar
defects, such as the notch after fusion at the {100} crystal faces, can disappear by migration of gold
atoms inside the corresponding crystal lattices, activated by the removal of surfactant and driven by
the reduction of potential surface energy. Those observations are in accordance with the results
previously shown and discussed for the larger gold nanocubes (GNC_d70) in chapter 5.3.
It is found that GNC_d40 can undergo oriented attachment at the sides and the edges, as also observed
for the GNC_d70. In contrast to this, the fusion of TOHs at the {100} faces is not observed. From this,
it can be concluded that the rearrangement during a previous oriented assembly during gradual
surfactant removal is possible if the involved crystal faces have a specific difference in surface area.
That means that the larger {100} faces can get activated for oriented assembly before the small {111}
crystal faces are activated for oriented attachment, as mentioned before in the case of gold nanorods
in chapter 5.1.4.
UV-Vis spectra are taken from the crude reaction mixture and show the formation of a broad
absorption band around 750 – 900 nm. The formation of a new longitudinal vibration mode in the
corresponding UV-Vis spectra is indicating the coupling of individual plasmon vibration modes of the
gold nanocrystals at short distances.[71] The UV-Vis spectrum, therefore, confirms the oriented
assembly in the dispersion. The transversal absorption band at 530 nm is still visible in the investigated
OA reaction mixtures and cannot be detected in spectra taken from unordered agglomerates in
dispersions anymore.
The GNC_d40 can be assembled into ordered square-like assemblies onto TEM grids. It can be assumed
that the GNC_d40 are directed by their large {100} crystal faces during the complexation process. The
orientation of the individual crystal lattices, in a selected area, is confirmed by electron diffraction
patterns taken from [100] direction. Therefore, the observed structures are conform to the definition
of a 2-D mesocrystalline assembly. Colloidal crystals and mesocrystals can be synthesized from
GNC_d40 building blocks via two different pathways, the drying mediated self-assembly and by the
oriented assembly. The nanocubes can be assembled into various sized fcc mesocrystals and
superlattices by slow evaporation of the dispersion medium. The regular hexagonal fcc close-packing
of GNC_d40 by self-assembly is shown by FFT-pattern. From this data, it can be concluded that the 3D superlattices match the definition of a mesocrystal. It is shown that the gold nanocrystals can form
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mesocrystals by the step-wise addition of single building blocks by diffusion to a nucleus. It can also be
corroborated that small colloidal crystals and mesocrystals can move with the convection stream and
also can also collide while drifting, as also observed in case of the TOHs in chapter 5.2.6. Therefore,
superlattices in sizes up to > 100 µm can be synthesized by the attachment and subsequent
rearrangement of colloidal crystals, acting as building blocks. These results confirm that mesocrystals
can also grow by the attachment of larger subunits in addition to monomer-by-monomer addition.
In the second pathway the GNC_d40 form fcc mesocrystals by gas phase diffusion of ethanol into an
aqueous dispersion in the presence of a silicon wafer. Controlled oriented assembly and oriented
attachment reaction can be performed by adjusting the amount of ethanol, which is acting as
precipitation agent and as a suitable solvent for the surfactant. Comparable reaction products are
isolated, as in case of TOH in the same experiments. Aligned nanocrystals are synthesized which form
GNC_d40-chains and gold nanonetworks with increasing size. Those reaction products lead to the
conclusion that the particle-particle interactions are strong enough to fix the NPs in chain-like
structures. In this late stage of the reaction, there are no dynamic ad- and desorption processes
possible anymore and therefore also no rearrangement processes. This would lead to the formation
of close-packed structures in the final product as shown before. A general trend from the stable
colloidal dispersion to the oriented assembly, oriented attachment and the subsequent deformation
of the gold nanostructures is observed by increasing the amount of EtOH. These data also confirm that
the addition of ethanol to the reaction dispersion increases the solubility of the surfactant in the
dispersion medium. The resulting shift of the equilibrium between adsorbed CTAB onto the NP surface
and free surfactant in solution supports the desorption of CTAB from specific crystal faces.
The reduction of the stabilizer concentration onto the NPs surfaces leads to a stepwise decrease of
repulsive forces in GNC_d40 interaction. Therefore, chain-like NP assemblies are formed, consisting of
individual building blocks which are separated by surrounding surfactant and oriented by the steric
influence of the involved crystal faces.
The gold nanostructures are mainly assembled at the {100} crystal faces and can also be described as
intermediates and precursors for the subsequent oriented attachment reaction. It can be concluded
that the slow, gradual removal of CTAB from GNC_d40 surfaces leads preferentially to the attachment
at the largest crystal faces. Driving force is the maximizing of the attached surface area. As long as the
GNC is still covered with a specific degree of surfactant, the binding forces still have a physical character
and are reversible.
In a second reaction step, the further removal of surfactant molecules from the NP surfaces induces
an oriented attachment event of the primary building blocks. Gold nanoparticles which came into
direct contact with each other undergo oriented attachment in a so- alled
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mechanism.[13, 88, 96-97] That means that the involved unsaturated gold atoms form chemical metal
bonds and thus form a new, larger crystal under consumption of the participating, primary gold
nanoparticles. In case of the lattice fringes of the individual crystal, lattices are oriented in the same
direction; a new and larger single crystal is formed by the so-called oriented attachment mechanism.
The result from the gas phase diffusion confirms that close-packed colloidal crystals and mesocrystals
are not obtained by the simple precipitation of gold nanocrystals by destabilizing a colloidal dispersion.
The synthesis of mesocrystals using GNC as building blocks requires finely balanced reaction conditions
to assemble into close-packed, three-dimensional superlattices. The nanocrystals need to be able to
slide from and against each other during the whole assembly process. At this point, the properties of
the interfaces of the building blocks become essential. The attractive force must be in a region where
the NPs can migrate above the superlattice and need to get attracted by more than one NP to get fixed
in a position, the so-called crystallographic kink. Also, they must be still able to rotate and change their
actual position at the same time to compensate previously formed misalignments in the final crystal
structure. The shape and size of GNC_d40 influenced the behavior in dispersion and oriented
attachment reaction pathway. The size determines the possibilities of ordering in space and influences
dispersity and migration velocities.
A decrease of the pH-value by HCl can adjust the interaction of the surrounding cationic CTAB layer.
The primary NPs get attached triggered by the gradual removal of surfactant from specific crystal faces
which is caused by slow diffusion of EtOH into the aqueous reaction dispersion. The primary building
blocks are separated by the adsorbed surfactant from each other in the final reaction product.
Mesocrystals up to sizes of > 12 µm in diameter are obtained by this adjustment of the particle-particle
interactions using GNC_d40 as building blocks. Various mesocrystal morphologies, with triangular,
pyramidal, bar-like and hexagonal base and much more, are observed. Besides a higher amount of
mesocrystals with a triangular footprint, no general trend in the final shape can be observed. Most of
the observed superlattices show the signs of classical crystal growth, such as vacancies, steps, kinks.
The hexagonal packed {111} faces and the {100} crystal faces, with square-like symmetries, of fcc closepacked superlattices are visualized by means of SEM imaging analog to gold in the atomic scale. The
oriented attachment-mediated transformation of mesocrystals to larger crystals after the further
removal of surfactant corroborate that mesocrystals can also be described as an intermediate in an
oriented attachment pathway.
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6 Conclusion
The modular synthesis of nanostructures by the formation of non-covalent bonds via oriented
assembly and the subsequent formation of chemical bonds via oriented attachment (OA) is a powerful
tool in bottom-up approaches. Both non-classical crystallization pathways can also be described as an
analogon to molecular binding and the formation of covalent bonds.
This work shows how superlattices can be synthesized by drying mediated self-assembly, mesocrystals
by the oriented assembly and single crystalline gold nanoparticles by oriented attachment reactions
using nanoparticles (NPs) as chemical building blocks. The controlled oriented attachment of
nanocrystals was successfully performed for the first time in a dispersion.
Different syntheses of single crystalline gold nanocrystals in defined morphologies and sizes are
successfully performed. By adjusting the size, shape, and material, the tunable properties of the NPs
gives access to a vast range of possible building blocks. It was shown that the NP design regarding sizes
and ratios of the corresponding crystal faces enables the synthesis of predictable nanocrystals by OA.
The NPs can be assembled by means of chemical modification, by drying mediated precipitation and
the desorption of surfactant from specific crystal faces. The assembly of the building blocks into chains,
networks, superlattices, and mesocrystals gives access to macroscale materials with the unique
properties of the corresponding NPs. These features can be summed up in case of magnetic properties,
or become direction dependent such as the surface plasmon resonance in case of anisotropic gold and
silver mesocrystals. The specific exclusion of differently sized NPs allows superlattice formation in the
presence of a certain degree of by-products. The inclusion of equally sized foreign nanocrystals into
the superlattices would lead to doping and therefore to an additional synthetic tool for the adjustment
of mesocrystal properties. Also, the superlattices enable applications confirming the constant
distances between the crystal faces, as for sensing (Surface Enhanced Raman Spectroscopy) or as
capacitors.
The building blocks were fused in different experiments to defined nanowires, crosslinkers, networks
and close-packed 3-D structures by the oriented attachment at defined crystal faces. It was also shown
that gold atoms were activated to migrate within the crystal lattice to reduce surface energy by
eliminating planar crystal defects. The introduction of NPs with crystal defects, such as twinning, in the
final structures, permits the adjustment of the crystallinity in the final product. These different reaction
pathways enable the adjustable access to a plethora of possible reaction products under different
conditions.
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Additionally to the OA of homogeneous building blocks, it was shown that NPs with different
morphologies and different sized crystal faces can also fuse to new single crystals by OA. These results
corroborate that the same crystal faces become activated under the same conditions. It can be
assumed that building blocks made from different materials which can form alloys can also react to
larger crystals in an oriented attachment reaction, analogous to a copolymerization. Therefore, the
range of possible synthetic products can be significantly increased by the simple adjustment of the
monomer composition, analog to molecular polymer chemistry.
The homogeneous OA in a dispersion is limited due to precipitation of larger crystals, but the
heterogeneous OA onto a substrate is expected to have no limit concerning a maximum final size due
to missing termination reactions. In this work, nanostructures were successfully synthesized up to sizes
of > 8 mm by an oriented attachment which means an increase in the magnitude of > 105.
These pioneering works opened the door for the development of new reaction pathways, and
synthetic concepts by the build-up of monomer libraries and the precise syntheses of nanoparticlebased advanced materials. Therefore, these new synthetic chemical tools fill the gap between the
molecular polymer and inorganic nanoparticle chemistry.
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7 Experimental Section
7.1 Analytical Methods
Transmission Electron Microscopy (TEM): A Zeiss Libra 120 was used for TEM analysis. It was operated
at 120 keV. HR-TEM analysis was performed on a JEOL JEM-2200FS with 200 keV.
The Cryo-TEM investigations were performed on a TEJ TECNAI G2 T20 using a FAG electron source with
200 kV.
Scanning Electron Microscopy (SEM): SEM analyses were performed with a Zeiss Neon 40 EsB.
UV-Vis spectra are taken at a Varian 50 scan-spectrometer.
Light Microscopy images were recorded on a Zeiss Axio Imager with Z800 workstation.
Milli-Q water was produced with a Milli-Q Direct 8 system.

7.2 Preface to the Described Synthesis:
All commercially available chemicals were purchased and applied to the synthesis without any further
purification, if not otherwise described. All used solutions are aqueous, if not otherwise described. All
used water was double distilled water and deionized water (Milli-Q), if not otherwise described.
Milli-Q water was always stored in a fridge at 4 °C in a PE bottle (100 ml) and placed in the freezer at –
20 °C, yielding a water/ice dispersion. This water was always used to prepare the ice-cold NaBH4
solution to ensure a constant temperature.
TEM samples are prepared by centrifuging 2.0 ml of the crude reaction solution at 9.000 rpm for
10 min. The supernatant is removed, and the NPs were dispersed in 2.0 ml Milli-Q water, centrifuged
again under same conditions and the supernatant removed. 15.0 µl concentrated NP dispersion was
trickled onto a carbon coated TEM grid and dried under atmospheric conditions.
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7.3 Synthesis of Gold Nanocrystals as Building Blocks

7.3.1 Synthesis of Gold Nanorods (GNR)
Materials
Following chemicals were purchased and used in the following synthesis: HAuCl4*3 H2O (SigmaAldrich), AgNO3 (Roth), CTAB (Sigma-Aldrich; ACROSS), Ascorbic Acid (Roth), 2,6-Dihydroxybenzoic acid
(Sigma-Aldrich), NaBH4 (Merck).
Synthesis
Gold nanorods were synthesized as described by Eduard Wiedenbeck, Cölfen Group.[87] All given
parameter must strictly adhere.
It should be noted that the reaction is highly sensitive to trace halides commonly found in available
commercial CTAB.[95] Poor yields can often be solved by exchanging the CTAB.
Preparation Seed Solution
Chloroauric acid (2.5 ml, 1.0 mM) was mixed with water (Milli-Q, 2.5 ml) and CTAB solution (5.0 ml, 0.2
M) in a vial with snap-on caps (V = 20.0 ml). The solution changed from yellow to an orange color due
to the formation of the AuCl2-CTA complex.
Ice-cold NaBH4 solution (0.6 ml, 10.0 mM) was diluted with ice-cold water (0.4 ml, Milli-Q) and mixed
immediately under vigorous stirring with the AuCl2-CTA solution. The solution changed from orange
color to brownish color due to the formation of small seed particles.
The seed dispersion was allowed to sit for 30 min to decompose the excess NaBH4.
Preparation Growth Solution
CTAB (9.0 g, 24.69 mmol) and 2,6-Dihydroxybenzoic acid (0.6 g, 3.89 mmol) were dissolved in hot water
(250 ml, T > 70.0 °C) in an Erlenmeyer flask (V = 1.0 L). The solution was afterward tempered in a water
bath at 30.0 °C. AgNO3 solution (12.0 ml, 4.0 mM) was added under slow stirring, to avoid the
formation of foam, and stirring was continued for another 15 min.
Chloroauric acid solution (250 ml, 1.0 mM) was added under slow stirring yielding a colorless solution,
which was stirred for another 15 min.
Ascorbic acid solution (12.0 ml, 64.0 mM) was added under slow stirring, and the solution was stirred
for another 15 min.
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Seed solution (0.8 ml) was added under vigorous stirring. The solution was stirred for another 2.0 min,
and the stirring bar was removed afterward. The solution was allowed to sit at 30 °C overnight. Color
changed into a dark red due to the formation of the final GNR.

Analytics
For UV-Vis measurements, the crude GNR dispersion was used. If necessary, the GNR dispersion was
diluted with water until an absorption value of 0.6 was reached. A typical reaction product is shown
by TEM images A and B in Fig. 8. The gold nanorods show two absorption maxima at 512 nm and
719 nm in the corresponding UV-Vis spectrum C, also shown in Fig. 8.
For TEM sample preparation GNR dispersion
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dropped onto a carbon-coated TEM grid. The drop is carefully removed after wetting to form a thin
film of concentrated GNR solution on the TEM grid. The sample was allowed to dry under atmospheric
conditions.

7.3.2 Synthesis of Truncated Gold Nanocuboctahedra (TOH)
Materials
Following chemicals were purchased and used in the following synthesis: HAuCl4*3 H2O (SigmaAldrich), CTAB (Sigma-Aldrich; Fisher-Scientific), Ascorbic Acid (Roth), NaBH4 (Merck).
Synthesis
Truncated gold nano cuboctahedron (TOH) were synthesized following a self-developed protocol,
using CTAB in a purity of > 98%.[92]
Synthesis
Seed-Solution
In a glass vial with snap-on caps (100 ml volume) aqueous CTAB solution (7.5 ml, 0.1 M) and chloroauric
acid (250 µl, 0.01 M) were mixed and tempered in a water bath to exact 29 °C. In a typical synthesis,
the solution is allowed to rest for more than one hour to ensure the correct temperature. Afterward,
ice-cold NaBH4 solution (600 µl, 0.1 M) was added under vigorous stirring, and the stirring bar was
removed after 1.0 min. The seed solution was allowed to rest for another 3 hours to decompose excess
NaBH4. The seed solution was diluted ten times (300 µl seed solution into 3.0 ml Milli-Q water) before
use.
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Growth-Solution:
In a glass vial with snap-on caps (100 ml volume) Milli-Q water (32.0 ml), CTAB solution (6.4 ml, 0.1 M)
and chloroauric acid (800 µl) were mixed and tempered in a water bath to exact 26.0 °C. Usually, the
solution was allowed to rest for more than one hour to ensure the correct temperature. Afterward,
30.0 µl of the diluted seed solution was added under vigorous stirring. The stirring bar was removed
after 2 min, and the reaction dispersion was kept tempered overnight.
A typical reaction product is shown by TEM images A and B in Fig. 19. The UV-Vis spectrum of the crude
reaction solution showed an absorption maximum at 530 nm as shown by C in Fig. 19. It should be
noted that the maximum peak after an unsuccessful performed experiment is blue shifted. The final
solution turns immediately into dark purple instead of reddish pink after addition of the seed solution.
More details on the synthesis of truncated nano cuboctahedron (TOH) can be found in the Bachelor
thesis S thesis a d Fu tio alizatio of Gold Na oparticles, submitted in March 2015, Holger
Höfmann, Cölfen Group.

7.3.3 Synthesis of Gold Nanocubes
It should be noted that this reaction was highly sensitive to trace halide impurities commonly found in
CTAB.[63]

7.3.3.1 Synthesis of Gold Nanocubes (GNC_d70)
Materials
Following chemicals were purchased and used in the following synthesis: HAuCl4*3 H2O (SigmaAldrich), CTAB 98 % (Sigma-Aldrich), Ascorbic Acid (Roth), NaBH4 (Merck).
Synthesis
This species of gold nanocubes (GNC_d70) was synthesized as a variation of a previously reported
synthesis by variation of the used amount of the seed-particles, the reaction temperatures and by
using CTAB in a different purity grade.[91]
It should be noted that the reaction is highly sensitive to trace halides commonly found in available
commercial CTAB.[95] Poor yields can often be solved by exchanging the used batch of CTAB.
Seed-Solution:
In a glass vial with snap-on caps (100 ml volume) CTAB solution (7.5 ml, 0.1 M) and chloroauric acid
(250 µl, 0.01 M) were mixed and tempered in a water bath (29 °C). In a typical synthesis, the solution
was allowed to rest for more than one hour to ensure the correct temperature. Afterward, ice-cold
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NaBH4 solution (600 µl, 0.1 M) is added under vigorous stirring. The stirring bar was removed after
1 min. The seed solution is allowed to rest for another 90 min to decompose excess NaBH4.
The seed solution was diluted 100 times (30 µl seed solution into 3.0 ml water) before use to synthesize
GNC with an average diameter of 70 nm.
Growth-Solution:
In a glass vial with snap-on caps (100 ml volume) Milli-Q water (32.0 ml), CTAB solution (6.4 ml, 0.1 M)
and chloroauric acid (800 µl) were mixed and tempered in a water bath to exact 26.0 °C. Usually, the
solution was allowed to rest for more than one hour to ensure the correct temperature. Ascorbic acid
solution (3.8 ml, 0.1 M) was added to yield a colorless solution, and the solution was allowed to sit for
another 15 min.
Afterward, 30.0 µl of the diluted seed solution was added under vigorous stirring. The stirring bar was
removed after 2 min, and the reaction dispersion kept tempered overnight.
A typical reaction product is illustrated by TEM images A and B in Fig. 64. GNC-d70 have an absorption
maximum at 582 nm in UV-Vis measurement, shown in the spectrum C shown in Fig. 64.

7.3.3.2 Synthesis of Gold Nanocubes (GNC_40)
Following chemicals were purchased and used in the following synthesis: HAuCl4*3 H2O (SigmaAldrich), CTAB 99 % (Sigma-Aldrich), Ascorbic Acid (Roth), NaBH4 (Merck).
Synthesis
Gold nanocubes were synthesized as described elsewhere with adjusted reaction parameter, using
CTAB in a purity of > 99 %.[91]
It should be noted that the reaction is highly sensitive to trace halides commonly found in available
commercial CTAB.[95] Poor yields can often be solved by exchanging the used batch of CTAB.
Seed-Solution:
In a glass vial with snap-on caps (100 ml volume) CTAB solution (7.5 ml, 0.1 M) and chloroauric acid
(250 µl, 0.01 M) were mixed and tempered in a water bath (27 °C). In a typical synthesis, the solution
was allowed to rest for more than one hour to ensure the correct temperature. Afterward, ice-cold
NaBH4 solution (600 µl, 0.1 M) is added under vigorous stirring. The stirring bar was removed after
1 min. The seed solution is allowed to rest for another 90 min to decompose excess NaBH4.
The seed solution was diluted ten times (300 µl seed solution into 3.0 ml water) before use, to
synthesize yield GNC with an average diameter of 40 nm.
Growth-Solution:
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In a glass vial with snap-on caps (100 ml volume) Milli-Q water (32.0 ml), CTAB solution (6.4 ml, 0.1 M)
and chloroauric acid (800 µl) were mixed and tempered in a water bath to exact 26.0 °C. Usually, the
solution was allowed to rest for more than one hour to ensure the correct temperature. Ascorbic acid
solution (3.8 ml, 0.1 M) was added to yield a colorless solution, and the solution was allowed to sit for
another 15 min.
Afterward, 30.0 µl of the diluted seed solution was added under vigorous stirring. The stirring bar was
removed after 2 min, and the reaction dispersion kept tempered overnight.
A typical reaction product is shown in the TEM images A and B in Fig. 68. UV-Vis measurement shows
an absorption maximum at 530 nm, as shown by the spectrum C in Fig. 68. It should be noted that the
maximum peak after an unsuccessful performed experiment is blue shifted. The final solution turns
immediately into dark purple instead of reddish pink after addition of the seed solution.

7.4 Modification of Gold Nanoparticles
7.4.1 Chemical Modification of Gold Nanorods
Following chemicals were purchased and used in the following synthesis: 2-Mercaptoethanol (Acros)
and MeCN p.a. (VWR).
Crude gold nanorod (GNR) dispersion (40.0 ml) was centrifuged at 9.000 rpm for 30 min, and the
supernatant was decanted by hand to yield concentrated gold nanorod dispersion. The new volume
was ~ 4.0 ml.

Synthesis:
In a glass vial (20 ml), water (2.0 ml) and concentrated GNR dispersion (200 µl) were mixed with MCE
solution (5.0 mmol*L-1, in MeCN). A color change from red to bluish-purple was observed. Gold
nanorods chains were isolated by centrifugation (3.000 rpm, 10 min).

Oriented attachment of gold nanorod chains:
Concentrated gold nanorod chains dispersion (200 µl) was trickled into MeCN (0.5 ml) under vigorous
stirring and immediately quenched by addition of an aqueous CTAB solution (2.0 ml, 0.1 M). The
products were isolated by centrifugation.
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7.5 Assembly of Gold Nanoparticles
7.5.1 Preparation of Concentrated Gold Nanoparticle Dispersions
Concentrated gold nanoparticle dispersion is used in all experiments described in this chapter.
Therefore a whole batch NP dispersion was centrifuged (9.000 rpm, 30 min) and the supernatant was
decanted without any loss of NCs and discarded. The total volume was then reduced during this step
from 40.0 ml to ~ 1.0 ml (± 0.2 ml) to yield concentrated NP dispersion.
The remaining NP dispersion was filled into another centrifugation vial (V = 15 ml) and centrifuged for
another round (9.000 rpm, 10 min). The supernatant was decanted carefully and almost entirely. The
remaining residue had an estimated total volume of ~ 20.0 µl (±5 µl). The pellet was dispersed in water
(1.0 ml) to yield concentrated and washed gold NP dispersion.
For concentrated and double washed NP dispersion the dispersion was centrifuged for another round
(9.000 rpm, 10 min). The supernatant was removed again as described above and the NPs were
dispersed in water (1.0 ml) yielding an intensive reddish dispersion. Every further centrifugation or any
purification step leads to the irre ersi le agglo eratio of the NC’s.
Following assumptions were made to determine the final concentration of gold in the concentrated
gold NPs dispersion. Due to the low solubility product of elementary gold in aqueous solution and the
present excess of reductant the all over yield is assumed to 100 % conversion into nanoparticles.
Therefore the total quantity of chloroauric acid was taken for the calculation of the final gold
concentration. The decanting of the supernatant was performed very carefully and without any
noticeable loss of NPs.
In the synthesis, 800.0 µl of 0.01 M chloroauric acid was used. This corresponds to 8.0*10-5 mol or 1.58
mg of elementary gold. This amount was assumed to determine the concentration of gold NPs in the
used dispersions. Those concentrated NPs dispersions were produced in a high number during this
work, and no remarkable differences in the results were observed.
Name

concentrated

washed

double washed

Volume

0,8 – 1,2 ml

1,0 ml (+ 25 µl)

1,0 ml (+25 µl)

CTAB concentration

16.0 mmol CTAB

-

-

Amount of gold

1.58 mg gold

1,58 mg gold

1,58 mg gold

Gold concentration

8.0*10-6 mol*L-1 gold

8.0*10-6 mol*L-1 gold

8.0*10-6 mol*L-1 gold
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7.5.2 The Drying-Mediated Self Assembly of Nanocrystals
NPs dispersion (2.0 ml) was centrifuged (9.000 rpm, 10 min), the supernatant discarded and the
remaining solid dispersed in water to the original volume. The sample was centrifuged for another
round (9.000 rpm, 10 min) and the supernatant discarded. For the controlled assembly of TOH,
GNC_d40 and GNC_d70 nanoparticles into 2 D and 3 D arrays, concentrated NC dispersion is diluted
with the double amount of water and trickled onto a carbon foil coated SEM sample holder. The sample
is allowed to dry under atmospheric conditions in a sealed box. The drying process last round about 20
hours under these conditions until those samples run completely dry. The slow drying process and the
controlled evaporation of water as solvent cause an increase of order in the final product compared
to shorter reaction times.

7.5.3 The Oriented Assembly of Nanocrystals by Gas-Phase Diffusion
Experiments

The setup of a typical diffusion experiment performed with gold nanocubes (GNC_d40) and truncated gold
cuboctahedra (TOH) is illustrated by the shown scheme. Both photographs show a typically performed experiment. The
desiccator is placed during the reaction into a heating oven at 25 °C.

The gold NPs were assembled onto a silicon wafer by diffusion of organic solvent into an aqueous
nanoparticle dispersion.
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Silicon wafer was cleaned in several washing steps. Therefore the silicon wafers were put into an
Erlenmeyer flask (100 ml) and the organic solvent was filled in (~ 40.0 ml). The glass vial was treated
for 10 min with ultrasonic for each used organic solvent. The organic solvent was discharged after
every cleaning step by decanting. Following organic solvents were used in this order: Acetone, EtOH,
dichloromethane, EtOH, and acetone. The wafers were allowed to dry under atmospheric conditions
and were stored in a glass vial with snap-on caps (20 ml). All wafers were rewashed with Milli-Q water
before use.

Synthesis
In this experiment gold, NPs were assembled by slow diffusion of ethanol into an aqueous NP
dispersion. Further surfactant (CTAB) and HCl solution are added, in case of a mesocrystal synthesis. A
cleaned silicon wafer is placed into a glass vial with a volume of 1.0 ml. This vial is positioned into
another, bigger glass vial (V = 20.0 ml) with snap-on caps. A defined amount of ethanol (0.5 – 3.0 ml)
is placed into the bigger vial as shown in the photographs. The vials are placed in a desiccator and kept
at 25 °C by using a heating oven.
The addition of ethanol increases the solubility of the used surfactant (CTAB). Therefore it can shift the
equilibrium between CTAB onto the NP surface and surfactant in the solution. A slow shift of the CTAB
equilibrium in the direction of the solution leads to desorption of surfactant from the NP surface and
therefore the stepwise reduction of present stabilizer onto the NP surface.

Reaction mixtures GNC_d40
For the reaction concentrated and washed GNC_d40 dispersion is used.

Milli-Q

GNC_d40

CTAB solution (0.1 M) in CTAB

dispersion

HCl (0.1 M)

(0.1 M) in Milli-Q
-

1

250 µl

200 µl

-

2

250 µl

200 µl

-

3

50 µl

200 µl

50 µl

200 µl

solution EtOH

yielded structure

1.0 ml

Oriented Assembly

2.0 ml

Oriented Attachment

0.5 ml

Colloidal Crystals

The results of oriented assembly of TOHs onto a silicon wafer by gas phase diffusion is shown in Fig.
78, the results of the oriented attachment in the chapter 5.2.1.1. The results of the OA of GNC_d40
are shown in the chapter 5.4.2 and the synthesis of mesocrystals by oriented assembly in the chapter
5.4.5.
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Reaction mixtures TOH
For the reaction concentrated and double washed TOH dispersion is used.

Milli-Q

TOH dispersion

CTAB solution (0.1 M) EtOH

yielded structure

in HCl (0.1)
1

250 µl

250 µl

-

1.0 ml

Oriented Assembly

2

250 µl

250 µl

-

3.0 ml

Oriented Attachment

3

250 µl

200 µl

50 µl

0.5 ml

Colloidal Crystals

The results of oriented attachment of TOHs onto a silicon wafer by gas phase diffusion is shown in Fig.
38, the results of the oriented attachment in the chapter 5.2.1.1 and the synthesis of mesocrystals by
oriented aggregation in the chapter 5.2.7.
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The displayed photographs in Fig. 88 show
exemplary steps during diffusion experiment.
The Image A in Fig. 88 demonstrates the setup
at the beginning of a typical experiment. The
wafer and the gold NP reaction dispersion
inside the glass container are visible. The
picture B in Fig. 88 the reaction dispersion
after one day is shown. The glass container is
illustrated by the photographs C and D in Fig.
88 after the precipitation is complete which
lasts 3 – 5 days depending on the composition
of the reaction dispersion. The pictures E and
F show the silicon wafer after a successfully
performed reaction. The green color effect is
caused by the used NPs which both show an
absorption maximum around 530 nm in UV-Vis
measurements. The corresponding UV-Vis
spectra of TOHs are shown in C in Fig. 19 and
for GNC_d40 in C in Fig. 68, respectively.

The shown photographs were taken during diffusion
experiments at different reaction steps. The image A shows the
reaction setup at the beginning and the picture B one day after.
The photographs C and D illustrate the reaction vials after the
reaction is done after 3 – 5 days, depending on the performed
conditions.

7.6 The Oriented Attachment of Gold Nanoparticles
7.6.1 The Oriented Attachment of Gold Nanoparticles (TOH) in Ethylene Glycol
For the following experiments, a whole batch of TOH dispersion was concentrated by centrifugation
from the original volume (40.0 ml) to ~ 0.6 ml (± 0.1 ml). The supernatant was removed by decanting.
The total amount of gold was 1.567 mg (8.0*10-6 M) and the surfactant concentration 16.0 mM*L-1.
These amounts were equivalent to the synthesis conditions of TOHs.
For a typical OA experiment, EG (4.0 – 8.0 ml) was preheated (70 – 195 °C) by an oil bath and
concentrated TOH dispersion (100 – 400 µl) was injected into the stirring reaction solution. The
reaction started immediately. The color of the reaction dispersion turned from an intensive reddish
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into an opaque bluish due to newly formed vibration modes of attached gold NPs. Samples were taken
by quenching the reaction at different points of time, surfactant concentrations and temperatures.
The reaction was stopped by fast cooling of the reaction dispersion or by the addition of aqueous CTAB
solution. The samples were concentrated by centrifugation, the supernatant was removed by
decanting, and reaction products were dispersed in the CTAB solution by ultrasonic treatment. This
procedure was repeated to transfer the reaction product into aqueous dispersion and remove EG. The
aqueous samples were concentrated again, the supernatant removed by decanting and the reaction
product was dispersed in water to remove surfactant from electron microscopy specimens. The
dispersions were concentrated again by centrifugation and dried under atmospheric conditions onto
the corresponding substrate.

7.6.2 The Oriented Attachment Gold Nanoparticles in Ethylene Glycol
(GNC_d70)
For the controlled oriented attachment of GNC_d70, a crude reaction batch was concentrated by
centrifugation, and the supernatant was removed by decantation. The CTAB concentration stays the
same as during synthesis (16 mmol), and the GNC_d70 concentration is 1.6 mg*ml-1 ± 20%.

Ethylene glycol (4.0 ml) was tempered (150 ° - 200 °C) in an oil bath under stirring. Concentrated GNC
dispersion (100 – 300 µl) was added to the preheated EG. A color change to bluish and a substantial
decrease of the intensity visualize the OA reaction to the unaided eye. Samples were taken after 30 sec
up to 2 minutes. The reaction is quenched by adding the hot reaction solution (~ 2.0 ml) into a mixture
(1:1) of EG and aqueous CTAB solution (0.1 M) at room temperature. The mixture was concentrated
by centrifugation (9.000 rpm, 10 min), dispersed in MilliQ water and washed with Milli-Q water to
remove remaining EG and the excess of CTAB.
The corresponding results are shown and discussed in chapter 5.3.2.

7.6.3 The Oriented Attachment of Gold Nanoparticles in Ethylene Glycol
(GNC_d40)
For a controlled OA of GNC_d40, a crude reaction batch was concentrated. A whole batch of crude
reaction dispersion was concentrated by centrifugation, and the supernatant is removed by
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decantation. The CTAB concentration stays the same as during synthesis (16 mmol), and the GNC_d40
concentration is 1.6 mg*ml-1 ± 20%. 8.0*10-6 mmol*L-1.
Ethylene glycol (4.0 ml) was tempered (80 °C) in an oil bath under stirring. Concentrated and washed
GNC-d40 dispersion (200 µl) was added to the preheated EG. A color change from reddish to bluish
and a substantial decrease of the intensity visualize the OA reaction to the unaided eye. Samples were
taken after 30 sec. The reaction was quenched by addition of an aqueous CTAB solution (0.1 M). The
mixture was concentrated by centrifugation (9.000 rpm, 10 min), dispersed in MilliQ water and
centrifuged again. The concentrated reaction dispersion was trickled onto a carbon coated TEM grid
and was dried under atmospheric conditions.
The corresponding results are shown and discussed in chapter 5.4.2.

7.6.4 Cryo-TEM Measurements of the Assembly of TOH in Ethylene Glycol
Cryo-TEM samples were synthesized, prepared and analyzed by Dr. Jennifer Soltis, DeYoreo group,
PNNL, WA, USA. The TOHs were shipped in aqueous dispersion from our lab to the PNNL. Cryo-TEM
images were taken by Jennifer Soltis.
A concentrated TOH dispersion in water (200 µl) was injected into preheated EG (4.0 ml) at 70 °C. The
reaction solution was shortly mixed with a stirring bar and was allowed to react undisturbed. Samples
were taken from the crude reaction mixture and cooled down in an ice-bath to quench the reaction.
In a standard experiment, TOHs were dispersed in EG and heated to 70 °C. A change in color was
observed, indicating the attachment of TOHs. Samples were taken after 30, 40 and 90 sec and
quenched by cooling in an ice-bath.
The corresponding results are shown and discussed in chapter 5.2.1.1.

7.7 Oriented Attachment of TOHs in Aqueous Dispersion
Triggered by EtOH Addition
Concentrated TOH dispersion (200.0 µl, CTAB 0.16 M)) was mixed with water (2.0 ml), heated up in an
oil bath to 90 °C and kept at this temperature. No change in color is observed under this condition.
In a preliminary experiment, the necessary amount of EtOH (1.5 ml) is determined by slow addition
into a tempered dispersion under stirring until a change in color is visible.
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Finally, ethanol (1.5 ml) was quickly added to a tempered dispersion of TOHs and a change in color
from reddish to bluish was observed. The reaction dispersion was quenched with an aqueous CTAB
solution (1.0 ml, 0.1 M) and treated with ultrasonic for 60 sec to disperse the reaction product.
TEM samples were prepared by centrifugation (10 min, 9,000 rpm) reaction dispersion (2.0 ml),
removal of the supernatant and washing with Milli-Q water (0.5 ml) followed by another centrifugation
circle (10 min, 9,000 rpm). The concentrated dispersion (15.0 µl) was trickled onto a carbon coated
copper grid (400 mesh) and dried under atmospheric conditions.
TEM image A explores the OA product of the TOHs in Fig. 36. The primary TOHs undergoes oriented
attachment under this condition. ED pattern B shows the orientation of the formed nanostructures in
Fig. 36. The addition of EtOH also leads to the deformation of the final reaction product as shown by
HR-TEM image A and the corresponding ED pattern B in Fig. 97 in the appendix.
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8 Appendix:
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In this figure the calculated diffraction spot of gold {100}, {110} and {112} are shown with the corresponding
data.

8.1 Appendix Truncated Gold Nanocuboctahedra

The 3-D model A of a truncated gold nano cuboctahedron shaped NP is simulated by Vesta® software from HRTEM images A and D and the corresponding FFT-patterns B and E in Fig. 18 taken from {100} and {110} orientation. The
size distribution of the TOHs is illustrated by the statistic B created by counting NPs by TEM images with iTEM® software.
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The reddish reaction dispersion of TOH shaped nanocrystals shows an absorption maximum in UV-Vis
measurements.
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A light scattering and a UV-Vis spectrum, taken after FFF are shown. The hydrodynamic radius is around 30 nm.
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A trimer is shown by the TEM image A. The corresponding ED pattern is displayed by B, and the overlay of a
theoretical diffraction pattern resolves the orientation of the individual crystal lattices. The ED pattern E is related to NP
1, shown in A and visible from the differences in contrast. The patterns C and D are related to the NPs 2 and 3.
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A trimer in angled conformation is illustrated by the TEM image A. The electron diffraction pattern is shown in B
and the orientation of the NPs 2 and 3 as well as NP 1, visible in A, are illuminated by the overlay of the theoretical
diffraction pattern C and D, respectively.
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The flexible behavior of the synthesized gold nanonetworks is illustrated by SEM images A and B. SEM image A
shows a GNN attached to a present impurity on SEM sample holder surface. The structure under the GNN is visible due to
the high flexibility of GNN. In SEM image B a folded GNN is imaged to show the elastic properties.

The TEM images A and B show the coexistence of well-defined TOHs and smooth, wavy nanostructures formed
by oriented attachment of primary building blocks in the reaction dispersion at different magnifications.
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HR-TEM image A illustrates an isolated gold nanostructure synthesized in aqueous dispersion by addition of EtOH
at 90 °C. The corresponding ED pattern B shows the signals of a barely oriented crystal lattice.

The synthesized gold nanonetwork is covering the whole silicon wafer as a smooth film as illustrated by the SEM
image A, and in picture B at a higher magnification.

The HR-TEM images A – D are taken from precipitate formed by OA in water / EtOH dispersions at room
temperature during a gas diffusion experiment. Samples are taken from the bottom of the reaction vial. The oriented
attachment of the TOH building blocks is apparently visible. The former TOH NPs form an ordered, network-like
nanostructure.
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The SEM images A and B show gold nanostructures synthesized by gas diffusion of EtOH into an aqueous reaction
dispersion. The final concentration was increased compared to the experiment which is shown by HR-TEM images A - D in
Fig. 99. SEM picture A show a gold nanonetwork-like structure formed by oriented attachment of TOHs which do not show
the defined crystal faces of the building blocks anymore. The more roundish interfaces are also visualized in in more detail
in image B at a higher magnification.

The HR-TEM images A and B and the TEM images C and D show 2-D arrays formed by assembled TOHs at different
magnifications.
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TEM images (A, C, E) show 2 D arrays of TOH at different magnifications. The corresponding ED patterns (B, D, F)
show the regular orientation of the TOH.
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HR TEM Image A shows the transition zone between close-packed structures and surrounding unordered TOH
NPs. Image B shows the fcc close-packed structure. This image was taken in an unfocused mode to enable the imaging of
all three layers at the same time.
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TEM images (A, B, C) show the formation of a 3-D structure by the growth of the second layer on top of a 2 D
arrays of TOH. The corresponding ED pattern (D) shows the signal of both layers.

SEM images show small structures formed by close-packed 3 D TOH NPs. Image A shows structures analog to
classical crystallization. Glass-like, amorphous structures are observed, as well as square-like (100) and hexagonal (111)
close-packed structures consisting of primary TOH NPs. Image B shows structures analog to the stepwise classical crystal
growth.
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This Figure shows the SEM images, previoulsy illustrated in Fig. 46, at a higher magnification to enable the proper
resolution of all mentioned features.
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Large wavy close-packed structures are observed in the exterior areas of the samples.

The SEM images A, C, E, and F, show large, close-packed 3-D arrays of TOH NPs formed at the contact line of the
former droplet. The SEM picture B illustrates A flat interface formed by close-packed TOHs and the SEM picture D shows
a stepwise structured surface of an observed colloidal crystal.
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SEM imaging visualizes the reaction product after a fast evaporation of the dispersion medium in pictures A and
B. The observed interface can be described as a polycrystalline or even amorphous colloid crystal and show only a low
range order.

This photograph shows three different gold nanoparticle-based structures (1 - 3) obtained after slow removal of
the dispersion medium by evaporation under atmospheric conditions. It is visible from all pictures 1- 3 that the gold
nanostructures are formed based on the former droplet of NP dispersion, which can be explained by the coffee-ring
effect.[93] All three samples 1 – 3 display the ring-shaped structure, the gradual distribution of gold NPs in the more central
regions not visible from the photograph. The sample 1 shows a roundish homogeneous gold structure, sample 2 an
ellipsoidal structure and sample 3 shows a large and bean-like structure formed by the assembly of TOHs.
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Small 3-D structures obtained by precipitation are visualized by SEM images A – D. In all four images (A – D) a
square and a hexagonal packing symmetry is observed. In the image A, two crystal faces with a square and a hexagonal
symmetry are marked with the corresponding shaped red frame. A small mesocrystal with a crystal face which is four TOHs
in size is highlighted by four white dots, visible inside the red frame. The Image B shows a collection of several small, well
separated and closed packed mesocrystals which also show highly ordered crystal faces in a square-like and hexagonal
symmetry. In picture C the high order of the close-packed TOHs is visualized by SEM imaging at higher magnification. The
SEM image D shows a mesocrystal with a stepwise interface.
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The SEM image A shows a colloidal crystal which is isolated from an glass slide after an optical microscop
experiment, shown in Fig. 48.
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The SEM images A – C illustrates the reaction product obtained at reaction products which differ slightly from
the optimum conditions. Unordered, quasi-spherical gold NP-based structures are formed beside single building blocks.
Those products are also observed in the case of truncated gold nanocuboctahedra.
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The SEM overview images A – D show the presence of large, 3 D objects formed by the controlled oriented
assembly of TOH nanoparticles onto the silicon wafer surface.
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The SEM images A, C, E, and G show four pyramidal shaped colloidal crystals. On the right side, the SEM images
B, D, F and H illustrates the tips at higher magnification. All shown structures have the square-like packed crystal face
parallel to the substrate and the hexagonal packed faces at the sides.
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The SEM images A – C show different polyhedral shaped mesocrystals with different shapes. The SEM image A
show a disc-like shaped mesocrystal. In SEM image B a complex faceted polyhedral shaped mesocrystal is shown. The
structure in picture C also shows a mesocrystal which shows multiple crystal facets and also show incomplete crystal faces.
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The SEM images A – F show various shapes mesocrystals with the corresponding FFT patterns.
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Mesocrystals with inclusions are visualized by SEM imaging in the pictures A – H.
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The SEM images A and B show a branched crystal which exhibits the structure of a contact twin.

The SEM images A and B show colloidal crystals which show the signs of lateral crystal growth.
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The SEM images A – D show four mesocrystals which are grown at the side of the silicon wafer, whhich can be
seen from the difference in the focus of the pictures. The crystal visualized in image A show well-defined crystal faces and
the prism-like shape. A hexagonal disc is shown by SEM imaging in B. Another prism-shaped mesocrystal is shown in picture
C, and a pyramidal shaped crystal is illustrated by SEM image D.
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The SEM images A – C illustrates colloidal structures which are destroyed by washing with Milli-Q.
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The SEM images A – D illustrate colloidal gold crystals obtained after oriented aggregation of TOH acting as
building blocks and at a higher final concentration of EtHO in the reaction mixture.
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The SEM images show various mesocrystals grown by using different organic solvents as precipitation agents.
The SEM images are labeled with the corresponding organic solvent.
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The interface of a colloidal crystal after the subsequent oriented attachment of the primary building blocks is
visible by picture A. The crystal was synthesized by the gas phase diffusion of n-butanol into an aqueous TOH dispersion.

Label

Supplier

Degree of Purity

Batch Number

Container

A1

Sigma-Aldrich

98 %

Lot # SLBH 0222 V

500 g

A2

Sigma-Aldrich

98 %

Lot # SLBL 8064 V

500 g

A3

Sigma-Aldrich

98 %

Lot # SLBN 6918 V

100 g

B1

Sigma-Aldrich

99 %

Lot # SLBM 9856 V

500 g

B2

Sigma-Aldrich

99 %

Lot # SLBL 0782 V

250 g

C1

Sigma-Aldrich

Recryst. 1 time

-

C2

Sigma-Aldrich

Recryst. 2 times

-

D1

Across

99 %

Lot # A 034 7008

F1

Sigma-Aldrich

98 %

Lot # SLBL 8064 V

100 g

F2

Fluka

96 %

Lot # BCBD 6072 V

100 g

F3

Sigma-Aldrich

96 %

Lot # BCBP 4039 V

100 g
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Data to the CTAB samples investigated by MS and shown in Fig. 127.
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The analysis of different batches of CTAB is shown in this figure in a purity range from 96 – 99+ % and a sample
which was recrystallized for three times. Only the signals of the cationic cetyltrimethylammonium and the bromide ion
are detected.
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8.2 Appendix Truncated Gold Nanocubes (GNC_d70)

Picture A shows a gold nano cube (GNC_d70) with a diameter of 68 nm. The truncation is visualized by a white
frame. This image is previously shown in picture C in Fig. 64.
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The overview SEM image A shows a packing of GNC_d70 synthesized by slow evaporation of the dispersion
medium onto a carbon foil covered SEM sample holder. The selected area, marked by a red frame, as shown by picture
F at a higher magnification to highlight the small closed packed areas with a square-like rotational symmetry in different
orientations. This arrangement can be described as a polycrystalline packing. The black line indicates the position of
several prism-like shaped gold nanoparticles which are included in the packings and finish the corners. Both images are
previously shown in Fig. 64 as pictures E and F.
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GNC_d70 are assembled onto a silicon wafer by a gas phase diffusion experiment at 25 °C. No order is
observed due to the fast precipitation within minutes.

The HR-TEM image A shows two attached GNC_d70 attached to the {100} crystal faces. The notch which is
formed by the truncation of both gold nanocubes at the {110} and {111} crystal faces is marked by a white circle. This
figure shows the HR-TEM images previously shown in Fig. 65 at a higher magnification to highlight the little crystallographic
effects visible in picture B, C, and D at the newly formed connection area and marked by red and white arrows.
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Different gold NPs formed by OA and at different stages of the migration of gold atoms within the crystal lattices
are shown by the HR-TEM images A – D.
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In this figure, small reaction products are shown by the HR-TEM images A – L, obtained from the oriented
attachment of gold nanocrystals in ethylene glycol at elevated temperatures. The results are shown and discussed in
chapter 5.3.

- 158 -

8.3 Appendix Truncated Gold Nanocubes (GNC_d40)

Picture A illustrates a single gold nanocube (GNC_d40), shown before in Fig. 68 as image E, is shown at high
magnification. The truncation at the corners and edges is illustrated as well as the lattice fringes.
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Zigzag gold nanostructures are formed by oriented attachment of gold nanocubes (GNC_d40) and
illustrated by HR-TEM images A – D. The formation of the shown structures is shown by the UV-Vis spectrum E
by the red graph, taken from the crude reaction dispersion. The corresponding data is shown in Fig. 69.

The SEM images show the formation of a super crystal from colloidal crystal domains, previously discussed and
displayed in Fig. 74.
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The SEM image A illustrates fused GNC_d40 onto a silicon wafer.
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9 Table of Figures
The shown sketch illustrates the proposed reaction pathway for oriented assembly and
oriented attachment. ....................................................................................................................... I
Das abgebildete Schema zeigt den vorgeschlagenen Reaktionspfad for die orientierte
Assemblierung und die orientierte Anlagerung. ........................................................................... VII
SEM image A shows a sea urchin spine. The complex calcite structure is mechanically robust
and much more stable than the corresponding bulk material. Detailed investigations show that
the spines are composed of single crystalline calcite nanoparticles which are embedded in a
matrix of amorphous CaCO3 and are crystallographically oriented in the same direction.[24] The
kinds of crystals are called mesocrystals.[25] In SEM image B the conchoidal fracture behavior of
the composite material is visible. Brittle stars, shown in B and D, can fabricate calcite structures
which act as skeletal construction and as microlenses at the same time. SEM images visualize small
selected areas of two different structures isolated from the shown subspecies in B and E in image
C and D.[26] ................................................................................................................................... - 2 Scheme of single crystal formation by the classical and non-classical pathway. The nucleation
clusters A grow by addition of atoms or molecules to small crystals B, which can grow further
following the classical pathway to a larger single crystal F. Following the non-classical
crystallization pathway, those crystals B can also be stabilized by surface active agents, resulting
in nanoparticles C which can be arranged by oriented assembly into a mesocrystal D. Further
surfactant removal leads to direct contact of the nanocrystals E. The formation of chemical bonds
by oriented attachment form a larger single crystal F. Driving force is a reduction of surface
energy. The cartoon is taken from[27] and modified. ................................................................... - 3 The plot of La Mer diagram. It shows the different reaction steps while increasing the
monomer concentration in a solution. The image is taken from [73]. .......................................... - 5 Fig. The DLVO theory describes the behavior of stabilized NPs is a suspension. The attractive
Van-der-Waals forces and the introduced repulsive forces sum up to a potential energy graph.
The scheme is taken from[39]. ...................................................................................................... - 8 Scheme A shows the theoretical UV-Vis absorbance spectra of spherical gold nanoparticles
and gold nanorods. The conductive band electrons of the gold NPs interacts with the
electromagnetic waves of incoming light, as illustrated in image B. An absorption maximum is
formed if the incoming wavelength hits the resonance frequency of the nanoparticles.[70] In the
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case of anisotropic NPs, like gold nanorods, the resonance frequency splits into a transversal (c1) and a longitudinal (c-2) vibration mode as demonstrated in C and illustrated in A. ............ - 13 The TEM images A and B show gold nanorods (GNRs) obtained in a conventional synthesis.
The side-by-side assembly of GNRs is illustrated by picture B. The UV-Vis spectrum shown in C
shows the transversal absorption maxima at 512 nm and the longitudinal absorption maximum at
719 nm. The TEM image D shows a single GNR, and the corresponding electron diffraction (ED)
pattern E displays the diffraction spots of a single crystalline gold nanocrystal in [110] zone axis.
A 3-D model of the single gold nanorod is shown in F with indexed crystal faces constructed with
Vesta® from single GNR electron diffraction pattern................................................................ - 19 The sketch shows the fundamental principle of GNR modification with 2-mercaptoethanol
(MCE) preferentially at {111} faces, and therefore the exchange of individual CTAB molecules by
MCE takes place at the tips. This sketch is strongly simplified and do neither show any specific
crystal faces nor displays the correct dimension. ..................................................................... - 21 The TEM images A and B illustrates the gold nano chains formed by the end-to-end assembly
of chemically modified GNR at different magnification. The UV-Vis spectra in C show the successful
separation of GNR-chains (black graph) from the excess gold nanorods (red graph) as starting
material, as well as the spectrum of the crude reaction mixture (blue graph). ....................... - 22 The TEM images A - C show a typical reaction result, obtained by gradual removal of
surfactant. The oriented attachment occurs at various crystal faces and forms unordered gold
nanostructures with grain boundaries. ..................................................................................... - 23 The TEM images A and B show statistically fused GNRs. The removal of surfactant by higher
amounts MeCN addition leads to a loss of the former shape................................................... - 24 The TEM images A – C are showing gold nanostructures formed by the oriented attachment
of gold nanorods and fast quenching by addition of an aqueous CTAB solution. .................... - 24 The HR-TEM images A - C show quasi-1-D gold nanostructures formed by the oriented
attachment of gold nanorods selectively at the tips. ................................................................ - 25 The HR-TEM images B and E illustrates two dimers formed by the oriented attachment of
two primary GNR from [110] direction. The corresponding FFT patterns, visible in A and C, confirm
the perfect match of the reflections. The ED pattern E shows the diffraction spots of a slightly
misaligned gold nanocrystal from [110] zone axis. Both gold nanocrystals exhibit a difference in
contrast to the structure. .......................................................................................................... - 26 The HR-TEM images C, D, and E show a newly formed gold nanowire at different
magnifications. The corresponding FFT patterns A, B, F, and G confirm the perfect crystallographic
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orientation of the new crystal formed by an oriented attachment reaction of three primary gold
nanorods.................................................................................................................................... - 27 The HR-TEM A and B images in atomic resolution show the connection area of the trimer
shown by HR-TEM image D in Fig. 16, formed by OA and fusion of three primary single crystalline
building blocks in a two-step synthesis. The crystal defect in the newly formed connection area,
visible in HR-TEM image A, is remarkable because its position on the newly formed connection
area indicates that it is formed during the oriented attachment reaction. A possible pathway for
the formation is the formation of a small mineral bridge in an early stage of the oriented
attachment. ............................................................................................................................... - 28 The HR TEM images A and D show the synthesized gold nanoparticles in different
orientations. The corresponding FFT pattern B and E show the diffractogram of two gold
nanocrystals in [110] and [100] zone axis, respectively. The nanoparticles morphology is
determined from this data and simulated by Vesta® program. A model was constructed with
Vesta® and is shown in C with [110] and in F [100] crystallographic orientation. .................... - 31 The TEM images A and B show close-packed 2-D arrays of synthesized truncated gold
nanocuboctahedra. The crude reaction dispersions show only a minimal number of byproducts,
mainly rod and prism-shaped NPs. The analytical ultracentrifuge measurement shows a sharp
peak with a maximum of 44 nm in C. The 3-D model D illustrates the size ratio of the {100}, {110}
and {111} crystal faces. .............................................................................................................. - 32 The HR-TEM images A – D illustrates differently sized gold nanostructure synthesized via
oriented attachment of TOHs, performed in ethylene glycol at elevated temperature and isolated
from the same reaction batch. .................................................................................................. - 33 The MWL UV-Vis spectrum A is taken during a performed oriented attachment experiment
and shows the decrease of the absorption band of the primary TOHs at 530 nm within 150 sec
and the rise of a broad absorption band starting from 650 nm. The UV-Vis spectra B shows the
absorption spectrum of the primary TOHs (B, black graph) and the spectrum of a final reaction
product (B, red graph). The broad absorption band > 700 nm (B, red graph) results from the newly
formed transversal vibration modes of the larger nanostructures........................................... - 33 Gold nanostructures are formed by assembled TOHs in ethylene glycol and illustrated by the
cryo-TEM images A – C at different points in time. The samples are quenched by cooling in an icebath after 30 sec (A), 60 sec (B) and 90 sec (C). ........................................................................ - 34 The TEM images A and B show the breakdown of the network-like structures into smaller
substructures after sublimation of the ethylene glycol matrix. ................................................ - 35 - 165 -

The TEM image A and C show the projection of two synthesized nanoparticles via oriented
attachment of TOH building blocks from [110] zone axis. The corresponding ED patterns B and D
show the orientation of the crystal lattices and confirm the fusion at the {111} crystal faces. - 35 The TEM image A shows a nanostructure, synthesized by the oriented attachment of four
primary TOHs. The differences, in contrast, indicate a local different crystallographic orientation.
The dark field image B visualizes the different crystallographic orientation, caused by the OA
reaction of twinned building blocks. The corresponding ED pattern C shows the signals of the
differently oriented crystal lattices. .......................................................................................... - 36 The TEM image A shows the projection of a tetramer formed by oriented attachment of four
TOHs from [110] direction. The corresponding electron diffraction patterns B show the reflections
of the gold nanocrystals and in picture C with an overlay of a calculated diffraction pattern from
the [110] direction. .................................................................................................................... - 37 The HR-TEM image B show a newly formed single crystal, synthesized by oriented
attachment and a subsequent fusion of two primary TOH building blocks. The corresponding FFT
pattern A and C corroborate the perfect orientation of the crystal lattice. ............................. - 37 The HR-TEM image B show a synthesized single crystalline gold nanocrystal formed by
oriented attachment of four primary TOH building blocks. The FFT patterns A, C, D, and E are taken
from each building block and confirm the perfect orientation of the crystal lattice of the newly
formed nanostructure. Additional to that, they corroborate that the oriented attachment takes
place at the corresponding {111} crystal faces. ........................................................................ - 38 A new gold nanocrystal is formed by the oriented attachment of three TOHs and is shown by
the HR-TEM images B and F. The orientation of the individual crystal lattices is shown by the
corresponding FFT patterns (A, C, D, E), taken from the individual building blocks. The HR-TEM
image F shows the slightly misaligned crystal lattices underlined by white stripes. In picture E, the
specific crystallographic orientations are illustrated by the FFT pattern of the whole crystal to
visualize the different angles. .................................................................................................... - 39 The TEM images A – F illustrates gold nanostructures formed by oriented attachment of
TOHs dispersed in ethylene glycol at 185 °C. The samples in A - C are taken after 15 sec and the
samples, corresponding to the TEM images D - E are quenched after 40 sec reaction time,
respectively................................................................................................................................ - 40 The SEM images A – C show gold nanonetworks formed by oriented attachment of TOHs at
longer reaction times of 3 – 5 minutes up to a diameter of > 7 mm. The GNNs are shown at
different magnification by SEM images as well as by the photograph D. ................................. - 41 - 166 -

The HR-TEM images (A, A’, B, B’) show the reaction products which are isolated from two
different oriented attachment experiments. Both experiments A and B are performed at 90 °C,
but at different surfactant concentrations. Both reaction products appear different from the TEM
projection. Defined gold nanostructures are isolated from experiment A, still showing the crystal
facets. Experiment B yield more roundish structures and not well-defined structures. .......... - 42 The HR-TEM images A –C show a typical oriented attachment product obtained with the
same CTAB concentration, but at different reaction temperatures. ........................................ - 43 Selected areas of gold nanonetworks obtained after prolonged reaction times are illustrated
by SEM images A and B and the smoothening of the synthesized structure is visible. The structures
do not indicate the original shape of the primary building blocks anymore. ........................... - 44 This figure shows the graph of the size depending melting point of gold nanoparticles (the
figure is taken from [36]). ............................................................................................................ - 44 The TEM image A shows the isolated products of an oriented attachment experiment
performed in an aqueous TOH dispersion. The addition of EtOH at elevated temperatures triggers
the OA reaction. The corresponding electron diffraction pattern B is taken from the area marked
with the red frame in A and confirms the oriented crystal lattices of the newly formed gold
nanostructure from [110] direction. ......................................................................................... - 45 The sketch A illustrates the setup of the gas diffusion experiment. The surfactant is gradually
removed from the NPs interfaces by the diffusion of EtOH into an aqueous TOH dispersion in the
presence of a silicon wafer. Image B shows a sharp sedimentation front line during a performed
experiment. Picture C shows the experimental setup after the reaction is and the increase in the
total volume of the reaction mixture due to the diffusion of EtOH into the aqueous reaction
mixture. The reaction chamber containing the reaction mixture has a total volume of 1.0 ml.- 46
The SEM images A and B show a silicon wafer covered with primary TOHs and gold
nanochains formed by aggregated NPs, triggered by EtOH diffusion into an aqueous dispersion. 47 The SEM images A and B show gold nano networks formed by fused TOHs, triggered by the
diffusion of EtOH into the aqueous reaction mixture. The HR-TEM images C and D illustrate gold
nanostructures formed by oriented attachment of TOH. ......................................................... - 47 The shown SEM images A – C demonstrate the influence of the previous addition of EtOH to
the reaction mixture. The general trend to the formation of denser structures with increasing
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amount of EtOH is visible in the shown SEM images A - C. The amount of EtOH as a precipitating
agent by gas diffusion is kept constant for all here shown experiments. ................................. - 48 The TEM image A illustrates a 2-D array of TOH onto a substrate. The corresponding ED
pattern B shows the oriented crystals lattices of the individual TOH building blocks. The position
of the signals of the (1-11) and (2-20) crystal faces are labeled. In TEM image C a starting second
layer is visualized, besides a barely close-packed monolayer of TOHs. The corresponding ED
pattern D shows a set of two different signals which shows a certain degree of order of the TOH
assembly. ................................................................................................................................... - 49 The SEM image A visualizes the ring-shaped structure which is formed by self-assembly
during slow drying of a TOH dispersion onto a substrate. In B the selected area is shown at higher
magnification by SEM imaging to visualize the different sized gold structures. Close-packed
assemblies of TOHs are observed in the ring-shaped structure, discontinued by cracks in sizes of
> 100 µm in diameter. The SEM image D visualizes the regular structure of the 3-D close packing.
The illumination of a selected area by SEM imaging in C and E shows close-packed NPs in
diameters up to > 1 µm. ............................................................................................................ - 50 The SEM image B shows a selected area of the ring-shaped structure and illustrates the
particle gradient which is formed by the convection stream during the drying process. The
transition from 2 D into 3 D arrays can be observed in the interior regions of the former dispersion
droplet, as visualized by SEM imaging in A. The SEM image C shows a selected TOH assembly
which illustrates a close-packed 2 D TOH monolayer with a starting second layer on top. The
corresponding FFT pattern D confirms the regular alignment in a close hexagonal packing of the
TOHs within the observed structure. ........................................................................................ - 51 The SEM images A and B show selected small NP-based 3-D structures. In pictures A the
close-packed and highly ordered 3-D gold structures formed by the self-assembly of TOHs is
visualized. The red frame highlights a close-packed assembly of TOHs with square-like symmetry
and a crystal face in the size of four TOHs in one dimension. The corresponding red hexagon
illustrates the hexagonal packing of a different crystal face in the same image. In picture B several
small colloidal crystals are visible from various zone axis......................................................... - 52 The hexagonal, square-like and glass-like packing of the TOHs is shown by the SEM image A
and marked by the corresponding white symbol. Also, an included gold nanorod is marked by a
black arrow. Typical surface phenomena observed during the classical crystal growth, such as
vacancies (black circle), adsorbed NPs (white circle), steps and kinks (white arrow) are illustrated
by picture B................................................................................................................................ - 53 - 168 -

A colloidal crystal formed by the self-assembly of TOHs is shown by SEM image B as well as
gold nanocrystals with another morphology, mainly gold nanorods. Picture A illustrates the
interface of the colloidal crystal, and the gold nanocrystals are displayed in more detail by picture
C.

- 53 In the SEM image A, a monocrystalline assembly of TOHs in the size of > 100 µm in one

dimension is illustrated. The regular packing is visualized in the selected area, illustrated in B with
its corresponding FFT pattern C. ............................................................................................... - 54 The drying TOH dispersion is observed during the evaporation of the dispersion medium by
an optical microscope. Picture A illustrates the formation of colloidal crystals in the dispersion
and gets fixed at the glass substrate after the observed area runs dry (white circle). The evolution
of the ring-shaped structure is displayed by B. The gold structure in the red frame is illustrated in
C and shows different sized gold NP-based structures which get added to the ring-shaped
structure. ................................................................................................................................... - 54 The overview images A and B show the obtained of 3-D objects onto a silicon wafer by SEM
imaging. The structures exhibit various morphologies and are usually based on a polyhedron
shaped footprint. ....................................................................................................................... - 55 The FFT patterns B and C illustrates the position of the TOHs within the synthesized
mesocrystals. The corresponding mesocrystalline structures are shown in SEM images A and C. . 56 SEM image A visualizes three mesocrystals in different sizes and morphologies. The SEM
images B – D displays the individual objects at a higher magnification. The corresponding FFT
patterns of both mesocrystals, demonstrated by SEM image C and D are shown in Fig. 50. .. - 57 Pyramidal shaped mesocrystals of gold TOHs are shown by the SEM images A and C, and the
tips are shown in B and D at a higher magnification, to illuminate the square-like packing parallel
to the substrate and the hexagonal packing symmetry at the sides. ....................................... - 58 The picture A shows the truncated tip of a polyhedron shaped mesocrystal to illustrate the
different crystal faces. The image illustrates the {100} faces with a square-like symmetry and the
hexagonal packed {111} crystal faces, besides vacancies and adsorbed single NPs. Selected areas
of the different crystal faces are marked by a white square and a white hexagon, respectively.... 59 The mesocrystal in picture A show crystal defects described by the terrace ledge kink
model.[92] The tip is visualized at a higher magnification in image B. The white circle encloses a
vacancy, the white arrow an analog to a kink atom, besides a crystallographic kink and surface
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atom-like NPs which for the crystal faces. The red arrows mark single TOHs adsorbed at the crystal
faces as an analog to an adatom, and stepatome-like NP is visible in the white square. A short gold
nanorod is integrated into the crystal lattice and visible in the black square. ......................... - 60 This figure shows two mesocrystals which show a stacking fault by SEM images, marked by
a red arrow at higher magnifications. The stacking fault, visible in images A and B stops at a crystal
defect. A white arrow marks an expanding crystal defect. The second stacking fault shown by the
SEM images C and D is crossing the whole mesocrystal. The white arrow points an island of NPs.61 The SEM images A and C illustrate the impact of present impurities on mesocrystalline
growth. In the shown structures the formation of an inclusion and the stop of crystal growth in
one dimension are shown, respectively. The affected parts are highlighted in B and D at higher
magnifications. .......................................................................................................................... - 62 Two twinned mesocrystals are visualized by SEM imaging in the pictures A and C and the
area of interest is illustrated by the pictures B and D. A five-fold twinned crystal is visualized by
SEM image A and a bar-like mesocrystalline structure which exhibits one twin plane which
indicates a lateral crystal growth is displayed in D. .................................................................. - 63 The SEM images A and B displays two mesocrystals which show the signs of inter-crystal
growth. Both SEM images illustrate an unordered layer of single TOHs, which is covering the whole
silicon wafer............................................................................................................................... - 64 Two Mesocrystals which show signs of crystal intergrowth are visualized by the SEM images
A and B. ..................................................................................................................................... - 64 The SEM images A - D show 3-D gold structures which are obtained after oriented
aggregation of TOH acting as building blocks and further gradual removal of surfactant. ...... - 65 The SEM images A – H show selected colloidal crystals grown by using different organic
solvents as precipitation agents. The corresponding organic solvent is given in the corresponding
pictures. ..................................................................................................................................... - 66 The SEM images A and B visualize a colloidal crystal synthesized by the gas phase diffusion
of n-Butanol into an aqueous TOH dispersion. The surface contains gold nanostructures which can
be explained by the oriented attachment of the building blocks. ............................................ - 67 This sketch illustrates the suggested reaction steps in the formation of single crystalline
materials by using gold nanoparticles as chemical building blocks via a non-classical oriented
attachment pathway. ................................................................................................................ - 76 -
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The TEM images A show the typical reaction product of a truncated gold nanocubes (GNCs)
synthesis. The TEM image B shows a single GNC at higher magnification; a white frame illustrates
the truncation at the corners and edges of the gold nano cube and the diameter of ~ 68 nm, which
is labeled in the picture. The corresponding electron diffraction pattern C confirms the single
crystalline character and the morphology with large {100} crystal faces and small {110} and {111}
crystal faces, formed by truncation. The bluish reaction dispersion shows an absorption maximum
at 582 nm in the UV-Vis spectrum D. The GNC_d70 form large superlattices with different
orientated crystal domains onto a substrate during evaporation of the dispersion medium, shown
by SEM image E. Additionally, the SEM image F displays the inclusion of gold nano-prisms into the
final structure to finish some crystalline domains at the sides, e.g., as highlighted by the black line.
- 79 The HR-TEM images A – D show different reaction products obtained from GNC_d70
dispersion in ethylene glycol at elevated temperatures after quenching by addition of aqueous
CTAB solution. In the HR-TEM image F, a gold cuboid is shown beside an assembled GNC_d70. The
corresponding FFT patterns E, G, and H show the orientation of the investigated crystal lattices in
the same direction from [100] direction. An isolated gold nano cuboid formed by oriented
attachment is displayed in I using TEM imaging, and its corresponding electron diffraction pattern
is shown in J. .............................................................................................................................. - 81 In picture B and image F, newly formed nanocrystals formed by OA of two gold nanocrystals
are shown. Both NPs are fabricated by the OA at the {111} crystal faces to form a new single crystal
as confirmed by the corresponding FFT-pattern A, C, and E and G, respectively. A gold nanocrystal
formed from four gold nanocubes is displayed in image D. An alternating gold nanostructure is
shown by HR-TEM image H, formed by the OA of three small gold nanocubes and two gold
nanocrystals with the shapes of prisms. ................................................................................... - 83 Two gold nanoparticles formed by oriented attachment of gold nanocrystals are illustrated
by the HR-TEM images B and E, together with the corresponding FFT patterns A, C, D, and F.- 84
A typical reaction product of a GNC_d40 synthesis is shown by TEM image A. Picture B shows
a selected area of assembled GNC_d40 into a 2-D square-like packing (p4mm). The corresponding
ED pattern C shows the diffraction spots of a fcc crystal from [100] direction. Analytical
ultracentrifugation analyses confirm the narrow size distribution and an average diameter of 39
nm, as shown by D. To determine the shape of GNC_d40 the HR_TEM images E and G are taken
from single GNR_d40 at high magnification and different orientations. The corresponding FFT
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patterns show the diffractograms of single crystalline gold nanocubes from [100] zone axis in F
and [110] direction in H, respectively. ...................................................................................... - 87 Both HR-TEM images A and B corroborate the formation of new gold nanocrystals by an
oriented attachment reaction, carried out in EG at 80 °C. Picture C illustrates the UV-Vis spectrum
of the initially GNC_d40 building blocks (black graph) and the UV-Vis spectrum of the crude
reaction mixture (red graph) which confirms the oriented attachment in the dispersion. ...... - 89 Small OA reaction products are visualized by HR-TEM imaging by the pictures A, E, and H.
Two GNC_d40 which are assembled at the {100} crystal faces are shown by the image B. Picture
E displays a dimer by HR-TEM imaging, synthesized by the oriented attachment of two primary
GNC_d40 at the large {100} crystal faces. A single crystalline gold nanostructure formed by
oriented attachment at {111} faces is shown by the HR-TEM image H. The corresponding FFT
patterns D, F, G and I confirm that the initial crystal lattices are oriented in the same direction,
respectively................................................................................................................................ - 90 Three different species of trimers are formed by oriented attachment in ethylene glycol at
80 °C and shown by the HR-TEM images B, F and J. The orientation of the individual lattice fringes
within the synthesized gold nanostructures is illustrated by the corresponding FFT pattern,
marked by the red arrows. ........................................................................................................ - 91 The HR-TEM image C illustrates a selected area of a gold nanostructure formed by oriented
atta h e t of three pri ar GNC_d4 . The sho

NP’s 2 and 3 fused at the large {100} crystal

faces, shown by the corresponding FFT patterns B and C. The FFT patterns A and B illuminate that
the orientation of NP 1 and NP 2 is twisted by 90 ° with respect to each other and the fusion at
the {111} crystal faces. .............................................................................................................. - 92 Different sized and shaped nanoparticle-based gold structures are formed by close-packing
of GNC_d40 during the slow evaporation of the dispersion medium and shown by the SEM images
A – C. .......................................................................................................................................... - 93 SEM imaging visualizes close-packed NP assemblies in the micrometer range and shown by
pictures A and B. which show close-packed GNC_d40 in differently oriented domains, as well as
the transition to a homogeneous superstructure, visible in B. ................................................. - 94 The SEM overview images A - C are taken from the contact line of the former droplet and
illustrate a large superlattice formed by close-packed GNC_d40 in diameter up to > 100 µm, at
different magnification. Visible cracks are supposed to be related to the drying process. At high
magnification the high order is visible in picture C. It shows the hexagonal packing of a {111}
crystal face of a gold fcc superlattice. ....................................................................................... - 94 - 172 -

The SEM image A shows a close-packed assembly of GNR_d40. The corresponding FFT
pattern B shows the diffraction spots of the hexagonal (p6mm) packed fcc crystal face. ....... - 95 The sketch shows the setup of a typical diffusion experiment. The aqueous GNC_d40
dispersion is given in a glass vial in the presence of a silicon wafer. The reaction mixture is placed
in the presence of EtOH as precipitation agent in a glass container with a snap-on caps. The
experiment is performed in a sealed desiccator at 25 °C.......................................................... - 96 Nanostructures composed of several attached GNC_d40 are obtained by gas phase diffusion
of EtOH into an aqueous GNC_d40 dispersion in the presence of CTAB and visualized by SEM
imaging in pictures A – C. Most of the NPs are assembled at the {100} crystal faces and separated
by stabilizer, as visible from the pictures as a thin and bright layer surrounding the GNC_d40
building blocks. .......................................................................................................................... - 96 Network-like gold nanostructures are formed via the oriented attachment of GNC_d40 onto
the silicon wafer during the gas phase experiment, by using a higher amount of EtOH (3.0 ml), and
is shown by the SEM images A – C. ........................................................................................... - 97 The SEM overview images A – C are taken from a silicon wafer after a gas diffusion
experiment performed at a pH value of 2 and show defined colloidal crystals in a high yield formed
by the oriented assembly of GNC_d40. 3-D objects in sizes > 10 µm are obtained instead of a flat
nanonetworks. ........................................................................................................................... - 98 Two hexagonal shaped colloidal crystals are synthesized by the oriented assembly of
GNR_d40 and illustrated by the SEM images A and C. The corresponding FFT patterns A and D
show the signals of a hexagonal {111} fcc packing.................................................................... - 98 Mesocrystals are formed by the oriented assembly of GNC_d40 by gas phase diffusion of
ethanol into an aqueous dispersion under acidic conditions onto a silicon wafer. SEM imaging
visualizes the reaction products, consisting of mesocrystals with a triangular A, rhombic B, and
pyramidal C morphologies......................................................................................................... - 99 Two different crystal faces ({111} and {100}) of a close-packed fcc structure are illustrated by
the SEM images A and B. ........................................................................................................... - 99 The mesocrystals formed by GNC_d40 show typical phenomena of classical crystal growth,
like steps and vacancies in A. An incomplete crystal face is visualized in picture B and shows the
presence of vacancies (white circle), kinks (red arrow), steps (red arrow), adsorbed single building
blocks (white arrow) and inclusions (white square) which can be described by the terrace ledge
king model. .............................................................................................................................. - 100 -
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The selective formation of mesocrystals on the silicon wafer, but not onto a defected surface
area is demonstrated by the SEM images A and B. ................................................................ - 100 The subsequent oriented attachment of assembled GNC_d40 is corroborated by SEM
imaging in A – C at various stages. .......................................................................................... - 101 The setup of a typical diffusion experiment performed with gold nanocubes (GNC_d40) and
truncated gold cuboctahedra (TOH) is illustrated by the shown scheme. Both photographs show
a typically performed experiment. The desiccator is placed during the reaction into a heating oven
at 25 °C. ................................................................................................................................... - 114 The shown photographs were taken during diffusion experiments at different reaction steps.
The image A shows the reaction setup at the beginning and the picture B one day after. The
photographs C and D illustrate the reaction vials after the reaction is done after 3 – 5 days,
depending on the performed conditions. ............................................................................... - 117 In this figure the calculated diffraction spot of gold {100}, {110} and {112} are shown with the
corresponding data. ................................................................................................................ - 122 The 3-D model A of a truncated gold nano cuboctahedron shaped NP is simulated by Vesta®
software from HR-TEM images A and D and the corresponding FFT-patterns B and E in Fig. 18
taken from {100} and {110} orientation. The size distribution of the TOHs is illustrated by the
statistic B created by counting NPs by TEM images with iTEM® software. ............................ - 122 The reddish reaction dispersion of TOH shaped nanocrystals shows an absorption maximum
in UV-Vis measurements. ........................................................................................................ - 123 A light scattering and a UV-Vis spectrum, taken after FFF are shown. The hydrodynamic
radius is around 30 nm. ........................................................................................................... - 124 A trimer is shown by the TEM image A. The corresponding ED pattern is displayed by B, and
the overlay of a theoretical diffraction pattern resolves the orientation of the individual crystal
lattices. The ED pattern E is related to NP 1, shown in A and visible from the differences in contrast.
The patterns C and D are related to the NPs 2 and 3. ............................................................. - 125 A trimer in angled conformation is illustrated by the TEM image A. The electron diffraction
pattern is shown in B and the orientation of the NPs 2 and 3 as well as NP 1, visible in A, are
illuminated by the overlay of the theoretical diffraction pattern C and D, respectively. ....... - 126 The flexible behavior of the synthesized gold nanonetworks is illustrated by SEM images A
and B. SEM image A shows a GNN attached to a present impurity on SEM sample holder surface.
The structure under the GNN is visible due to the high flexibility of GNN. In SEM image B a folded
GNN is imaged to show the elastic properties. ....................................................................... - 127 - 174 -

The TEM images A and B show the coexistence of well-defined TOHs and smooth, wavy
nanostructures formed by oriented attachment of primary building blocks in the reaction
dispersion at different magnifications. ................................................................................... - 127 HR-TEM image A illustrates an isolated gold nanostructure synthesized in aqueous dispersion
by addition of EtOH at 90 °C. The corresponding ED pattern B shows the signals of a barely
oriented crystal lattice............................................................................................................. - 128 The synthesized gold nanonetwork is covering the whole silicon wafer as a smooth film as
illustrated by the SEM image A, and in picture B at a higher magnification........................... - 128 The HR-TEM images A – D are taken from precipitate formed by OA in water / EtOH
dispersions at room temperature during a gas diffusion experiment. Samples are taken from the
bottom of the reaction vial. The oriented attachment of the TOH building blocks is apparently
visible. The former TOH NPs form an ordered, network-like nanostructure. ......................... - 128 The SEM images A and B show gold nanostructures synthesized by gas diffusion of EtOH
into an aqueous reaction dispersion. The final concentration was increased compared to the
experiment which is shown by HR-TEM images A - D in Fig. 99. SEM picture A show a gold
nanonetwork-like structure formed by oriented attachment of TOHs which do not show the
defined crystal faces of the building blocks anymore. The more roundish interfaces are also
visualized in in more detail in image B at a higher magnification. .......................................... - 129 The HR-TEM images A and B and the TEM images C and D show 2-D arrays formed by
assembled TOHs at different magnifications. ......................................................................... - 129 TEM images (A, C, E) show 2 D arrays of TOH at different magnifications. The
corresponding ED patterns (B, D, F) show the regular orientation of the TOH. ..................... - 130 HR TEM Image A shows the transition zone between close-packed structures and
surrounding unordered TOH NPs. Image B shows the fcc close-packed structure. This image was
taken in an unfocused mode to enable the imaging of all three layers at the same time. .... - 131 TEM images (A, B, C) show the formation of a 3-D structure by the growth of the second
layer on top of a 2 D arrays of TOH. The corresponding ED pattern (D) shows the signal of both
layers. - 132 SEM images show small structures formed by close-packed 3 D TOH NPs. Image A shows
structures analog to classical crystallization. Glass-like, amorphous structures are observed, as
well as square-like (100) and hexagonal (111) close-packed structures consisting of primary TOH
NPs. Image B shows structures analog to the stepwise classical crystal growth. ................... - 132 -
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This Figure shows the SEM images, previoulsy illustrated in Fig. 46, at a higher
magnification to enable the proper resolution of all mentioned features. ............................ - 133 Large wavy close-packed structures are observed in the exterior areas of the samples. ... 134 The SEM images A, C, E, and F, show large, close-packed 3-D arrays of TOH NPs formed at
the contact line of the former droplet. The SEM picture B illustrates A flat interface formed by
close-packed TOHs and the SEM picture D shows a stepwise structured surface of an observed
colloidal crystal. .................................................................................................................. - 134 SEM imaging visualizes the reaction product after a fast evaporation of the dispersion medium
in pictures A and B. The observed interface can be described as a polycrystalline or even
amorphous colloid crystal and show only a low range order. ........................................... - 135 This photograph shows three different gold nanoparticle-based structures (1 - 3) obtained
after slow removal of the dispersion medium by evaporation under atmospheric conditions. It
is visible from all pictures 1- 3 that the gold nanostructures are formed based on the former
droplet of NP dispersion, which can be explained by the coffee-ring effect.[91] All three samples
1 – 3 display the ring-shaped structure, the gradual distribution of gold NPs in the more central
regions not visible from the photograph. The sample 1 shows a roundish homogeneous gold
structure, sample 2 an ellipsoidal structure and sample 3 shows a large and bean-like structure
formed by the assembly of TOHs. ...................................................................................... - 135 Small 3-D structures obtained by precipitation are visualized by SEM images A – D. In all four
images (A – D) a square and a hexagonal packing symmetry is observed. In the image A, two
crystal faces with a square and a hexagonal symmetry are marked with the corresponding
shaped red frame. A small mesocrystal with a crystal face which is four TOHs in size is
highlighted by four white dots, visible inside the red frame. The Image B shows a collection of
several small, well separated and closed packed mesocrystals which also show highly ordered
crystal faces in a square-like and hexagonal symmetry. In picture C the high order of the closepacked TOHs is visualized by SEM imaging at higher magnification. The SEM image D shows a
mesocrystal with a stepwise interface. .............................................................................. - 136 The SEM image A shows a colloidal crystal which is isolated from an glass slide after an optical
microscop experiment, shown in Fig. 48. ........................................................................... - 137 The SEM images A – C illustrates the reaction product obtained at reaction products which
differ slightly from the optimum conditions. Unordered, quasi-spherical gold NP-based
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structures are formed beside single building blocks. Those products are also observed in the
case of truncated gold nanocuboctahedra. ....................................................................... - 138 The SEM overview images A – D show the presence of large, 3 D objects formed by the
controlled oriented assembly of TOH nanoparticles onto the silicon wafer surface. ........ - 139 The SEM images A, C, E, and G show four pyramidal shaped colloidal crystals. On the right side,
the SEM images B, D, F and H illustrates the tips at higher magnification. All shown structures
have the square-like packed crystal face parallel to the substrate and the hexagonal packed
faces at the sides. ............................................................................................................... - 140 The SEM images A – C show different polyhedral shaped mesocrystals with different shapes.
The SEM image A show a disc-like shaped mesocrystal. In SEM image B a complex faceted
polyhedral shaped mesocrystal is shown. The structure in picture C also shows a mesocrystal
which shows multiple crystal facets and also show incomplete crystal faces. .................. - 141 The SEM images A – F show various shapes mesocrystals with the corresponding FFT patterns.
- 142 Mesocrystals with inclusions are visualized by SEM imaging in the pictures A – H.... - 143 The SEM images A and B show a branched crystal which exhibits the structure of a contact
twin. .................................................................................................................................... - 144 The SEM images A and B show colloidal crystals which show the signs of lateral crystal
growth. ............................................................................................................................... - 144 The SEM images A – D show four mesocrystals which are grown at the side of the silicon
wafer, whhich can be seen from the difference in the focus of the pictures. The crystal
visualized in image A show well-defined crystal faces and the prism-like shape. A hexagonal
disc is shown by SEM imaging in B. Another prism-shaped mesocrystal is shown in picture C,
and a pyramidal shaped crystal is illustrated by SEM image D. ......................................... - 145 The SEM images A – C illustrates colloidal structures which are destroyed by washing with
Milli-Q. ................................................................................................................................ - 146 The SEM images A – D illustrate colloidal gold crystals obtained after oriented aggregation
of TOH acting as building blocks and at a higher final concentration of EtHO in the reaction
mixture. .............................................................................................................................. - 147 The SEM images show various mesocrystals grown by using different organic solvents as
precipitation agents. The SEM images are labeled with the corresponding organic solvent. .... 148 - 177 -

The interface of a colloidal crystal after the subsequent oriented attachment of the
primary building blocks is visible by picture A. The crystal was synthesized by the gas phase
diffusion of n-butanol into an aqueous TOH dispersion. ................................................... - 149 Data to the CTAB samples investigated by MS and shown in Fig. 127. ...................... - 150 The analysis of different batches of CTAB is shown in this figure in a purity range from 96 –
99+ % and a sample which was recrystallized for three times. Only the signal of the cationic
cetyltrimethylammonium and the bromide ion are detected. .......................................... - 153 Picture A shows a gold nano cube (GNC_d70) with a diameter of 68 nm. The truncation is
visualized by a white frame. This image is previously shown in picture C in Fig. 64.......... - 154 The overview SEM image A shows a packing of GNC_d70 synthesized by slow evaporation of
the dispersion medium onto a carbon foil covered SEM sample holder. The selected area,
marked by a red frame, as shown by picture F at a higher magnification to highlight the small
closed packed areas with a square-like rotational symmetry in different orientations. This
arrangement can be described as a polycrystalline packing. The black line indicates the position
of several prism-like shaped gold nanoparticles which are included in the packings and finish
the corners. Both images are previously shown in Fig. 64 as pictures E and F. ................. - 155 GNC_d70 are assembled onto a silicon wafer by a gas phase diffusion experiment at 25 C.
No order is observed due to the fast precipitation within minutes. .................................. - 156 The HR-TEM image A shows two attached GNC_d70 attached to the {100} crystal faces.
The notch which is formed by the truncation of both gold nanocubes at the {110} and {111}
crystal faces is marked by a white circle. This figure shows the HR-TEM images previously
shown in Fig. 65 at a higher magnification to highlight the little crystallographic effects visible
in picture B, C, and D at the newly formed connection area and marked by red and white
arrows. ................................................................................................................................ - 156 Different gold NPs formed by OA and at different stages of the migration of gold atoms
within the crystal lattices are shown by the HR-TEM images A – D................................... - 157 In this figure, small reaction products are shown by the HR-TEM images A – L, obtained
from the oriented attachment of gold nanocrystals in ethylene glycol at elevated
temperatures. The results are shown and discussed in chapter 5.3. ................................. - 158 Picture A illustrates a single gold nanocube (GNC_d40), shown before in Fig. 68 as image
E, is shown at high magnification. The truncation at the corners and edges is illustrated as well
as the lattice fringes. .......................................................................................................... - 159 -
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Zigzag gold nanostructures are formed by oriented attachment of gold nanocubes
(GNC_d40) and illustrated by HR-TEM images A – D. The formation of the shown structures is
shown by the UV-Vis spectrum E by the red graph, taken from the crude reaction dispersion.
The corresponding data is shown in Fig. 69. ...................................................................... - 161 The SEM images show the formation of a super crystal from colloidal crystal domains,
previously discussed and displayed in Fig. 74. ................................................................... - 161 The SEM image A illustrates fused GNC_d40 onto a silicon wafer. ............................ - 162 -
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