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OutlineOutline of of thethe LectureLecture
• Self-Assembly of Nanocrystals to Superstructures

• What are anisotropic nanostructures?

• Why are they interesting?

• General strategies for the formation of anisotropic nanostructures

• Introduction to „Self-Assembly of Colloidal Nanoparticles“

• Nanoparticles as building blocks for nanostructures: Examples

• Introduction of the term „Oriented Attachment“

• Literature examples

• Own work: Ligand-directed assembly of preformed nanoparticles

• Summary



StrategiesStrategies forfor NanostructureNanostructure FabricationFabrication

J. Mater. Chem. 2004, 14, 459-468

In this lecture: Bottom-up Approach!



BottomBottom--Up Approach Up Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

WhereWhere doesdoes thethe IdeaIdea come come fromfrom??
Nature!

Example: Opals: The fascinating interference colors stems from Bragg
diffraction of light by the regular lattice of silica particles 100-500 nm in 

diameter.



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

Like atoms or molecules, nanocrystals can be used as the building blocks of 
condensed matter.

Assembling nanocrystals into solids opens up the possibilities of fabricating new
solid-state materials and devices with novel or enhanced physical and chemical

properties, as interactions between proximal nanocrystals give rise to new collective
phenomena.

WhyWhy shouldshould wewe deal deal withwith assemblyassembly??



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

WhyWhy NanoparticlesNanoparticles??

Many different synthesis routes to

semiconductor, noble metal, magnetic metal alloy and oxide nanocrystals

are readily available, providing good control over

particle size, shape, size distribution, composition and surface properties.  

Tailoring of the properties of the final material easily
possible by chosing the appropriate nanoparticulate
building block

Same nanoparticulate building blocks for different 
nanostructures



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

HowHow to to AssembleAssemble NanoparticlesNanoparticles??

Template-Assisted Assembly:

Aqueous dispersion of colloidal PS or silica
particles are assembled on a solid surface
patterned with relief structures.

Yin et al., J. Am. Chem. Soc. 2001, 123, 8718



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

HowHow to to AssembleAssemble NanoparticlesNanoparticles??

Corma et al., 

Nat. Mater. 2004, 3, 394

Surfactant-Assisted Assembly:

Assembly of CeO2 nanoparticles (5 nm) into
hierarchically structured mesoporous
materials using block copolymers.

50 nm



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

HowHow to to AssembleAssemble NanoparticlesNanoparticles??

Murthy et al., J. Am. Chem. Soc. 2004, 126, 5292

Charge-Driven Assembly:
Assembly of negatively charged gold and 
silica nanoparticles into hollow microspheres
directed by positively charged poly(L-lysine).



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

HowHow to to AssembleAssemble NanoparticlesNanoparticles??
Self-Assembly of Nanoparticles to Superlattices

Wang, Adv. Mater. 1998, 10, 13-30

Nanocrystals are able to 
assemble into close-packed
ordered superlattices under the
following conditions: 

- narrow size distribution (< 5%)

- surfactant that is strong enough
to separate the individual
nanocrystals

- slow drying rate so that the
nanocrystals can move to suitable
positions

Schematic illustration of self-assembled, 
passivated nanocrystal superlattices of 
spherical (a) and faceted (b) particles.



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

SuperlatticesSuperlattices::

Solid, Solid, periodicperiodic arraysarrays composedcomposed of of nanocrystalsnanocrystals

Very narrow size distribution of weakly interacting nanocrystals:
The narrower the particle size distribution, the easier it is to obtain long-
range superlattice ordering.
Delicate interplay between interparticle attractions strong enough to drive
superlattice crystallization, yet weak enough to allow annealing.

The macroscopic properties of the nanocrystal superlattices are determined not
only by the properties of each individual particle, but by the interaction/coupling
between the nanocrystals interconnected and isolated by a monolayer of thin
organic molecules. Also the thickness of the organic layer influences the
properties.

Wang, Adv. Mater. 1998, 10, 13-30



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

HowHow to to AssembleAssemble NanoparticlesNanoparticles??
„Lock-and-key“Assembly

Schematic representation
showing possible approaches
to the directed self-assembly
of metallic (1. and 2.), and 
bimetallic (3.) macroscopic
materials using antibody-
antigen cross-linking of 
inorganic nanoparticles.

Shenton et al., Adv. Mater. 1999, 11, 449-452



BottomBottom--UpUp Approach Approach forfor NanostructuresNanostructures::
NanoparticlesNanoparticles as as BuildingBuilding BlocksBlocks

HowHow to to AssembleAssemble NanoparticlesNanoparticles AnisotropicallyAnisotropically??
Or:

WhatWhat areare thethe generalgeneral strategiesstrategies to to obtainobtain anisotropicanisotropic
nanomaterialsnanomaterials? ? 

1D structures: Nanowires and nanotubes

2D structures: lamellar systems such as quantum wells and 
nanohybrids



StrategiesStrategies forfor thethe FabricationFabrication of of AnisotropicAnisotropic
NanostructuresNanostructures

Six strategies for achieving anisotropic
growth:

a) Dictation by the anisotropic
crystallographic structure of a solid

b) Confinement by a liquid droplet

c) Direction through the use of a 
template

d) Kinetic control provided by capping
reagent

e) Self-assembly of 0D nanostructures

f) Size reduction of a 1D microstructure

Adv. Mater. 2003, 15, 353-389



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
Basic Literature Example:

OrientedOriented AttachmentAttachment as Growth as Growth MechanismMechanism of of NanocrystalsNanocrystals

Lee Penn and Banfield, Am. Mineral. 1998, 83, 1077; Science 1998, 281, 969; Geochim. Cosmochim. Acta 1999, 63, 1549

„Oriented attachment involves
spontaneous self-organization of 
adjacent particles, so that they share
a common crystallographic
orientation, followed by joining of 
these particles at a planar interface.

Bonding between the particles
reduces overall energy by removing
surface energy associated with
unsatisfied bonds through elimination
of the mineral-air or mineral-fluid
interface.“



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
Basic Literature Example:

OrientedOriented AttachmentAttachment in in thethe Growth of TiOGrowth of TiO22 NanocrystalsNanocrystals underunder
Hydrothermal Hydrothermal ConditionsConditions

Lee Penn and Banfield: Geochim. Cosmochim. Acta 1999, 63, 1549

TEM micrograph of a single crystal of anatase that was hydrothermally coarsened
in 0.001 M HCl.



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
Basic Literature Example:

Growth of TiOGrowth of TiO22 NanocrystalsNanocrystals underunder Hydrothermal Hydrothermal ConditionsConditions

(a)-(d): Progression of chain development: a) single primary crystallite; b) four primary crystallites forming a single crystal via oriented
attachment; c) five primary crystallites forming a single crystal via oriented attachment; d) single crystal of anatase with magnified
inset of the attachment interfaces.

Lee Penn and Banfield: Geochim. Cosmochim. Acta 1999, 63, 1549



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
Basic Literature Example:

ImperfectImperfect OrientedOriented AttachmentAttachment in in thethe Formation of TiOFormation of TiO22 NanocrystalsNanocrystals

Lee Penn and Banfield, Science 1998, 281, 969

In addition to oriented attachment, particle
growth can also involve attachment
characterized by a small misorientation in 
the interface: 

Imperfect oriented attachment.

HRTEM image of three attached TiO2 particles. 
Arrowhead mark interfaces between primary
particles. The edge dislocation at the upper interface
is reproduced below, with lattice fringes around the
terminating plane (arrowhead) highlighted for clarity.



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
SelfSelf--AssemblyAssembly of of ZnOZnO: : FromFrom NanodotsNanodots to to NanorodsNanorods

Pacholski et al., Angew. Chem. Int. Ed. 2002, 41, 1188

XRD of starting ZnO sol

XRD of ZnO sol after
one day of reflux



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
SpontaneousSpontaneous OrganizationOrganization of Single of Single CdTeCdTe NanoparticlesNanoparticles intointo

LuminescentLuminescent NanowiresNanowires

Tang et al., Science 2002, 297, 237; J. Phys. Chem. B. 2004, 108, 6927



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
SelfSelf--AssembledAssembled InIn22OO33 NanocrystalNanocrystal Chains and Chains and NanowireNanowire NetworksNetworks

Lao et al., Adv. Mater. 2004, 16, 65

The nanostructures were synthesized by a 
vapor transport and condensation method
(evaporation of a mixture of In2O3 and 
graphite powder at around 1000°C in a 
quartz tube).

SEM and TEM images of the In2O3 nanowire
and nanocrystal chains. Big crystals are part
of the network. a) SEM image showing the
nanocrystal chains. b) SEM image showing
the network junctions. c) SEM image showing
the nanowire and nanocrystal chains. d) TEM 
bright field image of part of a nanocrystal
chain. 



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
NanorodNanorod--Direct Oriented Attachment Growth and Promoted Direct Oriented Attachment Growth and Promoted 

Crystallization Processes Evidenced in Case of ZnWOCrystallization Processes Evidenced in Case of ZnWO44

Liu et al.: J. Phys. Chem. B 2004, 108, 2788 -2792

Formation process of the nanorods by hydrothermal crystallization process.

Proposed nanorod-direct self-aggregation process observed in the case of 
ZnWO4 nanorods under refluxing conditions.



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
LigandLigand--Directed Assembly of Preformed Directed Assembly of Preformed TitaniaTitania NanocrystalsNanocrystals into into 

Highly Anisotropic NanostructuresHighly Anisotropic Nanostructures

Polleux et al.: Adv. Mater. 2004, 16, 436

SynthesisSynthesis

1) Synthesis of anatase nanoparticles using a nonaqueous in-
situ functionalization process:

- Benzyl alcohol + Ligand + TiCl4
- Heat at 80°C for 24 h

- Centrifuge precipitate off and wash

- Ligands: Trizma, Tris, glycine hydroxamate, serinol, ethanolamine

2) Assembly of the preformed nanoparticles in water

TiTi--toto--ligandligand ratio = 12ratio = 12



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
LigandLigand--Directed Assembly of Preformed Directed Assembly of Preformed TitaniaTitania NanocrystalsNanocrystals into into 

Highly Anisotropic NanostructuresHighly Anisotropic Nanostructures
The effect of Trizma on the assembly behaviour of TiO2

Polleux et al.: Adv. Mater. 2004, 16, 436Scale bar: 100 nm

50:1

20:1

12:1



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
LigandLigand--Directed Assembly of Preformed Directed Assembly of Preformed TitaniaTitania NanocrystalsNanocrystals into into 

Highly Anisotropic NanostructuresHighly Anisotropic Nanostructures

Polleux et al.: Adv. Mater. 2004, 16, 436



SelfSelf--AssemblyAssembly of (quasi) 0D of (quasi) 0D NanoparticlesNanoparticles
LigandLigand--Directed Assembly of Preformed Directed Assembly of Preformed TitaniaTitania NanocrystalsNanocrystals into into 

Highly Anisotropic NanostructuresHighly Anisotropic Nanostructures

Possible explanation:

• (001) has the highest
surface free energy

• (001) shows a different 
reactivity towards water

• Trizma binds to all crystal
faces during synthesis

• Trizma desorbs faster from
the (001) face during reflux



NonaqueousNonaqueous SolSol--Gel Gel RoutesRoutes to Oxidesto Oxides
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