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6|Chapter 1

1
Introduction

8|Chapter 1

1.1 Why Nanomaterials are different
Bigger is not always better. Or at least not more interesting. In the last few decades a
considerable amount of research has been focused on the study of materials that have
dimensions on the nanoscale, in particular towards the understanding of their novel
properties that differ greatly from those of bulk materials. Nanoscience and nanotechnology aim to fabricate, manipulate, characterize and assemble structures by controlling
their shape and composition at the nanometer scale.

1,2

This research is driven both by

the fundamental academic interest in these materials and by their applicability to industrial technologies. One of the most exciting features of this topic is the remarkable
change in the fundamental electrical, optical and magnetic properties due to the progression from a bulk solid to a portion of the same material consisting of a relatively
small number of atoms. Indeed, nanomaterials are characterized by a behavior which is
intermediate between that of a macroscopic solid (bulk) and that of molecular systems.

3

In particular, semiconductor (colloidal) nanocrystals (NCs), having dimensions on the 1
4,5

- 10 nm scale, also known as quantum dots (QDs), are a central topic in nanoscience.

In this work we use the term colloids to denote the fact that the NCs are suspended in a
medium. The colloidal type of these NCs can be synthesized by means of wet-chemistry
routes in a liquid medium. They are dispersed in solution, and thus are not bound to
any solid support, in contrast to, for example, epitaxially grown NCs. Colloidal NCs
consist of an inorganic core and a shell of organic molecules (ligand) which make them
4

colloidally stable in solution (Figure 1.1). As a consequence, the nature of the organic
shell determines the type of solvent (i.e. polar or apolar) in which the NCs are stable.
The great advantage of colloidal NCs over other classes of nanomaterials is that they
are versatile, sufficiently robust to be manipulated after synthesis steps, and they are
easily processable due to their colloidal nature.

6-8

In this sense, nanotechnology pro-

vides the building blocks for new electronic and optical nano-devices such as solar cells,
light-emitting diodes or lasers, as well as in material science and biology.

9-14

In nanoscience, two main ambitions are the control of the structure atom-by-atom,
and to understand the relationship between the assembled structure and its properties.
In the field of colloidal NCs, these ambitions emerge on two scales: (i) the atomic scale,
in controlling the crystal structure and understanding the ensuing properties (ii) the NC
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scale, in growing NC superlattices and understanding the collective properties of these
superlattices. If we think about applying these materials in opto-electronic devices for
example, a high level of control and understanding of both of these scales is required.

Figure 1.1- (a) Schematic of a colloidal NC, which consists of an inorganic core and an
organic (ligand) shell. (b) High angle annular dark field scanning electron transmission
(HAADF-STEM) image of PbSe colloidal NCs. Scale bar is 20 nm. Scale bar in the inset is
15
2 nm.

First, let us consider the atomic scale. The chemical and physical properties of NCs can
5

be tuned by changing their shape and size. This is predominantly due to two reasons:
3,4,16,

(a) structures of decreasing size have larger surface-to-volume ratios and therefore

their properties are more influenced by surface effects and (b) confinement of charge
carrier wavefunctions by the physical dimensions of a structure cause quantum confinement effects, such as the size dependence of the band gap.
Secondly, we consider the NC scale. A very exciting feature of colloidal NCs is their
ability to self-assemble in organized structures –superstructures, i.e lattices composed of
NCs building blocks.

8,17-19

These structures show new collective properties that may

emerge as a consequence of dipolar or quantum coupling between the NC building
blocks. Indeed, upon self-assembly the final structure is encoded in the shape and
properties of the constituent particles that are used: the way in which the particles are
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assembled together strongly affects the overall proprieties of the final superstructure.
This implies that by tuning the geometry of the NCs in the final structure, and by a
careful choice of the type of NCs, we can design the superstructure with specific properties for target applications.

20

Figure 1.2- Sketches of colloidal semiconductor HNCs (for clarity the organic shell is
not represented).

The development of the synthetic strategies has dramatically extended the range of
colloidal systems which can be synthesize in the nanoscale regime, thereby opening the
possibilities to fabricate particles with different shape, size and composition. Of particular interest are the so called semiconductor heteronanocrystals (HNCs);

7,21

systems in

which different materials are combined together joined by one or more common
interfaces. See Figure 1.2 for some examples of HNCs structures. By carefully choosing
the type of material, the way in which the materials are combined together, the shape of
the structure and by tuning the interface, we are able to design a wide range of material
systems with different properties. Indeed, by playing with this parameter the delocalization of hole and electron can be tuned in the structure.

7

One example of such system which has received great interest in this field is that of
CdSe/CdS dot-in-a-rod HNCs (Figure 1.3). They consist of a core of CdSe embedded in
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a rod-like shell of CdS. These systems were synthesized for the first time in 2007 by
22

Carbone et al., and for the past few years have attracted significant attention from the
nanoscience community.

23

This interest owes to their unique optical properties and to

the ability of these nanostructures to spontaneously assemble into organized superstructures. Accordingly, these systems hold promise for application in optoelectronic
devices (as lasers or LED’s) as well as in photovoltaic, phothocatalysis and in biology. A
detailed description of the state of art of CdSe/CdS nanorods (NRs) is reported in
Chapter 2.

Figure 1.3- Sketch and a TEM image of CdSe/CdS dot-in-a-rod structure.

It is crucial to understand that to make these systems suitable for integration into existing technologies and to explore their applicability in new and emerging fields, some
important issues need to be resolved. Firstly, there is the need to design the building
block with specific properties. Secondly, it is necessary to achieve high control over the
NRs self-assembly - it is especially important to understand the mechanism behind this
process so that one can develop superstructure of desirable properties. Thirdly, it is
pivotal to improve the processability of these nanosctructures in polar solvent (i.e.
water-ethanol) and at the same time to enhance their photostability.
With a careful interplay between physics and chemistry, this work aims to analyze and
investigate these three issues, and to build a bridge between fundamental nanoscience
and real applications, with particular emphasis on the CdSe/CdS system.

12 | C h a p t e r 1

1.2 Outline of this thesis
This thesis addresses the study of CdSe/CdS dot-in-a-rod. The first part of the thesis
offers a general introduction to colloidal semiconductor NCs and their self-assembly. In
Chapter 2, the state of art of CdSe/CdS dot-in-a-rod systems is discussed in detail. This
includes both a review of the methods to synthesize the HNCs, with focus on the method used in this thesis, as well as the effect of the spatial confinement on the NCs’
properties. In Chapter 3, we review some key aspects of long-range assembly of colloidal semiconductor NCs.
The second part of this thesis focuses on the investigation of the electronic fine structures of CdSe/CdS dot-in-a-rod. Chapter 4 reports an investigation of the temperaturedependent exciton decay dynamics of the NRs in the frame work of the exciton fine
structure. We performed photoluminescence (PL) spectra and decay measurements as a
function of temperature (1.5 -300 K). We proposed a model within which the low temperature exciton dynamics is governed by exciton excited states that arise from the dark
state by coupling to an acoustic lattice phonon.
In the third part of this thesis we studied the self-assembly of colloidal CdSe/CdS NRs. In
particular we aimed to achieve high control and to understand the mechanism regulating the self-assembly at the liquid/air interface. In Chapter 5, we present a study of the
self-assembly of the NRs at the liquid/air interface, combining time-resolved in-situ
grazing-incidence small angle X-ray scattering (GISAXS) and ex-situ transmission electron microscopy (TEM). Our study showed that NR superstructure formation occurs at
the liquid/air interface. Additionally, we proved that a systematic variation of the NR
length and initial concentration of the NR dispersion allowed us to tune the orientation
of the NRs in the final superstructure. We propose a model of hierarchical selforganization for which in the first step the NRs form ordered bundles already in the bulk
dispersion. The bundles are then adsorbed at the liquid/air interface, where further
organization in superlattice occurs. In Chapter 6 we have further investigated the dynamics of the self-assembly at the liquid/air interface using GISAXS. This new study
aimed to demonstrate the effects of the NR-NR interactions energy on the mechanism
of NRs’ interfacial adsorption and self-organization, allowing us to investigate other
parameters, other than the NR length, such as the ideality of the solvent. Additionally,
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our results provide important insights regarding the conditions and the time scales at
which the formation of the first monolayer of NRs at the liquid/air interface occurs, this
being a crucial point towards the fabrication of NR monolayer membranes. Although
the results described in Chapter 6 also support our model of hierarchical selforganization, no further experimental evidence of bundle formation in solution was
obtained, owing to the limited penetration depth of the X-ray beam in the solution (20
nm) in the GISAXS technique. Therefore in Chapter 7 we present a study of bundle
formation in the bulk solution by using Linear Dichrosim (LD) and Small Angle X-ray
Scattering (SAXS). Our SAXS results provide strong evidence that well-ordered NR
bundles (with internal hexagonal packing) are present in solution, which, under the
influence of an external magnetic field, align parallel to . We show that the size and
the concentration of the bundles in solution strongly depends on the length of the NRs,
the monomer concentration, and the temperature of the suspension. The alignment of
the bundles in the magnetic field as a function of their size and temperature is described with a simple statistical model.
The last part of the thesis focuses on the incorporation of the NRs in silica by using the
reverse micelle method, in order to render them processable in polar solvents while
increasing their photochemical stability, which would be beneficial for their application in
LED’s and as biolabels. In Chapter 8, the mechanism for the encapsulation of the NRs in
silica is revealed and shown to be strongly influenced by the NR shape and its asymmetry. Interestingly, the encapsulation of the NRs in silica leads to a remarkable increase
in their photostability, while preserving their optical properties.
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2
Design the building blocks: synthesis and optoelectronic properties of colloidal
heteronanocrystals
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Abstract
Colloidal semiconductor nanocrystals (NCs) have attracted a lot of attention in the last
decade since they exhibit size- and shape-dependent physical properties owing to
quantum confinement effects. They therefore represent a new class of building blocks
for electronic and optical nano-devices. In order to design these particles with specific
properties for target applications, a high level of control over their synthesis must be
obtained, as well as an understanding of the size- and shape-dependence of their
electronic structure. This chapter addresses the synthetic methods for the fabrication of
colloidal NCs, demonstrating a high control over the NC size. Additionally, the effect of
the spatial confinement on the NCs, properties is discussed.

2.1 Introduction
A lot of effort has been focused on exploring new routes to enable the synthesis of
monodisperse nanocrystals (NCs) with finely tailored size, shape, internal structure, and
surface chemistry. Such control is essential to ensure a precise correlation between the
compositional and geometrical parameters of NCs and their physical-chemical
1-3

behavior.

Indeed, understanding the size and shape dependence of the physical

properties of NCs is a fundamental step towards the design and the fabrication of
building blocks, with specific properties, for target applications. In particular, II-IV NCs
such as cadmium chalcogenides (CdE, where E = S, Se, Te) are the most extensively
investigated colloidal semiconductor materials.

4-6

More importantly, heteronanocrystals

(HNCs) – that is, nanocrystal systems consisting of two or more different materials represent an excellent study case, since depending on the composition, the size, the
shape of the NCs components and the interface, the properties of the resulting material
can be controlled and tuned. Therefore, it is pivotal to study how to fabricate these
materials in a controlled way, and at the same time investigate their electronic structure.
In this chapter, the methods to synthesize colloidal HNCs are discussed, with particular
focus on those used in this thesis. Additionally, an explanation of the effect of the spatial
confinement on the NCs’ properties is given. This includes also a description of the state
of the art of CdSe/CdS dot-in-a-rod systems.
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2.2 Fabrication of colloidal heteronanocrystals
There are several ways to synthesise semiconductor colloidal NCs, but here we will
focus only on synthesis in organic solutions. This technique was developed in 1993 by
4

Murray et al. Typically, the NCs are synthesized via thermal decomposition of a molecular precursor. The precursors (that is inorganic salts or organometallic compounds)
react and/or decompose at a suitable temperature in a flask containing a liquid mixture
of suitable organic ligands or surfactants. The colloidal synthesis consists of three main
steps: (i) burst nucleation of an initial “seed” from an initially homogeneous solution; (ii)
subsequent growth of the nuclei; and (iii) isolation of particles that have grown to the
desired size from the reaction mixture.

1-3

A successful way to obtain NCs with narrow size distribution is the temporal separation
of nucleation and growth stages. One of the way to achieve this is by the hot-injection
7-9

technique.

This method is based on the rapid injection of a cold precursor into a hot

coordinating solvent, which leads to burst nucleation, with a subsequent temperature
drop, allowing further growth at a somewhat lower temperature (see Figure 2.1). By
growth at a lower temperature, new nucleation event are prevented, and the sizedistribution is kept to a minimum. The growth of the NCs s is relatively slow and occurs
at sufficiently high temperature, such that crystal defects can be annealed.
The main reaction parameters are temperature, monomer concentration, growth time
and the choice of the inorganic precursor and surfactant; by tuning these parameters
the kinetics of the nucleation and growth can be controlled.

1,2

The presence of capping ligands (surfactants) is extremely important for the control of
NC nucleation and growth. The organic surfactants (e.g., alkyl thiols, amines, carboxylic
and phosphonic acids, phosphines, phosphine oxides, phosphates, etc.), which continuously adsorb and desorb from the NC’s surface through their polar head groups,
influence the synthesis in two ways: (i) they act as terminating or stabilizing agents and,
(ii) they affect the growth kinetics.

4,7,8,10

As stabilizing agents they not only prevent

coagulating of the growing NCs and hence ensure their stability but they make them
soluble in a variety of media following the chemical preparation step. On the other
hand, they also play a very important role in controlling the NC size. The surfactants are
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bound and unbound dynamically on the surface of the growing crystals, therefore once
a surfactant molecule detaches from the surface of the NC, new monomers can bind to
the core, thereby enabling the NC to grow. Ultimately, the surfactant molecules’ properties and the energy with which they bond to the nuclei’s surfaces strongly influence the
growth of the NCs and consequently, the final size of NCs.

3

Figure 2.1- Schematic representation of the synthesis apparatus used in the preparation of colloidal NCs and sketch of an organic-capped NC resulting from the synthesis.

2.2.1 Shape control
The development of synthetic procedures and the understanding of the relevant
growth mechanisms has opened the possibility to synthesise colloidal NCs with anisotropic shapes, characterized by a remarkable uniformity both in size and shape.

9,11-15

Figure 2.2 a and b show examples of anisotropically shaped NCs: (a) nanorods (NRs)
16

and (b) octapods.
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16

Figure 2.2- (a) TEM images of CdSe NRs. (b) TEM images of CdSe/CdS octapods.

To understand the origin of the shape anisotropy in NCs, we first need to consider the
factors that define crystal shape; firstly, one must be aware that different facets in crystals have different surface energies, and different numbers of exposed dangling bonds.

3

The crystals tend to adopt the shape for which the total surface free energy is mini17

mised.

Facets of different surface energy may also have a different growth rate, since

this depends exponentially on the facets surface free energy.

10

This usually results in

crystals that display the lower energy facets and thus have minimum free energy. However, due to kinetic factors, other shapes are also possible, which means that the NCs
are metastable. For instance, the stable configuration of rocksalt PbSe should be a
truncated cube, however also “nearly spherical”, star-type and rod-type PbSe NCs can
be prepared.

17,18

A well used route to direct and control the growth of the NCs, is by selective passivation of various facets with specific surfactant molecules resulting in NCs with anisotropic
shape. This is possible because some surfactants may bind more strongly to certain
facets, and as a consequence suppress their growth. The bonding strength of the
surfactant to different facets predominantly depends on the head group of the ligand,
although the apolar tail also has a strong influence on the control of the anisotropic
growth. For example short alkyl chain ligands, compared to their long chain counterpart
form less stable precursors and have faster diffusion rate, which consequently leads to a
faster nucleation and growth. Additionally they bind more dynamically than long chain
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ligands, thereby increasing the effect of the selective passivation on the growth rates of
10

different facets.

Another important aspect which strongly influences the direction of the growth of NCs
is the crystallographic structure of the crystal itself. For example, in NCs with centro19

symmetric crystal structures, such as the cubic zinc-blend (ZB) (i.e CdSe and CdTe), the
surface energies of the various facets differs only slightly from each other, resulting in a
isotropic growth, which leads to “nearly spherical” crystal. On the other hand, noncentrosymmetric crystal structures, such as wurtzite (WZ) have a polar axis: the facets
perpendicular to this axis can show very different growth rates. As for wurzite growth in
the direction of the polar axis can be fast, there are many examples of wurzite rods,
wires, ribbons.

11,12,20,21

In this thesis, a detailed study of the CdSe/CdS heterostructures is presented, therefore
we will now discuss the case of asymmetric growth in WZ-CdSe. The wurtzite (hexago12

nal) structure is characterized by a polar axis (c−axis),

and hence, an intrinsic crystal

anisotropy. In a wurtzite crystal the prismatic facets (parallel to the c−axis) are non2+

2-

polar, since they are composed of both cations (Cd ) and anions (Se ), whereas the
basal facets (i.e, perpendicular to the c−axis) are polar since they exhibit alternating
layers of cations and anions.

19

Non-polar facets are more stable than polar ones, which

can favour the growth along the c-axis, resulting in rod-like shapes when NCs of these
materials are prepared in suitable synthetic conditions.
For example, in the case of CdSe NRs the anisotropic growth is promoted by using a
mixture of surfactant (TOPO) and a short chain ligand (hexilphosphonic acid, HPA),
which caused a different growth rate of the different crystallographic facets.

22

Later, the

controlled transformation of NCs from spherical to elongated shape (rod, arrow and
tree) has been obtained by increasing the concentration of HPA.

23

These examples

demonstrate that the ability to systematically and precisely control the crystal phase and
the growth rates of the different facets by choice of precursor, surfactant and temperature, enables the growth of a rich variety of NC building blocks.
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2.2.2 Heteronanocrystals
More recently, the increases in the development of synthetic strategies has opened
the way to more complex colloidal particles, i.e. heteronanocrystals, containing different
2,3,24

inorganic materials in one structure.

One of the most common configurations for heteronanocrystals is the core/shell configuration, in which a NC core is uniformly covered by a layer (the shell) of a different
material, for example CdSe/CdS core/shell NCs. In this system a shell of the higher band
gap CdS increases the robustness and enhances the photoluminescence quantum yield
25-27

of the CdSe core, by complete passivation of the surface of the CdSe core.
HNCs with different shapes have been obtained.

Also,

3,24

The principles discussed above for the shape control of homoepitaxial growth are
valid also in this case. A general requirement for epitaxial shell growth is that the core
and shell material exhibit a small lattice mismatch. This is a pivotal point since lattice
strain can introduce defects at the interface which can affect the optical properties and
the chemical stability of the core/shell NCs. Therefore, by carefully choosing the type of
ligand or the crystal structure of the starting seed, the shape of the subsequent shell can
be controlled. For example, the shape of a CdS shell, grown around a spherical WZCdSe NC, can be controlled: Rod-shaped shells are obtained when using ODPA , since it
binds strongly to the facets parallel to the c-axis and hence forces growth in the polar
28,29

directions (c-axis).

On the other hand, it was experimentally demonstrated that by

using a mixture of ODPA and HPA (short ligand), there is a shift of the equilibrium
between the WZ and the ZB polytypes of CdSe, resulting in the formation of tetrapodshaped HNCs. This is due to the fact that in the ZB-centrosymmetric crystal structures,
the CdS shell tends to grow equally along the three crystallographic axes (see Figure
30

2.3). Lastly, under fast growth condition and by using a long fatty acid as ligand (Oleic
acid), a spherical shell can be obtained.

31

CdSe/CdS core shell NRs will be discussed more in details in section 2.4.
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Figure 2.3- (a)Phase transformation between WZ and ZB polytypes of CdSe determines the morphology of CdSe/CdS HNCs. (b)TEM images of CdSe/CdS rod-shaped
HNCs; and (c) TEM images of CdSe/CdS tetrapod-shaped HNCs. Figure is modified
from Ref. 30

2.3 Opto-electronic properties of colloidal heteronanocrystlas
The physical properties of semiconductor NCs depends strongly on their size and
shape. One of the most notable examples is that by simply decreasing the size of CdSe
NCs, the emission wavelength (color) can be tailored from the near infra-red to the red
to the blue, as depicted in Figure 2.4a. The relationship between a NC’s size (and shape)
and its optical properties is related to the electronic structure of NC, which becomes size
dependent due to quantum confinement.

32

Figure 2.4- (a) Schematic representation of the quantum confinement effect in NCs.
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Semiconductor NCs can be seen as intermediate state of matter, between the bulk
material and a molecule. There are two approaches to understand their electronic
structure: a more physical approach, which starts from the bulk material band structure
and incorporate the effect of a crystal size reduction; and a second one, more chemical,
which considers atoms as the basic building blocks, and combines atomic orbitals to
“build up” the NCs orbitals. Here we will only discuss the first approach.
A semiconductor is characterized by a highest filled valence band (VB) and a lowest
empty conduction band (CB), separated by the band gap (Eg). In a bulk semiconductor,
excitation by an optical transition involves the formation of two charge carriers, the
electron (e) in the CB and the hole (h) in the VB, where hole is defined as the empty
state in the VB formed as a consequence of the promotion of the electron to the CB.
Excitation can occur, for example, due to absorption of a photon with an energy
ℏω

. The electron in the CB is negatively charged and possesses an effective mass ,

*
me ,

and the hole in the VB is positively charged and possesses an effective mass, mh .

*

The effective mass is introduced to define the interaction of electrons and holes with the
periodic lattice.
According to the well known de Broglie wave-particle duality, an electron (or a hole)
*

*

with effective mass me (or me ), possesses a linear momentum p, which express their
wave-like nature; p is related to the wavelength, λe, according to;
(2.1)
where h is Planck’s constant. The kinetic energy, E, is related to the wave number, k, as:
ℏ

(2.2)

where ℏ=h/2π. The de Broglie wavelength for an electron can therefore be expressed in
terms of kinetic energy as:
λ

(2.3)
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The behavior of the electron is strongly sensitive to the dimensions of the solid in
which it moves. A bulk material can be modeled as an infinite crystal by imposing the so
called periodic boundary condition for which the electrons are not affected by the
borders of the solid in terms of energy and wave functions. In this case the electron
energy dispersion relation

ℏ

33

is quasi-continuous.

If the dimensions of the solid

are reduced, the electron wavefunction becomes confined (see the ‘particle in a box’
description below) by the physical boundaries of the lattice which can no longer be
assumed to be infinite. The system is then “quantized”. In this situation all the allowed
types of motion have well-defined energies that are separated from one another, giving
rise to discrete energy levels.
The confinement can occur in one or more dimension, depending on the shape of the
NCs. When only the thickness Lz of the NCs is smal (quantum well), the electron motion
will be confined in 1-dimension (1D), as depicted in Fgiure 2.5. On the other hand, the
electron motion can experience a 2-dimensional (2D) confinement in the case of quantum rods. In the case of spherical NCs, where all the dimension are smaller, the electron
motion is confined in 3-dimensions (3D). Therefore, by tuning the dimensions of a
nanoscale solid we can continuously tune the degree of the confinement of its carriers.
As a consequence, many properties of the solid will no longer be just a function of the
chemical and structural nature of that specific solid, but also of its size and shape.

Figure 2.5- Schematic description of the possible confinement for a solid: 1D, in the
case of quantum well, 2D, in case of quantum rods and 3D, in case of quantum dot.
The most common way to describe the behaviour of an electron in a quantized sys32,33

tem is to consider the case of the particles in a box.

We start by considering the

simple case where the confinement occurs only in 1D, in the z-direction of Figure 2.5.
Here, a finite potential exists in the material and an infinite potential exists outside, thus
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defining a potential well with thickness Lz (thickness of the box). The electron wavefunction tends to zero at the boundary of the potential well, and inside the well is expressed
as;
(2.4)
The wavenumber

take a discrete value, while

takes a continuous value and

expresses the infinite in-plane motion of the electron in the x-and y- directions.

is

defined as:
, with

=1,2,3, …

(2.5)

The electron energy is given by the sum of the kinetic energy associated with the infinite
motion in the x- and y-direction (continuous term) and the discrete (quantised) set of
energy values associated with motion in the z- directions;
ℏ

π ℏ

with

(2.6)

If an electron is confined in a two-dimensional box (the case of a quantum rod), as
depicted in figure 2.5, it is confined in the y-and z-directions, between barriers separated by lengths Ly and Lz respectively. Therefore, infinite motion is only allowed in the
x-direction. Using a similar approach to that of the one-dimensional box, it can be
shown that the electron wave function can be written as:
(2.7)

where the numbers

are discrete, while

takes continuous values. There-

fore we can write:
, with

=1,2,3, …, and

, with

=1,2,3,…

(2.8)
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Accordingly, the electron energy consists of a continuous term for the infinite motion
in the x-direction (continuous term) and two discrete set resulting for the motion in the
y- and z- directions:
π ℏ

ℏ

π ℏ

with

(2.9)

On the other hand, in case of 3D confinement, only a discrete set of completely localized states is allowed. Therefore the energy spectrum of an electron in a cubic box with
Lx, Ly, Lz is defined as:
π

with

(2.10)

In the three cases the confinement energy is inversely proportional to the square of
the confining dimensions, L. By reducing L the spacing between the values in k-space
increases, leading to quantized levels. This increase in the energy levels, both in conduction band and valence band also results in increases of the energy gap Eg.

Figure 2.6- Absorption spectra of CdSe QDs of different sizes. The absorption spectra
shift to higher energies as the size of the NCs decreases.
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The effects of quantum confinement are clearly visible in the optical properties of QDs.
For example in the case of CdSe QDs the absorption spectra shifts to higher energy as
the size of the NCs decreases (Figure 2.6). As discussed, quantum rods experience
confinement in two dimensions and this confinement leads to a variety of new proprieties with respect to spherical NCs, in terms of electronic structure, symmetry,
polarization of the emitted light and carrier dynamics.

34

2.3.1 The case of heteronanocrystals
In the case of NCs that constitute of one single material, the electron and hole wavefunctions completely overlap. However in hetero-systems, the spatial distribution of the
electron and hole wavefunctions can be partly or eve substantially separated. This can
be achieved by changing the size, shape and composition of the HNCs, tuning in such a
3

way the VB and CB energies of the two parts. Depending on the relative band alignment of the core and shell crystals, three types of localization of the charge carriers can
1/2

be identified, Type I, Type I , and Type II. A schematic representation of the band
alignment and charge carriers’ localization regimes is depicted in Figure 2.7.
In Type I HNCs, the band gap of the shell material is larger than that of the core, and
the band edge positions are such that both electrons and holes are confined in the
core. Type I

1/2

HNCs are characterized by the fact that the energy offset of the conduc-

tion bands (valence bands) is too small to confine the electron (hole) wave function, and
therefore the wave function is delocalized over the entire core-shell structure, whereas
the hole (electron) remains confined in the core. A typical example is CdSe/CdS
core/shell NRs. More details are discussed in Chapter 4. In case of Type II HNCs, the
shell’s conduction and valence band edges are lower than those of the core, as depicted in Figure 2.7, therefore the electron and hole wave functions are confined
separately in the core and the shell and the wavefunction overlap is nearly zero. A
typical example is CdTe/CdSe or CdSe/ZnTe.
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Figure 2.7- Schematic representation of three types of localization of electron (-) and
hole (+) wavefunctions in semiconductor heteronanocrystals, and the corresponding
band aligement.

2.4 CdSe/CdS NRs: state of art
This thesis deals with the study of CdSe/CdS dot-in-a-rod HNCs, therefore in this session we will briefly discuss the structure and the optical properties of this system. A
CdSe/CdS dot-in-a-rod HNC consists of a spherical CdSe core located asymmetrically in
28,29

a rod-like CdS shell (Figure 2.8).

Such particles are synthesized via a seeded-growth

approach, in which the CdSe spherical NCs are used as the starting seeds and deposition of the CdS shell is allowed to occur with high selectivity under homogeneous
growth conditions (see Figure 2.8a). Such core/shell NRs have exceptionally narrow
distribution in size and shape, as well as a wide range of aspect ratios (i.e. L/2R) with
which they can be synthesized. Figure 2.8 b, c and d shows TEM images of example of
CdSe/CdS NRs.
A particular interesting aspect of these systems is that the core of CdSe is not located in
the center of the rod-shaped CdS shell, but occupies an asymmetric position a third of
28,29,35

the way along its length, close to the (0001) polar facet (Cd terminated).

The

asymmetric position of the core has been further demonstrated using microscopy
techniques. Figure 2.9a shows a HR-TEM image of CdSe/CdS NRs, while Figure 2.9b
28

shows the corresponding ‘‘mean dilatation’’ image of the same CdSe/CdS NR. Areas of
the same color are regions with the same periodicity. The mean dilatation image shows
an area (red) where the lattice parameters are altered by 4.2% with respect to the
reference area (green) situated at the opposite tip of the NRs, which indicates the
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position of the CdSe core. Additionally, elemental profiles for Cd, S and Se was obtained
by recording Energy-dispersive X-ray Spectroscopy (EDS) along the c-axis of a single
NRs (Figure 2.9e).

29

Both the elemental profiles and the dilatation mapping show that

the CdSe core is located closer to one of the tips of the CdS NR. This suggests that the
growth rate of the two polar facets (0001) and (000 ) are not equal. Experimental results
showed that the S terminated polar facet direction grows much faster than the Cd
terminated polar facet. However, this does not explain why the core is not in the center
of the CdS NRs. Indeed, if we consider that the growth proceeds by addition of atomic
units, this would convert a Se termination into Cd termination and vice versa, therefore
the growth rate of the two facets should be equal. If however, we consider that the
growth occurs not by addition of atom unit but by additions of molecular CdS units,
then we can see the growth as governed by the intrinsic dipole moment of the NC, thus
36

explaining why the S facet grows faster. Figure 2.10 shows a schematic diagram of the
growth of the CdS shell according to the model of the CdS unit addition.

3

Figure 2.8 - (a) Schematic representation of the seeded-growth approach used for the
synthesis of CdSe/CdS NRs. (b, c, d) TEM images of three representative sample of
CdSe/CdS NRs with different length and diameter: (b) 2R = (5.5 ± 0.9) nm, L = (24.1 ±
2.2) nm; (c) 2R = (4.1 ± 0.4) nm, L = (43.2 ± 4.3) nm; (d) 2R = (4.3 ± 0.4) nm, L = (37.1
± 4.3) nm.
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Figure 2.9- (a) HRTEM image of a CdSe/CdS NR and (b) corresponding “mean dilatation” image. (c) HRTEM image of a CdSe/CdS NR (Scale bar is5 nm) and corresponding
(d) elemental profiles for Cd, S, and Se obtained by recording EDS signal intensities
along the long axis of the NR. The Figure is modified from Ref. 28,29

Figure 2.10- Schematic diagram of the possible grow mechanism for the CdS shell
according to the model of the CdS units addition. The white spheres represent the
surfactant molecules. For simplicity in this sketch the surfactant molecules attached to
the CdS monomers are omitted. The arrow indicated the intrinsic dipole moment of the
NRs.
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Besides their structural interest, another important aspect that we need to consider are
34

the optical properties of CdSe/CdS.

Interest in these systems is largely due to their

bright and stable luminescence in the visible with photoluminescence quantum yields up
to 70%. Figure 2.11a shows the absorption spectra of CdSe/CdS NRs. The high-energy
peaks in the absorption spectra can be ascribed to the absorption from CdS, while the
lowest energy peak is due to electronic transitions the valence band to the conduction
band, resulting in holes confined in the CdSe, and electrons delocalized throughout the
entire NCs structure as a consequence of the negligible conduction band offset between CdSe and CdS.

28,37

The absorption is dominated by the CdS rod, whereas the

emission originates from excitons delocalized over the CdSe core and the CdS rod. This
is also confirmed by the fact that the emission peak is slightly red-shifted with respect to
the lowest CdSe absorption (Figure 2.11b), indicating a loss in confinement of the
electron. This will be discussed more in detailed in Chapter 4. The fact that the emission
originates partly from the core implies that by changing the core size we can tune the
emission wavelength of the NRs, which allowed us and others to design heteronanorods
with specific requirements for target applications. This is clearly shown in the graph in
Figure 2.11c, which plots the emission of several CdSe/CdS NRs with different core sizes.
A lot of work as been done to try to understand and define the electronic structure of
CdSe/CdS, and in particular to understand how the growth of a rod-like shell over a
CdSe QDs affects the exciton dynamics and the exciton fine structure. A detailed study
of the exciton fine structure of this system is reported in Chapter 4.
The exciting optical properties of these NRs have been extensively investigated.

34,38-47

For example, Carbone et al, reported the observation of polarized light emission from
28

CdSe/CdS NRs.

Later, Rizzo et al. took advantage of this to fabricate a diode that

emits polarized light based on an organized array of NRs.

44

Another appealing property

of these systems is that they can act at single photon sources.
systems have shown potential for application in photocatalysis.

48

45

Additionally, these

A Pt tip was selectively

deposited on one end-tip of the NRs. Upon photoexcitation, the holes are threedimensionally confined to the CdSe, while the delocalized electrons are transferred to
the metal tip, which can act as a site for water reduction and hydrogen production. An
unsolved problem, however, is the fact that oxidation of water by the valence hole
located in the CdSe coren does not take place.
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Figure 2.11- (a) Absorption spectra (black) and emission spectrum (red)of CdSe/CdS
NRs. (b) (c)Emission spectra of CdSe/CdS NRs, with different core size. Decreasing the
core size, the emission shift to higher energy.
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Self-assembly of colloidal NCs
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Abstract
The self-assembly of nanocrystals (NCs) is a key step towards their application in
nano-devices. Self-assembly of nanomaterials strongly depends on inter-particle interactions and on the distribution of particle size shape. This chapter aims to discuss the
self assembly of colloidal NCs, with emphasis on colloidal nanorods.

3.1 Introduction
Colloidal self-assembly has attracted a lot of attention in the nanoscience community,
since it is a simple bottom-up method of forming one-, two-, and three-dimensional
ordered superstructures.

1-4

This approach enables higher resolution control of nanos1

tructures than that of top down methods such as lithography. Self-assembly is one of
the most promising techniques for obtaining integrated nanostructure materials and
5-7

solid state devices.

Indeed, NC superstructures and NC membranes open the possibil8-10

ity for applications in optoelectronics devices such as LEDs,
16

11

12-

lasers and solar cells,

17

as well as biological applications.

In this chapter a brief discussion of the self-assembly of spherical and anisotropic
nanocrystals (NCs) is reported. In the first section the state of the art of assembly of
colloidal NCs is presented, with particular emphasis on NRs self-assembly, and in the
second section the main properties of ordered NR superstructures are discussed.

3.2 Colloidal Self-Assembly: state of art
Within the field of self-assembly, particular attention has been paid towards understanding the assembly of spherical NCs, with a number of extensive theoretical and
experimental studies having been reported.

2,6,18,19

The most widely used approach to

assemble colloidal spherical NCs is based on the controlled evaporation of the solvent.
20-22

In this process a dispersion of NCs in a solvent (mostly organic, such as toluene,

hexane etc.) is evaporated under controlled conditions. During the evaporation the local
concentration of NCs (below the liquid surface) increases, which reduces the average
distance between the NCs. Monodisperse spherical NCs (for instance CdSe) form long20,23

range ordered superlattices under these conditions.

In case of semiconductor NCs in
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a ideal solvent, the ordering process is entropy-driven and the system proceeds toward
the highest packing density.

6,21

This entropy-driven superlattice formation is based on

the fact that an ordered arrangement of colloidal particles can increase the total entropy
of the system, since the lost in conformational entropy on the NC, is compensated by
the gain in entropy, due to the larger free volume per particles for local movement in
24

the crystal lattice. There is also the potential to combine NC structures of different size
and composition (i.e metal and semiconductor), leading to more complex binary, ternary and quaternary NC superstructures having different types of crystal packing.

22-29

This opens the possibility to design a wide range of superlattices based on interstitial
close packing which can generate superstructures with tunable properties.
The availability of a rich selection of anisotropically-shaped NCs (i.e rod, tetrapods,
30,31

octapods, etc)

has introduced a new level of complexity for the formation of super-

structures and has stimulated the scientific community to develop new methods of
assembling NCs efficiently on large areas.

32-34

In this context the assembly of colloidal

semiconductor rod-shaped NCs, i.e. nanorods (NRs), which represents one of the main
topics of this thesis, appears to be a challenging task. Indeed we must take into consideration that self-assembly of NRs is less entropically favorable because it requires both
positional and orientational ordering of individual NRs, therefore assembly of NRs into
organized superstructures is more challenging to achieve due to their anisotropy.

31

In

addition, even in an ideal solvent, attraction along the cylindrical core become important.
Several techniques have been developed to enable NR assembly which take advantage of physical properties such as charge and dipole or the presence of external
35-46

forces.

The organization of the NRs into organized superstructures mainly arises

either due to the direct NR-NR interaction through inter-particle forces (i.e van der
Waals, vdW) or to the interaction with the environment (solvent, capping ligand etc.).

38

One should be aware that colloid self-assembly is governed by the same thermodynamic driving forces that play a role in the formation of ordered equilibrium structures
in systems of atoms and molecules. However, in some cases NCs may not self-assemble
into their thermodynamically lowest energy configuration, and therefore, they may
47-49

require an input of external forces to be driven into a particular assembled structure.

The formation of the self-assembled structures does not solely depend on the concen-
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tration of the NRs, but also on the shape anisotropy of the nano-sized crystals and on
the particle size monodispersity, which affect their chemical-physical properties, on one
hand, and are a prerequisite for achieving a high degree of ordering, on the other
49-51

hand.

Additionally, the type of external perturbations applied to the nanostructured
52

system to induce ordering has also a crucial role.

One of the most commonly used approaches for the formation of NR superstructures
is that of controlled solvent evaporation.

3,20,21,45

A dispersion of NRs in an appropriate

solvent is drop-cast on a substrate and the solvent is allowed to evaporate in controlled
conditions. The ordering process can be understood upon consideration of the combination of attractive forces (such as dipole-dipole interactions, vdW interactions,
depletion attraction) and repulsive forces (steric forces). The balance between these
forces defines the distances between the NRs and leads to the formation of an order
phase: the various attractive forces couse the NRs to come close to each other while
repulsive forces assist to stabilized NRs to maintain the certain distance and direct the
NRs to nucleate the order phase. The formation of relatively large areas of organized
NRs, whose orientation (perpendicular alignment or parallel alignment) can be controlled by tuning the NR concentration, can be achieved using this method. This method
44

has been further studied by Baker et al. ,

who show that an excess of ligand may

induce depletion interaction between the NRs which is favourable for the formation of
the superlattice. Recently, Zanella et al. have investigated the effect of the evaporation
rate.

46

By slowing down the evaporation rate, using a high boiling-point solvent in a

saturated solvent environment, they fabricated multilayer superstructures over device
scale areas.
Another widely use method is that of self-assembly in solution. In this case, the selfassembly is triggered by slow destabilization of the NR solution upon allowing the
diffusion of a non-solvent (i.e methanol, butanol etc.) into the NR dispersion. The NRs
assemble together in solution (generally in disc shape structures-see Figure 3.1) and
then sediment on the bottom of the solution due to gravity. Talapin et al. reported the
formation of superstructures by inducing the self organization by addition of
53

methanol. The addition of non solvent is intended to increase NR-NR interaction. Due
to the hydrophobic nature of the capping ligand on the surface of the NRs, methanol is
by definition a non-solvent, since it reduces the solubility of the ligand and therefore
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increases the mutual NR-NR attraction. The process involved in the crystallization of the
NRs in solution can be rationalized in terms of entropy: the entropy of the system
increases when the solute molecules are eliminated from between the NRs.

Figure 3.1- TEM images of NRs self-assembly achieved by addition of non-solvent
(methanol : butanol 1:1). The NRs formed disc-shaped monolayer structures.
Another route towards inducing self organization in solution is to tune the depletion
attractive forces between hydrophobic NRs. Baranov et al. showed that upon addition of
additives (i.e. oleic acid) to a stable solution of NRs, the self-organization is triggered.

39

These additives are typically long-alkyl-chains which are not adsorbed at the surface of
a NR, but rather stay in solution.
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Figure 3.2- (a) Schematic representation of the NR self-assembly, driven by depletion
39

attractions. (b) and (c) TEM images of the resulting self-assembled structures.
To induce depletion interaction, the size of this additive should be larger than the
separation between the NRs. An osmotic pressure is evolved between the NRs due to
the exclusion of the additive from the space between the NRs. This results in a local
concentration gradient, and hence start the nucleation of NRs assemblies, as depicted in
Figure 3.2. This method allows for the formation of assemblies in which the NRs are
packed side-by-side. Although this method is highly versatile, it does not allow for the
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formation of large-area (micron range) organized structures, and critically, it is difficult
to control the orientation of the NRs in the final structures.
Finally, we discuss the formation of organized superstructures at the liquid/air (or liquid/liquid) interface. Such an approach has been efficiently used for creating NC
assemblies floating on the surface of liquids. During this process, thermal fluctuations
and interfacial energy may play a key role in assisting the ordering of the NRs. An
example of formation of NC monolayers is represented by NC assembly at an oil-water
interface. In this case, it is believed that the high interfacial energy between oil and
47-49

water decreases as the NCs arrange at the interface between the two liquids.

For

spherical NCs the formation of ordered structures at the liquid/air interface can be
understood considering that close-packed assembly is generally the favourable configuration for a system due to inter-particle interactions. However, in the case of NRs the
mechanism is more complex since both positional and orientational order is required to
form an organized structure. As a result detailed study of the dynamics of the selfassembly process has not yet been reported for NRs, therefore the mechanism of NR
assembly in this case is not fully understood. Accordingly, such a study is reported in this
thesis in Chapter 5.
This method has been extensively used for spherical NCs. Murray and co-workers
used a simple protocol to explore the self-assembly at the liquid/air interface by drop
casting the NC dispersion on a liquid immiscible substrate (ethylene glycol –EG- or
diethylene glycol –DEG-) and allowing the solvent to evaporate.

28,54-58

This results in the

formation of a NCs solid film floating on the liquid subphase, which can be easily transferred on a substrate. Figure 3.3 shows a schematic representation of the growth and
transfer of the NC assembly at the liquid/air interface. Compared to the other methods
describe, this method offers the great advantage that the solid floating film of NCs can
be easily transferred onto any surface, such as TEM grids, glass, silicon, indium oxide
56

(ITO) etc. .

In this thesis, this method was used to achieve self-assembly of CdSe/CdS NRs (Chapters 5 and 6).
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Figure 3.3- (a) Schematic representation of the growth and transfer of the NC assembly at the liquid/air interface. (b) and (c) TEM images of AlB2-type BNSL membranes
self-assembled from 15-nm Fe3O4 and 6 nm FePt NCs. (upper inset, magnified view;
lower inset, small-angle electron diffraction pattern). Figure is modified from Ref. 54.

3.3 Properties of NCs assemblies: the advantage of the NRs
One of the main advantages of self-assembly is that the properties of the individual
nanostructures couple together in the formed superstructures to give rise to novel
collective properties. The resulting new– or amplified physical chemical properties
cannot be achieved with the constituent NCs alone. It is well-known that structures of
the same chemical substance can exhibit different properties depending on the way its
constituents are spatially arranged, that is on its molecular and crystal structure. The
most famous example is represented by carbon atoms: in the diamond structure they
form the hardest known material, whereas when organized in the layered graphite
structure, the resulting material is highly abradable. Analogously, colloidal nanocrystals
(NCs) with different sizes or shapes might be configured in various ordered superstructures. Self-assembly reflects information coded (such as shape, surface properties,
charge, etc.) in individual components; these characteristic determine the interactions
among them, and therefore the way in which they self assemble.

32
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The combination of the size- and shape- dependent properties of individual NCs and
their mutual interactions may give rise to further collective properties as coupling between the NCs building blocks increases. In the case of semiconductor NCs their
collective properties can be due to resonance energy transfer as a result of dipoledipole interaction between close-pack NCs.

2,6,59

Additionally, the quantum mechanical

coupling between charge carriers in adjacent NCs can counteract quantum confine60

ment,

which may result in a reduction of the optical gap and increased charge carrier

mobility.
One must also take into account the shape of the NCs. As discussed above, unlike in
the case of spherical NCs, in which the orientation of each individual nanocrystals is
essentially random, an ordered array of NRs should show both positional and orientational order. This adds an extra degree of freedom in terms of the ability of tuning the
collective properties of the NR superlattice. For instance, a theoretical study using semiempirical pseudopotential method investigated proposed that the shape of NCs (spherical or rod) and the respective orientation (parallel or vertical in case of the rod) strongly
61

affect resonant energy transfer between NRs.

The coupling decreases when the cen-

ter-to-center distance of NRs increases and at a given distance, the coupling between
NRs aligned vertically is significantly stronger that between NRs aligned parallel. This
suggests that the orientation of the NR itself into the superstructure should play a crucial
role.
A defined geometrical arrangement, together with distinctive physical properties of
individual NRs (for example, linearly polarized absorption and emission), could be
translated into a unique and predictable macroscopic property of the ensemble.

31

NRs

aligned vertically, with the long axis perpendicular to the substrate (Figure 3.4a), would
represent

a
11

applications.

desirable

geometry

in nano-electronic, magnetic

and photonic

For example, in 3rd-generation solar cells, rod-shaped semiconductor
12,13

NCs may be used to facilitate efficient charge transport along the NR axis.

Orienta-

tion perpendicular to the electrodes is predicted to provide path with less grain
boundaries for electron and hole transfer to the electrodes, and the elongated shape
should favour the extraction pathway for the photo-generated charges. In the ideal
case, a monolayer of self-assembled NRs that are optically long enough would be used,
in order to reduce the problem of grain boundaries. On the other hand, in the case of
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laterally aligned NRs (Figure 3.4b), the formed superstructure would be, for instance, a
flat surface which can exhibit highly polarized absorption and emission.

33

Laterally

aligned NR assemblies could be useful also in LED (Light Emitting Diode) technologies,
or in more elaborate applications, such as electronic paper-like or brightness polarized
33

displays.

The possibility to profit from the versatility of the individual nanostructured objects
when they are grouped together in the form of large scale ensembles, represents an
exciting challenge in materials science and technology, and holds a considerable potential in diverse industrial applications.
In this thesis, we give a fundamental contribution to the understanding of the mechanism behind the NR self-assembly at the liquid/air interface, as well as to the
development of simple techniques for organizing NRs onto suitable surfaces into controllable geometries over micron-scale areas. We investigate the main parameter that
influences the self-assembly process and that can be tuned in order to achieve high
control over the geometry of the final superstructure.

Figure 3.4- TEM images of (a) vertically aligned NRs and (b) laterally aligned NR assemblies.
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4
The role of exciton-phonon coupling in the
temperature dependence of exciton lifetimes in
CdSe/CdS nanorods
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Abstract
We have measured the temperature dependence of the photoluminescence decay of
highly efficient CdSe/CdS core/shell nanorods (NRs) with variable dimensions in the
cryogenic temperature range between 1.5 and 20 K. The temperature dependence of
the exciton life time does not depend on the core-shell dimensions and can be explained by coupling of a confined acoustic phonon mode to the dark exciton state in all
cases. This result is further interpreted in the framework of the detailed exciton fine
structure measured by fluorescence line narrowing.

4.1 Introduction
Over the past decades the interest in low-dimensional systems, such as semiconductor
1

nanocrystals (NCs), has increased dramatically. These materials show size-dependent
optical properties due to quantum confinement, which makes them ideal candidates for
2

tunable absorbers and emitters in applications such as lasers, nanoscale electronics,
and biological fluorescent labeling.

4,5

3

Since the optical properties (such as photolumi-

nescence spectra and decay dynamics) of these systems depend on both their
electronic- and vibrational-energy level structure, a detailed understanding of their
band-edge exciton fine structure is crucial. In addition, the comparison of the exciton
fine structure in nanosystems with respect to that in bulk crystals is a question of importance in modern solid state physics. In bulk systems, the exciton fine structure is
determined by the angular momentum of the electron and hole and the crystal field. In
nanoscale systems, the fine structure is further modified by an enhanced electron-hole
exchange interaction. Therefore, the exciton fine structure becomes strongly dependent
on the size and shape of the nanocrystals.
Besides spherical single component nanocrystal quantum dots (QDs) and core/shell
systems, also anisotropic 1-D and 2-D systems received increasing attention.

1-18

Strong

quantum confinement in one, two or three dimensions affects the electronic structure in
several ways: discrete energy levels arise, and the carrier-carrier interactions, including
the electron-hole exchange interaction, are strongly enhanced.

19,20

As a consequence,

the fine structure of the lowest exciton states depends sensitively on the size and shape
21-23,24

of the NCs.

Additionally, when different materials are combined together in the

same NC (hetero-NCs), the presence of an hetero-junction may affect the degree of
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localization of the wavefunctions, introducing another degree of freedom to tailor the
optical properties of the NCs.

1,25,26

One example of such system which has attracted great interest in the recent years is
CdSe/CdS dot-in-a-rod NRs.

27,28

This system consists of a spherical CdSe core embed-

ded in a rod-like shell of CdS, and shows a well-defined atomic structure: both the CdSe
and the CdS have the wurtzite crystal structure, with the polar c-axis aligned in the
length of the NR.

27-29

Its popularity is due to its bright and stable luminescence in the

visible (Quantum Yield

60-75%), and its unique optical properties.

30-46

These high-

quality heterostructures provide a benchmark for fundamental studies of optical and
electronic properties in a system of mixed dimensionality where the core is a 0D quantum dot, while the rod-shaped shell imposes 1D confinement.
If we consider the case of spherical CdSe QDs, the lowest energy exciton state (i.e.
1S(e)1S3/2(h)) consists of a valence band hole with angular momentum
tion band electron with spin

and a conduc-

. There are four projections of the angular momentum
21-23

of the hole on the polar c-axis and two for the electron, resulting in an 8-fold state.

According to the effective-mass model, the combined effects of crystal field, intrinsic
electron-hole exchange interaction, and confinement split the lowest energy exciton
state in five fine-structure eigenstates, characterized by the projection of angular momentum on the c-axis:

,

,

(2-fold),
19

L stand for upper and lower, respectively.

(2-fold), and

(2-fold), where U and

The exciton states

and

are optically

passive in the electric-dipole approximation and are usually referred to as dark states,
while the other three (

,

,

) are optically active and are referred to as bright

states. The energy and ordering of these states depend strongly on the shape and size
of the quantum dots.

23,47

For instance, theoretical calculations predicted that for spheri-

cal CdSe quantum dots (ellipticity μ = 0), the dark state
followed by the bright state
), the

is the lowest in energy,

. However, for prolate quantum dots (ellipticity μ = 0.28

state is the lowest in energy, followed by the

state.

22

The theoretically predicted 1S(e)1S3/2(h) exciton fine-structure implies that the exciton
radiative lifetime in e.g. CdSe QDs should be strongly temperature ( T) dependent, since
the lowest energy exciton fine-structure state is dark (
bright state (

or

) and is followed by a

). This prediction has been qualitatively confirmed by experimental
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studies of the photoluminescence (PL) spectra and PL decay of CdSe QDs as function of

T.12,23,48 These studies have shown that the exciton radiative lifetimes in CdSe QDs
increase with decreasing T, reaching a constant value at sufficient low T. The observed
T-dependence could be modeled well by a thermal distribution between a lower dark
and a higher bright exciton state, with a size-dependent energy separation (from 0.7 to
1.7 meV) and dark exciton lifetime (from 0.3 to 1.4 μs) for CdSe QDs ranging from 6.3
to 1.7 nm in diameter.

12

The estimated dark-bright energy separations were however

much smaller than those predicted within the effective mass approssimation

22

experimentally observed by fluorescence line narrowing (FLN) measurements.
51

Subsequent work by Oron et al.

and

23,49,50

reported similar T-dependent behaviors and dark-

bright splittings (0.5-4 meV) for a number of different colloidal QDs (CdSe, CdTe, PbSe,
InAs), despite their different exciton fine-structures. This has led to a model in which the
low temperature (T

exciton radiative decay dynamics is governed by coupling of

the lowest energy dark exciton state to a spatially confined acoustic phonon mode.

51

In this work we have investigated the temperature dependent exciton lifetime in
CdSe/CdS (hetero)nanorods. We measured photoluminescence (PL) spectra and PL
decay as a function of temperature (1.5 - 300 K). We discuss our results on the basis of
an energy level scheme obtained by FLN measurements, which provide an accurate
estimate of the dark-bright splitting in CdSe/CdS core/shell NRs. These experiments
were performed at the High Magnetic Field Laboratory (Radboud University
52

Nijmegen).

4.2 Experimental methods
4.2.1 Synthesis of semiconductor nanorods (NRs)
CdSe/CdS core/shell NRs were synthesized following the method described by Carbone

et al. 27
Chemicals. Ammonia (Merck, 25 wt % in water), CdO (Sigma-Aldrich, 99%), octadecyl-phosphonic acid (ODPA, Sigma-Aldrich, 97%), poly(5)oxyethylene-4-nonylphenylether (Igepal Co 520, Sigma-Aldrich), selenium (Strem Chemicals, 99.99%), sulfur (Alfa
Aesar, 99%), tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 99%), trioctylphosphine (TOP,
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Sigma-Aldrich, 90%), and trioctylphosphine oxide (TOPO, Sigma-Aldrich, 99%), were
used for the synthesis of the nanoparticles (NPs).
Solvents. Acetone (Merck), butanol (Sigma-Aldrich, anhydrous, 99.8%), cyclohexane
(Sigma-Aldrich, anhydrous, 99%), ethanol (Riedel de Haën, 99%), methanol (SigmaAldrich, anhydrous, 99.8%), and toluene (Sigma-Aldrich, anhydrous, 99.8%) were used
as supplied.
Synthesis of CdSe NCs seeds. CdSe NC seeds were synthesized in a 50 ml threeneck flask using a Schlenk-line. TOPO (3.0 g), ODPA (0.290 g), and CdO (0.060 g) were
mixed, heated to 150°C, and kept under vacuum for 2 h. The reaction solution was then
heated to 330°C under nitrogen and became transparent, indicating the formation of
Cd-ODPA complexes. Next, 1.5 g of TOP was rapidly injected into the reaction flask. The
solution was then heated to 350°C-370°C and TOP-Se solution (0.058 g Se in 0.360 g
TOP) was injected. The reaction was quenched by removing the heating source and
injecting 5 ml of toluene at room-temperature. The final size of the NCs is dependent
on the reaction time, with longer reaction times leading to larger NCs. After the solution
was allowed to cool to room temperature, the NCs were precipitated by adding methanol and then isolated by centrifugation. This washing step was repeated twice. Finally,
the NC seeds were redissolved in toluene and stored inside a glove box under nitrogen
atmosphere.
Synthesis of CdSe/CdS core/shell NRs. CdO (0.09 g), TOPO (3.0 g), and ODPA
(0.280 g) were mixed in a 50 ml three-neck flask. The solution was degassed, heated to
150°C, and kept under vacuum for 2 h. The solution was then heated to 350°C, until
complete dissolution of CdO was achieved, and 1.5 g of TOP was injected. The reaction
solution was kept at 350°C for 15 min to allow the temperature to stabilize. TOP-S
solution (0.12 g S in 1.5 g TOP) and 200 µL of a solution of CdSe NC seeds in TOP
(concentration: 400 μM) were rapidly injected in the flask. The reaction time was varied
from 6 to 12 minutes. To tune the length of the NRs, the initial concentration of CdSe
core was varied. After the synthesis, the CdSe/CdS dot core/rod shell NRs were precipitated with methanol (10 ml), isolated by centrifugation, and re-dispersed in toluene (5
ml).
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4.2.2 Structural Characterization
The size of CdSe seeds was determined with absorption spectroscopy using the empirical formula by Peng et. al.

53

which gives a correlation between the position of the

first electronic transition and the diameter of the CdSe particles. Absorption spectra
were measured using a Perkin-Elmer Lambda 950 UV/VIS/IR absorption spectrophotometer.
The dimensions of the core/shell NRs and QDs were determined by transmission electron microscopy (TEM) using a Tecnai microscope operating at 120 kV. The shell
thickness was calculated by the difference between the NRs diameter and the diameter
of the CdSe core.

4.2.3 Optical Spectroscopy
A dispersion of NRs in toluene was contained in a sealed quartz cuvette (optical path:
3 mm) and mounted in a continuous He-flow cryostat (Oxford Instruments) allowing for
measurements down to 1.5 K.
Photoluminescence (PL) spectra were recorded using an Edinburgh Instruments
FLS920 spectrofluorimeter equipped with double grating monochromator. A pulsed
diode laser (EPL-445 Edinburgh Instruments, 441 nm, 55 ps pulse width, 0.2–20 MHz
repetition rate) was used as the excitation source. The PL signal was detected with a
photomultiplier tube (R928). All emission spectra were corrected for the system response.
PL decay curves were obtained by time-correlated single photon counting via time-to
12

amplitude conversion, as previously described. Two different setups were used:
(i)

A Pico Quant PDL 800-B laser was used as excitation source (

406 nm, 55 ps

pulse width, 0.2-2.0 MHz repetition rate). The signal was detected with a fast Hamamatsu photomultiplier tube (H5738P-01).
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(ii) An EPL-445 Edinburgh Instruments was used as the excitation source (

441

nm, 55 ps pulse width, 0.2−20 MHz repetition rate). The lifetime was detected with a
photomultiplier tube (PMT) (Hamamatsu H7422-02).
In both cases we kept the photon count rate well below 5 % of the laser repetition rate
to prevent inter-pulse pile-up effects. The decay data were fitted to decay functions
using a Simplex minimization algorithm implemented in PicoQuant FluoFit 4.4, in order
to estimate the lifetime values ( ).

4.3 Results and Discussion
First of all, we need to discuss the band offset of CdSe and CdS in the core/shell NRs
structures. As explained above, CdSe/CdS NRs consist of a core of CdSe embedded in a
rod-like shell of CdS. After the growth of the CdS shell a red shift of the PL emission is
observed (Figure 4.1). This can be interpreted as a loss in confinement of the electron. In
the heterostrucuture the electron wave function extends into the CdS shell, while the
hole wave function is still confined in the CdSe core.

Figure 4.1- PL emission of CdSe core (black dots) and CdSe core embedded in a shell
of CdS.
This model is supported by results reported in literature. Previous optical studies suggested a quasi-type-II band alignment, with the photogenerated electron delocalized
over the CdSe core and CdS shell, and the hole confined in the CdSe core.

54-56

On the

other hand, a detailed investigation with scanning tunnelling spectroscopy (STS) re-
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ported a conduction band offset of 0.3 eV, which suggests a type-I alignment with the
57

electron and hole confined in the core.

Recently Sitt et al. solved this discrepancy

between optical and STS results by proposing that due to the small conduction band
offset between CdS and CdSe the potential barrier for the electrons is relatively low, and
as a result, the ability to confine the electronic states in the core is highly influenced by
58

its diameter.

For larger CdSe core diameters, the lowest conduction band state of

CdSe resides within the core, and therefore a type-I behavior is observed. In contrast,
for smaller core diameters, the lowest conduction band state of CdSe increases in
energy and eventually goes above the barrier, forming a CdSe-CdS mixed state, which
is delocalized along the rod, resulting in a quasi-type-II structure. This is crucial in order
to better understand the results described in this chapter.
Here, we used 4 different CdSe/CdS NR samples, with different core sizes, rod lengths
and CdS shell thickness, and one sample of spherical CdSe/CdS core/shell QDs. The
dimensions of the samples are displayed in Table 4.1. Representative TEM images of the
investigated CdSe/CdS NRs and CdSe/CdS QDs are shown in Figure 4.2.

Table 4.1- Dimensions of the samples investigated.
SAMPLE
NR1
NR2
NR3
NR4
QD1

CORE size
(nm)
3.2
3.6
2.7
2.7
3.5

LENGTH
(nm)
24.1 ± 2.2
13.9 ± 2.1
29.4 ± 2.9
80.9 ± 5.9
-

WIDTH
(nm)
5.5 ± 0.9
4.3 ± 0.4
5.3 ± 0.6
4.1 ± 0.4
7.9 ± 0.8

SHELL
thickness (nm)
1.1
0.4
1.3
0.7
2.4
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Figure 4.2- Representative TEM pictures of a) CdSe/CdS NRs and b) CdSe/CdS QDs,
with sketches of the hetero-structures included for each sample inset.

Figure 4.3- (a) PL emission curves for NR1 at different temperature (in the range of 1.5
K to 300K). A red-shift is clearly visible. (b) Temperature dependence (in logarithmic
scale) of the PL emission peak energy for all the samples investigated, and for CdSe
59

bulk and CdSe QDs.

59

Each sample was dispersed in toluene, and both the PL emission spectra and PL decay
curves were measured at different temperatures (from 1.5 K to 300 K). Figure 4.3a
shows the PL emission spectra at different T for one representative sample of NRs (NR1),
while Figure 4.3b shows the temperature dependence of the PL peak energies for all the
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samples. The observed red-shift with increasing T can be assigned to the temperature
dependence of the band gap.

48

The NRs (and QDs) energy gap shows a red-shift of

about 80-90 meV. This behavior is in line with that of bulk semiconductors: as the
temperature increases, the inter-atomic spacing increases (since the amplitude of lattice
vibrations increases) and so the potential experienced by electrons decreases, thus
reducing the band gap.

48,59

Interestingly, for

, the PL peak energies are tem-

perature independent, showing that in this temperature range, the band gap is
constant.
Figure 4.4 shows the integrated PL intensity as function of the temperature for a representative sample of NRs (NR1). Note that the sudden increase in PL intensity between
160-190 K corresponds to the melting point of toluene (170 K). However, before and
after this jump the PL intensity is effectively constant. The lower PL intensities in frozen
toluene are due to scattering of the excitation light, since the solution freezes out as a
polycrystalline solid. It can thus be concluded that the PL intensity of the NRs is essentially independent of the temperature. This is remarkable since the PL intensity often
decreases with increasing T due to more irreversible carrier trapping, followed by nonradiative recombination.

60,61

We infer that in this case there is a low density of defect

states in the CdSe/CdS NRs systems. A similar behaviour was observed for CdSe/CdS
QDs.

Figure 4.4- Integrated PL intensity as function of temperature. Excluding the sudden
increase in PL intensity between 160-190 K, which is due to the melting of the toluene
(melting point 170 K), the PL intensity is constant.
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First the time-resolved PL results for a sample of CdSe/CdS NRs (NR2, see table 1 for
details) will be described and then compared to the results for the other samples.
Figure 4.5 shows the PL decay curves of a dispersion of CdSe/CdS NRs (NR2) in toluene at selected temperatures between 1.5-300 K. The curves were recorded at the
emission maxima in a time range of 1000 ns. We observe a strong T-dependence of the
decay curves, distinguishing two regimes: below 20 K the decay curves are multiexponential, whereas at

K the decay curves are predominantly bi-exponential.

We will first discuss the latter regime. For

, biexponential fits yield a fast

component of the order of tens of ns, and a slow component of the order of hundreds
of ns. The contribution of the slow component is much smaller than that of the fast
component (the fractional intensities are

5% and 95%, respectively), therefore we will

not discuss it. Above 50 K the fast component becomes slower with increasing T. The
lifetimes are 25 ns at 20 K, 8 ns at 50 K, 9 ns at 100 K, 10 ns at 150 K, 11 ns at 200 K, 13
ns at 250 K, and 15ns at 300 K. Note that at T > 20 K the PL peak starts to shift to lower
energies with increasing T (see Figure 4.3b). The increase in the lifetime observed in the
50 – 300 K temperature range can be understood considering that the band offset is
temperature dependent in this range. Therefore, the reduction of the conduction band
offset with increasing T can lead to an increase of the electron wave function delocalization, and consequently longer lifetimes.
evident at higher T (T

43,62

Indeed the increase of lifetime is more

), supporting this statement.

Since the slow component is negligible, for the rest of the chapter we will limit our
discussion to the initial section of the PL decay curves, ranging from 0 to 210 ns (Figure
4.6 a and b).
We will now discuss the temperature dependence of the lifetime in the low-T regime
(1.5 K

20K) (Figure 4.6). At 1.5 K, the decay is bi-exponential (

,

). As the temperature increases, the initial fast component gradually
disappears and the slow component becomes faster until a single exponential behaviour
is reached at T = 20 K, where
(Figure 4.6b).

. The same behaviour can be observed for NR1
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Figure 4.5- Photoluminescence (PL) decay curves measured at the emission maximum,
for a dispersion of CdSe/CdS NRs in toluene, at selected temperatures (1.5- 250 K).

Figure 4.6- PL decay curves in the temperature regime between 1.5 K and 20 K, in the
region 0-210 ns, fitted with a bi-exponential, for two sample of NRs: (a) NR2 and (b)
NR1.
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Figure 4.7- (a) Fit (solid line) of the experimental temperature dependence of the
exciton lifetime using Eq. 4.1, for NR1(black curve,
(red curve,

and

and

); and NR2

).

This behavior clearly indicates the existence of two closely spaced fine structure
exciton states with different lifetimes. The fast component corresponds to relaxation
from the upper energy state prior to thermal equilibrium, and reflects the combination
of the radiative decay rate of the upper state and the non-radiative relaxation from
upper to lower state. The slow component can be ascribed to radiative decay after
thermal equilibrium between the two states has been achieved. The temperature dependence of the slow component of the exciton lifetimes can be thus modeled by a
three level model. By assuming a thermal equilibrium between the two emitting states
the radiative decay rate can be expressed as:
(4.1)
where

and

are the decay rates of the upper and lower energy states, respec-

tively. Figure 4.7 shows the three level fit to the experimental temperature dependence
of the exciton lifetimes of NR1 and NR2 using Eq. 4.1. Clearly, this model provide a
reasonable fit to the temperature dependence of the exciton lifetime below 50K. The fit
yields the energy separation between the two emitting states: for NR1 and NR2 the
energy separation are

, and

, respectively.
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To understand what these energies gaps are and the nature of the upper and lower
energy states, we need to consider the exciton fine structure of CdSe/CdS NRs, which
was derived from FLN measurements performed at the high magnetic field laboratory at
52

the Radboud University of Nijmegen. Figure 4.8 shows a FLN spectrum of a sample of
NRs (NR2), recorded under excitation at 565 nm.
The FLN spectrum can be interpreted as follows. The sharp line at zero is the excitation laser line. This is followed by two sharp lines at about -5 meV. The first one (black
arrow in Figure 4.8) corresponds to a purely electronic transition (i.e. a zero phonon line)
from the

fine structure exciton state to the ground state. This line is immediately

followed by a sharp vibronic replica due to coupling of the ground state with a confined
acoustic phonon mode (1.5 meV). The peaks at -27 and -53 meV correspond to 1- and
2- phonon replicas due to coupling with the longitudinal optical (LO) phonon mode of
49,50

CdSe (-26 meV).

The energy difference between the pump laser and the zero-

phonon line is taken to be the dark-bright energy gap, under the assumption that the
absorption cross section of the bright state is much greater than that of the dark state,
leading to preferential population of the bright state followed by fast relaxation to the
dark state, from which the emission transition takes place. For sample NR2 the observed
is 4-5 meV, for excitation on the blue side of the PL peak. A detailed discussion
of the FLN results is beyond the scope of this chapter, therefore we will only use these
values to define the dark-bright splitting in CdSe/CdS NRs. This results are used to
construct the energy level scheme shown in Figure 4.9, which takes into account the
zero-exciton ground level,
bright state
state

, the two low energy fine structure exciton states (the

and the dark state

) and an exciton-acoustic phonon coupled

.

In the low temperature regime (

) a bi-exponential decay was observed

(Figure 4.6 a and b): the fast initial decay can be assigned to relaxation from the upper
bright

state via two competing pathways: radiative decay to

Γ1-G, and phonon assisted spin-flip to the

state

7,12,14,16,63-65

.

, with radiative rate
We can define:
(4.2)

C h a p t e r 4 | 63

Figure 4.8- FLN spectra for a sample of NRs (NR2). The spectra was recorded using an
excitation wavelength at 565 nm (blue side of the emission peak).

Figure 4.9- Schematic of the three level model, where
level,

is the zero-exciton ground

the two low energy fine structure exciton states (the bright state and

the dark state, respectively) and

an exciton-acoustic phonon coupled state .
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The results show that the fast component disappears with increasing temperature,
owing to thermally assisted population of the upper energy state according to a Boltzmann distribution (rate

. The slow component correspond to the Boltzmaan

average decay rates of the upper and lower states. At thermal equilibrium the energy
separation (
using

Eq.

) between the dark lower state and the bright upper state can be derived
(4.1).

The

values

obtained

from

Eq.

(4.1)

are, however, much smaller than the
dark-bright energy separation estimated from FLN measurements (4-5 meV for NR2).
Interestingly, they are very close to the acoustic phonon mode frequency derived from
FLN measurements (1.5 meV for NR2). The observed energy gaps are also comparable
51

to the energy of confided acoustic phonons in CdSe QDs with radius 1.8 nm.
clearly shown in Figure 4.10, which compares the energy gaps (

This is
, red

circles) obtained in the present work for samples NR1 and NR2 with the energy gaps
deduced from the T-dependence of the exciton lifetimes in CdSe QDs (black circles),

12

as well as with the energies of spatially confined l=2 acoustic phonon modes in spherical
CdSe QDs, calculated using Lamb theory (blue line).
served in the present work (

51,70

This implies that the

ob-

) correspond to a spatially confined acoustic

phonon mode of the CdSe core, which indicates that the low temperature exciton
radiative decay is governed by coupling between the lowest energy dark exciton state
(

) and a spatially confined acoustic phonon mode, in agreement with the model
51

proposed by Oron et al. .
Figure 4.9 as

This coupled exciton-acoustic phonon state is indicated in

. The rates

and

given in Eq. (4.1) can thus be ascribed

to ΓAP and Γ2-G, respectively (Figure 4.9).

The impact of the exciton-acoustic phonon coupling on the radiative decay rates can
be qualitatively understood by considering that the acoustic phonon generated by
exciton intraband relaxation will distort the NCs, thereby perturbing the fine structure
and inducing mixing between the bright and dark exciton states, which increases the
oscillator strength of the

66-69

state.

In this way, coupling with acoustic phonon

renders the optical transition from the lowest energy fine structure exciton state allowed.
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Figure 4.10- Plot of the acoustic phonon energies form the temperature dependent
lifetime measurements (red circles), compared with the energy of an acoustic phonon
mode reported in literature for CdSe QDs (black circles), as well as with the energies
obtained from the Lamb theory (blue line).

12

Figure 4.11- (a) Temperature dependence of the exciton lifetime ( ) (in logarithmic
scale) of four CdSe/CdS core/shell NRs samples with different core size, length and shell
thickness, and one sample of core/shell QDs. (b) Plot of the lifetime ( ) at 300 K as
function of the CdSe core size.
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Figure 4.11a shows the evolution of

with temperature for all the investigated sam-

ples. Note that above 50 K the lifetime increases with T, due to the reduction of the
conduction band offset T, as discussed above. This gives rise to a complex temperature
dependent behaviour. The same complex trend was observed for all the NRs samples,
as well as for the QDs sample (see Appendix 4.1 for the decay curves of the other
samples investigated).
If we now consider the decay time at 300 K for each NRs sample, it is clear that NRs
with smaller cores have longer lifetimes (i.e. NR3) (Figure 4.11b). In the smallest CdSe
core the 1S(e) LUMO is relatively high in energy due to the confinement, resulting in a
considerable
delocalization of the electron over the CdS rod shell. This translates into a longer
radiative lifetime. For larger core sizes, the 1S(e) state might be positioned below the
lowest level in CdS, resulting in electron confinement and stronger wavefunction overlap
with the confined hole. Additionally, we observe that increasing in the shell thickness
also causes an increase in the delocalization of the electron wave function (i.e. the case
of NR3 and NR4). Ultimately, these results demonstrate the ability to tune the electron
delocalization by changing the size of the core or the shell thickness in CdSe/CdS NRs.

4.5 Conclusions
In conclusion, we have studied the temperature dependence of the PL emission and
PL decay of CdSe/CdS core/shell NRs and core/shell QDs. Two regimes can be recognized in the temperature dependence of the exciton lifetime. Above 20 K the exciton
lifetimes increase with temperature, which was explained by a reduction of the conduction band offset with increasing T. In the low temperature regime (1.5K-20 K) the exciton
lifetimes become faster with increasing temperature. The temperature dependence of
the radiative decay can be modeled by a thermal distribution between a lower energy
dark state and a higher energy bright state. The present results provide strong evidence
that the low temperature exciton radiative decay is governed by coupling between the
lowest energy dark exciton state and a spatially confined acoustic phonon mode. Additionally, at room temperature, a clear increase of the radiative lifetime with decreasing
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core size was observed, which is attributed to a different degree of delocalization of the
electron wave function.
Our results give insight into the lowest exciton decay process, underlining the contribution of the exciton-phonon coupling. Furthermore, they demonstrate the ability to
tune the electron delocalization by changing the size of the core or the shell thickness in
CdSe/CdS NRs.
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Appendix 4.1 PL Decay curves for NR3, NR4 and QD1.

Figure A4.1- Photoluminescence (PL) decay curves measured at emission maximum at
selected temperatures between 1.5 and 250 for NR3 (a), NR4 (c) and QDs (e). Magnification of the initial PL decay curves at selected temperature between 1.5 K and 250k, in
the region 0-210ns; fitted with a bi-exponential fit, for NR3 (b), NR4 (d) and QD1 (f).

5
Semiconductor nanorod self-assembly at the
liquid/air interface studied by in-situ GISAXS and
ex-situ TEM
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Abstract
We studied the self-assembly of colloidal CdSe/CdS core/shell nanorods (NRs) at the
liquid/air interface combining time-resolved in-situ GISAXS and ex-situ TEM. Our study
shows that NR superstructure formation occurs at the liquid/air interface. Short NRs selfassemble into µm long tracks of NRs lying side by side flat on the surface. In contrast,
longer NRs align vertically into ordered superstructures. Systematic variation of the NR
length and initial concentration of the NR dispersion allowed us to tune the orientation
of the NRs in the final superstructure. With GISAXS we were able to follow the dynamics
of the self-assembly. We propose a model of hierarchical self-organization that provides
a basis for the understanding of the length-dependent self-organization of NRs at the
liquid/air interface. This opens the way to new materials based on NR membranes and
anisotropic thin films.

5.1 Introduction
The ability to design the chemical and physical properties of colloidal nanocrystals
(NCs) at the atomic level, combined with the possibilities of NC self-assembly is of great
fundamental and applied interest. Self-assembly of NCs is a promising route towards
the fabrication of new classes of materials in which collective properties may emerge as
1,2

consequence of dipolar or quantum coupling between the NC building blocks.

NC

superlattices and NC “membranes” are increasingly exploited as tailored nanostructured
3-5

materials in optoelectronic devices such as LEDs,

6

7-10

lasers and solar cells.

Direct

formation of nanocrystal superlattices at the liquid/air interface is currently emerging as
a promising method to fabricate functional ultra-thin films. Previous works reported
2

promising results on the formation of (mm large) areas of thin films of binary and
ternary superlattices composed of spherical NCs. These studies enhanced our under11- 17

standing of the driving forces underlying NCs self-assembly.

18

A new direction in this field is self-assembly of highly anisotropic nanocrystals , such
19

as nanorods (NRs).

The formation of vertically aligned and hexagonally packed

superlattices was initially performed using an external electric field during the process of
20,21

solvent evaporation.

Subsequent efforts, however, have demonstrated that vertically

aligned NR superlattices can be obtained by controlled solvent evaporation, in the
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22-34

absence of any external forces.

Self-assembly parameters like the aspect ratio of the
35

NRs, evaporation temperature, and type of solvent, were extensively explored. However, only the final structures were studied. To our knowledge no in-situ investigation of
the dynamics of the self-assembly process has been reported, yet.
In this chapter, we present a study of the mechanism of - and the final structures
formed by semiconductor NRs self-assembly at the liquid-air interface. We have used
suspensions of CdSe(dot)/CdS NRs with narrow size and shape distribution and different
aspect ratios, drop-casted on a layer of immiscible liquid that acts as a substrate. Selfassembly was initiated by evaporation of the solvent and large areas of organized
structures were obtained.We observed that self-assembly occurs at the suspension/air
interface and consists of several steps. Additionally we proved that the dynamics of the
self-assembly process and the final structures formed depend critically on the NR length
and on the concentration of the NR dispersion. We studied the process of NRs self36-41

assembly in-situ by Grazing-Incidence Small Angle X-ray Scattering (GISAXS).

The

use of diethylene glycol (DEG) as substrate allowed us to keep the position of the liquid/air interface at constant height with respect to the X-ray beam during solvent
evaporation. Our investigations enable pivotal conclusions to be made which extend the
understanding of self-assembly dynamics at the liquid-air interface.

5.2 Experimental methods
5.2.1 Synthesis of semiconductor nanorods (NRs)
CdSe/CdS dot core/rod shell NRs were synthesized following the method described by
Carbone et al. (See Chapter 4 for details).

25

5.2.2 Self-Assembly at the liquid/air interface
Self-assembly was achieved by slow evaporation of the solvent from the NCs suspension placed on top of diethylene glycol (DEG) as an immiscible liquid substrate. We
carried out the self-assembly in a Teflon disc-shaped container with an inner volume of
11.3 mL (3.5 mm height; 64 mm base diameter). By using a container with high surfaceto-volume ratio we ensured that (i) solvent evaporation happens over the course of 30
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minutes, (ii) the meniscus is flat in the region measured. 4 mL of a NRs dispersion in
toluene with concentration of 1.6 μM was deposited on top of 8 mL of DEG. The evaporation rate of toluene was set by heating the sample from the bottom with a copper
stage at T = 50°C, and by gently flowing N2 over the sample. Complete evaporation of
the toluene took about 30 min per sample. After the self-organization was complete, a
sample of the superstructure floating on the liquid/air interface was collected on a
copper transmission electron microscope (TEM) grid. The TEM grid were kept under
high vacuum overnight in order to evaporate the DEG and allowed the characterization
at TEM.

5.2.3 Characterization
The NR concentration was estimated using inductively coupled plasma atomic emission spectroscopy (ICP-AES) in combination with absorption spectrophotometry.
Absorption spectra were measured using a Perkin-Elmer Lambda 950 UV/VIS/IR absorption spectro-photometer.
The GISAXS experiment was performed at the ID10B beam line of the European Synchrotron Radiation Facility (ESRF) with an incident X-ray energy of 13.3 keV. At this
energy the critical angle for total external reflection on the air/toluene interface is αc =
-6

0.085° (toluene has δ = 1.1×10 ). The scattered intensity was recorded by a 2D detec2

tor (MAXIPIX 5 x 1) with 256x1296 pixels, each 55x55 μm in size. The detector was
placed at 740.5 mm distance from the sample.
We used a grazing incidence angle of αi = 0.061°, for which there is total external
reflection. In this way, we ensure that the beam only probes the toluene/air interface a
maximum of 10-20 nm deep into the NRs dispersion (see Appendix 5.1 for the calculation of the penetration depth of the beam). A schematic drawing of the setup used is
shown in Figure 5.1. Since the position of the toluene/air interface changes during
evaporation, it was necessary to maintain the interface’s alignment with the X-ray beam
by injecting additional DEG in the immiscible liquid substrate layer using a computerdriven syringe (injection speed controlled through manual feedback from outside the
hutch) with an average addition rate of 0.13 mL/min. With this method we were able to
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follow NR self-organization at the toluene/air interface until complete evaporation of
the toluene. Every minute a scattering pattern was recorded by integrating over 30 s.

Figure 5.1- (a) Representation of GISAXS experiment geometry (b) and cross sectional
sketch of the set-up.

The dimensions of the NRs and the final superstructure obtained after the complete
self-organization were analyzed ex-situ by transmission electron microscopy (TEM)
using a Tecnai microscope operating at 120 kV.

5.3 Results and discussion
We used three different batches of NRs with narrow size distribution: (i) long NRs with
length L = (48 ± 4) nm and diameter 2R = (4.1 ± 0.4) nm, (ii) medium-length NR with L
= (22.2 ± 2.3) nm and 2R = (6.3 ± 1.0) nm, and (iii) short NRs with L = (16.3 ± 2.4) nm
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and 2R = (3.4 ± 0.3) nm (Figure 5.2). The NRs have octadecylphosphonic acid (ODPA)
surface capping. We stored the NRs in N2 atmosphere.

Figure 5.2- TEM image of CdSe/CdS NRs of different sizes. Scale bars are 100 nm. (a)
short NRs with L = (16.5 ± 1.9) nm and 2R = (3.4 ± 0.3) nm, (b) medium-length NRs
with L = (22.2 ± 2.3) nm and 2R = (6.3 ± 0.7) nm, and (c) long NRs with L = (48 ± 4) nm
and diameter 2R = (4.1 ± 0.4) nm.

5.3.1 Study of the mechanism of NR self-assembly by in-situ GISAXS
In the first part of this study we used in-situ GISAXS to follow the dynamics of NR selfassembly.
Self-assembly of long NRs. Figure 5.3 shows three GISAXS patterns of the sample
of the long NRs (L = 48 nm). The patterns were recorded at different stages of the selfassembly process: (a) 10 min, (b) 14 min, and (c) 18 min after the beginning of solvent
evaporation. The whole sequence of patterns from 1 min to 22 min can be found in
Appendix 5.5. The 10 min pattern (Figure 5.3a) shows a diffraction ring of radius q1 =
-1

1.12 nm . We assign this ring to diffraction on 2d hexagonal structures, as depicted in
42

Figure 3d. The lattice distance a = 4π/√3q1 = 6.5 nm corresponds to NRs (diameter 2 R
= 4.1 nm) lying side-to-side separated by two layers of ODPA ligands. The scattering
intensity is constant along the diffraction ring, indicating that the structures are randomly oriented in the yz-plane. From this two-dimensional (qy-qz) diffraction pattern we
cannot distinguish whether the structures have totally random orientations in three
dimensions, or the NRs are still preferentially oriented with their long axis parallel to the
interface. In the 14 min pattern (Figure 5.3b) the diffraction ring of radius q1 = 1.12 nm

-1

no longer has a constant intensity along the ring. There is considerably stronger diffrac-
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tion towards qz = 0, indicating that the NRs now preferentially have an upstanding
orientation.

Figure 5.3- GISAXS patterns of the superstructures of long NRs (L = 48 nm) at the
liquid/air interface, at different stages after the beginning of solvent evaporation: (a) 10
-1

min, (b) 14 min, and (c) 18 min. Color scales are logarithmic. Scale bars are 0.5 nm . For
each pattern the estimated NR concentration c is shown. (d, e) Schematics of the NRs
structures as present (d) at the beginning [pattern (a)], and (e) at the end [patterns (b,c)]
of the self-assembly process.

-1

There are additional diffraction peaks near qz = 0 at qy2 = 1.94 nm and qy3 = 2.24
-1

nm . This sequence of qy1:qy2:qy3 = 1:√3:2 near qz = 0 is characteristic for 2d-hexagonal
structures on the liquid/air interface, as depicted in Figure 5.3e. Furthermore, the diffrac-1

tion ring of radius q1 = 1.12 nm consists of two rings with a qz-offset corresponding to
twice the angle of incidence of the X-ray probe beam. The two rings originate from
diffraction of the non-reflected direct X-ray beam (bottom ring) and the reflected X-ray
beam (top ring). Diffraction of the reflected beam can only occur if structures are (partially) sticking out of the surface. This is an additional proof that the NRs form
upstanding structures as depicted in Figure 5.3e. The 18 min pattern (Figure 5.3c) is very
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similar to the 14 min pattern (Figure 5.3b), indicating that the vertically aligned NR
superlattice structures have not changed meanwhile. The diffraction peaks of Figure 5.3c
have roughly the same width as in Figure 5.3b, but increased intensity. We conclude
that between 14 min (Figure 5.3b) and 18 min (Figure 5.3c) after the beginning of
solvent evaporation the area of liquid surface covered with the 2d hexagonal lattice
(Figure 5.3e) has increased but the range of the hexagonal order has remained constant.
Self-assembly of medium-length NRs. Figure 5.4 shows three GISAXS patterns of
the sample of medium-length NRs (L = 22 nm). The patterns were recorded at different
stages of the self-assembly process: (a) 12 min, (b) 14 min, and (c) 16 min after the
beginning of solvent evaporation. The whole sequence of patterns from 1 min to 39 min
can be found in Appendix 5.5. The 12 min pattern (Figure 5.4a) shows a diffraction ring
-1

of radius q1 = 0.73 nm . We assign this ring to diffraction on a 2d hexagonal structure
of NRs. The lattice distance a = 4π/√3q1 = 9.9 nm corresponds to NRs (diameter 2R =
6.3 nm) lying side-to-side separated by two layers of ODPA ligands. We note that the
apparent spacing between the medium-length NRs (3.6 nm) is somewhat larger than
expected considering the length of the ligands. This possibly can be explained by considering that the medium-length NRs have a large diameter polydispersity: σ2R = 1.0 nm;
hence, the superstructure of medium-length NRs has to be slightly more expanded in
order to also accommodate the thicker NRs of the ensemble. This results in a larger
average lattice constant and thus an increased average inter-NR distance.

44

Along the

diffraction ring (Figure 5.4a) there are four spots of increased intensity at θq = {0, π/3,
2π/3, π}. These spots indicate that the preferential orientation of the hexagonal lattice is
with a zigzag edge adsorbed to the liquid/air interface, as depicted in Figure 5.4 d. We
now look at the 14 min pattern (Figure 5.4 b). The two scattering peaks at θq = {π/3,
2π/3} have become broader than in Figure 5.4a, and the two peaks near qz = 0 (θq = {0,
π}) have increased intensity (See also Appendix 5.2 for the azimuthal angle distribution
of scattering intensity along the ring). Furthermore, we now clearly observe the higher
-1

-1

-1

order diffraction rings of radii q2 = 1.25 nm , q3 = 1.45 nm , q4 = 1.9 nm . The ratio of

q1:q2:q3:q4 = 1:√3:2:√7 is characteristic for hexagonal structures. We argue that this
pattern is intermediate between the initial structure (12 min; Figures 5.4a and 5.4d) and
the final structure (16 min; Figures 5.4c and 5.4e). In the 16 min pattern (Figure 5.4c) the
two scattering peaks at θq = {π/3, 2π/3} have almost disappeared. The two peaks at qz
= 0 (θq = {0, π}), on the other hand, have become even stronger than in Figure 5.4b.
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Higher order diffractions are still visible. In-plane scattering (near qz = 0) dominates over
out-of-plane scattering, indicating that there is strong hexagonal ordering in the plane
parallel to the toluene/air interface. We assign the pattern to diffraction on a 2d hexagonal lattice of upstanding NRs at the toluene/air interface as in Figure 5.4e. Upon going
from Figure 5.4a to Figure 5.4c we have seen that at first the medium-length NRs lie
down with their long axis parallel to the liquid/air interface (Figure 5.4d), while over the
course of 4 min the NRs rise up into a vertical position forming an upstanding superstructure (Figure 5.4e).

Figure 5.4- GISAXS patterns of the superstructures of medium-length NRs (L = 22 nm)
at the liquid/air interface, at different stages after the beginning of solvent evaporation:
(a) 12 min, (b) 14 min, and (c) 16 min. Color scales are logarithmic. Scale bars are 0.5
-1

nm . For each pattern the estimated NR concentration c is shown. (d, e) Schematics of
the NRs structures as present (d) at the beginning [pattern (a)], and (e) at the end
[pattern (c)] of the self-assembly process.

Self-assembly of short NRs. Figure 5.5 shows three GISAXS patterns of the sample
of short NRs (L = 16 nm). The patterns were recorded at different stages of the selfassembly process: (a) 16 min, (b) 24 min, and (c) 32 min after the beginning of solvent
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evaporation. The whole sequence of patterns from 1 min to 32 min can be found in
Appendix 5.5. The 16 min pattern (Fig. 5.5a) shows no order yet. The background
scattering is dominated by the form factor and no clear structure factor features are
observed. The 24 min pattern (Figure 5.5b) shows a diffraction ring of radius q1 = 1.15
-1

nm . We assign this ring to diffraction on 2d hexagonal structures as depicted in Figure
5.5d. The lattice constant a = 4π/√3q1 = 6.3 nm corresponds to NRs (diameter 2 R = 3.4
nm) lying side-to-side separated by two layers of ODPA ligands. From the fact that the
intensity is constant over the whole ring, we conclude that the hexagonal structures
have random orientations in the yz-plane. From this two-dimensional (qy-qz) diffraction
pattern we cannot distinguish whether the structures have totally random orientations in
three dimensions, or the NRs are still preferentially oriented with their long axis parallel
to the interface.
Comparing this pattern (Figure 5.5b) to those of the other samples (Figures 5.3 and
5.4) we see that the background scattering is markedly higher here. This might be
indicative of a higher concentration of single particles and smaller bundles of NRs. In the
-1

32 min pattern (Fig. 5.5c) we still see the diffraction ring of radius q1 = 1.15 nm . There
are now three spots of increased intensity on the ring at θq = {π/6,3π/6,5π/6}. These
three spots indicate that the hexagonal structures now have a preferred orientation, with
the close-packed facets of the NR supertructure adsorbed to the toluene/air interface as
illustrated in Figure 5.5e. In addition, we see two tiny peaks at q0 = 0.25 nm

-1

corre-

sponding to scattering on planes separated by d0 = 25 nm. This distance is close to
what we would expect for head-to-tail packing of these NRs (length L = 16.5 nm plus
two layers of ODPA ligands) ( See also Appendix 5.3 for a basic explanation of the origin
of the diffraction ring peaks for short NRs). From these two peaks we conclude that
there is not only hexagonal side-to-side ordering of lying NRs (Fig. 5.5e), but that the
so-formed NR tracks also align head-to-tail. This conclusion is corroborated by the TEM
results presented below. We note that the lying final structure formed by these short
NRs and the lying intermediate structure of the medium-length NRs (Fig. 5.4) have a
different orientation by 60° with respect to the liquid/air interface. However, with the
present limited data set we are unable to give an explanation for this remarkable observation. This result does not affect our interpretation of the length dependent selfassembly, the main issue of the presented work.
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Figure 5.5- GISAXS patterns of superstructures of short NRs (L = 16 nm) at the liquid/air interface, at different stages of the solvent evaporation: (a) 16 min, (b) 24 min,
-1

and (c) 32 min. (d, e). Color scales are logarithmic. Scale bars are 0.5 nm . For each
pattern the estimated NR concentration c is shown. (d,e) Schematics of the NRs structures as present (d) at the beginning [pattern (b)], and (e) at the end [pattern (c)] of the
self-assembly process.

We emphasize that even in the latest frames depicted for the long (Figure 5.3c) and
the medium-length (Fig. 5.4c) NR batches, still only part of the initial toluene volume
had evaporated. At these stages the bulk NR dispersions were still rather dilute (NR
-2

volume fraction < 10 ). Yet, colloidal crystallization has started as strong ordering is
observed at the liquid/air interface. For the short NRs, on the other hand, colloidal
crystallization at the liquid/air interface does not take place until after 24 min (Fig. 5.5b).
At this stage the NR suspension is already almost dry. Clearly, short NRs require a much
higher concentration before colloidal crystallization sets in. As can be seen in the full
sequence of GISAXS patterns (Appendix 5.5), the late-time patterns for the long (Figure
5.3c) and medium-length NRs (Fig. 5.4c) during solvent evaporation are very similar to
the final structures observed after complete drying (Figure A5.4 and A5.5). This shows
that the top layer of the long and medium-length NR superstructures is fully formed as
early as after 50% of the toluene solvent has been evaporated. Figure A5.7, A5.8 and
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A5.9 in Appendix 5.5 shows, for long NR, medium-lengths NRs and short NRs respectively, six patterns recorded at different positions along the sample surface ( y = -6 mm, 4 mm, -2 mm, 0 mm, 2 mm, and 4 mm from the center of the sample) after complete
solvent evaporation. For each NR length the six patterns are very similar, indicating that
the structures we observed in our time-resolved GISAXS study are representative for the
entire sample surface. We can conclude that the 2d hexagonal lattice is preserved
during solvent evaporation and final drying, and it is present in large areas. Note that
for all scattering patterns recorded, the scattering can only originate from structures
residing close to the liquid/air interface, since the X-ray beam probes no further than
10-20 nm deep into the toluene layer. Therefore, for upstanding NRs we only see
diffraction on the upper half of the NRs layer, since the lengths of the NRs exceeds the
penetration depth of the X-ray beam. For NRs lying down we probe a few layers of NRs
below the top one, since the NR diameter is of the order of the penetration depth. We
also remark that all structure factor features (except one) are centered around the point
(qy, qz) = (0, -qi), i.e. the point where the direct non-reflected beam would hit the detector. Only the top ring observed in the late-time patterns of long NRs (Figures 5.3 b,c) is
centered around (qy, qz) = (0, +qi), i.e. the point where the reflected beam hits the
detector. We conclude that all structures are fully immersed under the toluene/air
interface, except the upstanding structures of long NRs, which are partly sticking out. If,
and only if, a structure is (partly) sticking out of the liquid, it can diffract the X-ray beam
either before or after reflection from the surface.
With this GISAXS study we have demonstrated that at a fixed concentration the NRs
self-assemble into different structures depending on their length, and that NR ordering
into superstructures takes place at the toluene/air interface. For the long NRs we only
find evidence for a hexagonally ordered upstanding structure at the toluene/air interface (Figure 5.3e). For the medium-length NRs, we were able to follow the transition
from an intermediate state (Figure 5.4d) in which the NRs are hexagonally ordered lying
down at the liquid/air interface to the final superstructure (Figure 5.4e) consisting of
hexagonally ordered upstanding NRs. For the short NRs we only observed an hexagonally ordered structure with the NRs lying down (Figure 5.5e), that only forms at late
stages of the self-assembly process.
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5.3.2 TEM study of the NR superlattices
In a second set of experiments we aimed to investigate the final structure of the NR
superlattices that are formed upon solvent evaporation, for NRs with different lengths
and using NR suspensions with different initial concentrations. To this end we used exsitu TEM. In the experiments we systematically varied the NR concentration in toluene
between 0.5 μM and 2.7 μM. We loaded 50 µL of NR dispersion in a 5.3 mL (3.5 cm
height; 1.4 cm inner diameter) Teflon container on top of 4.5 mL of an immiscible DEG
liquid layer. The sample was heated from the bottom to T = 50°C. After 30 min the
evaporation of the toluene was complete. Then, a sample of the self-assembled structure was directly fished with a copper TEM grid from a random position on the DEG/air
interface.
For each of the three NR lengths, we performed the self-assembly using four different
initial NR concentrations: 0.5 μM, 1 μM, 1.6 μM and 2.7 μM. Figure 5.6 shows a complete overview of the twelve self-assembled structures formed. Note that we carried out
all experiments in duplo, and obtained similar results the second time. TEM images of
hexagonally ordered upstanding structures are marked with a cross in the upper left
corner. TEM images of structures with the NRs lying flat side-by-side are marked with a
circle. There is one sample that shows a mixture of upstanding and lying structures. The
lying structures (circles) show long tracks of NRs packed side-by-side. From the GISAXS
experiments we learned that the tracks of NRs extend into the bulk suspension (i.e. they
are not monolayers), with a hexagonal ordering within the tracks. The overview shows
that the NRs tend to organize into lying structures at low initial concentration evolving
into upstanding structures at higher initial NR concentrations. The transition from lyingto-upstanding occurs at lower initial concentration for longer NRs. For the lying structures in the overview (circles in Figure 5.6) we see that very low concentrations lead to a
partial organization, with positional order but no orientational order. With increasing the
concentration, the tracks become longer and the mutual alignment increases. Our TEM
observations are fully in line with what we found from the GISAXS experiments. For the
GISAXS experiments we used an initial concentration of 1.6 μM, corresponding to the
second row in Figure 5.6. From GISAXS we found that long and medium-length NRs
eventually form an upstanding structure, whereas short NRs end up lying flat on the
toluene/air surface. The same trend is visible in the second row of Figure 5.6.
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Figure 5.6- Overview of the final structures self-assembled from NRs of varying length
(x-axis) and from NR dispersions of varying initial concentrations (y-axis). Scale bars are
50 nm. Hexagonally ordered upstanding structures are marked with a cross in the upper
left corner; NRs lying flat and side-by-side are marked with a circle. For the GISAXS
experiments we used an initial NR concentration of 1.6 μM, corresponding to the second row of the overview (highlighted).
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5.3.3 Analysis of the temporal evolution of the self-assembled superstructures.
For all the GISAXS patterns recorded and for some fast Fourier transform TEM (FFTTEM) (second row Figure 5.6), we determined the position and width of the first structure factor peak. This yields a quantitative analysis of the in-situ temporal evolution of
the structures, and a comparison between in-situ structures measured with GISAXS and
ex-situ structures measured with TEM (See the Appendix 5.4). Figure 5.7 shows the peak
position q1 (left column) and full-width-at-half-maximum (FWHM; right column) Δq of
the first structure factor peak for all three NR lengths for the in-situ samples as a function of time, as determined from fits to the GISAXS patterns. Dashed lines indicate the
peak position and FWHM of the first structure factor peak of the fully dried samples of
medium and long NRs, as determined from fits to the FFT-TEM images. (Since from
lying structures it is not possible to extract the ordering in the direction perpendicular to
the long axis of the rods, we only analyzed FFT-TEM images for the long and mediumlength NRs). From the peak position and FWHM we calculate the lattice parameter a =
4π/√3q1 and the apparent grain size D = 2π/Δq of the 2-d hexagonal structure. The left
column in Figure 5.7 shows that the peak positions q1, and hence lattice parameters a,
of the in-situ structures (red dots) remain approximately constant over time (within the
spread of the data points). We do not observe any shrinking of the superstructure as the
toluene evaporates. For the fully dried superstructures (dashed lines), however, q1 (a) is
significantly larger (smaller) than for the corresponding in-situ structure. For the long
-3

NRs, drying in vacuum (10 mbar) induces a shrinking of the superstructure from a =
6.5 nm to a = 4.6 nm. For the medium-length NRs, the superstructure shrinks from a =
9.9 nm to a = 8.8 nm. These results show that during solvent evaporation the hexagonal
array of the vertical rods is preserved and that the only further effect of extensive drying
is a reduction of the distance between the NRs, possibly due to interpenetration of the
ligands.
The right column in Figure 5.7 shows that the peak widths Δ q for the long NR sample,
the short NR sample, and for the late stages of the medium-length NR sample remain
roughly constant over time. The only clear feature observed in the graphs is the transi-1

-1

tion from Δq = 0.05 nm to Δq = 0.13 nm for the medium-length NRs around t = 15
min (see below). We explain the mostly constant peak width Δ q by arguing that Δq is
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not determined by grain size, which we expect to grow as the NR superstructure becomes more crystalline. Instead, it may be determined by the presence of defects and
dislocations that disturb the periodic order and induce a variation Δ a in the lattice
constant. For our samples the peak broadening due to the distribution in the lattice
constant Δa is larger than the peak broadening due to the finite grain size. Hence, the
apparent grain sizes calculated as 2π/Δq in Figure 5.7 present the lower limits to the
actual grain sizes. The lower limits to the actual grain sizes correspond to grains of
approximately 15 unit cells for the long and short NRs, and 5 unit cells for the mediumlength NRs. Unfortunately, we do not observe diffraction from smaller grains (i.e. superstructure nuclei) at early times. The absence of diffraction peaks from small grains is
expected considering that the diffraction intensity scales with the square of the volume
of the diffracting units. The smallest grains hardly diffract at all.
Given our explanation of the peak width, one expects that the variation Δ a in the lattice parameter, and hence peak width Δq, increases with increasing diameter
polydispersity σ2R of the NRs. Indeed, we observe a correlation between Δ q and σ2R: Δq
-1

-1

-1

= 0.068 nm , 0.124 nm , and 0.064 nm (weighted average of the data points in Fig. 6)
and σ2R = 0.4 nm, 1.0 nm, and 0.3 nm for the long, medium-length, and short NRs
respectively. The medium-length NRs (Figure 5.7d) are the only sample that do show a
-1

-1

temporal evolution of Δq: a transition from Δq = 0.05 nm to Δq = 0.13 nm around t
= 15 min. This change in peak width coincides with the transition from a lying to an
upstanding structure (see Figure 5.4). We propose the following tentative interpretation:
the different values of Δq for the lying and the upstanding structures support a seededgrowth type mechanism for the transition: an entirely new superstructure, with a different variation Δa in the lattice parameter, forms as NRs detach from the lying structure
and attach to the upstanding structure. For grain rotation, another possible mechanism,
one would expect Δq to remain constant. The superstructures before and after grain
rotation would have the same value of Δa, since they do not rearrange but only rotate.
We should remark here that a seeded-growth type mechanism (however leading to a
linear array of lying rods) has been proposed before.

19
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Figure 5.7- Fit of the GISAXS patterns and the FFT-TEM images for the three samples
analized. (a,b) Long NRs; (c,d) medium-length NRs and (e,f) short NRs. The graphs show
plots of the peak position q1 (a,c,e) (lattice parameter a) and full-width-at-halfmaximum (FWHM) Δq (apparent grain size 2π/Δq) (b,d,f) of the first structure factor
peak for the in-situ samples as a function of time (dots). Dashed lines indicate the peak
position and FWHM of the first structure factor peak of the fully dried samples.
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5.3.4 Discussion
Here we present a mechanism of hierarchical self-assembly of NRs at the toluene/air
43

interface. We extended the model proposed by Denkov et al. to our case of anisotropic particles, so that it can explain the NR length dependence and the initial NR
concentration dependence of the superstructures we observe. The mechanism we
propose for the self-assembly consists of three steps: (i) under the influence of mutual
van der Waals (vdW), and possibly dipolar interactions the NRs form bundles in solution;
(ii) adsorption of these bundles to the toluene/air interface lowers interfacial tension; (iii)
the bundles pack together at the interface in such a way to maximize attractive (vdW)
interactions. We can distinguish two possible scenarios. In scenario (a) the NRs remain
as monomers or cluster into very small bundles of 2 or 3 NRs [step (i)]. These structures
adsorb with the long NR axis parallel to the liquid/air interface [step (ii)]. The structures
adsorbed pack together [step (iii)] to form the lying structures as observed on the
bottom left of Figure 5.6 (short NRs and/or low NR concentration). In scenario (b) the
NRs cluster into larger bundles of e.g. 6 or more NRs [step (i)]. A cross-section of these
structures perpendicular to the long NR axis has approximately the same or an even
larger area than a cross-section parallel to the long NR axis. Therefore, these structures
may adsorb to the liquid/air interface in an upstanding orientation [step (ii)]. The bundles adsorbed pack together or act as nuclei onto which additional NRs can attach in an
upstanding orientation [step (iii)], resulting in upstanding structures as observed on the
top right of Figure 5.6 (long NRs and/or high NR concentration). Steps (i) and (ii) of the
model are schematically depicted in Figure 5.8. The orientation of NRs in the final
structure depends on the size of NRs bundles formed in the bulk dispersion, which in
turn depends on the NRs concentration and length. The size of NR bundles increases if
the bulk NRs concentration increases, or if the mutual NR-NR interactions become
stronger. VdW interactions scale with the NR length.
We performed some simple thermodynamic calculations of which the results support
our model. In the bulk dispersion single NRs are in equilibrium with aggregates of n NRs
(‘n-mers’).
(5.1)
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Figure 5.8- Schematic representation of step (i) and (ii) in our self-assembly model. In
the bulk liquid single NRs are in equilibrium with NRs packed together into bundles.
Single NRs or small bundles adsorb to the liquid/air interface in a lying orientation.
Large bundles adsorb to the interface in an upstanding orientation.

for n = 2, 3, 4, …. For each equilibrium we can write an equilibrium constant

(5.2)
where

is the volume fraction of n-mers,

is the standard free energy gain for

the formation of an n-mer from n monomers, and
energy gain
an entropy contribution

is the thermal energy. The free

contains an internal energy contribution

and

, scaled with the absolute temperature . We can estimate

making the assumption that vdW interactions between the NRs dominate. Upon
formation of an n-mer from n monomers approximately

NR-NR vdW bonds are

made (depending on the exact structure of the n-mer and for small
5.9). We write

, where

; see Figure

is the (negative) vdW interaction energy for
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two aligned NRs at closest approach. We can estimate

considering that every

species in the dispersion has 3 translational and 3 rotational degrees of freedom. Upon
formation of an n-mer from n monomers the system loses

degrees of freedom.

The equipartition theorem states that every degree of freedom contributes to the
system’s entropy by an amount

, so that

. Now we can write
(5.3)

For two cylinders of length

and diameter

parallel and with a surface-to-surface

distance , the vdW energy can be approximated by
with

the Hamaker constant. We can write this as

interaction per unit of NR length in units of

(for
, with

45

) ,

the NR-NR

. We then arrive at:
(5.4)

Figure 5.9- Schematic of a few bundle sizes that can occur, and the corresponding
number of NR-NR bonds present.

This equation shows that the volume fraction
nentially on the NR length
concentration

of clusters of n NRs depends expo-

and has a power law dependence on the NR monomer

. For the calculations presented below we take

for
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CdS-CdS interaction in a hydrocarbon solvent
), and

46

(corresponding to

at

as experimentally determined from the GISAXS experiment

on the long NRs. We can assume that the minimum NR bundle size

required for

adsorption in upstanding orientation, is roughly equal to the NR aspect ratio

. We

used NRs with aspect ratios of 5 (short NRs), 4 (medium-length NRs) and 12 (long NRs).
Then the fraction of NRs in clusters large enough to adsorb to the liquid/air interface in
an upstanding orientation can be estimated as

(5.5)
For the initial concentrations used in the GISAXS experiments we estimate
, and

,

for the long, medium-length and short NRs,

respectively. During solvent evaporation the bulk NRs concentration increases, so that
the equilibrium shifts to larger bundles and f increases. Figure 5.10 shows estimated
values for f as a function of the fraction of solvent evaporated. Note that, due to convection as the solvent evaporates, the local NR concentration near the liquid/air
interface is probably higher than in the bulk. Hence, we underestimate the actual value
of f near the interface. Furthermore, even NRs bundles of size

may have a

certain probability to adsorb in an upstanding orientation. Nevertheless, the values of f
calculated above are reasonable order of magnitude estimates for the fraction of NRs in
clusters large enough to adsorb to the liquid/air interface in an upstanding orientation.
We can assume that once a small amount of NRs bundles has upstanding orientation at
the liquid/air interface, seeded-growth occurs: these bundles act as nuclei onto which
additional NRs can attach in the same orientation. The diffraction peak widths of the
lying and upstanding structures of medium-length NRs support the assumption of a
seeded-growth type transition mechanism (see above). Our simple model provides a
basis for the understanding of our GISAXS observations. (i) The long NRs immediately
start self-assembling into upstanding structures from the start (

; a considerable

fraction of NRs in upstanding orientation). (ii) The medium-length NRs start forming
upstanding structures after a few minutes (

; a very small fraction of NRs

in upstanding orientation acts as nuclei to allow lying NRs to rise up). And (iii) the short
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NRs do not form upstanding structures at all (

; virtually no NRs in

upstanding orientation).

Figure 5.10- Plot of the theoretical fraction of NRs in bundles large enough to adsorb
in an upright orientation, as a function of the fraction of solvent evaporated (long NRs:
dashed line; medium-length NRs: dashed –dotted line; short NRs: solid line).

We calculate for the experimental conditions for which we find upstanding structures,
that in the bulk a considerable fraction of NRs aggregate into (large) bundles. For the
experimental conditions for which we find lying structures, the calculations show that the
bundles are considerably smaller. The evolution from a superstructure with lying NRs
(Fig. 5.4a) into a structure with upstanding NRs (Fig. 5.4c) as monitored by time-resolved
GISAXS on the medium-length NRs, can also be understood in terms of our model. At
early stages of the self-assembly process the concentration of NRs is low and only small
bundles are present that adsorb in a lying orientation. As solvent evaporation continues,
the NR concentration increases, and larger bundles form that adsorb in an upstanding
orientation. We have observed that initially lying NRs rise up into an upstanding orientation. We can argue that as soon as a small fraction of adsorbed NRs have an upstanding
orientation, these can act as nuclei onto which the upstanding superstructure grows if
additional NRs attach.

C h a p t e r 5 | 95

5.4 Conclusions
We have studied the formation of large areas of vertically or horizontally aligned
nanorods (NRs) at the liquid/air interface, obtained by controlled evaporation of the
solvent using a liquid diethylene glycol substrate. We have proven that NR superstructure formation occurs at the liquid/air interface. In addition, we were able to partly
follow the dynamics of self-organization. We have shown that the orientation of NRs in
the final superstructure can be tuned by changing the NR length and the initial concentration in the NR dispersion. Using short NRs or a low concentration, structures form
with NRs lying flat on the liquid/air interface. Using long NRs or a high concentration,
structures form with NRs standing up. With NRs of medium length we been able to
monitor in real time the dynamical process of NRs that rise up from a lying orientation
into an upstanding orientation. We have proposed a model of hierarchical selforganization that accounts for the NR length and concentration dependence of the
superstructures formed. Our results provide insight into the mechanism of the NR selfassembly at the liquid/air interface, opening the way for the exploration of new promising applications and new strategies for device engineering.
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Appendix 5.1 Calculation of the penetration depth of the beam
An x-ray energy of 13.3 keV corresponds to a wavelength λ0 = hc/E = 0.0932 nm, and
-1

a wave vector of magnitude k0 = 2π/λ0 = 67.4 nm in air (n = 1). In our experiments,
the x-ray beam strikes the top interface of the sample at grazing angle of incidence of αi
= 0.061° = 1.06 mrad. The wave vector component parallel to the interface k|| = k0
cos(αi) is conserved across the interface. Inside the sample the magnitude of the wave
vector is lower than in air: k = n k0, where n = 1 – δ < 1 is the refractive index of (the
top layer of) the sample. We can assume that for our samples δ takes values ranging
-6

from the one of toluene (δ = 1.10x10 ; at very low NR concentration) and approaching
-6

the one of pure CdS (δ = 4.98x10 ; at maximum surface coverage). [Note: in fact n = 1
– δ + iβ is a complex quantity. However, the imaginary component is negligible in our
calculations: β = 5.73x10

-10

-7

for toluene and β = 1.70x10 for CdS]. In our experiments
2

2

we are in the regime of total external reflection: n < cos (αi). The wave vector component normal to the interface:
(A5.1)
is imaginary below the sample surface, i.e. the wave is evanescent. We calculate the
penetration depth of the x-ray beam into the sample as d = 1/2Im(kz), which is the
length over which the x-ray intensity decays with a factor e. The penetration depth can
take values between d = 7.2 nm (pure toluene) and d = 2.5 nm (pure CdS). These
calculations show that in all of our experiments and at all times, we are probing at most
10-20 nm deep into the NR dispersion.
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Appendix 5.2 Intensity plot as a function of azimuthal angle
The graphs below represent a plot of the azimuthal angular distribution of scattering
intensity over the first scattering ring as a function of angle θq around the point (qz, qy)
= (-qi, 0), as obtained from the GISAXS patterns of (a) long NRs (Figure 5.3), (b) medium-length NRs (Figure 5.4), and (c) short NRs (Figure 5.5). The red circles, green squares,
and blue diamonds correspond to the early-time, medium-time, and late-time patterns
of the figures in the main text, respectively. Close to the qy-axis, i.e. near 0° and 180°,
the scattered X-rays are attenuated by sample absorption. Solid lines through the data
points are Gaussian fits. (a) For the long NRs the peaks at 0° and 180°, due to the
upstanding structure, grow with time. From the FWHM of the fitted peaks we obtain the
spread in NR orientation around the direction normal to the interface: ±9.9° at mediumtime, and ±10.5° at late-time. (b) For the medium-length NRs the peaks at 60° and 120°,
due to the lying structure of Figure 5.4d, decrease in intensity with time, and have
almost disappeared in the late-time plot.

Figure A5.1- Intensity plot as a function of azimuthal angle along the first scattering
ring, for long (a), medium lengths (b), and short (c) NRs.

100 | C h a p t e r 5
The peaks at 0° and 180° [which can be due to both the lying and the upstanding
structure (Figure 5.4e)], on the other hand, are growing with time. Clearly, the mediumlength NRs rise up from the lying into the upstanding structure. For the final upstanding
structure we obtain a spread in NR orientation around the direction normal to the
interface of ±18.0°. (c) For the short NRs the peaks at 30° and 150°, due to the lying
structure of Figure 5.5e, grow with time.
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Appendix 5.3 Basic explanation of the origin of the diffraction ring
peaks for short NRs
In the figure A5.2 a schematic representation of the hexagonal structures in real space
(a) and in reciprocal space (b) is depicted. The lying structure as observed for the short
NRs, sighted along the X-ray beam. The structure has hexagonal symmetry. Four sets of
lattice planes on which the beam diffracts are indicated as A (yellow), B (green), C (blue),
and D (red), and the lattice distances d are given. (b) The corresponding diffraction
pattern. The pattern also has hexagonal symmetry, but rotated by 30° with respect to
the real space structure. The diffraction peaks from sets of lattice planes A, B, C, and D
are indicated. Set D has a smaller lattice spacing, so the corresponding diffraction peaks
D do not lie on the same diffraction ring as peaks A, B, and C. In our GISAXS pattern of
short lying NRs, the higher-angle diffraction peaks D are too weak to distinguish.

Figure A5.2- Schematic representation of the hexagonal structures in real space (a)
and in reciprocal space (b).
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Appendix 5.4 Fit of peak position and FWHM of the first structure
factor peaks in GISAXS patterns and FFT-TEM images
We integrated each GISAXS pattern around the central point (qy, qz) = (0, -qi) over a
small range of angles 0° < θq < 30° (properly neglecting the edges of the detector) thus
selecting the in-plane scattering signals. We fast Fourier transformed TEM images of 2x2
2

µm in size, and did a full rotational averaging of the FFT-TEM images. In this way we
obtained 1-dimensional diffraction patterns as a function of the absolute value of the
scattering vector q, for the in-situ structures (from GISAXS) and the fully dried ex-situ
structures (from TEM). We determined the grain size and lattice parameter from fitting
the first structure factor peak. We took from the 1-dimensional diffraction patterns the
-1

data points a small q-range of ±0.25 nm around the first structure factor peak. For all
patterns the background of single particle form factors and diffuse scattering is rather
strong. We performed a least squares fit of the selected data points to a linearly sloping
background plus a Gaussian: I(q) = A + B q + C G(q; qpeak, σq), with G(q; qpeak, σq) a
Gaussian with mean qpeak and standard deviation σq, and A, B, C, qpeak, and σq the fit
parameters. This analysis yields the peak position, and peak full-width-at-half-maximum
(FWHM; Δq = 2.35 σq) of the first structure factor peak in-situ as a function of time, and
ex-situ in the fully dried sample for all three NR lengths. From the peak position and the
FWHM we calculated the lattice constant a = 4π/√3qpeak of the 2-dimensional hexagonal lattice and the apparent grain size D = 2π/Δq.

Figure A5.3- TEM images and the corresponding Fast Fourier transform (FFT) images
(insets) for long (a), medium-length (b) and short (c) NRs. Scale bars are 50 nm.
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Appendix 5.5 Supporting Figures

Figure A5.4- Complete overview of GISAXS patterns of the superstructures of long NRs
(L = 48 nm) at the liquid/air interface, during solvent evaporation.
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Figure A5.5- Complete overview of GISAXS patterns of the superstructures of mediumlength NRs (L = 22 nm) at the liquid/air interface, during solvent evaporation.
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Figure A5.6- Complete overview of GISAXS patterns of the superstructures of short
NRs (L = 16 nm) at the liquid/air interface, during solvent evaporation.
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Figure A5.7- Overview of GISAXS patterns of the superstructures of long NRs ( L = 48
nm) recorded at different positions along the sample surface (y = -6 mm, -4 mm, -2
mm, 0 mm, 2 mm, and 4 mm from the center of the sample) after complete solvent
evaporation.

Figure A5.8- Overview of GISAXS patterns of the superstructures of long NRs ( L = 22
nm) recorded at different positions along the sample surface (y = -6 mm, -4 mm, -2
mm, 0 mm, 2 mm, and 4 mm from the center of the sample) after complete solvent
evaporation.

Figure A5.9- Overview of GISAXS patterns of the superstructures of long NRs ( L = 16
nm) recorded at different positions along the sample surface ( y = -6 mm, -4 mm, -2
mm, 0 mm, 2 mm, and 4 mm from the center of the sample) after complete solvent
evaporation.

6
Some energetic aspects of the interfacial
adsorption and self-organization of
semiconductor nanorods
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Abstract
We investigated a new approach to control the orientation of CdSe/CdS core/shell
nanorods (NRs) in an organized superstructures. By using in-situ GISAXS combined with
ex-situ TEM we studied the self-assembly of NRs at the liquid/air interface, and showed
that the orientation under which the NRs self-assemble can be tuned to upright- or
lying- configuration by increasing the NR-NR interaction (by addition of non-solvent),
without varying the concentration of NRs in solution or the NR length. This allows to
obtain superstructures using a low concentration of NRs and since the formation of a
second layer is likely to be prevented, this approach could pave the way for the formation of monolayer superstructures. Additionally, we have been able to closely follow
the dynamics of the self assembly at the liquid-air interface. Our results represent an
important step toward the realization of large area monolayer NR membranes, opening
the way for new strategies for device engineering.

6.1 Introduction
In recent years much research in nanoscience has focussed on CdSe/CdS core/shell
nanorods (NRs) due to their stability against (photo) chemical degradation and their
promising optical properties.

1-8

The ability of these nanostructures to spontaneously

assemble into organized superstructures is also of particular interest,

1,9,10

since self-

assembly is an efficient “bottom-up” method for fabricating organized nanostructure
11-21

materials.

For example, the spontaneous self-organization at the liquid/air interface

has been exploited to achieve organized NC membranes.

10,22,23

Self-assembled super-

structures show novel collective properties which strongly depend on the geometry of
the single building blocks in the superstructures, and hold promise for applications in
optical and optoelectronic devices such as in LEDs, lasers or solar cells, or for photo4,5,24

catalysis.

However, little is known about the mechanism by which self-organization

takes place, or about how to control the geometry of the NRs within the superstructure.
Achieving control over these aspects, would allow the design of organized superstructures with specific properties for target applications.
Our previous results (Chapter 5) have led to the development of a model of hierarchical self-organization, the primary stages of which being:

10

(i) formation of small NR
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bundles in the bulk liquid, (ii) adsorption to the interface, and (iii) interfacial selforganization. In our model, the orientation by which the NRs adsorb at the interface
critically depends on the (van der Waals) interaction strength between the NRs and
hence on their length. Those results provide the basis for the understanding of the
mechanism of the NR self-assembly at the liquid/air interface. Until now, the NR superstructures mainly consisted of large 3-dimensional structures,

9,10,25

whereas especially for

application in solar cells or photocatalysis, 2-dimensional membranes are of particular
interest for optimal carrier extraction.

22,26-28

Here, we report a study of the CdSe/CdS NRs self-assembly at the liquid/air interface,
by using in-situ GISAXS and ex-situ TEM in order to investigate the NR self-organization
model proposed in Chapter 5. This chapter aims to be a continuation of the results
reported in Chapter 5.We measured with a higher time resolution than in our previous
work, and systematically varied NR concentration and interaction strength. Our new
results are fully consistent with our previously proposed model, but with the more
detailed experimental results we are able to demonstrate the effects of the NR-NR
interactions energy on the mechanism of NRs interfacial absorption and selforganization. We followed the self-organization process at a higher time resolution and
with less domain averaging, which allowed us to gain a deeper insight into the mechanism of the assembly and the (re)orientation process. In particular, our results provide
insight about the conditions and the time scales at which the formation of the first
monolayer of NRs at the liquid/air interface occurs, which is a crucial point in view of the
fabrication of NR monolayer membranes.

6.2 Experimental methods
6.2.1 Synthesis of semiconductor nanorods (NRs)
CdSe/CdS dot core/rod shell NRs were synthesized following the method described by
1

Carbone et al. (See Chapter 4 for details).
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6.2.2 Self-Assembly at the liquid/air interface
Self-assembly was achieved by slow evaporation of the solvent from the NCs suspension placed on top of diethylene glycol (DEG) as an immiscible liquid substrate. In a
typical experiment 4 mL of NR dispersion in toluene was deposited on top of 22 mL of
DEG. The evaporation rate of toluene was controlled by heating the sample from the
bottom with a copper stage (T = 45˚C), while gently flowing N2 over the sample. We
carried out the self-assembly in a Teflon disc-shaped container with an inner volume of
22 mL (3.5 mm height; 64 mm base diameter). Complete evaporation of the toluene
took about 60 min per sample. After the self-organization was complete, a sample of
the superstructure floating on the liquid/air interface was collected on a copper transmission electron microscope (TEM) grid. The TEM grid were kept under high vacuum
overnight in order to evaporate the DEG ad allowed the characterization at TEM.

6.2.3 Characterization
The NR concentration was estimated using inductively coupled plasma atomic emission spectroscopy (ICP-AES) in combination with absorption spectrophotometry.
Absorption spectra were measured using a Perkin-Elmer Lambda 950 UV/VIS/IR absorption spectrophotometer.
The GISAXS experiments were performed at the ID10 beam line of the European Synchrotron Radiation Facility (ESRF) in Grenoble (FR). We used an incident X-ray energy of
13.3 keV. At this energy the critical angle for total external reflection on the air/toluene
-6

interface is αc = 0.085° (toluene has δ = 1.1×10 ). The scattered intensity was recorded
2

by a 2D detector (MAXIPIX 5 × 1) with 256×1296 pixels, each 55×55 μm in size, placed
at 85 cm distance from the sample. We used a grazing incidence angle of αi = 0.061°,
for which there is total external reflection. In this way, we ensure that the beam only
probes the toluene/air interface a maximum of 10-20 nm deep into the NRs dispersion
(see Appendix 5.1 for the calculation of the penetration depth of the beam). We used
the same set up as described in Chapter 5 (Figure 5.1). However, for this experiment the
Teflon disc was place in a closed chamber, with transparent windows. This allowed
controlled solvent evaporation of the toluene in a vapour-saturated atmosphere. As a
result, the evaporation rate was reduced. Complete evaporation of the toluene took
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about 60 min per sample. Since the position of the toluene/air interface changes during
evaporation, it was necessary to maintain the interface’s alignment with the X-ray beam
by injecting additional DEG in the immiscible liquid substrate layer using a computerdriven syringe. With this method we were able to follow NR self-organization at the
toluene/air interface until complete evaporation of the toluene.
The dimensions of the NRs and the final superstructure obtained after the complete
self-organization were analyzed ex-situ by transmission electron microscopy (TEM)
using a Tecnai microscope operating at 120 kV.

6.3 Results and Discussion
For this experiment, we used two different batches of NRs with narrow size distribution
(see Figure 6.1): (a) medium-length NRs with L = (20.7 ± 2.1) nm and 2R = (3.5 ± 0.4)
nm, and (b) long NRs with length L = (37.1 ± 4.3) nm and diameter 2R = (4.3 ± 0.4) nm.
The NRs have octadecylphosphonic acid (ODPA) surface capping. We stored the NRs in
N2 atmosphere.

6.3.1 GISAXS study of the role of NRs concentration and addition of a
non-solvent.
Firstly, using in-situ GISAXS, we confirmed that in our new batch of medium-length
NRs, the NR orientation in the final superstructure can again be tuned from lying to
upstanding by increasing the initial NR concentration. We analysed the self-assembly at
the liquid/air interface of two solutions of medium-length NRs (L = 20.7 nm) with different initial concentration:

μ

μ . Figure 6.2a shows the GISAXS

pattern of the superstructures of medium-length NRs at the liquid/air interface, for a
dispersion of NRs with initial concentration

μ

. The pattern was recorded

after complete solvent evaporation. We clearly observe one peak at θq = π/6, which is
characteristic for an hexagonal order with NRs parallel to the liquid/air interface (as
depicted in the sketch in Figure 6.2c). There is also an in-plane peak at a scattering
-1

vector of q = 1.06 nm , which is characteristic for an hexagonal order with the NRs
oriented perpendicular with respect to the liquid/air interface (as depicted in the sketch
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in Figure 6.2d).

Therefore, this pattern indicates that both lying down structures and

upstanding structures are present at the interface.

Figure 6.1- TEM images of (a) medium-length NRs (L = (20.7 ± 2.1) nm and 2R = (3.5
± 0.4) nm), and (b) long NRs (L = (37.1 ± 4.3) nm and diameter 2R = (4.3 ± 0.4) nm).

Figure 6.2- GISAXS patterns of superstructures of medium-length NRs (L = 20.7 nm) at
the liquid/air interface, after complete solvent evaporation, for two NR dispersions with
different initial concentration: (a)
-1

μ

μ . Scale bars are 1

nm . Colour scales are logarithmic. (c, d) Schematics of the NRs structures obtained at
the liquid/air interface.
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For a solution of medium-length NRs with initial concentration

μ

, differ-

ent patterns were observed (Figure 6.2b). The peak at θq = π/6 disappears and the in
-1

plane diffraction peak at qy1 = 1.06 nm becomes more intense. Note that we use the
same coordinate system as described in Figure 5.1. We assign this peak to diffraction of
2d hexagonal superstructures. We clearly observe the higher order diffraction rings of
-1

-1

radii qy2 = 1.79 nm , qy3 = 2.7 nm . The ratio of qy1:qy2:qy3 = 1:√3:√7 is characteristic
for 2d- hexagonal structures. Additionally, there is considerably strong diffraction towards qz = 0, indicating that the NRs are preferentially oriented with their long axis
perpendicular to the interface, as depicted in the schematic in Figure 6.2d. The lattice
distance a = 4π/√3q1 = 6.9 nm corresponds to NRs (diameter 2R = 3.5 nm) side-byside separated by two layers of ODPA ligands (2.4 nm).

Figure 6.3- TEM images of the final structures self-assembled and Fast Fourier transform (FFT) images (insets), obtained with medium-length NRs dispersions with different
initial concentrations: (a, b)

μ

μ

.
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The GISAXS results clearly prove that by increasing the initial concentration of the NRs
dispersion we can tune the orientation of the NRs in the final superstructure. This is
corroborated by the results of ex-situ TEM. Figure 6.3 shows TEM images of the final
structure of the NR superlattices for a solution of medium-length NRs with initial concentration

μ

and

μ

A structure where the NRs mostly lie flat

side-by-side on the substrate was observed for a solution with low initial concentration
(Figure 6.3 a and b), while a higher initial concentration leads to the formation of
superlattices of hexagonally ordered upstanding NRs (Figure 6.3 c and d). In summary,
both GISAXS and TEM results confirm that the NRs organize into lying structures at low
initial concentration and evolve into upstanding structures at higher initial NR concentrations.
Next, we will show that the same transition from lying to an upstanding structure can
be induced by the introduction of 20% (v/v) of non-solvent. The addition of butanol
(BuOH) was intended to increase NR-NR interaction: due to the hydrophobic nature of
the capping ligand on the surface of the NRs, BuOH is by definition a non-solvent, and
so when it is added the NRs suspension becomes destabilized and colloidal crystallization of the NRs occurs.
We studied the self-assembly dynamics at the liquid/air interface for a sample of medium-length NRs with initial concentration
medium-length NRs with initial concentration

μ

(Figures 6.4a) and a sample of
μ

at which 20% of the total

volume of BuOH was added (Figures 6.5b).
Figure 6.4a shows the GISAXS patterns obtained at the liquid/air interface for a solution of medium-length NRs with initial concentration

μ

(without addition of

BuOH), which was recorded after complete solvent evaporation. This sample is the same
described in Figure 6.2a, therefore we can refer to the description above. Upon addition
of BuOH, the pattern of the final structure is significantly different (Figure 6.4b). The
-1

peak at θq = π/6 disappears and the in plane diffraction peak at qy1 = 1.06 nm becomes more intense. We assign this peak to diffraction on 2d hexagonal structures. We
-1

-1

clearly observe the higher order diffraction rings of radii qy2 = 1.80 nm , qy3 = 2.79 nm .
The ratio of qy1:qy2:qy3 = 1:√3:√7 is characteristic for 2d-hexagonal structures. Furthermore, the strong diffraction towards qz = 0, indicates that the NRs are preferentially
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oriented with their long axis perpendicular to the interface as depicted in Figure 6.4d.

29

The lattice distance a = 4π/√3q1 =6.9 nm corresponds to NRs (diameter 2R = 3.5 nm)
side-by-side separated by two layers of ODPA ligands.
TEM images of the final superstructure confirmed that by addition of BuOH in the
initial NRs dispersion, we can tune the orientation of the NR in the superstructure. Figure
6.5a shows a TEM image of a superstructure obtained from a solution of mediumlength NRs with initial concentration

μ , where the NRs are mostly lying flat

side-by-side. On the other hand, after addition of BuOH in the initial solution, a superstructure of hexagonally ordered upstanding NRs is obtained (Figure 6.5 b).

Figure 6.4- GISAXS patterns of superstructures of medium-length NRs (L = 20.7 nm) at
the liquid/air interface, after complete solvent evaporation, for (a) NR dispersions with
initial

concentration

tion

μ

and

(b)

NR

dispersions

with

initial

μ , at which 10 % of the total volume of BuOH were added. Scale bars
-1

are 1 nm . Colour scales are logarithmic. (c, d) Schematics of the NR structures obtained at the liquid/air interface.
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Figure 6.5- TEM images of the final structures self-assembled and Fast Fourier transform (FFT) images (insets), for medium-length NRs, obtained for an initial NRs
concentration of (a, b)

μ , and (c, d)

μ

with addition of BuOH.

We propose that the critical parameter that determines the orientation of the NRs in
the final structure, is the size of the NR bundles in the bulk solution.

10

The size of NR

bundles increases if the bulk NRs concentration increases, or if the mutual NR-NR
interactions, which scale with the NR length, become stronger (a detailed study of the
NR bundles is reported in Chapter 7). Our results show that we can tune the size of the
bundles without changing the concentrations or the NRs length, just by adding a non
solvent (BuOH). The addition of BuOH to the initial NR solution leads to the formation of
bigger bundles in the bulk solution causing the bundles to adopt an upstanding orientation at the interface.
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Figure 6.6- (a, b, c) TEM images of the final structures self-assembled “almost
monolayers” for medium-length NRs, obtained for an initial NRs concentration of
μ

with addition of BuOH.
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Additionally, TEM images show that almost a complete monolayer is formed. Figure
6.6a shows a TEM image of a large area of the substrate (~ 50 μm × 50 μm), revealing
that the film has cracked into a number of smaller islands (~ 10 μm × 10 μm). This
damage is presumably caused by the method used to collect the floating film on a TEM
grid (scooping). Furthermore, the assembled membranes are subject to significantly
high stresses and strains during this drying stage, which can lead to ruptures in the film.
Nevertheless, relatively large area monolayer islands are observed (Figure 6.6c) and
these results are thus a step towards the formation of upstanding monolayer membranes, since they show that superstructures of upstanding NRs can be obtained using
low concentration of NRs, reducing the possibility of a second layer of NRs adsorbing at
the interface.

6.3.2 Insight into the mechanism of the formation of organized superstructures at the liquid layer interface.
In a second set of experiments we further investigate the mechanism of the NR superstructure formation at the liquid/air interface during the evaporation of the solvent. Thus
far, our results have not allowed us to directly describe the dynamics of the selfassembly once the bundles are adsorbed at the liquid/air interface. Here, we followed
the formation dynamics of the lying structure for a solution of NRs with low initial concentration. Furthermore, we investigate the contraction of the NR superstructure during
the solvent evaporation.
Layer by layer formation at the liquid/air interface. We used a solution of long
NRs (L = 37.1 nm) with initial concentration

μ . Figure 6.7a shows the

GISAXS pattern recorded 1 min 50 s after the beginning of the self-organization process
(initiated by depositing the NR dispersion on top of the pre-heated liquid DEG substrate). We clearly observe two ‘Bragg rods’

30

at q = 0.71 nm

-1

evidencing in-plane

structures with a periodicity of a = 8.9 nm. We attribute these to monolayers of NRs
lying flat on the interface side-by-side (Fig. 6.7c). The fact that the Bragg rods are
elongated in the vertical direction shows that there is only a very thin layer (few nm) of
material at the liquid/air interface. Indeed, the periodicity of a = 8.9 nm is consistent
with NRs of 4.3 nm diameter separated by two layers of organic capping ligands. Two
-1

additional weaker Bragg rods are seen at q = 0.15 nm . We attribute these features to
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head-to-tail ordering of the lying NRs (periodicity b = 41 nm, corresponding well to the
NR length of 37 nm + two layers of ligands).
After 6 min 30 s, the pattern evolves into the one shown in Figure 6.6 b. Here we see
-1

that the prominent Bragg rods observed in Fig. 6.7a (previously at q = 0.71 nm ) have
narrowed to a pair of intense peaks at an angle of 27° from the horizon. The distance
-1

from the origin of the reflected beam to these peaks corresponds to q = 0.83 nm . In
-1

addition, there is a third intense peak at a scattering vector of q = 0.83 nm normal to
the horizon. This pattern is characteristic of hexagonal order in the direction normal to
the liquid/air interface. Specifically, the three intense peaks are reflections from a hexagonally ordered structure with lattice constant a = 8.7 nm, a value very close to that
found for the monolayer structure (a = 8.9 nm) in Fig. 6.7a and c. We conclude that the
evolution of pattern a into pattern b is a real-time demonstration of the formation of a
multilayer of lying NRs (Fig. 6.7d) via the addition of more NRs to the initial monolayer
(Fig. 6.7c). These results provide insight on the conditions and the time scales at which
the formation of the first monolayer of NRs at the liquid/air interface occurs, and at
which multi-layers begin to form. These are crucial steps towards the control of NR
monolayer fabrication.
Film contraction during solvent evaporation. We used a solution of mediumlength NRs (L = 20.7 nm) with initial concentration

μ . The patterns were

recorded at different stages of the self-assembly process (Figure 6.8): (a) 33 min, (b) 34
min, and (c) 60 min after the beginning of solvent evaporation. The 33 min pattern (Fig.
6.8a) shows no order; the background scattering is dominated by the form factor and
no clear structure factor features are observed. The 34 min pattern (Fig. 6.8b) shows a
-1

diffraction peak at qy1 = 0.99 nm . We assign this peak to diffraction from 2d hexagonal
structures. There is considerably strong diffraction towards qz = 0, indicating that the
NRs are preferentially oriented with their long axis perpendicular to the interface.
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The

lattice distance a = 4π/√3q1 = 7.3 nm corresponds to NRs (diameter 2R = 4.3 nm)
standing side-to-side separated by two layers of ODPA ligands. Figure 6.7 d shows TEM
images of the final structures following self-assembly: the NRs are organized in hexagonally ordered upstanding structures
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Figure 6.7- GISAXS patterns of superstructures of long NRs (L = 37.1 nm) at the liquid/air interface (initial concentration:

μ ) at different stages of the solvent

evaporation: (a) 1 min 50 s, and (b) 6 min 30 s. Colour scales are logarithmic. Scale bars
-1

are 1 nm . Schematics of the NR structures present (c) at the beginning [pattern (a)],
and (d) at the end [pattern (b)] of the self-assembly process.

Figure 6.8- GISAXS patterns of superstructures of medium-length NRs (L = 37.1 nm) at
the liquid/air interface (initial concentration

μ ), at different stages of the

solvent evaporation: (a) 33 min, (b) 34 min, and (c) 60 min. Colour scales are logarithmic.
-1

Scale bars are 1 nm . (d) TEM image of the final structures self-assembled and Fast
Fourier transform (FFT) images (inset), for long NRs.
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The pattern obtained after 60 min (Fig. 6.8c) is very similar to that obtained after 34
min (Figure 6.8b), implying that the structures have not changed significantly. However,
-1

-1

the diffraction peaks shift to higher q values (q1 = 1.09 nm , q2 = 1.85 nm and q3 =
-1

2.76 nm ), which correspond to smaller NR-NR distances (6.7 nm). This is also confirmed by TEM analysis of the dried sample. Between the first appearance of the
diffraction peak at 34 min and the end of the experiment (60 min), the pattern does not
change, except for the fact that the peaks move outward. We can conclude that the
superstructure has contracted. This feature was observed also for long NRs.
The contraction of the 2-d hexagonal structure is more clearly presented in Figure 6.9,
which shows the position of the three scattering peaks as a function of time. The relative
peak positions of 1:√3:√7 are characteristic of the reflections of a 2-d hexagonal structure. It is clear that the peaks move outward, so the structure contracts from having a =
7.3 nm to 6.6 nm over 30 minutes. It is noted that the fine splitting of the peaks, which
can be observed in the GISAXS pattern both in Figure 6.7 and Figure 6.8, is an artifact
arising from the large beam footprint and the curvature of the liquid surface. Figure 6.10
shows how the combination of surface curvature and a large beam footprint may
combine in this case to cause such an artifact: the X-ray beam hits the sample on the
“front” and on the “back”, located at different sample-detector distance. Therefore the
two reflected beams will be collected in a different position of the detector, hence a
peak splitting can be observed.

Figure 6.9- Plot of the position of the three scattering peaks (red circles= q1; blue
squares= q2; green triangles= q3) as a function of time. The relative peak positions of
1:√3:√7 are characteristic of the reflections of a 2-d hexagonal structure.
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Figure 6.10- Schematic of the incident beam on the surfaces: depending on the height
of the stage the X-ray beam hits the sample on the “front” or on the “back”.

6.4 Conclusions
We have investigated the dynamics of the formation of large areas of organized NRs
at the liquid/air interface, obtained by controlled evaporation of the solvent using a
liquid diethylene glycol substrate. By using in-situ GISAXs combined with ex-situ TEM we
obtained experimental evidence that the orientation under which the NRs self-assemble
can be tuned to the upright- or lying- configurations without changing the NRs concentration or NRs length, but by increasing the NR-NR interactions (by addition of non-

solvent). This opens the possibility to obtain monolayer superstructures since the concentration of NRs is lower and therefore the formation of a second layer is likely to be
prevented. With this method we can design superstructures with a specific geometry for
target applications.
Additionally, we have been able to closely follow the dynamics of the self assembly at
the liquid-air interface. In particular, we have studied a solution of NRs at very low initial
concentration and we could observe that the formation of the lying structure occurs in a
layer-by-layer fashion. This results gives important information about the conditions and
time scales of the formation of the first monolayer membrane of CdSe/CdS NRs at the
liquid/air interface. This insight may be extremely important for monolayer film fabrication. Furthermore, we followed the contraction of the NR superstructure during solvent
evaporation.
Our results represent an important step toward the realization of large area monolayer
NR membranes, opening the way for new strategies for device engineering.

C h a p t e r 6 | 123

References
(1)

(2)
(3)
(4)
(5)

(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)

Carbone, L.; Nobile, C.; De Giorgi, M.; Sala, F. Della; Morello, G.; Pompa, P.; Hytch, M.;
Snoeck, E.; Fiore, A.; Franchini, I. R.; Nadasan, M.; Silvestre, A. F.; Chiodo, L.; Kudera, S.;
Cingolani, R.; Krahne, R.; Manna, L. Nano Letters 2007, 7, 2942–2950.
upo, M. . Della ala, . Carbone, . avelani- ossi, M. iore, A.
er, L.; Polli, D.;
Cingolani, R.; Manna, L.; Lanzani, G. Nano Letters 2008, 8, 4582–4587.
Talapin, D. V; Nelson, J. H.; Shevchenko, E. V; Aloni, S.; Sadtler, B.; Alivisatos, A. P. Nano
Letters 2007, 7, 2951–2959.
Rizzo, A.; Nobile, C.; Mazzeo, M.; Giorgi, M. De; Fiore, A.; Carbone, L.; Cingolani, R.;
Manna, L.; Gigli, G. ACS Nano 2009, 3, 1506–1512.
Pisanello, F.; Martiradonna, L.; Spinicelli, P.; Fiore, A.; Hermier, J. P.; Manna, L.; Cingolani,
R.; Giacobino, E.; De Vittorio, M.; Bramati, A. Superlattices and Microstructures 2010, 47,
165–169.
Lutich, A. A.; Mauser, C.; Da Como, E.; Huang, J.; Vaneski, A.; Talapin, D. V; Rogach, A. L.;
Feldmann, J. Nano Letters 2010, 10, 4646–4650.
Krahne, R.; Morello, G.; Figuerola, A.; George, C.; Deka, S.; Manna, L. Physics Reports
2011, 501, 75–221.
Smith, E. R.; Luther, J. M.; Johnson, J. C. Nano Letters 2011, 11, 4923–4931.
Zanella, M.; Gomes, R.; Povia, M.; Giannini, C.; Zhang, Y.; Riskin, A.; Van Bael, M.; Hens, Z.;
Manna, L. Advanced Materials 2011, 23, 2205–2209.
Pietra, F.; Rabouw, F. T.; Evers, W. H.; Byelov, D. V; Petukhov, A. V; De Mello Donegá, C.;
Vanmaekelbergh, D. Nano Letters 2012, 12, 5515–5523.
Rogach, A. L.; Talapin, D. V; Shevchenko, E. V; Kornowski, A.; Haase, M.; Weller, H.
Advanced Functional Materials 2002, 12, 653–664.
hevchenko, E. V Talapin, D. V Kotov, N. A. O’Brien, . Murray, C. B. Nature 2006, 439,
55–59.
Ahmed, S.; Ryan, K. M. Chemical Communications 2009.
Ahmed, S.; Ryan, K. M. Nano Letters 2007, 7, 2480–2485.
Ryan, K. M.; Mastroianni, A.; Stancil, K. A.; Liu, H.; Alivisatos, A. P. Nano Letters 2006, 6,
1479–1482.
Talapin, D. V; Shevchenko, E. V; Bodnarchuk, M. I.; Ye, X.; Chen, J.; Murray, C. B. Nature
2009, 461, 964–967.
rzelczak, M. Vermant, . urst, E. M. iz-Marz n, L. M. ACS Nano 2010, 4, 3591–3605.
Vanmaekelbergh, D. Nano Today 2011, 6, 419–437.
Singh, A.; Gunning, R. D.; Sanyal, A.; Ryan, K. M. Chemical Communications 2010, 46,
7193–7195.
Singh, A.; Gunning, R. D.; Ahmed, S.; Barrett, C. A.; English, N. J.; Garate, J.-A.; Ryan, K. M.
Journal of Materials Chemistry 2012, 22.
Miszta, K.; De Graaf, J.; Bertoni, G.; Dorfs, D.; Brescia, R.; Marras, S.; Ceseracciu, L.;
Cingolani, R.; Van Roij, R.; Dijkstra, M.; Manna, L. Nature Materials 2011, 10, 872–876.
Dong, A.; Chen, J.; Vora, P. M.; Kikkawa, J. M.; Murray, C. B. Nature 2010, 466, 474–7.

124 | C h a p t e r 6
(23)
(24)

(25)
(26)

(27)
(28)
(29)
(30)

Evers, W. H.; Nijs, B. De; Filion, L.; Castillo, S.; Dijkstra, M.; Vanmaekelbergh, D. Nano
Letters 2010, 10, 4235–4241.
Pisanello, F.; Martiradonna, L.; Lemenager, G.; Spinicelli, P.; Fiore, A.; Manna, L.; Hermier,
J.-P.; Cingolani, R.; Giacobino, E.; De Vittorio, M.; Bramati, A. Applied Physics Letters 2010,
96, 33101–33103.
Baker, J. L.; Widmer-Cooper, A.; Toney, M. F.; Geissler, P. L.; Alivisatos, A. P. Nano Letters
2009, 10, 195–201.
Tang, J.; Kemp, K. W.; Hoogland, S.; Jeong, K. S.; Liu, H.; Levina, L.; Furukawa, M.; Wang,
X.; Debnath, R.; Cha, D.; Chou, K. W.; Fischer, A.; Amassian, A.; Asbury, J. B.; Sargent, E. H.
Nature Materials 2011, 10, 765–771.
Talgorn, E.; Gao, Y.; Aerts, M.; Kunneman, L. T.; Schins, J. M.; J., S.; A., van H.; J., van der Z.
S.; Houtepen, A. J.; A., S. D. Nature Nano technology 2011, 6, 733–739.
Sun, B.; Sirringhaus, H. Nano Letters 2005, 5, 2408–2413.
Briki, F.; Busson, B.; Doucet, J. Biochimica et Biophysica Acta (BBA) - Protein Structure and
Molecular Enzymology 1998, 1429, 57–68.
Petukhov, A. V; Dolbnya, I. P.; Aarts, D. G. A. L.; Vroege, G. J.; Lekkerkerker, H. N. W.
Physical Review Letters 2003, 90, 28304.

7
Spontaneous assembly of CdSe/CdS nanorods
into bundles studied by magnetic
alignment and SAXS
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Abstract
We have studied the chemical equilbria between individual and agglomerated
CdSe/CdS core/shell nanorods (NRs) in a suspension as a function of the temperature,
and for a variable length of the NRs. In-situ small-angle X-ray scattering patterns show
the existence of suspended crystalline sheets of hexagonally ordered monolayers of NRs.
Using a combination of ultra-high magnetic fields and linear polarized light absorption,
we show that the size of the sheets increases critically with the length of the NRs. Furthermore, we observe sharp and more gradual melting transitions of the sheets
depending on the length of the NRs. The results can be rationalised on the basis of the
van der Waals attractions along the length of the NRs, favouring parallel and hexagonal
stacking. These chemical eqilibria in suspension should be taken into account to further
our understanding of mono- and multi-layer NR superlattice formation, previously
shown to occur at the liquid/air interface.

7.1 Introduction
Colloidal semiconductor nanocrystals (NCs) have attracted significant attention over
the last decade as tailored building blocks for application in optoelectronic devices such
1-3

as LEDs,

4

lasers and solar cells.

5-8

Besides this, the self-assembly of semiconductor

colloidal NCs is an established route for the fabrication of a new class of materials in
which novel collective properties may emerge due to dipolar or quantum coupling.

9

Moreover, direct formation of NC membranes at the liquid-air interface has emerged as
10-16

a promising method to fabricate functional ultra-thin films.

In Chapter 5 we report

the study of the self-assembly of colloidal semiconductor nanorods (NRs), which was
initiated by the controlled evaporation of the solvent from a suspension casted on a
liquid substrate.

17

We performed an in-situ study of the self-assembly dynamics, with

time resolution in the minute regime, using GISAXS (Grazing-Incidence Small Angle Xray Scattering) combined with ex-situ TEM (Transmission Electron Microscopy). The
results suggested that the NRs form ordered bundles already in the bulk dispersion,
prior to further organisation at the liquid/air interface. However, due to the limited
penetration depth of the X-ray beam in the solution (20 nm) in the GISAXS technique,
no further experimental evidence of bundle formation in solution could be obtained.
Additionally, Zanella et al. reported the formation of organized multilayers of vertically
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aligned NRs on a variety of substrates by drying of the NR liquid dispersion. They observed no dependency of the final structure on the substrate type and, hence,
postulated that the NRs pre-organize in the bulk solution.

18

On the same line, other

works proposed spontaneous pre-organization of NRs in solution as a first step for the
formation of self-assembled NR structures on a substrate.

19,20

Nevertheless, to our

knowledge, a detailed study of these organized bundles in the bulk solution has not yet
been reported.
Here, we have studied the spontaneous formation of semiconductor NR bundles in
the bulk solution using magnetic field-induced linear dichroism (LD). An “LD signal” is
caused by the magnetic alignment of the self-assembled NR bundles, which leads to a
difference in optical absorbance of light polarized parallel or perpendicular to the
magnetic field

direction. The principle is that single NRs and small bundles do not

align in the magnetic field, while larger bundles progressively do with increasing size.
Hence, by measuring the LD signal of a dispersion of NRs as a function of the strength
of the field and the temperature, one addresses the chemical equilibria between individual NRs and bundles. This method has been widely used to determine the structures
of organic molecules and inorganic particles.

21-25

In this chapter we report a study of

suspensions of NRs, more particularly CdSe/CdS dot-in-a-rod systems, consisting of a
26,27

spherical CdSe core embedded in a CdS rod-shaped shell.

We analysed three

different samples of NRs with different lengths: short NRs (16.1 nm), medium-length
NRs (23.1 nm), and long NRs (39.7 nm). The NRs were synthesized using a seededgrowth approach, whereby the growth occurs along the c-axis of the wurtzite CdSe
28

crystal.

In order to characterize the self-assembly process in more details, we studied

the influence of the NR length and concentration, and the sample temperature on the
formation of NR bundles. One should realized that in the case of semiconductor NRs,
we need to take into account the diamagnetic nature of the NRs: a NR placed in a
magnetic field

can lower its total energy by orientation along the field lines. This is

however counteracted by Brownian motion and rotation. In the present case, NRs
oriented with an angle θ with respect to , have a magnetic energy,

, which can be

22

defined as:

(7.1)
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Here, µo is the permeability of free space, Na is Avogadro’s number, and
magnetic susceptibility of the NR itself. Only when the magnetic energy

χ is the
is larger

than the randomizing thermal energy kBT, the NRs will align. However, CdSe/CdS NRs
have only a weak (dia)magnetic response (bulk volume susceptibility χv = 2.1x10^-5),
40

39,

and consequently the magnetic energy is not sufficiently large to overcome the

thermal energy. Therefore, it is not possible to align individual NRs with the static magnetic fields that are currently available (33 T). However, the diamagnetic susceptibility of
ordered aggregates consisting of N nanorods (i.e., bundles) is much bigger than that of
single NRs. Therefore, the magnetic energy can be large enough to overcome the
thermal randomization when:
(7.2)
Hence, only NRs that are part of an organized “bundle” can contribute to the LDsignal. It is thus evident that magnetic-field induced LD is a powerful tool for the characterization of NRs bundles: a LD signal can only be measured provided that a) the
existing bundles in the NRs suspension are large enough, and b) the NRs in the bundles
are organized in an ordered structure. It is clear that the LD measurement can give
information about the equilibrium between individual NRs and bundles of different sizes
in a suspension. It is, however, harder to extract information about the internal structure
of the bundles. For this reason, the NR suspensions were also examined with Small
Angle X-ray Scattering (SAXS).
Our results show that organized clusters are present in solution, and that the equilibrium, and hence the size of the bundles, strongly depend on the NR-length and the
temperature of the suspension.

7.2 Theoretical background
An LD signal is caused by the magnetic alignment of the self-assembled NR bundles.
The set-up is schematically drawn in Figure 1a. This alignment leads to a difference in
the absorption of light polarized parallel and perpendicular to the magnetic field

di-

rection (light beam directed perpendicular to the field). Therefore we can define the
measured signal as:
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(7.3)
here

and

are the absorbances with the electric field of the light vector parallel and

perpendicular to the static magnetic field , respectively (see Figure 1 b and c).
Previous work proposed that CdSe/CdS NRs show an anisotropic first exciton transi29

tion.

30

Kamal et al. ,

reported that the absorption is considerably polarized, with

strongest absorption when the electric field polarization is parallel to the long axis of the
NRs. Therefore, the NR’s absorbance depends on the angle between the NR’s c-axis
and the optical field vector.
We consider large NR bundles of which the total diameter is much larger than a NR
length. We can envision two scenarios (Figure 7.1 b and c): (i) the bundles orient with
their longest axis parallel to the magnetic field, hence the NRs in the bundles are oriented with the long c-axis perpendicular to the field

(Figure 1b). In this case,

absorption of light polarized parallel to the magnetic field (i.e., perpendicular to the NR
c-axis) is weak. On the other hand, there are certain orientations of the NR (we now
consider the plane of NRs alignment, i.e. perpendicular to the magnetic field) in which
light polarized perpendicular to
a result,

is polarized along the length of the NR (hence

). As

. (ii) In scenario 2, the bundles are oriented perpendicu-

lar to the magnetic field; hence, the NRs in the bundles are oriented with the long c-axis
parallel to the field

(Figure 1c). In this case light polarized parallel to the magnetic

field should give a stronger contribution; therefore

. Hence, we

can deduce the orientation of the NRs bundles with respect to the magnetic field from
the sign of the measured
difference

signal. Moreover, the total magnitude of the absorption

will depend on the total number of oriented NRs, which is equal to the

product of the total number of suitably aligned bundles and the number of NRs in each
of these bundles.
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Figure 7.1- (a) Simplified sketch of the set-up used for the linear dichroism measurements. (b, c) Schematic representation of the possible orientations of the NRs bundles
with respect to the magnetic field. (b) The bundle is oriented parallel to the magnetic
field, hence the NRs in the bundle are oriented with the c-axis perpendicular to the field
; (c) the bundles orient perpendicular to the magnetic field, hence the NRs in the
bundles are oriented with the c-axis parallel to the field . The sign of the absorption
difference of light polarized parallel and perpendicular to

is indicated.
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7.3 Experimental methods
7.3.1 Synthesis of semiconductor nanorods (NRs)
CdSe/CdS dot-core/rod-shell NRs were synthesized following the method described by
Carbone et al. (See Chapter 4 for details).

26

7.3.2 Characterization
The dimensions of the NRs were determined by transmission electron microscopy
(TEM) using a Tecnai microscope operating at 120 kV.
The NR concentration was estimated using inductively coupled plasma atomic emission spectroscopy (ICP-AES), in combination with absorption spectroscopy. Absorption
spectra were measured using a Perkin-Elmer Lambda 950 UV/VIS/IR absorption spectrophotometer.
The Linear Dichroism experiment was performed at the High Magnetic Field Laboratory at the Radboud University Nijmegen. The sample was placed in the temperaturecontrolled bore of a 33 T Bitter magnet. We used a Xe Lamp as light source. The transmitted light was guided through a monochromator and a polarizer (set at 45° to the
magnetic field direction), followed by a photo-elastic modulator (PEM-90, Hinds Instruments, Hillsboro, USA)

31

before passing the sample in a horizontal direction,

perpendicular to the magnetic field. The transmitted light was detected by a Si photodiode. Two lock-in amplifiers (SR830, SRS, Sunnyvale, USA) were used to detect the
second harmonic of the AC signal, from which the linear dichroism (LD) signal

A(B),

can be calculated. Figure 7.1 a shows a sketch of the set-up. CdSe/CdS NRs were
dispersed in toluene and the solution was transferred to a quartz cuvette (thickness 5
mm) (Hellma) for the measurements. The cuvette was carefully sealed with Teflon tape,
to avoid evaporation of the solvent during the measurement. For this experiment A(B)
measurements were carried out with varying the field between 0 T and 30 T, to fully
reach saturation of the alignment, thereby permitting a quantitative analysis of the data.
A(B) curves were normalized by the “total extinction”, which is defined here as Log
I(empty)-Log I(0 T), at the wavelength at which A(B) was measured (See Appendix 7.2).
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Here, I(empty) refers to the transmitted intensity through an empty cuvette, and I(0 T)
refers to the transmitted intensity through the sample at B = 0T. This gives A(B)/A. The
LD signal as defined by Eq. 7.3 scales with the total number of alligned NRs: which is
equal t the product of the total number of suitably aligned bundles and the number of
NRs per aligned bundle (N). In order to quantify the average size of the NR bundles in a
suspension at given temperature and given NR concentration, we consider B( A1/2),
which should represent the magnetic field needed to orient the average-sized bundles,
and therefore is quantified by the number of NRs per each bundle

.

SAXS experiments were performed at the BM-26B DUBBLE beamline of the European
Synchrotron Radiation Facility (ESRF) with an incident X-ray energy of 12 keV (1.033 Å)
-1

and the Pilatus detector aligned for a q range from 0.02 to 1.5 nm , where q is the
scattering vector. The NR solution was placed in a round capillary with diameter 0.5 mm
and length 80 mm.

7.4 Results and Discussion
7.4.1 Study of the orientation of the NR bundles in a magnetic field by
optical LD
Role of the NR lengths in the bundle size. We used three different NR dispersions,
each with narrow size distribution: (i) long NRs with length L = (40 ± 4) nm and diameter 2R = (4.1 ± 0.4) nm, (ii) medium-length NRs with L = (23.1 ± 2.2) nm and 2R = (4.9
± 1.1) nm, and (iii) short NRs with L = (16.1 ± 2.4) nm and 2R = (4.8 ± 0.4) nm (Figure
7.2 a-c). The NRs have octadecylphosphonic acid (ODPA) surface capping.
Figure 7.3 shows the measured

A(B) for the three NR samples at 20˚C.

A(B) was

measured at the wavelength, λ, at which the optical density (OD) was 1 for each sample
(viz. 475 nm, 480 nm and 485 nm for short, medium-length and long NRs, respectively).
For short NRs, A(B) is zero independent of , even up to very high field strengths (30
T). This indicates that either short NRs form no bundles, or the existing bundles are too
small to be aligned in the magnetic field. We should keep in mind that there is a minimum size required before a bundle can be aligned at a given field strength (see Eq. 7.1
above).
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Figure 7.2- TEM overview of CdSe/CdS NRs: (a) short NRs with L = (16.1 ± 2.4) nm and

2R = (4.8 ± 0.4) nm. (b) medium-length NR with L = (23.1 ± 2.2) nm and 2R = (4.9 ± 1.1)
nm, and (c) long NRs with length L = (39.7 ± 4) nm and diameter 2R = (4.1 ± 0.4) nm.
Scale bars are 50 nm.

Figure 7.3- A(B)/A for short, medium-length and long NRs, as function of magnetic
field at T = 20˚C.

In contrast, for medium-length and long NRs a significant A(B) signal was detected,
demonstrating that well-ordered NR bundles exist that are large enough to be aligned
in the magnetic field. The measured A(B) in both cases is negative, meaning that the
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A⊥ (perpendicular contribution) is larger than A║. Therefore, we can conclude that the
NR bundles orient with the NR c-axis perpendicular to the magnetic field (Scenario 1 in
Figure 1 b). Additionally, we observe that with the long NRs the LD signal saturates
already at 2 T, indicating that all the bundles are large enough to be aligned in this
relatively small field. However, in the case of medium-length NRs, saturation is not
completely reached even at high field (30T), indicating that there is a broad distribution
in the bundle size. We can estimate that in case of medium length NRs:

≈ 1.3*106 ,

≈ 2.3 107.41

while in the case of long NRs :

Role of NR concentration and addition of a non-solvent. According to the
17

model discussed in Chapters 5,

the size of NR bundles increases if the NR concentra-

tion in solution increases, or if the mutual NR-NR van der Waals attractions become
stronger. Hence, we investigated the effect of these two parameters on the LD signal.
Firstly, the LD of a solution of short NRs with higher concentration (OD = 2 at λ = 485
nm) was measured. Secondly, the LD of a solution of short NRs (OD = 1 at λ = 485 nm)
to which 20% of the total volume of butanol (BuOH) was added, was measured. The
addition of BuOH is intended to increase NR-NR interaction. Due to the hydrophobic
nature of the capping ligand on the surface of the NRs, BuOH is by definition a non-

solvent, when it is added, the NRs suspension becomes destabilized and the NRs colloidal crystallization (bundles formation) occurs. Adding a non-solvent may hence shift the
chemical equilibrium towards bundle formation. The same holds for an increased concentration of NRs in the suspension. However, both the increase of concentration and
the addition of a non-solvent has no observable effect, since

A(B) remained zero

(Figure 7.4 a).
A similar investigation was carried out for long NRs. Here we examined four different
solutions with OD = 0.5, 1 and 2 at λ = 475nm, and a solution (OD = 1 at λ = 475nm)
to which 20 volume % of BuOH was added (figure 7.4 b). As before, a strong

A(B)

signal could be measured. Interestingly, different A(B)max (defined as the A(B) value at
the saturation, taken at the highest field strength; 10T in this case) are observed:
A(B)max = -0.026, -0.038, -0.11, for long NRs with OD= 0.5, 1, 2 respectively, and
A(B)max = -0.07 for long NRs (OD= 1) with addition of BuOH.
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Figure 7.4- Role of NR concentration and addition of non-solvent. (a) A(B) for short
NRs, at different concentrations and after addition of 20% of BuOH. (b)

A(B) for long

NRs, at different concentrations and after addition of 20% of BuOH. (c) B( A1/2) as
function of optical density for long NRs, and long NRs with addition of BuOH.
For the sample with OD = 2 and with the addition of BuOH, these numbers point to
the fact that the number of aligned NRs in solution increases. Moreover, B( A1/2) decreases for higher concentrations or after addition of BuOH (Figure 7.4 c), showing that
the average size of the bundles also increases. For the solution with OD= 1 N
while it increases to N

and

, for the solution with OD= 2 and for
36

the solution of OD = 1 with the addition of BuOH. .
In case of OD = 0.5 we would expect a smaller A(B)max than for the sample of OD= 1,
since the overall NRs concentration is half. However, the concentration of aligned NRs
(defined by

A(B)max) does not change significantly. On the other hand, B( A1/2) de-

creases by increasing the concentration (Figure 7.4 c), indicating that the bundles are
smaller in the solution with OD= 0.5 (N

36

).

Temperature dependence of the bundle size and orientation in a magnetic
field. Because short NRs did not show any response to the magnetic field, for these
experiments only medium length NRs and long NRs were analyzed. We performed two
types of experiments. Firstly,

A(B) curves were measured at a number of different

stabilized temperatures in the range T= 20-50˚C. Secondly, we measured A as function
of temperature (again in the range 20-50˚C), with T increasing at the rate of ~ 1˚C/ 3
min, at a fixed magnetic field (20 T for medium-length NRs and 10 T for long NRs,

,
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which are high enough to align the NRs at 20 ˚C so that the T-dependency of A can
be observed).
We will discuss first the measurements carried out at constant temperatures. Figure
7.5 shows the

A(B) signal (

max=

20 T) measured for the medium-length NRs, at

different temperatures, from 20˚C to 50˚C. Between 20˚C and 30˚C there are no noticeable differences in the curves. However, from 33˚C to 50˚C, A(B) shows a pronounced
temperature dependence. At 20-37˚C, A(B) becomes more negative as B is increased,
implying that more and more of the smaller existing NR bundles in the suspension
become aligned with increasing . At 50˚C,

A(B) is zero at all applied fields showing

that at this temperature all the bundles are too small to become aligned. At a given
magnetic field strength A(B) decreases with increasing T. Additionally, the shape of the
curve varies with temperature. Upon increasing T, the dependence of

A(B) on

becomes less pronounced. This observation can be rationalised as follows. The average
size of the bundles decreases with increasing T. As a result, an increasing fraction of the
bundles no longer can be aligned, even with strongest applied fields. This indicates that
there is a large size distribution of the bundles in the suspension.
On the other hand, long NRs show a different behaviour. Figure 7.6 shows the A( B)
signal (

max

= 10T) measured for long NRs at different temperatures (20-40˚C). In this

case, a lowering in the

A(B)max is observed already at 25˚C. Similar to the case of

medium-length and short NRs,

A(B) becomes zero at higher temperatures (40 ˚C),

showing that the bundles become too small to be aligned. Additionally, B( A1/2) increases with increasing temperature, indicating that the average bundle size decreases
with increasing temperature. Comparing the curved at 20˚C and at 30˚C, we estimated
an increase of the magnetic field strength required to align the NRs of 0.5 T. Both the
decrease of

A(B)max and the increase of B( A1/2) with increasing temperature shows

that the chemical equilibrium shifts to smaller bundle sizes with increasing temperature.
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Figure 7.5-

A(B)/A of medium length NRs, measured at different temperatures (20-

50˚C), all curves display a

Figure 7.6-

dependence up to 20 T.

A(B)/A of long NRs, measured at different temperatures (20-40˚C), all

curves display a

dependence up to 10 T.
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Now we present and discuss the results of the second experiment. Here

A(B) was

measured as a function of T, at a fixed magnetic field (B = 20T for medium-length NRs
and B = 10T for long NRs), hence in the saturation regime, so that for the long NRs all
the bundles are initially aligned at room temperature (20˚C).

Figure 7.7- A(B) measured as function of T (20-50˚C). Medium-length NRs,
(black dots) and long NRs,

20T

10T (red triangles).

Figure 7.7 shows A(B) as a function of T, for medium-length and long NRs. It is clear
that the two samples show a different behaviour. In the case of long NRs, the dissociation starts at a lower temperature,

30˚C, and it is complete already at 35˚C. For

medium-length NRs, dissociation begins at

35˚C, and only above 50˚C does

A(B)

equal zero and becomes independent on . Additionally the shape of the curve is
significantly different. For long NRs, the gradient of the slope is steeper (of a factor 5)
indicating a more rapid transition from the aligned state to the dissociated state. Furthermore, we need to take into account deviation from the equilibrium: reaching the
chemical equilibrium between the NRs and bundles at a given T is a slow process. This
result suggests that the process is much slower for medium-length NRs than for long
NRs, defining a length dependence of the bundle equilibrium in solution.
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The reversibility of bundle formation – dissociation examined by temperature cycles. The reversibility of the bundle formation and dissociation was investigated
for both medium-length and long NRs. After reaching the temperature for which A(B)
= 0 we removed the cuvette from the magnet and let it rest and cool down back to
room temperature at zero field. We then measured the

A(B) at room temperature at

several cooling/aging times.

Figure 7.8- (a) A(B)/A for medium-length NRs measured at 20˚C, 37˚C and 40˚C, and
at 20˚C after 1, 24, 48, 52 h of cooling/aging. (b)

A(B)/A for long NRs measured at

20˚C and 40˚C, and at 20˚C after 24, 48, and 72 h cooling/aging.
Figure 7.8a shows

A(B) for medium-length NRs measured at 20˚C, 37˚C and 40˚C,

and at 20˚C after 1, 24, 48, 52 h of cooling/aging. The A(B) signal after 1 h of cooling is
almost comparable to the signal measured at 40˚C, but after 24, 48 and 52 h, the shape
of the curves change drastically. We can conclude that upon cooling/aging the bundles
reassemble again, but that it takes in fact more time to reach the same equilibrium state
in the suspension at a given T. Hence, reaching the chemical equilibrium between the
NRs and bundles at a given T is a slow process, taking much more time than cooling or
heating the solution. This may also mean that the results described above are not at full
particle equilibrium at a given T, and that one should be careful with full quantitative
analysis. This is also in line with the results described in Figure 7.7.
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Figure 7.8 b shows A(B) for long NRs measured at 20˚C and 40˚C, and at 20˚C after 1,
24, 48, 72 h after heating above 40˚C. In this case the process recovers completely. After
24 h a fraction of the bundles is already reassembled. The number of aligned NRs
clearly increases during the cooling/aging, since

A(B) goes to more negative values,

while the magnetic field required to reach saturation of the signal decreases (B( A1/2)
decreases from 1.05 at 24 h, to 0.57 at 72 h). This indicates that the size of the NR
bundles increases upon aging.

7.4.2 Study of the NR bundles in solution by SAXS
In a second set of experiments we aimed to investigate the structure of the NR bundles in solution. To this end we used in-situ SAXS (Small Angle X-ray Scattering). The
study was performed for the three different NR samples at two temperatures, 26˚C and
60˚C, in order to observe the effect of heating on the bundle structure. For this experiment we use the same samples (short, medium-length and long NRs) with the same NR
concentration as in the linear dichroism measurements. Note that in this case no external field was applied.
Figure 7.9 shows the SAXS patterns for short (Figure 7.9 a, d), medium length (Figure
7.9 b, e) and long NRs (Figure 7.9 c, i). The patterns were recorded at 26˚C and 60˚C,
along with the plot of the intensity as a function of q (Figure 7.9 g, h, i). In the case of
short NRs the SAXS patterns at both temperatures are dominated by the form factor
and no clear structure factor features are observable. This is also confirmed by the plot
of the intensity value versus q (Figure 7.9 h), where no peak can be detected. This
suggests that short NRs, either do not form bundles at all, or form bundles that are too
small to induce any observable diffraction. The absence of diffraction peaks in this case
is expected considering that the diffraction intensity scales with the volume of the
diffracting units. The smallest grains hardly diffract at all.
Figure 7.9 b and e show the SAXS results for medium length NRs. Similarly, the patterns are dominated by the form factor and no clear structure factor is observable.
However, by integrating the SAXS patterns along the region of high intensity around the
scattering ring, we can obtain the intensity plot as function of q (figure 7.9 g). The
-1

pattern recorded at 26°C shows a clear peak at q = 0.65 nm . We can conclude that
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the NRs do have a degree of ordering, although since we do not see the second
higher-order diffraction peaks, we cannot assign this structure precisely. We therefore
propose a tentative interpretation, for which the NRs are organized in a hexagonal
structure, where the peak corresponds to a lattice distance a = 4
Indeed, this the most common structure into which the NRs self-assemble.

= 11.6 nm.
17-20

The peak disappears after increasing the suspension temperature to 60°C, indicating
that the NRs are no longer organized. This is indicative for the dissociation of the bundles. The observation that the 2D pattern does not show a clear structure factor can be
due to the fact that the scattering intensity was too low; this is supported by the low
intensity of the scattering peak.
Figure 7.9 c and f show the two SAXS patterns of the sample of long NRs recorded at
-1

26˚C and 60˚C. The pattern at 26˚C has a diffraction ring of radius q = 0.70 nm . We
assign this ring to diffraction of a 2D hexagonal structure of NRs. The lattice distance a =
4

= 10.4 nm corresponds to NRs (diameter 2R = 4.1 nm) packed together side-

to-side separated by two layers of ODPA ligand. Additionally, the scattering intensity is
not constant along the ring, which suggests that the NRs have a preferential orientation
in solution, with the NRs c-axis oriented parallel to the incoming X-ray beam, and
perpendicular to the gravity , as depicted in Figure 7.10 c.
At higher temperature (60˚C) a double ring appears. The inner ring has a radius of q =
-1

-1

0.72 nm , while the radius of the outer ring is q = 0.74 nm . Both values are higher that
-1

the q = 0.70 nm we observed at 26˚C. This is more clearly visible in the 1-dimension
pattern in Figure 7.9 i. Firstly, we will discuss the peak shift, which can be assigned to a
decrease of the NR-NR distance. At high temperature (60°C) the organic ligand molecules becomes thermally more agitated, which can result in more pronounced interdigitation of the ligand layers around two adjacent NRs and, hence, a decrease of the
NR-NR distance. Secondly, we need to discuss the double ring formation. If we look at
Figure 7.9 i, it is clear that the relative integrated intensities of the two peaks at 60°C are
-1

-1

different. The peak at q = 0.72 nm is twice as intense as the peak at q = 0.74 nm .
Additionally, the total integrated intensities for the spectra at 26°C and 60 °C are equal.
The observation that at higher temperature the scattering peak splits into two peaks of
different intensity, while the total integrated intensity for the spectra at the two tempera-
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tures remains constant, suggests that the concentration of ordered bundles does not
change, but the configuration of the NRs in the bundles is different.

Figure 7.9- SAXS patterns for the three NR samples at different T = 26˚C and 60˚C.
Short NRs at 26˚C (a) and 60˚C (d); Medium-length NRs at 26˚C (b) and 60˚C (e); Long
NRs at 26˚C (c) and 60˚C (f). (g, h, i) Plot of the q value versus Intensity (times q) at 26 ˚C
(black curve) and 60 ˚C (red curve) for short, medium length and long NRs respectively.
In Figure 7.10a a schematic representation of the organized structures in real space at
(a) 26°C and (b) 60°C is depicted. Three sets of lattice planes on which the beam diffracts are indicated as A (red), B (grey) and C (green), along with the lattice distances, d.
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At 20°C, since only one diffraction peak is observed, we assume that the structure has
hexagonal symmetry (Figure 7.10 a), where the angle θ = 60° and the three sets of
lattice planes A, B, and C have the same lattice spacing, hence they lead to one diffraction peak only (as observed in Figure 7.9 i). At 60°C, we observe two diffraction peaks;
we rationalise this to originate from a slight deformation of the hexagonal lattice (Figure
7.10b), leading to θ>60°. In this case, the three sets of lattices planes A, B, C no longer
have the same lattice spacing, but set C has a smaller lattice spacing, so the corresponding diffraction peaks of set C do not lie on the same diffraction ring as peaks A
and B. This model is supported by the fact that the integrated intensity of the peaks at
higher temperature for the sample of long NRs, has a ratio of 2:1, which is consistent
with two sets of lattice planes lying on the same diffraction angle, while the third set
does not.

Figure 7.10 . Schematic representation of the hexagonal structures in real space for the
long NRs at 26°C (a) at 60°C (b). (c) Sketch of the bundles orientation in the capillary.

The distortion of the hexagonal lattice at higher temperature could be due to the fact
that a cross section of a NR perpendicular to the c-axis does not have a perfect hex33

agonal shape.

This distortion does not affect the assembly at low temperature, but

because the NR-NR distance decreases at higher temperature, this effect might become
more pronounced, leading to a distortion of about 10% of the hexagonal lattice in order
to better accommodate the NRs in the lattice.
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SAXS results also suggest that the bundles consist of monolayer. Indeed, in case of
-1

multi-layer there should be a peak at low q values around 0.2-0.3 nm , i.e. at 2π/L,
where L is the expected interlayer distance). This peak is clearly absent. (see Figure 7.9 g,
h and i). We propose the following tentative description of the bundle configuration and
interpretation of the diffraction pattern. We can assume that the bundles in solution
consist of large monolayer sheets of organized NRs with hexagonal packing. The formation of the bundles in this case occurs by self assembly, and the NRs attach to the
bundles by side-to-side van der Waals attractions. The large sheets, dispersed with a
preferentially vertical orientation in the suspension in the capillary may slowly sediment.
Since the monolayer sheets have a very high area/thickness ratio, the most favourable
orientation, we believe, is parallel to the z-direction as depicted in the sketch in Figure
7.10c. Hence the diffraction peaks measured for both medium length and long NR are
due to the scattering of all the NRs aligned side by side. However, as NR sheets may still
rotate around the z axis, a diffraction ring is generated, by the scattering of the NRs
oriented with a different angle in the x-y plane (see sketch Figure 7.10c). Furthermore,
for the long NRs samples, we calculate the apparent grain size
hexagonal structure, where

of the 2D

correspond to full-width-at-half-maximum (FWHM) of

the structure factor peak. For the 3 peaks,

. We need to take into account

that this number may be determined by the presence of defects and dislocations that
disturb the periodic order and induce a variation

a in the lattice constant. Hence, the

apparent grain sizes calculated as 2π/ q present the lower limits to the actual grain
sizes. We can anyway estimate the number of NRs per grain:

= 6000 NRs.

Our SAXS observations are in agreement with what we found from the linear dichroism experiments. Medium-length NRs show a clear structure at lower temperature,
which disappears at 60˚C, in line with the LD results. Additionally, the lower scattering
intensity suggests that the bundles are smaller than in the case of long NRs. On the
other hand, long NRs show a clear structure at both 26˚C and 60˚C, which is in contrast
with the linear dichroism results, for which

A(B)

at 50˚C. This can be understood

considering that to be aligned in the magnetic field, and hence give a signal A(B)

,

the number (N) of NRs per bundle needs to be higher than for observation of a diffraction signal. This suggests that, whilst bundles are still present in solution, giving rise
to a clear structure factor in SAXS measurements, they are too small to be aligned in
the field and therefore no LD signal is measured. A possible explanation could be that
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the NRs bundles are polycrystalline: SAXS reveals the grain sizes, while the LD signal
can be generated only by the large polycrystalline sheets since individual grains are too
small to be detected. If the polycrystalline sheets break into smaller pieces at higher T
the LD signal disappears, but the SAXS signal remains unchanged provided the grain
size does not change. Combining the SAXS and the LD results conclusively determines
the internal structure of the bundles: they consist of a large sheet of organized NRs
aligned side by side, in a hexagonal packing.

7.4.3 A basic model to describe the bundle size as a function of temperature and NR concentration based on chemical equilibrium
Here, we discuss the effect of temperature and concentration of the NRs in the suspension on the size of the bundles, and we try to explain the LD signal. We start with a
simple chemical equilibrium model: in the suspension, single NRs are in particleequilibrium with aggregates of

NRs (‘N-mers’):

For N = 2, 3, 4, …. For each equilibrium we can write an equilibrium constant
(7.4)
where

is the potential energy of a monomer in solution,

of a monomer in a aggregate containing N NRs and

is the potential energy
is the thermal energy.

35

In

chemical equilibrium, the chemical potential of the products balance those of the
reactants according to the reaction stoichiometry, which holds also for nanoparticles
self-assembly

34

.

We can define

as the pair potential of one NR

present in a hexagonal array:
(7.5)
with H being the Hamakar constant, and LR the length of the NRs.
The energy gained by a bundle of N NRs (Figure 7.11), that is oriented at an angle θ
with respect to the magnetic field , is given by;

146 | C h a p t e r 7
θ

(7.6)

and the bundle aligns to the field only if the magnitude of this energy is of the order of
; The magnetic energy can be defined as
(7.7)
where C is a positive constant depending on the bundle and NR properties.

Figure 7.11- Schematic representation of the NR bundle in solution in an applied
magnetic field .
We will consider each of the self-assembled NR bundles as a stiff anisotropic body,
consisting of a single layer of N NRs; each bundle can have many different orientations
with respect to the magnetic field. In principle, every orientation should be weighted by
a probability PN (θ,φ) for the magnetic stabilization, and the difference in light absorption for light with the optical vector parallel (to ) and perpendicular (to ) (i.e.

A)

should be calculated for every orientation. However, to keep the mathematics tractable,
we will make a considerable simplification: we will assume only two possible bundle
orientations here, these being: (i) bundles oriented parallel to the field and hence stabilized by the magnetic energy given by Eq. 7.7, and (ii) bundles oriented perpendicular
to the field (taken as a reference, stabilization energy is zero). For the bundles oriented
parallel to the field, the light absorption polarized perpendicular to the magnetic field is
stronger, as in this situation the NRs might be oriented with their long direction along
the optical field vector (see above). Hence,

, in accordance with the

experimental results. The probability to find a bundle in the situation aligned along the
field can be written as:
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(7.8)
In the ideal configuration, the absorption per bundle will be proportional to the length
of the NR (LR) and the number of NRs in the bundle (N):

, where αR is the

absorption coefficient of the aligned NRs. Therefore the total absorbance for perpendicular light polarization can be written as:
(7.9)
where ΣN is the sum over all ideally aligned bundles with N NRs.
Upon substituting Equations 7.4 and 7.7 into Equation 7.9, we can write:
(7.10)
Eq. (7.10) defines how

depends on the chemical equilibrium (which is dependent on

both T and concentration) and on the magnetic orientation (dependent on

, N and T).

We now describe the two cases in detail.
(1) Variation of , at a given T.

, and we allow B to increase:

We start with
to the exponential ratio

increases with , according

in Eq (7.10) that varies between ½ (no orientation)

and 1 (complete orientation) for a bundles of a given size. In the experimental results,
the saturation point (B1/2) of the A(B) signal at a certain

corresponds to the condition

. Therefore for larger bundles, i.e. whereby N is greater, B1/2 will be

of
smaller,

.

(2) Variation of T at a given

(in the saturation regime).

At sufficiently low T and high field such that

we can write Eq. (7.10) as:
(7.11)
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Hence the T-dependence of the light absorption difference A observed experimentally
(Figure 7.7), describes the T-dependence of the chemical equilibrium factor
. At larger T, both the size of the bundles and their propensity
to be suitably oriented along the magnetic field decrease, which represent two reasons
for a sharp decrease of the number of aligned NRs, in agreement with the observation
of a steep decrease of

(Fig. 7.7). If

the orientation becomes less due to

Brownian motion and rotation of the bundles, and we need to consider the full equation
(7.10). This leads to a steep decrease of
depends on both (

) and

with increasing T. Additionally the slope

, which are sensitive, via N, to the NRs length (N

increases with LR, since the bundles are bigger for longer NRs, because van der Waals
interactions scale with the LR. See also Chapter 5).
In summary, this model gives a qualitatively explanation for the two T-regimes and the
steeper slope for long NRs in both regimes.

7.4.4 Discussion
Although the presented model is too simple in several aspects, it can serve as a guide
to analyse the experimental results.
The chemical equilibrium between bundles and individual NRs at a given T depends
on the length of the NRs: due to the stronger van der Waals interactions between
longer NRs the bundle size will increase with increasing NR length (see Eq. (7.5) and
(7.10)). This is reflected in the experimental results on the magnetic alignment for three
different NR lengths at room temperature. Figure 7.3 shows that for the case of the
longest NRs (L = 39.7 nm) the magnetic alignment at room temperature can reach
saturation. This indicates that there are many larger bundles present and that all can be
aligned in the magnetic field. The fact that the LD signal becomes completely saturated
also indicates that there is a rather narrow distribution in the bundle size. This is in
contrast with the medium-sized NRs: there is an increasing alignment of bundles with
increasing field up to 30 T (see Fig. 7.3 and 7.5). This indicates that the medium-length
NRs form smaller bundles (Eq. (7.5)) but also that the distribution in the bundle-size is
broader. The size-distribution of the bundles is not described in the simple model that
we present here. Our model discusses the formation of planar bundles, for which there
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is no “optimal” bundle size, this means that in Eq. (7.5) we assume

inde-

pendent of N. Eq. (7.5) gives a constant difference in the potential energy of a
suspended NR and a NR in the bundle, independent of the size of the bundle. This
situation contrasts with the formation of spherical micelles from amphiphilic molecules,
where the micelles have an optimum size, depending on the properties of the mono36,37

mers.

Increasing the temperature of the suspension has two effects. First of all it shifts the
chemical equilibrium towards freely suspended monomer NRs and thus decreases the
average size of the bundles (Eq. (7.4)). This is the effect that we wish to study. There is
however a second effect: the bundles obtain a stronger Brownian motion and rotation
which can impede their alignment in the magnetic field, see Eq. (7.8) and (7.9). Figure
7.6 shows that for the longest NR saturation of the alignment can be reached at 20˚C,
25˚C, and 30˚C; the total number of aligned NRs decreases strongly with increasing
temperature and becomes zero at 40 ˚C. We also measured the temperature dependence of B( A1/2) and found that B( A1/2) increases by 0.5 T between 20˚C and 30˚C. This
shows that the average size of the bundles also decreases with increasing temperature.
A remark on a possible complete quantitative analysis should be made here. It is clear
from our later temperature cycles (Figure 7.8) that the setting of a true particle equilibrium is rather slow. This could possibly mean that the absolute values of the number of
aligned NRs reflected in the saturation value of the LD signal do not reflect complete
particle equilibrium yet.
With the medium length NR bundles (Figure 7.5), complete saturation is not observed
at any temperature. From the shape of the LD signal versus temperature plots, it is
however clear that the size of the bundles decreases with increasing temperature, as
expected. At any temperature, there is a considerable distribution in the bundle size.
The results presented in Fig. 7.5 show a more pronounced tendency towards saturation
at low temperature, indicating that the average bundle size increases, but also that there
is a certain narrowing of the distribution in bundle size at lower T.
The features discussed above, are in fact also required to understand the results of Fig.
7.7 that presents the LD signal at a given field (10 T for the long NRs in the saturation
regime, and 20 T for the medium-length NRs) when T is changed from 20˚C to 50˚C.
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Both for long- and medium-sized NRs, the LD vs. T curve shows a pronounced S-shape.
At low T, there is a moderate decrease of the LD signal with increasing temperature,
mostly reflecting the shift of the chemical equilibrium (Eq. (7.4)). Note that this moderate
°

decrease is steeper for long NRs, due to the factor

°

. This is

followed by a more pronounced decrease at higher temperatures; both the shifts of the
chemical equilibrium towards smaller bundles and Brownian rotation of the bundles of a
critical size leading to weaker alignment in the field have to be taken into account, see
Eq. (7.10). Remarkably, the slope for long NRs in this region is much steeper than for the
medium-length NRs, reflecting a higher “bonding energy” of the NRs in the bundle (see
Eq. (7.5)), a larger average size (see the factor N in the exponent, Eq. (7.10)) and possibly also a more focussed distribution of the bundle size around the average (not
described in the model). We can estimate the bundles size ratio between mediumlength and long NRs at the inflection point (graph in Figure 7.7).
Considering Eq. (7.1) for NRs aligned a

with respect to B, we have:
=

T

(7.12)

at a given T (the dissociation temperature: viz., 34.8˚C for medium-lengths NRs and
29.9˚C for long NRs) and for fixed B (B = 20T for medium-length NRs and B=10T for
long NRs), we can estimate the bundle size ratio between long NRs and medium-length
NRs:
(7.13)
For long NRs we have bundles 4 times bigger.
Interestingly, by increasing the concentration or by the addition of a non-solvent, the
concentration of aligned NRs increases, as shown in Figure 7.4 b, and also the size of
the bundles increases as shown by the increase of (B( A1/2) by 0.3 T (Figure 7.4 c).
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7.5 Conclusions
We have investigated the spontaneous formation of planar NR superstructures, i.e.,
bundles, in the bulk solution by using LD and SAXS. Our SAXS results provide strong
evidence that well-ordered NR bundles (with internal hexagonal packing) are present in
solution, which, under the influence of an external magnetic field, align with the long
axis parallel to . These structures consist of large monolayer sheets, in which the NRs
are organized side by side in a hexagonal lattice. We show that the size and the concentration of the bundles in solution strongly depends on the length of the NRs, the
monomer concentration, and the temperature of the suspension. These observations
can be rationalised by a chemical equilibrium between NR monomers and NRs in a
bundle. The binding energy of the NRs in a bundle increases with the length of the NRs,
leading to larger bundle sizes for longer NRs. The alignment of the bundles in the
magnetic field as a function of their size and temperature is described with a simple
statistical model. These two features of the model can be used as a guide to understand
the LD signal as a function of the magnetic field for different NR lengths, concentrations
and temperature.
Our results provide clear evidence in support of previous models described in litera17,18,19,20

ture,

and offer insight into the dynamics of the NR bundles in the bulk solution,

as a function of NR length, concentration, and temperature, opening the way for the
exploration of new promising applications and new strategies for colloidal NR selfassembly. Additionally, the ability to determine the exact orientation of the bundles, and
how the individual semiconductor NRs are incorporated in the bundles, represents a
novel experimental platform for the study of the optical properties of NRs as a function
of their orientation.

38

This would open the way for the investigation of the anisotropic

exciton exchange, dependent on the orientation of the NCs c-axis.
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Appendix 7.1 Total extinction
A(B) curves were normalized by the total extinction, which is defined here as Log(I
empty)-Log(I sample extinction 0T), at the wavelength at which A(B) was measured

Figure A7.1 Extinction spectra at 0 T, measured at different temperatures (20-50˚C), for
long NRs (a) and medium-length NRs (c). Extinction spectra at 0 T corrected by the
“empty” spectrum, measured at different temperatures (20-50˚C), for long NRs (b) and
medium-length NRs (d).

8
Synthesis of highly luminescent silica-coated
CdSe/CdS nanorods
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Abstract
The incorporation of CdSe/CdS core/shell nanorods (NRs) in silica (SiO2) is of high
interest, since this render them processable in polar solvents while increasing their
photochemical stability, which would be beneficial for their application in LED’s and as
biolabels. We report the synthesis of highly luminescent silica-coated CdSe/CdS NRs, by
using the reverse micelle method. The mechanism for the encapsulation of the NRs in
silica is unravelled and shown to be strongly influenced by the NR shape and its asymmetry. This is attributed to both the different morphology and the different
crystallographic nature of the facets terminating the opposite tips of the NRs. These
results lead to the formation of a novel class of NR architectures, whose symmetry can
be controlled by tuning the degree of coverage of the silica shell. Interestingly, the
encapsulation of the NRs in silica leads to a remarkable increase in their photostability,
while preserving their optical properties.

8.1 Introduction
Colloidal nanocrystals (NCs) are a class of versatile materials of which the optoelectronic properties can be changed by tuning their size, shape and composition. Due
to their unique size-dependent photoluminescence (PL) spectra, semiconductor NCs
hold promise for applications in LED’s and biological or environmental sensors.

1-6

For

such applications, the system must be stable against photochemical degradation. One
of the strategies developed in the past years, has been to synthesize core-shell structures in which a shell of a wider band-gap semiconductor compound is epitaxially
grown over the core.

1,7

Shells of chemically stable oxide materials such as silica (SiO2) or

titania (TiO2) have also been proposed.

8-18

Most studies focused on the incorporation of

NCs in silica. Routes were established to incorporate spherical NCs precisely in the
19

center of a thick silica sphere. Oxide shells also have the advantage that stable suspensions can be prepared both in polar solvents and in typical organic solvents by capping
the oxide surface with suitable organic ligands.
Recent developments in colloidal synthesis have resulted in the fabrication of
nanorods (NRs), for which the diameter and length can be controlled. In particular,
CdSe/CdS core/shell NRs have attracted a lot of attention, largely due to their bright PL
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and relatively high stability, in comparison to CdSe NCs.

20,21

These systems consist of a

CdSe dot-core embedded in a CdS rod-shell, where the CdSe dot-core is positioned
asymmetrically in the rod.

20,22

Encapsulation of spherical NCs in silica has been extensively studied.
proposed a method based on the formation of a reverse micelle.

35

23-34

Selvan et al.

In this approach

hydrophobic quantum dots (QDs) in cyclohexane were exposed to a silica precursor
(tetraethyl orthosilicate, TEOS) in the presence of a surfactant (IgePAL CO-520,
poly(5)oxyethylene-4-nonylphenyl-ether) and water. It has been shown by Koole et al.

19

that a rapid ligand exchange of the native surfactants by TEOS is the key step for the
incorporation of the QDs in a reverse micelle (hydrophylic inside) that forms the starting
point for silica growth. This mechanism explains how each spherical NC can be incorporated precisely in the center of a silica sphere. However, little work has been done
concerning the application of this method for the incorporation of semiconductor NCs
with strong anisotropy, e.g., tetrapods and nanorods, and, to the best of our knowledge,
36,37

only two examples are reported in literature.

Additionally, the effect of the shape

anisotropy on the silica growth mechanism has not yet been investigated. Furthermore,
although the silica coated nanoparticles (NPs) show high PL intensity, more work is
needed to investigate the impact of the silica encapsulation on the photostability of NCs.
Concerning bio-applications, a further advantage of anisotropic NCs embedded in
38

silica has been demonstrated in recent work by Barua et al. In their study of the
interaction of antibodies attached to NP carriers with biological cells, they observed an
enhanced adhesion and specificity of interactions of the immobilized antibodies with the
target cells in case the carrier NPs were rod-like.
In the present work, we studied the encapsulation of single CdSe/CdS core/shell NRs
into a silica shell using the reverse micro-emulsion method. This is both of fundamental
and applied interest. With regard to the colloidal chemistry, one should realize that due
to the NR length and anisotropy, we might have the formation of two micelles around
the NR. It is hence not at all clear how and on which place on the NR the silica growth is
initiated. We are particularly interested in the mechanism of the growth around a NR16

shaped colloidal NP that has two different ends. The key questions to be answered are:
Where does the growth of the silica shell starts? What is the influence of the NR length
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on the growth and on the finally formed structures? What is the effect of the fact that
the NRs - with their wurtzite c-axis being the long and polar axis- have chemically
different ends? Hence, we followed the evolution of the silica growth in detail by transmission electron microscopy (TEM) and high-resolution scanning transmission electron
microscopy (HR-STEM). Furthermore, with respect to applications in single-NR physics
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and biological labels and sensors, we showed that the individual NRs can be incorporated in the center of oval rugby ball-shaped silica particles with preservation of the PL
quantum efficiency (QE) and strongly enhanced photochemical stability both under UV
irradiation and in air.

8.2 Experimental methods
8.2.1 Synthesis of semiconductor nanorods (NRs)
CdSe/CdS dot-core/rod-shell NRs were synthesized following the method described by
Carbone et al. (See Chapter 4 for details).

20

8.2.2 Embedding of NRs in SiO219
For the reverse microemulsion synthesis, IgePAL CO-520 (1.3 mL) was dispersed in
cyclohexane (10 mL) and stirred for 15 min (850 rpm) to form a stable solution. Subsequently, a dispersion of NRs (0.5-1 nmol) in cyclohexane (1 mL) was added, followed by
TEOS (80 μL) and ammonia (150 μL). Between the additions, the reaction mixture was
stirred for 15 min (850 rpm). Once ammonia is added, the mixture was stirred for 1 min,
after which it was stored in the dark at room temperature for different periods of time
(between 1 h and 3 weeks). Finally, the NR/silica particles were purified by adding 3 mL
of ethanol to the reaction mixture and centrifuging this for 10 min at 1800 g. After
removal of the supernatant, 10 mL of ethanol was added, and the silica particles were
sedimented again by centrifugation at 1800 g for 20 min. This was repeated once more
for 40 min after which the NR/silica particles were redispersed in ethanol.
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8.2.3 Silica shell capping with octadecanol (ODO)39
2.5 g of ODO dispersed in 5 mL of ethanol was added to a dispersion of silica coated
NRs (about 1.8 mmol) in 5 mL of ethanol. The mixture was then heated to 100 °C for 1
h to evaporate all ethanol. Subsequently, the obtained solution was heated at 170 °C for
3 h to covalently link ODO to the silica surface by a condensation reaction. The recapped particles were purified by precipitation and centrifugation in a cyclohexane/ethanol mixture and redispersed in toluene.

8.2.4 Structural characterization
The purified NR/silica nanoparticle (NP) samples were characterized with transmission
electron microscopy (TEM). Samples for analysis were obtained by dipping carbon
coated copper TEM grids in the NPs solution, and blotting on a filter paper at room
temperature. Prior extraction of the sample, the solution was sonicated for about 1 min
in order to prevent agglomeration of the silica coated particles on the grid. TEM images
presented in Figure 1 were obtained with a Tecnai microscope operating at 120kV. TEM
image statistics were performed over 100 particles. High Angle Annular Dark Field
Scanning Transmission Electron Microscopy (HAADF-STEM) was carried out using a FEI
Titan 80-300 cubed microscope fitted with an aberration-corrector for the imaging lens
and another for the probe forming lens. The microscope was operated at 120 kV with
an inner collection semi-angle of ~21.4 mrad to acquire images presented in Fig. 2 and
Fig. 3.

8.2.5 Optical Characterization
The concentration of the NRs solution was estimated using inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Absorption spectra were measured using a
Perkin-Elmer Lambda 950 UV/VIS/IR absorption spectrophotometer. Photoluminescence (PL) spectra were recorded using an Edinburgh Instruments FLS920
spectrofluorimeter equipped with a 450 W Xenon Lamp as the excitation source and
double grating monochromators (blazed at 500 nm). PL decay curves were obtained by
time-correlated single-photon counting via time-to-amplitude conversion. A picosecond
pulsed diode laser (EPL-445 Edinburgh Instruments, 441 nm, 55 ps pulse width, 0.2–20
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MHz repetition rate) was used as the excitation source. The PL signal for both the PL
spectra and the PL decay curves was detected with a photomultiplier tube (R928). To
quantify the PL quantum efficiency (QE) η, the integrated emission of the NRs was
compared with that of a standard fluorescent dye (94720 Fluoreszenzrot, QE = 95%).

40

To estimate the QE for the silica coated NRs in ethanol, due to the high refractive index
mismatch which would lead to light scattering, we used an Integrating sphere.

8.2.6 Photostability under UV light
In a N2 purged glove box, 2 mL of a suspension of uncoated NRs and 2 mL of a suspension of silica coated NRs, with the same concentration, were transferred to quartz
cuvettes. The cuvettes were tightly closed and sealed with teflon tape to avoid any
contact with O2, and to prevent evaporation of the solvent. Subsequently, the two
samples were taken outside the glove box and kept under constant UV irradiation for 10
days ( 6 W Portable 365 nm UV-lamp ). Every day, at the same time, the illumination
was interrupted and the absorption and PL spectra of each sample were recorded.
Additionally, to take into account fluctuations of the excitation intensity from day to day,
the PL spectrum of a reference fluorescent dye (94720 Fluoreszenzrot) was measured
immediately before that of the NR sample. The PL intensity of the samples was then
divided by the PL intensity of the reference dye.

8.2.7 Photobleaching under air
In a N2 purged glove box, 2 mL of a suspension of uncoated NRs and 2 mL of a suspension of silica coated NRs, with the same concentration, were transferred to quartz
cuvettes. Absorption and PL spectra of each sample were recorded. Afterwards, the
cuvettes were opened in air, and kept outside the glove box for 17 days, under ambient
light. Every 3 days the QE was measured using an integrating sphere. Also in this case
the PL intensity of the sample was corrected for the fluctuation of the excitation intensity
by using a standard fluorescent dye as a reference (94720 Fluoreszenzrot).
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8.3 Results and Discussion
8.3.1 Study of the silica growth mechanism
In order to investigate the silica growth mechanism, three different batches of NRs
were used: (i) short NRs with length L = (21.1 ± 2.2) nm and diameter 2R = (5.5 ± 0.8)
nm, (ii) medium-length NRs with L = (39.8 ± 4.1) nm and 2R = (4.3 ± 0.3) nm, and (iii)
long NRs with L = (80.9 ± 5.9) nm and 2R = (4.1 ± 0.4) nm (Figure 8.1). For the synthesis
of CdSe/CdS dot core/rod shell NRs the method of Carbone et al.

20

was adapted. This

method allows for control over the length of the NRs by tuning the CdSe NC seeds
concentration and by adjusting reaction temperature and growth time. The surface of
the NRs is capped by octadecylphosphonic acid (ODPA).
The short, medium-length and long NRs were each incorporated into silica shells with
final thicknesses around 22 nm. The method used in the present work is an adaptation
of a reverse micelle method that was previously developed for spherical particles,

19,35

and is based on exposing hydrophobic semiconductor NRs in cyclohexane to a silica
precursor (TEOS) in the presence of a micelle surfactant (IgePAL CO-520) and water
(see section 8.2.2 for details). The resulting NR/silica shell structures are easily dispersed
and

Figure 8.1- TEM images of CdSe/CdS NRs of different sizes. (a) short NRs with length L
= (21.14 ± 2.2) nm and diameter 2R = (5.5 ± 0.8) nm, (b) medium-length NR with L =
(39.8 ± 4.1) nm and 2R = (4.3 ± 0.3) nm, and (c) long NRs with L = (80.9 ± 5.9) nm and
2R = (4.1 ± 0.4) nm. All scales bar correspond to 50 nm.
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colloidally stable in polar solvents, such as ethanol or water. In order to monitor the
different stages of the silica growth, we extracted samples at different reaction times for
analysis by TEM and STEM.
Figure 8.2 shows TEM images at several stages of the silica growth on NRs of three
different lengths. It can be seen that the silica growth starts exclusively at the tip of the
NRs, forming asymmetric NR/silica dumbbells. As the growth progresses, the two opposite silica spherical shells eventually meet and unify, forming rugby ball-shaped NPs,
with a NR centered in each silica structure. Interestingly, the fully silica coated NRs
retained the anisotropy of the original NRs. The degree of their coverage strongly
depends on both the NR length and the reaction time, t. By varying t between 1 h and 1
week it was possible to follow the evolution from dumbbell structures, where the spherical silica shells have a diameter of 8.5 ± 0.5 nm, to rugby ball-shaped structures, where
the shells have a thickness of 21 ± 1.3 nm. Note that the thickness of the complete shell
does not vary significantly.
A detailed analysis of the TEM results was performed by investigation of 100 NR/shell
structures for each of the three different NR lengths. Figure 8.3 shows a STEM overview,
supported by a cartoon representation, of the structures obtained. For the shortest NRs
(Figure 8.2, first row) at t = 1 h we observed the formation of dumbbell structures
(Figure 8.3b), with spherical silica shells on the two opposite ends. Only a small percentage (2%) of the NRs showed a silica sphere on only one tip (Figure 8.3a).
At t = 2 h, the degree of coverage increased: 67% of the NRs were converted to
dumbbell structures, and 33% were totally incorporated in silica. After a reaction time of
1 day or longer, all NRs were completely incorporated in a silica shell. The resulting silica
particles have a rugby ball shape with a short diameter of 41.9 ± 3.4 nm (Figure 8.3c).
Notice the remarkable uniformity in the shape and size of the resulting NCs (Figure 8.2).
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Figure 8.2- Overview of silica-coated CdSe/CdS core/shell NRs for samples of NRs of
varying length (x-axis), at different reaction times (y-axis). All scale bars correspond to
50 nm.

Figure 8.3- Schematic representation, supported by HR-STEM images, of the three
possible configurations obtained by incorporation of NRs in silica. (a) tree-like structure,
(b) dumbbell structure, and (c) rugby ball-shaped structure.
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For medium length NRs (Figure 8.2, second row), dumbbell structures are observed
with a silica sphere at both tip ends after a reaction time of 1-2 h. After the growth of a
considerable amount of silica, during 24 h, the two shells start to unify and 62% of the
particles show already the rugby ball shape. After 1 week of growth, all NRs were completely incorporated in a silica shell. A similar evolution was observed for the silica
growth on the longer NRs (Figure 8.2, third row). However, the complete coverage of
the NRs with silica took now about 3 weeks of growth (See Figure A8.1 in Appendix 8.1).
The uniformity of the formed NRs/silica NPs is really striking: we observed that all NRs
are embedded in silica NPs with a nearly uniform size and shape, while on the other
hand, only 4% of the silica NPs are empty, i.e., contained no NR. Furthermore, we never
observed more than one NR per silica particle. This is remarkable as these NRs show a
propensity to form bundles in solution due to the enhanced van der Waals
41

interactions.

Each NR occupies the center of the silica rugby ball with cylindrical sym-

metry around the long c-axis, and a central mirror plane perpendicular to the c-axis. We
can, however, observe that in the early stages of the growth the size of the two silica
spheres in the dumbbell structures is different (Figure 8.3b), indicating that the NR
asymmetry influences the early stages of the silica nucleation and growth.
To further investigate the asymmetry in the early growth stages we analyzed the
growth evolution for medium-length NRs after 2 h of reaction time with HR-STEM. The
results are shown in Figure 8.4; the brighter spot on one side along the NR indicates the
position of the CdSe core, as previously reported in literature.

20,22

These results (white

arrows) also reveal that the larger silica spheres are located at the tip close to the location of the CdSe core.
Koole et al. previously reported that silica growth on spherical NPs is determined, in
the early stage, by formation of a reverse micelle around the NCs.

19

Initially, the native

hydrophobic ligands coating the surface of the NCs are rapidly exchanged by TEOS and
micelle-forming surfactant molecules, thus enabling the encapsulation of the NCs into
the hydrophilic interior of the reverse micelles in which silica nucleates.

19

We assume a

similar mechanism is operative for the growth of silica on NRs by the reverse micelle
method. The observation that the silica growth at the early stages is restricted to both
tip ends of the NRs suggests that two independent reverse micelles are initially formed,
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possibly as a result of the length and anisotropy of the NRs. Furthermore, we observe a
more pronounced silica shell at the tip end closest to the CdSe dot.

Figure 8.4- HR-STEM images of silica-coated medium-length NRs (i.e., 40 nm) at 2 h of
reaction time (a) and of uncoated NRs (b). (c) Sketch of the pencil-shaped structure of
the NR. The white arrows indicate the position of the CdSe core in the NR.

To qualitatively understand these results, several aspects related to the geometry and
the surface chemistry of the NR tips should be considered. A HR-STEM image of a
typical CdSe/CdS core/shell NRs is shown in Figure 8.4b. Analysis of this NR and many
others (See Figure A8.2, in Appendix 8.1) confirmed that the CdSe core is not positioned
in the center of the NR, in agreement with previous observations reported in the litera20,22

ture.

Moreover, the opposite tips of the NRs have a different geometry, as has been
22

reported before : the one close to the core position has a ‘flat’ termination, while the
opposite one is arrow-like (Figure 8.4b). Additionally, as a polar crystal, the opposite end
facets of wurzite CdS NRs, in the (0001) and (000 ) direction, are not crystallographically
42,43

equivalent.

The flat facet, in the (0001) direction, is terminated by Cd atoms, while in

the opposite direction, the tip holds, in principle, a S termination. However, if that would
be entirely correct, only the Cd-terminated end would undergo the ligand exchange
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process that allows the formation of the reverse micelle where the silica growth takes
place. From this viewpoint, the silica-spheres would be expected to grow only at the Cdterminated tip end. This is in line with the more pronounced growth at the flat Cdterminated end. However, in the initial stages a smaller silica sphere also appears at the
other end (see above). As previously mentioned, this tip is sharp, ruling out the possibility of a fully S terminated facet, which should be flat and parallel to the Cd terminated
(0001) facet. Since the poorly passivated (000 ) termination has a high free energy, it is
reasonable that surface reconstruction and tip reshaping occur. Although the atomic
surface termination of the sharp NR end is not precisely known, Cd surface atoms must
be available for the capping ligands that form the reverse micelle, albeit in a lower
number compared to the other end and possibly also in a less suitable configuration for
the formation of a reverse micelle. This reasoning suggests the formation of a smaller or
less stable micelle at the sharp end that can incorporate a smaller amount of reactive
TEOS molecules and thus leads to a slower growth of the silica in the initial stage. It
should be remarked that in the later stages of the growth, above a certain radius of the
silica spheres at the tips, the difference between the two ends gradually disappears.

Figure 8.5- Schematic representation of the silica growing mechanism
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We propose a silica growing mechanism in three steps (Figure 8.5). In the first step,
micelle formation occurs on the NR tips, by exchange of the ODPA ligand with IgePAL
CO-520. Due to the fact that the morphology and the crystallographic atomic facets of
the two opposite NR tips are not equivalent, the size and stability of the micelles on the
two tips is different. Secondly, the silica nucleation is triggered by addition of ammonia,
leading to faster growth on the tip nearer the CdSe core, where a larger and more
stable micelle is present. In the third step, after the growth of a substantial amount of
silica, both shells meet and unify, resulting in rugby ball-shaped NPs.

8.3.2 Study of the optical properties of Silica Coated NRs
To explore the possible applications of the fully silica coated NRs, both PL emission
and time-dependent PL decay curves were measured at different stages of the reaction
(see section 8.2.5 for details). In addition, the photochemical stability of the fully silica
coated systems under constant UV-light irradiation, and in air, under ambient light was
investigated (see section 8.2.6 and 8.2.7 for details). We analyzed silica coated short NRs
after 2 days and after 1 week of reaction time, when the NR is fully incorporated in the
silica shell.
To measure the optical properties of the encapsulated NRs, it is desirable that the
refractive index of the chosen solvent is close to that of silica, since the measured
radiative lifetime is strongly influenced by the refractive index of the surrounding medi44,45

um.

While silica has a refractive index of 1.46, ethanol has a refractive index of 1.36.

Therefore, to decrease the refractive index mismatch, the silica coated NRs were capped
with octadecanol (see section 8.2.3 for details). In this way, the NRs were rendered
soluble in apolar solvents such as toluene, which has a refractive index (1.51) comparable to that of silica.
Figure 8.6 shows the PL spectra (Figure 8.6a) and PL decay curves (Figure 8.6b) of
silica coated CdSe/CdS core/shell NRs at different stages of the silica growth (reaction
times t = 0, 2 days and 1 week). After 2 days, the coated particles still retain a extremely
high QE (η= 53%). In this case the PL intensity further decreases after 1 week of reaction
time (η= 39%). The decrease in QE can be attributed to the presence of additional nonradiative recombination pathways for the exciton. Interestingly, the PL decay curves for
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the uncoated NRs, 2 days coated NRs and 1 week coated NRs (Figure 8.6b), are identical, showing that the radiative decay remains dominant in the emitting NRs. The
observation that the overall PL QE decreases, while the exciton lifetime remains unchanged, implies that the PL quenching is not the same for each individual NR. Some
NRs are completely quenched during the silica growth, and therefore do not contribute
to the PL decay anymore, while others remain unaffected. Since only the latter contribute to the PL decay, the observed exciton lifetimes remain the same, despite the lower
46

ensemble PL intensity. This is further supported by the work of Lunnemann et al. ,

where spectroscopic measurements were performed on single CdSe/CdS silica coated
NRs after 2 days of reaction time. Upon analysis of over 20 bright silica coated NRs, it
was shown that the PL QE of a single NR is around 90%. This result supports our statement that the NRs which are not quenched, i.e, the NRs that contribute to the PL decay,
remain unaffected. We also observed that the quenching increases with the reaction
time. A possible explanation for this may be the presence of unreacted molecules such
as hydroxyl ions, or ammonium ions in the reaction mixture. The silica shell is generally
believed to be porous.

47

Indeed, the amorphous nature of the silica shell and its

mesopores can provide sufficiently wide channels to enable small molecules (such as
ammonia ions) to diffuse towards the NRs and interact with it.

48,49

This is further sup-

ported by the observation that by increasing the reaction time from 2 days to 1 week,
the PL QE of the NRs decreases to about 39%. For the 2 days sample, after stopping the
reaction, the coated NRs were washed several times to remove the un-reacted molecules. On the other hand, for longer reaction times, the NRs were subjected to
interaction with unreacted species for much longer, resulting in further QE decrease.
Additionally, a slight red-shift is observed for the sample after 1 week of reaction time
(Figure 8.6a). The modification of the emission profile can be explained considering that
NRs with a thinner CdS shell (thus emitting more in the blue side of the spectrum) are
quenched first since, during the growth of the silica shell, unreacted molecules, such as
hydroxyl or ammonium ions, can more easily interact with the CdSe core.
We also performed photostability tests, by continuously irradiating the samples with a
portable UV light (365 nm, 6 W). We used uncoated NRs in toluene and a suspension of
NRs in ethanol that was coated for 2 days, with the same concentration. The solutions of
NRs were stored in sealed vials under N2, and kept under constant UV irradiation for 10
days (see section 8.2.6).
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Figure 8.6- PL emission curves (a), and PL decay curves (b) of silica-coated CdSe/CdS
at different reaction times. PL emission curve series for the uncoated NRs in toluene (c),
and 2 days coated NRs in ethanol (d) under constant UV-light (365 nm) irradiation in a
N2 atmosphere. (e) Plots of the QE (η) for a suspension kept under constant UV irradiation for uncoated NRs (black dots) and 2 day silica-coated NRs (red triangles).

The PL curves for the uncoated NRs and 2 days coated NRs are shown in Figure 8.6 c
and d, respectively. The QE of the uncoated NRs decreases to η= 4% after only 8 days
of irradiation, while the silica coated sample exhibits a much more stable behavior. After
the first 3 days of irradiation, the QE of the silica coated sample is still η= 30%, but little
further quenching occurs over the remaining 7 days. The strong difference between the
two samples is shown more clearly in Figure 8.6e, which plots QE (η) as a function of the
irradiation time: the uncoated NRs show a rapid and enduring decrease in the QE while
the silica-coated NRs show initially a decrease towards a constant value that is still 50 %
of the initial intensity, without further degradation even after 10 days of irradiation.
Additionally, in the graph in Figure 8.6d we can also observe a red-shift of the emission
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peak. The modification of the emission profile can be explained in the same way as the
red-shift observed in Figure 8.6d. Interestingly, the red-shift does not occur in the case
of uncoated NRs (Figure 8.6c). In this case, the quenching is due to the photogeneration of charge carriers in the CdSe core, which can lead to formation of trap
states at the CdS surface. Trap states in close proximity to the CdSe core should be most
effective in quenching the PL.
We can justify the initial fast quenching for the coated NRs not only by photodegradation induced by the UV-light, but also by taking into account the possible
contribution of quenching by unreacted species (see above). During the growth of the
silica shell in the micelle, the NRs are in contact with unreacted species such as ammonia
and hydroxyl ions, which can deteriorate the surface of the NRs. Due to the porous
nature of the silica shell, unreacted species could still be trapped in proximity of the NRs,
even after careful washing. This may accelerate the quenching process in the early stage
of the UV exposure, until the quenching species are completely depleted. Considering
that the PL quenching is ascribed to the presence of unreacted species in solution
during the growth of the shell, we can assume that longer exposure to these unreacted
species will increase the quenching. We thus strongly believe that washing is a key step
to preserve and/or improve the photostability of the coated NRs. The observation that
the QE decreases by ~20% after 2 days and by ~40% after 1 week is consistent with this
assumption. After the reaction was terminated the nanoparticles were washed 3 times,
and did not show further quenching under normal conditions. This suggests that improved washing procedures that remove (most) of the unreacted species are likely to
increase the photostability of the silica coated NRs, even beyond the levels observed in
the present work.
Further positive results were obtained after exposure to air. To study the bleaching
effect of O2, we stored the uncoated NRs solution and the 2 days silica-coated NRs in air
under ambient light for 17 days. Every three days, the QE was measured using an
integrating sphere (See section 8.2.7). Uncoated and silica-coated NRs were dispersed in
the same solvent (toluene), which required the recapping of the silica-coated NRs with
ODO. Figure 8.7 shows plots of the QE (η) for a suspension kept under constant O 2
exposure for uncoated NRs in toluene (black dots), 2 day silica-coated NRs in toluene
(red triangles), 2 day silica-coated NRs in ethanol (blue squares), and 2 day silica-coated
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NRs in water (green hexagons). For uncoated NRs, already after only 5 days we observe
a decrease in QE to η= 9%, and the particles became nearly completely quenched after
8 days of O2 exposure (η= 2.5%). A completely different behavior was observed for the
silica-coated NRs. For the silica coated NRs in toluene, after exposure to O 2 the QE
decreased by only 11%, showing that the NR efficiency is hardly affected by exposure to
O2 under ambient light. Moreover, since these particles are also aimed for usage in
polar solvents we have studied the bleaching effect of O2 on silica-coated NRs in EtOH
and water. In case of silica coated NRs in ethanol, after 17 days of exposure to O 2, the
QE is still high (η= 29%). In case of suspension of the coated NRs in water, an initial fast
decrease of the QE to η=28% is observed, followed by a much slower decrease. After
17 days, the silica-coated NRs in water are nearly completely quenched (η= 3%). This
indicates that the silica shell forms an effective protective layer in ethanol, but is more
permeable when the coated NRs are suspended in water.

Figure 8.7- Plots of the QE (η) for a suspension kept under constant O 2 exposure for
uncoated NRs in toluene (black dots), 2 days silica-coated NRs in toluene (red triangles),
2 days silica-coated NRs in ethanol (blue squares), and 2 days silica-coated NRs in water
(green hexagon).
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Interestingly, the coating with ODO seems to enhance the stability of the particles. This
can be explained by considering that the thermal treatment at 170°C and the coating of
the inner pore surfaces themselves may reduce the porosity of the silica shell, thus
decreasing its permeability to oxygen. The enhanced photostability under UV light, in
contact with O2 and in water of the silica coated NRs indicates that the silica shell acts as
a barrier protecting the NRs from (photochemical) reactive species.

8.4 Conclusions
We successfully encapsulated single CdSe/CdS NRs into silica shells. A detailed study
of the evolution of the silica growth shows that, initially, two reverse micelles are formed
at opposite ends of the NR. The asymmetry of the NR is reflected in the early stages of
the silica growth, with a more pronounced silica sphere at the flat NR end, close to the
CdSe core. The final NR/silica colloidal NPs have a rugby ball shape with a cylindrical
symmetry. Moreover, they can be dispersed in polar and – after recapping with
octadecanol – also in non-polar organic solvents. Furthermore, the photoluminescence
quantum efficiency of the silica-coated NRs remained very high (up to 50-53%). In
conjunction with this, we demonstrated that the photo-stability of the NRs under prolonged UV-irradiation and in contact with air is markedly increased after encapsulation
in silica. The possibility of dispersing the silica-coated NRs both in polar and apolar
solvents makes them flexible building blocks for several applications. These findings are
of direct importance for optical studies on single NRs, and for applications such as LEDs,
and biomedical labeling.
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Appendix 8.1 Supporting Figures

Figure A8.1- TEM images of silica Long NRs after almost 3 weeks of reaction time. The
NRs are completely incorporated in the silica shell. Scales bars correspond to 50 nm.

Figure A8.2- HR-STEM images of medium-length CdSe/CdS NRs. About 80-90% of
the NRs analysed present a pencil shape structure. Scale bar correspond to 20 nm.
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Summary
In recent decades colloidal semiconductor nanocrystals (NCs) have attracted a lot of
attention from the nanoscience community. Colloidal nanocrystals are solution-grown
inorganic particles with dimensions typically below 10 nm, stabilized by a layer of surfactants attached to their surface. The inorganic cores possess unique properties that are
defined by their composition, size and shape. Moreover, the surfactant coating ensures
that these structures are colloidally stable in a organic solvent, and easy processable into
more complex structures. This combination of features makes colloidal NCs attractive as
suitable building blocks for advanced materials and devices. Another important aspect
of colloidal NCs is their ability to self-assemble and form organized structures, so called
superlattices, which may exhibit novel properties owing to the interactions between the
NC building blocks. The type of super-structure that is formed following self-assembly,
and its overall properties, are both highly dependent on the shape and properties of the
constituent particles that are used and on the way in which the particles are assembled
together. Colloidal semiconductor NCs have been extensively investigated as novel
building blocks for several applications. Due to their size dependent optical properties
they hold promise for application in optoelectronic devices such as LEDs, lasers, or
biolabels. Additionally, due to the possibility to obtain complete charge separation upon
absorption of light in NCs, they have been exploited in photovoltaics and photocatalysis.
This thesis is focused on the study of a specific type of colloidal NCs: CdSe/CdS
core/shell nanorods (NRs). This system consists of a spherical core of CdSe embedded
in a rod-like shell of CdS. The most fascinating aspects of these particles is their unique
optical properties (for instance, they show quantum efficiency yields of ~ 70%, and emit
polarized light), and their ability to spontaneously assemble into organized superstructures. This thesis aims to investigate these aspects in detail, and to provide a
fundamental understanding of the physical mechanisms at play. One should note that in
order to extend the applicability of these systems in emerging fields, important issues
must be addressed. First, it is pivotal to design the building blocks with specific properties for target applications, and therefore the relationship between structure and optical
properties should be investigated. Secondly, the establishment of a high level of control
over the self-assembly processes is required. In this regard, the understanding of the
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dynamics and the mechanism is of particular interest. Thirdly, the processability of these
particles need to be improved, while preserving their photostability.
The main outline of the thesis and the highlights of each Chapter are now summarised.
First, in Chapter 2, a general introduction of the chemical and physical aspects of this
work is provided. Then, the main features of the self-assembly of colloidal NCs are
discussed (Chapter 3). Chapter 2 addresses the synthetic methods for the fabrication of
colloidal NCs, these methods demonstrate a high control over the NC size, shape and
composition, particular attention is paid to the methods used in the thesis. Then, the
effects of the spatial confinement are described, and state of art research of the
CdSe/CdS core/shell NR system is reviewed. In Chapter 3 the self assembly of colloidal
NCs is discussed, with particular focus on colloidal NRs. Emphasis is put on the fact that
the self-assembly of NCs strongly depends on the inter-particle interactions and on the
distribution of particle size shape. Furthermore, the effect of the geometry of the NRs
on the final structures on the superlattice properties is described.
There are three main themes in this thesis, on which the results chapter are devoted:
(i) the study of the NC optical properties (Chapter 4); (ii) self assembly (Chapters 5 – 7);
and (iii) the enhanced processability and photostability after coating the NRs with silica
(Chapter 8).
First, the electronic fine structure of CdSe/CdS core/shell NRs is investigated (Chapter
4). We have measured the temperature dependence of the photoluminescence decay
of highly efficient NRs with variable dimensions in the cryogenic temperature range 1.5 20 K. The results indicated that the temperature dependence of the exciton lifetime
does not depend on the core-shell dimensions and thus in the details of the fine structure. These results can be understood by a radiative decay from a “dark” fine structure
state via the coupling to a low energy acoustic phonon mode.
In the second part the NR self-assembly is discussed. Different approaches have been
exploited to achieve both laterally and vertically stacked arrangements of anisotropically
shaped NCs. We have developed a strategy to align CdSe/CdS NRs via the interactions
arising at the liquid/air interface, and we can obtain both lateral and vertical NR superstructures over large areas. In particular, in order to achieve high control over the
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ordering of the final superstructure we focused our attention on the understanding of
the dynamics and mechanism of the self-assembly process. Chapter 5 describes the
study of the self-assembly of the NRs at the liquid/air interface. We used time-resolved
in-situ grazing incidence small angle x-ray scattering (GISAXS) combined with ex-situ
transmission electron microscopy TEM. We observed that the orientation of the NRs in
the final self-assembled structures can be tuned by changing the NR length and/or the
initial NR concentration in the dispersion. More specifically, short NRs (< 20 nm), or a
low concentration of the initial NR dispersion, results in self-assembled structures with
the NRs lying flat at the liquid/air interface. On the other hand longer NRs (> 20 nm), or
high initial NR concentrations, yield structures with the NRs standing up. The use of
GISAXS allowed us to follow the dynamics of the self-assembly. We propose a model of
hierarchical self-organization that provides a basis for the understanding of the lengthdependent self-organization of NRs at the liquid/air interface. According to this model,
in a first step the NRs form ordered bundles in the bulk solution, due to van der Waals
interactions. These bundles are then adsorbed at the liquid/air interface, where the
organization into a superlattice takes place. The dynamics of the self-assembly at the
liquid/air interface are further discussed in Chapter 6. Here, we describe a new approach to control the orientation of NRs in organized superstructures and show that the
orientation in which the NRs self-assemble can be tuned from upright- to lying- configurations by increasing the NR-NR interaction (by addition of non-solvent), without
varying the concentration of NRs in solution or the NR length. This allowed us to obtain
superstructures using a low concentration of NRs, and since the formation of a second
layer is likely to be prevented, this approach could pave the way for the formation of
monolayer superstructures. Also in this case, the results support the model of bundle
formation in the bulk solution. However, due to the limited penetration depth of the Xray beam in the solution in the GISAXS technique (20 nm), no further experimental
evidence of bundle formation in solution could be obtained. In Chapter 7 we report a
study of the spontaneous formation of semiconductor NR bundles in the bulk solution
using magnetic field-induced linear dichroism (LD) combined with in-situ small angle Xray scattering (SAXS). We therefore studied the chemical equilbria between individual
and agglomerated NRs in a suspension as a function of the temperature, and for a
variable length of the NRs. SAXS patterns show the existence of suspended crystalline
sheets of hexagonally ordered monolayers of NRs. Moreover, using magnetic fieldinduced linear dichroism we show that the size of the sheets increases with the length of
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the NRs. Furthermore, we observe sharp and more gradual melting transitions of the
sheets depending on the length of the NRs. The results can be rationalised on the basis
of the van der Waals attractions along the length of the NRs, which favour parallel and
hexagonal stacking. These chemical eqilibria in suspension should be taken into account
to further our understanding of mono- and multi-layer NR superlattice formation,
previously shown to occur at the liquid/air interface.
In Chapter 8 the incorporation of CdSe/CdS core/shell NRs in silica (SiO 2) by using the
reverse micelle method is discussed. This is of particular interest, since it renders them
processable in polar solvents while increasing their photochemical stability. We investigated the mechanism for the encapsulation of the NRs in silica, which was shown to be
strongly influenced by the NR shape and its asymmetry. These results lead to the formation of a novel class of NR architectures, whose symmetry can be controlled by tuning
the degree of coverage of the silica shell. Interestingly, the silica coated NRs shows a
remarkable increase in their photostability, while preserving their optical properties.
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Samenvatting in het Nederlands
De afgelopen decennia hebben halfgeleidende colloïdale nanokristallen veel aandacht
gekregen vanuit de wetenschap. Colloïdale nanokristallen zijn anorganische deeltjes die
in oplossing gegroeid worden met afmetingen die over het algemeen kleiner zijn dan
10 nm. In een organische oplossing worden ze gestabiliseerd door een laag organische
surfactanten die aan het oppervlak vast zitten. De anorganische kern bevat de unieke
eigenschappen die bepaald worden door chemische samenstelling, afmeting en vorm.
Bovendien zorgen de surfactant moleculen ervoor dat de deeltjes gestabiliseerd worden
in verschillende vloeistoffen en makkelijk te verwerken zijn in complexere structuren. Al
deze eigenschappen zorgen ervoor dat colloïdale nanokristallen erg veelbelovend zijn
als bouwstenen voor geavanceerde materialen en apparatuur. Een ander belangrijke
eigenschap van deze nanokristallen is de mogelijkheid om deze te zelf-organiseren in
geordende structuren, zogenaamde superkristallen of superstructuren, welke opmerkelijke eigenschappen kunnen hebben door de interactie tussen de individuele
nanokristallen die het superkristal opbouwen. Het type superkristal wat gevormd wordt
op deze manier en de resulterende eigenschappen zijn beide erg afhankelijk van de
vorm en eigenschappen van de bouweenheden en van de manier waarop ze worden
geordend. Halfgeleidende colloïdale nanokristallen zijn intensief onderzocht als bouwstenen voor verschillende toepassingen. Door hun optische eigenschappen, die grootteafhankelijk zijn, zijn er toepassingen mogelijk in de opto-elektronica, bijvoorbeeld LEDs,
lasers en biolabels. Verder zijn ze ook toepasbaar bij foto-katalyse, doordat er volledige
elektron-gat ladingsscheiding in het nanokristal mogelijk is bij absorptie van licht.
Het werk dat beschreven wordt in dit proefschrift is gericht op een specifieke soort
nanokristallen: CdSe/CdS kern-schil nanostaafjes. Deze deeltjes bestaan uit een ronde
CdSe kern die is ingebouwd in een staafvormige schil van CdS. De meest fascinerende
eigenschappen van deze deeltjes zijn hun unieke optische eigenschappen (ze hebben
bijvoorbeeld een kwantum efficiëntie van ongeveer 70% en zenden gepolariseerd licht
uit) en hun mogelijkheid om spontaan geordende superstructuren te vormen. Dit
proefschrift heeft als doel deze aspecten te onderzoeken en een fundamenteel begrip
te geven over de fysische mechanismen die een rol spelen bij zelf-assemblage. Er zijn
wel een aantal obstakels die overwonnen moeten worden om de toepasbaarheid van
deze systemen te vergroten. Allereerst is het van groots belang om nanokristallen te
maken met zeer specifieke eigenschappen voor een bepaalde toepassing. Hiervoor
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moeten de structuur en de resulterende optische eigenschappen onderzocht worden.
Ten tweede moet er een hoge mate van controle zijn over het zelf-ordenings proces.
Hiervoor moet er een solide begrip worden verkregen van het mechanisme en de
processen die hierbij een rol spelen. Als derde moet de verwerkbaarheid van de nanodeeltjes verbeterd worden, waarbij hun foto-stabiliteit behouden moet blijven.
De indeling van dit proefschrift en de kernpunten van ieder hoofdstuk worden hieronder samengevat. Allereerst wordt er in hoofdstuk 2 een algemene introductie gegeven
over de chemische en fysische aspecten van het onderzoek. Daarna wordt de zelfordening van colloïdale nanokristallen, en de processen die hierbij komen kijken, besproken in hoofdstuk 3. Hoofdstuk 2 richt zich op de synthese methodes voor het
maken van de nanokristallen. Deze zorgen voor een hoge mate van controle over de
grootte, vorm en samenstelling van de deeltjes. Hierna worden de gevolgen van ruimtelijke opsluiting van de ladingsdragers op de elektronische en optische eigenschappen in
de nanokristallen beschreven.
In hoofdstuk 3 wordt de zelf-ordening van colloïdale nanokristallen belicht, waar de
focus met name ligt op colloïdale nanostaafjes. Extra nadruk wordt gelegd op het feit
dat de zelf-ordening van nanokristallen sterk afhankelijk is van de interactie tussen de
deeltjes en de verdeling van deeltjes grootte en vorm. Verder wordt het effect van de
geometrie van de nanostaafjes op de uiteindelijke structuur van het superkristal beschreven.
Dit proefschrift heeft drie onderzoeksthema’s: (i) het bestuderen van de optische eigenschappen van de nanokristallen (hoofdstuk 4), (ii) zelf ordening van de
nanokristallen (hoofdstukken 5-7 ) en (iii) de verbeterde verwerkbaarheid en fotostabiliteit van de nanokristallen (hoofdstuk 8).
Allereerst wordt de opto-elektronische fijn structuur van CdSe/CdS kern-schil nanostaafjes onderzocht in hoofdstuk 4. Deze wordt bepaald door het kristal rooster, de
nano-dimensies en elektron-gat interactie. We hebben de temperatuursafhankelijkheid
van het verval van de foto-luminescentie onderzocht voor zeer efficiënte nanostaafjes
met verschillende afmetingen in het temperatuursgebied tussen 1.5-20 K. De resultaten
laten zien dat de afhankelijkheid van de exciton-levensduur niet afhangt van de kern-
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schil afmetingen en verklaard kan worden door de koppeling tussen een opgesloten
akoestische fonon met de donkere exciton toestand.
In het tweede deel wordt de zelf-ordening van de nanostaafjes besproken. Verschillende methodes zijn gebruikt om zowel laterale als verticale stapeling van anisotrope
nanokristallen te verkrijgen. We hebben een strategie ontwikkeld om CdSe/CdS nanostaafjes uit te lijnen door de interacties aan het vloeistof/lucht grensvlak. Hierdoor
hebben we zowel laterale als verticale superstructuren van nanostaafjes verkregen die
grote oppervlaktes opspannen. Om een hoge mate van controle te krijgen over de
ordening van het uiteindelijke superkristal hebben we onze aandacht in het bijzonder
gericht op het mechanisme achter het zelf-ordenings proces. Hoofdstuk 5 beschrijft het
onderzoek naar de zelf-ordening van nanostaafjes aan het vloeistof/lucht grensvlak. We
hebben tijds-opgeloste in-situ scherende inval kleine-hoek verstrooiing van röntgenstraling (GISAXS) gecombineerd met ex-situ transmissie elektronen microscopie (TEM). We
observeerden dat de oriëntatie van de nanostaafjes in de uiteindelijke geordende
structuren gecontroleerd kan worden door de lengte van de staafjes en de concentratie
van de nanostaafjes-oplossing. Wat specifieker kan worden gezegd is dat korte nanostaafjes (<20 nm), of een lage concentratie van de nanostaafjes-oplossing, resulteert in
superstructuren waarbij de staafjes plat liggen aan het vloeistof/lucht grensvlak. Anderzijds laten langere nanostaafjes (>20 nm), of een hogere concentratie van de
nanostaafjes in oplossing, een superstructuur zien waarbij de nanostaafjes rechtop staan
aan het vloeistof/lucht grensvlak. Door het gebruik van GISAXS hebben we de kinetiek
van de zelf-ordening kunnen volgen. Op basis hiervan hebben we een model voorgesteld waarbij hiërarchische zelf-ordening een kernpunt is voor het begrip van de lengteafhankelijkheid van de zelf-ordening van nanostaafjes aan het vloeistof/lucht grens.
Volgens dit model worden er eerst geordende bundels van nanostaafjes in oplossing
gevormd door Van der Waals interacties. Deze bundels adsorberen vervolgens aan het
vloeistof/lucht grensvlak, waar ordening van de bundels in een superkristal plaatsvindt.
De kinetiek van de zelf-ordening wordt verder besproken in hoofdstuk 6. Hier beschrijven we een nieuwe benadering om controle te verkrijgen over de oriëntatie van de
nanostaafjes in de superstructuren. Door het gebruik van in-situ GISAXS in combinatie
met ex-situ TEM hebben we de zelf-ordening van de nanostaafjes aan het vloeistof/lucht oppervlak bestudeerd en laten zien dat de oriëntatie waarin de nanostaafjes
ordenen kan worden afgestemd van staande naar liggende configuraties door de
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interactie tussen de staafjes te vergroten (door toevoeging van een “slecht” oplosmiddel), zonder de concentratie of de lengte van de staafjes in oplossing te veranderen.
Hierdoor konden we geordende superkristallen verkrijgen bij een lage concentratie aan
nanostaafjes en, omdat de vorming van een dubbellaag waarschijnlijk hierdoor voorkomen wordt, kunnen we een superstructuur maken van een enkele monolaag dik.
Bovendien hebben we de kinetiek kunnen volgen van de zelf-ordening aan het vloeistof/lucht grensvlak. Deze resultaten vormen een belangrijke stap richting de realisatie
van nanostaaf membranen met grote oppervlaktes. Ook in dit geval ondersteunen de
resultaten het model van bundel formatie in oplossing. Door de gelimiteerde penetratie
diepte van de röntgenbundel in oplossing bij GISAXS (20 nm) is er geen verder experimenteel bewijs verkregen van bundel vorming in oplossing. In hoofdstuk 7 laten we
echter zien dat deze bundels wel in oplossing vormen door gebruik te maken van
magnetisch-veld geïnduceerd lineair dichroïsme (LD), gecombineerd met in-situ kleinehoek verstrooiing van röntgenstraling (SAXS). We hebben het chemisch evenwicht
bestudeerd tussen individuele en gebundelde nanostaafjes in een suspensie als functie
van temperatuur en lengte van de nanostaafjes. SAXS patronen laten het bestaan zien
van gesuspendeerde vellen van hexagonaal geordende monolagen van nanostaafjes.
Daarbij laten we zien met LD dat de grootte van de vellen groter wordt met toenemende lengte van de nanostaafjes. Bovendien observeren we scherpe en meer geleidelijke
smelt overgangen van de vellen afhankelijk van de lengte van de nanostaafjes. De
resultaten kunnen worden begrepen op basis van Van der Waals aantrekking langs de
lengte van de nanostaafjes, hetgeen gunstig is bij parallelle en hexagonale pakking van
de staafjes. Er moet rekening gehouden worden met deze chemische evenwichten in
oplossing bij de formatie van superstructuren (die aan het vloeistof/lucht grensvlak
plaatsvinden, zoals eerder getoond) van deze nanostaafjes en bij het begrip over de
vorming hiervan.
In hoofdstuk 8 wordt het inbouwen van CdSe/CdS kern-schil nanostaafjes in een silica
(SiO2) schil door middel van een omgekeerde micel methode beschreven. Dit is van
bijzonder belang, omdat het mogelijkheden biedt om de nanostaafjes in polaire oplosmiddelen op te lossen en het de foto-stabiliteit vergroot. We hebben het mechanisme
onderzocht waarmee de nanostaafjes ingekapseld worden in silica, waarbij we hebben
laten zien dat deze sterk wordt beïnvloed door de vorm en de asymmetrie van het
nanostaafje. Deze resultaten hebben geleid tot een nieuw scala aan nanostaaf-

Samenvatting in het Nederlands | 185
architecturen, waarvan de symmetrie beïnvloed kan worden door de hoeveelheid
gegroeid silica. Interessant genoeg laten de silica gecoate nanostaafjes een verhoogde
foto-stabiliteit zien, terwijl de optische eigenschappen bewaard blijven.
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Riassunto in Italiano
Grande non sempre significa migliore, o comunque più interessante. Nell’ultimo
decennio una considerevole mole di ricerca si è focalizzata sullo studio di particelle di
dimensioni nanometriche, dette quindi nanoparticelle. In particolare, nella comunità
scientifica ha suscitato grande interesse lo studio dei nanocristalli di semiconduttore
(NCs). Per comprendere l’importanza e la peculiarità di questi materiali, dobbiamo
renderci conto di come le proprietà di un materiale cambino quando le sue dimensioni
9

sono ridotte di 10 volte, e quindi portate alla scala nanometrica. Nell’esperienza
quotidiana, infatti, verifichiamo che le proprietà dei materiali sono indipendenti dalle
dimensioni dell’oggetto che formano. Per esempio, il colore di un foglio di carta non
cambia se lo tagliamo in pezzettini sempre più piccoli, ed ancora la solubilità dello
zucchero in acqua non cambia passando da una zolletta ad una polvere molto fine.
Invece quando le dimensioni di un materiale sono ridotte alla scala nanometrica (< 100
nm) le sue proprietà possono diventare dipendenti dalle dimensioni, e differire
radicalmente da quelle della sua controparte macroscopica. I nanocristalli di
semiconduttore (NCs), conosciuti anche come punti quantici (QDs), hanno dimensioni
fra 1 e 10 nm, e possiedono proprietà che dipendono fortemente dalle dimensioni e
dalla forma del NC. Per esempio, quando un NC è irradiato con luce di una specifica
lunghezza d’onda, con energia maggiore del suo band-gap, emette luce (fotoni), il cui
colore (e quindi la lunghezza d’onda) dipende dalle dimensioni del NC. Perciò variando
le dimensioni del NCs, si può variare il colore della luce emessa. La modifica delle
proprietà in funzione delle dimensioni si origina in seguito a due effetti fondamentali
che si verificano quando ci spingiamo nella scala nanometrica: (a) la frazione di atomi
superficiali (cioè il rapporto superficie/volume) aumenta diminuendo le dimensioni del
NCs, e diventa particolarmente grande nei NCs; e, soprattutto (b) le ridotte dimensioni
del NC producono un effetto di confinamento spaziale che influenza il moto degli
elettroni e la propagazione di onde: questo confinamento quantico a sua volta dà
origine, ad esempio, alla dipendenza del band-gap del NC dalle dimensioni. Gli NCs di
origine colloidale rappresentano un esempio particolarmente interessante. Gli NCs
colloidali di semiconduttore sono cresciuti in soluzione e consistono in un nucleo
inorganico, ricoperto da uno strato di molecole anfifiliche, i leganti, che li rendono stabili
in soluzioni organiche non polari (p.e. il toluene). Uno dei grandi vantaggi dei NCs
colloidali rispetto agli altri tipi di nanomateriali (p.e. quelli epitassiali, che sono vincolati
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ad un substrato) è che, proprio grazie alla natura colloidale, sono facilmente processabili
in soluzione, sono versatili e sufficientemente stabili da poter essere manipolati dopo la
sintesi. Un'altra caratteristica importante dei NCs colloidali, è rappresentata dalla loro
capacità di auto-assemblarsi in strutture organizzate, chiamate superstrutture o superreticoli, che possono manifestare nuove proprietà dovute all’interazione dei diversi
componenti nanocristallini. Il principio dell’auto assemblaggio è semplice: se la
concentrazione locale di NCs aumenta, questi tendono a organizzarsi. : il processo è
governato da effetti entropici e tipicamente porta alla formazione di strutture più
compatte Il tipo di strutture che si forma in seguito all’auto-assemblaggio e le proprietà
della risultante super-struttura, dipendono dalla forma e dalle proprietà dei singoli
costituenti, e soprattutto dal modo in cui i singoli NCs si assemblano fra di loro. Ciò
implica che variando la geometria dei NCs nella superstruttura e scegliendo
attentamente il tipo di NCs, è possibile progettare strutture con determinate proprietà,
per specifiche applicazioni. In questo senso, la nanotecnologia offre dei perfetti bulding
blocks (potremmo definirli mattoncini) per le più diverse applicazioni. La possibilità di
modificarne le proprietà variando le dimensioni dei NCs è un vantaggio per applicazioni
in dispositivi opto-elettronici come LED, laser o marcatori biologici. Inoltre, poiché dopo
assorbimento di luce è possibile ottenere una completa separazione di carica (buca e
elettrone) nel NC, queste particelle possono essere utilizzati in dispositivi fotovoltaici
(celle solari) e in fotocatalisi.
Lo sviluppo di nuove strategie di sintesi colloidale (da soluzione) ha permesso di
ottenere un elevato numero di nanostrutture, la cui forma, dimensioni o composizione
possono essere attentamente determinate: si possono ottenere non solo strutture
sferiche ma anche a forma di bacchetta, i nanorod (NRs), oppure strutture ramificare,
p.e. con quattro braccia, definite tetrapod. E' inoltre possibile combinare materiali diversi
in un’unica struttura, ottenendo i cosiddetti etero-nanocristalli, dove due, o più, materiali
diversi sono congiunti da una o più interfacce.
I NCs di tipo core/shell, sistemi in cui un NC (il core) è incorporato in un secondo
diverso materiale nanocristallino (la shell) sono un esempio significativo Anche in questo
caso, il NC risultante può avere diverse morfologie, più o meno complesse.
Questo lavoro di tesi è focalizzato sullo studio di uno specifico tipo di etero NCs:
CdSe/CdS core/shell NRs. Queste strutture consistono in un nucleo sferico (core) di
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CdSe incorporato in una shell anisotropa di CdS a forma di rod e vengono sintetizzate
utilizzando l’approccio “seeded growth”, per cui la sintesi avviene in due step. Nel primo
step viene sintetizzato il core sferico di CdSe che poi viene incorporato in una shell di
CdS in condizioni di crescita tali da assumere una conformazione anisotropa a forma di
rod. Queste particelle sono estremamente interessanti sia per le loro eccellenti proprietà
ottiche (p.e., presentano un elevata efficienza quantica di 70-80%, ed emettono luce
polarizzata), sia per la loro abilità di auto-assemblarsi in superstrutture organizzate.
Questa tesi si propone di investigare questi aspetti in dettaglio e di fornire una
conoscenza fondamentale dei meccanismi chimico-fisici in gioco. Infatti, ci sono ancora
numerosi problemi aperti prima di potere affermare l’applicabilità di queste strutture. E’
necessario progettare NCs (o bulding block) con proprietà specifiche per quella
specifica applicazione, e quindi è fondamentale, per esempio, comprendere la relazione
fra struttura e proprietà ottiche. Inoltre, occorre raggiungere un elevato controllo
dell’auto-assemblaggio, comprendendone il meccanismo e le dinamiche. In ultimo, è
necessario ottenere degli NCs processabili in solventi meno tossici e più bio-compatibili,
rendendoli p.e. solubili in acqua o etanolo, senza modificarne le proprietà ottiche (cosa
che ne ridurrebbe l’efficienza) o causarne la degradazione.
Combinando conoscenze e tecniche tradizionalmente appartenenti alla chimica e alla
fisica, questa tesi si propone di analizzare questi tre aspetti, e di proporre una strada
che congiunga i fondamentali della nanoscienza con gli aspetti applicativi.
La prima parte di questo lavoro è un’introduzione generale ai NCs colloidali di
semiconduttore. In particolare, Nel capitolo 2 sono discussi i metodi di sintesi per la
preparazione di NCs con particolare attenzione per quelli utilizzati nel lavoro di tesi.
Sono inoltre descritti gli effetti del confinamento quantico, e lo stato dell’arte sui
CdSe/CdS NRs. Il terzo capitolo invece tratta dell' auto-assemblaggio di NCs,
focalizzandosi in particolare sul caso delle particelle anisotrope come i NRs.
La seconda parte di questa tesi è dedicata allo studio della struttura elettronica di
CdSe/CdS NRs (Capitolo 4). E' stato studiato il tempo di vita della luminescenza e come
questa dipenda dalla temperatura. Sono stati analizzati NRs di diverse dimensioni,
caratterizzati da un’elevata efficienza quantica. Le misure sono state condotte a partire
da temperature criogeniche (1.5-300 K). I risultati ottenuti dimostrano che a bassa
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temperature (<20 K), il tempo di vita della luminescenza non dipende dalle dimensioni
della struttura core/shell, ma può essere spiegato considerando il percorso di diseccitamento che avviene attraverso uno stato otticamente inattivo (dark) accoppiato a
un fonone acustico a bassa energia.
Nella terza parte si discute l’autoassemblaggio di NRs. In letteratura sono riportati
diversi approcci per ottenere superstrutture in cui i NRs abbiano uno specifico
orientamento (orizzontale o verticale). Per allineare CdSe/CdS NRs abbiamo utilizzato
una metodica che sfrutta l’interazione che si sviluppa tra le particelle quando vengono
a contatto con l’interfaccia liquido/aria. Questo metodo ci permette di ottenere sia
strutture dove i NRs sono allineati fianco a fianco orientati parallelamente all’interfaccia,
sia strutture dove in NRs si allineano perpendicolari all’interfaccia (capitolo 5). Per
ottenere la formazione di una superstruttura organizzata, una soluzione di NRs in
toluene, con una determinata concentrazione, è depositata su un substrato liquido.
glicole etilenico (DEG), che possiede alta densità e un elevato punto di ebollizione ed è
stato utilizzato come substrato. A questo punto, il solvente (toluene) viene lasciato
evaporare in condizione controllate (45 °C; in un’atmosfera satura di toluene). Durante
l’evaporazione del solvente una superstruttura di NRs si forma all’interfaccia e ne risulta
un film di NCs sospeso sulla superficie del DEG. Uno dei vantaggi dell' utilizzare un
substrato liquido, è che una volta formatosi, il film potrà essere depositato su qualsiasi
substrato solido. Allo scopo di studiare quali sono i parametri che influenzano la
geometria della struttura finale, sono stati utilizzati NRs con diverse lunghezze e diverse
concentrazioni della soluzione iniziale. Per analizzare le superstrutture ottenute è stata
utilizzata la microscopia a trasmissione elettronica (TEM). I risultati suggeriscono che
l’orientamento (orizzontale o verticale) dei NRs nella struttura finale è determinato sia
dalla lunghezza del NR stesso, che dalla concentrazione di NRs nella soluzione iniziale.
Ovvero: nel caso di NRs corti (<20 nm), o di una bassa concentrazione iniziale, si ottiene
una struttura in cui i NRs sono allineati fianco a fianco, paralleli all’interfaccia liquido/aria.
Al contrario, nel caso di NRs lunghi (>20 nm), o di un’alta concentrazione iniziale di NRs,
i NRs nella struttura finale sono orientati verticalmente. Per capire l’origine di questa
dipendenza si è studiato il meccanismo dell’auto-assemblaggio all’interfaccia
liquido/aria utilizzando una tecnica in-situ di diffusione di raggi X a basso angolo
(GISAXS). Questa tecnica permette di monitorare nel tempo il processo di autoassemblaggio, dandoci la possibilità di studiarne le dinamiche. I risultati puntano a un
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meccanismo di “auto-assemblaggio gerarchico” che consiste in tre steps principali. In un
primo step i NRs formano strutture organizzate in soluzione, a causa delle interazioni di
van der Waals (vdW). Queste strutture sono definite “bundles”. In seguito i “bundles”
sono adsorbiti all’interfaccia, dove avviene la formazione di superstrutture. Ovviamente
dobbiamo considerare che più lunghi sono i NRs, più forti sono le interazioni di vdW e
di conseguenza più grandi saranno i bundles formati in soluzione. Se pensiamo a questi
bundles come a dei dischi, la direzione con cui i dischi sono adsorbiti all’interfaccia
dipende dalla larghezza del disco stesso. Se il disco è molto più largo del suo spessore
(nel caso di grandi bundles) allora questo sarà adsorbito parallelamente alla superfice
(con i NRs perpendicolari alla superficie). Al contrario, nel caso di piccoli bundles
(formate per esempio da 3-6 NRs), lo spessore è molto maggiore della larghezza, e
quindi queste saranno adsorbite perpendicolarmente all’interfaccia (con i NRs paralleli
all’interfaccia). Nel capitolo 6 questo argomento viene ulteriormente sviluppato,
dimostrando che l’orientamento di NRs nella superstruttura finale può essere controllato
anche variando l’intensità dell’interazione fra i singoli NRs. Infatti, aggiungendo un antisolvente (cioè una sostanza in cui in NRs non sono solubili) l’interazione fra i NRs
aumenta notevolmente, e di conseguenza si possono ottenere strutture con i NRs
orientati verticalmente anche in caso di NRs molto corti, senza doverne aumentare la
concentrazione. In entrambi i casi, i risultati sperimentali sono risultati in accordo con il
nostro modello di “auto-assemblaggio gerarchico”. Tuttavia, non ci sono evidenze
dirette che questi bundles si formino in soluzione. Infatti, la tecnica GISAXS è perfetta
per monitorare la superficie, all’interfaccia liquido/aira, ma non offre la possibilità di
studiare anche la soluzione. Per questo motivo nel capitolo 7 riportiamo un secondo
tipo di esperimento volto a studiare le dinamiche dei bundles in soluzione. Abbiamo
usato una tecnica di diffusione di raggi X a basso angolo, denominata SAXS, che ci
permette di studiare direttamente l’intero volume di soluzione. Questi risultati
dimostrano l’esistenza di strutture cristalline formate da NRs organizzati in un reticolo di
tipo esagonale. In aggiunta, per avere informazioni sull’equilibrio di questi bundles in
soluzione e sull’effetto della lunghezza dei NRs costituenti sulle dimensioni dei bundles,
la stessa soluzione è stata analizzata misurando il segnale di dicroismo lineare indotto
da un campo magnetico. In questo modo abbiamo potuto verificare che, in effetti, le
dimensioni dei bundles dipendono dalla lunghezza del NRs.
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Nell’ultima parte di questo lavoro, si discute una metodica facile e versatile per
migliorare la processabilità di CdSe/CdS NRs (capitolo 8). A questo scopo abbiamo
studiato un metodo per incorporare i NRs in una shell di silice (SiO2), utilizzando un
metodo basato sull’uso di micelle inverse, che incorporando il NR fungono come celle di
reazione per la crescita della silice. Questo studio ha dimostrato che il meccanismo di
incorporazione del NR in silice dipende dalla forma e dalla asimmetria del NR. Di
particolare interesse è l'osservazione che dopo essere stati incorporati in una shell di
silice i NRs mostrano un aumento della loro foto-stabilità (alla luce e all’ossigeno)
mentre le loro proprietà ottiche rimangono invariate.
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