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Introduction

Nowadays, significant progresses have been made in developing nanomaterials like
nanoparticles due to their promising potential in nanodevices with future applications in the
fields of biomedicine, chemistry, electronics, and optics. Over the past decade, excellent
methodologies have been developped for controlling their size, morphology and crystalline
phase.! However, the realization of emerging convergence technology requires to have the
capability to observe, understand, control, and even to predict the reactivity of materials at

multiscale levels including, nano, micro, and macro scales.

The connection among different scales is necessary for producing novel nano-
electric/optical/magnetic devices and nano-energy devices revealing extraordinary and
original performances.? Such unification among different levels in three-dimensions is
referred to as three-dimensional architecture. The creation of such unification is difficult and

challenging, but also worthwhile to explore owing everything can entail.2

In the last two decades, colloidal semiconductors nanocrystals like quantum dots
(QDs) have generated strong interest thanks to their tunable spectroscopic properties due to
guantum confinement, making them promising materials for the application in various fields
such as lighting technologies and bioimaging.> These nanomaterials are made of cadmium
chalcogenides, such as CdS, and CdSe since the photoluminescence and absorption band is
located in the visible range.* However, despite the implicit toxicity concerns,® the cadmium
selenide (CdSe) QDs are popular because of their facile synthesis and potential ability,
although challenging, to develop hybrid, and composite nanomaterials, which is the particular
interest in this work. Very recently our group was able to graft coordinating complexes such
as Mn(Il) complexes at the surface of QDs, revealing promising magneto-optics properties
since after illuminating at 532 nm laser light on the hybrid QDs, their magnetization increases
suggesting ferromagnetic alignment of Mn(l1) ions. Colloidal semiconductor nanocrystals can
be synthesized in various shapes and size.* In semiconductors, an important criterion is the

shape, because it strongly modifies the electronic properties.®

In 2008, the synthesis of quantum wells, also known as nanoplatelets (NPLs) by
Dubertret and coworkers was reported.” These semiconducting colloidal nanoplatelets have a
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zinc blende structure. These ultrathin and flat nanocrystalline colloids exhibit outstanding
optical properties, which are tunable by controlling their vertical thickness.

From a chemical outlook, these new materials are attractive to study because they have
precisely defined facets (that are capped with organic ligands), making them a model system
to understand the influence of surface chemistry.® These nanoplatelets with their unique
physical properties and well-defined chemistry encourage us to give the next step to the
development of new hybrid materials. However, to the best of our knowledge, the existence

of hybrids NPLs has not been observed or studied yet.

Despite the scarce significant references in the field of hybrid nanoplatelets, we
decided to create new hybrids NPLs by the incorporation of inorganic molecules (annexes).
Experimentally, this task was difficult since the NPLs stability as well as their optical
properties are often ultimately limited by the performance of the ligand that binds the surface

of the NPLs, quenching their photoluminescence and in most cases destroying them.

Recently, Abécassis et al, have reported that the assembly of NPLs in solution was
obtained upon the addition of an antisolvent® and upon the incorporation of an excess of oleic
acids®® giving long micrometer needles. Interestingly, the assembly of the nanoplatelets emits
polarized light® and the interaction between the quantum well within stacks trigger the
appearance of a phonon replica at low temperature.** Thanks to these favorable features we
further developed a new system that reversibly induces the formation of long superstructures

made of nanoplatelets.

In chapter 2, the strategy starts with the functionalization of the NPLs with
azobenzenes molecules specially designed to anchor the surface of the nanoparticles. These
azobenzene ligands synthesized in Enschede by the group of Prof. Nathalie Katsonis are
photoswitchable molecules that go through a trans to cis isomerization upon UV illumination,
triggering the NPLs assembly. With the aim to further characterize the assembly properties of
these nanoplatelets, | did two internships at the University of Twente in Enschede thanks to
the MiChem Labex and French-Dutch network for higher education and research, whom
provided me an Eole scholarship. The experience left us with a conceptual idea of evolving

and improving the system.
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The next big step of the work was to evolve from colloidal hybrids to composite
materials. Composite materials are the new generation of novel materials thanks to their
dimensional and chemical stability.*? They are made from mixing two or more materials with
different physical and chemical properties with the aim to control and develop new and
unprecedented structures. The special properties of the composites rely on the individual
components, their morphology and the interactions between its phases at the inner interfaces.
Moreover, semiconductor-based composite materials are attractive material since both
absorption and light emission of semiconductors nanoparticles can be strongly affected in the
nanometer size, giving them a new dimension to their study.’® But what will happen if we
incorporate a paramagnetic component to these semiconductors? Can collective properties
lead to original magneto-optical behaviors? In chapter 3, in order to answer these questions,
we develop semiconductor-based paramagnetic composite materials by the interaction
between semiconductor nanoplatelets and paramagnetic molecular complex like the cobalt
phthalocyanine (CoPc) molecule.
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Chapter I: Semiconducting nanocrystals
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Chapter I: Semiconducting nanocrystals

1.1 Definition

Colloidal semiconducting nanocrystals (NCs) are crystalline particles containing some
hundreds to a few thousands of atoms. These compounds are based on an inorganic core,

enclosed in an organic outer layer of surfactant molecules called ligands.*

The physical important parameter of semiconducting materials is the width of the
energy gap, which is the minimum energy required to promote an electron from the ground
state valence energy band to the conduction energy band (see Fig.1), forming an exciton.? The
energy gap is a fixed parameter in solids of macroscopic size and depends on the material’s
nature. The situation is different in nano-semiconductors with sizes smaller than ~ 10 nm,
because of their dimensionality and quantization. This gap is related to the quantum system
for which electronic excited states feel the presence of the particle border. The electronic
levels respond to any change in the particle size by adjusting their energy. This feature is
known as quantum confinement, and the nanomaterials with this characteristic are referred to

as quantum dots (QDs).3#

Conduction band

Band gap exciton

Energy

Valence band

Figure 1. Formation of an exciton
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Colloidal quantum dots can be considered as an intermediate class of material between
atoms and bulk. The comparison between the energy levels of nanocrystals and bulk

semiconductors on the one side and molecular structures on the other side is exemplified by

the figure 2.
Siciecuis Semiconductor . Bulk

Nanocrystal Semiconductor

LUMO

E S ———— Conduction

— Band
e — Valence
e ZERT

HOMO e —

Figure 2. Evolution of electronic levels from molecule to bulk material

Nanocrystals are classified according to the categories given by Pokropivny and
Skorokhod (2007)° in:

* (3D) Three-dimensional structures (nanocups).

» Two-dimensional (2D) structures such as nanofilms, nanosheets, nanoplatelets
(NPLs), etc.

* One-dimensional (1D) materials as nanowires (NWs), nanorods (NRs),

« Zero-dimensional (0D) structures as nanospheres, nanodots, etc.

In bulk semiconductors, the exciton can move freely in all directions. When the size of
the nanocrystals semiconductors is smaller than the radius of Bohr of the exciton, the charge
carriers (electron and hole) become spatially confined; this effect is known as quantum
confinement regime. Therefore, the exciton’s size outlines the transition between the bulk
crystal properties and the quantum confinement. The quantum confinement displays size-
dependent absorption and fluorescence spectra. In addition, depending of the degree of

confinement and the dimensionality, the band gap can be tuned to a define energy.
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I. 2 Optical properties of CdSe semiconductor

CdSe nanoparticles are 11-VI semiconductors with interesting optical properties
determined by their size and structure. The conduction band is typically composed of the s
orbitals of cadmium, which is degenerate twice by the electron spin. The conduction band
commonly consists of the orbitals pyx, py, and p; of selenium and is degenerated 6 times by the
hole spin and the orbital moment. The valence band also comprises three bands, heavy holes
(hh), light holes (Ih) and the split off bands (so). The 11-VI semiconductors usually present an
interaction between the spin s and the orbital moment | of a particle resulting in a quantum
number (J = s + I). In the valence band, the quantum number J takes different values in the
hole bands (Jn = 3/2 and Jn = 1/2) and they are separated by an energy Aso. In the case of the

wiirzite structure, the hh and the Ih are separated by an energy Aint (Fig. 3).°

Conduction band

heavy-hole
J,=3/2 band
Valence band ¢ i
; lighthole
band

CdSe zinc blende so band

Figure 3. Schematic representation of the energy band structure of zinc blende and
wiurzite CdSe nanocrystals.

The spacing between the bands diminishes when atoms are added to the particle.
When the semiconducting nanocrystals are of the same composition but of different sizes
their optical properties change. Upon excitation at energy bigger than the band gap an
electron-hole pair (exciton) is created between the valence and the conduction band. This is
noticeable on the UV-visible absorbance spectra (Fig. 4). For incident energies below the

band gap the material does not absorb light. For an incident energy corresponding to this gap,

10
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one can observe a transition known as the excitonic transition. And for even higher energies,

the absorbance continuously increases since all transitions in the conduction band can occur.

The exciton then relaxes in a radiative manner leading to a photoluminescence (PL) spectrum

made of a single narrow peak corresponding to the splitting between the band edges. As

consequences, since the bigger the nanocrystals are the smaller the gap is, the emission color

of the band-edge PL shifts continuously, towards lower energies, as the size of the

nanocrystals increases, and so does the excitonic transition in absorbance (Fig. 4). The

distance between the electron and hole in a semiconductor is known as the Bohr radius of the

exciton (ag). The minimum value for the band gaps corresponds to the bulk material, value
that can be reached when the radius of the crystals is of the order of the Bohr radius of the

exciton.!

Figure 4. UV- visible spectra of various size QDs (top). Size-tunable fluorescence of

Wavelength (nm)
900 700 500 400

| Diameter

Absorption (AU)

CdSe NC

b

20 nm

7.3 nm
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2.9 nm
2.2M
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15 2.0 25 3.0 35
Photon Energy (eV)

guantum dots (bottom).

11
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I. 3 Synthesis

Over the past several years considerable effort has been placed on the controlled
synthesis of semiconducting nanocrystallites. Achieving an appropriate high quality synthetic
method is crucial to interpreting optical properties, and such an interpretation can be
challenging because of different phenomena associated to polydispersities in size and shape
and poor crystallinity.” QDs have been prepared by physical and chemical methods:

I. 3. 1 Physical methods

Thermal evaporation (TED) is a physical vapor deposition (PVD) technique usually
applied to fabricate an extensive range of thin films. This technique is performed in vacuum
and the solid precursor is heated at high temperature (above its melting point) until its
evaporation. The stream of vapors moves towards a substrate and condenses in the form of
thin films. This method allows a better control of different parameters such as thickness,
composition, grain size, morphology. For instance, CdS and ZnS of one-dimensional
nanoshape such as nanowires and nanoribbons were fabricated on silicon substrates in the
presence of Au catalyst by thermal evaporation. The temperature and the concentration of the
subtrates were the critical experimental parameter for the formation of different

morphologies.?®

Electron beam evaporation is assigned as electron beam physical vapor deposition. In
this method, an energetic beam of electrons strikes the material source in a vacuum container
and the atoms at the surface collect enough energy to evaporate. The evaporated atoms
condense in the form of a coating on the substrate. Electron beam evaporation produces

attractive control deposition and morphology with low contamination.®

These vacuum techniques have not been studied during this Ph.D. since we intended to

develop a soft method to synthesize colloidal hybrid nanocrystals.
I. 3. 2 Chemical methods

The physical methods described above present two main disadvantages: i) they require
ultra-high vacuum technologies that are expensive and heavy to process and ii) QDs are
produced in small quantities. Therefore chemists have sought to produce inexpensive and
bench experiments able to easily produce batches of colloidal nanocrystals. Here we will

12
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shortly present an overview of different synthetic techniques to produce colloidal

nanocrystals.

The solvothermal process® involves the chemical reaction of precursors using organic
solvents, performed at a temperature that is higher than the boiling point of the solvent. In this
method, physicochemical reactions take place at high pressure and temperature. This is so
because the growth process is carried out in a container known as autoclave (made of
Teflon/stainless steel). Precursors and solvents react at a specific temperature for different
durations. The process introduces organic solvents such as long alkylamines (octadecylamine)
and more recently short-chain alkylamines (ethylenediamine). The structure, morphology,
size, crystal shape and properties of the semiconductor nanocrystallites are strongly
influenced by different parameters such as solvent, temperature conditions, precursors,
concentration and processing time. The solvothermal technique uses a simple and nontoxic
solution route, without tedious size-selection processes and expensive organometallic/non
metallic precursors. The advantages of this environment-friendly solvothermal technique
include the production of size controlled monodisperse nanocrystals like nanospheres,
nanowires, nanorods and nanotripods.>'° For instance, nanorods of CdE (E=S, Se, Te) have

been successfully synthesized with a solvothermal method. !

The Sol-gel method® is a chemical synthesis route used to make materials via
polycondensation of molecular species from a solution. This method usually consists of
dispersed colloidal particles in a solvent (a sol), which is chemically converted into a gel
(aggregated sol particles) followed by condensation in the form of solid nanostructures. Sol-
gel is a wet chemical method that embraces 2 steps: the first comprises hydrolysis and
polycondensation reactions of the precursors to prepare the gels, and the second is sintering of
amorphous colloidal into compact powder. This process facilitates the production of

nanospheres and nanorods.

Pyrolysis (or hot injection) is one of the most used techniques for the production of
high quality nearly monodisperse samples of CdS (E= S, Se, Te) nanometer size crystallites.
The synthesis begins with the rapid injection of metal-organic precursors into a hot
coordinating solvent (120-360°C) to produce temporally discrete homogenous nucleation.
CdSe QDs can be prepared from a variety of cadmium precursors, as alkyl cadmium
compounds and some cadmium salts (cadmium oxide, cadmium acetate and cadmium

carbonate) combined with a selenium precursor at room temperature (r.t), which is prepared

13
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by dissolving Se powder in trioctylphosphine (TOP) and making a TOP-Se complex. The
reagent mixture is rapidly injected to the hot surfactant solvent TOPO (180-210°C°) that
results in a short burst of homogeneous nucleation, which is quickly quenched by the fast
cooling of the introduction of room temperature reagents.®” One of the main disadvantages of
the pyrolysis process was that it required special experimental precautions because of the
extreme high reactivity of the cadmium precursors that also used to restrain the size of the
batches.! Nevertheless, this problem has been solved over the past decade by using cadmium

oxide as stable precursor.

The template method is an easy technique commonly used to prepare nanomaterials.*?
Compared to traditional techniques, the template route allows the efficient control of
particles’ size, structure and morphology. This technique includes three steps. The first is the
preparation of the template. Second, another synthetic approach as sol-gel and hydrothermal
method is employed to prepare the main material based on the function of template. Third, the
template is removed. The template method is usually divided in 2 groups depending on the

use of a hard template or a soft template.

The hard template is a rigid material that controls the dimensions and the morphology
of the material.*? For the preparation of nanomaterials, using porous materials, the precursor
is likely to crystallize outside or inside of the pores of the template. The dimension of the
pores will contain the unit cell of the material and will form a crystal material, having the
same structure as the pore. The material obtained by this process presents good dispersity and
homogenous size. However, the removing of the templates usually causes the collapse of part

of the pores structure, which affects the final product.

The soft template method requires simple equipment and usually allows good
reproducibility.’? It begins with the formation of an aggregate of organic molecules
(surfactants, polymers) by intermolecular interactions. And these aggregates are used as
templates. On the surface of or inside these templates some inorganic species are deposited by
different methods to form particles with different sizes and shapes. Surfactants and polymers
are often used as templates. One of the disadvantages of the method is the stability of the
aggregates: ordered structures are formed only if the template has a strong interaction with the

precursor.
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I. 4 Shape control

The study of the formation and shape evolution of colloidal semiconducting
nanocrystals are of great importance to understand the nucleation and growth process. The
nucleation is the first step in the growth of any nanocrystal. Through a fluctuation of the
medium in which the nanocrystals are formed, several atoms assemble to a small crystal seed
that is thermodynamically stable, and thus does not fall into free atoms or ions.! Then, growth

can be controlled by the kinetics of the reaction or the use of surfactants.
I. 4. 1 Kinetic control

The control of the growth kinetics of I1-VI semiconductors can modify the shape of
the particles from a spherical to rod morphology. This also implies that kinetic control can be
used to manipulate the average particle size and size distribution. The model of LaMer and
Dinegar® exemplifies the correlation between the solute concentration and different reaction
periods. The model includes three periods that start by a supersaturation (1), then a nucleation
event (I1) followed by a rapid growth (I11) and finally by a slower growth by Ostwald ripening
(IV) (Fig. 5). Peng et al. further studied the growth of CdSe nanocrystals and observed the
shape evolution from dots to rods. They showed that the growth process also develops in two

steps, related to the concentration of the monomers: focusing and defocusing.®

The authors reported that chemical potential of elongated nanocrystals is commonly
high compared to dot-shaped nanocrystals. This means that the growth of elongated
nanocrystals will take place when the chemical potential of the monomers in solution is
relatively high, and usually this occurs when the activity of the monomers (monomers
concentration) is also high. This means that by simply increasing the monomers concentration
in the solution, dot-shaped CdSe nanocrystal were transformed in rod-shaped. When the Cd
concentration of the monomer is higher than the solubilities of all the particles, the
nanocrystals grow only along a unique axis. And also some variables as ratio and volume of
the crystal increase faster which results in a one-dimensional growth stage (1D-growth stage)
and the size distribution narrows down. This is the focusing of size distribution, which leads

to a close formation of monodisperse colloidal nanocrystals.

15



Flores Arias Yesica — doctoral Thesis - 2018

Sl 1N
nucleation
Scn‘!.
focusing
Stoc.
L defocusing
i 5 —y
t

Figure 5. La Mer's model describing the nucleation and growth process for
monodisperse colloidal particles.

But if the Cd monomer concentration is at an intermediate level the crystal grows
simultaneously in three dimensions. The ratio stays constant and the crystal volume increases.
In addition to the concentration of the monomers, thermodynamic parameters (in addition to
temperature) also promote the three-dimensional growth. Indeed, when the monomer
concentration drops below the critical point, the length of the rods diminished and their width
increased and the size distribution broadens. This means that the anisotropic structure is not
thermodynamically favourable as the monomers move away from the rod and grow onto the
sides promoting one-dimension to two-dimension intraparticle ripening (1D to 2D ripening).
In this process with sufficient time, the quantum rods can progress into dot-shaped. This is the

defocusing of size distribution (Ostwald ripening).14*°
I. 4. 2 Shape control by the surfactants

The performance of surfactants (or surface ligands) has initially been optimized to
promote colloidal stability rather than shape and size control. However, surfactants, more than
making the nanocrystals dispersible in organic solvents also show extraordinary control over
crystal growth at the nanoscale and produce well-defined morphologies.

On the basis of the above facts, to preserve the control of the growth rates, different
surfactants need to be used. Peng’s group'>!® further discovered that pure TOPO is not
convenient to obtain quantum rods. The presence of pure TOPO induces a faster growth at the
high monomer concentration that causes big rod-like particles. The additional components in
technical grade TOPO generate slow growth kinetics. To simulate the presence of impurities
in technical TOPO (alkyl phosphonic and phosphinic acids - that bind relatively strongly to
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cadmium), they add a hexyl-phosphonic acids (HPA) that coordinates stronger than TOPO to
cadmium. That allows adjusting the growth rate and improves the shape control of the

nanocrystals.

Highly hydrophobic surfactants (e.g double tail surfactants) have been demonstrated to
be exceptional shape directing agents over crystal growth at nanoscale due to a better surface
passivation ability. Double tail surfactants are more hydrophobic and surface active in
comparison to the single tail surfactants. When a surfactant is highly hydrophobic as in the
case of didodecyl dimethylammonium bromide (DTAB) the formation of cubes with {100}
crystal planes is generated. However weaker hydrophobicity (as dimethylene bis-

(dodecyldimethylammoniun bromide) preserves hexagons bound with {111} crystal planes.’

The parameters cited above allowed different authors to synthesize CdSe QDs,*® Q-
rods,’® tetrapods,?® nanoplatelets?! and quantum rings (Fig. 6).22 Among CdSe nanocrystals,

we will focus now on nanoplatelets.

Figure 6. TEM micrographs of different CdSe nanocrystals: from left to right, rods,
tetrapods and nanoplatelets.

I. 5 CdSe Nanoplatelets: synthetic aspects

Two-dimensional CdSe semiconductor nanoplatelets or quantum disks have been
obtained in two different crystal structures wirtzite and zinc blende. The latter has been
synthesized by Ithurria and Dubertret in 20082t and is one of the most of interesting kind of

nanocrystals thanks to their unique optical properties.

An approach to the synthesis of zinc blende nanoplatelets is in some way the soft
template method previously mentioned. The synthesis for the CdSe NPLs relies on fatty acid

17



Flores Arias Yesica — doctoral Thesis - 2018

ligands that bond on the basal planes of the nanoplatelets or quantum disk. To explain, the
formation CdSe nanoplatelets, the groups of Peng on the one side and Dubertret, on the other
side do not agree on the mechanism of formation of the NPLs and therefore on the best
conditions to get them. Dubertret’s group, the initiator of nanoplatelets, established that using
cadmium acetate (CdOAc?) or short carboxylates as precursor is necessary to trigger the
lateral extension of the NPLs. On the contrary, Li and Peng? claimed that any fatty acid can
be used to get NPLs such as cadmium butanoate (CdBu.), and cadmium octanoate (CdOc).
Nevertheless, both groups concluded that fatty acids are anyway necessary in the synthesis of
2D CdSe nanostructures, either by using these fatty acids as precursors or by adding it during
the reaction. In fact, the temperature range of the synthesis is determined by the hydrocarbon
chain length of the fatty acids which must be between 140 and 250°C in order to get platelets

(Fig.7).

(CdFa, + Se) mixed Ar
with fatty acidsin ,
140-250°C

ODE at room T

SRR

Figure 7. Reaction strategy for obtaining CdSe nanoplatelets. CdFaz represents the
cadmium fatty acid salts.

Among fatty acids that can be used for the synthesis of NPLs, Peng and co-workers
tried two fatty acids, stearic acid and decanoic acid (Fig. 8). The results revealed that the up
temperature limit increased as the chain length of the fatty acids raised. Therefore, the
temperature of apparition of quantum dots occurred early for the dodecanoic acid. The figure
8 show the maximum absorbance of the CdSe nanoplatelets obtained at 180°C for the
dodecanoic acid and 240°C for the stearic acid. Li and Peng attributed this effect to the
influence of the hydrocarbon chain on the thermal stability of the NPLs, one of the key

parameters on the soft-template growth mechanism.
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Figure 8. UV-vis of CdSe quantum disks grown at different temperatures and obtained with
stearic acid (left) and decanoic acid (rigth). The inset shows the absorbance of the excitonic
absorption versus the temperature of the reaction.

It should be pointed out that the lateral dimensions rely upon the concentration of fatty
acids, the chain length of fatty acids, and the reaction temperature and the lateral size can be
tuned from some nanometers to a few hundred nanometers. It was found that the lower the
concentration of the fatty acids the larger the lateral dimension was obtaining. But also
increasing the length of fatty acids can lead to the same result. Regarding the effect of the
temperature, low temperature resulted in quantum disk of small lateral dimensions.?® The
continuous injection of precursors also induces the growth of lateral extension in different
nanoparticles such as CdTe and CdSe NPLs. Another variable to control on these NCs is the

thickness.

Further studies?* demonstrated that the latter the acetates are added to the synthesis the
thicker the NPLs would be formed. In the case of CdS, it was shown that low temperature and
shorter alipathic chains induce thinner nanoplatelets. The NPLs formation appears between
130 and 140°C in a period of few minutes, the low temperature limit is possibly determined
by the activation of elemental Se in the reaction system. The growth of these ultrathin
nanocrystals is achieved at higher temperature ranging from 130°C to 250°C whereas at lower
temperature the formation of wiirzite NPLs take place.?* Higher temperature could eliminate

the packing of ligands that is critical for the formation of soft-template process.
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Li and Peng also studied the monomers concentration effect on the formation of
nanoplatelets. We mentioned in paragraph 1.4.1 that in order to get II-IV quantum rods, the
concentration of the monomers should be sufficiently high to induce the 1D- growth.
However, they didn’t found a relevant difference by varying the precursor concentration. One
possible explanation is that the Se powder used for the synthesis was no activated, owed to
the low temperature reaction used for analyzing.

They also observed that the Cd and Se precursors ratio should be necessary higher
than 1:1 for the growth of CdSe disks. This result is consistent with to the fact that in two-

dimensional nanocrystals both the top and the bottom are Cd atoms terminated.?

Dubertret’s group?® demonstrated that CdSe nanoplatelets growth begins with the
nucleation of~ 2 nm diameter nanocrystals seeds. These small nanocrystals would then
immediately associate, to form NPLs that gradually expand their lateral dimension (Fig. 9).
The formation of nanoplatelets could start by the self-assembly of this well-defined seed to
extend laterally (path 1). The self-organization of small cluster that assemble in patches has
been observed in ultrathin PbS nanoplatelets with a rock salt crystal structure (path 3). These
seeds have two cation-rich facets that are bound to ligands and also can extend laterally
thanks to in situ continuous reaction of Cd and Se precursors on the NPLs edges (path 2).
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Figure 9. Evolution of the CdSe NPLs lateral extension. It begins with the formation of
small seeds. The seeds self-organize to assemble and form the lateral extension (path 1).
Lateral dimensions extend by continuous reaction of precursors (path 2).

I. 6 Optical properties of CdSe nanoplatelets

In recent vyears, colloidal quasi-two dimensional (2D) II-VI semiconductor
nanocrystals (NPLs) such as CdS, CdTe and CdSe has gained growing interest due their
original optical properties that empower advanced optoelectronic devices. These flat
nanocrystals have electronic lateral dimensions that are much larger than the exciton Bohr
radius. But their thickness is similar to those of the ultrathin semiconducting quantum wells
(QWs).2°

Cadmium-based nanoparticles offer?® advantageous features such as a strong oscillator
strength and direct bandgaps in the visible region. Thanks to these, many properties of these
NPLs such as size, shape, composition, crystal structure or surface ligands can be analyzed by
using spectroscopic studies as fluorescence, absorption, photoluminescence excitation and

fluorescence lifetime.
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Contrary to the wiirtzite structure the zinc blende NPLs present their thickness along
the short axis direction (001). The others two long axis directions correspond to their lateral
NPLs planes. The thickness control is quantized to an integer number of monolayers (MLS).
Recently, it has been synthesized 3 different populations of nanoplatelets with thickness of
0.9, 1.2 and 1.5 nn. This thickness is characterized by monolayers of CdSe with
corresponding numbers of Se layers, which we term 3ML, 4ML, 5ML; maxima of exciton
absorption can be found at 463, 513, and 550 nm with lateral dimensions of 605 nm by 40+7
nm for 3ML, 27+3 nm by 7+2 nm for 4 ML, 25+3 nm by 10+1 nm for 5ML.2"?8

The emission quantum vyield (QY) has been reported around 50% for the 5ML,
between 55 and 34 % for 4ML an 10% for 3ML. The PL lifetime is much faster in NPLs than
in OD QDs, it can go from few nanoseconds at room temperature to 300 ps at 4 K, which

makes the NPIs the fastest colloidal emitters until now.2°

For each population of NPLs we can identify on the absorbance spectrum two
transitions: a sharp peak that corresponds to the first excitonic transition electron/heavy hole
(lowest energy), and a broader signal corresponding to the electron/light hole transition

(highest energy). These two transitions are at 513 nm and 480 nm for the 4 ML (Fig. 10).2°
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Figure 10. Absorption (solid lines) and photoluminescence spectra (dotted lines) emitting
at 462nm (3ML), 512nm (4ML.), 550 nm (5ML) CdSe nanoplatelets.
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l. 6. 1 Effect of the NPLs thickness and lateral dimensions

The strong quantum confinement in the NPLs is only in the vertical direction, meaning
that the only parameter that defines the exciton energy is the thickness of the nanoplatelets.?
The strong quantum confinement, at the same time, is reflected in a extremely narrow intense
bands on both absorption and PL spectra with full width at half maximum (fwhm) close to kT

tipically between 7 and 10 nm at room temperature and a small Stokes shift.%03!

On the other hand, it was reported that increasing the lateral size of NPLS does not
produce any spectral shift on PL. However, growing the lateral dimensions has been shown to
decrease the Photoluminescence efficiency (PL-QE) and to greatly accelerate the
photoluminescence decay rate (Fig. 11). To explain this observation it was found that a broad
part of the population of NPLs present hole traps and the probability to find these defects such
as Cd vacancy in the CdSe NPLs increases as the lateral area increases. Therefore, this
suggests that in ensemble NPLs where the mean lateral size is larger the nonradiative trap
channel is introduced by the defected NPIs subpopulation.?®
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Figure 11. Evolution of the photoluminescence quantum efficiency with increasing lateral size.

Dubretret and co-workers concluded that the zinc blende NPLs presents an atomically
flat surface.?® And being atomically flat enhances the interaction between ligands decorating

their surface compared with highly curved surfaces.!
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I. 6. 2 Effect of the ligand

Ligands play an important role in the colloidal nanocrystal semiconductors properties.
For exemple, ligands molecules can be employed as precursors in the synthesis of NCs; they
can influence the nucleation and growth kinetic as well as the morphology, size control and
crystalline structure of the NCs as we have studied before. They also contribute to the
colloidal, chemical and photo-stability in several media by modifying the functionality and
reactivity of the NCs. Moreover, it determines significantly the physical properties of the
NCs. Among these features, studying the interactions between the ligand and the interphase in

the 2D semiconductors nanoplatelets is becoming of great interest.

A key advantage of the NPLs compared to the QDs and nanorods is the surface
chemistry, while for QDs and nanorods their highly curved surface introduce disorder in the

ligand layer, NPLs present a relatively large and atomically flat surface.

Recently the group of Antanovich®, evidenced the impact of surface passivating
ligands on the optical and structural properties of zinc blende CdSe nanoplatelets. They
observed that upon ligand-exchange of native oleic acid (OA) with hexadecanethiol (HDT)
and n-hexadecylphosphonic acid (HDPA) on the surface with different monolayers CdSe

nanoplatelets the optical spectra become significantly red-shifted (Fig. 12).
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Figure 12. Absorbance (black) and emission spectra (red) of 4ML CdSe NPLs coated
with oleic acid (OA), hexadecanethiol (HDT), hexadecylphosphonic acid (HDPA).
Dashed lines show the first absorption maxima.

It has been reported for QDs that some capping ligands as phenylchalcogenols Ph-X
(X= SH, SeH, TeH) and non-innocent ligands (e.g. phenyldithiocarbamate) can induce large
red-shift in PL around 10 -40 nm. Nevertheless, HDPA and HDT are ligands that modify the
confinement and exciton transition energy by altering the NCs band gap. They demonstrated
that the exciton energy shift was related to structural changes. They exhibited by XRD that
the functionalization of the NPLs with organic ligands induces an anisotropic distortion of the
unit cell by ligands comprising a contraction of the lateral direction and an expansion in the
thickness direction of the ZB unit cell (Fig. 13). This means that cubic symmetry of the ZB
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CdSe lattice is diminished into a tetragonal symmetry. Since the lattice distortion can be
attributed to several elements, the observed lattice strain magnitude was attributed to the head
group interaction with the surface Cd atoms of the NPLs. This assumption is in line with
several reports that indicate that an increase of ligand coverage could generate the
augmentation of repulsive interaction of headgroups, leading to tensile strain. Therefore,
ligand induced strain alters the well thickness and hence the exciton confinement.?
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Figure 13. Proposed scheme of anisotropic lattice distortion by ligand exchange.

I. 7 Self-assembly of CdSe nanoplatelets

In 2013, Dubertret and coworkers®® reported the self-organization of CdSe
nanoplatelets into stacks to form 1D-superlattice through the addition of an antisolvent in the
colloidal nanoplatelets solution. They noted that addition of ethanol could trigger the
formation of anisotropic supracrystals. Hassinen and coworkers®* exposed that short-chain
alcohols remove and replace the carboxylate ligands at the surface of QDs nanocrystals.
Therefore, the addition of ethanol could restrain the steric repulsion imposed by the oleic acid
brush making possible the nanoparticles stacking. Another explanation comes from the fact
that ethanol is a bad solvent for the aliphatic chain of the carboxylate ligands. In other terms,
the contact between aliphatic chains of the oleic acids is energetically favoured when the
amount of ethanol is increased. In these supraparticles, the NPL building blocks are oriented
with their lateral planes that are perpendicular to the long axis of the column-like assemblies,

whose length can contain about 10° individual nanoparticles (Fig. 14).
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Figure 14. Self-organization of ZB CdSe nanocrystals into 1D superparticles

Interestingly, the light emitted by these microneedles is steadily polarized in the
direction perpendicular of the principal direction of the microneedles. This indicate the

polarization in the plane of an individual nanoplatelet (Fig 15).3

Figure 15. Epifluorescence measurements of stacked NPLs versus the polarization
direction.

Another approach to promoting the self-organization of CdSe NPLs is by the slow
evaporation of colloidal solution. Abécassis and coworkers used oleic acid followed by a slow
drying and then a redispersion to induce the self-assembly into micrometre-long threads. They
detected by fluorescence microscopy that these threads can periodically break and restore
dynamically. Moreover, free NPL join to both terminations of the existing threads with no

formation of new chains. In other terms, the length of threads increases through the addition
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of NPLs (Fig. 16). For this reason the 1-dimensional superstructures was named living
polymers. Two different forces may favour the self-assembly of the system: Van der Waals
and depletion interactions. The first one destabilize colloidal solution within time and the

second depends linearly on the oleic acid concentration.®
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Figure 16. Dependence of the threads average length on the number of NPL
added.

The gradual process of formation of stack of nanoplatelets was studied by Guzelturc et
al.® They observed that the photoluminescence intensity decreases as the NPLs are formed
into stacks upon addition of ethanol (Fig. 17).
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Figure 17. Influence of the stacking of NPLs on the fluorescence properties upon the
addition of ethanol.

They showed that the quenching of the photoluminescence was linked to the existence
of exciton migration. According to their explanation, the excitons migrate from one platelet to
another within the stacked NPLs assemblies until they come to a non emissive well (Fig. 18).
It has been reported that CdSe NCs bearing poorly passivated surfaces sites, crystal and
surface defects can outcome in non-emmisive nanocrystals. For instance, hole trapping was
associated to Cd vacancies and poor surface passivation in CdSe NCs leading to a non-
radiative recombination of the exciton. Non-radiative recombination is when an electron in
the conduction band recombines with a hole in the valence band and the excess of energy is
emitted in the form of heat.3” As a consequence, the existence of non-emissive platelets in

stacked quantum wells can strongly decrease the photoluminescence intensity.3®
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Figure 18. Scheme of nonemissive NPL within the stacks leading to hole trapping on the

exciton migration, causing non radiative recombination which results in the
photoluminescence emission decrease of the stacked NPLs.

In order to understand the influence of the nanocrystal environments, the spectroscopy
of a single nanoplatele was analyzed at room temperature and at 20 K. Tessier et al.
compared the emission spectra of single CdSe NPLs on a glass surface in air with the
emission of CdSe NPLs in solution. Surprisingly the emission spectrum of the single ones
was very similar to the ones of unstacked ensembles (Fig. 19). This similarity is because there
is no inhomogenous broadening in these ultrathin NPLs which is common detected for
spherical and rodlike particles) and that is caused by size alteration. They also observed that
the fwhm of single NPL is slightly bigger than the unstaked ensemble measurement. This
behavior may be related to the fact that the single NPL were exposed in air which results in
various emitting states. And these different emitting states may correspond to the
rearrangements of the ligands as a consequence of the reversible interaction of the basal

planes of the NPLs with H2O and/or O, and photo-oxidation during illumination in air.3®
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Figure 19. Emission spectra of NPLs in solution and on single platelet on a glass
substrate at room temperature.

At 20 K, the fwhm of the PL spectrum of a single NPL decreases at low excitation,

while the fwhm of the unstacked NPLs becomes larger (Fig. 20). The large inhomogenous

broadening detected in unstacked nanoplatelets was related to spectral diffusion. Meaning that

local variations of the enviroments can outcome in different emission maxima for every NPL.
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Figure 20. a) Emission spectra of a single NPLs (553 nm) and b) of an ensemble NPLs
(553 nm) at 20 K.

Later the same authors®® demonstrated that stacked NPLs show a different

photoluminescence spectrum compared to the non-stacked ensembles at cryogenic

temperatures. They exhibited the apparition of a second low energy line in the NPL self-
assembly at 20 K (Fig. 21).
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Figure 21. Emission spectra of dispersed NPLs (553 nm) (left) and stacked nanoplatelets
at 20 K.

This red shifted emission line that begins to show up at 120 K was attributed to the
phonon line-emission replica. According to their interpretation, a photon emitted in the main
line (band edge transition) can be reabsorbed by neighbouring NPLs because the Stokes

between the main line emission and the first absorption exciton is too small.

However, when the NPL emit the photon in the phonon line emission, the photon
cannot be reabsorbed by stacked NPLs. The model proposed predicts the increase of the
intensity of the phonon as the lateral dimensions of the NPLs increase, which explains why
the phonon line emission is not observed when the NPLs are well dispersed or in single NPLs.
In addition, the difference between the first and the second emission line is independent of the
NPLs size, thickness, and surface ligand interaction. Interestingly, this energy gap is related to
the character of the material (25 meV for CdSe and 20 meV for CdTe) (Fig. 22).*°
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Figure 22. Emission spectra of an ensemble stacked NPLs (553 nm) demostrating the
energy gap between the high energy line and the low energy line.
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The NPLs optical properties are very much influenced by the environment (ligands,
stacking, solvent, among other factors). It is both an advantage and a difficulty. Therefore we
need to put attention to many parameters when preparing hybrids nanocrystals. At the same
time optical spectroscopies can efficiently probe the correlations between the structure and the

properties of such hybrid nanocrystals.
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Chapter I1: Dynamic assembly of CdSe nanoplatelets

Into superstructures
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Chapter I1: Dynamic assembly of CdSe nanoplatelets into

superstructures

I1. 1 Self-assembly

1. 1. 1 Concept

The origin of self-assembly dates back to 400 BC with the Greek philosopher
Democritus, who imagined the organization of atomistic items to give life to the creation of
the universe. Later in 1644, Descartes visualized the arrangement of small components to
form larger associations driving by the chaos to explain the creation of an ordered universe.
These two greatest philosophers in science inspired later many of the theories that point out
the self-assembly process in the principal fields of science as chemistry, mathematics,

physics, and biology.*

Self- means ‘without outside help or on its own’. And assembly signifies ‘to put
together or even build’. Lately, Nature.com described assembly as the “ the process by which
an organized structure spontaneously forms from individual components, as a result of
specific, local interactions among the components™.? In other terms, self-assembly is a process
by which different kinds of components such as atoms, molecules, colloids, and polymers
spontaneously put themselves together to make complex structures through a broad variety of

interactions.®

The description of assembly involves spontaneity. The basic building blocks or
component interact between then to form structures in an ordered pattern from a disordered
state. This process implies a high number of individual components; for instance,
crystallization may imply one mole or even more. In addition, structures can be formed in the
three different dimensions (1D, 2D, and 3D).*

The process of self-assembly takes place either through static self-assembly or by

dynamic self-assembly.
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I1. 1. 2 Types of assembly

Static assembly implies systems that are at equilibrium and it only occurs if the system
is not dissipating energy.> In other terms, the building blocks assemble by reaching an energy
minimum (equilibrium) to form ordered static equilibrium structures, in the absence of
external forces.! Thus, the static equilibrium structures are stable once they are formed.

Classic examples are liquid crystal, globular proteins, and nanoparticles®.

On the other hand, a dynamic assembly in the presence of external influences involves
systems that are out of thermodynamic equilibrium (known as dissipative systems), involving
energy dissipation. In other words, dynamically assembled structures are formed thanks to a
continuous energy supply. And when the influx of energy stops in the system, the structure

disassembles.t

Nowadays, rules leading to static assemblies are well defined. Therefore, the biggest
challenge to be overcome in the field is defining paradigms able to describe and predict out-
of-equilibrium processes. And this relevance comes from the central role in life of dynamic

processes. Indeed, any living organism is a dynamic system.®

Living systems consume energy from the environment while diminishing entropy. The
energy is directed from the surrounding into the living structure by food or heating and when
the energy stops the organism disassemble. Living organisms are made up of thousands of
unit cells. And the cells die after the energy supply is interrupted. The cell is therefore a
dynamic system. The role of the structures in the cell engages dynamic order such as

filaments, histones, protein aggregates and chromatin.*

Non-living systems also experience dynamic organization. And unlike living systems,
the non-living ones are less studied and understood.® In any case, both living and non-living
systems comprise interacting components capable to adapt or react to the environment by the

presence of chemical or physical influences.

Interestingly, some dynamically assembled systems spontaneously evolve into a
higher level of complex patterns related to temporal gradients such as viscosity, temperature,

pressure and chemical potential.
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In general, the static assembly creates ordered structures that are in equilibrium. This
system is permanent, but it can reach different equilibrium states when the surrounding
changes®. On the contrary, in dynamic assembly the interacting components organize into
complex structures and ordered patterns beyond of thermodynamic equilibrium. These
structures are able to adjust to their environment when the system reorganizes by reaction to
an external impulse. And these stable but out—equilibrium structures can be maintained or
prevail only if there is a continuous supply of energy.® These systems come back to

equilibrium once the supply of energy stops.*

The thermodynamic principles, kinetics and mechanism of self-oganization in
nanostructures are intricate. The fundamentals of molecular thermodynamics may apply

differently in nanosystems.*

In any case, self-assembly discloses to certain extent encrypted information in
individual building blocks such as surface properties, shape, charge, magnetic dipole, which

dictate the interaction between the system.®

The study of dynamic self-assembly phenomenon opens a path to understand the

behavior of living dynamic system by mimicking nature in inanimate systems.
I1. 1. 3 Assembly of nanoparticles

Years later after the discovery of the synthesis of nanoparticles, scientists detected the
capacity of the nanocrystals to self-organize. Recently, we have seen a rapid growth in the
area of the nanocrystals self-organization,! although not so many examples of assembled

semiconducting nanocrystals are described.’

In nanoparticles assembly process, one of the most important physical necessities or
even in other building blocks is the translational mobility. The mobility depends on the
energy, and it is introduced by heat, magnetic field, electric field, mechanical deformations,

light, etc.®

The assembly of nanoscale particles depends on different properties such as their size,
aspect ratio, shape, solvents (also air), humidity, concentration and other environmental

factors.®
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Assembly involves specific interactions between the nanocrystals. And understanding
and controlling these forces is a prerequisite to achieve the desired structures and
functionalities. Thus, the first steps for a basic understanding is to recognize the diverse
range and degree of strength of the internanoparticles forces.® These directional forces are
Van der Waals forces, dipole-dipole interactions, steric repulsion caused by the surfactants
monolayer, electrostatic interactions in apolar solvents and depletion interactions. For
instance, Van der Waals forces are present in molecules and particles.’® They are attractive
when the materials are similar, but it may be repulsive when the materials are not similar,
mostly in a liquid solvent. This interaction is strong on uncoated nanoparticles of metals,
metal oxides, chalcogenides and ceramic materials, which induce the aggregation in non-polar

medias.

On the other hand, it is known that the electrostatic interaction between particles can
be either repulsive or attractive. If the particles are charged similarly this force is repulsive (in
water).® Nevertheless, these interactions are less examined in non-polar medias. In non-polar
solvents, the charges dissociate less easily. However, this doesn't mean that charges are not
present.!’ On the contrary, the charges are weakly screened and such charges could induce a
surface potential, which could have an effect over large distances. These interactions have
been also responsible for the assembly of two nanoparticles of opposite signs in at liquid air

interface.1®

Moreover, steric repulsion (also known as steric stabilization) refers to nanoparticles
that are coated with a monolayer of surfactant or polymers.® The surfactant layer provides
colloidal stability through steric repulsion when the size of the nanocrystal is below 10 nm.
But this stabilization can be complicated to achieve with larger nanoparticles (>20 nm).!!
Between the surfaces of nanoparticles, Van der Waals interactions are insignificant when
comparing to repulsive steric forces. And the magnitude of these steric repulsion forces is

more important for wires than for rods than for spheres.®

In addition, the repulsion between the colloidal nanocrystals depend on the ligand-
solvent interaction, a poor solvent would decrease the repulsion and induce an assembly

between nanocrystals.

Depletion interactions*?> occur frequently in colloidal nanocrystals mixed with

polymer chains or micelles. It has been defined by Vrij as "attraction through repulsion”.
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When two colloidal spheres become close, the depletion layer that surrounds the particles
overlaps and the volume available for the polymers increases. The polymers excluded from
the depletion space can push the nanocrystal to the other one, inducing an attractive force

between them.

There are also interparticle forces that can emerge from external and internal forces.
For instance, magnetic nanoparticles can undergo spontaneous self-assembly into rings
without any external field, owing to the magnetic dipole-dipole nanoparticle interaction, but
the application of the magnetic field can transform the organization into strings.® In the
presence of an external electric field, the nanoparticles interact through similar dipole-dipole
interaction, forming chains that are adjusted parallelly to the field, giving rise to well-ordered
structures. Field-induced alignment was demonstrated for ligand-functionalized CdSe

nanorods to form dense arrays of anisotropic nanocrystals.®

In order to control the assembly of nanoparticles, it appears clear that one has to
control all these kinds of interactions. To trigger assembly it appears necessary to make one of

these interactions dominate by applying a specific stimulus.?
I1. 1. 4 Motivation of this work

This work was performed in collaboration with the group of Bio-inspired and Smart
Materials led by Prof. N. Katsonis at the MESA+ institute for nanotechnology at the
University of Twente. On the one hand, we could provide colloidal CdSe nanoplatelets and
both of our groups knew about the work of Dubertret and Abécassis about the self-assembly
of these objects by solvent evaporation or anti-solvent addition (see chapter 1). On the other
hand, the Ph.D. subject of He Huang in Enschede dealt with “azobenzenes as energy
transducers in dynamic supramolecular systems” and Katsonis’s group is a world-leading
group in converting light into motion in supramolecular systems. We therefore had the idea to
convert light into motion in a supra-particular system by associating azobenzene molecules
properties to NPLs. The problematic was to be able to use a remote stimulus (light) in order to

trigger the assembly of NPLs into ribbons like Abécassis did with an internal stimulus.

To support our hypothesis, we considered the work of Klajn and coworkers®® who
demonstrated in 2007 that azobenzene moieties were capable to chemisorb on gold surfaces

by a thiol functional group. More interestingly, these photoswitchable molecules could drive
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the gold nanoparticles into aggregates using visible light and stabilized by dipole-dipole
interactions between cis-azobenzene moieties. Considering the background of the colloidal
CdSe nanoplatelets to present a strong tendency to assembly through interparticle
interaction'®'* and because their native ligands can be replaced by other ligands, > we
decided to combine these photoswitchable molecules with CdSe nanoplatelets to induce their

organization into structures.

We thank Prof. Nathalie katsonis for this collaboration and for welcoming me in her
group twice and Dr. He Huang for helpful discussions and the synthesis of the azobenzene
ligands at the University of Twente. | would like to acknowledge the French-Dutch network
for superior education and research for financial support through the Eole fellowship and the

Michem Labex for allowing me making these internships at the University of Twente.
I1. 2 Azobenzenes

Unlike other energy sources, light offers an advantageous alternative for one of the
biggest problems that the human society faces, which is the energy supply. Light allows a

high spatial precision and does not produce any chemical waste.

Optical switching feature in organic molecules is one of the most appealing targets of
interest because of their future applications in energy storage systems or photochemical
devices. Molecules photoswitches are molecules that use light to go through a reversible

transformation between two states associated with different absorption/emissions properties.t’

One of the most widely studied molecular photoswitches are the azobenzene
derivatives. These organic molecules can go through a trans—cis isomerization when
exposed to ultraviolet (UV) radiation. The trans isomer is almost planar and presents a dipolar
moment close to zero. The cis form presents a bent structure with a dipolar moment of 3
Debye. The trans form can be regenerated in the dark, visible light or by heating. The trans
isomer is more stable than the cis form and it can be produced with more than 99.99% in the

dark.1®

The absorption spectra of trans isomer display a strong absorbance signal near to A =
320 nm, attributed to m-7* transition and a weaker signal close to 440 nm referred to n-m*

band (figure 1). In the case of the cis isomer, a stronger absorbance band compared to the
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trans isomer is found close to 440 nm, which corresponds to a n-r* transition, and two other

weaker signals are found at 280 nm and 250 nm.*®
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Figure 1. a) Structures of trans and cis configurations of azobenzenes, b) UV-Vis
absorption spectra of trans and cis forms of azobenzene dissolved in ethanol.

Substituents on the phenyl rings could strongly modify the absorption bands of the
azobenzenes, altering the light necessary to undergo the photoisomerization process. For
instance, introducing the electron-donating methoxy groups at the para positions could red-

shift the m-w* transition band of the azobenzene by 30 nm?°.

I1. 3 Synthetic strategy

It has been reported that thiols are efficient stabilizing agents for 11-VI semiconductors
particles, such as CdS, CdTe and CdSe to provide monodispersity and stability.?’ The thiol
groups are known to be the strongest ligands to the CdSe nanoparticles compared to
phosphines and amines.?! In addition, the ligand exchange between the native oleate ions of
CdSe and the thiols is irreversible.?? Hence, we decided to incorporate a thiol functional

groups to the azobenzenes as capping ligands for the CdSe nanoplatelets.

We also intended to investigate the influence of the ligand chain on the assembly of
the CdSe NPLs by coating the nanocrystals with azobenzenes bearing an alkyl chain of

various lengths. The ligands chain could allow tuning the distance between nanoparticles once
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assembled in order to tune in turn the optical properties of the stacks. Therefore, three
azobenzenes have been selected. These molecules bear respectively a C3, a C11 and a C18
alkyl chain and will be refered as C3, C11 and C18 in the following (figure 2a). Derivatives
bearing a tert-butyl group were also considered and will be named tBuC3, tBuC11 and
tBuC18 in the following.

The azobenzenes were also designed with the electron-donating alkyloxy group in
order to shift their absorption towards visible light. The trans and cis form of mono-methoxy
azobenzene have dipole moments of respectively ~1.2 D and ~5 D.?® Therefore we chose to
work in chloroform since this solvent has a similar dipole moment (~1.2 D)?* with respect to
the trans-form. The UV/Vis absorption spectrum of the ligand C3 in its trans-isomer
displayed a pronounced absorption band at 350 nm and a n-x transition band at A = 440 nm
(Fig. 2b). Upon irradiation with near UV light (A = 365 nm) during 1 min, the intensity of the
n-m* band strongly decreases; whereas the n-m* transition band increases, indicating cis
isomerization. The trans configuration was regenerated 5 times upon visible irradiation,

indicating that the system can be reversible (Fig. 2c).
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Figure 2. a) Structure of the azobenzene derivates switching between trans and cis
configurations, b) Reversible changes in the UV/Vis spectra of the C3 ligand C3 (C =
70uM in chloroform) upon exposure to near UV light (A = 365 nm) and visible light. d)
Reversible cycles of the C3 ligand by using, respectively, UV and visible light.
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I1. 4 First generation of azobenzene ligands: C3, C11 and C18

I1. 4. 1 CdSe nanoplatelets purification

The nanoplatelets emitting at 510 nm were sinthesized as it is mentioned in annex A.
Then, the NPLs were isolated from platelets emitting at 460 nm, quantum dots, and other
reaction by-products with selective precipitation/centrifugation steps. More precisely, the raw
product was purified upon addition of hexane and ethanol (3:1 v/v ratio of hexane/ethanol) in
an ultrasonic bath during 10 min. Then, the resulting mixture was centrifuged at 4000 rpm
during 1 min, and the supernatant was discarded. The precipitate was finally dispersed in

chloroform and the concentration of the 4 ML nanoplatelets was set at 5.08 nM.?
I1. 4. 2 Ligand exchange

In a single neck flask, 2 mL of NPLs solution were introduced in 4 mL of chloroform
and 0.5 mL of a solution of C3 ligand in chloroform (3.66 x 10 M). The mixture was heated
to 70°C under argon atmosphere and vigorous stirring and kept at that temperature for 30 min.
The reaction solution changed from yellow to orange suggesting NPLs functionalization.
Then, the heating was stopped, and the reaction solution cooled to room temperature. The
same reaction was done for C11 and C18. The solution was precipitated by the addition of
ethanol and isolated by centrifugation and decantation to remove any excess unbound capping
groups. The precipitate was finally redispersed in 2 ml of chloroform. After that, the solution

was moved into a quartz cuvette, and characterizations were performed.
I1. 4. 3 Results and discussion

In this work, we prepared ZB CdSe NPLs with a thickness of 4 MLs of lattice unit.
The detailed synthesis method is described in chapter 1. Prior to treatment with azobenzene
moieties, the NPLs were purified right after the synthesis. An excess of ligand was used, since
it has shown that the ligand exchange of native oleate ligands on CdSe QDs was not reached
unless an excess of exchanging ligands were used in the solution. In other terms, higher
concentration of thiols induces faster exchange process.?® 2’ The solvent used for this work
was chloroform because of the good colloidal stability of the nanocrystals and dipolar

moment close to the trans-state of the azobenzene moieties.
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Thiol is known to form strong®:? and irreversible?® bonds with the surface of Cd ions
of cadmium chalcogenide nanoparticles. These groups were reported to bind to the CdSe NCs
surface in a X-type bonding between ligand anion and the surface of Cd?* ion.?® Also,
previous studies have shown that neutral thiols first bind to free non-passivated sites before
removing the native carboxylate ligands and binding then in form of thiolates ligands on the
surface of CdSe QDs. The ligands substitution takes place through a proton exchange between
ligands species and bound native carboxylate ion.?®? Taking into account that both top and
bottom sides of the planes of ZB CdSe NPLs are representated by (100) plane, and terminated

by Cd atoms,* we assumed the thiol ligand were attached to these planes (figure 3).
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Figure 3: schematic depiction of the ligand exchange with azobenzenes derivates.

TEM images of CdSe NPLs coated with C3 dispersed in chloroform, and stored in
darkness are shown on (figure 4a). The micrographs show that in the trans-state of the ligand
C3, the solution presents both aggregated and individual NPLs. The latter are homogeneously
dispersed and lay flat on the TEM sample substrate while the others are grouped in short
stacks made up to 10 platelets with 4.6 nm in length and oriented perpendicular to the
substrate. We also observe that the platelets are roughly nanodisk shapes with a lateral surface
area of 420 nm on average, and a vertical thickness of 1.2 nm corresponding to 4 monolayers
of CdSe nanoplatelets. We found that upon exposure to UV light, the nanoplatelets assembled
into a long 1D-superstructure in an ordered manner instead of short stacks found in the trans-
state (figure 4b). We interprate this result as follows: upon irradiation, the azobenzene ligands
undergo the trans-to-cis isomerization leading to a change of their dipolar moment. In turn,

the total dipolar moment of the NPLs is modified, triggering then their assembly into stacks.
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The long superparticles oriented perpendicular to the plane of the nanocrystals can be
as long as 500 nm and contain more than 100 nanoplatelets aligned face-to-face. The inter-
NPLs distance has been measured to be approximately of 3.4 nm, the same distance as the one
observed in the short stacks in the trans-form. At the same time, since this short-aggregation
were found already before UV irradiation, it may be assumed that not all the original oleate
ligands were removed by reaction with C3. However, this distance is slightly smaller than the
one reported (~3.9 nm) for oleic acid molecules bound at the surface.*3! Therefore, a possible
influence of the azobenzene in their trans-state to induce aggregation before irradiation must
be considered. We supposed that n-n stacking of these molecules in their trans-state can occur
between particles, inducing these short stacks.

Figure 4: TEM images of CdSe NPIs capped with C3 by ligand exchange before (a) and after UV
illumination (b)

Based on these hypotheses, we decided to decorate the CdSe NPLs introducing a
modification of the previous ligands by using a 'Bu group in the para position of the azo
group, which would create a steric hindrance that will forbid the n-m stacking between the

trans-molecules.

We also decided to perform a treatment with Cd(OAc)2 on the nanocrystal before
functionalization, which induces the disaggregation of stacked NPLs generated by oleic
acid.?® In addition, this treatment replaces some surface oleates by acetates, providing a better

steric availability to perform the ligand exchange.
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I1. 5 Second generation of azobenzene ligands: tBuC3, tBuC11, tBuC18

We carried out a series of treatment procedures in order to forbid any non-specific
aggregation before iraadiation. First, the nanoplatelets were purified as described in the
synthesis of hybrids C3/C11/C18. And then, the NPLS were treated before ligand exchange

procedure by slightly modifying a previously reported treatment.?®
I1. 5. 1 NPLs treatment

Just after purification the precipitate was redispersed in 10 mL of octadecene and
loaded into a three-neck flask with 40 mg of cadmium acetate (0.3 mmol) and 10 ul (0.1
mmol) of oleic acid. After degassing for 20 min, the mixture is heated to 150°C under an
argon atmosphere during 10 min. Then, the heating mantle is removed and the reaction
solution cooled to room temperature. The NPLs were precipitate with excess of ethanol and
isolated by centrifugation at 9000 rpm for 5 min and decantation. The nanocrystals were

finally redispersed in degassed chloroform and sonicated for 20 min.
I1. 5. 2 Ligand exchange

The ligand exchange of native ligands with t-Bu azobenzenes was carried out
analogously to previously mentioned. The same procedure was done for the three ligands tBu-
(C3, C11, and C18). After functionalization each sample was precipitated out with ethanol,
centrifugated at 9000 rpm during 5 min and the supernatant discarded. The precipitate was

redispersed in previously degassed chloroform.
I1. 5. 3 Results and discussion

During our experiments, we noticed that the treatment of the NPLs with Cd(OAc)2
leads to a faster ligand exchange. Upon the treatment, the acetate ion displaces some of the
oleate ions bounded to the surface, decreasing the ligand-ligand interaction, thus favoring
NPLs disaggregation. At the same, this steric repulsion between nanocrystals will provide a
better steric availability to induce an efficient ligand exchange. We also noted that in
comparison to C3, the functionalization with tBuC3 resulted in a clearer solution indicating
the improvement of the colloidal stability of the system.
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In addition, we also examined the effect of the thiol ligand on the optical properties of
the CdSe NPLs. On figure 5 the absorption spectra of CdSe nanoplatelets before and after
ligand exchange of carboxylate ions with thiol ligands are presented. The ligand exchange

induced considerable redshifting of both absorption bands electron/heavy hole (~ 26 nm) and

electron/light-hole (~21 nm). This redshift may suggest the successful ligand exchange
procedure. In addition, such large redshifting (10-40 nm) has been confirmed for capping
ligands such as aliphatic thiols coating QDs?® and more recently CdSe NPLs.?%3! The latter'®
was related to a ligand-induced strain that changes the NPLs thickness; in other terms, a
distortion of the unit cell altering the excitonic band gap of CdSe semiconductors. The
redshift could also indicate no oxidation during the NPLs/azobenzene treatment. Oxygen
contributes to the formation of CdO layer on the platelet surface,!* and oxidation has been
visible as a blue-shift for QDs in the UV-Vis absorption.*
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Figure 5. Absorption espectrum of CdSe nanoplateletes prior (blue) and after (red) ligand

exchange with azo-C3

We also studied by dynamic light scattering (DLS) the solutions of modified NPLs
and we did a comparison between NPLs-C3 and NPLs-tBuC3 prior to and after UV
illumination (table 1). Initially, the NPLs-C3 presents a hydrodynamic diameter of 110 nm.
But after 1 min of illumination at 365 nm, the average hydrodynamic diameter increases to

545 nm, suggesting an aggregation of the NPLs. Such aggregation is partially reversible since,
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after relaxation, the diameter decreases back to 212 nm. However, the system improves after
decorating the NPLs with 'BuC3, as it can be noticed that in their initial state the
hydrodynamic average size of the nanoparticles decreases, meaning that using ‘Bu group can
greatly improve the dispersibility of the particles in chloroform. In addition, upon UV
illumination the hydrodynamic average size of the particles increases thanks to the
photoswitchable ligands, and the system comes back to its initial state once the supply of UV
light is stopped. The UV illuminations were displayed one more time to reveal an efficient

reversible-stacking process.

This behavior noticed in DLS measurements is consistent with the one observed on
TEM images. The initial state of NPLs/'Bu-C3 (figure 6a) does not show the presence of small
stacks, instead, the NPLs exhibit a better dispersibility with random orientation in comparison

to the one with C3.

Cc3 tBuC3 _
step size (nm) +/— (nm) step size (nm) +/— (nm)
initial 110 13 initial 26 4
1 min @ 545 53 1 min @ 425 150
365 nm 365 nm
5 min @ 212 26 5 min @ 58 20
visible visible
1 min @ 616 60 1 min @ 375 100
365 nm 365 nm

Table 1. DLS measurements of NPLs functionalized by C3 and tBuC3 before and after UV
irradiation.

The initial good dispersity of the NPLs is explained by the effect of the ‘Bu group that
restrict the m- stacking between the trans molecules attached to the NPLs surface. This
observation also excludes the tendency for aggregation due to drying process on the TEM
grids. Notably, upon irradiation at 365 nm, the nanoplatelets assemble into 1D ultralong

ordered microstructures (Fig. 6b).
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Figure 6: TEM images of CdSe NPLs functionalized with t-bu group a) before and b) after
illumination at 365 nm.

This suggests that the trans—cis isomerization of the molecule induced a highly
ordered microstructure triggered by an increase of the dipolar moment as the driving force for
the assembly of NPLs (figure 7). These ultra long-assemblies were found to be as long as 1

um composed of 200 nanoplatelets in a stack.

)
%
Figure 7: Schematic representation of the out-equilibrium face-to-face assembly of azobenzene-

decorated CdSe NPLs: assembly of CdSe NPLs upon UV irradiation (A = 365 nm, cis-state) and
dissambly (trans-state) upon relaxation.
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As we can see, the NPLs demonstrate a strong tendency to pack face-to-face rather than side-
to-side. To explain this phenomenon, we have to mention that the nanoplatelets compared
with QDs, exhibit very high surface area and lower surface curvature. The larger area of
interaction promotes a more efficient assembly, and the low curvature enhances the ligand-
particle interface and interparticle interaction. All these factors may contribute to the face-to-
face assembly rather than side-to-side to form nanosheets. However, upon closer examination
we can find some columns aligned close to each other indicating a possible interparticle
interaction, this could be explained by the fact that lateral edges are composed of Cd and Se
and the Cd are bind to thiol ligands (figure 8 a, b).

In order to understand the influence that the ligands have on the assembly of the
nanoparticles we varied the length of the molecules. Although the functionalization with ‘Bu-
C11 could not be obtained, the decoration with ‘Bu-C18 revealed the same tendency upon UV
irradiation with some differences. In this case the superstructures did not align close to each

other, instead they were crossed like forming a network configuration (figure 8 c, d).

Surprisingly, we find that the distance between assembled nanoplatelets is the same
(3.4 nm) in all cases, no matter the length of the ligand. A possible reason may be the
presence of some oleic acids that were not removed. Since the theoretical length of oleic acid
molecules is 2.5 nm we suspect that alkyl chains could be collapsed or interdigitated.'*

Therefore, oleic acid could dictate the distance between the nanoparticles.
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Figure 8. TEM images of CdSe NPLs functionalized with azobenzenes molecules upon
near UV illumination a) NPLs/azo-C3, b) NPLs/t-bu-C3, c) and d) NPLs/t-bu-C18.

In conclusion, exposure to UV light triggers the assembly of CdSe nanoplatelets, as
demonstrated by TEM analysis. Also, DLS indicated that this out-equilibrium system remains
unaffected as long as there is a continuous influx of energy into the system. And all these

features represent a dynamic assembly process rather than a static assembly.

I1. 6 Conclusion and outlooks

We presented in this work the ligand exchange reactions at CdSe NPLs surface using

azobenzenes molecules with a surface-anchoring group (thiol).

We demonstrated that the photoisomerization of the azobenzene molecules, upon UV
illumination drives NPLs into long aligned filaments. The UV illumination can yield the
transition of these molecules from their stable trans state into cis state to induce the attraction

between nanoparticles.
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By means of DLS, we also probed that covering the NPLs with a modification of the
ligand, in our case, incorporating a 'Bu group on the para position of the azo group, the
dispersibility of the nanoparticles improves because it creates a steric hindrance that forbids
the n-m stacking in the trans-state of the molecule. More importantly, we demonstrated that

the system is reversible when the influx of UV illumination is stopped.

The current observations in absorption measurements are consistent with the one
previously reported, suggesting the ligand exchange of oleic acids with thiol ligand.
Aditionally, the interparticle distance may suggest the presence of native oleic acids that were

not removed.

The CdSe NPLs were able to organize into long threads under external impulse like
the dipole-dipole interactions in the cis for of the molecule, which is the driving force to form
the assembly of these nanocrystals. The out-equilibrium superstructures were maintained
when there was a continuous dissipation of energy. These conditions lead us to believe a

possible dynamic assembly of the nanoparticles.

One of the questions we should address in order to examine the functionality of the
system is; are the optical properties tuned by the assembly of the nanoparticles? Since we
have not seen any significant change in the photoluminescence emission at room temperature,
further tests will aim at low temperature to verify the possible presence of the phonon replica

line previously observed in NPLs stacks (chapter 1).

A comprehensive study of the nanoparticles assembly kinetics could also be achieved
through in-situ fluorescence microscopy. This will give us information about the assembly
mechanism, to investigate whether the new NPLs join to already existing filaments or if the

existing filaments join to each other to form a new existing one.

55



Flores Arias Yesica — doctoral Thesis - 2018

1. 7 Methods

Dynamic light scattering (DLYS)

DLS measurements were carried out using a Malvern Zetasizer with a 532 nm
excitation source. To measure the aggregation in situ, the solution was previously sonicated
for 30 min, kept in dark at room temperature. Afterward, the mixture was irradiated at UV (A
= 365 nm) for 1 min in the zeta sizer using an optic fiber and the size was measured. Then, the
solution was exposed to ambient light for 5 min and again illuminated under UV irradiation

for 1 min, and the size was measured again.

UV-Vis spectra

The solution was precipitated by the addition of ethanol and isolated by centrifugation
and decantation to remove any excess unbound capping groups. The precipitate was finally
redispersed in 2 ml of chloroform. The UV-Vis spectra were recorded on a Jasco absorption
spectrophotometer at room temperature, using 1 cm path length quartz cells. The absorbance
value of the hh-e transition band of the initial NPLs was used to calculate the molar particle
extinction coefficient and so the concentration of the nanoplatelets using empiric formulas

depending on the lateral size.

Transmission electron microscopy

TEM images were performed by using a Tecnai spirit G2 cryomicroscope operating at
an acceleration voltage of 120 kV. TEM images are recorded by Patrick Le Griel at LCMCP.
TEM samples were prepared by depositing a droplet of the nanoparticles dispersion on a
copper grid coated with a carbon film and letting it dry in the darkness for one night before
the observation. The recordings were taken before (keeping the sample in darkness) and after

365 nm illumination.
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Chapter I11: Composite materials made of CdSe
nanoplatelets and metallophthalocyanines
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Chapter I11: Composite materials made of CdSe

nanoplatelets and metallophthalocyanines

In the previous chapter we demonstrated the assembly of the CdSe NPLs mediated by
azobenzene ligands. The azobenzene ligands were grafted on the surface of CdSe NPLs and
exposed to UV irradiation, inducing the functional cis-isomer of the ligand. The cis isomer of
the azobenzenes allows dipolar-dipolar interactions between azo groups, triggering the NPLs
assembly. The system was shown to be also reversible after been exposed to visible light.

The formation of these NPLs assemblies opened up the possibility to extend this idea
by introducing interesting coordination complexes leading to the tailoring of the magnetic and
optical properties of the resulting composite material. To do so, we decided to use
metallophthalocyanine complexes that have specific optical properties as well. Their optical
and magnetic properties are dictated by the valence and spin state of the transition metal ion.
This feature is in particular true for the cobalt (I1) phthalocyanine (CoPc), which is the subject

of this chapter.
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I11. 1 Phthalocyanines

I11. 1. 1 Structures

Phthalocyanines, usually abbreviated as H:Pcs, are macrocyclic ligands. Their
structure is given on figure la. They bear a 18-m-electrons aromatic system, containing 4
isoindole subunits connected by four aza (-N=C-) groups at the o position of each isoindole.

Phthalocyanines are structurally related with the macrocyclic ring system of porphyrins.t

Qo
s

Figure 1. Chemical structure of H2,Pc (a) and CoPc (b)

Phthalocyanines exhibit a central cavity to incorporate different metal ions. This
molecule can form complexes with 70 different metal ions, which influences its physical
properties.? Therefore, the phthalocyanine exists as a dianion Pc? when a metal of oxidation
state +11 (Cu?*, Co?* and Fe?") is introduced into the macrocycle. Up to two electrons can be
released from the Pc molecules and four electrons can be added. In other terms, the Pc
oxidation states can go from Pc(0) (oxidized species) to Pc (-VI) (reduced species).® The Pc
ring exhibits a planar structure, but the character of the central metal atom can affect the bond
lengths and angles.* Some metal ions are too large to fit well into Pc ring, generating a
distortion of the planar structure of the macrocycle. Nevertheless, we focus in this chapter on
Co(I)Pc for which the Co?* ion accommodates well in the Pc ring (figure 1b).
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I11. 1. 2 Solubility issues

Unsubstituted metal phthalocyanines have very poor solubility in common solvents.
This is either due to strong n—mn stacking or metal-metal interaction in the case of MPcs
bearing an unpaired electron in the dz. orbital (such as CoPc). Therefore, many studies target
the synthesis of pheripheral substituted phthalocyanines bearing hydrocarbon chains or bulky

groups that could improve the solubility of the compound.?

The synthesis of such molecules can be extremely time demanding, therefore we
focused on commercially available unsubstituted Pcs. Ghani and coworker® investigated the
solubility of unsubstituted metal phthalocyanines in a series of conventional solvents, acids
and ionic liquids. They found that MgPc and ZnPc exhibit the highest solubility and their
solutions are long-term (weeks) stable at ambient atmosphere. In contrast, FePc, MnPc and

CoPc dissolve but only at reasonable concentrations (i.e. FePc: 1.25 x107°, MnPc: 6.62 x 1073

and CoPc: 9.87 x 10 in THF) and they are not very stable if exposed to oxygen and light
since the metal ion can oxydize. When it comes to CuPc, NiPc and SnPc, they have a very
poor solubility. As a consequence we focused our study on CoPc since it is paramagnetic,
reasonably stable (synthesis have nevertheless been performed in the dark) and reasonably
soluble in THF.

I11. 1. 3 Electronic properties of cobalt phtalocyanine

An understanding of the typical UV-visible spectra of Pcs and MPcs (mercaptopyridines)
could be a prerequisite to the interpretation of the structure of the composite materials
described in this chapter. Indeed, the very large molar absorption coefficient of Pcs and MPcs
allows UV-visible studies of composites embedding low quantities of CoPcs. Therefore, we
will briefly describe here the electronic absorption spectra of CoPcs depending on the
presence of an apical ligand on the Co?* ion. The formation of [CoPc(MP)2] might take place
through an axial ligand exchange reaction of THF by MP (4-mercaptopyridine) onto CoPc.
Nyokong® demonstrated that the formation of [CoPc(py).] complexes in DMSO occurs in
different steps by dissociation and under equilibrium. In analogy to this hypothesis, we
propose that the [CoPc(MP):] is produced by the substitution of the first axial THF ligand by
MP. According to the author, the substitution of the first axial ligand is much faster than the

second one.
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MP + [COPC(THF),] = [COPc(THF)(MP)] + THF (1)
MP + [COPC(THF)(MP)] = [CoPc(MP)] + THE  (2)

The UV-visible spectrum of CoPc in THF is given on figure 2a (red). On this spectrum
one can identify an intense band at 656 nm, called Q band. The sharp and intense Q band
typically corresponds to a 1 — =* transition from the HOMO to the LUMO. The second band
in the UV region of the spectrum, called Soret or B band, corresponds also to a 1 — n*

transition that takes place from a deeper = orbital to the LUMO.

Introduction of an apical 4-mercaptopyridine (MP) ligand to CoPc has been monitored
by UV-visible spectroscopy (figures 2a and 2b for magnification). When the molar ratio of
CoPc to MP is 1:1, we notice that the maximum of the Q-band is not affected by the addition
of the MP apical ligand (the later presenting an absorption band at 360 nm not observable on

the adduct).
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Figure 2: (a) UV-visible spectra of CoPc in THF (red) and evolution of this spectrum
upon addition of a 1:1 (blue) and 1:2 (green) molar ratio of MP; (b) magnification of these
spectra in the region of the B band. The spectrum of MP in THF (black) is also given.

In contrast, we observe an increase in the Soret band (320 nm) and a new shoulder that
appears between 287 and 300 nm and this tendency is amplified for the 1:2 molar ratio. These
features are in agreement with the UV visible spectra of CoPcs bearing apical pyridine
ligands’ and according to recent studies, this feature appearing at 288 nm in the Soret band

corresponds to metal to ligand charge transfer (MLCT) transition®.
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Unfortunately, the Soret band appears in the same region as the NPLs transition
making UV-visible only useful for the detection of CoPcs in the composites without any
insight about their binding mode. Nevertheless, this preliminary study shows that MP is a
convenient ligand in order to take advantage of the apical positions of CoPc molecules in

building molecular-based architectures.

I11. 2 Composite material made of CoPc and CdSe NPLs by addition of a
bridging ligand

I11. 2. 1 Synthetic strategy

The target material is schematically depicted on figure 3a. We intended to sandwich a
layer of CoPc between individual NPLs. In order to direct this assembly towards longitudinal
stacks we decided to use bridging apical ligands able to link the CoPc by a coordination bond
and the NPL by a strong link. We therefore chose 4-mercaptopyridine (MP) as the bridging
ligand since it can bind to Co(ll) ions by a N-Co dative bond and to CdSe through a S-Cd
bond. This strategy involves two alternative routes: either preparing first the [CoPc(MP)2]
complex and reacting it with NPLs (figure 3b) or on the contrary, functionalizing first the
NPLs with MP and then associating these hybrid particles to CoPc (Figure 3c). We tried both
strategies but abandoned the first one after several tries. Indeed after reaction of [CoPc(MP):]
on NPLs, the UV-visible spectra does not show any shift of the excitonic transition. We
suspect too much steric hindrance to allow an efficient substitution of surface oleates by the
bulky Co(Il) complex. We therefore chose the second route because on the contrary, thiolate
ligands of small MP ligands strongly bind to CdSe nanoparticles in a first step thanks to the
excess of MP that one could use in the reaction. Then, particles bearing an excess of pyridine
groups displace the coordination equilibrium towards the formation of the apically substituted

CoPcs directly at the surface of NPLs.

65



Flores Arias Yesica — doctoral Thesis - 2018

a)z

XEXXX

© CoPc[

| mPE
S NPLE

=

Figure 3: target material (a) and synthetic strategies to get it: reacting [CoPc(MP),] with NPLs
(b) or reacting CoPc with NPLsS@MP (c)
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I11. 2. 2 Results

At first, a UV-visible spectrum (figure 4) has been recorded after having thoroughly
eliminated the excess of CoPc by cycles of centrifugation and dispersion and compared to

spectra recorded at previous steps of the synthesis.
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Figure 4. UV-visible spectra of initial NPLs (black) in CHClIs, after reaction with MP (red) in
EtOH, after reaction with CoPc (blue) and pure CoPc in THF (magenta)

This spectrum gives the initial signal of NPLs before functionalizing by MP (black).
The excitonic hh transition initially lies at 513 nm. Upon functionalization with MP (red), this
signal redshifts to 518 nm revealing the exchange of native carboxylate by MP at the surface
of the NPLs. After reaction with CoPc (blue), this excitonic transition shifts back to 516 nm
indicating that MP is still bound to the surface of NPLs but that the electronic environment of
the NPLs is modified towards a better confinement. The modification of the environment of
the particles can be related to the presence of the CoPc molecules as indicated by the
appearance of the Q-band of the CoPcs at 657 nm. Thus, UV-visible spectroscopy shows that
a hybrid material has been obtained by associating CoPc, MP and NPLs.

In addition to UV-visible spectroscopy, Raman spectroscopy is often considered as a
valuable tool for the characterization of metallophthalocyanine complexes in the literature.
Indeed, their Raman spectra are generally sharp and intense, can be resonance enhanced and

they are now quite easy to interpret, in particular with the help of DFT calculations.® This
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technique may be thus suitable for their routine characterization in many matrices. However,
some fluorescence problems may occur with such molecules, but the use of high excitation

wavelengths (in the present study at 785 nm) generally prevents these phenomena.

The solid-state Raman spectrum (excitation wavelength at 785 nm) is displayed figure
5 in the range 450-1800 cm™ and showed the characteristic bands of the organic ligand. These
bands are attributed to the combination and/or overtone of vibrations within the
approximately D, symmetry core of the ligand. Interestingly, one band (in the range 1490 to
1550 cm™) has been identified as characteristic of the presence of the metal ion.*° Fortunately,
this is generally the most intense band of the spectrum and depending on the size of the metal
incorporated, was found to shift up to 60 cm™. In the case of Co(ll) ions, this band is expected

at 1535 cm* and satisfactorily correlates with the experimental position (1530 cm™™).
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Figure 5: left: solid-state Raman spectrum of CoPc (blue) and NPLs@MP@CoPc (red); right :
B: vibration mode corresponding to the band at 1530 cm™*

The Raman spectrum of the material obtained after reaction of CoPc with NPLs@MP
was then recorded on a solid-state sample obtained after centrifugation of the colloidal
suspension (figure 5). The comparison of this spectrum with that of the mass sample of
[CoPc] complex is instructive. Indeed, most of the bands observed on the spectrum of
NPLs@MP@CoPc may be superimposed with that of the complex alone, confirming thus the

presence, but also the integrity of the complex at the surface of the NPs after the deposition
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step. In addition, a few peaks were however observed (marked with an asterisk in figure 5)
which might hardly be attributed to the complex.

In order to check if these bands were due to the presence of the mercaptopyridine
ligands at the surface of the NPs, solid samples of [CoPc] with 1 and 2 equivalents of
mercaptopyridine were prepared in parallel. Whatever the amount of mercaptopyridine added,
the spectra are identical and it was not possible to characterize the presence of
mercaptopyridine in the samples, the band of the phthalocyanine ligands being very intense.
Such intensity corresponds to the resonance or pre-resonance enhancement effect (generally
in solid-state) due to interactions with either one or both of the electronic absorption bands of
the CoPc (Q and B- band).

In order to get more information about the structure of the hybrid material, TEM
images were recorded (figure 6). The images disappointingly reveal short stacks of NPLs of
about 30 nm and the presence of some still un-stacked NPLs. Interestingly, the spacing
between the nanoparticles is of the order of 2 nm, which is very short, and in accordance

(although slightly longer) with the size of [CoPc(MP)2] of 1.5 nm (Avogadro simulation).

Despite the shortness of the stacks we can thus conclude that a composite material has been
prepared, in which MP links CoPc to NPLs.

2,2 +/-

1 +/-
it ¢O,4nm

7 nm

Figure 6: Left: TEM image of the composite material made of CoPc, NPLs ans MP and right:
schematic interpretation

The photoluminescence of the NPLs was recorded after each step of the synthesis of
the composite (figure 7) at room temperature and in liquid nitrogen. The initial
photoluminescence appears as a sharp signal at 513 nm (figure 7a). After functionalization by

MP, the luminescence spectra show a very broad and intense signal covering almost all the
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visible range and characteristic of exciton trap states that can sometimes appear after
exchange of the native carboxylates by other ligands at the surface of CdSe nanocrystals
(figure 7a). One can notice a shoulder at 519 nm on this broad signal, attributed to the

excitonic relaxation of the NPLs that is 6 nm red-shifted with respect to the initial excitonic

signal.
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Figure 7: photoluminescence spectra of initial NPLs (a, blue), NPLs@MP (a, orange),
NPLs@MP@CoPC at room temperature (b, blue) and NPLs@MP@CoPc at 77K (b, pink)

After reaction with CoPc, the spectra become more complex (figure 7b) with a series
of transitions that are modified upon cooling to 77K. The complexity of the
photoluminescence is understandable with regards to the TEM analysis. Indeed, even if stacks
are in majority, a mixture of different objects is present in solution: maybe some single
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unreacted nanoplatelets (minority), single nanoplatelets bearing some CoPcs attached at their
surface, stacks of lengths varying between about 20 and 40 nm and even the presence of
dimers of NPLs linked by MPs without CoPcs cannot be excluded. Between all these nano-
objects, reabsorption of emitted light and energy transfers can easily occur giving rise to a
series of signals. Changing the temperature modifies the kinetic of these exchanges allowing
the exaltation of some signals and the extinction of others.

I11. 2. 3 Discussion

The spacing between the platelets (TEM), associated to the UV-visible and Raman
spectroscopies results, confirms the validity of the grafting strategy involving the formation of
a lamellar composite material. Nevertheless, the size of the composite particles is not
controlled leading to a mixture that makes the interpretation of photoluminescence
measurements almost impossible. In order to improve this synthesis it is important to identify
all the parameters that drive the assembly and to propose a hypothesis about the mechanism
of formation of the composite.

At first, NPLs@MP are not dispersed in THF. Upon mixing with CoPc dissolved in
THF, the mixture suspension becomes limpid indicating the dispersion of the NPLs by
coordination with CoPc. This suggests that initial oleates at the surface of the NPLs have been
removed upon functionalization with MP. This is possible thanks to the treatment of the initial
NPLs with Cd(OAc). before reaction with MP (section 11. 5. 1)

Assembly may then arise in a second step. Indeed the inter-particle distance within the
stacks observed by TEM cannot be attributed to initial aggregated NPLs@MP that would
present an even shorter inter-particle distance. Three types of interactions could thus only
drive the stacking: n—n interactions between CoPc complexes and/or depletion interactions
(see chapter 2) and/or H aggregates with Co-Co interactions. Coordination interactions would
then be excluded since all MP moieties of each NPL are covered in a first step by CoPc
molecules. The inter-particle space would then be occupied by a double layer of
[CoPc(MP)1THF] rather than a single layer of [CoPc(MP)2], in agreement with the slightly
increased interparticle distance with regard to the expected size of a single layer. A simulation
gives a distance of 2.1 nm for a double layer of [CoPc(MP)1THF]. Unfortunately, this
hypothesis cannot be verified since we have shown that the apical coordination of MP on

CoPc is detectable only on the Soret band, which is hidden by the absorption of NPLs.
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Among the three types of interactions between NPLs proposed above to explain the
stacking, n—= interactions between CoPc complexes can be excluded because these molecules
are soluble in THF thanks to its coordination to Co ions that separates complexes from each
other. H aggregates cannot form since THF is used as the solvent. In the end, only depletion
interactions can explain the formation of stacks. But then, why would we get short stacks
rather than longer ones like Abécassis?*! Our hypothesis is that the stacking is an equilibrium
leading to an average size of stacks of about 30 nm. In the case of Abécassis this equilibrium
is certainly displaced towards longer assemblies, because in his case Van der Waals

interactions between alkyl chains can stabilize the stacks.

I11. 3 Composite material made of CoPc and CdSe NPLs by weak

interactions

I11. 3. 1 Synthetic strategy

Recently, Dubertret and co-workers demonstrated that addition of ethanol (polar
solvent) into the solution of the NPLs dissolved in a non-polar solvent stacks the NPLs in
long anisotropic columns (see chapter 1). So we decided to adopt a similar method but, instead
of using ethanol as antisolvent for the oleate-capped NPLs we used THF, an aprotic and

moderately polar solvent that is known to induce aggregation due to interparticle forces.

Another advantage of the THF solvent is the almost no quenching effect on the CdSe
NPLs emission, whereas the ethanol solvent was found to have a quenching effect on the
nanoparticles. The addition of ethanol to the NPLs solution may induce the expulsion of the
native surface ligands, which may lead to an increasing number of nonemissive NPLs. In
addition, CoPc molecule is hardly soluble in many conventional solvents but dissolves quite
well in THF.

The first synthetic strategy described in this chapter leads to uncontrolled size of
composite particles. In order to simplify the parameters we decided not to try driving the
assembly by coordination chemistry but by letting supramolecular interactions triggering it.
We thus simply decided to mix initial oleate-covered NPLs with CoPc. In this case, CoPcs are
not covered with MP. THF, in which CoPcs are dissolved, cannot disperse NPLs anymore.
The only driving forces for assembly are thus depletion interactions and more importantly

anti-solvent interactions. We expect then the trapping of CoPcs in-between NPLs; the stability
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of the assembly being then ensured by CH-= interactions between alkyl chains of oleates and
Pc ligands. CH-= interactions are amongst the weakest. Nevertheless, we believe that weak
interactions, when added to each other, can lead to complex supramolecular architectures.

This can lead in the end to strong assemblies.
I11. 3. 2 Results and discussion

Once more, after thorough removing of the excess CoPc, UV-visible spectra are
recorded (figure 8), revealing the presence of the CoPc complexes in the final material since

both the NPLs excitonic transitions and the Q band of CoPc are observed.
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Figure 8. UV-visible spectra of the initial CoPc in THF (pink) and the NPLs@CoPc (navy) in
THF. Insertion of the magnification of NPLs —CoPc magnification

TEM images have also been recorded (figure 9). In this case one can observe very

long stacks of about a micron bearing an inter-particle distance of 4.5 nm and scarce single

NPLs.

In this case, the lack of isolated particles and the length of the stacks indicates that
assembly was driven by an efficient force and the length of the stacks as well as the inter-
particle distance is coherent with the ones reported by Guzelturk and Demir'2. This confirms

that anti-solvent forces drive the assembly mechanism.
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Figure 9: TEM images of the composites obtained by mixing oleate-capped NPLs with
CoPc. Scales bars are 1mm (top left) and 20 nm (top right and bottom left). A scheme is given to
help the reading of the images.

Photoluminescence spectra have been recorded on these composites. We observed that
when the NPLs solution was mixed with the CoPc solution in THF, the emission spectrum at
room temperature of stacked NPLs induced by the THF was similar to unstacked NPLs with a
single sharp signal at 512 nm. However, we noticed that the excitonic emission of stacked
NPLs shifts to 494 nm as the temperature is decreased to 77 K (figure 10). This phenomenon
has been reported in semiconductors as CdSe QDs and recently in unstacked CdSe NPLs*3.
Varshni model suggests that the band gap increases as temperature decreases in
semiconductors because of electron-phonon interaction, although there are other models that
consider the contribution of the lattice expansion to determine the energy gap shift as a

function of the temperature.*
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Figure 10: normalized photoluminescence spectra of the composite material made of CoPc and
oleate-capped CdSe NPLs recorded at 77K

More interestingly, at 77 K, the spectrum of the stacked nanoplatelets displayed a
second emission signal at 499 nm. The energy difference between the excitonic emission and
the second low energy emission is around 27 meV. This value is in agreement with the
observations of Tessier and co-workers on NPLs assemblies in a mixture of hexane and
ethanol. The authors related the high-energy emission (494 nm) to the band edge transition

and the low energy emission (499 nm) to a phonon replica (see chapter I).

A surprising phenomenon arises when the same experiment is done under a magnetic

field. Under about 1T, the phonon line is circularly polarized (figure 11) although it was not

in the absence of magnetic field.
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Figure 11: normalized photoluminescence spectra of the composite material made of CoPc and
oleate-capped CdSe NPLs recorded at 77K

Circularly polarized light is the manifestation of a symmetry breaking. This symmetry
breaking can be a spatial symmetry breaking i.e. in a media that lack mirror symmetry (a
chiral media) and the phenomenon is known as natural optical activity (NOA). In our system,
neither NPLs nor CoPc are chiral, therefore NOA is unlikely. Moreover, NOA would have
been observable in the absence of applied magnetic field. On the contrary, magnetic optical
activity (MOA) arises under a magnetic field and represents a difference in absorption and
refraction between left and right circularly polarized light. An application of MOA is
magnetic circular dichroism (MCD) spectroscopy laying on the fact that a paramagnet under a
magnetic field absorbs differently right and left circularly polarized light because of spin-orbit
(so) coupling in the excited state. In our system we therefore suspect Co(ll), whom is

submitted to such coupling, to be responsible for the dichroic signal that we observed.

We therefore sought to understand how the phonon line (intrinsic to NPLs) could be
influenced by the spin alignement of CoPcs under magnetic field. The only semiconducting
material submitted to MOA is GaAs because of strong so coupling. From initial works of
Khaetskii and Nazarov,'>!® on GaAs, Loss and co-workers!’ derived an effective
Hamiltonian, which couples the electron spin to phonons. Their study reveals that the strain
field produced by phonons couples to the electron spin via the so coupling.
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In our system we propose that the phonon couples to localized Co(ll) spins. In other
words, under a magnetic field, the spins of Co(ll) ions align in the direction of the field and
the resulting magnetization is then felt by the phonon. As a consequence the phonon
preferably absorbs light in a given polarization. That would explain the polarization of the

phonon line emission observed on figure 11.
I11. 4 Conclusion and perspectives

About the first strategy involving MP, we can conclude that the functionalization of
the CdSe nanoplatelets with MP ligands leads to a red-shift in UV-Vis spectroscopy denoting
an effective exchange ligand of native carboxylate by the thiol anchoring ligands. In addition,
the interaction between NPLs@MP hybrids and CoPc molecules displayed then a blue-shift,
revealing modifications of the electronic environment of the NPLs induced by the CoPc
molecules. The presence of these CoPc molecules is also confirmed by Raman spectroscopy
that reveals the formation of the NPLs@MP@CoPc hybrid material.

Contrary to what we expected, the formation of the NPLs assembly (analyzed by TEM
images) might be triggered by depletion interactions rather than by the formation of the
bridging coordination complex [CoPc(MP)2] linking two nanoplatelets. Indeed, the
interparticle distance suggests a possible interaction of the NPLs with a double layer of
[CoPc(MP)THF]. We believe that the NPLs assembly driven by the coordination of
[CoPc(MP).] could be achieved by adding dropwise the NPLs@MP@CoPc hybrids that we
obtained to NPLs@MP in order to displace the coordination equilibria towards the formation
of the target composite.

Another alternative is to build up the composite layer-by-layer from a planar substrate
(Fig. 12). This method was already implemented by initially grafting the NPLs to a glass
substrate previously functionalized by (3-mercaptopropyl)trimethoxysilane. This first layer
reacts then sequentially with MP, CoPc, MP and NPLs to stepwise form stacked NPLs-CoPc-
NPLs sandwiches. Such a method seems promising since it paves the way to structures of
greater complexity by the use of different metallophthalocyanines or complexes and because
it allows getting rid of most of solubility issues.
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Figure 12. Schematic representation of the layer-by-layer deposition strategy (left) and
preliminary result: UV-visible spectrum of a glass slide covered with the first layer of
NPLs and of CoPc molecules on which one can identify both the Q-band of CoPc and the
excitonic transitions of NPLs.

From the results obtained by strategy 2, we conclude that the mixture of CoPc and
NPLs leads to the assembly of the NPLs, which is triggered by depletion interactions and anti-
solvent effects. Such NPLs assembly apparently traps CoPc species within the nanoparticles
by CH-= interactions between the alkyl chains of the oleates and the phthalocyanines. The

presence of the CoPc was confirmed by UV-Vis spectroscopy.

Moreover, by means of photoluminescence techniques, we discovered on such a
composite material at low temperature and under a magnetic field an unexpected phenomenon
that can be explained by collective properties. This shows that our system allows the
amplification and expression of molecular properties while the molecules are present in small

quantities.
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I11. 5 Experimental section

Synthesis of [CoPc(MP)x] x=1, 2
The complexes solutions were prepared with 3 ml of CoPc (2.19 x 10 mol.L™?) and 24 pL of
MP (0.027M) solution in THF, at a molar ratio CoPc:MP of 1:1. Also, 3 ml of CoPc solution
and 48 pL of MP in THF were prepared, at a molar ratio CoPc:MP of 1:2. Both reactions
were stirred during 1 h, in the dark.

Synthesis of NPLs@MP@CoPc (section 111.2)

- Preparation of NPLs

The CdSe nanoplatelets were synthesized (annex A) and purified with EtOH. After
centrifugation, the NPIs were treated with Cd(OAc)2 according to the section 11.4.5.1 Then,
the NPLs were precipitated in EtOH and redispersed in CHCIs. The concentration of the
NPLs was prepared at 3.06 x 108 mol.L™.

- Ligand exchange and CoPc reaction

300 pL of Mercaptopyridine (MP) solution (0.027 mol.L™?) were added to 2 ml of CdSe NPLs
solution in the dark and we let the reaction run for 20-25 min. After the reaction, the NPLs
changed from yellow color to orange color. The precipitate was centrifugated and redispersed
in 2 ml of CoPc complex solution (2.19 x 10 mol.L™) in THF previously micro-filtered by
sonication and stirred during 1 h.

The microstructure of the NPLs@CoPc, was examined with transmission electron
microscope (TEM). For the TEM study a drop of NPLs@MP@CoPc were immediately put
onto TEM the copper grids and let it dry over night.

The NPLs@MP@CoPc were collected by centrifugation at 12000 rpm and redispersed
in THF to remove the excess of CoPc. The washing procedure was repeated one more time.
Then, the NPLs@MP@CoPc were redispersed in 1 ml of THF.

All the optical measurements were performed by JASCO V-670, UV-Vis
spectrophotometer used for the absorption spectra and by Ocean Optics Miniature fluorimeter

for the photoluminescence spectra.
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Synthesis of NPLs@CoPc (section 111.3)

The CdSe nanoplatelets nanoplatelets were synthesized (annex A) and purified with
EtOH. After centrifugation the NPLs were redispersed in CHCIs and the concentration was set
up to 3.06 x 10 mol.L™%. In 1 mL of NPLs were added 2 ml of CoPc complex solution (2.19 x
10 mol.L'Y) in THF previously micro-filtered and stirred during 20 min.

The microstructure of the NPLs@CoPc, was examined with transmission electron

microscope (TEM). For the TEM study a drop of NPLs@CoPc solution was put onto TEM
copper grid and allowed to dry overnight.
For UV visible spectra, the NPLs@CoPc were collected by centrifugation at 12000 rpm
during 5 min and redispersed in THF through sonication to remove the excess of CoPc
molecule. Then, the precipitated was redispersed again in THF and the washing procedure
was repeated one more time. Finally, the NPLs@CoPc were redispersed in 1 ml of CHCI3 and
THF (ratio 1:2) solution.
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Conclusion

During this Ph.D. we intended the design and synthesis of new nanomaterials based on
CdSe NPLs and coordination compounds. At the beginning we sought for synergies between
the optical properties of the NPLs and the magnetic properties of the coordination complexes
to be grafted onto the particles. This project was therefore very challenging since we had no
idea whether such synergies could take place or not. The only clue we had was that in 2015
the optical properties of CdSe NPLs were predicted to be original, although at this time the
literature on this subject was scarce and sometimes contradictory. At first, a clear and
reproducible synthetic method for the preparation of CdSe NPLs has been established during
this Ph.D. In particular all experimental details and conditions had to be more precisely settled
than it was in the literature. The second challenge was to master the purification of the NPLs
and at last, to understand the way the environment of the NPLs could chemically be modified

to produce hybrids.

Then, we had to define at which scale we could process the hybrids: on individual
particles or in a composite made of several particles associated to complexes? It appeared that
the colloidal stabilization of hybrid individual NPLs was a difficult task or even sometimes
impossible. However this approach should converge in the future since the groups working on
the chemistry of CdSe NPLs only begin to understand the chemical properties of their
surfaces. Nevertheless, the work done on the azobenzenes-driven assembly of the NPLs
opened up a perspective. Indeed, the understanding of the parameters controlling the stacking
of these particles gave us the idea to associate Co(ll) phthalocyanines to the NPLs in a layered

composite.

Such an approach based on the association of NPLs mediated by
metallophthalocyanines lead us to discover collective properties able to reveal an interesting
magnetic optical activity. We have therefore shown for the first time in the group that a
synergy between paramagnetism and optical properties can arise in such a system. This result
opens up perspectives since one can imagine that the phonon line is sensitive to perturbations

and could therefore reveal other properties.

From a personal point of view, working with these nanoparticles with such a high

level of complexity, opened up another world of Chemistry, unknown to me in my previous
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experience; another way to think, to work and to understand such fascinating nanosystems.
More importantly, gathering all these experiences to build something interesting and
unprecedented, represents to me, why not, a possibility to unravel a little more the unknown

and intricate behaviour of nature.
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Annexes
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Annex A

Synthesis of Nanoplatelets

80 mg of cadmium myristate are dispersed in 15 ml of octadecene (ODE) by sonication
during 20 to 30 min and 12 mg of selenium powder are added to the suspension in a three-
neck flask and sonication is maintained for 15 min.

The mixture is degassed under vacuum and stirred at 90°C for 1 h. After that, the mixture is
heated up to 250°C. At ~135 °C the reaction is placed under argon atmosphere. At ~195°C,
when the solution becomes yellow-orange, 82 mg of cadmium acetate Cd(OAc). are added.
Immediately the solution is degassed several times. The reaction is kept at 250°C for 3 min,
and then at 260°C for 3 min and the mixture is let to cool down to 245-250°C over 40 min
under argon atmosphere. The reaction was allowed to cool down to room temperature still

under argon atmosphere.
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Annex B

1) CdSe NPLs functionalization with complex [Mn(TPA)S:]

a) Strategy 1

Synthesis of [Mn(TPA)(NO3).]

2,6 mg of Mn(NO3)2 . 4H20 (0,0145 mmol) were dissolved in 1 ml of formamide (CH3NO,
FA) and 20 mg of triphenylamine (TPA) (0,082 mmol) were dissolved in 2 ml of formamide.
The first solution was added to the last solution and the reaction was let out stirred during 30
min.

Synthesis of NPLs@$S

On the other hand, 20 mg of Na.S (0,256 mmol) was dissolved in 2 ml of formamide. This
solution was added to 1 ml of NPLs solution (previously purified) in toluene and let out
stirring for 1 h. The reaction was stopped after seeing the phase transfer of CdSe NPLs from
toluene to the formamide phase. The phase transfer is completed when the color of toluene is
colorless. The FA is separated out by washing 3 times with toluene to remove the excess of
NPLS that were not grafted and with CH3CN to precipitate. After that, the NPLs@S were
redispersed in 1 ml of FA.

Synthesis of NPLs@S@Mn@TPA

Finally, the NPLs@S solution was added in drops into the [Mn(TPA)(NO3).] complex
solution. The reaction mixture was let out during 3 days. After the time reaction, the
NPLs@S@Mn@TPA solution was not longer fluorescence.

b) Strategy 2
Synthesis of [Mn(TPA)(NO3).]
The synthesis was carried out similarly as the previously mentioned with Na>S with the only

difference that they were dissolved in MeOH.
Synthesis of NPLs@$S

43 ul of (NH4)2S was added in 2 ml of H20 and drops-wise of this solution were added to 1
ml of the NPLs solution. The color changes as the solution is added to the NPLs. The phase
transfer of the CdSe NPLs from CHCIs to H2O phase is observed after less than 10 min. The
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polar phase is separated out by washing 3 times with CHCIs. The solution was then
precipitated out with acetone, and redispersed in 2 ml of MeOH.

Synthesis of NPLs@S@Mn@TPA
The NPLs@S solution was added dropwise to the Mn(TPA)(NO3). and the reaction was kept
for 1 day. The precipitate was redisperse in EtOH but the NPLs were dissolved or destroyed.

2) CdSe NPLs functionalization with [Mn(Ac)-]

Synthesis of NPLs@$S

3,3 mg of NazS (0,042 mmol) were dissolved in 1 ml of formamide. Then, the solution was
added to 1 ml of NPLs in CHCIz and the mixture was stirred during less than 10 min. The
non-polar phase was removed from NPLs@S in FA.

Synthesis of NPLs@S@Mn
30 ul of 0,1 M solution of tetramethylammonium chloride was added into the NPLs@$S

solution in FA. The mixture was stirred for 5 min and then, 60 ul of 0,1 mol.L? solution of
didodecyldimethylammonium bromide (DDAB) in CHCIz was added. The mixture was let
out stirring for 20 min. Then, the CHCI3 phase is separated out and washing 3 times with FA.
Finally, 60 pL of 0,1 mol.L™ solution of manganese acetate Mn(OAc). in FA is added to the
non-polar phase and stirred for 2 min. The nanoplatelets remained in the interfase and were no

longer fluorescence.

3) CdSe NPLs functionalization with complex [Mn(hfac)-]

The formation of NPLs@S was similar to the one previously reported (3). Then, 30 uL of 0,1
mol.L™? solution of tetramethylammonium chloride was added to the NPLs@S solution in FA.
After 5 min of reaction, 15 uL of 0,1 mol.L™* solution of DDAB in toluene was added and let
it stir for 10 min. Then, the non-polar phase was separated out and washing 3 times with FA.
Finally, 35 uL of Mn(hfac). (hfac = hexafluoacetylacetonate) of 1.28 mM was added to the

NPLs@s solution with a reaction time of 24 h.
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Nanoplaquettes semi-conductrices hybrides : synthese et assemblage par
I’intermédiaire de molecules

Résume :

Ce doctorat avait pour objet I’exploration des propriétés chimiques de nanoplaquettes de
séléniure de cadmium en les fonctionnalisant par des complexes paramagnétiques de coordination. En
effet, I’association des propriétés magnétiques des complexes avec les propriétés optiques trés
originales de ces objets pourrait conduire a la découverte de nouvelles propriétés magnéto-optiques.
Cette thése, en cohérence avec des résultats récents de la littérature, a confirmé que la forme
plaquettaire de ces nano-objets induisait leur empilement lorsqu’ils sont recouverts de ligands
appropriés et dispersés dans des solvants adaptés. Cette these présente trois chapitres portant sur (i) la
description des nanoplaquettes de CdSe du point de vue de leur structure et de leurs propriétés, (ii) une
étude de 1’assemblage des plaquettes lorsque celles-ci sont fonctionnalisées par des molécules de type
azobenzene isomérisable et (iii) I’étude de I’assemblage des nanoplaquettes par I’intermédiaire de
phtalocyanines de cobalt(ll) conduisant a des matériaux composites. Nous avons montré que la
fonctionnalisation des nanoplaquettes par des molécules d’azobenzéne permettait leur assemblage hors
équilibre c’est a dire sous apport continu d’énergie. Par ailleurs, deux voies d’assemblage des
nanoplaquettes avec la phtalocyanine de cobalt ont été explorées. Ces deux voies permettent d’obtenir
des composites de structures différentes et dans un cas il a été observé une émission de lumiére
polarisée circulairement sous champ magnétique. Ce résultat montre I’existence d’une rupture de
symeétrie dans le composite liée a la présence du complexe de cobalt et donc I’apparition de propriétés
magnéto-optiques.

Mots clés : nanocristaux ; nanoplaquettes ; semiconducteurs ; assemblage ;
photoluminescence ; hybrides

Hybrid semiconducting nanoplatelets: synthesis and molecule-driven assembly

Abstract:

This Ph.D. aimed at a better understanding of the chemical properties of cadmium selenide
nanoplatelets by functionalization by paramagnetic coordination complexes. Indeed, the original
optical properties of the platelets associated to the paramagnetism of transition metal complexes could
lead to new magneto-optic properties. In agreement with recent literature results, this Ph.D. confirms
that the planar morphology of these nano-objets induces their stacking when covered by appropriate
ligands and dispersed in appropriate solvents. This thesis presents three chapters about (i) the
description of the structure and the properties of CdSe nanoplatelets, (ii) a study of azobenzene-
decorated nanoplatelets and (iii) the self-assembly of CdSe nanoplatelets mediated by cobalt(ll)
phtalocyanines to produce composite materials. This work shows that functionalizing CdSe
nanoplatelets with azobenzene moieties allows their out-of-equilibrium assembly. Furthermore, two
ways of assembling nanoplatelets with cobalt(ll) phtalocyanines have been developed leading to
composites bearing different structures. For one of these structures a circularly polarized light is
emitted under magnetic field revealing a symmetry braking in the composite thanks to the cobalt
complex and thus magneto-optic effects.

Keywords: nanocrystals; nanoplatelets; semiconductor; assembly; photoluminescence; hybrids



