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Chapter 1

Introduction and state of the art

This manuscript presents part of my work since my recruitment as a CNRS research as-
sociate at the Laboratoire de Physique des Solides in Orsay. A part of my research project
when i arrived at LPS was on the self-assembly of colloidal semiconducting nanoplatelets
which (at the time) had been discovered two years earlier in B. Dubertret’s lab by San-
drine Ithurria. Hence, i started to work in close collaboration with Benoit’s group and
learned how to synthesize these fascinating objects with the help of two graduate stu-
dents (M. Tessier and C. Bouet). The initial goal was to make colloidal liquid crystals
with these platelets in the fashion of what had previously been achieved at LPS on clays
or goetite nanorods. However, these organized phases require an important volume frac-
tion in nanocrystals (commonly tens of percent) which was difficult to achieve with the
current synthesis methods. We also quickly realized that colloidal stability issues would
prevent us from reaching this goal in the short term. Nevertheless, we noticed that these
platelets had a strong tendency towards stacking and tried to better understand and to
control this stacking. The main part of this manuscript is dedicated to our efforts to-
wards this goal. We drew our inspiration from the literature available on CdSe nanorods
and spheres to craft self-assembly schemes adapted for nanoplatelets. In this endeavor,
I have been lucky enough to collaborate with Santanu Jana who arrived as a post-doc
in january 2014. He has performed most of the experiments presented in chapters 2, 5
and 6. The work on the nanoplatelets/polymer composite (chapter 4) is a collaboration
with Emmanuel Beaudoin, associate professor at Paris-Sud.

The manuscript organizes as fellows. In this introduction, i give an overview of
the basic knowledge on quantum dots and nanoplatelets necessary to fellow the rest of
the manuscript. I recall the basics on quantum confinement, colloidal nanocrystals and
the specificities of colloidal quantum wells. Then, 1 review the forces acting between
colloidal nanocrystals which lead to their self-assembly. This part has been written in
the context of an invited mini-review article on the self-assembly of semi-conducting
nanocrystals published recently in a special issue of ChemPhysChem dedicated to quan-
tum dots [1]. The second chapter deals with the colloidal stability of colloidal quan-
tum wells and is adapted from a recent publication [2]. Chapters 3 to 7 describe our
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Figure 1.1:  A. Schematic representation of colloidal nanocrystals: spheres, rods and
platelets from top to bottom (from [5]). B. Electron microscopy of the corresponding
shapes. C. and E. Multicomponent nanostructures. D. dispersion of colloidal nanocrystal
in hexane. E. Nano-tetrapods.

recent work on the self-assembly of colloidal nanoplatelets into different kind of super-
structures, from anisotropic supra-particles to (twisted) threads. Chapters 3 and 4 have
already been published [3, 4] while chapters 5 and 6 have not appeared in the literature
yet. Finally, 1 describe the main research direction in which i intend to work in a near
future.

1.1 Colloidal nanocrystals

Colloidal nanocrystals can be defined as solution grown inorganic crystals with one
dimension below 10 nm and covered with a mono-layer of surfactant bound to its sur-
face (Figure 1.1). The inorganic core provides the colloidal nanocrystals with size de-
pendent physical properties while the surfactant mono-layer makes them dispersible in
common organic solvent. Research on these objects has been triggered by the discovery
of solution synthesis using organo-metallic precursors. The high temperature (between
100 and 300°C) reaction of precursors in the presence of surfactant such as long chain
amines, carboxylic acids or phosphorous compound, allows the formation of monodis-
perse nanocrystals. Often, the size distribution has a relative standard deviation below
10% and can sometimes reach values lower than 5%. This kind of chemistry has initially
been crafted for semi-conducting materials such as CdSe [6] but has proven efficient in
the synthesis of a wide range of other materials like metals, metal oxides, fluorides etc...
Since then, a new branch of chemistry, blending organometallic chemistry and materi-
als science has emerged whose goal is to synthesize such nanocrystals with the highest
control possible in terms of shape and size monodispersity or yield. The synthesis of
these nanoparticles usually takes place in high-boiling point organics solvents such a

6
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Figure 1.2: Schematic representation of quantum dots, wire and well. The typical shape
of the density of states function for electrons in the conduction band for a semiconductor
with band-gap E, is represented for the three types of confined structures.

octadecene, hexadecene. A typical experimental set-up involves a round-bottom flask
connected to a condenser and a schlenk-line. The flask is equipped with a temperature
controller, a magnetic stirrer and precursors can be injected in the reacting medium at
different stages of the reaction. After the synthesis, the nanocrystals are purified through
precipitation-redispersion cycles. An antisolvent (usually an alcohol) is added to the
crude product which makes the nanocrystals precipitate while the byproducts remain
in solution. After centrifugation, the nanocrystals are redispersed in an organic solvent
and precipitated again for further washing. This cycle is repeated until the desired de-
gree of purity is achieved. This purification cycles can have an effect on the density and
composition of the ligand brush.

This manuscript is focused on semiconductor colloidal quantum dots which exhibit
fascinating optical porperties due to a quantum confinement, in the following, we detail
the physical principles underlying this effect.

1.2 Quantum confinement

When a solid reaches dimensions sufficiently small, new physical properties can appear
which depend on the extent of this confinement [7]. This is the case for semi-conducting
materials whose optical properties change when the size of the crystal reaches nanomet-
ric dimensions. This effect is called “quantum confinement” since it is of pure quantum
origin. The Heisenberg uncertainty principle states that when a particle is confined to
a region Ax of the x axis in space, its momentum can not be known with arbitrary

7
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precision. If the uncertainty on the momentum is Ap_, a formal inequality follows:

4
Ap > 1.1
P Z Ax ( )
Hence, for a particle of mass 7, a confinement in the x direction gives an additional
energy (E,) of:
Ap ) h
2m 2m(Ax)?
The energy induced by the confinement will only be noticeable if it is of the same order
of magnitude as the thermal energy i.e. 1/2k,T. This yields an order of magnitude of
the dimension over which the quantum confinement starts to be significant:

hZ

Ax < .
s mka

(1.3)

For an electron in a semi-conductor, the typical effective mass is 0.1z, where m, is the
mass of an electron at rest (9.11x 107! kg). With #=1.05x107*J.sand e T=4.11x 107!
J, this yields a typical Ax value of 5 nm.

The properties of the confined material and its precise band-structure will depend on

the number of dimensions over which the material is confined. Three types of quantum-
confined structures can be produced with a confinement in 1, 2 or 3 dimensions. They
have been named accordingly quantum wells, quantum wires and quantum dots (Figure
1.2). Inthe bulk, the density of state is proportional to (E—E, )!/2. In the case of confined
structures, the band-edge is shifted to higher energies due to the quantum confinement
energy and the functional form of the density of states is completely changed. It is be-
yond the subject of the manuscript to go provide a complete mathematical description
of the energy levels in these confined structures, however we can describe qualitatively
the shape of the density of states in the case of quantum wells and dots.
In the case of quantum wells, it is possible to show that the density of states of the elec-
trons in the valence band does not depend on the energy. Hence, the density of state
versus energy curve is just a step function with jumps at every quantized level of the
energy. By solving the Schrédinger equation for an infinite potential well, it is possible
to show that the energy levels are given by:

En= 2;:* <nd_ﬂ>2’ (1.4)

where 7 is an integer corresponding to the energy level number, d is the thickness of the
quantum well and 72" is the effective mass of the particle.

In quantum dots, the motion is quantized in all three directions and no continuous
band is visible in the. These particles behave like artificial atoms in which the electrons
have discrete energies in contrast to bands as observed in the solid state. The density of
states consists of a series of Dirac §-functions at the quantized level.

8
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Figure 1.3: Left: Simplified schematic diagram of the processes occurring in a direct
gap semiconductor when a photon of energy /v, is absorbed, populating the valence band
and creating a hole in the conduction band. Both the electron and the hole relax through
thermalization and an a photon is emitted. Right: Typical absorption and emission spectra
for a quantum dot.

1.3 Interband absorption, excitons and photoluminescence

Like in any other semiconductor, electrons in quantum dots interact with light through a
series of physical phenomenon leading to valuable properties. Asdescribed in Figure 1.3,
a photon with energy larger than the band gap can be absorbed through the interaction
with an electron, creating an exciton, i.e. an electron/hole pair. The transition rate
between these two electronic states is given by the Fermi golden rule:

Wir= |M|2 (how) (1.5)
where M is the matrix element describing the photon/electron interaction and g(%5w)
is the density of states. Both the electron, now in the valence band, and the hole will re-
lax towards the bottom (or top) of their band through interactions with phonons. This
thermalization process is very fast and usually occurs within 100 fs. Once at the top
(bottom) of their bands, holes (electron) must wait to recombine through the emission
of a photon with energy close to the band gap or through non-radiative pathways (such
as Auger recombination or coupling with surface trap states). The efficiency of the ra-
diative recombination can be measured through the quantum yield and is linked to the
radiative lifetime which is of the order of a nanosecond in the case we are interested in.
Experimentally, these processes can be probed by absorption and emission spectroscopy.

9
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Figure 1.4: Left: evolution of the quantum dots band gap as a function of their size,
photograph showing the glowing fluorescence of quantum dots under UV illumination.
Right: emission spectra of quantum dot of varying size from 2 to 5 nm.

Figure 1.3 shows the typical absorption and emission spectra of a dispersion of quantum
dots. Starting from low energy photons, the absorbance is close to zero from the in-
frared until the band-gap energy is reached. Then, photons start to be absorbed and the
absorbance increases as the wavelength decreases. The features visible in the absorption
spectra are the signature of the fine band structure of the quantum dots. The emission
spectra exhibits a single peak corresponding to the recombination of band-edge excitons.

As explained in the previous paragraph, a quantum confinement effect leads to the
increase of the band gap in semiconductors. The emission wavelength is thus directly
related to the size of the quantum dots. For CdSe, the bulk band gap is 1.74 eV (corre-
sponding to a wavelength of 712 nm). As the size of the particle decreases, the band gap
increases and the emission wavelength shifts through the visible spectrum from the red
to the ultra-violet (Figure 1.4).

The width of the emission line is related to two distinct effects. First, the polydisper-
sity of the quantum dots can induce a broadening of the emission line since the emission
wavelength is directly related to their size. Second, thermal agitation authorizes elec-
trons to have energy levels higher than the ground state in the conduction band. This
leads to a dispersion in the emitted photon energy directly linked to temperature. The
observed width of the line results from the largest of the two dispersions.

1.4 Colloidal semi-conducting nanoplatelets

Semi-conducting nanoplatelets have recently been discovered [8-10]. They are the col-
loidal equivalent of epitaxial quantum wells, studied a lot in the 90’s (mostly of the III-VII
semiconductor family), which are still of great applicative interest for lighting devices.
They are also called colloidal quantum wells in the litterature. These nanoplatelets
(NPL) are 2D nanocrystals with thicknesses ranging from 0.5 to 2 nm and lateral di-

10



1.4 Colloidal semi-conducting nanoplatelets 11

Peak position (nm) | Structure | number of monolayers | designation | Thickness (nm)
394 3Cd-2Se 2.5 2ML 0.6
463 4Cd-3Se 3.5 3ML 0.9
512 5Cd-4Se 4.5 4ML 1.2
552 6Cd-5Se 5.5 5ML 1.5

Table 1.1: Structural and spectroscopic characteristics of zinc-blende nanoplatelets.

mensions one or two orders of magnitude largers. CdSe, PbS, ZnS Both wurtzite and
zinc-blende NPL can be synthesized depending on the ligand and reaction temperature.
Zinc-blende platelets [11, 12] are obtained with carboxylic acid ligands and tempera-
tures ranging from 150 to 240 °C while amines and lower temperatures yield wurtzite
type particles [ 13-16].

In the present mansucript, we focus on zinc blende colloidal NPL. A striking feature
of these nanoparticles is the ability to control their thickness at the atomic level. Several
electron microscopy studies and recent X-ray diffraction experiments have shown that
NPL have their large dimension perpendicular to the [001] direction of the lattice with
flat cadmium planes terminating the particle at the top and bottom. The carboxylic acid
ligands are linked to the cadmium atoms via X-type ligand-metal bond [17-19]. Atomic
models showing the structure of these nanoplatelets are shown in Figure 1.5.

Since the quantum confinement only occurs in the thickness direction, the band gap
and hence the electronic band structure solely depends on that dimension. Theoretical
calculations have shown that, in the case of CdSe, important shifts (tens of nanometers)
are observed in the band gap luminescence when the thickness is changed by just one
atomic layer. Furthermore it is possible to obtain through proper synthesis and purifi-
cation, colloidal dispersion containing only one population of NPL of a given thickness.
In this respect, nanoplatelets share similarities with atomically defined particles such as
polyoxometallates or magic size clusters. This is easily assessed by UV-VIS spectroscopy.
Their absorbance spectra have very sharp features whose position depend on the NPL
thickness (Figure 1.6). The thinnest NPL which can be synthesized using this chemistry
has its first excitonic feature in the absorbance spectrum at 394 nm (table 1.1). This class
of NPL is difficult to image with an electron microscope due to their small thickness and
have a low quantum yield. The next population in thickness, emitting at 463 nm, can
yield very extended NPL which roll into tubes along the [110] direction [20]. Thicker
NPL, emitting at 512 and 552 nm have the greatest quantum yield (which can be as high
as 50%) and have been used in most of the recent work on the optical properties of NPL
[21-24]. Their thickness is respectively 1.2 and 1.5 nm and their lateral extension ranges
between 10 and 30 nm.

The correspondence between the absorbance spectra and the thickness of the NPL
have been the subject of conflicting reports in the literature. The first reports were based

11
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Figure 1.5: Atomistic models of colloidal CdSe quantum wells. A) quantum wells of differ-
ent thicknesses with a side view angle perpendicular to the [001] direction. B) view with a
C) view from the top perpendicular to the plane of the platelet.

12
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Figure 1.6: A) Absorbance UV-VIS spectra of colloidal nanoplatelets with increasing thick-
ness from top to bottom. The sharpness of the excitonic features are due to the atomic
level control of theC NPL thickness. B) HAADF-STEM image of a CdSe-CdS core shell
nanoparticles where atoms can be counted. The picture was taken by G. Patriarche at LPN,
Marcoussis.

on theoretical calculations which linked the optical transition energies to the thickness
through confined electron models. These models use constants of bulk CdSe to calculate
the thickness and predicted a 7 monolayers structures (2.1 nm thickness) for the thicker
platelets emitting at 552 nm. The model also predicted that the other populations where
separated by one Cd-Se unit. A direct measurement of the number of atoms in a single
platelet by electron microscopy is difficult since one has to find a perfectly oriented
particle along the electron beam. A very high resolution is also necessary. High angle
annular dark field scanning electron microscopy (HAADF-STEM) images of core/shell
CdSe/CdS nanoplatelets were obtained and enabled the absolute determination of the
CdSe core atomic composition. The platelets emitting at 552 nm were found to be 1.5
nm thick with a 5 monolayers structures as presented in the table above. These values
have recently been confirmed by X-ray diffraction.

All the synthesis of zinc-blende colloidal nanoplatelets published so far involves the
use of cadmium acetate as a precursor. Its role in the anisotropic growth is not clear yet
and is the subject of current studies. An increase of temperature synthesis yields thicker
platelets. While 2ML NPL can be synthesized at temperatures as low as 130 °C, 5ML
NPL are usually made at 240 °C. It is important to note that 2 or 3 populations of NPL
(and often quantum dots) are present in solution at the end of a synthesis. Since 3ML
NPL are more extended laterally, they are heavier and hence can be easily separated by
centrifugation. Platelets and dots are separated using selective precipitation. Since they
do not have the same colloidal stability, upon addition of an antisolvent, the NPL pre-
cipitate earlier while quantum dots remain in solution. After centrifugation, the solvent
containing quantums dots can be discarded while the NPL can be redispersed. Detailed

13
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synthesis protocol of the NPLs used in this work are described in the experimental sec-
tion at the end of this manuscript.

1.5 Colloidal forces between semi-conducting colloidal nanocrystals

This section is adapted from an invited review article [1] whose topic was the self-
assembly of colloidal semi-conducting nanoparticles in general (including rods and spheres).
We present here a modified shortened and updated version.

The field of supra-molecular chemistry has fueled impressive progresses at the inter-
face of chemistry, biology and physics by enabling the synthesis of complex structures
whose shapes are encoded at the molecular level [25, 26]. Synthetic chemistry of col-
loidal nanocrystals has expanded in recent years and the degree of control achievable over
the structure of nanocrystals is truly remarkable. Self-assembly of colloidal nanocrystals
is a route towards larger architectures composed of nanoparticles as building blocks. The
ambition in trying to self-assemble nanocrystals is to exploit their size depend physical
properties in devices or to forge new collective properties through short-range interac-
tions such as plasmon coupling or exciton transfer.

Previously, other reviews have dealt with self-assembly of (colloidal) nanocrystals
and the reader should refer to these papers for a wider perspective on this topic [27-33].
Other reviews are focused on specific topics such as one dimensional nanocrystals [34],
nanoparticle-polymer composites [ 35, 36], applications in solar cells [37, 38], lead chal-
chogenide nanocrystals [39] or charge transport in self-assembled nanostructures [40]

We start by describing the different inter-particle forces acting in the self-assembly
process of nanocrystals. The basic understanding and experimental validation of these
potentials is a pre-requisite for predictive design of new nanoparticles-based assemblies
[41]. Most of the time, these forces have been thoroughly described in the past for col-
loidal particles which are one to two orders of magnitude larger. However, some speci-
ficities to the nanoscale exists. Most of the simplifying assumptions which are valid for
large colloids break down when the size of the particles reaches the nanometer scale.
For example, a classical assumption is to consider the solvent as a continuum. This is
not realistic for nanoparticles in long chain alkanes. This specifitites to the nanoscale
are described in details in a recent review [42].

1.5.1 Dipole-dipole interaction

In semi-conducting nanoparticles, an inhomogeneous repartition of the electrons within
the material can yield to a permanent dipole. This can have important consequences on
the spectroscopic properties of the nanocrystals since electronic transitions forbidden by
symmetry are allowed if the nanocrystals are not centro-symetric. Such parity-forbidden
transitions have been observed in CdSe nanocrystals and were explained by the presence
of a permanent dipole [43]. Following these findings, screened dipole moment com-
prised between 20 and 100 Debye were measured through impedance measurements of
a concentrated colloid’s complex dielectric constant[44, 45]. Surprisingly, a significant

14



1.5 Colloidal forces between semi-conducting colloidal nanocrystals 15

dipolar moment was also measured in ZnSe nanoparticles whereas, contrary to wurtzite,
their zinc-blinde structure is not polar and exhibit an inversion symmetry center [45].
Different physical explanations have been provided such as a small shape asymmetry,
surface strain induced by ligands causing a distortion of the lattice at the liquid-solid
interface [46] or surface localized charges due to dangling bonds. Simple orders of mag-
nitude calculations yield dipole values and trends consistent with experiments in the
case of surface localized charges [45]. More recently, semi-empirical quantum calcula-
tions [47] showed that truncations of regular tetrahedral CdS nanocrystal could yield
dipole moment comprised between 50 and 100 D, similar to experimentally measured
values.

In wurtzite CdSe nanorods, a very large dipolar moment comprised between 100
and 200 D has been measured in solution by transient electric birefringence [48]. Mea-
surements on different nanorod samples with varying dimensions showed that the dipo-
lar moment scales linearly with nanocrystal volume. Small crystallographic deviations
from the ideal wurtzite structure explains the origin, the magnitude and the trend ob-
served in experiments [49]. In the case of PbSe nanocrystals, the growth mechanism
induces a non-centrosymmetric distribution of the polar {111} facets and hence a dipo-
lar moment larger for small spherical nanoparticle than for larger nanocubes which are
almost symmetric [50]. This large dipolar moment induces a strong attraction between
the PbSe nanocystals during their formation and their oriented attachment yielding
long, anisotropic PbSe nanowires [51].

Such large dipolar moments affect the interaction between nanoparticles through
dipolar coupling. The interaction potential between two dipoles of moment u separated
by a distance r is given by [52]:

2

U

~2 ~[2c0s0, cost), —sin b, sin 0, cos ], (1.6)
TEqET

Vdipole =

where the orientation of the dipoles are given in Figure 1.7.

This equation shows that the attraction is maximum when the two dipoles are lying
in line for a given r. However, depending on the relative orientation of the dipole in-
side the nanoparticle, the configuration where the two dipoles are parallel can also be
favored. Asa matter of fact, if the parallel configuration is higher in energy at a given r,
sterical constraint can authorize smaller r values in the parallel configuration. This is
the case, for example, if the dipole is oriented along the high dimension of a rod: orient-
ing the rods in a parallel orientation enables closer contact and hence a smaller » value.

It is important to notice that while these dipolar interaction are usually neglected
in the case of large colloids, they play an important role in semi-conducting nanocrys-
tals. As already pointed out by Rabani et al. [53], dipole-dipole interactions scale like
7~ whereas van der Waals interactions decay much more rapidly (r~°). In this respect,
nanocrystals are closer to molecules, which often hold a permanent dipole, than to col-
loidal particles. Talapin et al. have indeed shown that dipole-dipole interactions could
explain the rich phase diagram observed in some nanocrystal superlattices [51]. In par-
ticular, non closed-packed simple hexagonal superlattice can not form in hard-spheres

15
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systems. Analytical calculations [54] confirmed that clusters having original geometries
such as planar, tubular or Mobius could be observed in systems of dipolar spheres with
weak van der Waals coupling.

1.5.2 van der Waals interactions

van der Waals forces, also called London dispersion forces have been extensively studied
in the past [55]. Their physical origin lies in the induced dipole-induced dipole interac-
tions present in every material. Qualitatively, even if an atom or a molecule has no net
time-average dipole, an instantaneous dipolar moment is always present due to the move-
ment of the electrons around the nucleus [52]. This instantaneous dipole creates a field
which will affect the surrounding and induce a net attractive force. At long distances,
the van der Waals forces are dominated by semi-conductor/semi-conductor interaction
through the solvent. The general form of the interaction is given by the Hamaker pair-

wise summation: y
3 1 . .
VI =—— —dr.dr, (1.7)
vdw 2 76 t0)
ViV

where A is the Hamaker constant and V; ; are the volumes of the particles. In the general

case, the integration has to be performed numerically but analytical expressions can be
found for classical geometries. The interaction potential depends on the geometry of the
nanoparticles and on the Hamaker constant of the material (1) considered through the
solvent (2). In the case of identical particles interacting through a solvent, this constant
(A,,;) can be calculated through a combining relation [52]:

Ay (\/A_1_ \/A_2)2 (1.8)

The Hamaker constant for semi-conducting nanoparticles are not known exactly and
depend on their precise structure. In general, they are not the same as the Hamaker
constant of the bulk material. In any case, even the bulk Hamaker constant for the ma-
terials where are interested in have never been published to the best of our knowledge.
An exception is CdS, whose Hamaker constant is 11x 1072 J as quoted in ref [56]. This
value is quoted in several publications as the more precise value available for CdSe [57].
Rabani calculated theoretically the value of the Hamaker constant for CdSe as an appli-
cation of a new interatomic pair potential for this material [53] and found 0.388 eV i.e.
6.21x107%° J. Hence, for a CdSe nanocrystal in an apolar solvent such as hexane (for
which the Hamaker constant is 3.8 x 1072 J), we found A,,;, = 1.87 x 107%° J with the
bulk Hamaker constant of CdS and 0.3 x 10~ for the value calculated by Rabani.

For two flat plates, following the notations described in Figure 1.7, the interaction
potential per area unit is given by:

Vplates _ Ay

= 1.9
127d?’ (19)

vdw

where d is the distance between the plates.
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Figure 1.7: Notations used for the description of the different interactions: A) dipolar
interaction B) van der Waals interaction in the plate geometry

In the case of two rectangles of length @ and width & separated by a distance d where
d </, the thickness of the rectangle, the van der Waals potential is given by:

2
Vit = —A—mf F(dsa,b), (1.10)

v
T

where:

[ bd2r24% 5 b
g(d’“’b)_|:2d4(d2+42)1/2j|tan [m]

d*+2ab? B b
+[2d4(dz+bz)1/z]tan 1[m] (1.11)
b -1 b a _1[/4a
2d3 tan <E>—2713tan <E>

1.5.3 Electrostatic interaction

Electrostatics are known to be an important force governing self-assembly of nanopar-
ticles [58]. However, these interactions are less well studied in non-polar solvent. This
topic has essentially been considered for its applicative relevance in various domains such
as ink jet printing or safe petroleum processing. Two thorough reviews have been dedi-
cated to this subject [59, 60] and i will only describe here the most important points. In
polar media, charges dissociate easily due to the high dielectric constant (¢ ~ 80 for wa-
ter). A quantity of interest to consider in this respect is the Bjerrum length A, which is
the distance between two unit charges where their Coulomb energy equals the thermal
energy kT

A, =e*/4me,ekT. (1.12)

In water (at 25°C), the Bjerrum length is only 0.72 nm. In contrast, it reaches 30 nm
for hexane. This shows that charges do not dissociate easily in non-polar media and that
the energetic barrier to overcome in order to tear apart too opposite non-polar media is
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40 larger in hexane than in water. In fact, it is possible to show that the solubility of a
1:1 electrolyte in a solvent scales like exp(—A,, ) [52] However, the difficulty of solute to
dissolve in low dielectric permittivity media does not imply that charges are absent and
that we should ignore these effects in the theoretical treatment of interaction potential
between colloidal nanoparticles. On the contrary, charges may have an important effect
on the colloidal stability and self-assembly of nanocrystals. A direct consequence of the
scarcity of charges is the lack of screening of electrostatic interaction. The Debye length
is directly proportional to the Bjerrum length and quantifies the length-scale over which
a counterion cloud is perturbed by an charged surface:

X_lzéb :Z("-ﬂ/{B/OOOZiz)l/Z, (1.13)
where o, is the ion concentration far from the surface and z; is the ion valence. In
aqueous media, the Debye length can be tuned by adding salt from 30 nm (for 107* M
in NaCl) to a fraction of nm (for 1M in salt) whereas in apolar solvent, 1/x is usually
two orders of magnitude larger and ranges from 1 to 100 um. Hence, charges are rare
but they are very weakly screened meaning that even a small quantity of charges will
have effects over large distances. Moreover, this low screening length induces a very
small double-layer capacitance. In other terms, a small amount of charge will generate
significant surface potentials. For example, surface potentials of -140 mV have been
measured in non-aqueous 800 nm colloids with only 200 to 900 electrons [61]. This
represents a charge density of -4.107° C m™2, almost five orders of magnitude smaller
than the charge density necessary to reach such a high potential in a 1072M NaCl aqueous
solution. Hence, even if charge are not numerous, they induce large surface potentials
and act over long distances which makes them play an important role in the self-assembly
of nanocrystals.

More quantitatively, if we consider an isolated spherical particle of radius 2 and
charge per surface area o, the {-potential induced by this charge is given by:

o, =¢€€,( /a. (1.14)

This expression is valid for isolated particles and hence at extreme dilution where
double-layers of several nanoparticles do not overlap. This highlights one of the diffi-
culties when dealing with electrostatic in non-polar media: the break-down of the thin-
double layer limit: xa > 1 where a is the particle size. This approximation simplifies a
lot the mathematical treatment of electrostatic equations. Furthermore, the nanocrys-
tals we are interested in are small compared to classically studied colloids. Hence, we
are always situated in the thick double-layer regime: xa < 1. Another consequence of
the large Debye length is that we can rarely consider that nanoparticles are independent
since the double-layers of several nanoparticles are inter-penetrating. Unless very high
dilutions are considered, individual properties of nanoparticles depend on first or even
second neighboring nanoparticles. Electrostatics in colloidal nanocrystals in hence in
the large and overlapping Debye layers regimes and one has to be very careful one
using classical theories in electrostatics that they are still valid in this regime. This is
often not the case.
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A critical volume fraction ®, over which a double-layer overlap occurs can be calcu-
lated following Dukhin ez al. [62]:

0.52

g (1.15)
(1+ X—laf
The electrophoretic mobility of a colloid in a solvent is given by:
LA, (1.16)
Y

where 7 is the viscosity of the solvent and f(xa) is a function of the radius 2 and the
inverse Debye length x. In the case of an apolar solvent, xa < 1 and f(xa) = 1/3
(Huckel limit) [63].

In the limit of low xa, where a is the particle radius, the DLVO theory yields the
following expression for the interaction potential between two spheres:

eeqa’(?

R

exp (—x(r —2a)), (1.17)

where 7 is the distance between the particle centers In the regime of small xa the Derya-
gin approach, classically used in the DLVO theory, breaks down and using these ap-
proximate expressions can lead to a gross overestimation of the electrostatic interaction
[64].

Since we are interested in electrostatic interactions, we may ask by which mecha-
nisms charges can appear at the surface of nanocrystals. In a ideal system of colloidal
nanocrystal, ligands are strongly bound to the surface of the particle and exactly com-
pensate the charges carried by the surface ions [65-69]. NMR techniques have proven
that Pb and Cd surface atoms are bound to two carboxylic acid molecules through a X-
type bond. However, defects in this surface coverage can lead to charges and, as pointed
out below, a small number of charge can have an important impact on the interactions
between nanocrystals in organic solvents. Reports on {-potential measurements of semi-
conducting nanocrystals are scarce. This is due to the fact that these small electrophore-
sis mobilities are difficult to measure using standard instrumentation. However, electro-
static effects are thought to be at the origin of the structural diversity of binary nanopar-
ticle superlattices in which two nanoparticles of opposite signs self-assemble at a liquid-
air interface [70]. In this case, the stoichiometry of the binary superlattice is dictated by
the charges of the two components.

1.5.4 Surfactant monolayer interaction

After their synthesis, colloidal nanocrystals are coated with a monolayer of surfactant
which binds their surface. This monolayer makes the nanocrystals dispersible in organic
solvents and provides colloidal stability to the dispersion. The surfactant chains are usu-
ally considered to behave like polymer chains in good solvent, however, we will see at
the end of this section that this view is currently challenged by recent computational
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and experimental findings.

When two nanoparticles approach at a distance smaller than twice the ligand brush
length, the alkane chains have to compress, yielding a repulsive force between the nanopar-
ticles. If we consider a flat plate covered with a brush of polymer, the interaction free
energy has been devised by Hesselink ez a/ [71, 72] and comprises two terms. The first
term comes from the fact that upon mutual approach, the polymer chains at the sur-
face of the particles lose configurational entropy since the volume they can explore is
reduced. This can be viewed as an elastic contribution yielding a short ranged repul-
sion. The second “osmotic” contribution is caused by the mixing of the polymer chains
which might be energetically favored or unfavored depending on the goodness of the
solvent. The free energy, taking into account these two terms, reads:

AG =20k TV(d)+227 /9 kT (? —1){r})M(d), (1.18)

where v is the density of polymer chains, @ is an expansion factor depending on the
goodness of the solvent. It can be related to the Flory-Huggins interaction parameter &
and also depends on the nature and molecular weight of the polymer. For example, for

polystyrene it ranges from 0.9 (very poor solvent) to 1.6 (good solvent). 4/(r2) is the
r.m.s. end-to-end distance of the polymer in solution while V(d) and M(d) are functions
depending only on the distance between the particles. From this expression, it is clear
that the different parameters which play a role in the ligand stabilization of nanocrystals
are:
a the density of the ligand brush; a denser ligand monolayer will make the repulsion
stronger;
a the molecular weight and hence the size of the ligand;
w the ligand solvent interaction since adding a bad solvent for the chains will significantly
reduce the mixing entropy and hence decrease the repulsion between the particles.
In the case of spherical colloids, the qualitative features described below still hold but
the free energy calculation is complicated by the curvature of the particles. For large col-
loids, the Derjaguin approximation [73] considers that the brush length is much smaller
than the radius of curvature of the colloid, which makes the calculation similar to the
one of two flat plates. Of course, this approximation breaks down in the case of small
nanocrystals and more involved approaches such as self-consistent field theory have to be
employed[74]. This study shows that the interaction induced by the surfactant chain are
always repulsive, in contrast with previous claims using similar simulation techniques
[75,76]. Moreover, when two particles approach, an important inter-penetration of the
ligand chains occurs before the repulsion becomes significant. Finally, these simulations
explore the extent to which the Derjaguin approximation and its modified version can
be applied. The actual interaction is overestimated by the approximation but the agree-
ment is quite good for small compressions.

Surfactant monolayer induced interaction can also be analyzed theoretically by us-
ing integral equation theory, taking into account the discrete nature of the solvent [77,
78]. This approach is particularly suitable for nanoparticles since their small size, only

20



1.5 Colloidal forces between semi-conducting colloidal nanocrystals 21

A) B) Q) D) 150, T T T
- T T T u T
side view end view —300K 120F =300 K Aligned B
o02r =30k —320K
z b _90F ~—340 K 1
; Pe) S Unamater
0.01F w
& 30p
X
— 0)
L) )
00— 60 80 0 . 30 60 90 30)
0 L \ . L

2.5 3 35 4.5 5

4
r(nm)

Figure 1.8: Molecular dynamics simulations on CdS nanorods in explicit solvent as de-
scribed in [79, 80]. A) Scheme of the nanorods coated with ligands. B) orientation of the
ligand with respect with the nanorod facet. C) orientation distribution of the ligand as
a function of temperature. D) Potential of mean force between rods depending on the
temperature. Note the deep potential well at 3.3 nm for the 300K temperature when the
ligands are aligned.

an order of magnitude larger than the solvent molecule, makes questionnable models
considering the solvent as a continuum. Interestingly, these HNC calculations result in
interaction potentials which differ from scaled potential based on continuous solvents.
Several potential wells are predicted at short distances with depth comparable to &7,
the deeper one being for a nanoparticles separated with one solvent molecule. These
calculations also point the possibility to tune nanoparticle interactions by playing on
the solvophilicity (or solvophobicity) of the ligand brush, through the use of solvent
mixtures for example.

Orientational ordering of the ligands at the nanocrystal surface can also generate
strong inter-nanoparticle interaction. This has been shown by molecular simulations
in the case of CdS nanorods coated by a monolayer of octadecyl ligands (Figure 1.8.
In these simulations [79, 80], the solvent is taken explicitly into account. As temper-
ature decreases, the ligand shell goes from a orientationaly disordered state to a struc-
ture where the molecules have a preferred orientation with respect to the nanorods.
This kind of phase transition has already been observed in self-assembled monolayers
on macroscopic substrates. Solvent ordering occurs in the vicinity of the monolayer
which causes a strong attraction between the nanorods. The potential of mean force be-
tween two nanorods can be measured from the simulations and potential wells as high
as -30 £ T have been found for a rod-rod distance of 3 nm. This important attraction can
find its origin in the increase of the van der Waals attraction between the ligands since a
denser ligand shell will be more polarizable. Subtle entropic effects can also contribute
to the attraction since the entropic repulsion evoked earlier caused by a reduction of the
confrontational entropy of the ligand when they approach is absent in the case of ordered
shells. The order-disorder transition temperature is also strongly dependent on the facet
surface coverage. As the density of ligand increases on the nanoparticle, the transition
temperature shifts towards higher values. Shifts of tens of degrees are observed for sur-
face coverage varying from 75% to 100%. Hence, at a given temperature, increasing the
surface coverage can yield to a destabilzation of a colloidal solution caused by this ligand
orientation induced attraction.
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It is worth describing here recent experimental findings which highlight the com-
plexity of the ligand induced interactions between colloidal nanocrystals. In a series
of two papers, Peng et al. [81, 82] have investigated the solubility of carboxylic acid
coated CdSe nanocrystals depending on temperature, particle size and ligand formula.
Interestingly, they note that branched ligand (coined entropic ligands by the authors) are
extremely efficient to stabilize large amounts of nanocrystals in solution. For example,
2-hexyl-decanoic acid increase the solubility by a factor 1000 to 10000 as compared with
linear chain alkanes. This contradicts the belief that a longer alkane chain would induce a
stronger repulsion and hence increase the colloidal stability. Overall, these recent studies
show that colloidal nanocrystal interaction mediated by the ligand monolayer are richer
than a simple repulsion whose magnitude solely depends on the length of the ligand.

Finally, a few words are in order to highlight the specificity of 2D systems as far
as ligand mediated interaction are concerned. As a matter of fact, it has recently been
pointed out that the interaction between the ligands covering the particle is far more
effective when the curvature of the nanoparticle is as low as possible[ 83, 84]. This can
easily be understood by considering the interaction between two particles with ligands
bound on their surface. When spherical or rodlike particles approach, only a small frac-
tion of the bound ligands interact as their orientation follows the curved geometry of
the nanoparticle. On the contrary, when two plate-like particles are brought together,
all the ligands on one face of one particle come in close contact with all the ligands on
the opposing face of the other. Hence, in this geometry, the ligand-ligand interaction is
of particular importance and since it is easily tunable through physico-chemical parame-
ters, we expect this kind of interactions to be highly relevant in the case of nanoplatelets
in which we are interested.

1.5.5 Depletion interaction

Depletion interactions are frequently manipulated in colloid/polymer mixtures in order
to tune the interaction between colloids. The origin of this force is purely entropic
and has been described in the past by Vrij as "attraction through repulsion” [85]. The
physical principle is simple. Consider a dispersion of large colloids which also contains
smaller objects such as polymer chains or micelles. When two colloids are getting close
the small polymers are excluded from the space between the approaching colloids. This
depletion of polymers between the particles induces an attraction between the colloids of
osmotic origin, as if the polymers excluded from the depletion zone pushed the particles
one towards the other. Another way of explaining this phenomenon is to notice that
when the particles are separated, if we consider repulsive colloid-polymer interaction
there is a depletion layer around each particle in which the concentration in polymer is
lower than in the bulk. When the particles approach, these depletion layers overlap and
the volume available for the polymer chains increases. This induces an attractive force
of entropic nature.

In the limit of small depletant concentrations, the interaction potential is simply the
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product of the osmotic pressure caused by the depletant and the overlap volume. The
interaction strongly depends on the shape of the particles and Mason [86] showed that
it is much stronger between platelets than between spheres. This shape dependent inter-
action can be put to good use for the separation of different shapes in (nano)-particles
mixtures. For example, Park et al. [87] have used surfacant micelles to separate gold
nanorods from gold nanocubes and nanospheres in multicomponent dispersions. Re-
cently, Zhang et al. reported the self-assembly of squarelike PbCrO, and nanoplatelets
through depletion interactions induced by water-swollen reverse micelles [88]. Small
angle neutron and X-ray scattering provided information on the structure of the mi-
croemulsion and quantitative comparisons with models showed that depletion by mi-
celles was the likely mechanism. Depletion attraction has also been used to assem-
ble semi-conducting CdSe/CdS nanorods in solution to yield 2D monolayers of close-
packed hexagonally ordered arrays [89]. The addition of long chain fatty acids and
amines, polymers, liquid crystals to a stable colloidal solution of nanorods induced an
increase in the turbidity of the solution and the assembly of the nanorods.

1.5.6 Effect of water

The effect of trace water on the self-assembly of colloidal nanocrystals is a complex and
maybe belittled issue. It has been proven long ago that small amount of water could
play an important role on the colloidal stability of glass beads in organic solvent [90].
Even though water is not soluble in organic solvent classically used for self-assembly,
trace amounts of water can be present in solution even after a brief contact with air or
bounded to excess surfactant which has not been properly dried. Molar fractions of wa-
ter in saturated solvents range from 3.5x 10~* for hexane to 4x 10~ for chloroform [60,
91]. Several reports [92, 93] observed that an air-free environment was mandatory for
some features to be observed. For example, gelation occurs instead of nematic/isotropic
transition in concentrated dispersions of CdSe nanorods.

Water may have several different effects on the interaction between nanocrystals in apo-
lar solvents [60]. In the presence of surfactant, water can solubilize into reverse micelles
which will modify the charging and screening of electrostatic interactions [61, 94]. Wa-
ter can also adsorb at the surface of the nanocrystal and eventually change the sign and
magnitude of the {-potential. This effect has been demonstrated recently in dispersions
of silica particles and should also apply for semi-conducting nanocrystals [95]. Using
a surface force apparatus, Israelachvili ez al. [96, 97]. studied the influence of water on
the interaction between ZnS nanocrystals in dry and humid environment. The increase
of water content in apolar solvents was found to induce capillary forces between the
nanocrystals through the bridging of water pockets situated between the surface of the
nanocrystal and the surfactant monolayers. This short range force enhances the adhe-
sion between the nanocrystals and hence, induces the destabilization of the colloidal
solution.
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Figure 1.9: Effect of stacking on the fluorescence properties of CdSe NPLs. Upon addition
of ethanol, the stacking of the NPLs induce a decrease in the fluorescence lifetime (a and
¢) and a decrease in quantum yield (b and d). Reprinted from ref [98].

1.6 Optical coupling between Nanoplatelets

The self-assembly of NPLs can be of interest in the perspective of their optical prop-
erties. When nanoparticles are in close contact collective properties can appear and
the optical features of an ensemble is sometimes different from the sum of the individ-
ual properties. Such a collective effect has been demonstrated in the case of CdSe rods
where clusters of rods blink less than individual rods. Using correlated electron mi-
croscopy and fluorescence imaging, Wang et al. [99] determined the blinking statistics
of disorganized clusters of quantum rods. Interestingly, they found that clusters blink
less than the sum of individual rods. Both maximum and mean on-times in a cluster of
N nanorods increase by a factor of N or more as compared to individual nanocrystals.
These results were rationalized in the framework of the Auger recombination model
for blinking [100-104]. In this model, a quantum rod is dark if it is charged with the
electron trapped in its environment and the hole left in the particle. When particles are
clustered, exchange of electron can occur through tunneling between different particles.
Other mechanisms such as trapping/detrapping or exciton rearrangement can also hap-
pen. Overall, these phenomena guarantee that clusters will remain bright even if some
of the rods inside them are dark alternatively. Such collective effects on the blinking
statistics have already been demonstrated in the case of spherical core/shell quantum
dots [ 105, 106].

This kind of interaction can also occur in NPL and that was one of our motivations
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to study these systems. Another type of coupling called FRET (fluorescence resonance
energy transfer) [ 107] has been recently discovered in CdSe NPLs. This coupling occurs
between the excited state of a donor and the ground state of an acceptor fluorophore.
In this case, there is no photon appearing and the coupling occurs through a long-range
dipole-dipole interaction. For this process to be efficient, there must be some overlap be-
tween the absorption spectrum of the acceptor and the emission spectrum of the donor.
The two other parameters governing the rate of this process are the relative orienta-
tions of the donor and acceptor transition dipoles and the distance between the two
fluorophores. In the case of NPLs, two different types of FRET can occur. Since there
is a very small Stokes shift in these quantum wells, the emission and absorbance spectra
of NPLs with a given thickness significantly overlap. Hence, homo-FRET where the
energy transfer occurs between two platelets of the same thickness can occur. This phe-
nomena has recently been shown to be the origin of the decrease in quantum yield of
stacked NPLs. Upon addition of an anti-solvent, Guzelturk ez al. [98] evidenced this
loss of fluorescence and showed that it was coupled to a significant acceleration of the
transient fluorescence decay. According to their interpretation, excitons are transfered
from one well to another within the stacks until they arrive on a non-emissive platelet
which anneals the exciton through nonradiative recombination. Hence, efficient and
fast homo-FRET ultimately leads to a decrease of the quantum yield since a single non-
emissive platelet within a stack will induce the quenching the whole stack. The same
team has also investigated FRET between NPLs of two different thicknesses [ 108] (Fig-
ure 1.9). In this case, energy transfer occurs from the excited state of the thin NPLs to
the ground state of the thicker one. An efficiency of only 60 % (as compared to 99% in
the case of homo-FRET) was explained by the self-stacking of one population of NPLs
which increases the mean distance between the accepting and donating platelet. In an
independent study, Rowland et al. [109] used ultra-fast time-resolved spectroscopy to
probe FRET in mixed films of 4 monolayers NPLs (donors) and 5 monolayers NPLs
(acceptor). Their experimental study, backed-up by theoretical calculations show that
FRET between NPLs in a co-facial arrangement occurs in the 6-23 ps time-regime which
is almost two orders of magnitude faster than non-radiative Auger recombination. Since
the latter process is very damaging as far as opto-electronic applications are concerned
[110], ultra-fast FRET in these nanoparticles makes them particularly promising for
lasers, photovoltaic devices or lightning.
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Chapter 2

Colloidal stability and stacking of
colloidal CdSe nanoplatelets

In this chapter, we examine the colloidal stability of CdSe nanoplatelets and relate it
to their propensity towards stacking. Contrary to quantum dots or other colloidal
nanocrystals, nanoplatelets are not stable in solution for a long time. This lead us to

examine more closely the influence of various parameters on the colloidal stability of
NPL dispersions.

2.1 Stability of quantum well dispersions

Colloidal nanoplatelets emitting at 513 nm were synthesized as described in the exper-
imental section at the end of this manuscript, following a previous report [11]. TEM
images of the as-synthesized CdSe nanoplatelets dispersed in hexane are shown in Figure
2.1. The low magnification micrographs show that the nanoplatelets are homogeneously
dispersed on the substrate and that they lie flat on the substrate. At higher magnifica-
tion, we observe that the platelets have a roughly square shape with sharp edges measur-
ing 15.0 nm on average with a standard deviation of 2.5 nm (Figure 2.1.C). The UV-VIS
absorption spectrum (figure 2.1.D) that displays sharp peaks is characteristic of CdSe
nanoplatelets [ 12].

Just after the synthesis, a typical nanoplatelet solution has a transparent homoge-
neous yellow aspect and no trace of precipitation can be observed. After several days,
however, a fluffy precipitate is visible at the bottom of the vial while some platelets are
still present in solution. In order to quantify more precisely the kinetics of the precipi-
tation, we conducted a series of experiments (see methods section) where a known quan-
tity of dried platelets is first dispersed in hexane through sonication. We then record the
optical density of the dispersion as a function of time for different platelet concentrations
and report the normalized absorbance at 400 nm, a quantity proportional to the NPL
concentration (Figure 2.2). As concentration decreases, the dispersion is less and less
stable and flocculation occurs faster. This is qualitatively consistent with a von Smolu-
chowski coagulation kinetics [ 111] where the typical precipitation time is inversely pro-
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Figure 2.1: A) and B) represent TEM micrographs of the CdSe nanoplatelets as synthe-
sized. Scale bars are 50 nm for A) and 20 nm for B). C) Histogram of the edge length
measured on around 300 nanoparticles. D) Absorption spectrum of the diluted platelet

dispersion.
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Figure 2.2: A) Photographs of QW dispersion in hexane. Left: just after the synthesis.
Right: after a few weeks. B) Normalized absorbance at 400 nm of a colloidal dispersion of
CdSe NPL as a function of time for different platelet concentrations.

portional to the density of the dispersion. The more concentrated the dispersion, the
more probable the collisions between the platelets and hence, the less stable the disper-
sion.

We also investigated the influence of ligand chain on the precipitation kinetics by
using carboxylic acids with increasing size alkyl chains (heptanoic, octanoic, decanoic,
myristic and oleic acid). A similar trend is observed for all the acids: the stability of the
dispersion increases with the platelet concentration (data not shown). Furthermore, we
observe that the longer the acid chain, the more stable the dispersion.

2.2 Structure of the precipitate

Precipitates of inorganic particles can have different structures ranging from fractal ag-
gregates or amorphous precipitates to colloidal crystals. A technique of choice to probe
the structure is small angle X-ray scattering (SAXS). Hence, in order to better under-
stand the structure of the nanoplatelet aggregates, they were transferred into glass cap-
illaries and examined using SAXS (see methods section for details). Figure 2.3 shows
SAXS patterns for a dilute stable NPL solution and for their self-assembled precipitate.
The dilute dispersion exhibits an isotropic scattering pattern with a scattered intensity
slowly decreasing with increasing scattering vector modulus g, characteristic of nano-
metric particles dispersed in solution. In contrast, intense scattering peaks are visible in
the radially averaged intensity for the aggregated dispersion. These peaks correspond to
sharp rings in the 2D scattering pattern visible in the inset.

The structure factor (5(q), see inset of Figure 2.3) is obtained as [(q)//,(q) where
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Figure 2.3: Left: SAXS patterns of stacked (black curve) and unstacked (red curve) CdSe
nanoplatelets. Top inset : 2D SAXS image of the stacked nanoplatelets. Note the presence
of rings in the pattern. Bottom inset : structure factor of the stacked platelets. Right:
SAXS patterns of stacked CdSe nanoplatelets with different ligand chain lengths

1(q) and I,(q) are the background-corrected scattering patterns of the stacked platelets

and of the free particles respectively. The position and full width at half maximum of
the 6 visible peaks are determined through Lorentzian fitting of the structure factor.
The peaks are located at scattering vectors g*, 2g*, 3q*,..., 6¢* with g* = 1.215 nm™,
corresponding to a distance of 5.17 nm in real space. The average number of Bragg planes
scattering coherently is given by [112] N = ¢*/Aq* where Ag* is the full width at half
maximum of the peak. In our case, N=14, which is consistent with an average grain size
(given by D = 27K / Agq* where K is the Scherrer constant ~ 0.93) of 67 nm. We observe
that the FWHM increases with the order of the Bragg reflection and goes from 0.08667
nm™! for the first order peak to 0.2589 nm™ for the 5th order. For true long-range
order, the FWHM should remain constant with increasing order of the Bragg reflection
whereas it increases in the present case [113]. This is consistent with the fact that a 1-
dimensional order cannot really be long-ranged if only next-neighbor interactions are
involved. [114] On the other hand, a liquid-like structure factor is much too shallow
to represent the experimental data. Hence, we observe an intermediate state between a
usual liquid and a solid with true long-range order.

In another series of experiments, we varied the length of the alkane chain of the
ligand by replacing the original oleic acid ligand (18 carbon atoms) with saturated fatty
acids with 7 to 14 carbon atoms. Figure 2.3 shows the SAXS patterns of the precipitate
for the five chain lengths. As expected, d* = 27t/g* shifts towards larger values as the
chain length increases (table 1). The center-to-center distances between the platelets is, in
the case of oleic acid, smaller than the sum of the NPL thickness and two fully stretched
molecules. Some degree of interdigitation of the chains linked to two different NPL
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ligand measured d* (nm) | expected d* (nm) | difference (nm)
oleic acid 5.27 6.05 0.78
myristic acid 5.13 4.79 -0.34
decanoic acid 3.99 4.03 0.04
octanoic acid 3.46 3.52 0.06
heptanoic acid 33 3.27 -0.03

Table 2.1: Measured center-to-center distance between the platelets deduced from the position
of the scattering peak. The expected d* value is calculated as e + 2¢ where e is the thickness of
a platelet (1.2 nm) and ¢ is the length of an aliphatic chain as calculated by the Tanford formula.
[115]

is thus observed. However, this is not the case for the the other chain lengths, where
the measured distance is either very close (for heptanoic, octanoic and decanoic acid) or
smaller (for myristic acid)

2.3 Stability criteria

In order to rationalize these findings, we calculate a simple stability criterion for NPL.
van der Waals attractions between the polarizable cores of the nanoparticles will tend
to destabilize the dispersion while short-range repulsion caused by the oleic acid alkyl
chain forbids close contact of the CdSe platelets. If we approximate the van der Waals
attraction to the case of infinite flat plates, the interaction free energy per surface unit is
given by:

AG  —Ajy

o  12gH?
where A,,, is the Hamaker constant for CdSe through hexane,H is the distance between
the faces of the NPL and ./ is the area of interaction. The colloidal stability of the
platelets is assured if the ligand brush at the surface precludes small interparticle distances
that would lead to AG > kT where kT is the thermal energy. This stability criterion
for a square platelet of edge length a (.o = a?) becomes:

2.1)

H Ay
H | A 2.2
a 127kT 2:2)

where H isthe distance between the platelets. The Hamaker constant for CdSe is A ;=11

x 107% Jand for hexane it is A,=3.8 x 107%J. By using combining relations for Hamaker
constants [52], we can calculate the Hamaker constant of CdSe through hexane: A ~

<\/A_1 — \/A_2>2.This leads to an Hamaker constant for CdSe through hexane of 1.87 x

1072°J. For a mean edge of 15 nm, we obtain H = 5.2 nm, which is close to the length of
two oleic acid molecules. In other terms, the van der Waals attraction energy is exactly
equal to the thermal energy for a NPL separation corresponding to a non-interdigitated
oleic acid bilayer. For a colloidal dispersion to be thermodynamically stable, the thermal
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energy has to be much larger than van der Waals attraction at this distance (AG < kT).
At the other extreme, if AG > kT, colloidal solutions will be destabilized within sec-
onds since the only barrier towards flocculation is the encounter of colloids through
brownian motion, which in the case of nanoparticles is very fast. Here, we are in an
intermediate state where colloids can be stable for a long time since but other factors
affecting the interaction potential or the contact between the nanoparticles can have an
important effect on the colloidal stability. In the following, we investigate two other
factors: the concentration in ligand and trace amount of water which both importantly
affect the stability of the dispersion.

2.4 Effect of oleic acid concentration

As oleic acid (OA) coats the NPL surface, it is expected that its concentration will af-
fect the colloidal stability of the platelet dispersion. In order to quantify this effect, we
added various OA amounts to a 0.4 mg/mL nanoplatelet dispersion and monitored its
optical density at different times. Figure 2.4 shows the optical density (normalized by
its value at time 0) as a function of time for increasing concentrations of oleic acid. For
OA concentrations ranging from 0 to 10 mM, the stability of the dispersion improves
since the NPL concentration decreases more slowly with time. However, we observe an
optimum in OA concentration for colloidal stability at around 10 mM (Figure 2.4b) as
adding more oleic acid leads to faster destabilization of the dispersion.

The increase of stability through initial addition of oleic acid can be understood in
terms of better passivation of the nanocrystal surface. Thoroughly washed nanocrys-
tals may lack a well packed ligand monolayer and addition of OA in the first place will
increase the density of the ligand brush and stabilize the dispersion. The decrease in
colloidal stability with further addition of acid is more surprising. We have identified
four physical explanations for this destabilization. It could be explained by a depletion
attraction induced by OA micelles. This interaction has been shown to induce precipi-
tation in several cases. [34, 88, 89] However, it is usually observed to have a significant
effect at higher concentrations (in the 100 mM range). Oleic acid may also have an in-
fluence on electrostatic interactions between the nanoplatelets. As previously shown
[61, 94], surfactants can have two different effects on electrostatic interactions in non-
polar solvent. They can change the surface charge of the nanoparticles and/or screen
the electrostatic repulsion as ions do in polar media. To gain insight on this hypothesis,
we conducted {-potential measurements on samples with varying OA concentration
(see methods section for experimental details). Without supplementary OA, we mea-
sured an electrophoretic mobility of 0.07x10~* cm?/Vs consistent with weakly posi-
tively charged platelets. The sign of the mobility is consistent with positive charges
created by surface Cd** ions not passivated by the ligands. This mobility corresponds
to a {-potential of +13 mV in the Huckel approximation of large electrostatic double
layers. Upon addition of oleic acid, we do not observe a measurable change in the elec-
trophoretic mobility. Hence, these measurements are not consistent with a significant
decrease of the surface charge of the nanocrystals upon addition of oleic acid. However,
OA can still screen the electrostatic charges and reduce the range of the electrostatic re-
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pulsion. Addition of OA can lead to a decrease of the solubility of the nanocrystals.
As OA is more polar and protic than hexane, the solvent will become a less good sol-
vent for the ligand chains which will have a tendency to come together and induce the
stacking of the platelets. Finally, a recently described orientational ordering of the lig-
ands could rationalize our experimental findings. As described in section 1.5.4, ordering
of the surfactant coating the nanoparticles can induce a strong attraction between them
and hence provoke the destabilization of the colloidal dispersion [79, 80]. This interpre-
tation is consistent with the fact that increasing the ligand concentration decreases the
colloidal stability since the phase transition only occurs when the density of the surface
ligand is high enough. In [80], the transition temperature increases with surface cover-
age. Hence, at constant temperature, increasing the surface coverage could lead to the
onset of the phase transition.

2.5 Effect of water on the colloidal stability

Other factors can also affect the colloidal stability such as the ambient atmosphere in
which the dispersions are manipulated. We observed that dispersions kept in a moisture-
free environment are more stable. Figure S3 shows a picture of two samples of the same
platelet dispersion: one kept in a glovebox and one kept under ambient conditions. The
sample in the glovebox keeps its translucid aspect and no sign of precipitate or turbidity
was observed over several weeks. Hence, away from air moisture, the platelets remain
well dispersed in solution and do not aggregate. In contrast, the colloidal dispersion
kept under ambient conditions is much less stable. Either water or oxygen can play
a role on the colloidal stability of the platelets. Oxygen could form a CdO layer on
the platelet surface but this would be visible in the UV-Vis absorbance spectra which is
not the case here. In order to prove that trace water has indeed a strong effect on the
colloidal stability, we prepared water saturated hexane by mixing hexane and water using
a vortex mixer and taking the organic phase. In the glove box, the stability of a platelet
dispersion with the wet hexane was compared to the one made with hexane dried over
molecular sieves. The dry hexane dispersion is stable while the wet hexane dispersion
has precipitated.

Traces of water in the solvent can influence the friction property of the nanoparticles
as already documented in the case of ZnSe nanorods in apolar solvents [96, 97]. In ad-
dition, Israelachvili’s group showed, using a surface force apparatus, that a dispersion of
colloidal nanocrystals in an apolar solvent is destabilized upon water exposure through
the effects of a long-range attraction and a short-range adhesion. Water pockets form
between the surfactant and the surface of the nanoparticles which enhance the capil-
lary forces between the nanoparticles and, hence, destabilize the dispersion. This inter-
pretation rationalizes the lack of long-term stability of the NPL dispersions in air and
the higher stability observed in dry atmosphere but was initially made for oleylamine
capped ZnS nanorods. Since oleylamine is a labile L-type ligand, water can easily replace
it at the surface of nanocrystals. In our case, X-type ligand are thought to be more tightly
bound to the cadmium surface atom. Recently, NMR studies have shown that small
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Figure 2.4: Left: normalized absorbance at 400 nm of a colloidal dispersion of CdSe
nanoplatelets as a function of time for different added oleic acid concentrations and for
PIB polymer (polyisobutylenesuccinimide). Right: normalized absorbance at 510 nm after
3 hours as a function of added oleic acid concentration. In all cases, the concentration in
NPL is 0.4 mg/ml.

amounts of alcohol can strip carboxylic acid ligand from semi-conducting nanocrystal
surfaces through a proton exchange [ 116]. This mechanism should also hold with water
molecules and a similar reaction between carboxylic acid and water should take place
leading to the destabilization of the dispersion.

2.6 Stabilization by polymers

In order to circumvent the lack of stability of as-synthesized NPL, we investigated the use
of adsorbing polymers which would act as a protective barrier against coagulation. We
first used a polyisobutylenesuccinimide (PIB) polymer which has already been proven
efficient for stabilizing colloidal dispersions in non-polar solvents [117-119]. Adding
a small quantity of this polymer to a stacked dispersion of NPL immediately yields a
transparent solution and much more stable dispersions were obtained by adding minute
amounts of polymer (Figure 2.4). Unfortunately, this polymer has a strong quenching
effect on the fluorescence of the platelets and drastically reduces their quantum yield.
Furthermore, the platelets are chemically unstable in presence of PIB in solution, as
they slowly dissolve on the time scale of months. This precludes the use of this polymer
for long-term colloidal stabilization of CdSe nanoplatelets.

Inspired by a recent report [ 120] proving the efficiency of polymer coating to con-
trol the steric stabilization of nanocrystals, we coated our NPL with carboxylic acid
terminated polystyrene (see methods for the synthesis). Since the polymer is not solu-
ble in hexane, we used THF instead. Two different polymers of molar mass 1700 and
2500 g/mol were used and gave very similar results. Figure 2.5 shows that these poly-
mers stabilize very well the dispersion since the absorbance is almost constant on the
studied time scale. In contrast, OA coated platelets aggregate in THF, though slower
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Figure 2.5: Normalized absorption at 400 nm of NPLs dispersions in THF as a function
of time for two different ligands: oleic acid or polystyrene. The platelet dispersion was 0.8
mg/mL. The molar mass of the PS was 2500 g/mol. Similar results were obtained with
1700 g/mol.

than in hexane. This is due to smaller van der Waals attraction between CdSe through
THEF than through hexane (A}, =7.58 [52]). Importantly, the polymer coating does
not quench the fluorescence of the nanoplatelets and fluorescence is still observed in
dispersions of PS coated NPLs. To explain the observed stabilization, we can calculate
an order of magnitude of the grafted polymer thickness. We expect the polymer length
to be around twice the coil radius of the polymer in good solvent given by the formula
R, =0.275 x M3 as described in ref [121]. This yields a thickness of 2.2 nm and 2.75

nm for the 1700 and 2500 g/mol polymer respectively. Hence, we see that the thickness
of the polymer grafting can not explain the increased stability of the platelets in solution
since it is the same for the small polymer and for oleic acid. However, the polymer is not
perfectly mono-disperse and some large chains may induce a long range repulsion. An-
other explanation could be that the brush is much denser in the case of the polystyrene
than in the case of the oleic acid which makes the short range repulsion stronger. Fi-
nally, it is possible that the polymer shell is less permeable to water, which improves
the stability of the dispersion. The fact that two ligand brushes with similar thickness
but different structures behave in a such a different fashion is surprising and will be the
subject of further attention.
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2.7 A dipole moment in the nanoplatelets ?

As described previously, van der Waals interaction alone seem too weak to induce the
stacking we observed. In the past, dipolar interaction (section 1.5.1) was found to be im-
portant to explain the self-assembly of other semi-conducting nanoparticles. Motivated
by these results on rods and spheres, we suspected that dipolar attraction could explain
some of our results and hence tried to measure a dipolar moment in CdSe nanoplatelets.
To do so, we performed two kinds of experiments. Electro-optics measurements consist
in imposing an electric field to a dispersion and measure to optical response of the media
using microscopy in polarized light. If anisotropic nanoparticles couple to the field and
align in a preferential direction, the birefringence of the media increases which is easily
detected. The An vs E curve, where An is the difference of birefringence when the E
field is on as compared to £ = O can then yield quantitative information on the direc-
tion and magnitude of the dipole. Such experiments have been conducted by Dr Ivan
Dozov at the lab and the results are currently being processed. They show that a dipolar
moment is indeed present in CdSe NPLs but its value and direction still need to be de-
termined. This is confirmed by recent SAXS experiment under electric field. Here, the
2D X-ray scattering patterns are recorded under different electric fields. When no field
is present, the 2D pattern is isotropic since there is no preferential orientation of the
NPLs in solution. If the platelets align, the pattern becomes anisotropic with an excess
of scattering perpendicular to the orientation direction. Figure 2.6 shows radial profiles
at the scattering vector corresponding to the peaks of small NPLs stacks (q ~ 0.1 A~")
with and without electric field. We notice a small difference between the two patterns
showing a weak alignment of the NPLs under electric field. This change is reversible
and isotropic patterns are recovered when the field is switched off. These results need to
be confirmed and quantified more thoroughly but we can safely conclude for now that
CdSe NPL indeed display a electric dipole which may induce important inter-particle
attraction.

2.8 Effect of self-assembly on optical properties

2.8.1 Phonon coupling in stacks of CdSe Nanoplatelets

Stacking has been shown to influence the optical properties of NPLs. Due to their
very small Stokes shifts, a photon emitted can be re-absorbed by a neighboring platelets
within a stack. This radiative energy transfer was proposed to explain the emergence
of the longitudinal optical phonon replica of the band-edge exciton at low temperature
[122] (Figure 2.7). Since this emission line is red-shifted as compared to the band-edge
emission, it can not be re-absorbed by a neighboring platelet. This hypothesis is strength-
ened by the fact that the emission wavelength does not depend on the separation distance
between the NPLs which can be tuned through ligand exchange. Furthermore, this in-
terpretation is supported by a basic model predicting an increase in the relative intensity
of the phonon replica versus band edge emission as the lateral dimension of the NPLs
increases.
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Figure 2.6: Azimuthal profile of SAXS patterns of a dispersion of NPLs with or without
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Figure 2.7: Apparition of a phone X’© line at cryogenic temperatures due to the stacking
of CdSe nanoplatelets. Top panels show SAXS patterns of non-stacked and stacked NPLs.
Bottom panels show the emission spectra in the two cases. Reprinted from ref [122].
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2.9 Conclusion

We have examined the colloidal stability of CdSe nanoplatelets in a non-polar solvent
and shown that when coated by their native ligands, they undergo stacking, which leads
to their colloidal destabilization. The flocculation kinetics depends on several parame-
ters such as the concentration in platelets, the chain length of the ligand and its concen-
tration. We succeeded in obtaining stable dispersions through exchange of the native lig-
and with a short polystyrene polymer. Control over the dispersion state of these NPLs
is key for a more comprehensive study of their optical properties and their processing for
future applications. A better understanding of the stability of these dispersions will be
achieved through the quantitative description of inter-particle colloidal forces between
these anisotropic particles in non-aqueous media.
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Chapter

Selt-assembly of CdSe nanoplatelets into
anisotropic superparticles

3.1 Introduction

In the previous chapter, we have shown that upon aging CdSe NPLs have a strong ten-
dency towards stacking. However, this precipitation is uncontrolled and the precipitate
is only structured on short length scales. Here, we show that the addition of an anti-
solvant to a stable dispersion of CdSe nanoplatelets in hexane triggers the formation of
anisotropic supra-crystals whose length can reach several micrometers. The platelets
stack in a 1D-fashion one on top of each other and exhibit a columnar order within the
superparticle floating freely in solution. Furthermore, the platelets are all oriented per-
pendicular to the long axis of the needle and hence, they display polarized light emission.
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Figure 3.1: A) Absorption and emission spectra of the CdSe nanoplatelets. B) Schematic
representation of the nano-platelets. C) and D) TEM images. Scale bars measure 100 nm
and 20 nm respectively.
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Figure 3.2: Fluorescence microscopy of the super-particles deposited on a glass slide.

3.2 Results and discussion

We synthesized CdSe nanoplatelets as described in the methods section following a mod-
ification of a previously reported synthesis [11, 12]. After purification, we obtain a
dispersion of NPs the absorption and emission spectra of which are shown on Figure
3.1. The two sharp maxima at 513 nm and 480 nm in the absorption spectrum cor-
respond respectively to the electron-heavy hole and electron-light hole transitions due
to the quantum confinement of the electron/hole pair in the potential well created by
the limited thickness of the platelets. As no other peak is visible, the dispersion only
contained one population of 4 MLs CdSe NPs. The large excess of oleic acid added at
the end of the synthesis ensures that these ligands coat the faces of the NPs. Electron
microscopy investigation of the NPs (Figure 3.2) shows that they have a roughly square
shape with a monodisperse size distribution. The edges measure on average 10.1 nm
with a standard deviation of 1.15 nm (based on measurement of 300 nanoparticles).

When a small amount of ethanol is added to the dispersion of NPs in hexane, the so-
lution becomes slightly turbid after a few seconds, indicating the presence of large parti-
cles which scatter light. Fluorescence optical microscopy observation of the dispersion
indicates the presence of long anisotropic particles free-floating in solution (Figure 3.2).

These highly fluorescent superparticles (SPs) can reach 20 um in length while their
width is beyond the resolution of the optical set-up. Transmission Electron Microscopy
confirms the formation of anisotropic SPs composed of individual nanoplatelets. TEM
images of fresh (a few hours) samples display fiber-like superparticles composed of a few
subunits separated by regions where the density of nanoparticles is smaller (Figure 3.3).
In some cases, kinks are visible at these places. However, in TEM images of aged (a
few months) samples, long defect-less needles are observed. We suspect the defects to
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Figure 3.3: Images of the superparticles A) Low magnification image showing an entire
superparticle. Scale bar is 1 um. B) Higher magnification image showing the stacking of
the nanoplatelets within a superparticle. Scale bar is 100 nm. C) Subunits which can seen
besides the superparticles. Scale bar is 100 nm. D) Scheme representing the hierarchical
structure of the superparticles.
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Figure 3.4: Small Angle X-ray Scattering pattern of the superparticles in a glass capillary.
Inset: image of the scattered intensity in false colors.

arise from a drying instability occurring during the preparation of the TEM grid. This
difference might be due to the fact that long-term rearrangements of platelets within the
aged SPs provide them with a higher density and rigidity, which prevents them from
breaking upon drying constraints.

Within the SPs, the nanoplatelets are organized in a highly aligned columnar struc-
ture where the principal axis is perpendicular to the plane of the nanoplatelets. In the
two lateral directions, between 10 and 20 columns of stacked NPs stand side by side
within the superparticles whose widths are comprised between 150 and 300 nm. Based
upon these dimensions, we can infer that each SP is made of ~ 10° nanoplatelets. We note
that, besides the superparticles, smaller ensembles consisting of a more limited number
of stacked nanoplatelets (from 5 to 100) are also visible on the TEM grid (Figure 3.3.c).

To further characterize the order within the superparticles, synchrotron Small Angle
X-ray Scattering (SAXS) experiments were performed. Figure 3.4 shows a SAXS pattern
of the dispersion of SPs. The pattern being isotropic, there is no preferential orientation
of the micro-needles in solution.

A series of three Bragg peaks is visible at wave vectors q = 1.228, 2.445 and 3.651
nm™! corresponding to the 001, 002 and 003 stacking reflections of a columnar structure
with period 5.11 nm. At smaller wave-vectors, two less intense peaks are observed at q=
0.390 and 0.733 nm™". These peaks correspond to a period of 16.1 nm and can therefore
be attributed to lateral ordering of the nanoplatelet columns within the superparticles.
Since the order is of much longer range in the 001 direction than in the perpendicular
plane, the corresponding Bragg peaks are much more intense. The SAXS pattern thus
confirms the TEM examination of the sample and is consistent with a columnar struc-
ture where positional order is much more long-ranged in the principal direction of the
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Figure 3.5: A) Epifluorescence measurement of microneedles as a function of the polar-
ization direction. Scale bar is 15 um. B) Fluorescence intensity in false color for a single
microneedle depending on the polarization direction. Scale bar is 10 um.

superparticle.

Finally, we studied the polarization of the emission of the superparticles. Since the
nanoplatelets are anisotropic, we expect that they emit light polarized in their plane.
To test this prediction, the platelets need to be oriented perpendicular to a substrate.
Because all the nanoplatelets, in a given superparticle, stand oriented perpendicular to
the principal direction of the microneedle, the light emitted by the superparticles should
be linearly polarized.

We used an epifluorescence set-up comprising a polarizing beam splitter which al-
lowed us to visualize on the same image both horizontal and vertical components of the
light emitted by the superparticles. As seen on Figure 3.5, the needles oriented perpen-
dicular to the polarizer appear brighter than those oriented parallel to it. The light emit-
ted by the superparticles is strongly polarized in the direction perpendicular to their long
axis. This also shows that an individual nanoplatelet emits light polarized in its plane.
Since we collect half of the light intensity polarized in the plane of the platelets, the de-
gree of polarization can be quantified by a polarization factor r = (21, —1,)/(21, + 1)
where ] is the intensity polarized parallel to the needles. This factor reaches 71% for

the superparticle on Figure 5.b. This value is of the same order of magnitude as the
polarization factor measured on individual quantum dots [123] and a certain degree of
depolarization is probably due to some orientation disorder of the nanoplatelets within
the superparticles. Recently, a polarization factor of 86% has been measured on su-
perparticles of CdSe quantum rods [124] but, in this case, the measurement was made
at a fixed wavelength corresponding to the maximum photoluminescence of the rods
whereas we measured an intensity averaged on all the wavelengths passing through the
dichroic mirror.

We now turn to the discussion of the formation of the superparticles. The precise
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mechanism by which the superparticles form is still under systematic investigation and
will be the topic of a future publication. Nevertheless, we already report here that sev-
eral key factors influence the quality of the superparticles, in terms of aspect ratio and
degree of orientational order. First, the shape of the nanoplatelets is a crucial parameter.
Only nanoplatelets with well defined edges self-assemble into superparticles. Also, the
cross-section of the nanoplatelets has to be square and not rectangular to yield long super-
particles. This is likely a simple geometrical effect; perfectly square nanoplatelets pack
more efficiently into dense superparticles than particles of more complicated shapes.

Second, the assembly pathway is also of importance. As mentioned above, the for-
mation of these superparticles is triggered by the addition of ethanol to a hexane solution
of nanoplatelets. Ethanol is indeed known to induce aggregation of colloidal nanocrys-
tals in apolar solvent. It has been shown by NMR that ethanol molecules replace oleic
acid at the surface of quantum dots [116], which affects the interaction potential be-
tween the surfaces of the platelets. The steric repulsion imposed by the oleic acid brush
is then suppressed and the nanoplatelets can approach each other more closely. Another
effect could also explain why the addition of ethanol leads to the formation of the super-
particles. Ethanol is a bad solvent for the aliphatic chain of oleic acid. Hence, when the
proportion of ethanol is increased, contact between the brushes of two different platelets
will be energetically favored. In other terms, particle/particle contacts (via the bound
ligands) are more and more favored as the proportion of bad solvent is increased. The
SAXS measurements yield a stacking period of 5.1 nm within the superparticles. With
a thickness of 1.2 nm for the platelet, we can deduce that the surfaces of the platelets are
3.9 nm apart. This distance is consistent with the presence of oleic acid molecules at the
surface of the nanoplatelets since their complete replacement by ethanol would yield a
smaller stacking period. On the other hand, a fully stretched oleic acid molecule is 2.5
nm long, which shows that the aliphatic chains are either interdigitated or collapsed.

We also noted that the amount of ethanol needed to obtain the superparticles varies
from batch to batch and depends on the purification protocol of the nanoplatelet disper-
sion. This is likely due to the variation of the quantity of free oleic acid present in the
dispersion at the end of the purification process. As described in the previous chapter,
adding oleic acid tends to stabilize the dispersion and delays the onset of NP aggregation.

Finally, we can draw an analogy between these architectures and supra-molecular as-
semblies of planar 7t-conjugated molecules which also self-assemble into long anisotropic
belts [125-127]. More than their similar structures, these assemblies share also a com-
mon synthetic pathway since they are both obtained through addition of an anti-solvant
to a solution of dispersed building blocks. A major difference lies in the fact that the
nanoplatelets used here are one order of magnitude larger in size. Molecules being small
(as compared to nanoparticles), their diffusion is fast and the system can explore numer-
ous configurations until it finds the minimum of free energy. In other terms, these sys-
tems are, most of the time, at thermodynamic equilibrium and activation barriers, which
need to be overcome to reach equilibrium, are of the order of magnitude of thermal ac-
tivation. On the contrary, nanoparticles being around 10 times larger, their dynamics is
markedly slower and they easily get trapped in glassy states which do not correspond to
aglobal free energy minimum [29]. These out-of-equilibrium configurations can persist
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indefinitely, compared to experimental time scales because thermal activation energy is
not high enough to overcome the activation barriers leading to more stable configura-
tions. Hence, controlling the self-assembly of nanoparticles requires a careful attention
to all the steps of the process from the synthesis to the final assembly.

3.3 Conclusion

In conclusion, we have devised a simple way to organize CdSe nanoplatelets into highly
anisotropic micronic superparticles through the destabilization of a colloidal solution by
addition of an antisolvant. These superparticles are composed of around 10° individual
nanoparticles and the ordered stacking of the nanoplatelets leads to anisotropic optical
properties which could be, in the future, exploited in optoelectronic devices such as

LEDs [128].
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Chapter I

Hybrid polymer nanoplatelet films

4.1 Introduction

Hybrid materials made of anisotropic metallic or semi-conducting nanoparticles (NPs)
dispersed in a polymer matrix have become an exciting class of nanocomposites with
promising applications in electronics and optics. For example, the alignment of such
materials can improve current transport in electronic devices or modulate the response
in optical devices [129, 130]. However, two key points have to be addressed for this
purpose. Firstly, a homogeneous dispersion of inorganic nanoparticles in polymeric
templates is rather hard to achieve and most often requires surface modification [131-
134]. Secondly, the macroscopic orientation of the material, which is required to ex-
ploit the anisotropic properties of the individual particles, must be controlled. To date,
the orientation of the NPs in polymer matrices is mostly restricted to thin films. For
example, nanoparticle alignment could be obtained by stretching a thermoplastic poly-
mer at a temperature close to T, or by applying an electric field during solvent casting
[130, 135-137]. In all cases, the orientation is irreversible, which precludes applications
in opto-mechanical devices, for instance. We describe here how we achieved both a ho-
mogeneous dispersion of NPs in a thick film and the reversibility of the orientation in
a composite material comprised of CdSe nanoplatelets (NPLs) dispersed within a classi-
cal thermoplastic elastomer matrix. To obtain a homogeneous composite material, we
carefully adapted the BCP to the oleic acid ligand grafted on the NPLs. The polymer
matrix that we have chosen is a commercial thermoplastic elastomer made of Styrene-
Butadiene-Styrene (SBS) whose central block is of chemical nature and polarity close to
those of oleic acid (Figure 4.1). This chapter is adapted from [4], most of the work has
been performed by Dr Emmanuel Beaudoin.

4,2 Results and discussion

A crucial advantage of such a matrix is the possibility to stretch it up to high strain
levels in a reversible way at room temperature. We prepared homogeneous CdSe/SBS
composite films with a CdSe volume fraction of 10% where both the SBS lamellar mi-
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Figure 4.1: Components of the hybrid film. Left: schematic representation of a SBS
copolymer chain. Center: schematic representation of a CdSe nanoplatelet covered with
ligands. Right: photography of the hybrid film (scale bar is 2 mm).

crostructure and the CdSe NPL spectroscopic properties are preserved. The structural
properties of these hybrid films were first studied by Transmission Electron Microscopy
(TEM) (Figure 4.2a). The TEM images, which display light and dark grey bands corre-
sponding to PS and PB domains respectively, clearly confirm the lamellar morphology
of the SBS microstructure. Despite the high load in inorganic nanoparticles, the SBS
microstructure in the hybrid films is therefore not much altered compared to that of
the pure block copolymer. CdSe platelets have a strong electronic density but are very
thin, which explains why the only particles clearly observed on the TEM images are
those seen edge-on. Moreover, close inspection of the TEM images reveals that the CdSe
platelets are mostly located in the PB domains, which was expected because of the chem-
ical similarity of OA with PB. Very occasionally, a few platelets can be seen in the PS
domains, possibly because of some ligand loss during the film preparation (see below).
Furthermore, the images show that the platelets self-assemble in short stacks. Indeed,
CdSe platelets naturally tend to stack when brought in an unfriendly environment, such
as an anti-solvent, in order to maximize ligand-ligand interactions 3, 122]. At this stage,
it appears clearly that the growth of the stacks is limited by the rigid PS microdomains.

The lamellar morphology of the hybrid films is confirmed by their Small-angle X-ray
Scattering (SAXS) patterns (Figure 4.2.b) that display diffraction peaks whose positions
are in 1:2:3:4 ratios. Moreover, the widths of the (00l) peaks without and with particles
remain comparable. However, close inspection of the diffractograms shows that the
position of the (001) peak shifts from 0.175 nm™" for pure SBS to 0.155 nm™" for the
composite material, which corresponds to an increase in the period of the microstructure
from 36 nm without nanoplatelets, to 40 nm in presence of nanoplatelets. This 10%
increase in the lamellar period agrees with the volume fraction of CdSe in the film and
confirms that the platelets are well dispersed within the microstructure. Platelet stacking
is also detected in reciprocal space at intermediate wave vectors in the SAXS patterns.
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Figure 4.2: Structure of the hybrid material. (a) TEM image of the composite film. Scale
bar is 50 nm. Inset is a 3 magnification on NPLs. (b) SAXS diagram of a pure SBS film
(square) and of the composite film (triangle). The reflections arising from the lamellar
microstructure of the SBS template are indicated in red whereas the reflections due to the
NPL stacking are indicated in green.

Two scattering peaks are observed at ¢ = 1.1 nm™" and q = 2.2 nm™!, and correspond
to the 001 and 002 reflections of the platelet short stacks. The stacking period of 5.7
nm indicates a 4.5 nm gap between inorganic platelets, in agreement with the presence
of almost fully stretched oleic acid molecules on both sides of the NPL. The reflections
of both the lamellar microstructure and the platelets stacks are completely isotropic,
indicating no preferential orientation in the unstretched films.

Composite films observed by optical fluorescence microscopy display homogeneous
fluorescence intensities on the whole field of view, at the micrometer scale, which def-
initely rules out the presence of macroscopic aggregates (Figure 4.3a-c). Very impor-
tantly, the spectroscopic properties of CdSe nanoplatelets are essentially preserved in
the composite films. In all samples, the band-edge exciton emission of the nanoplatelets
gives rise to a sharp peak at 519 nm (Figure 4.3.b). This value is slightly but significantly
higher than the value of 513 nm recorded for the same platelets dispersed in toluene. It
has been previously shown that such energy shifts may arise from changes in the effec-
tive size of the nanocrystals due to ligand loss or to ligand exchange reactions. [138]
These modifications of the surface of the particles are usually also responsible for deep-
trap emission at higher wavelengths (~ 650 nm) because of an increase in surface defects
[138, 139]. Therefore, the reparation of the films. The CdSe/SBS composite films can
easily be stretched up to around 100-150%.

The influence of stretching on the structure of the hybrid films was investigated by
X-ray scattering (Figure 4.4). At 100% deformation, almost no scattering signal can be
detected when the X-ray beam is perpendicular to the film. In contrast, very anisotropic
signals are observed at both small and intermediate wave vectors when the X-ray beam
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Figure 4.3: Optical properties of the hybrid material at rest. (a) Photograph of the com-
posite film and (b) and (c) optical fluorescence microscopy images of the same film with
FITC filter, at different magnifications. (d) Fluorescence spectrum of the same film with
excitation at 400 nm.
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Figure 4.4: Alignment of the hybrid material by stretching: SAXS patterns of the com-
posite film. (a) Scattering from the microdomains of the SBS copolymer at small g-range,
without strain. (b) Scattering from the stacks of NPLs at intermediate q-range, without
strain. (c) Scattering from the micro- domains of the SBS copolymer at small g-range, 100%
strain. (d) Scattering from the stacks of NPLs at intermediate q-range, 100% strain. Scale
bars on figures c and d measure 0.2 and 1 nm™!, respectively.
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is parallel to the film. The anisotropy of the SAXS pattern proves that the layers of the
block copolymer orient parallel to the film surface. Such orientation is also observed
for the pure SBS films. The peak splitting (see Figure 4.4.c) has already been reported
in the literature for SBS copolymers and was attributed to a zig-zag texture of the lamel-
lar phase [ 140, 141]. This texture arises from a mechanical instability upon stretching
where lamellar domains alternately reorient at some angle with respect to the stretch-
ing direction. X-ray scattering at intermediate g-range (Figure 4.4.d), shows that the
platelets align parallel to the lamellar domains (i.e. the platelet normals align parallel to
the layer normals). The zig-zag texture also induces a splitting of the stacking reflections
of the platelets. The angular spread of the stacking reflections suggests that the platelets
are well aligned and it can be used to quantify the orientation degree of the NPLs by
calculating the nematic order parameter S [142]. This parameter is O for unaligned ob-
jects and 1 for perfectly aligned particles. The nematic order parameter S of the platelets
reaches here values of the order of S~0.6 at 100% strain, which is quite comparable to
the orientational order of usual liquid crystals for instance. The CdSe NPLs are only
weakly confined since their dimensions (~10 nm) are smaller than the thickness (~20
nm) of the PB domains of the lamellar microstructure. Therefore, the mechanism of
orientational coupling of the nanoplatelets with the lamellar matrix may not be purely
due to the steric confinement of the NPLs within the lamellar microstructure. Upon
stretching, both the layers and the PB chains align parallel to the stretching direction.
Then, the CdSe platelets are likely to align parallel to the PB chains in order to avoid
altering their conformation.

The photoluminescence of stretched films is highly anisotropic, in contrast with that
of unstretched films which is completely isotropic (Figure 4.5). This can readily be ob-
served visually with a fluorescence microscope equipped with a polarizer. These ob-
servations confirm the fact that the fluorescence light is polarized in the plane of the
nanoplatelets [3]. The anisotropy of fluorescence can also be quantified by measur-
ing the photoluminescence intensity with a fluorescence spectrometer using an analyzer
placed after the sample. When the analyzer axis is set parallel (resp. perpendicular) to
the film, a fluorescence intensity I (resp. I,) is measured. The anisotropy is usually

quantified by the ratio r = (I, —1)/(24, +1,) [143]. This parameter r increases from

0 for the film at rest to ~ - 0.25 for the film at 100% strain. A simple model (see supple-
mentary materials of [4]) gives r =-S/2, so that S~0.50, in fair agreement with the value
(S ~ 0.60) previously obtained by X-ray scattering. This confirms that film stretching
gives rise to a strong orientation of the nanoplatelets and a highly anisotropic photolu-
minescence, with light emission polarized parallel to the film. The level of anisotropy
depends on the strain and the samples become again isotropic when the stress is removed
and deformation relaxes.

4.3 Conclusion

Homogeneous dispersion of semiconducting nanoplatelets in a thick film was achieved
by carefully selecting a thermoplastic BCP matrix compatible with the ligand brush
grafted on the nanoparticles. Moreover, the tendency of CdSe NPLs to stacking is lim-
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Figure 4.5: Effect of stretching on the fluorescence properties of the hybrid material:
schematic representation of a composite film, optical microscopy and emission spectra of,
(a) film at rest showing isotropic photoluminescence; (b) stretched film (100% strain) show-

ing anisotropic photoluminescence. The white arrows represent the direction of the ana-
lyzer.
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ited by the confinement within the PB domains of the BCP structure at the microscopic
scale, resulting in optically homogeneous composite materials. Stretching these com-
posites provides an easy way of controlling particle orientation. This alignment is re-
versible as relaxing the samples immediately restores the initial isotropic distribution of
the nanoplatelets. From a fundamental point of view, this allows investigating in detail
the NPL anisotropic physical properties, as was shown above in the case of photolumi-
nescence. From a more applied point of view, polarization effects are useful for modulat-
ing the optical response (absorption and/or photoemission) in materials. For example,
the polarized photoemission of aligned CdSe NPLs could prove useful for emitters in
lasers [ 144], because the concentration of the emission in a single polarization state may
reduce the operating power. More generally, the present approach may be also applied
to other types of composite films comprised of nanosheets, such as graphene or clays,
whose mechanical or barrier properties strongly depend on filler orientation.
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Chapter 5

CdSe Nanoplatelets Polymers

5.1 Introduction

In a previous chapter, we have seen that a fast destabilization of a NPL colloidal dis-
persion yielded very anisotropic needles with lateral dimensions measuring around 200
nm (tens of NPLs). Here, we show that slow drying of a NPL colloid yield threads
with a lateral extension limited to one nanoplatelet. These objects share many features
with living polymers with, in this case, the monomer being a nanoplatelet. Examples of
spontaneous assembly of metallic colloidal particles in one-dimensional (1D) polymer-
like structures have been reported recently. The most common geometry is (possibly
branched) chains that are called “plasmonic polymers” since they give rise to a shift in
the plasmon resonance of the nanocrystals. The spontaneous assembly of particles into
chains was achieved by chemical cross-linking, physical attraction between ligands, or
oriented attachment of nanocrystals [ 145-149]. The aggregation number of these poly-
meric assemblies is usually comprised between 5 and 20. However, there is not to date
any such report of polymeric 1-D assembly for colloidal quantum wells.

5.2 Results and discussion

Here, we demonstrate a simple strategy to induce the self-assembly of CdSe NPL into
micron-long threads by adding small amounts of oleic acid (OA) to a NPL dispersion,
followed by slow drying. Once the threads are formed during drying, they can be eas-
ily redispersed. The concentration of added oleic acid is a critical factor that controls
the assembly and the length of the threads. The fluorescence of the nanoplatelets is not
quenched during their assembly and the threads, either dried on a substrate or redis-
persed in solution, are visible by fluorescence microscopy. Furthermore, the threads
can be used as seeds for further growth like in living polymers where monomers can
be added to reactive ends of an already polymerized chain. 4-monolayer (ML), almost
square CdSe NPL were synthesized as described in section A.1.1. An excess of oleic acid
is injected at the end of the synthesis so that all faces of the NPL are fully covered by
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Figure 5.1: A) UV-VIS absorbance and emission spectra and B) TEM images of NPLs solu-
tions used for the self-assembly. C) Scheme of the procedure for preparing self-assembled
threads of CdSe platelets.

ligands. After thorough purification through repeated precipitation/redisperstion cy-
cles, the NPL were dispersed in hexane. The absorption and emission spectra (Figure)
show that only one 4ML population was found in solution. Moreover, the transmission
electron microscopy (TEM) images (Figure 5.1.b) of the platelets showed that the 4 ML
NPL are square with ~ 18 nm edges.

CdSe NPL self-assembly was achieved at ambient conditions through a two-step pro-
cess (Figure 5.1.c). First, a small quantity of oleic acid was added to the NPL dispersion
in hexane. Since we identified the OA concentration as a critical parameter (see below),
we ensured by IR spectroscopy that no free OA was present in solution prior to this addi-
tion and that all the OA was bound to the surface of the NPL. Afterwards, the dispersion
was slowly dried by leaving the vial open. The complete drying of the solvent took be-
tween 2 and 3 days. At the end of the drying process, a yellow deposit was visible at
the bottom of the vial and could easily be re-dispersed though gentle stirring. A slightly
turbid dispersion was then obtained (Figure 5.1.c, photograph), indicating the presence
of large objects scattering light in solution. Electron microscopy observation of these
dispersions dried on a carbon-coated TEM grid reveals the presence of self-assembled
threads (Figure 5.2). The length of the threads reached up to several micrometers while
they were composed of a single platelet along their transverse dimensions. Hence, the
NPLs are only stacked face to face and no edge-to-edge stacking was observed. This con-
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Figure 5.2: (A) and (B): lower and higher magnification TEM images of threads of 4 ML
square platelets. (C) High-resolution TEM image of the threads showing the face to face
stacking of CdSe platelets.Scale bars: (A) 5 um , (B) 200 nm , (C) 20 nm

trasts with our previous report of micrometer needles (see chapter 3) where both types
of stacking were observed simultaneously.

The small-angle X-ray scattering (SAXS) pattern of the dispersion (Figure 5.3) dis-
plays several features consistent with the threaded structure observed by TEM. An in-
tense peak at a scattering vector q*=1.23 nm™! arises from the stacking of the platelets
with a period d =27 /¢*=5.1 nm within the CdSe threads. Both SAXS measurements
and high-resolution TEM images show that the NP are stacked in threads with a period
of 5.1 nm. Since the platelet thickness is 1.2 nm, the faces of neighboring platelets are
3.9 nm apart. This separation is due to oleic acid molecules bound to the faces of the
NPL. However, the length of a fully-stretched oleic acid chain is 2.5 nm and therefore,
the oleic acid brush must be partially inter-digitated, as already reported. Interestingly,
the fluorescence of CdSe NPL is not quenched by their self-assembly and the threads on
a glass substrate are easily detected by fluorescence microscopy (Figure 5.3).

Although the lateral spatial resolution of the confocal microscope is of the order of
200 nm, we can clearly see the elongated character of the threads using this technique.
Another interesting feature, shown by both the electron and fluorescence microscopies,
is the absence of individual NPL in solution besides the threads. All the platelets take
part in the self-assembly process and none are present as “monomers” in solution. Due
to their large aspect ratio, these threads are not completely straight and appear somewhat
flexible. The threads therefore share similarities with giant wormlike micelles observed
in some surfactant [ 150] or block copolymers [151] solutions. A noticeable difference
being that, in the case of surfactant micelles, monomers (i.e. single surfactant molecules)
are continuously exchanged between the solution and the aggregates whereas here, rel-
atively large parts of the threads detach and re-attach dynamically. This is visible on
figure 5.4 where a thread fragment measuring around 250 nm long (and hence made of
around 50 NPLs) separates from a large thread and then re-merges with it after drifting
in solution for a few seconds.

By tuning the amount of added oleic acid, it is possible to control precisely the mean
thread length (Figure 5.5). Without any further addition of oleic acid, single platelets
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Figure 5.3: A) Fluorescence microscopy images of the threads deposited from solution on
a cover slip. (B) Small angle X-ray scattering curve of the thread dispersion.
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Figure 5.4: Image sequence showing the breaking and recombining of a threads undert
thermal agitation.
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Figure 5.5: Evolution of threads of square CdSe platelets using different concentrations of
added OA. (A-D) Confocal Fluorescence microscopy images of the threads obtained with
different concentrations of OA, 6 mM, 16 mM, 32 mM, and 48 mM, respectively. (scale
bars: 5 um). (E-H) Corresponding TEM images of CdSe threads. (scale bars: 200 nm)

and very short platelet stacks are found in suspension. For an oleic acid concentra-
tion of 6 mM, the CdSe NPL stack and form small threads of length 100-200 nm. The
length of the threads further increases up to a mean length of 1.4 um for [OA]=48 mM.
This dependence of thread length on added oleic acid concentration is also clearly ob-
served by fluorescence confocal microscopy although the threads of smallest size only
appear as small bright spots since they are smaller than the lateral resolution of the mi-
croscope (Figure 5.5.a-d). After reaching a maximum for an oleic acid concentration of
48 mM, further ligand addition resulted in the precipitation of the colloid. Whatever
their length, the width of the CdSe threads always remained equal to the edge length of
the platelets.

A key factor influencing the self-assembly of NPL into threads is the monodispersity
in shape of the initial NPL: a well-defined square NPL shape is required for self-assembly.
Irregular platelets, formed through small changes in reaction temperature or annealing
time, led to very short stacks or even to random aggregates. Hence, the self-assembly
process is not highly tolerant to small deviations in the shape of the nanoparticles. While
the results presented here were obtained with 4 ML nanoplatelets, we achieved similar
outcome with thicker 5 ML with a board-like geometry. In this case, the platelets have
two lateral dimensions (Figure 5.6): the shorter one is around 7 nm and the larger one
around 20 nm. As shown in Figure 5.6, TEM examination of samples made of 5 ML
platelets and prepared in a similar fashion also display threaded structures.
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Figure 5.6: Characterization of living threads made of 5SML NPLs: A) SAXS pattern show-
ing the lamellar structure of the threads. B) TEM image showing the threads.

We now turn to the mechanism by which self-assembly occurs and we try to propose
a physical explanation to the influence of OA concentration on the thread length. If we
consider a simple model of one-dimensional self-assembly induced by a favorable inter-
action between the NPL (monomers), there is a critical concentration, ¢*, beyond which
self-assembly occurs [52]. In a previous chapter, we have shown that CdSe NPL disper-
sions are not colloidaly stable indefinitely and that the precipitation time decreases with
increasing concentration. Hence, we can also define another concentration, ¢ At which

the dispersion becomes unstable and precipitates without self-organizing. Upon drying,
the concentration of the dispersion increases and the relative values of ¢* and ¢, will gov-

ern the behavior of the suspension. If ¢, <c*, the first concentration reached upon drying
isc - Hence, the dispersion will precipitate and no threads are seen upon re-dispersion.
If ¢* <c,, self-assembly will occur before aggregation and threads will form. Upon fur-

ther evaporation, these threads will precipitate but they will still be present and visible
when new solvent will be added. This simple model explains the different experimental
features observed here. We previously showed that the oleic acid concentration could
tune the colloidal stability of NPL dispersions and an optimum OA concentration was
found. Below this optimum, increasing [OA] leads to more stable dispersions (hence
higher ¢,) while further increase beyond leads to lower stability (smaller ¢,). This ex-

plains the experimental trends observed. With higher [OA], ¢, increases and becomes
larger than ¢*. Hence, ¢* is reached before ¢, during drying and self-assembly occurs

before precipitation. Within the same modeling framework, the size of the threads is
expected to scale with NPL concentration. This is consistent with larger threads being
observed for higher oleic acid concentrations.

In the field of macromolecular synthesis, the expression “living” usually refers to re-
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Figure 5.7: A) Length polydispersity distributions of CdSe NP threads for different con-
centrations of added OA. B) Dependence of the thread average length on the concentration
of OA added to the platelet solution in hexane.

active macromolecules which can grow when supplementary monomers are added in
solution [ 152, 153]. Since the chain ends are reactive, new monomers attach to existing
chains and the mean chain length (polymerization degree) increases while the number
of macromolecules remains constant. In order to investigate whether the CdSe NPL
threads feature this property, we prepared "small" (~ 300 nm) threads, re-dispersed them
in a solution of free platelets and slowly evaporated the solvent. If the new NPLs only at-
tach to the existing threads and do not form new threads, the contour length will increase
by an amount proportional to Cyp; /7, where Cyp; is the concentration of NPL added
and 7, is the initial number of threads in solution. Hence if we plot the contour length
as a function of the quantity of added NPLs we should obtain a straight line. This is ac-
tually we is observed (Figure 5.7); the threads grew to an extent simply predictable from
the amount of added NPL. Of course, the bonds between the NPLs within the threads
are weaker than covalent bonds in traditional living polymers. This is why some parts
may detach under the effect of thermal agitation as described previously. We are situ-
ated in an intermediate case between wormlike micelles and covalent living polymers.
In wormlike micelles, the aggregates break and detach very fast since the bonding en-
ergy is well below k£ T'; these structures do not persist over observable timescales. For
higher energy covalent bond strength, like in living molecular polymers, the structure is
fixed while the ends are still reactive. Our system shares similarities with both types of
self-assembled structure due to the intermediate energy which bonds the building blocks
together.
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5.3 Conclusion

In conclusion, we have developed a simple method to self-assemble CdSe nanoplatelets
into long flexible threads through slow evaporation of colloidal solutions. These threads
are composed of hundreds to thousands of individual platelets. We can control the aver-
age number of platelets per threads with the concentration of added oleic acid or through
subsequent re-growth of existing threads. We expect this control over their self-assembly
to yield interesting developments in the study of emerging properties in ensembles of
NPL. In principle, the simple procedure described here could also be potentially gener-
alized to other systems of 2-dimensional colloidal nanocrystals.
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Chapter 6

Twisted Threads

In the previous chapter, we described how long threads composed of CdSe nanoplatets
can be synthesized through the slow drying of colloidal dispersions. We showed that
the content of oleic acid was an important factor affecting the final length of the threads.
Here, we show that adding oleic acid gradually during the formation of the threads leads
to twisted threads with a well defined pitch. This discovery has been made by S. Jana
during his post-doc and these results are not published yet. I present here the work
performed on this topic and our current understanding of the twisting of these CdSe
threads.

6.1 Formation and structure of twisted threads

We use SML nanoplatelets synthesized as described in the experimental section. Figure
6.1 shows absorbance and emission spectra of the NPLs dispersion after purification.
The characteristic features of this NPL population (emission peak at 550 nm, absorbance
peaks at 550 and 518 nm) are visible and substantiate the purity of the sample. Electron
microscopy shows that the NPLs are board-like, with mean lateral dimensions of 7 and
22 nm.

A drying scheme similar to the one described in the previous chapter was used here.
However, instead of introducing a tunable quantity of oleic acid before drying of the
colloidal dispersion, the total quantity was divided in equal amounts and added at reg-
ular intervals in the dispersion during drying. For example, for a total amount of OA
of 18 uL, 6L is added at the start of the drying process, 6 uL after one third of the
total solution volume is evaporated (usually corresponding to one day of drying) and
the remaining 6 uL after 2/3 of the solution is evaporated. Afterwards, the precipitate
is re-dispersed in hexane. TEM examination of the resulting product shows the presence
of long threads (Figure 6.2) with a typical size ranging from 1 to 2 um. Closer observa-
tion reveals that the threads are twisted. Instead of stacking face to face with their edges
parallel, a given NPL in a thread is shifted by a small angle with respect to the previous
NPL in the same thread. As a result, a spatial periodicity appears along the thread. The
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Figure 6.1: A) Absorption and emission spectra of the 5 ML NPL dispersion used for the
self-assembly of twisted stacks. B) Representative TEM images of the NPL.

typical distance over which a full rotation is achieved (pitch) is around 400 nm.

Figure 6.3 shows the SAXS pattern of a dispersion of twisted threads which exhibits

two peaks at respectively 0.1075 and 0.2141 A~" corresponding to a center-to-center dis-
tance of 5.84 nm. With this distance in mind, we can deduce that there are around 70
NPLs in one pitch and the mean rotation between two adjacent NPLs is 5°. Electron
tomography (Figure 6.2.E) on an individual thread reveals details in their structure, con-
firming the twisted nature of the thread. We can also notice the presence of vacancy
defects in the stack 1.e. places where it seems to lack one platelet. It is also visible that
the shift between two adjacent platelets within a thread is not constant. In some thread
portions, the platelets are almost not shifted whereas fast rotation is observed in other
portions.

In order to assess the chirality of the threads, we performed circular dichroism exper-
iments. We did not detect any optical activity in the visible range showing that threads
dispersions are racemic mixtures with equal concentration of right and left handed threads.
This shows that there is no preferential chirality in the self-assembly process and that
whether a given thread is left or right handed is determined by initial fluctuations with
equal probability.

As previously observed for straight threads, the overall quantity of oleic acid in the
media influences the length of the threads. In Figure 6.4, TEM micrographs of twisted
threads with two different oleic acid concentrations are shown. It is obvious that large
OA concentrations induce the formation of much larger threads. For a volume of 18
1L, added in three times, small twisted threads with a length below 1 um are visible
whereas very long threads of several microns can be formed with a larger quantity of
oleic (45 uL, also added in three equal portions during the drying).
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Figure 6.2: A-D) Transmission electron microscopy of twisted thread obtained after dry-
ing of a 5 monolayers “board-like” nanoplatelets dispersion at different magnification. E)
Electron tomography image of a single twisted thread obtained by Dr M. De Frutos at LPS

by acquisition of numerous conventional TEM images at different tilt angle followed by
reconstruction.
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Figure 6.3: Small angle X-ray scattering pattern of a twisted threads.

6.2 Formation mechanism

We analyzed the structure of the threads by SAXS and TEM at different steps of the
self-assembly process in order to get insight into their formation mechanism. Figure 6.5
shows TEM images of the threads after one third of the solution (first step) is evaporated
(before the second addition of oleic acid), after two thirds of the solution is evaporated
(second step) and the final product after re-dispersion. We notice that, at the first step,
threads are already present in solution but they are not twisted. In contrast, some threads
at the second step are twisted but we do not observe a regular pitch like in the final
state where we recover a structure already described previously. Careful examination
of TEM images of the second step (not shown) suggest that twisting starts to occur at
random locations in some threads but not all threads are twisted. SAXS patterns of
the three different solutions are presented on Figure 6.6. The two peaks indicating the
stacking of the NPLs are present at all the stages of the formation and their positions
do not move. The only differences are noticed at smaller wavevectors. As the twisting
proceeds, the scattered intensiy at low q diminishes while it increases at intermediate q

comprised between 0.07 and 0.1 A~1. Altogether, these results suggest that the twisted
threads form through the deformation of existing straight threads under the combined
effect of oleic acid addition and evaporation.

6.3 Twisting of individual nanoplatelets

In order to disentangle the effects of drying and oleic acid addition, we conducted con-
trol experiments where increasing amounts of oleic acid are added to a dispersion of
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Figure 6.4: Effect of the total amount of oleic acid added to the dispersion on the length
of twisted threads. A, B and C) Total amout of 18 4L of OA added to the dispersion. D, E
and F) Total amount of 45 yL added to the dispersion.

1st step 2nd step final

Figure 6.5: TEM images of threads during and at the end of their formation. The first step
corresponds to the point where one third of the solution has dried, just prior the second
addition of OA. The second step is when two third of the solution has dried. The final
state designate the threads re-dispersed in hexane.
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Figure 6.6: SAXS patterns of the thread dispersion for the different formation steps.
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Figure 6.7: TEM images of NPLs as a function of time and volume of oleic acid added to
the dispersion.
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NPLs without drying. Figure 6.7 shows TEM images of NPLs with different amounts
of oleic acid at two different times: 4 and 9 hours after the addition. When no oleic acid
is added (Figure 6.7.A.), flat individual NPLs laying with their transverse direction per-
pendicular to the substrate. As the amount of oleic acid increases, we observe that some
NPLs twist. In this twisted configuration two parts of the same platelet have orthogonal
transverse direction. One part still has its transverse direction perpendicular to the sub-
strate but another part has its transverse direction parallel to the carbon foil of the TEM
grid. This structure is clearly visible on Figure 6.7.G. In some cases, three different parts
of the NPLs are visible, the two extremities have the same transverse directions whereas
the center is perpendicular (see red rectangle in Figure 6.7.G). The relative proportion
of the two different orientations within a single NPL varies. Some are divided in two
halves with perpendicular transverse directions whereas in some cases, only a small frac-
tion of the NPL is twisted.

As the amount of oleic acid increases, the proportion of twisted NPLs increases.
4 hours after the addition of 15 uL of oleic acid, almost all the NPLs are twisted. For
a given volume of oleic acid, the proportion of twisted NPLs increases with time show-
ing that the twisting is not immediate. Moreover, the twisting is concomitant with a
loss of colloidal stability of the dispersion. It is noteworthy that we could not observe
isolated twisted NPLs by TEM. Twisted NPLs are all stacked one on top of each other
into short piles comprising a few tens of NPLs. These two facts add up to suggest that
twisting is induced by the interaction between two (or three) neighboring NPLs. The
role of oleic acid seems to speed up the twisting process, since the proportion of twisted
NPLs is increasing with time whatever the acid content. Moreover, it has been noted
by S. Ithurria in her PhD thesis that this twisting occurs over months even in purified
dispersion of NPLs [154].

6.4 Discussion

The physical origin of the striking phenomena observed in this chapter can not be main-
tained with certainty today but we can discuss it in light of the experimental facts de-
scribed earlier. On the twisting of the individual NPLs, we previously noticed that thin-
ner 3 ML NPLs also have a strong tendency towards bending. As described in [20],
NPLs with large lateral extensions fold into nanotubes. In this case, the folding always
occurs along the [110] direction irrespective of the crystallographic orientation of the
NPLs edges. The formation of these folded and twisted structures points towards an
asymmetric source of strain. This is at first surprising since the top and the bottom of
the NPLs are equivalent. There is a plane of symmetry in the NPLs which is normal to
the [001] direction. However, the orientation of the Cd-Se bonds between the surface
Cd atom and the neighboring Se atoms are rotated by 90° between the top and bottom
planes. Hence, surface strain induced could easily deform these NPLs. For example,
if the oleic acid at the surface adopt a particular orientation with respect to the CdSe
crystal lattice (and hence the surface Cd-Se bonds), this will deform the surface bonds.
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This deformation will propagate into the thin crystal and could yield to various twist-
ing/bending phenomena. The precise deformation direction and scale will depend on
the orientation of the ligand lattice and the extent to which the ligand-metal affect the
other atoms in the NPLs.

Surface stress induced deformation of nanocrystals has already been held responsible
for the emergence of dipoles in semi-conducting nanocrystals as described in the intro-
duction chapter of this thesis. Previous studies have also reported variations of lattice
parameters and size dependent distortion caused by surface effects. For example, lattice
expansion in copper nanocrystals was rationalized using a surface pressure model [155].
In this case, the temperature dependence of gas adsorption at the surface of the nanopar-
ticles was found to explain the expansion of the lattice in a quantitative fashion. In CdSe
wurtzite colloidal nanocrystals, EXAFS and X-ray diffraction experiments showed vari-
ations of the lattice parameters as a function of size. These results were explained by
surface stress caused by the adsorbed ligands [ 156]. In these cases, the nanoparticles are
spherical and surface stress induces compression or elongation of the lattice. Here, a 2D
material with high anisotropy is concerned and it is likely that surface stress will convert
into elastic deformation of the material. In free-standing graphene, thermal fluctuations
induce a roughening of the surface with out-of-plane deviations which can reach 1 nm
[157]. In our case, the observed deformations are much more important and our ma-
terial is five times thicker than graphene. This suggests that the energy scale at play is
significantly larger but a more reliable order of magnitude estimation would necessitate
further modeling efforts.

We could also relate the twisting deformation to the ligand surface phase transition
already mentioned in the context of colloidal stability[79, 80]. Since twisting occurs
upon addition of oleic acid, one could argue that it is related to a phase transition oc-
curring at the surface of the particle. The temperature at which the phase transition
happens has been shown to increase with surface coverage. It is thus p0551ble that, at
constant (ambient) temperature an ordering transition occurs when increasing surface
ligand concentration. Upon ordering in a preferential direction with respect to the crys-
tal lattice, the ligand would have a much more cumulative effect on the surface stress
than in a disorganized state where the random orientations would cancel out. The sur-
face phase transition also induces a strong short range attraction which would explain
the precipitation observed jointly with the twisting.

We now discuss the twisting observed in the NPLs threads which could have several
physical origins. We had first thought that a dipolar moment having an in-plane com-
ponent tilted with respect to the edges added to a component parallel to the transverse
direction would yield such an helical structure. The idea was that, in order to minimize
the dipolar interaction energy, the in-plane dipole would align in an ferromagnetic fash-
ion and hence lead to a tilt between adjacent NPLs. In order to check this hypothesis,
H.H. Wensik conducted calculations in order to find ground-states for such a system
of N spins interacting with a dipolar interaction. To do so, he wrote the total poten-
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tial energy of N stacks on a lattice and found the ground states corresponding to this
energy using a Monte-Carlo scheme '. In none of the ground states, an helical config-
uration with a mesoscopic pitch is found. However, such configurations are observed
when one takes into account a pair interaction between NPLs composed of a dipolar
term favoring untwisted aligned spins added to a screened electrostatic repulsion. Both
interaction potentials are long ranged but with dissimilar spatial variations. This leads
to helical ground states with pitches ranging from 10 to 100 NPLs, i.e. the same order
of magnitude as our experimental findings. In this hypothesis, adding oleic acid would
play on the electrostatic potential by reducing the charges at the surface of the NPLs.
Finally, we could argue that the twisting of the threads comes from the twisting of the
individual NPLs also occurring upon addition of oleic acid. In this hypothesis, NPLs in
a thread could be “locked” in their flat configuration by their neighbors and the twist-
ing of the threads would be a mean to relax elastic energy. Definitely choosing between
these different hypothesis will necessitate further experiments and simulations.

6.5 Conclusion

We have shown that adding ligand gradually to a drying board-like NPLs dispersion
leads to twisted threads with a pitch of around 400 nm. The length of the threads can be
controlled by the total amount of oleic acid but the picth is, for now, difficult to tune.
We have also shown that individual nanoplatelets twist under the effect of oleic addition.
These surprising results question the influence of ligand induced surface strain on the
bending of nanometer objects, a topic which has received scarce attention yet.

Personnal communication from R. Wensik
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Appendix A

Experimental techniques

A.1 Syntheses

A.1.1 Nanoplatelets

The cadmium myristate salt was synthesized as described in detail elsewhere [158]. For
the 4ML nanoplatelet synthesis : 0.234 g of cadmium myristate and 0.024 g of sele-
nium powder were mixed with 30 mL of octadecene in a three-neck round-bottom flask
equipped with a condenser, a septum and a temperature controller. Under magnetic ag-
itation, the mixture was then degassed under vacuum for 30 minutes and heated from
ambient temperature to 240°C. When the temperature reached 200°C (after about 6 min
30 s) 0.160 g of cadmium acetate (in powder) was added to the solution after having
withdrawn the septum. When the salt is poured in the solution, the solution’s color is
yellow and starts to turn red. After 12 min at 240°C, heating was stopped and an excess
of carboxylic acid was added. At this stage, the solution contained, as shown by UV-vis
absorption, three populations of nanoparticles: platelets emitting at 460 nm, platelets
emitting at 510 nm and quantum dots. To isolate platelets emitting at 510 nm, a series of
selective precipitation/centrifugation steps was performed. The raw product was sepa-
rated in two centrifuge tubes and 20 mL of ethanol was added to each of the tubes. After
centrifugation for 10 min at 5000 tr/min, the supernatant contained quantum dots while
the precipitate only contained platelets. The latter was re-dispersed in hexane and this
solution was centrifuged at 3000 tr/min for 10 minutes. The supernatant only contained
platelets emitting at 510 nm while the larger platelets emitting at 460 nm precipitated.
At last, ethanol was added to the solution to make the platelets precipitate, the super-
natant was discarded and the precipitate was redispersed in hexane. Finally, the platelets
were precipitated and dried. For the 5SML NPL synthesis, the same protocol was applied
by replacing cadmium myristate by cadmium oleate.

A.1.2 Polystyrene synthesis

BlocBuilder MA and styrene were mixed together in a round-bottomed flask. The flask
was equipped with a condenser. After 15 to 30 minutes of degassing by nitrogen bub-
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bling, the temperature was raised to 120 °C and the polymerization was performed un-
der inert atmosphere and magnetic stirring for 90 min. The polymer was isolated by
precipitation in cold ethanol, recovered by filtration and dried under vacuum. The
polystyrene (PS) was prepared using a Initiator/Styrene molar ratio of 1/19. At this
stage, the obtained polymer is composed of a polystyrene chain, a carboxylic acid end
and a nitroxide moiety. In order to eliminate the nitroxide, a thermo-labile group, end-
capped polystyrene, the obtained polymer, was solubilized in tert-butylbenzene at about
5.107?M and introduced in a round-bottomed flask equipped with a condenser. Then,
5 equivalents of thiophenol with respect to the polymer were added to the solution.
The temperature was raised to 130°C for 4 hours. The carboxy-terminated polystyrene
was isolated by precipitation in cold ethanol, recovered by filtration and dried under
vacuum. The molar mass (M) and dispersity (D) of the obtained PS were determined
by size exclusion chromatography (SEC) using tetrahydrofuran as eluent. The M, and
Dvalues derived from calibration curve based on PS standards were 1700 g.mol™" and
1.10.

A.1.3 Polymer ligand exchange procedure

In a typical exchange 4 mg of CdSe nanoplatelets were dissolved in 5 mL of THF. To
the nanocrystal solution, 0.25 g of polystyrene-COOH in 2 mL of THF was added.
After the two solutions were completely mixed, the solution was sonicated 30 min at 50
°Cand 10 mL of ethanol was added for quantitative precipitation. The precipitate was
separated by centrifugation and the supernatant was discarded and the precipitate was
dissolved in 5 mL of THF. This procedure was repeated twice. Subsequently, ethanol
was added slowly until precipitation occurs. The supernatant was discarded and the
precipitate was dissolved in 5 mL of THF for further measurement.

A.1.4 Composite synthesis

SBS is a triblock copolymer commercially available from PolymerSource (QC, Canada)
with a narrow polydispersity index (PDI) of 1.04 and almost equal molecular weights of
PS (39.7 kg.mol™") and PB (41.0 kg.mol™). This molecular weight composition leads to
a microphase separation with a lamellar morphology. Mixtures with different concen-
trations of CdSe were prepared by adding different volumes of nanoplatelet suspension
in hexane to 30 mg SBS in 1 ml toluene. The CdSe concentration was checked by the
UV-visible absorption of the mixtures. Composite films were then obtained by solvent-
casting. Annealing was performed for 12 hours at 110°C under argon atmosphere. Hy-
brid films with typical thickness of 100 nm and diameter of 10 mm were prepared. Good
dispersions with nanoplatelet volume fractions ranging from 2 to 20% were obtained.
In this work, we focus on the results obtained with the intermediate volume fraction of
10%.

A.1.5 Self-assembly of superparticles

To obtain the superparticles, 500 uL of the nanoplatelet dispersion was first diluted by
adding 250 uL of hexane. Aftewards, 250 uL of ethanol was added to the previous
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solution. The quantity of ethanol to be added to the colloidal solution varied from
nanoplatelet synthesis batch to batch but the volume fraction in ethanol in the final
solution was always comprised between 30 and 50 %.

A.2 Small Angle X-ray Scattering

SAXS experiments were performed on different instruments. Most of the experiments
were performed at the SWING beamline of the SOLEIL synchrotron (Saint-Aubin,
France), measurements were carried out using a fixed energy of 12 keV and three sample
to detector positions (0.85, 1.07 and 6.56 m). The typical accessible range of scattering
vector modulus q was 0.02-10 nm™! (g = %T sin(6)), where 26 is the scattering angle and

A= 1.033 A the wavelength). Scattering patterns were recorded on an AVIEX 170170
CCD camera formed by four detectors and radially averaged. Two complementary sam-
ples, corresponding to stacks of NPL coated with decanoic and heptanoic acid were
investigated using a laboratory set-up composed of an X-ray generator with a Mo target
and a MAR detector.

Another laboratory set-up was used in the case of the composite films. In this case,
We used a laboratory SAXS setup equipped with a rotating copper anode generator
(wavelength A = 0.154 nm) and an Osmic Ni/C multilayered optics [159] The sample
to detector distance was 1.07 m for experiments at small scattering vectors and 0.41 m
for experiments at medium scattering vectors. The accessible range of scattering vector
modulus q was 0.09 < q < 1.3 nm-1 in the first case and 0.25 < q < 3.5 nm™"' in the
second. The scattered X-rays were detected by a Princeton CCD camera and exposure
times typically ranged from 5 to 15 minutes. 2-dimensional images are presented as such,
whereas 1- dimensional 1(q) curves of the scattered intensity versus q were obtained by
angular averaging of the scattering patterns. Using well-documented procedures [ 142],
the platelet alignment, quantified by the nematic order parameter S, was derived from
the dependence versus azimuthal angle of the scattered intensity at fixed q value in the

SAXS patterns.

A.3 Electron microscopy

TEM samples were prepared by depositing a drop of the nanoparticle dispersion on a
carbon coated copper grid and letting it dry in air. Two different microscopes were used:
A TOPCON electron microscope at a voltage of 100 kV or a JEOL 1400 (120 kV).

In the case of the polymer films, Cross-sectional TEM specimens of 50 nm thickness
were cut in the composite films using a Leica EM UC6/FCécryo-ultramicrotome at -
100°C and a 35-degree Diatome diamond knife. Cryosections were collected on Quan-
tifoil S7/2 grids coated by a continuous thin carbon film. The sections were stained
by exposure to OsO4, vapor for 15 min. The specimens were examined with a JEOL
JEM 2011 TEM using a 200kV acceleration voltage. Images were acquired using a Gatan
ultrascan CCD camera. OsO, reacts preferentially with the unsaturated carbon double
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bond in the polybutadiene block, which is why the PB regions appear darker than the PS
ones in bright-field TEM images. Moreover, due to their high electronic density, CdSe
platelets appear very dark.

A.4 Other technical details

A.4.1 Spectroscopy

UV VIS absorption spectra were acquired using a CARY 5000 spectrophotometer while
a HORIBA JOBIN YVON FLUOROMAX 4 was used for fluorescence spectra.

A.4.2 Zeta potential measurements

: Electrophoretic mobilities of platelets were measured using a Malvern Zeta sizer equipped

with a dip-cell. Conversion from mobilities to {-potential were made assuming the
Huckel approximation i.e. = %

A.4.3 Colloidal stability

: The colloidal stability of the dispersions was assessed by measuring the absorbance of
nanoplatelets at 400 nm using an Agilent Cary 5000 spectrophotometer. A weighted
amount of platelet is dispersed in hexane through sonication until a clear solution is ob-
tained. Absorbance spectra are then measured at regular intervals. The reported values
were normalized to the starting optical density. Unless otherwise stated, all the studies
were performed in hexane. During these experiments, no special care was taken to avoid
contact with air.

A.4.4 Fluorescence microscopy

In chapter 3, the nanoplatelet supraparticles contained in a thin glass capillary were im-
aged in eplﬂuorescence through a 60x objective. The fluorescence is separated between
the two polarization components which are both imaged on a CCD camera. More de-
tails on the optical set-up can be found in ref [ 160].

In chapter 5, the threads were imaged using a LEICA SP7 scanning confocal microscope
with a 60x objective.
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