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Abstract

Laboratoire de Physique et d’Etudes de Matériaux
Doctor of Science

Synthesis and characterizations of 2D nanoparticles with controlled folding for
circularly polarized optical properties

by Hong PO

Belonging to II-VI semiconductors, cadmium chalcogenide nanoplatelets exhibit narrow
optical features in the visible region. These particles can measure up to hundreds of
nanometers in length and width, while presenting a few nanometers along their quantum
confined thickness direction. During surface functionalization of ligands onto these ultra-
thin nanosheets, residually stressed bodies are created. This originates from the mismatch
between the inorganic crystal lattice and layer of anchoring atoms, in addition to the steric
repulsion brought by aliphatic chains. These three acting components are captured via
a quantitative mechanical analysis to result in a model that allows for the prediction of
curling in nanoplatelets. The resulting nanohelices radii are shown to be able to be tuned
by linearly varying the associated organic chain lengths, for a given thickness population
of nanoplatelets. Despite the important surface stress induced by thiolate headgroups, the
average in-plane lattice parameter of these nanocrystals remains equal to that of zinc blende
bulk as demonstrated experimentally and theoretically by wide-angle X-ray diffraction.
Specific orientation of these anisotropic and distorted objects reflects an impact on the form
and intensity of their corresponding scattered peaks.

Ways to obtaining cadmium chalcogenide nanoplatelets that display chiroptical proper-
ties in absorption are addressed. The most promising route consists in substituting pristine
surface achiral carboxylates by chiral enantiomers of tartaric acid. The dissymmetry val-
ues appear to increase with the number of stereocenters and show much stronger polarized
signals with carboxylate than thiolate functional groups. These absorptive-like line shapes
associated to the excitonic transition wavelength of the inorganic core, result from a hy-
bridization effect between their hole level and the ligands” molecular orbital. On the other
hand, gold decorated chiral silica helices, synthesized from the benefit of the gemini sur-
factant molecules’ self-assembly, are also capable of exhibiting circular dichroism in their
plasmon resonance region. This increases with the strength of the interparticle plasmonic
coupling, in agreement with simulations performed under discrete dipole approximation.
An opening towards sorting chiral objects via optoacoustophoresis is documented. This
proof-of-concept demonstrates distinct average in-plane migration speeds between sepa-
rate chiral moieties, as a function of the acoustics and optical working conditions. The effect
of particles” shape and concentration in solution show that upon jamming, an object’s com-
pressibility can lead to self-organizing behaviors similarly to cases of active matters, bacteria
and cells.
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Overview

For about a decade, it has been possible to fabricate televisions with QLED, which
stands for Quantum Dots Light Emitting Diode. This refers to a type of display technology
which uses tiny particles which emit different hues when hit by light sources, for more
vibrant and fine color displays than traditional LED televisions. The insertion of quantum
dots that possess exceptional optical properties in terms of absorption and emission within
these flat screens, is executed in the form of films. These particles were first synthesized
in 1993 by the Bawendi group. The authors reported the first organometallic synthesis of
colloidal quantum dots of cadmium chalcogenide CdE, where E = S, Se, Te. These spherical
nanoparticles exhibited unprecedented monodispersity in solution and possessed at least
one of their dimensions smaller than the Bohr radius, implying that their optical properties
were directly size-related.

Over time, numerous groups have optimized the synthesis of II-VI semiconductor
nanocrystals. Significant efforts have been notably made to create nanocrystals with
different morphologies. In 2006, the Hyeon group developed the first synthesis of wurtzite
CdSe nanoribbons with a thickness in the order of nanometers and lengths up to several
hundred nanometers. Then in 2008, Ithurria et al. synthesized colloidal zinc blende CdSe
nanosheets for the first time and these latter were subsequently named nanoplatelets,
exhibiting controllable thickness down to the scale of atomic monolayers. Given that
the quantum confinement effect only applied along the direction of their thickness, the
associated optical properties presented fine spectral features.

The combination of a high absorption cross-section and a short radiative recombination
time renders II-VI semiconductor nanoplatelets interesting for applications as diodes
and lasers. Among which, CdSe is the most extensively studied candidate and its direct
synthesis leading to different thicknesses have been reported. Herein, this thesis addresses
rather nanoplatelets with defined helical morphologies and their characterizations to yield
chiroptically active materials. Circular dichroism spectroscopy is a technique that has
found diverse applications in studying the properties of helical objects due to their inherent
asymmetry. For instance, this spectroscopy tool has proven useful for chiral sensing and
analysis with chiral molecules. It also provides valuable insights into the structural and
conformational changes of a chiral absorbing medium and in particular, dealing with
nanoparticle-ligand interactions.

Herein, the manuscript is divided into five following chapters:

¢ Chapter 1 introduces the idea of two-dimensionally shaped semiconductor
nanoplatelets. The synthesis leading to these atomically defined materials, whose opti-
cal properties are essentially controlled through their thickness will be discussed. The
occurrence of curling that results from these ultrathin flexible sheets will be elucidated
as a link to their surface chemistry. Finally, we will detail the different routes toward
building inorganic chiral structures, going from an individual single particle level to
supramolecular assemblies.

* Chapter 2 demonstrates the ability of cadmium-based nanoplatelets to react promptly
as flexible substrates for the self-assembly of surface ligands. The reason for which
these quantum particles curl into nanohelices will be explained from a mechanical
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point of view, which originates from the adsorption of molecules onto their outer sur-
face. This part also highlights the structural studies made by using X-ray diffraction
on highly distorted anisotropic objects.

Chapter 3 explores various methods capable of synthesizing chiral cadmium selenide
nanoplatelets. Strategies that include symmetry-breaking in terms of geometry and
ligand exchange by chiral compounds will be shown. In particular, the adequate
choice of a ligand candidate that allows an efficient coupling with the inorganic core
will be addressed, via its molecular structure and chemical composition. This work
also underlines the dependence of dissymmetry factors on their exchange rate, as evi-
denced by distinct characterization techniques.

Chapter 4 reveals another system based on hybrid gemini surfactant-silica that is fab-
ricated under its pure enantiomeric form. The use of this matrix to host incoming
guests of different natures will be displayed. A proof-of-concept to sort chiral objects
built on opto-acoustophoresis will be presented. This constitutes a contactless means
to selectively promote the migration speed of either population of chiral moieties in
suspension, under simultaneous opto- and acousto-perturbations.

Chapter 5 summarizes the main findings from these previous chapters. A list of per-
spectives that still represents on-going work in our research group will be discussed,
that would undoubtedly require further effort and understanding.
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Chapter 1

Introduction

1.1 Two-dimensional semiconductor nanocrystals

In this first part of introduction, the generalities and state of art for II-VI semiconductor
nanoplatelets will be presented. This concerns in majority the characteristics of cadmium
selenide, which is the body of our work. The properties in terms of physico-chemistry of
these nanocrystals obtained through colloidal synthesis will be discussed, which has mainly
led to their morphology and size control under the quantum confinement regime. Through
the leverage of this concept, helical nanoplatelets (NPLs) with large lateral sizes, herein
also noted as nanohelices, have been synthesized and thoroughly investigated. By making
use of their inorganic lattice core with respect to the coordination of organic ligands, the
importance of surface chemistry play in such colloidal systems will be outlined.

1.1.1 Generalities

Widely known semiconductor materials, from the point of view of solid state physics, are
objects possessing an electron-rich valence band and a conduction band, separated by an
energy gap (Fig. 1.1). This energy gap dictates the overall electrical conductivity behavior
of an object, as it constitutes a barrier between electron-hole pairs, also called excitons. In
presence of an external source like heat or electromagnetic excitations whose energy input
is superior or equal to the gap, this enables the transit of an initial electron from the valence
band into the conduction band, by hereby creating and leaving behind a hole. The bound
state of an electron and a hole interacting via Coulomb force constitutes then a quasiparticle,
named as exciton that can move through the medium for energy transport. Upon relaxation,
the electron-hole pair recombines radiatively along the band edges by emitting a photon,
which gives rise to the photoluminescence properties of such materials for applications in
optoelectronics and solar-harvesting cells [1, 2, 3].

Charge carriers description

Due to the Coulombic attraction existing between the electron and the hole of an exciton, the
internal states of a semiconductor nanocrystal is analogous to those of the hydrogen atom,
where some of the lower energy states lie below the conduction band by a difference equiv-
alent to its exciton binding energy. For a weakly bound exciton, the electron-hole distance
is larger than the lattice constant of the crystal and the exciton is delocalized over several
atoms. The Mott-Wannier solution, similar to the hydrogen atom problem, treats this two-
particles weakly interacting system with an effective Hamiltonian to yield an expression of
the exciton Bohr radius given by [4]:

B 47'ceoerh2( 1 1 )

apg — 2 (11)

* *
my - my
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FIGURE 1.1: Band structure of bulk semiconductor CdSe, where the valence

and conduction bands are separated by an energy gap. For k#0, three-fold

degeneration of the valence band leads to the appearance of subbands, named
as heavy hole (hh), light hole (lh) and spin orbit (so).

where ¢ is the vacuum permittivity, €, the material’s dielectric constant, i the reduced
Planck constant, e the elementary charge, m; the electron mass and 2, the hole mass.

In other words, this length scale characterizes the average distance between the electron-
hole pair and varies differently for distinct cadmium chalcogenides (Tab 1.1).

Composition CdS CdSe CdTe
Bohr radius (nm) 2.8 5.6 7.5

TABLE 1.1: Values of Bohr radius for bulk semiconductor cadmium chalco-
genides. Adapted from [5].

Quantum confinement effect

When it comes to semiconductor crystals on a nanoscale, where at least one of their
dimensions a in real space is inferior to the magnitude of its associated Bohr radius, the
exciton is said to be quantum confined. The eigenfunctions of the electron and the hole,
written as a product of an envelope function and a lattice periodic function, becomes
confined in an environment that is smaller than its characteristic size ag [6, 7]. As a result in
reciprocal space, the transit of the electron from the valence band into the conduction band
occurs with a momentum that scales to 7. This leads therefore to the discretization of each
level in terms of transition energies, in contrary to bulk semiconductors that are composed
of two continuous densities of states in their valence and conduction bands (Fig. 1.2).

Via precise and controlled chemical synthesis over the years, it has been reported that dif-
ferent degrees of quantum confinement can be achieved for these cadmium-based semicon-
ductor nanocrystals by finely tuning their morphology. The most common case is reported
for spherical quantum dots that experience a three-dimensional confinement [8]. Whereas,
examples of two-dimensional confinement can be found for nanorods [9]. Herein, NPLs that
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Bulk semiconductor Semiconductor nanocrystals

Conduction band bulk ‘gap

gap
Efmm' ¢ ¢

Valence band

FIGURE 1.2: Effect of nanometric downscale of a bulk semiconductor. The
initial energy continuums constituting both the valence and conduction bands
discretize into step-like energy levels.

are assimilated to quantum wells possess a one-dimensional confinement since the dimen-
sion along their thickness direction Z only is inferior to the Bohr radius, while presenting an
infinitely large lateral facet in the xy-plane as depicted by Fig. 1.3 [10, 11].

a

FIGURE 1.3: Various degrees of quantum confinement resulting from the

nanometric downscale of (a) a bulk semiconductor. This leads to (b) quantum

dots in the case of a three-dimensional confinement, (c) nanorods that experi-

ence a two-dimensional confinement along the yz-plane and (d) nanoplatelets
that are solely confined along their thickness Z direction.

Quantum well description

The simplest model for this phenomenon is to consider an infinite potential well in a one-
dimensional system. A particle may only travel upward or downward with impenetrable
barriers on both ends. The walls of such one-dimensional box may be seen as regions of
space with an infinitely large potential energy. Conversely, the interior of the box has a
constant, zero potential energy for free-moving particles. The wavefunction i containing
measurable properties of a particle like its position, momentum and energy can be obtained
by solving the Schrodinger equation for this described system:

2= 8 e Ve (12)
Btl/) A Zmazzlp ! ! '

where m is the particle’s mass, i the imaginary unit and ¢ the time.

Inside the box, zero forces act upon the particle and therefore, the wavefunction oscillates
through space and time with the exact form of a free particle:
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¥(z,t) = [Asin(kz) + Bcos(kz)] - e~ (1.3)

where A and B are arbitrary complex numbers, k the wavenumber and w the angular fre-
quency of the oscillations. These are both related to the total energy of the particle given by
the expression:

R Y o

E=hw =
“ 2m " 2ma?

(1.4)

where 71 is a whole number and this constitutes the dispersion relation of a free particle.

Indeed, one notices that a discrete set of energy values and wavenumbers are only al-
lowed for the computation. Finally, the previously unknown constant A may be found by
normalizing the wavefunction in a fashion that the total probability density of finding the

particle in the systembe 1 ([, | (z) [* dz = 1). This gives | A |= \/% and yields ultimately
the spatial part of the wave function as:

\/zsin(knz) for even n (1.5a)
Palz) = '

\/gcos(knz) for odd n (1.5b)

Herein for semiconductors, the two respective charge carriers that are distinct in terms
of associated wavefunction are to be taken into account. Thus, the bandgap energy in these
one-dimensionally confined semiconductor nanocrystals, can be expressed as the sum of
the bandgap energy of the bulk material, the confinement energy of the electron and the
hole, plus their Coulombic interaction. In the case of spherical quantum dots (QDs), this
expression writes as [12]:

h? h? e?

Egqp = E2U — 18— 1.6
8ap sap T+ 2m}a? + 2m; a? €0 (1.6)

1.1.2 Colloidal cadmium chalcogenide NPLs

This following section details the structure of these cadmium-based semiconductor NPLs,
from the description of their inorganic core to the surface-stabilizing ligand shell. The effect
of anchoring ligands onto these ultrathin nanosheets will notably be highlighted. In addition
to discussing their resulting morphology, the induced consequence on the optical properties
will also be presented. This point, later on, gives rise to the appearance of nanohelices,
which are large wide pieces of NPLs with a well-defined principal curvature and a certain
handedness.

Crystalline structure

Cadmium chalcogenide nanocrystals can crystallize as either cubic zinc blende or hexagonal
wurtzite structures, depending on the experimental conditions during synthesis [10, 11]. It
has been shown that in the case of bulk semiconductor CdSe for instance, the energy gap
differed between these two crystal structures and gave 1.66 eV as cubic zinc blende (resp.
1.74 eV as hexagonal wurtzite) [13]. In this manuscript, the body of our work concerns
that of the cubic zinc blende, whose unit cell is made up of two face-centered sublattices
represented by cadmium and chalcogen, offset from one another by a quarter of its lattice
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parameter (Fig. 1.4). Hereby, the associated space group is F43m.
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FIGURE 1.4: (a) Unit cell of a cadmium chalcogenide crystalized as cubic zinc
blende structure. (b) An example of 3 MLs CdSe, possessing 3 anionic planes
and (3+1) cationic planes.

The atomic planes of cadmium and chalcogen situate alternately along the NPLs’ short
axis, or in other words, along the [001] direction of its cubic crystal structure. Under this
manner, NPLs are defined in terms of number of atomic layers that constitute their thickness.
A so-called N MLs is composed of N planes of chalcogen and (N+1) planes of cadmium.
Therefore, the top and bottom wide facets possess an identical chemical composition, which
is both metal-rich.

Surface-stabilizing ligand shell

Since there is a presence of one extra cationic plane than the anionic ones, this results in
an excess of global positive charges on the surface of a NPL. Therefore, the intervention of
ligands in solution is necessary on one hand, to guarantee the charge neutrality of the mate-
rial itself and on the other, to ensure the colloidal stability of these nanoparticles suspended
mostly in organic solvents. Due to their anisotropic shape compared to spherical QDs, the
top and bottom wide facets of NPLs constitute in huge majority their outer exposed surface.
These basal planes can be extended over thousands of nm? on a single-particle level and the
stabilizing layer of ligands can be viewed as a process of self-assembly of organic molecules
onto an inorganic nanosubstrate, rendering these quantum objects interesting candidates
for a precise surface chemistry play.

According to the formalism of existing covalent bonds on organometallic complexes
and as suggested by Owen and co-workers about its application onto nanocrystals, three
categories of ligands have been classified as either L, X or Z type [14, 15, 16]. In the first
case, neutral L-ligands possessing a free doublet, are capable of bringing in two electrons
together to create a bond with a surface metal atom. Examples from this family of ligands
are found to be amines and phosphines, which stabilize neutral facets like the (1 1 0)
ones in a cubic zinc blende structure. Whereas, single-electron donors X-ligands form
only covalent bonds when the surface metal atoms themselves contribute one too during
the course. These include carboxylates, halides, phosphonates and thiolates which bind
to facets exhibiting dangling bonds like the (0 0 1) and (1 1 1) ones. While the neutral
electron-accepting Z-ligands act like Lewis acids to passivate surfaces that are analogue to
Lewis bases, such as chalcogenide rich crystal facets.

As cubic zinc blende NPLs present an additional cationic plane compared to the chalco-
genide ones, in average one X-ligand is needed to passivate one surface cation. Under typi-
cal experimental conditions, carboxylates originating from the introduced metal precursors,
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constitute the native ligands that are used to stabilize these nanocrystals in a nonpolar sol-
vent upon synthesis.

Surface stresses due to ligand footprint

As mentioned, the associated space group of these cadmium-based NPLs is F43m, which
translates into the presence of a four-fold rotoinversion axis along their thickness direction.
Therefore, the chemically equivalent top and bottom metal-rich wide facets as seen before-
hand, are in fact rotated by 90 ° from one another. This implies that the way the surface
ligands are bound onto the basal planes remains identical, however these latter, from a
structural point of view, are shifted by 90 ° from one another (Fig. 1.5).
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FIGURE 1.5: Scheme of the top facet of a NPL capped by ligands like (a)

bromides that bring a tensile strain and (b) thiolates that induce a contrac-

tile strain. The associated cartoons display stresses that are oriented at 90 °

from one another on their top and bottom wide facets and upon the release of
their stored elastic energy, these NPLs fold as chiral nanohelices.

The footprint of a carboxylate anchoring group is typically estimated in the order of 0.3
nm? [17, 18]. If one were to compare this value with respect to the available area of a surface
cadmium displayed by CdSe in the order of 0.18 nm?, then a strong in-plane tensile strain
would be expected upon the fixation of these carboxylate headgroups. It is estimated that
the magnitude of this induced tensile strain is to decrease with the increasing atomic size
of chalcogens going from sulfur, selenium to tellurium, as their corresponding cadmium
chalcogenide lattice parameter increases in this sense. Thereby, as-synthesized CdTe NPLs
are often entirely flat with negligible internal lattice distortions [19, 20].

Whereas for CdS and CdSe subjected to a higher deformation rate, the ideal cubic zinc
blende structure becomes tetragonally distorted with an in-plane lattice elongation and an
out-of-plane lattice compression [21, 22]. X-ray diffraction (XRD) studies revealed impor-
tant structural information such as the thickness and crystal orientation of these discrete
two-dimensional nanostructures that behaved differently than bulk with the same inter-
nal atomic packing. Artemyev and co-workers reported that this tetragonal distortion was
greatly reflected through the splitting of the (220) diffraction peak, in agreement with the
observed spectroscopic shifts [23].
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Optical properties

The former experimental ligand-induced redshifts in the CdSe NPLs were shown to be
correlated to the modification in the semiconductors” quantum well width [24]. As the
surface ligands were exchanged from native oleates to either hexadecanethiolates or
hexadecylphosphonates, the optical spectra became considerably redshifted up to 240 meV.
Earlier reports on the lattice shrinkage of thiolates-capped CdTe nanoclusters also pointed
towards a length mismatch between the Cd-Te bonds of the inorganic core and the ones of
Cd-S on the particle’s interface [25]. Since the density of terminal cadmium atoms does not
necessarily match the spacing of surface stabilizers, the ligand headgroups in interaction
with the surface cations result in lattice distortions. As a result, the strain-induced change
in crystals” unit cell translates into a modification of the quantum confinement and hence,
the excitonic band gap of semiconductor NPLs.
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FIGURE 1.6: (a) Scheme of the tetragonal deformation of a cubic zinc blende

crystal structure applied onto a piece of 3 MLs NPL upon surface chemistry

alteration. The cartoons are not to scale, in order to accentuate on the distor-

tion of unit cells. (b) Absorption spectra of carboxylates-capped 3 (resp. 4 and

5 MLs) CdSe with the indexation of the different excitonic transitions reported
onto the band structure.

For this reason, absorption spectroscopy constitutes one of the common techniques fre-
quently employed to characterize these nanoparticles in solution. This enables essentially
the thickness determination of a population of NPLs and its purity. If other foreign bodies
were to be present, then the resulting spectrum would give a superposition of their respec-
tive absorbance. An absorption spectrum of NPLs is interpreted by three main peaks that
correspond to the first three excitonic transitions (Fig. 1.6). They reflect the transitions of
an electron from the heavy hole (hh) (resp. light hole (lh) and spin orbit (so)) bands to the
conduction band. Therefore, each successive increase in terms of MLs for a NPL and hence
its thickness, will induce a discrete shift in wavelength that is inversely proportional to the
excitonic band gap. For instance from 3 to 5 MLs, the band gap of CdSe varies from 2.69 eV
(462 nm), 2.42 eV (512 nm) and 2.25 eV (555 nm) respectively.
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Mechanical analogs

Due to the manifestation of a four-fold rotoinversion axis in a NPL and that in-plane
stresses are being applied in perpendicular directions on its top and bottom wide facets,
a geometrically-frustrated structure is obtained. Similarly in nature, such cases can be
found in the seed pods opening of Bauhinia variegate [26, 27]. The authors suggested
that any residually-stressed bodies would experience a change in configuration upon the
release of their stored elastic energy. This has essentially led to multiple forms of helical
objects characterized by various curvatures and pitches, by starting off from a saddle-like
shape (Fig. 1.7). Besides, the competition between the stretching and bending terms in
incompatible thin sheets yielded a geometrically-dependent phenomenon that dictated the
shape transition of residually-stressed strips [28, 29].

This mechanical description corresponds well to our case of NPLs, whose width
extension can indeed vary for a given length. Predominantly for NPLs with a wide (resp.
narrow) width, one finds the scenario of a stretching-dominated (resp. bending-dominated)
regime. Upon minimization of the system’s elastic energy, these objects curl into helices
(resp. twists) as predicted by the macroscale study of Sharon and co-workers.

Overall, wide rectangular and large square NPLs respectively form helices and rolls at
final state [31, 32]. Referring back to their top wide crystal facet, one realizes the impor-
tance of surface ligands” induced stress that is always directed along the [1 1 0] direction.
In fact, this hints already at the resulting morphology of a NPL. If its length and width
were in the <1 0 0> or <1 1 0> directions, then either helices or rolls will ultimately be ob-
tained. This interesting reasoning used to basically couple surface chemistry studies to a
mechanical analysis performed at nanoscale, will be further detailed in Chapter 2. These
nanohelices that are hereby chiral objects, can indeed present themselves as either left- or
right-handed structures. In the following section, it is essential to elaborate on the chemical
routes that have contributed toward the synthesis of these cadmium-based semiconductor
nanoparticles.

1.1.3 Synthesis of colloidal nanoparticles

Classical nucleation theory is a widely accepted model employed in the formation of
nanoparticles in standard liquid-phase protocols [33]. LaMer and Dinegar leveraged this
nucleation basis to elaborate on a postulate of their diffusion-controlled growth in solutions
[34]. This process is divided into four main stages: (i) the rapid increase in concentration
of free monomers, (ii) the formation of nuclei due to the monomers” supersaturation, (iii)
the growth of particles dictated by the monomers’ rate of diffusion and ultimately (iv) the
Ostwald ripening, where the large particles continue to grow at the expense of the smaller
ones on a longer time scale.

In such descriptions of suspension, it is essential that the creation of solid-liquid interface
be favorable. According to Gibbs, the free energy of a particle assumed to be a spherical
nucleus writes as:

AG = —gnﬁ | AG, | +47rr°T (1.7)

where 7 is the particle’s radius, AG, the difference of free energy per volume and I the free
energy of the surface per unit area [35].
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FIGURE 1.7: (a) Fabrication of a mechanical analog of chiral seed pods open-
ing, where two uniaxially-prestretched planar latex sheets along perpendicu-
lar directions are glued together, forming saddle-like geometrically-frustrated
compound sheet. A strip is then cut from this sheet along a direction that
forms an angle 6 with one of the stretching directions. (b) Actual seed pods
opening of Bauhinia variegate represented on the left panel, while on the right,
the model reproduction is shown. (c) Different configurations of reproduced
latex strip by varying the cut angle and its dimensionless width. (d) Analytic
solutions for the dimensionless ribbon-pitch f, and radius 7, as a function of
the dimensionless width W for different values of deformation a = 0.01 (solid
cyan), 0.1 (dashed light blue) and 1 (dot-dashed dark blue). As the defor-
mation increases, the twist-to-helical transition becomes smoother and occurs
earlier. Insets show selected realizations of ribbon configurations. Adapted
from [26, 27, 30].

This allows essentially the assessment of a critical radius, under which particles that
are smaller than this limit tend to redissolve as monomers, for the continuous growth of
the more stable ones. The key parameter herein to achieve a high monodispersity of par-
ticles in solution relies on a neat separation of the two fore-mentioned stages during syn-
thesis: nucleation and growth. For this reason, a swift way of introducing precursors into
a heated environment that could in theory lead to a rapid nucleation burst upon supersatu-
rating the medium has been introduced [8]. This pioneer work, based on the thermolysis of
organometallic reagents injected into a hot coordinating solvent, has led to the production
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of nearly monodispersed II-VI semiconductor QDs. This has later opened doors into bet-
ter optimized routes for the improved quality control of quantum nanoparticles, which will
further constitute the paragraphs of our next section and in particular, a dive into growth
instabilities behind these anisotropically-shaped and atomic-scale thick NPLs.

Hot-injection synthesis leading to the discovery of NPLs

Through the work of Bawendi and co-workers, a three-neck flask was set-up under which
synthesis were done under an inert atmosphere, with the presence of a temperature probe
and an entry for the addition of chemical precursors (Fig. 1.8). This defines one of the staple
mountings that is generally used in most chemical synthesis that do not exceed a reaction
temperature of 450 °C, as limited by the use of heating mantles.
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FIGURE 1.8: (a) Scheme of a three-neck flask mounted onto a heating and

stirring device adapted for the synthesis of colloidal nanoparticles. (b) TEM

and HRTEM images of (i, ii) hexagonal wurtzite CdSe nanoribbons. Scale: 20

and 2 nm. Whereas in (iii, iv), cubic zinc blende CdSe NPLs are shown. Scale:
10 nm. Adapted from [10, 11].

The first report of a free-standing quantum well system was published by Hyeon and
co-workers, on nanoribbons of hexagonal wurtzite CdSe that were synthesized at low
temperatures around 70 °C [10]. This work that made use of the efficient reaction between
Lewis acidic cadmium cations and Lewis basic selenocarbamates to attain ribbon-shaped
two-dimensional structures of 1.4 nm thick, exhibited their first and second excitonic
transitions located at 2.75 eV (449 nm) and 2.92 eV (423 nm), respectively. Whereas, the
counterpart cubic zinc blende CdSe was not discovered until two years later by Dubertret
and co-workers [11]. The synthesis of nanoparticles relied once again on the liquid-phase
decomposition of both cadmium and selenium precursors, but in a non-coordinating
solvent like octadecene instead of octylamine which was formerly employed.

One distinct point from this latter case in contrary to the majority of previous experi-
mental procedures is the addition of an acetate salt towards the beginning of the heated
reaction. This has seemingly broken the growth symmetry to yield NPLs whose shape,
aspect ratio and thickness can be systematically controlled through the reaction time,
growth temperature and ratio between the various added cadmium and the selenium
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compounds. Via this work, cubic zinc blende CdSe that were 3 (resp. 4 and 5 MLs) thick
possessing first excitonic peak absorption situated at 462 (resp. 512 and 550 nm) were
obtained upon removal of certain polyhedral QDs present in solution.

This purification step, which relies on the play of Van der Waals interactions between
objects, appears to be essential in separating platelet-like particles from the spherical ones.
Since the attractive force between bodies of different geometries scales to the Hamaker con-
stant and is demonstrated to be much important in the case of two parallel plates, this latter
will hence sediment at a faster rate [36, 37]. Nonetheless, this washing step enables also
the removal of unreacted precursors and the transfer of as-synthesized carboxylates-capped
NPLs into other solvents like hexane or toluene.

Growth mechanism of anisotropic NPLs

Initially, zinc blende NPLs were synthesized in octadecene using an acetate salt, mesh
precursor of selenide and cadmium carboxylate whose associated carboxylic acid part
presented long aliphatic chains like myristic [38]. At that point, it seemed necessary to
introduce a mixture of two carboxylic acids whose aliphatic chain length was significantly
different in order to induce a symmetry-breaking colloidal synthesis. However, several
reports later highlighted the possibility of obtaining such CdSe NPLs with just one single
cadmium carboxylate precursor that possessed in fact any lengths like myristic, octanoic or
propionic [39, 40, 41].

On one hand, this was due to the reactivity difference between the chalcogenide
precursors that were employed, either as mesh form, selenourea or trioctylphosphine
selenide [42]. In contrary to the initial report, where the selenium mesh was heated in
a mixture that sort of already resembled the synthesis of cadmium chalcogenide QDs
themselves, the addition of either selenourea or trioctylphosphine selenide was rather
done through hot-injection into a pot that contained only one single cadmium carboxylate
precursor [43]. Asaula and co-workers postulated the formation of a smectic mesophase
composed of an assembly of octonoate chains, that would aid the template growth of
two-dimensional structures. However, this theory was mainly debunked by the absence
of liquid-crystal phases during this process through in-situ small-angle X-ray scattering [44].

Norris and co-workers also amended the requirement of a mixed-surfactant system
during the formation of NPLs. Instead, the authors carried out the synthesis under melt
conditions which showed that either short or long carboxylates can favor the formation of
CdSe NPLs. They concluded that the addition of short chains is critical only in standard
liquid-phase protocols as these latter phase-separated the cadmium precursors to form
two-dimensional structures in a solvent-free environment. Thereby, under working condi-
tions that were kinetically limited, a theory of two-dimensional nucleation and growth was
proposed to explain the reasons why an isotropic crystal structure can exhibit a resulting
anisotropic crystal shape [45].

By comparing the two growth modes on either wide or narrow facets of a NPL, the
authors deduced different energy expressions that corresponded to either a growing square
island parallel to the facet edges in the first case or a short step-edge nucleate zipping across
the narrow facet in the second (Fig. 1.9). Upon completing each wide (resp. narrow) facets
through addition to the crystallite’s volume, area and edge length, this displayed in other
words, an increase in thickness (resp. lateral size) of the initial NPL. In order for a nucleate
to span across the facet, it must first attain a critical island size to remain stable and possess
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a sufficient thermodynamic driving force to expand [46]. Since the computed nucleation
barriers for narrow facets of various thicknesses (colored dots) appeared to always situate
below the one obtained for wide facets (black dot), this means that the short step-edge
nucleates spanned always quicker along the narrow facets. Thus, lateral growth of a NPL is
strongly favored for even cubical nuclei, leading to the appearance of anisotropic objects.
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FIGURE 1.9: (a) Scheme of the two different growth modes on wide and nar-
row facets of a NPL. In the first case, a nucleated island grows isotropically
as square to minimize its energy and the corresponding nucleation barrier is
determined by the critical island size. On narrow facets whose thickness is
less than this critical size, the island zips rapidly over the entire facet and
grows along them. (b) Calculated energy as a function of island’s size on
facets of various thicknesses. (c) Calculated evolution of thickness popula-
tions with the fraction of initial free monomers remaining in solution repre-
sented in black and NPLs whose thickness ranges from 2 to 5 MLs plotted as
colored curves. Adapted from [40, 47].

This concept has been developed even further to describe the evolution of NPLs over
time due to thermodynamic driving forces like longer heating for instance [47]. For a given
thickness population, laterally smaller objects redissolved at lower monomer concentrations
and could eventually disappear from the medium. As this step began to broaden the lateral
size distribution of a given thickness, thicker NPLs arose from initially present nuclei
during reaction. This agreed coherently with conventional Ostwald ripening, but pursued
in a two-dimensional fashion. The as-released material was subsequently captured by these
thicker NPLs for their lateral expansion. Experiments of annealing smaller-sized CdS in
the presence of thicker CdSe NPLs, have also pointed toward the formation of core-crown
nanostructures, where the former served as material reservoirs during the interparticle
two-dimensional Ostwald ripening [48].

It is worth mentioning that recently a report form Peng and co-workers demonstrated
the formation of a CdS NPL with multiple embedded CdSe QDs through epitaxial fusion
in solution of initial CdSe/CdS core-shell spherical nanoparticles [49]. The experimental
proofs given by temporal evolution of high-angle annular dark-field (HAADF) images
revealed that the NPLs were formed by a process of oriented attachment and exhibited an
atomically coherent lattice of zinc blende structure, where the <0 0 1> axis defined their
thickness direction (Fig. 1.10(c)). In fact, this work goes back to justifying a postulate by
oriented attachment of preformed two-dimensional seeds into yielding nanosheets [50].
The presence of single-dot intermediates attached to grown two-dimensional embryos
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essentially through {1 1 0} active facets and the ultimate symmetry break was attributed
to an intraparticle ripening that only favored their lateral extension along one single
dimension.
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FIGURE 1.10: (a) Growth postulate of NPLs by a process of oriented attach-

ment through active facets. (b) Similar concept that has led to the creation of a

structure where multiple CdSe QDs are embedded in a CdS platelet. (c) Tem-

poral evolution of HAADF images during the chemical reaction. Scale bar: 50
nm. Adapted from [50, 49].

Despite the classical intuition of growth postulate proposed by Peng and co-workers,
most experimental results still tend to suggest a continuous supply of monomer precursors
toward the formation of NPLs and agree to the rational model of Norris and co-workers
[51, 52]. Commonly, the highlight is that a symmetry breaking mechanism is required
for the synthesis of NPLs with a lateral dimension ranging from tens to hundreds of nm
and about a unity thick. The vast amount of efforts in optimizing these nanoparticles has
led to directly-synthesized homogenous objects in thickness that is utmost 5 or 6 MLs
depending on their surface chemistry [53, 54]. In such cases, the kinetic insight of their
chemical reaction often traces back to the nucleation barrier of islands on wide facets due to
modifications in surface energy as hinted by the former group.

Going further, small NPLs that were initially synthesized have been laterally extended
to form nanohelices of a given thickness. The following section will discuss about chemical
protocols that have led to an efficient way of laterally growing them. Nonetheless, thicker
NPLs have also been produced where the method used to achieve growth this time around,
along their quantum confinement thickness direction will be presented. All of these possible
means render NPLs to be flexible and easily moldable for shape-dedicated studies and in
particular, I am leaning towards handling and manipulating helical objects in general that
could unveil peculiar optical properties that will further be introduced in the second part of
this introduction.

Post-synthetic ways to size-control NPLs

Via a two-steps seeded growth technique, carboxylates-capped NPLs are resuspended in
a non-coordinating solvent like ODE and can be laterally extended up to fifty times their
initial size. This is carried out under a growth condition that consists of placing cadmium
acetate and oleic acid in a three-neck flask, while over time slowly adding the chalcogenide
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precursor to avoid unwanted secondary nucleation. This procedure was in fact, first
introduced to fabricate CdSe-CdS core-crown heterostructures as depicted in the top panel
of Fig. 1.11(a), where the photogenerated excitons were passed from the crown to the core
to result in the band edge emission of this latter [55, 56]. Thereby, a critical parameter that
provoked the CdS addition as crown instead of shell in the bottom panel of Fig. 1.11(a),
was attributed to the chemical reactivity of sulfide precursor. The milder version, S-ODE
complex was employed compared to the more reactive ones like bis(trimethylsilyl) sulfide
or thioacetamide [57, 58].

Besides, the importance of keeping in mind the lattice concordance between different
materials was pointed out. Upon growing an environment of CdS around that of CdSe pos-
sessing both an identical thickness, whose bulk lattice parameter is 0.58 and 0.61 nm respec-
tively, a 5 % compression of the crystalline structure of this latter along its (2 2 0) direction
was obtained via electron diffraction analysis. It has as well resulted in noticeable bending
of these atomic-scale ultrathin sheets, that agrees in fact with the previously presented me-
chanical reasoning on residually-stressed bodies. In the same vein, Vasiliev and co-workers
have promoted the lateral extension of 2 MLs CdSe homostructures, which led to the forma-
tion of helical objects in this case, multiwall rolled-up nanoscrolls [59]. This indicated that
either helices or rolls can be ultimately synthesized depending on the orientation of crystal
lattice with respect to that of its terminating narrow facets.
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FIGURE 1.11: (a) Scheme to grow either core-crown or core-shell nanostruc-

tures from core only NPLs, illustrated for a CdSe/CdS system. (b) Different

steps at achieving axial thickness growth via c-ALD technique, going from N
to (N+2) MLs in a biphasic mixture.

On the other hand, the axial growth of NPLs along their thickness direction used in
this manuscript is based on the route first proposed by Talapin and co-workers [57]. The
so-called colloidal atomic layer deposition (c-ALD) technique relies on a layer-by-layer
successive growth of subsequent cationic and anionic planes by phase transferring them
between immiscible nonpolar and polar solvents (Fig. 1.11(b)). In contrary to conventional
successive ionic layer adsorption and reaction method, c-ALD promises a self-limiting
half-reactions procedure that enables a facile removal of unreacted molecular precursors
and prevents the accumulation of the reaction by-products, via possible purification and
washing steps in between additions of ionic planes [60, 61].

Herein, chalcogenide precursors are present in the form of inorganic salts like sodium
hydrochalcogenide or ammonium chalcogenide for instance. It consists of firstly exchang-
ing the surface carboxylates of NPLs by these latter, which allows their transfer into a polar
solvent like N-methylformamide that constitutes a biphasic mixture with hexane. Upon
the addition of these anions onto the basal planes of NPLs, the subsequent introduction of a
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cadmium salt completes the final and outer cationic planes. As one can imagine, these layer-
by-layer steps of growth can be repeated for a given amount of times to reach thicker nanos-
tructures, which exhibit optical properties that are shifted to longer wavelengths. In order
to improve on the materials” crystallinity, since the as-described procedure is performed at
room temperature, a heated annealing step is done later on in the presence of additional cad-
mium acetate, oleic acid and phosphines. This has been demonstrated to neatly passivate
and amend the atomic disorder and surface roughness found at the interface of growing
colloidal semiconductor nanoparticles [62, 63].
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1.2 Inorganic chiral materials

Upon introducing the fundamental concepts of the cadmium-based II-VI semiconductor
NPLs which constitute the body of this manuscript, these candidates are explored for their
potential in exuding chiroptical light properties. This point is essentially characterized
through the study of circular dichroism (CD), an aspect that will be detailed in this second
part of introduction. Notably, ways to achieve this goal and origins to this phenomenon will
be presented, as showcased by the great number of work published over these recent years.
Jointly, the notions introduced in this following section hint at the work of Chapter 3 based
on CdSe NPLs and the one of Chapter 4 based on silica helices. An eventual opened-up
avenue that could lead to the sorting of chiral objects will also be evoked.

1.2.1 Characterization of chirality

Herein, the formalism for the measurement of CD for absorption is due to the transitions be-
tween two distinct electronic states. Presented under the form of absorption spectroscopy,
at a particular wavelength, it defines the difference in the absorbance of left- and right-
circularly polarized lights [64]. This term is treated as an observable experimental parame-
ter, which by convention, can be expressed in various unit systems.

CD formalism

In most literatures, CD is given in terms of ellipticity 6 rather than absorbance, that are in
fact shown to be related by a linear relationship. The definition of ellipticity relies on the
resulting electric vector of a light beam E, whose intensity is proportional to the square
of the amplitude of this vector: I =| E |2 According to the principle of superposition,
a linearly polarized light can be described as the sum of two circularly polarized beams
with equal amplitudes and opposite directions of in-phase rotation [65]. In the presence
of a chiral absorbing medium, this results in the attenuation of one of the two circular
polarizations more than the other and also, induces a shift between their relative phases.

As a result, the difference in absorption causes the light emerging from the sample to
be elliptically polarized, while the phase shift rotates the major axis by an angle « with
respect to the incident beam (Fig. 1.12). Via optical rotatory dispersion, or in other words,
the Kramers-Kronig transform of CD, this angle can be measured experimentally [66, 67].
Herein, the ellipticity 6 expressed in radians, is written as the angle, whose tangent is given
by the ratio of the semi-minor to the semi-major axis of the resulting ellipse.

Through computation with the square root of the corresponding intensities of left- and
right-circularly polarized lights and by adopting the convention of right-minus-left, one can
obtain:
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where 2 and A are the Eulerian and decadic absorbances respectively, that are related by
a = Aln10. The indices L and R indicate the left- and right-circular components, while
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FIGURE 1.12: (a) Decomposition of the electric vector of a vertically polar-
ized beam into two circularly polarized components of equal magnitude and
opposite directions of in-phase rotation. Inset displays a propagating beam
along the wavevector direction k and a slice of the electrical field projected
onto the EB-plane is shown. (b) Effect of passing through a chiral absorbing
medium on the components of the electric vector. Their different magnitudes
are decreased due to CD and absorption, resulting in an elliptical trajectory.
The major axis of the ellipse is twice the sum of the magnitudes of the left-
and right-circularly polarized components, whereas the minor axis is twice
their difference. The ellipticity 0, is the angle whose tangent is the ratio of the
semi-minor to the semi-major axes as depicted. The difference in refractive
indices for the two circularly polarized components results in rotation of the
major axis by an angle a with respect to the initial polarization of the incident
beam.
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AaCD = daj, — agR.
Soon later expressed in mdeg, the ellipticity 6 writes as:

Omdeg ~ 32980AA (1.9)

For a sample containing a single chiral species, the ratio of CD to absorbance is an in-
trinsic parameter that can be obtained without knowledge of optical path length, absorber
concentration or their associated product. This is because A‘ZCD = A“CD = AeCD = A‘ZCD,
where € and ¢ are the molar absorbance coefficient and effective absorptlon cross -section
of the absorber respectively. This ratio denoted by g, is the intrinsic chiral anisotropy that

depends on the spectral region where the sample absorbs [68, 69].

Conceptualizing a CD spectrometer

From the instrumental viewpoint, the measurement of CD can be recorded using (i) a photo-
multiplier or avalanche photodiode to quantify the intensity of a light beam, (ii) a photoelas-
tic modulator to periodically alter the beam’s polarization states and (iii) a monochromator
located between the light source and the modulator to refine the excitation wavelength. The
spectral domain of focus spans about a decade in wavelength (photon energy) from roughly
1.2 pm (1 eV) in the near infrared to 120 nm (10 eV) in the vacuum ultraviolet.
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Lett circular light
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absorbing medium

FIGURE 1.13: Schematic diagram displaying the conceptual relationships of
the typical subsystems found in a CD spectrometer.

In such instruments, a xenon arc light source and a double-prism monochromator are
best implemented [70]. Fig. 1.13 illustrates the arrival of an incident beam of monochro-
matic, linearly polarized light on a photoelastic modulator (PEM). This latter ought to
be oriented with its stress axis making an angle of 45 °, with respect to the polarization
state of the incident optical beam that could either be vertically or horizontally polarized.
PEMs operate as an isotropic material bonded to a quartz crystal that acts as the frequency-
determining element in an electronic oscillator circuit. As the alternate current flowing in
this circuit causes the crystal to mechanically vibrate due to the piezoelectric effect, this
induces similar vibrations in a transparent optical element that modify the refractive index
for the direction parallel to the long-axis of the optical elements, with respect to that for the
orthogonal direction. Therefore, the phase of these two components becomes sinusoidally
shifted with respect to each other over time.

When the instantaneous phase shift equals zero, the light emerging from the PEM will
have the same polarization as the incident beam. However, when the phase shift equals 7,
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the exiting beam will be circularly polarized. In this case, the instantaneous intensities of
the exiting beam can be represented as the sum of left- and right-circularly polarized com-
ponents. As these latter pass through a chiral absorbing medium and become attenuated,
their intensities are in fact computed as voltages that depend on the incident beam power,
the sensitivity of the device at a particular wavelength and the internal gain of the photo-
multiplier. Thus, the device calibration for the measurement of CD represents an important
operation at avoiding artifacts due mainly to linear dichroism signals [71].

1.2.2 Introducing chiral semiconductor nanocrystals

Generally, colloidal nanoparticles as a macroscopic ensemble in solution ought not to show
any chiroptical properties for the intuitive reason that their chirality is random, producing
equal portions of the possible enantiomers. However, these nanocrystals are also known to
exhibit low symmetries and reports have previously revealed the presence of hidden chiral
defects in bulk and on their surface that were in fact responsible for these CD observa-
tions. With this being said, chiral inorganic nanocrystals can still be readily designed and
fabricated through a range of approaches. This area has notably received a great deal of
attention, since they demonstrate potential applications in chiral sensing, catalysis and as
metamaterials in advanced optical devices [72, 73, 74]. Herein, the essential identified fac-
tors that have contributed to the appearance of chiral II-VI semiconductor nanoparticles in
particular, will be broken down.

Intrinsic chiral defects

The first concept of proving the basis of chiral crystal symmetry groups was carried out on
HgS [75]. The use of colloidal chemistry to bring in an environment of a large concentration
of chiral penicillamine molecules that could bind strongly to the surface of forming crystals,
induced a symmetry breaking from the achiral B-phase to the thermodynamically favored
chiral a-phase of the cinnabar structure. As supported by high-resolution transmission elec-
tron microscopy (HRTEM) and XRD data, these latter displayed strong chiroptical response
that was several orders of magnitude higher than the one of achiral semiconductors from
the same family, passivated by the identical chiral surface ligands.

Theoretically, it is believed that chiral dislocations of a lattice are a naturally occurring
phenomenon during a crystal growth like semiconductor nanowires, whose optical activity
can be inherently varied owing to the size quantization of their energy spectra [78]. Building
up from the semiclassical Rosenfeld approximation, the presence of a screw dislocation
as illustrated by Fig. 1.14 has led to interferences of transitions due to the radial and
angular derivatives, that were shown to be dependent on the momentum of sub-bands.
Similar analysis applied onto QDs, rods and disks have revealed increasing CD with the
nanocrystal’s length and the magnitude of dislocation [76].

The observation of intrinsic chirality for CdSe/ZnS systems have also been reported
which were initially formed in an equal dextrogyre (D-) to levogyre (L-) ratio, along with
achiral nanocrystals [77]. An enantioselective separation method based on a phase transfer
approach, demonstrated that chiral molecules bind with different affinities to the surface
of QDs” enantiomers. Upon selective ligand exchange of levorotatory (resp. dextrorota-
tory) nanoparticles in the case of using L- (resp. D-) cysteine molecules, the initial phase
containing unexchanged nanocrystals of opposite handedness exhibited mirrored CD spec-
tra despite being capped by achiral trioctylphosphine oxide. The intrinsic behavior un-
derlined here originating from achiral wurtzite lattices arose from the symmetry breaking,
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FIGURE 1.14: (a) Scheme of cylindrical nanocrystals made up of cubic lattice
unit cells with and without the presence of screw dislocations. The general cal-
culated CD spectra upon intraband transitions for right-handed (solid curves)
and left-handed (dashed curves) screw dislocations are shown. (b) TEM im-
ages of CdSe/ZnS QDs, where the arrows indicate possible screw disloca-
tions. Atomistic models of these core-shell nanoparticles are displayed with
dislocations set in the (0 1 0) plane of CdSe core. Red dotted lines indicate the
direction of the dislocations. Adapted from [76, 77].

induced by the presence of naturally forming chiral defects during uniaxial growth of these
nanocrystals.

Nonracemic ensemble of chiral geometries

Moving onto an inorganic material possessing a chiral shape itself, if one were to be
interested in the manifestations of chirality in such system, it is crucial to firstly obtain a
nonracemic ensemble of such nanoparticles. Typically, this requires a chiral bias at atomic
scale during their growth. Markovich and co-workers have explored colloidal tellurium
and selenium nanostructures with shape chirality by using thiolated chiral biomolecules
like glutathione [79]. These compounds managed to induce enantioselective nucleation
and growth, leading to the crystallization of chiral open-scissors geometry for instance as
depicted in Fig. 1.15(a).

The photoconversion of spin angular momenta into structural changes in matter has
also been harvested to yield chiral twisted nanoribbons with an exceeding enantiomeric
excess of 30 % [80]. This method of templating left- (resp. right-) circularly polarized light
to fabricate left- (resp. right-) handed structures relied on the photooxidation of thioglycolic
acid ligands on the surface of initially truncated nanoparticles by over time, absorbing
left- (resp. right-) photons. These photoexcited tetrahedrons with a size of 3.6 nm then
self-assembled to form left- (resp. right-) handed nanoribbons with a pitch of 1.65 ym in
average as shown by Fig. 1.15(b), that revealed correspondingly positive (resp. negative)
mirror-image CD signals.

Similarly, semiconductor helices reaching an exceeding enantiomeric excess of 98 % have
also been prepared from the aging and assembly of chiral cysteine-stabilized CdTe nanopar-
ticles dispersed in methanol [81]. This intriguing and spontaneously occurring process was
attributed to a phenomenon of chiral self-sorting based on the thermodynamic preference of
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FIGURE 1.15: (a) Dark field STEM imaging and tomography of tellurium sam-
ple obtained with hydrazine and glutathione. Scale bar: 100 nm. (b) Atomistic
models of nanoparticles with left- and right-handed truncations used during
molecular dynamics simulations. These latter then self-assemble into nanorib-
bons in an isothermal-isobaric ensemble at temperature T=300 K during sev-
eral ns. Scale bar: 1 and 5 nm. (c) SEM images of D-Cys (left), L-Cys (middle)
and DL-Cys (right) CdTe nanoparticles assembly, along with their associated
experimental and simulated CD spectra. Adapted from [79, 80, 81].

building blocks to assemble with those of the same handedness. Thereby, an achirally stabi-
lized system by thioglycolic acid did not lead to any observable helicity, while a DL-cysteine
dispersion contained surprisingly helical structures of both opposite handedness. The ab-
sence of neither intrahelical racemization, nor achiral objects in general, indicated a strong
preference towards homochirality, an effect that is as well observed for fibrous hydrogels
and supramolecular columns [82, 83].

Shell of chiral surface ligands

If one were to look back at the first publication on chiral semiconductor nanoparticles,
Kelly and co-workers have synthesized penicillamine stabilized CdS QDs using the mi-
crowave induced heating technique [84]. These latter were obtained by mixing cadmium
perchlorate, a basic solution of either D-, L- or DL-penicillamine, plus thioacetamide to form
luminescent chiral nanoparticles possessing broad emission bands in the visible region.
Later on, a similar method has also been used for the fabrication of chiral CdTe nanos-
tructures functionalized by other thiolated compounds like cysteine and glutathione [21, 85].

As for the origin of observed CD in this case, a cluster of CdS cut out from the bulk
wurtzite structure whose surface is bound by a penicillamine molecule has been computed
by density functional theory [86, 87]. Such models showed that the ligand bind via the
nitrogen and sulfur atoms to one surface cadmium, while simultaneously introducing
distortions by an additional bonding of carboxylate to another neighboring cadmium.
This strong ligand-cluster interaction has led to the enantiomeric distortion of outermost
cadmiums, whereas the core geometry still remained.
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FIGURE 1.16: (a) CD spectra of CdSe QDs capped by chiral L-cysteine (red
curve) and D-cysteine (blue curve) molecules. Scheme of the optimized ge-
ometries under density functional theory is illustrated. (b) Absorption and
CD spectra associated to 4 MLs CdSe zinc blende NPLs upon ligand ex-
change with both enantiomers of chiral cysteine. (c) Similar spectra for 4
MLs CdSe/xCdS core-shell structures before and after ligand exchange with
L-cysteine, where x denotes the varying thickness of grown CdS shell ranging
from 0 to 3 MLs on each wide facet of the NPLs. Herein, the strong CD signal
decreases with the thickness of this latter. (d) Similar spectra for 4 MLs CdSe
core only and CdSe/CdS core-crown structures before and after ligand ex-
change with L-cysteine. The core-crown system exhibits two strong CD bands
corresponding to the CdSe and CdS band edges. Adapted from [88, 89].



1.2. Inorganic chiral materials 23

In addition to this surface distortion factor, a phenomenon of chiral ligand induced CD
onto originally achiral CdSe QDs has been reported by Balaz and co-workers through a
process of post-synthetic chiral ligand exchange [88]. Theoretical calculations indicated that
the induced CD was predominantly due to hybridization between the ligand’s highest oc-
cupied molecular orbital (HOMO) and the QD’s valence band, which yielded structural and
energetic aspects of this interaction. Subsequently, Oron and co-workers have furthered this
scope onto atomically flat two-dimensional NPLs [89]. In a similar fashion, the authors have
replaced the initially achiral oleic acid ligands by chiral cysteine molecules onto cadmium-
based NPLs that were core only, core-shell and core-crown heterostructures (Fig. 1.16(b,c,d)).

This work has notably highlighted the interest of NPLs in exhibiting a much strong
quantum confinement along the transverse direction and at the same time, a large surface-
to-volume ratio which appeared to be critical parameters for the induction of chirality. In
comparison to spherical QDs and nanorods, the flexibility of such ultrathin sheets can unde-
niably be leveraged for the enhancement of CD as discussed theoretically [90, 91, 92]. And
so0, this beginning point drives us into further exploring this class of material as an active
chiral-absorptive system by simultaneously playing with the inorganic core and the organic
shell of stabilizers surrounding it. Details on this part of our work will be covered later in
Chapter 3.

Hierarchical chirality

The ability of small building blocks to spontaneously assemble into forming supraparticles
of unique geometries has been introduced as a way to achieve chiral superstructures.
Thereby, even if an individual starting unit does not reveal any chiroptical activity, the
higher order of superstructures can [93, 94]. These assemblies can be constructed by
biological linkages like single-strand DNA for instance, to create a tetrahedral shape whose
corners are composed of four different types of objects as illustrated by Fig. 1.17(a) [95]. Via
hybridization of the complementary chains, the most promising structure was made of a
combination of CdSe/ZnS core-shell QDs, gold and silver nanoparticles. The enantiomeric
constructs were obtained by switching the position of two of these nanoparticles through
conjugation with the opposite strand and hence, resulted in strong scalable mirrored CD
signals.

This combination of metal and semiconductor nanoparticles has benefited yet another
hybrid plasmon-exciton assembly that gives rise to unusual chiroptical properties of
plasmon-exciton states [96]. By using cysteine-stabilized chiral CdTe nanoparticles and
gold nanorods, two geometries: (i) nanorod dimers with twisted scissor-like shape spaced
in between and around with CdTe or (ii) single nanorods in an entire shell of CdTe, were
essentially obtained depending on the molar ratio of these latter as shown by Fig. 1.17(b).
Different configurations yielded distinct CD signals that were either associated in large
part to the plasmonic material itself or the coupling between these two. As for the
supraparticles’ enantiomeric preference, it appeared that the chiral interactions between
CdTe units in the shell dictated the final outcome of the bisignated pattern of a resulting CD.

Nonetheless, chirality transfer onto assemblies of achiral building blocks with the
use of chiral templates has also been rendered possible [98, 99]. Among which, the
functionalization of achiral CdSe/CdS quantum rods of various aspect ratios onto silica
helical ribbons demonstrated an effect of grafting orientation on the induced CD signals
as displayed by Fig. 1.17(c) [97]. Thanks to the facile tunability of silica’s morphology
that was in fact obtained by a sol-gel transcription of previously reported self-assembled
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FIGURE 1.17: (a) Scheme displaying the assembly of various components into
a tetrahedral superstructure, bridged by 26 bp double-strand DNAs that equal
8.8 nm. The resulting CD spectra of the S-enantiomer (black curve), racemic
mix (red curve) and R-enantiomer (blue curve) are shown. (b) TEM images of
CdTe-gold nanorod(s) assemblies and their corresponding CD spectra for both
enantiomers of chiral cysteine used to stabilize the semiconductor nanoparti-
cles. Red circles indicate the identification of CdTe units around the plasmonic
structure. Scale bar: 5 nm. (c) TEM images of silica twists functionalized by
CdSe/CdS quantum rods of different lengths and the simulated CD spectra of
these latter with four various grafting orientations, with respect to the helical
substrate. Scale bar: 20 nm. Adapted from [95, 96, 97].

gemini surfactants, both helical and twisted structures were prepared to host incoming
semiconductor nanoparticles [100, 101]. This difference in morphology has led to a stronger
g-factor dependence in the former case, that was suggested to vary with its curvature
and pitch, thus shedding light on the design of efficient chiral superstructures based on
inorganic silica-nanocrystal components.

In Chapter 4, this chiral silica template will notably be adopted, modified and lever-
aged for the functionalization of various compounds such as semiconductor CdSe NPLs,
plasmonic gold nanoparticles and fluorescein organic fluorophores. These fascinating can-
didates that bind either electrostatically or covalently onto the surface of these micrometric
helical ribbons demonstrate induced CD signals in solution, whose sign can be controlled
by the handedness of these silica helices in agreement to previous reports [102, 103]. In ad-
dition to this aspect of enantiomeric excess control over an ensemble of chiral objects and
owing to the robustness of silica materials, a proof-of-concept for sorting crystals of opposite
handedness under an acoustic resonant field will be discussed.

1.2.3 Mechanical sorting of chiral objects

In particular for pharmacological reasons, it is crucial to control the enantiomeric form
and purity of certain commercialized biomolecules that could either be beneficial or
severely harmful like thalidomide for instance. Standard chiral resolution techniques
rely most frequently on specific chemical interactions to separate a racemic mixture
through chromatography or electrophoresis [104, 105, 106, 107]. When it comes to
mechanical resolution methods, a huge focus is spanned on microfluidic systems in view
of their low sample volumes, short processing times, cost-effective and portable advantages.
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The general thought is to apply shear flows on chiral bodies, in order to create lift that
is specific to their orientation and thanks to which, these latter ought to migrate separately
from one another [108, 109]. One of the many criteria to be satisfied is that the thermal
fluctuations should be neatly overcome. Specifically by assessing the rotational diffusion
coefficient of a spherical object of diameter d, this gives an expression of D, ~ %, where
kg is the Boltzmann constant, T the absolute temperature and 7 the dynamic viscosity of the
medium. Since the associated relaxation time of orientation persistence writes as T = 2%),"
a typical 1 ym-sized object in aqueous solution at room temperature can thus in theory,

maintain its orientation for several seconds.

However, for objects tinier than this length scale, random walk may outcompete these
so-called chiral drift [110]. Thereby, advanced methods involving the juxtaposition of a
second force coupled to microfluidics have been introduced over the recent years by optical
means, that contributed to field-induced chiral sorting strategies based on the use of light
angular momentum [111, 112, 113]. Brasselet and co-workers have succeeded at deflecting
cholesteric liquid crystal droplets of a given chirality under two counter-propagating
circularly polarized beams with opposite helicities. Such optofluidic toolbox intelligently
harvested the factor of discrimination that these microspheres acted as circular Bragg
reflectors. The light propagation of circular polarization states depended on the actual
cholesteric helical axis over a region of Bragg wavelength, as determined by its parallel and
perpendicular refractive indices.

Herein, our strategy is by deliberately taking the advantage of particles” helical morphol-
ogy and subjecting them under an acoustic resonant field [114, 115]. The resulting motor
force that drives their migration in solution in a phenomenon known as acoustophoresis,
will be addressed in this section. As preliminary tests, it is important to map out the par-
ticles” migration behavior like traveling velocities for instance and to compare them with
actual existing reports before implementation in microfluidic devices. Therefore, a brief
overview of work that has forecast this chiral sorting technique will be presented later and
serves as basis to actually constructing an acoustofluidic resonator.

Acoustophoresis formalism

This novel rising area of research benefits notably from the blooming performance of
microfluidics and piezoelectrical sources. Its basic principle is to contactlessly manipulate
micrometric objects in suspension by employing an acoustic leverage called acoustic
radiation force and this has opened tremendous perspectives particularly in the field of cell
biology [116, 117]. This method consists of firstly generating an ultrasonic standing wave
in a microcavity, in order to create an acoustic pressure gradient whose node is located at
its mid-height. Under the gradient effect thus established, objects are forced to migrate
towards the pressure node to gather in the mid-plane. Later in Chapter 4, this phenomenon
turns out to be more subtle than it seems since the applied forces depend strongly on
the acoustic conditions and vary as a function of the nature of the handled objects, their
concentrations in solution and also, their intrinsic physical properties like compressibility.

In general, two technological approaches stand out in the generation of acoustic
radiation force (ARF) in a microchannel, that is either by surface acoustic waves or bulk
acoustic waves. In the former case, it consists of propagating an acoustic wave along an
elastic material into a cavity of interest to create the ultrasonic environment [118]. The most
noticeable difference between these two methodologies lies on the form of piezoelectrical
transducer used to produce these acoustic sources. An interdigital transducer made up
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of two metal electrodes manufactured by photolithography in the form of intersecting
combs, allows the flow of current to be translated into physical deformations of a material
(Fig. 1.18(a)). These associated displacements are at the origin of surface acoustic waves,
whose frequency in the order of 35 MHz in average is far greater than the one in volumetric
systems [119].

By correctly sizing the network of interdigital transducers with respect to the width of
the microchannel, a pressure node can be expressed in its mid-plane along the longitudinal
direction. Whereas in the second approach of bulk acoustic waves, an incident wave is di-
rectly conveyed into a fluid that is found between two opposite parallel walls (Fig. 1.18(b)).
Thanks to the existence of these two hard surfaces, it enables the incident wave to be re-
flected into creating a stationary one, which is basically the result of in-phase superposition
between the initial and reflected parts. Herein, the acoustic source is emitted by a cylindri-
cal piezoelectrical transducer placed at the bottom of a cavity of height /1, that satisfies the

resonance condition of a stationary wave of wavelength A,., where h = %

Primary force

This phenomenon of acoustophoresis, firstly discovered by Kundt and Lehmann in 1866,
was not formally theorized until later in 1884 by Rayleigh [122]. The revised model proposed
by Yosioka-Kawasima on spherical compressible objects suspended in a compressible fluid
and subjected to an interaction with plane waves is adapted throughout our work [123].
This gives an expression of ARF that writes:
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where d, is the diameter of a particle, k the wavenumber given by )% = fac and ¢ ¥

represent the resonant frequency and speed of sound in a fluid, respectively. Developing
further, ¢y = L_ for which p ¢ and B indicate both the density and compressibility of a
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fluid. Concurrently, one can also deduce a similar expression for the speed of sound in a
particle ¢, = —~——. On the other hand, < E,. > depicts the time-averaged acoustic energy
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its amplitude vy, written as ~5°. Along with the acoustic contrast factor:
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This term quantifies an object’s response to the excitation by acoustic waves, depending
on the surrounding environment and also, on its own mechanical properties. For each type
of particle, this variable differs in a sense that a positive (resp. negative) sign indicates its
migration towards (resp. away from) the acoustic pressure node, while its absolute value
represents the magnitude of this acoustic response. Therefore, this constitutes a crucial crite-
rion that allows already the sorting of a population of objects according to their size, density
and compressibility.

Secondary forces

In addition to the primary ARF that was previously evoked, several other forces are also
in play when the acoustics are switched on in a resonant cavity that lead to the trapping
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FIGURE 1.18: Principle of acoustic levitation by (a) surface and (b) bulk acous-
tic waves. In the former case, a flow is imposed in a microchannel composed
of three inputs and three outputs, where a mix of small and large particles is
injected through side entrances. The ultrasonic environment generated by the
interdigital transducers displaces the larger objects into the center, while the
smaller ones remain close to the walls as determined by the exposition time
to acoustics. Later on, the large particles are collected from the central outlet,
whereas the smaller ones exit through the sides. In the latter case, the parti-
cles are drawn to the mid-height of the acoustic cavity and observed under an
optical microscope. The typical size of the objects that can be moved by ARF
ranges from 100 nm to several tens of microns, while the usual thickness of
a microchannel can be a few hundreds of microns. Similarly, acoustofluidic
sorting devices can be built based on the difference in acoustic response dis-
played by various materials and an optimal design of the microchip. Adapted
from [120, 118, 121].
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of particles in the nodal plane as depicted by Fig. 1.18(b). One of which is the transverse
component of the ARF given by:

3(0, — ) =
;Mv < Eg > (1.12)
P +20p

This force prevails due to the inhomogeneity of acoustic source and the edge effects
linked to the walls of a resonant cavity. This term being usually two orders of magnitude
lower than the primary ARF becomes predominant only at the pressure node [124, 125]. As
the axial component of the ARF zeroes out in the nodal plane, its transverse component Fr
comes in to create an acoustic field that moves the objects confined in the lateral plane to a
local point, which ultimately ends up in an aggregate [126].

Fr=d

A third party called Bjerknes force joins in to maintain the aggregates intact [127]. This
interparticle attractive term applies strongly over short distances, which render the objects
quasi-inseparable upon aggregation [128]. It consists of two terms: (i) the hard sphere con-
tribution possessing two components (F,, Fg) and (ii) the one due to compressibility Fop
[129, 130]. They each write:

F, = Fy,(3cos?(6,) — 1) (1.13)
Fy = Fy,sin(26,) (1.14)

e _mpsfapidy(By — Br)’
comp = Ty d%_p

(1.15)

d6 _ 2
where the constant F,, = %%
p—r

plane, p the acoustic pressure and d,,, the interparticle distance.

, 0, the interparticle angle projected onto the nodal

Last but not least, the ubiquitous presence of acoustic streaming should be accounted
for. This latter defines a generated flow in the surrounding fluid of an object due to
the attenuation of acoustic waves [131]. As it was first documented by Rayleigh, this
perturbation was later classified into several categories depending on the resonant cavity’s
height h, with respect to the acoustic wavelength A,.

For the resonant cavity’s design in our particular case, where A, ~ h, vortices are
most likely to occur near the walls. Kutter and co-workers have shown via particle image
velocimetry analysis that there was a size-dependence of the particles” motion, either being
ARF- or acoustic streaming-dominated [132]. Thereby in the scenario of 1 ym polystyrene
beads, these objects acted as tracers for the liquid motion and the resulting vortex-like
structure in the flow field prevented these particles from accumulating at the pressure node.
This acoustic streaming term, though it may seem disruptive, but it can be harvested to
promote the aggregation of cells in certain cases and also, for an efficient fluid mixing in a
microchannel [133, 134, 135].

In short, in resonant cavities generated by bulk acoustic waves, the main force acting on
a suspension of particles is the primary axial ARF that confines these latter onto the nodal
plane (Fig. 1.19(a)). Upon reaching this state, the transverse component of the ARF gathers
the particles in an in-plane fashion, along with the Bjerknes force which further compacts
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FIGURE 1.19: Scheme of a suspension of particles subjected to ARF manipula-

tion over time. (a,b) The primary axial force F,. drives the objects toward the

resonant cavity’s mid-height and confines them in the nodal plane. (c) The

transverse force Fr then contributes to further compacting these latter into
forming an aggregate. Adapted from [136].

them into forming a cohesive aggregate (Fig. 1.19(b,c)). Finally, if there were acoustic stream-
ing rolls occurring in our system, these vortices entrain only a negligible amount of particles
near the wall boundaries, while keeping the majority trapped at the pressure node.

Established examples in microfluidics

In Chapter 4, this acoustic levitation technique has been tested out with different natures
of helical particles and their quantified migration behavior will be discussed later on. In
fact, the first suggestion for mechanical chiral separation under microflows was proposed
by Hinggi and co-workers’ theoretical study, based on the transport properties of a
many-bodies system in a spatially variable flow vorticity [137]. The authors demonstrated
at stationary state that two different types of fluid vortices with respectively left- and
right-handed flow orientations entrained various amounts of a specifically designed chiral
enantiomer and thus, motivated several other reports to build distinct computational
methods to tackle this exact issue [138, 139, 140].

By cautious design of microchannels and in particular, for those possessing a rectan-
gular cross-section and a high width-to-height aspect ratio, the fluid’s flow profile ought
to be parabolic along the height-direction, while being uniform over the channel’s width.
Thereby, Stocker and co-workers studied the motion of helically shaped bacteria of about
16 ym long, in such Poiseuille flow where the shear rate varies linearly over the channel’s
height with a negative (resp. positive) sign in the upper (resp. lower) half of this latter
as shown by Fig. 1.20(a) [141]. The authors essentially observed a lateral drift trajectory
perpendicularly to the flow that was dependent on both the helices’ chirality and the sign
of the imposed shear rate. This reached a lateral separation Az up to several hundreds of
microns in a microchannel of 100 cm long, pumped by a mean pressure-driven parabolic
flow of 3 mm-s~! which illustrated a huge leap forward in enabling chiral resolution by
shear, in view of feasible manufacturing techniques.

Another demonstration of experimentally separating colloidal chiral particles has been
reported by Bechinger and co-workers [142]. The symmetry-breaking of the flow profile in
a rectangular microchannel was achieved by topologically patterning slanted grooves on
its top wall and thus resulting in a helical flow field, whose circulation direction depended
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FIGURE 1.20: (a) SEM image of the helically shaped bacteria Leptospira biflexa
flaB mutant, whose dimensions are noted in the inset. During separation pro-
cess for one enantiomer in a microchannel, where W =1 mm, H =90 ym and w
=100 pum, the lateral drift direction depends on the sign of the shear rate -y, re-
sulting in divergence of the top and bottom streams. (b) SEM image of chiral
particles fabricated from photoresist SU-8 by photolithography and labeled
with green Nile Red and blue 2.6-ANS fluorescent dyes. In the microscope
image however, these latter are artificially colored to match their chirality. A
microchannel displaying polydimethylsiloxane (color-coded in red) that is pe-
riodically patterned with obliquely oriented ridges on its top wall, is used in
experiment. As a result, the application of a pressure gradient along the chan-
nel creates a right-handed helical flow field. Scale bar: 10 ym. (c) Measured
and simulated arrival time distributions of R- and S-particles at different chan-
nel positions x, relative to the initial injection point. Adapted from [141, 142].
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on the orientation of these imprinted grooves as depicted by Fig. 1.20(b). Right-handed
particles fabricated from photoresistive materials and measuring several unities of microns,
displayed a higher migration speed than their chiral moieties when they were both simul-
taneously placed in a swirling flow field of right-handed circulation direction. This velocity
difference up to several hundreds of um-s~! was understood to arise from the minimization
of objects’ frictional losses to the surrounding fluid. In which case for S-particles traveling
in a right-handed flow, these latter tend to situate close to the walls to result in greater
viscous frictions and thus, a lower migration speed in a microchannel of 1 m long under a

flow velocity of 1 mm-s~!.

In principle, the stakes of mechanical chiral resolution for objects that are sized at the
limit of 1 ym incline mainly toward lowering their rotational diffusion due to thermal fluc-
tuations. This is shown to be attained by applying secondary forces through fluid mechani-
cal or optical means in lab-on-a-chip approaches for instance. These introduced chiral forces
serve to directly couple the orientation of objects with respect to their surrounding and un-
der an optimized flow, sorting of enantiomers is rendered possible. In addition to the ex-
isting acoustofluidic method that has been evoked earlier, we suggest herein a supplemen-
tary coupling with light excitations of our resonant cavities during experiments of acoustic
levitation. This has contributed to the appearance of a novel phenomenon known as opto-
acoustophoresis where particles in a suspension migrate promptly and selectively under
an excitation of these two coupled-forces. Therefore as a preliminary proof-of-concept, the
migration behavior of chiral particles has been mapped in Chapter 4 for the identification
of key parameters that are in play during this occurrence. With these being clarified, fur-
ther work ought to pronounce a new generation of chiral separation devices in particular,
dedicated to particles in the nanometer range.
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1.3 Conclusion

In the first part of this introductive chapter, the main idea of two-dimensionally shaped
semiconductor nanoparticles known as NPLs has been presented. The size-modulated
optical properties of these materials are dictated by the behavior of excitons located in a con-
finement regime. In this specific case where only one single dimension of the nanocrystals
occurs to be smaller than the Bohr radius of its bulk material, these NPLs are assimilated to
quantum wells that exhibit atomic-scale thicknesses and large lateral sizes. As first reported
in 2008, cadmium-based NPLs that crystallized under the cubic zinc blende structure allow
since then a vast manipulation in terms of their shape and composition, to be transformed
into adequate candidates for physical and chemical studies.

As to answering the question of symmetry breaking during the growth of NPLs, a
plausible explanation widely accepted by the community has been given from an energetic
approach of island nucleation. This consists of comparing the growth cost on respectively
wide and narrow facets of a cuboid, which justifies its preferred lateral extended version
that is thermodynamically driven. As to obtaining thicker NPLs through prolonged heating
during synthesis, this is revealed to be due to the interparticle Ostwald ripening from the
thinner structures to the thicker ones, taking place in a two-dimensional fashion.

Owing to the flexibility of these ultrathin sheets and how prone they are to deforma-
tions upon surface chemistry functionalization, at equilibrium these nanostructures adapt
conformations that minimize their internal energy. This has essentially given rise to a
panel of helical shapes according to their geometry factor. Occurring chiral objects can
be found in the nature, as theorized by macromechanical studies based on the concept of
residually stressed bodies. Herein, nanohelices resulting from large pieces of NPLs are
perfect analogue to this system at the nanoscale.

Thanks to the crystallographic founding of cubic zinc blende NPLs, their surface
features represent a known asset that is leveraged to investigate peculiar properties like
interface lattice mismatches between the inorganic core and anchoring groups of ligand
shell, plus the induction of chirality brought by the adsorption of surface stabilizers. These
two phenomena constitute the majority of this body of work as detailed in Chapters 2 and
3, in which our main focus has been dedicated onto CdSe NPLs of various shapes (square,
rectangular, twisted and helical) and thicknesses (2, 3, 4, 5, 6 and 7 MLs).

The origin of inorganic chiral materials in particular for II-VI semiconductor nanopar-
ticles can be due to the: (i) presence of intrinsic chiral defects, (ii) manifestation from a
nonracemic ensemble of chiral geometries, (iii) stabilizing shell of chiral surface ligands and
(iv) hierarchical chirality resulting from an assembly. Factors (ii) and (iii) for instance will
be showcased throughout Chapter 3, which have resulted in cadmium-based NPLs that
are actively chiral-absorptive. A discussion revolving around the effect of selected chiral
ligands on the magnitude of induced dissymmetry will also be notably highlighted.

Arriving onto Chapter 4 that is purely centered on the manipulation of helical objects,
the scope of our investigation for CD is evidenced by the previously mentioned factor (iv):
hierarchical chirality resulting from an assembly. The fact that hybrid gemini surfactant-
silica helices can be synthesized under their pure enantiomeric form, this structure has been
taken into advantage to host distinct incoming guests like semiconductor CdSe NPLs, plas-
monic gold nanoparticles and fluorescein organic fluorophores. Suspensions of these re-
sulting tribrid systems have later been characterized under opto-acoustophoresis resonant
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studies which aim to serve as basis for further mechanical chiral resolution projects.
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Chapter 2

Folding of nanoplatelets

Colloidal II-VI semiconductor NPLs present strong, narrow optical transitions and fast
exciton recombination, which render them interesting candidates for optical gain and laser
applications. For this purpose, it is essential to implement nanocrystals with a high photo-
luminescence quantum yield, in order to achieve satisfying results. One of the strategies is
by synthesizing nanocrystals with small lateral sizes to reduce the presence of exciton traps
[143]. On the contrary, I am hereby looking at NPLs with subatomic thicknesses which span
up to thousands of nm?. These extremely thin nanosheets can indeed be assimilated as
flexible substrates which could undergo transitions in morphology, when external stresses
are exerted onto them. In our daily life, we could simply picture how a piece of paper
is deformed when a weight is placed onto it. The system becomes overall geometrically
frustrated due to an applied torque that results in the bending and buckling of objects.

Nature has always been the source of inspiration for a huge number of research
works. Often the origin of shape motions might originate from an object’s swelling and
shrinkage, caused by the variation of water concentration for instance and thus leading
to osmosis within membranes. Typically in biological sclerenchymal tissues, these latter
expand and shrink in an anisotropic fashion due to the accumulation of elastic energy
and build-up of stresses [144]. Besides, changes in air humidity induce such uniaxial
modifications as well, in cases of opening and closing of a pine cone and the penetration of
wheat seeds into soil [145, 146]. Further examples are also embedded by plant tendrils and
horns of mountain goats, in response to adapting suitably to the presence of external stimuli.

An illustration is reported by Armon et al. on the opening of pods of Bauhenia variegate,
whose valves consist of two perpendicularly oriented fibrous layers, in respect to their
longitudinal axis [26]. The flat-to-helical transition that is observed during their opening
turns out to be driven by these two actual layers which are shrinking in perpendicular
directions. The metric incompatibility that results from this tendency, causes a modification
in the curvature tensor that ultimately dictates the local configuration of a surface. Similarly,
such mathematical derivations are also unveiled by certain amphiphiles that self-assemble
via short-range interactions into chiral nanoribbons, that are proven to be geometrically
incompatible [30].

As a bridge to the previously introduced crystal structure of colloidal II-VI semiconduc-
tor NPLs, it is fair to say that our system resembles in principle, the reported chiral seed
pods. Seemingly, the presence of in-plane perpendicular stresses is strong enough to drive
the formation of spontaneous curvatures on these sufficiently large and nonetheless, atom-
ically ultrathin inorganic nanosheets. Findings that are both experimentally and quantita-
tively supported, reveal a unique shape evolution for such bodies composed of residually
stressed layers and suggest a general framework for nanomechanical studies.
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2.1 Studies on CdSe homostructures

In the beginning, 3 MLs CdSe NPLs are synthesized according to the protocol as listed in
the Materials and Methods section, which exhibit an average geometry of around (300 x
80 x 1) nm®>. These pristine synthesized nanohelices are capped with a mix of a short (ac-
etate) and a long (oleate) carboxylate as evidenced by fourrier transform infrared (FTIR) and
H nuclear magnetic resonance (NMR) data. Later on, these native carboxylate ligands are
thoroughly exchanged with linear thiolate ones C,,H,+1S™, where n = 2, 4, 8, 12, 18. The
ligand exchange is carried out in two steps, to ensure a complete surface chemistry substi-
tution before being characterized under FTIR and energy dispersive X-ray (EDX) analysis.
Besides, these exchanges induce a redshift of their optical features which arises principally
from two effects: (i) the partial delocalization of the exciton wave function over the sulfide
planes and (ii) a change from a contractile strain to a tensile strain in the NPLs’ thickness
direction, which induces an increase in the associated lattice parameter along the z-axis and
thus, a decrease of the quantum confinement.

2.1.1 Modifications of surface chemistry

Intuitively, it would be difficult to estimate the actual lateral dimensions of a piece of
initially folded nanohelix. However as demonstrated by Ithurria and co-workers, the ex-
change from COO™ to X~, halide ligands in particular iodides co-passivated by oleylamine,
resulted in NPLs that were completely unfolded and lying flat on their large lateral facets as
imaged under transmission electron microscope (TEM) [147]. Via this method, one can then
easily deduce a distribution of any NPLs” associated lateral dimensions (Fig. 2.1(a,b)). This
yields for instance, over 25000 nm? in average for a piece of 3 MLs CdSe NPL. Under FTIR
as shown in Fig. 2.1(c), as-synthesized carboxylates-capped nanohelices present intense
characteristic peaks of their asymmetrical and symmetrical vibrations, situated around
1525 and 1420 cm L. Besides, the presence of alkyl parts is shown in the region of 2900 cm ..
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FIGURE 2.1: (a) TEM images of similar 3 MLs CdSe NPLs with two different
surface chemistries. They are either capped by a mix of acetates-oleates un-
der folded shapes or flattened with iodides co-stabilized by oleylamine. (b)
Absorption spectrum displays a ~30 nm redshift upon the ligand exchange.
The inset shows the distribution of dimensions along the short- (magenta) and
long-axis (cyan) of these NPLs. Measured values are respectively (88+12) nm
and (302+45) nm, analyzed over a population of 100 nanoobjects. Scale bar:
200 nm. (c) FTIR spectrum of the carboxylates-capped nanohelices.
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As for 'H NMR analysis, one ought to observe a mix of proton features originating
from acetates and oleates as they are both introduced during the synthesis. Simulations
performed with nmrdb that are done on acetic and oleic acids, first demonstrate theoretical
values of the location of expected peaks and indeed, they are well matched with the
experimental spectra obtained for NPLs. Tab. 2.1 recapitulates the peaks’ chemical shift
and multiplicity calculated separately for these short and long carboxylic acid chains. In
side-to-side comparison with NPLs, one could easily distinguish the protons of acetic acids
localized around 2.0 ppm and the triplet methyl CH3 contribution of oleic acids around 0.9
ppm (Fig. 2.2). Upon a fine resonance integration, a molecular ratio of acetates-to-oleates
present on a NPL can be estimated in the order of 3.5:1.0, where one assumes primarily a
homogenous ligand distribution on each individual particle over the entire ensemble of
analyzed NPLs.

Carboxylic acids | Chemical shift | Number of hydro- | Multiplicity
(ppm) gen atoms

) 2.03 3 Singlet

) 0.86 3 Triplet

\
TN 1.17-1.34 16 Quintuplet, triplet
Wi triplet, hexaplet
e 1.36-1.62 6 Triplet triplet
N 1.89-2.03 4 Quadruplet
A 2.30 2 Triplet

e 5.30-5.45 2 Doublet triplet

TABLE 2.1: Associated 'H NMR chemical shifts and multiplicities simulated
for acetic and oleic acids.

As Artemyev and co-workers have detailed about the intrinsic absorption behavior of
NPLs that is both strongly thickness- and aspect ratio-dependent, the authors render the
possibility to obtain coefficients that can be used for nanoparticles” concentration determi-
nation in solution [148]. Via this method of absorbance measurements, one can deduce the
NPLs” volume fraction at 309 nm and alongside with the classical Beer-Lambert equation,
the concentration of oleates can also be determined at 267 nm which corresponds to the
absorption of double-bond in the near-UV region for a given molar extinction coefficient
[149]. Hence by combining the prior ratio of acetates-to-oleates evaluated at 3.5:1.0, one can
then proceed to estimate the global coverage of both surface ligands through an expression:
o= % . S;pL' At first numerical approximations, this yields a ligand coverage of 2.3
nm 2 which is lower than the reported values of 5.3 (resp. 4.0 nm~2) obtained for 5 MLs
CdSe NPLs (resp. nanospheroids of 3.4 nm in diameter) by Hens and co-workers [150, 151].
Herein, the difference in values might surely be due to the desorption of certain weakly
bound carboxylates after several steps of extensive purification. Undeniably, sophisticate
NMR resolved experiments that involve probing of the dynamic nuclear polarization can
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FIGURE 2.2: Simulated 'H NMR spectra of (a) acetic and oleic acids, along

with (b) an experimentally obtained one for carboxylates-capped 3 MLs CdSe

NPLs where deuterated chloroform is used as solvent. The contributions orig-
inating from acetates (resp. oleates) are highlighted in orange (resp. green).

further confirm the detailed surface structures of such inorganic nanocrystals that consist of
elements with spin-1 isotopes [152].
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FIGURE 2.3: TEM images of as-synthesized carboxylates-capped CdSe NPLs.

Nanohelices which possess an odd (resp. even) number of MLs, are subse-

quently obtained via the route of c-ALD with 3 (resp. 4 MLs) ones as the
starting blocks. Scale bar: 200 nm.

Herein, thicker CdSe NPLs are synthesized via the route of c-ALD which conserves the
parity number of MLs of a NPL [57]. Both anions and cations are subsequently deposited
onto the initial starting blocks. Thereby, nanohelices with an odd (resp. even) number of
MLs can be orderly obtained such as from 3 to 5 and eventually to the population of 7 ones
(resp. 4 to 6) as depicted in Fig. 2.3. The surface chemistry of these objects remains globally
unchanged, where they are passivated by a mix of carboxylates.
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FIGURE 2.4: (a) CdSe zinc blende crystal structure represented by a 3 MLs
NPL. The arrows illustrate the compressive stresses brought by ethanethio-
late ligands. The presence of a 4 axis along the NPL’s thickness direction ¢,
induces contractile strain on the top and bottom wide facets oriented at 90 °
from one another. (b) Absorption spectra of 3 MLs CdSe nanohelices before
and after surface ligand modifications, from initially acetates/oleates-capped
to either ethanethiolates- or octadecanethiolates-capped. Their corresponding
FTIR spectra are shown in (c).

Subsequently by replacing these latter RCOO~ with RS~ ligands of different chain
lengths, the fore-mentioned characteristic peaks of the carboxylates disappear with the ex-
change by various alkanethiolates. Plus, the appearance of a new peak around 700 cm !
confirms the presence of carbonsulfide bonds in the system as displayed in Fig. 2.4(c). The
atomic ratio of sulfur-to-surface cadmiums of NPLs is quantified by EDX and demonstrates
a good agreement of 1.0:1.0 if the cations were fully passivated by thiolates in a bridg-
ing fashion (Tab. 2.2). Furthermore, the two optical transitions attributed to the heavy
(resp. light) hole to conduction band transitions located around 463 (resp. 433 nm) for
carboxylates-capped 3 MLs CdSe NPLs, shift to 494+1 (resp. 470+1 nm) when they are
fully substituted by surface thiolates as shown in Fig. 2.4(b).

3 MLs Carboxylates-capped Thiolates-capped
CdSe
NPLs
Number Atomic Result Number Atomic Result Result
of ratio in (%) of ratioin  forC;S  for CigS
planes theory planes theory (%) (%)
(%) (%)

Cd 4 57.1 58.0£2.0 4 444 46.5+3.5 44.0£2.0

Se 3 429 42.0£2.0 3 33.3 32.5+4.0 33.5+1.5

S - - - 2 22.3 21.0£2.5 22.5+0.5

TABLE 2.2: Theoretical and experimental atomic ratios of cadmium, selenium
and sulfur for carboxylates- and thiolates-capped 3 MLs NPLs.

Observations under TEM show that the pristine carboxylate-capped 3 MLs CdSe
nanohelices possess in average 9 nm in terms of helices” radii. As the native ligands are
replaced by alkanethiolates of various chain lengths (n = 2, 4, 8, 12, 18), their associated
radius increases with the number of carbon which constitutes these aliphatic chains. These
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values range from 6.5 to 13 nm and identical ligand exchanges are performed on all thick-
ness populations of CdSe NPLs. Their corresponding radii are measured with the analysis
of microscope images under Image] and later, plotted as a function of carbon number which
constitutes the linear alkanethiolates that are anchored onto their outer surface (Fig. 2.5).
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FIGURE 2.5: (a) TEM images of CdSe NPLs which have been chemically
surface-modified and present either ethanethiolates or octadecanethiolates on
their outer surface. Left (resp. right) panel displays images of odd (resp. even)
number of MLs NPLs. Scale bar: 200 nm. (b) Experimental helices’ radii de-
duced from the analysis of microscope images for CdSe NPLs with thicknesses
ranging from 3 to 7 MLs, averaged over a population of 100 nanohelices.

Herein, one single thiolate group bridges two surface cadmiums to provide these atoms
a tetrahedral environment, which induces compressive stresses along the [1 1 0] and [-1 1
0] directions on the two opposite wide facets of a CdSe NPL as displayed in Fig. 2.4(a).
Thus at final state, this latter curls with either its top or bottom facets located in the inner
side of a helix, both with equal probability. This results in a population of nanohelices of
a given handedness, where the compressive stresses are directed perpendicularly to the
helical axis on their inner side. Under electronic microscope, it is possible to distinguish the
related contrast of nanohelices in a sufficiently diluted environment and both handedness
are accounted for the radii measurement over 100 nanoparticles without biais (Fig. 2.6).

Structural details within a helix

When a NPL becomes wide enough, it adopts the geometry of cut-out strips from a cylinder
with one single principal curvature along the [1 1 0] direction (Fig. 2.7(b)). Whereas for
narrow NDPLs, twisted structures are rather obtained. The continuous transition between
these two limiting regimes is manifested by the substrate’s geometry itself. Data extracted
from the measurement of surface topography by optical profilometry demonstrated values
of mean and Gaussian curvatures that dictated the global shape of these helical strips with
varying widths [26].
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FIGURE 2.6: Distributions of CdSe nanohelices’ radii for NPLs with thick-

nesses ranging from (a) 3 to (e) 7 MLs. Blue (resp. black and green) bars repre-

sent nanoparticles which are capped by ethanethiolates (resp. acetates-oleates

and octadecanethiolates), analyzed over a population of 100 nanohelices. Bin:
0.5 nm.

FIGURE 2.7: (a) Scheme of a zinc blende 3 MLs CdSe flat NPL, with a cubic cell
(a,b,c). The black arrows illustrate the compressive stresses induced by thiolate
ligands on CdSe, which are oriented perpendicularly to one another between
top and bottom wide facets. The crystal atomic structure is displayed under
two different viewing angles (either top facet or side section), where the ini-
tial zinc blende lattice parameter a., and the derived one obtained for smaller
repeated motifs ag, are shown. (b) As the same piece of flat wide NPL curls
into a helix in order to minimize its internal elastic energy, the compressive
stresses are directed perpendicularly (resp. parallel) to its helical axis on the
inner (resp. outer) surface of the structure. The atomic-scale elemental vol-
ume with its average dimension (ag,bg,c) is drawn. Along the [1 1 0] direction,
the derived lattice parameter varies linearly from a’ to a” with a constant cur-
vature.

Within a piece of nanohelix, an atomic-scale elemental volume as depicted by the inset
of Fig. 2.7(b), which possesses a constant curvature can be derived from its initial zinc

blende crystal structure. This motif, which in repetition constitutes the helix itself, results
from the lattice mismatch that is due to the adsorption of surface thiolates on the inner side
of a helix, along the [1 1 0] direction. On the other hand, the stresses induced along the
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[1-10] direction on the outer side of the structure, plays an insignificant role during bending.

In Fig. 2.7(b), the lattice parameter, a varies linearly across the thickness of a piece of
helix from a’ to a” along the [1 1 0] direction. The average value in the mid-plane, noted ag is
given by the expression a4, - %, where a. is the bulk lattice parameter of CdSe. Moving on,
the parameter by that situates orthogonally to 4, along the [1 -1 0] direction remains unmod-
ified across the thickness direction ¢, of the NPL. Therefore, this variable stays undeformed

independently of the nanohelices” handedness and writes similarly to the expression of ay.

2.1.2 Mechanical modeling of bending

Adsorbing ligands on a CdSe NPL induces surface stresses on each wide opposite facet of
the object. These stresses are contractile and uniaxial with orthogonal orientations at £45
° (on wide facets along the [1 1 0] and [1 -1 0] directions), in respect to the [0 1 0] growth
direction of NPLs. If these ligands would solely adsorb on one facet, such surface stresses
would result in the bending of the NPL dictated by the direction of the uniaxial stress. As
a consequence, the helix would wrap around a cylinder whose radius R, is given by the
balance between surface stresses and the substrate’s bending stiffness. This is identical to
the standard case of temperature-activated bilayers which are most commonly observed in
the field of engineering [153, 154]. The axis of the cylinder would then be orthogonal to the
direction of the applied stresses, which in turn leads to the formation of a helical ribbon.

A general case was studied by Sharon and co-workers with a laminated model involving
two pre-stretched layers in orthogonal directions [26]. Once the laminated sheet was cut
into strips, twisted ribbons of negative Gaussian curvature or helical ribbons that wrapped

around a cylinder may be obtained, depending on the relative width @ = \}%, of the

strips. It is noted that w is its actual width, ¢ its thickness and R the resulting radius that
minimizes the bending energy. In the case of wide ribbons (@ > 1), which is relevant
to the configuration of our NPLs, the authors predicted the formation of helical ribbons
of radius R, as if surface stresses were only present on one single facet. Herein, stresses
induced by the ligands adsorbed on the outer surface of a piece of helix do not participate
in bending. One can then focus on the misfit between the inorganic part and ligands that
are only adsorbed on the helix’s inner surface, in order to generate radii predictions as a
function of the NPLs’ thickness and the length of the various experimentally introduced
linear aliphatic chains.

In our case, orthogonal stresses are present on both opposite facets of a single NPL. As
explained beforehand, each of these facets will tend to induce bending along its own direc-
tion. From a mechanical point of view, the surface will result into a saddle shape with princi-
pal curvatures of opposing sign, £+ as illustrated in Fig. 2.8(a). However, such transforma-
tion encounters a strong geometrical constraint rationalized by the theory of incompatible
elasticity [28, 29]. A quantity referred to Gaussian curvature, is defined as the product of
these two principal curvatures at any given location on a surface. Following the Gauss the-
orem, which states that any modification to the Gaussian curvature such as transforming a
flat substrate with zero curvature to a saddle with negative value, induces in-plane distor-
tions [155]. In the case of ultrathin sheets, it is essential to note that in-plane deformations
cost highly in terms of elastic energy than the phenomenon of bending itself. Therefore, the
transformation of an object possessing opposite facets subjected to orthogonal stresses, into
a structure with negative Gaussian curvature is strongly hindered.
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FIGURE 2.8: Scheme of a 3 MLs square nanosheet of zinc blende crystal struc-

ture. The arrows represent the compressing directions due to the adsorption

of surface ligands. On the top (resp. bottom) facet, the induced stress is di-

rected along the [1 -1 0] (resp. [1 1 0]) direction. If a wide strip (@ >> 1) were

to be cut from the gray zone in the middle of the nanosheet, this would result
in a helix at the equilibrium state.

Two considered misfit layers

Firstly, one can consider a simple two-layers misfit strain system composed of a core and a
layer of ligands of respective thicknesses, H and & and Young’s moduli, E; and E; (Fig. 2.9).
The length of the core at rest, L is taken as a reference. Due to a modification in lattice
parameters, the rest length of the layer of ligands differs from this reference value, L and
is given by L(1 + Ae), where Ae corresponds to the initial misfit between both layers of
material. When Ae becomes negative, the ligands” anchoring group brings a contractile
stress and conversely, a tensile stress for a positive misfit. Intuitively, when both layers are
brought into contact, they tend to adjust their final length at equilibrium, which induces
internal stresses that result in bending. This transformation can be decomposed into
two steps: (i) the bilayer first adopts an average length, L(1 + &) along its neutral axis
and (ii) bends subsequently with a curvature, x expressed by &. These steps correspond
respectively to an application of axial force and the resulting moment equilibria.

Accounting for the listed effects, the strains in both substrate and deposited layers read:
€ =a—x(z—4d) (2.1)

€ =a—Ne—x(z—4d) (2.2)

where d is the position of the to-be-determined neutral axis across the cross section of a
laminated plate.

If we neglect the Poisson effect, the resulting stresses in both substrate and deposited
layers should follow:

0s = Eses = Eslo — x(z — d)] (2.3)

04 = Egeg = Ejla — Ae — x(z — d)] (2.4)
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FIGURE 2.9: Schematic decomposition of the cross-section of a NPL into two
layers: (i) inorganic core (CdSe) with a thickness H, and (ii) surface ligands’
anchoring layer (57) with a thickness h. The mismatch, Ae between the two
layers along the [1 1 0] direction of the zinc blende crystal structure (corre-
sponding to i) induces residual stresses that result in the phenomenon of
bending. Ligands from the outer face are not taken into account as they exert
axial forces along the orthogonal direction 7, and do not participate in the ma-
terial’s deformation.

At equilibrium, the global force and moment corresponding to this stress distribution
ought to vanish. Therefore, the force per unit width is given by:

0 h
f :/ s dz+/ 04dz = aEsH + (o — Ae)Ezh—
K*H 0 (2.5)
5 [ — Es(H? + 2Hd) + E4(h* — 2hd)] = 0
As the force balance itself is independent of the curvature, the sum of forces in the two
stressed materials should equal to zero. One can then deduce the position of the neutral

axis, as well as the effective strain:

 —EH? 4 Egi?

= 2(E.H+ Egh) 26)
- EdhAe
YT EHY Egh @7)

Furthermore, in the absence of any external torque such as in the case of free suspend-
ing objects, the moment corresponding to its stress distribution calculated in respect to any
symmetrical position (for instance, z = 0) ought to vanish:

0 h _ 2 2
M:/ aszdz+/ cqzdz = E:H a+ Eah (o — Ae)—
~H 0 2 2 (2.8)
g (L Hy gy
N3 T2 32t

Hence, the induced curvature can be written as:

6[EsEqHI(H + h)Ae]

_ 29
"7 E2H* 1 E2h* 1 6EE H2I2 + AEE.Hh(H? + 12) @9)
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For 3 MLs CdSe NPLs capped with sulfides, the thicknesses, H and / of CdSe and the
sulfide layer would respectively, be 6 and 1 atomic planes. It is noted that an atomic plane
is equivalent to 0.15 nm thick. The outer sulfide layer is neglected, as this latter binds to
the cadmium atoms in a direction which is perpendicular to the curvature along the [1 -1 0]
crystallographic axis (Fig. 2.9). Therefore, they are not accounted for during the bending of
a NPL into a piece of helix. The Young’s moduli are taken as those of bulk CdSe and CdS
materials, where E(cys.) = 40 GPa, Ejcys) = 46 GPa. While Ae is first estimated from their
bulk lattice mismatch in the order of -3.8 %, given that their ideal lattice parameters: acys,
= 0.605 nm and ac45 = 0.582 nm. However, with these values, the calculated radius is one
order of magnitude larger than the experimentally measured values around 6 nm for 3 MLs
CdSe nanohelices capped with ethanethiolates. Surprisingly, only a large misfit strain up to
-20 % could Sccount for such a large observed curvature via a crude estimation expression:
= | e |~ 1

This strong hypothesis is in agreement with results obtained by ab-initio calculations,
where a small piece of 4 MLs CdSe NPL capped with HS™ is relaxed by vibrating all of the
associated atomic bonds under Crystal Maker. Fig. 2.10 demonstrates a piece of NPL before
and after energy minimization. In the latter case figure, the sulfide-sulfide distance situates
typically around 3.70 A, while in zinc blende CdS bulk, it is of 4.11 A, with an absolute
difference up to 10 %. Thus, this goes to show that the electrostatic interactions between the
surface cadmiums and sulfides from the ligands, induce a shortening of the Cd-S surface
bonds in comparison to the one found for a CdS zinc blende bulk.
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FIGURE 2.10: Relaxation of a tiny piece of 4 MLs NPL capped with bisulfides,

possessing the chemical formula HS™. It demonstrates that the sulfide-to-

sulfide distance is reduced compared to the case of a zinc blende CdS bulk,
where its lattice parameter equals 4.11 A.

Although the order of magnitude of the curling radii of CdSe NPLs indicates unexpect-
edly important surface stresses induced by thiolates, this strong interaction alone does not
explain the variation of the helices radii with the length of the adsorbed ligands. Though, it
seems reasonable at first order, to consider a constant mismatch between the inorganic core
and sulfides layer, which is independent of the aliphatic chain length. This is because the
energetic level of the sulfide orbitals involved in the bridging ought to be unmodified by the
length of their organic chains. Secondly, it is essential to account for the steric effect brought
by these organic tails, as some of their end-to-end lengths can indeed be larger than a NPL's
inorganic core thickness.



46 Chapter 2. Folding of nanoplatelets

Three considered misfit layers

In order to gain more insight, a three-layers model is built from the classical work of
Timoshenko, with a supplementary layer of thickness /,,, where its expression is given by
n-dc_cy [156, 157]. Herein, d(c_c) represents the vertical projection of a carbon-carbon
bond’s distance (Fig. 2.11). In addition, the organic chains are assumed to react with an
elastic restoring force during compression with a Young’s modulus E;, that however, do
not offer any degree of freedom in stretching. The characteristic rest length of the aliphatic
layer is written as L(1 + Ae”). Thus, two misfit strains are considered: (i) Ae, the mismatch
between the inorganic core and anchoring groups of thiolates and (ii) Ae”, the mismatch
between the inorganic core and aliphatic chains. Via this reasoning, one can also introduce
A€’, which is the dislocation between the anchoring groups and organic tails such that
Ae” = Ne + A€’
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FIGURE 2.11: Schematic decomposition of the cross-section of a NPL into
three layers: (i) inorganic core (CdSe), (ii) surface ligands” anchoring layer
(57) and (iii) aliphatic chain layer (C;;Hy,+1) of respective thicknesses H, h
and [,,. Mismatches between the layers along the [1 1 0] direction of the zinc
blende crystal structure (corresponding to i) induce residual stresses that re-
sult in structure’s bending. Ligands from the outer face are not taken into
account as they exert axial forces along the orthogonal direction 7 and do not
contribute to the material’s deformation.

As previously, the stresses are written as follows where the Poisson effect is neglected:

0s = Eses = Es[a — x(z — d)] (2.10)
04 = Egeg = Egla — Ae —x(z — d)] (2.11)
0y = Eje; = Ejla — Ae” — k(z — d)] (2.12)

The resulting force per unit width is then given by:

0 h hot1y
f:/ O'SdZ+/ (Tddz+/ 01dz = aE;H + (« — Ae)Ejh + (v — Ae”)Ejl,,—
-H 0 h (2.13)

g [ — Eo(H? +2Hd) + Eq(? — 2hd) + Ey[Ly(L, +2h) — 21,d]] = 0
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Similarly, the position of the neutral axis and effective strain can be deduced:

g —EsH? + Egh? + Efl, (1, + 2h)
a 2(EsH + Egh + Ejl)

(2.14)

y EjhAe + Ejl,Ae”

N EsH + E;h + Ejl,

The hence associated moment corresponding to the stress distribution calculated in re-
spect to any symmetrical position (for instance, z = 0) writes as:

(2.15)

0 h 1,
M:/ (TSZdZ+/ (szdz+/ 01zdz =
-H 0 h

. 2 2
Est ot Edzh (2 — Ae) + Elln(zzw(azpha _Ae)— (2.16)
H® H%d W hid 2 12d
Bt )k Blg -5 By =tk = d)x =0

The final expression of the curvature is then determined:

6[Es EqHR(H+h)Ae+E Erhl, (h+1,) A+ EsEyHL, (H+1,) Ae”) 2.17)

K = EZHTYE2056E, E H2h2 1 6E  E 1212 + 6, Ey H22+ AE, Ey Hh(H2+ 1) + AE Eyhly (124 12) +4E, Ey HI, (F2+12)

Herein, the compressive Young’s modulus of the aliphatic chains is taken as 0.9 GPa.
This value is derived and scales comparably to the estimation of bending moduli done on
carbon chains which constitute lipid bilayers in the order of 10! J [158]. It reflects the steric
hindrance imposed by the ligands” packing density. Since the organic chains on the outer
surface of a piece of helix are uncompressed, they are then omitted from this calculation.
Nevertheless, it is important to state that this Young’s modulus may be overestimated for
shorter aliphatic chains, but due to their smaller length, the resulting steric effect on the
estimated helices’ radii is also consequently lower in comparison to longer chains. In the
end, Ae is adjusted and set to -21 %, in order to obtain a good agreement between the model
and experimental value associated with 3 MLs CdSe nanohelices capped by the shortest
aliphatic chains, where n = 2.

The mismatch, Ae” existing between the inorganic core and aliphatic chain layer is
defined from the maximum packing density of carbon chains. On the {0 0 1} zinc blende
facets of the NPLs, there is in theory one ligand per surface cadmium which displays a
density of 18.3 A~2. Experimentally, it has been shown on a Langmuir-Blodgett film that
the maximum density of thiolates can reach up to 18.5 A=2 [159]. One can thus firstly
assume that below this limit, the maximum packing is yet to be attained which leads to
a reasonable approximation that Ae” = 0 %. Overall, thiolates anchoring group brings a
strong contractile stress onto the CdSe inorganic core, while the layer of packed aliphatic
chains exerts in opposite, a tensile stress onto the thiolates. According to our proposed
model, one can then expect smaller helical radii for a population of thinner NPLs in
comparison to the thicker ones and an increase of these radii as the length of the grafted
ligands grow longer, with the input values listed in Tab. 2.3.

The predictions given by our derived model are in excellent agreement with the experi-
mental findings, for increasing NPLs’” thicknesses going from 3 to 6 MLs, otherwise from 0.9
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3 Es E4 E H h Ly Ae  Ae”
MLs
CdSe
NPLs
(GPa) (GPa) (GPa) (nm) (nm) CS C4S CgS CS CisS (%) (%)
(hm) (nm) (nm) (nm) (nm)
40 46 09 091 015 02 04 08 12 18 -21 0
TABLE 2.3: Input values to three-layers misfit model applied onto a 3 MLs
CdSe NPL.
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FIGURE 2.12: Experimental helices’ radii represented by dots, which are de-
duced from the analysis of microscope images for CdSe NPLs with thicknesses
ranging from 3 to 7 MLs and averaged over a population of 100 nanohelices.
The solid lines are predictions from our proposed three-layers mechanical
model built from the classical work of Timoshenko. The associated mismatch,
Ae existing between the inorganic core and thiolates anchoring layer is set at
-21 %, while in the case of predicting the helices radii of 7 MLs CdSe NPLs
(dotted line), this parameter is defined at -17.5 %.

to 1.8 nm (Fig. 2.12). For thicker 7 MLs CdSe nanohelices however, a better fit is obtained for
Ae = -17.5 %, which might mostly be due to the presence of surface defects of the inorganic
material explaining larger observed experimental radii. Since the growth of thicker NPLs is
carried out through the method of c-ALD, this might introduce certain interstitial imperfec-
tions in their resulting crystal structure. Plausible missing surface cadmiums accompanied
by the vacancies of ligands, will undoubtedly reduce the induced surface stresses and result
in larger helices radii. In another sense, the absolute effective value of Ae is diminished.
Thus, our macroscopic model performs well at predicting the curling of NPLs and it re-
veals simultaneously a major importance of the surface chemistry in play with respect to
the coupling between ligands and exposed cadmium atoms.
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2.2 Extension onto core-only CdS and core-shell CdSe-CdS

On top of previously elaborated investigations done on CdSe homostructures, the scope of
our work has also been extended onto 4 MLs CdS and heterostructured CdSe-CdS core-shell
NPLs. This latter is notably composed of 3 MLs of CdSe core with a shell of 1 to 2 MLs of
CdS on each lateral side. In the following section, they are then labelled as (3-2)CdSe-CdS
(resp. (3-4)CdSe-CdS).

Typically, this allows one to answer the question if surface thiolates bind in a simi-
lar tetrahedral way to internally coordinated sulfide anions, which constitute the NPLs’
inorganic core. In which sense, zero phenomenon of curling ought to be observed and
alkanethiolates-capped CdS NPLs should all exhibit zero curvature independently of the
ligands’ chain length, if it were the case where surface stresses are absent. To our surprise,
flat CdS and CdSe-CdS NPLs are not at all observed. Herein, their corresponding helices
radii are recorded (Fig. 2.13 and Fig. 2.14).

2.2.1 CdS homostructures
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FIGURE 2.13: (a) TEM images of 4 MLs CdS NPLs before and after chemical
surface alterations. They are either capped by acetates-oleates, ethanethio-
lates or octadecanethiolates on their outer surface. Scale bar: 200 nm. While
in (b), the distribution of their nanohelices’ radii is plotted. Blue (resp. black
and green) bars represent nanoparticles which are capped by ethanethiolates
(resp. acetates-oleates and octadecanethiolates), analyzed over a population
of 100 nanohelices. Bin: 0.5 nm. (c) Experimental helices’ radii deduced from
the analysis of their corresponding microscope images, averaged over a pop-
ulation of 100 nanohelices with predictions obtained from our derived model
that are represented by solid lines.

As demonstrated previously, the absolute bulk lattice mismatch between CdSe and CdS
is 3.8 %. In our model, an absolute decrease in the value of Ae is applied to the one which
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was employed in the case of CdSe nanohelices, yielding -17.2 % ((-21 + 3.8) %). It is true that
one would expect the misfit between the inorganic core and thiolates anchoring layer to be
much less, as this time around, the core itself is composed of cadmium sulfides. Therefore,
it is reasonable to diminish the absolute value of A¢, instead of increasing it while keeping
other parameters unmodified.

2.2.2 CdSe-CdS heterostructures
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FIGURE 2.14: (a) TEM images of (3-2) MLs CdSe-CdS NPLs before and af-
ter chemical surface alterations. They are either capped by acetates-oleates,
ethanethiolates or octadecanethiolates on their outer surface, along with the
distribution of their nanohelices’ radii plotted in black, blue and green respec-
tively. Scale bar: 200 nm. Bin: 0.5 nm. Similarly in (b), the analysis for (3-4)
MLs CdSe-CdS NPLs are carried out over a population of 100 nanohelices. (c)
Experimental helices’ radii deduced from their corresponding microscope im-
ages, with predictions obtained from our derived model that are represented
by solid lines.

Concerning core-shell heterostructures, it is interesting to note that the thicknesses of
these two samples are close to those of 5 and 7 MLs homostructured CdSe NPLs. Herein, to
determine the misfit between the inorganic core and surface thiolates, it requires beforehand
knowing the lattice distortion of the heterostructures. According to Fig. 2.11, the forces ex-
erted by the inorganic core and thiolates anchoring layer are noted as F and —F respectively,
which contribute to generating a bending moment given by a general expression:

M = F(HTHZ) (2.18)

The magnitude of F is found by expressing the mismatch as the difference between the
strains resulting from the application of both forces (for instance, by writing the equation of
strain balance):
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F F
HL(1+ a)E; * hL(1+a)E,
F HEShE,

Ae =€;,— €5 = (2.19)

L +a)  “CHE, + hEq+ I,E;

The stress profile as a function of any position across the thickness direction Z, can then

be written in terms of the base level in each constituent which arises from the equation of
force balance and the change due to the stress gradient:

(2.20)

F

0s(z) = ——— — Esk(z+d (2.21)
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FIGURE 2.15: Strain profiles of a piece of (a) (3-2) and (b) (3-4) MLs CdSe-CdS
NPL, plotted as a function of any position across its thickness direction Z. The
represented surface ligands’ chain length is equivalent to that of ethanethio-
lates, where n = 2. The inlet scale corresponds to the one used to derive our
three-layers model, while the y-axis shows a real associated unity in nm.

Via these stress and strain profile plots, one can then determine the lattice distortions
resulting from the application of axial forces in such nanosystems. For instance, a structure
made up of six atomic planes of CdSe sandwiched equally between four (resp. eight) atomic
planes of CdS, corresponds exactly to that of (3-2) (resp. (3-4) MLs) CdSe-CdS NPLs. Accord-
ing to Fig. 2.15 for objects of (3-2) (resp. (3-4) MLs), the CdS layer which is at the interface
between the inorganic core and thiolates anchoring group, experiences an axial deforma-
tion up to 2.3 (resp. 1.9) % compared to the case of homostructured CdS. Thus, the lattice
mismatch, Ae defined in our three-layers model is to be modified into -19.5 % ((-17.2-2.3)
%) and -19.1 % ((-17.2-1.9) %) respectively, for these two core-shell NPLs. Concerning the
Young modulus of the core, an intermediate value preponderated by the presence of these
two different materials: CdSe and CdS, is considered. These assumptions are shown to
agree well with the experimental observations and these core-shell nanohelices fold neither
as pure CdSe nor as CdS with equivalent thicknesses (dashed and dotted lines in Fig. 2.16).
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FIGURE 2.16: Comparison between experimental and predicted helices radii

for CdSe-CdS core-shell NPLs with a CdSe core of 3 MLs and a CdS shell

of either 1 or 2 ML(s) on each lateral side. The dotted (resp. dashed) lines

represent the calculated radii when the parameters of CdS (resp. CdSe) are

computed into our three-layers model. Concerning CdSe (resp. CdS), the

lattice mismatch, Ae equals -21.0 (resp. -17.2 %) and its Young’s modulus, Es
equals 40 (resp. 46 GPa).

2.2.3 Validation of mechanical model

According to Eqn. 2.17, the expression of nanohelices” predicted curvature is comprised of
a set of eight to-be-determined parameters, namely H, h, I,,, Es, E;, E;, Ae and Ae”. In order
to fully justify these fore-mentioned variables and their values, it is essential to test out the
effect of modifying them individually on helices radii predictions for 3 MLs CdSe NPLs.

Firstly, the effects of the lattice mismatch Ae, between the inorganic core and thiolates
anchoring group is demonstrated. By considering a value which is close to the one existing
between CdSe and CdS bulks, it overestimates the resulting helices radii by an order of
magnitude. This may be originating from a rearrangement of the surface atoms that are far
from being in their ideal tetrahedral environments. Besides, a modification of the sign of
stresses brought by the aliphatic chains can lead to a change in the sense of curvature as
displayed in Fig. 2.17(b). If the values of Ae” were to be negative, it is as if an attractive
force were to exist between the aliphatic chains, which leads to a decrease in radius when
the chain length increases. Moreover, the influences of the Young’s modulus of the aliphatic
chains E;, are also looked into. If one had considered a lower value, the consequence
observed experimentally while going to longer chains would have been insignificant.

The accuracy of our three-layers model is further tested while taking into account varia-
tions in the thicknesses of the different considered layers. It is again worth mentioning that
the outer layer of surface ligands is omitted during the helices radii estimation. By looking
at the orientation of the inner induced stress along the direction i7, the outer layer of sulfides
binds indeed to the cadmiums along the direction @, which is perpendicular to the previous
one. As a consequence, the outer contribution is removed since it does not participate in the
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FIGURE 2.17: (a) Calculated helices radii for various values of lattice mis-
match Ae, between the inorganic core and thiolates anchoring layer, while
keeping Ae” constant at 0 %. Other parameters are such, E; = 40 GPa, E; =
46 GPa, E; = 0.9 GPa, H = (6x1.51) A, h = (1x1.51) A, and I, = (nx1) A, where
n is the number of carbons constituting the aliphatic chains. (b) Calculated
helices radii for a mismatch between the inorganic core and aliphatic chains
A€”, that varies from 0 to -42 %. Other parameters are such, Ae = -21 %, E;
=40 GPa, E; = 46 GPa, E; = 0.9 GPa, H = (6x1.51) A, h = (1x1.51) A, and I,
= (nx1) A. In other words, A€’ is increasing from —-21 % (contractile strain) to
+21 % (tensile strain). (c) Calculated helices radii for which Ae = -21 %, Ae”
= 0 % and various Young’s moduli of the packing of aliphatic chains. In all
figures, the black squares represent the experimental data obtained for 3 MLs
CdSe nanohelices.

bending of a piece of NPL towards its inner side. If these outer planes were to be counted, it
would lead to an increase of the inorganic core’s thickness and hence, the resulting helices
radii. Herein, for NPLs capped with thiolates possessing an initial number of MLs N, the
ratio of H to h is given by 2N:1. Moreover, relative errors of £8 % in the estimation of an
atomic plane’s thickness have little effects on the calculated helices radii, as long as the H:h
ratio stays 6:1 for an example of 3 MLs CdSe NPLs (Fig. 2.18(b)). It is also important to
underline that the carbon-to-carbon distance taken to assess the aliphatic chain length I,
equals 1 A, considering the projection of their zig-zag configuration (Fig. 2.18(c)).

In short, our as-proposed three-layers model derived from the classical work of Tim-
oshenko enables an excellent prediction of strains in different atomic planes of a piece of
NPL. The inner part of the helix presents an in-plane contractile strain, while the outer side
is extended. The amplitude of this latter varies across the thickness’s sectioning, as demon-
strated by Eqn. 2.22. Independent of the aliphatic chain lengths, the strain in the mid-plane
at equilibrium zeroes out. In another sense, the derived zinc blende lattice parameter of
the helices a9, remains unchanged. In the next section, this structural reasoning is further
verified via XRD by evaluating the crystal’s associated lattice parameters.
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FIGURE 2.18: (a) Calculated helices radii for various ratios of H to i, where H
= (ix1.51) A, withi =5, 6,7 and h = (jx1.51) A, with j = 0.5, 1, 2. The values of
i;j are given in the inset. Other parameters are such, Ae =-21 %, Ae” =0 %, E;
=40 GPa, E; = 46 GPa, E; = 0.9 GPa and I, = (nx1) A, where 7 is the number
of carbons constituting the aliphatic chains. (b) Computed helices radii for
various thicknesses of an atomic plane, composing both layers of inorganic
core CdSe and anchored thiolates CdS. Their respective ratios are given in the
inset. Other parameters are such, Ae =-21 % , Ae” =0 %, E; =40 GPa, E; =
46 GPa, E; = 0.9 GPa, I, = (nx1) A, H = (6xk) A, and h = (1xm) A, with both
(km) = 1.39, 1.51, 1.69. (c) Resulting helices radii from modifications of the
carbon-carbon distance in the aliphatic chains, where I, = (nxdc_c) A. Other
parameters are such, Ae =-21 % , Ae” =0 %, E; =40 GPa, E; = 46 GPa, E; =
0.9 GPa, H = (6x1.51) A, and h = (1x1.51) A.

2.3 Structural implications of anisotropic objects

Fig. 2.19 presents the diffraction patterns of 3 MLs CdSe NPLs capped with thiolate ligands
that are recorded on two different configurations of diffractometer. In the first experiment,
the NPLs suspended in hexane are placed in a glass capillary and the two-dimensional
plane detector shows an acquisition of Debye-Scherrer rings. Whereas in the second
experiment, the initial NPLs suspended in a solvent are drop-casted on a silicium substrate
and the diffracted patterns are obtained under a 6 — 20 configuration. For both cases,
the diffractograms exhibit Bragg peaks situated near 25, 42 and 50 °, that are respectively,
attributed to the (111), (22 0) and (3 1 1) families of planes in a zinc blende crystal structure.
These peaks are asymmetric and broad due to the finite size of NPLs. In solution, their
scattering patterns show minor differences between different applied surface chemistries,
going from ethanethiolates to octadecanethiolates. These latter present both narrow and
broad contributions for the (2 2 0) peak located at 20 = 42 ° (Fig. 2.19(a)). In the second
experiment however, such narrow peaks are not observed. Instead, there is a doublet of
peaks whose splitting broadens with the shortening of aliphatic chain lengths (Fig. 2.19(b)).

The main difference between the two experiments originates from the orientation of the
nanohelices. Indeed, owing to their helical shape, the nanohelices in dried state lie down
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FIGURE 2.19: (a) X-ray diffractograms of 3 MLs CdSe NPLs suspended in hex-
ane, capped by a mix of acetates/oleates and alkanethiolates surface ligands.
The initial source is a molybdenum tube, but the data have been plotted as if
it were a copper source in order to ease comparison. Vertical lines represent
the Bragg angles for zinc blende CdSe with a lattice parameter of 6.05 A. (b)
Schemes of the two different XRD experimental setups. In the top panel, the
particles in suspension are placed in a glass capillary and the resulting scat-
tered pattern is then collected by a plane detector. The bottom panel however,
displays NPLs that are deposited and dried on a zero backscattering silicium
substrate, defining a 6 — 20 configuration. (c) X-ray diffractograms of drop-
casted 3 MLs CdSe NPLs capped by Ac/OA and C,Hy,415S™. The radiation
source used originates from copper-Kj.

preferentially on any substrate, as observed experimentally by scanning electron micro-
scope (SEM) in Fig. 2.20(b). Therefore, some planes will diffract with a higher probability,
whereas others would not. For instance, equivalences of (2 2 0) family of planes in an
unfolded zinc blende NPL split into three distinct contributions in a helix (green, blue and
orange representations in Fig. 2.20(a)). The first one exhibits an interplane distance which
equals to by and scales independently of the helix’s radius, as depicted by the green-colored
planes. These latter diffract in a 6 — 20 setup solely if the helical axis is orthogonal to the
substrate with ¢= 90 °, which is highly improbable. In the same vein, the second family of
blue-colored planes scatters when the helical axis tilts to an angle, ¢ ~ 60 °, which is as well
unlikely. Finally, the third family of yellow-colored planes presents an interplane distance
which is dependent on a and varies accordingly from a” to a". They diffract with much
greater importance when the helical axis becomes in line with the substrate, where ¢= 0 °
just as pictured in a 6 — 20 setup.

During XRD experiments carried out via the glass capillary mode, all of these equiva-
lent (2 2 0) families of planes diffract with an equal chance and the broad feature located
at 26 = 42 ° displays more complexity than the diffractograms obtained through the theta
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FIGURE 2.20: Schemes displaying nanohelices that are either (a) standing
upright at a position perpendicular to their substrate (¢ = 90°) or (b) lying
down randomly (¢ = 0°). Repeated motifs of elemental volume constituting
a piece of helix, in which three equivalent (2 2 0) families of planes are repre-
sented. The green planes possess a constant interplane distance that equals to
bg, while the blue ones have an average interplane distance that varies with
ao, by, c and R. Whereas, the average interplane distance of the yellow planes
writes as a function of 4y and R. Each of them diffracts with a greater impor-
tance when the helical axis is tilted to around 90, 60 and 0 ° respectively. The
SEM image of 3 MLs CdSe NPLs capped by acetates/oleates, shows a specific
orientation of the nanohelices lying down on the silicium substrate. Scale bar:
500 nm.

reflection mode. This is because one would not be able to distinct with ease the superposi-
tion of several contributions hidden under a bump. Nevertheless, the narrow peak can still
be attributed to the family of planes with a constant by interplane distance, since it barely
varies with the different substitutions of surface chemistry. Going from carboxylates to var-
ious alkanethiolates, the experimentally extracted parameter by corresponds respectively to
(4.36 - 4.25 - 427 - 4.26 - 4.27 - 4.27) A. Therefore, this lattice constant is dilated by 1.9 %
in the presence of surface carboxylates ligand compared to the zinc blende bulk value. As
for thiolates, by is compressed by (0.7 - 0.2 - 0.45 - 0.2 - 0.2) % respectively for ethanethio-
lates, butanethiolates, octanethiolates, dodecanehtiolates and octadecanethiolates. One can
remark that this value stays often close to 4.28 A, which is the exact value expected for a zinc
blende crystal structure of lattice parameter a, = 6.05 A.

2.3.1 XRD of flat undistorted NPLs

In order to interpret as-obtained experimental observations in Fig. 2.19(a,c), X-ray diffrac-
togrammes of pieces of flat (8x8) nm? 3 MLs CdSe NPLs and nanohelices with a defined
curvature have both been simulated. The unit cell of a zinc blende CdSe crystal structure
is first coded under its body-centered (I) system under Matlab. It is characterized by
various geometrical parameters: a, which defines its width; b, its length; c, its height as
pictured during the beginning in Fig. 2.7(a). In Cartesian coordinates, this unit cell is
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repeated diagonally along its (7 + E) and (—ad + E) directions, hence forming a NPL of
certain dimensions. The same goes in generating nanohelices, except this time around, the
expression of its width has to be modified to account for the helix’s radius. Anchoring
layer of surface ligands can also be added onto such generated structures in a tetrahedral
environment, with respect to the surface cadmiums. It is important to point out that all
atoms are first coded as punctual space points before attributing associated structural
factors to corresponding atoms found in each atomic plane.

The crystal structure’s scattered intensity in isotropic environment is then evaluated
thanks to the classical Debye equation, by each time considering interactions between paired
atoms:

sznG sin(4mrsmly, ) N
Z E fmfn 4 sm(;L - + EfV%l (2.23)
m n#m nTrmn m

X sin20
where f = Z —qa;e b + ¢, represents the structural factor of considered atoms [160].

Atoms aq an as ag bl bz b3 b4 c
Cd 19.151 | 17.254 | 4.471 0 0.598 6.806 20.252 | 0 5.119
Se 17.001 | 5.820 3.973 4.354 2.410 0.273 15.237 | 43.816 | 2.841
6.905 | 5.203 1.438 1.586 1468 | 22.215 | 0.254 | 56.172 | 0.867
I 20.233 | 18.997 | 7.807 | 2.887 | 4.358 | 0.382 | 29.526 | 84.930 | 4.071

TABLE 2.4: Structural constants of considered atoms.

The previous equation is later modified to take into account the anisotropic aspect of a
piece of helix:

SlTlG 2 2 f f 6—217117 Trmin + me (224)

m n#m

where § = 207 i the diffused vector of the excitation source, defining a scalar product

with the diffracted rays.

Firstly, Fig. 2.21(a) shows a study of NPLs which diffract in all directions according to
Eqn. 2.23 before orienting them specifically with respect to the excitation source, to selec-
tively display contributions of certain family of planes in Fig. 2.21(c), according to Eqn. 2.24.
With an unfolded zinc blende NPL, one can easily validate our simulation method by as-
sociating the right diffraction peaks to the way the object is oriented in Fig. 2.21(b). Since a
crystal lies down on a substrate due to its large lateral dimensions and helical shape, the as-
sociated families of planes do not scatter with the same probability. Especially, those twelve
multiplicities of (2 2 0) family of planes which were previously equivalent for a flat NPL
presenting zero curvature, no longer stay indifferent when it comes to dealing with dis-
torted helical structures. Depending on the nanohelices’ orientation, if these latter were to
lie down, the (2 2 0) contribution for which ¢= 90 ° will be extinct. Instead, solely the ¢=0 °
(22 0) family of planes will diffract under the way they are positioned. It is thus necessary to
consider the specific orientation of these helices when one attempts to explain the differences
observed in 6 — 26 experiments originally presented in Fig. 2.19(c), between alkanethiolates
of various chain lengths.
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FIGURE 2.21: (a) Comparison between isotropically scattered experimental
(solid line) and simulated (dashed line) diffractograms of 3MLs CdSe NPLs
capped with carboxylates ligands. The experimental curve is obtained via the
glass capillary technique, while the simulated one is computed with Eqn. 2.23.
Schemes of different pieces of simulated flat (8x8) nm? NPLs are shown in
(b). In order to perform anisotropic diffraction calculations onto these latter,
they ought to be oriented under exact scattering positions with respect to the
excitation source and the output detector. (c) Separate contributions of an
isotropic diffractogram, namely (1 1 1), (22 0) and (3 1 1) families of planes,
are individually computed with Eqn. 2.24.

2.3.2 Scattering of curved nanohelices

Moving onto nanohelices with a defined curvature, similarly to the first study done on flat
NPLs in Fig. 2.21, their diffraction patterns are investigated in all directions in Fig. 2.23(a)
according to Eqn. 2.23, before the selective representation of family of planes in Fig. 2.23(b)
according to Eqn. 2.24. The observations made from the first experiment via the glass
capillary mode are in excellent agreement with the theory computed thanks to the classical
Debye formula. The piece of generated nanohelix mimics identical features of 3 MLs CdSe
ones that are experimentally capped by ethanethiolates, in a sense where R = 6.6 nm and on
its inner and outer facets, an anchoring layer of sulfides is added in a tetrahedral fashion
with respect to the surface cadmiums. Indeed, the green-colored (2 2 0) family of planes
displayed in Fig. 2.22(b) diffracts with a high degree of distortions, as demonstrated by
the blue plot found in Fig. 2.23(c). This is mainly due to the paired atoms’ local distances
rmn, that vary strongly with a” and 4", as described previously through the atomic-scale
elemental volume represented in Fig. 2.7(b), which contribute to a large dispersion in terms
of Bragg angles.

If one were to orient this piece of nanohelix in a continuous way along three different
space planes, by rotating it: (i) around the y-axis, so that the object transforms from a vertical
to a horizontal position lying down on the substrate, (ii) around the z-axis, to maintain the
object in rotation on the substrate plane and (iii) around the x-axis, whereby the object is
rotated along its centerline and defines a perfect cylindrical envelope, this will further help
to underline the importance of specific orientations for anisotropically-shaped particles
(Fig. 2.24). By tilting the piece of nanohelix around the y-axis in the first scenario or in other
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FIGURE 2.22: Different families of planes that diffract as a function of the he-
lices” orientation either being (a) upright or (b) lying down, with respect to
the substrate in the case of theta reflection mode. Repeated motifs of elemen-
tal volume constituting a piece of helix, display three main families that are
looked into: (1 10), (22 0) and (31 1). They are respectively color-coded as
orange, green and pink planes. It is essential to note that the (2 2 0) ones rep-
resented in the case of lying down position, are exactly identical to the yellow
planes shown in Fig. 2.20, whose interplane distance writes as a function of 4
and R.

words, by changing the angle ¢, the (2 2 0) family of planes diffracts at different angles as
fore-mentioned (Fig. 2.24(a)). Whereas, the rotation around the z-axis does not imply any
significant scattering changes as depicted in Fig. 2.24(b). However, when the helical object is
rotated along its centerline, notable changes between each scattered pattern can be pointed
out (Fig. 2.24(c)). Indeed, as forecast in the anisotropic Debye formula, the associated scalar
product which modulates the resulting scattering as a whole is modified for each individual
position. Hence, during simulations, the piece of nanohelix is specifically oriented as
illustrated in Fig. 2.24(c) in order to fit the experimental data obtained from the second XRD
experiment via the theta reflection mode.

On the experimental diffractograms illustrated in Fig. 2.19(c), there is a doublet of
peaks noticed around 20 = 42 °. Due to the local distortions in nanohelices, we are not
exactly investigating the average interplane distances, but rather the pair function between
considered atoms. Thus, in Fig. 2.25(b), if one were to look into the probability counts in
terms of differences of atomic position along the z-axis, noted d, and their corresponding
Bragg angles 20, the resulting pattern matches well with the experimental tendency. Again,
these plots are generated for 3 MLs ethanethiolates-capped CdSe helical objects which
are oriented in a specific way as shown in Fig. 2.23(b), so that the (2 2 0) family of planes
diffracts highly with respect to the incident beam. It is important to note that the diffused
vector 4 is collinear with Z and therefore, it depends on the axial position of different
atoms that could contribute to scattering. As a consequence, the histograms represented in
Fig. 2.25 display discrete distances between paired atoms which turn out to be the origin of
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FIGURE 2.23: (a) Comparison between isotropically scattered experimental
(solid line) and simulated (dashed line) diffractograms of 3MLs CdSe nanohe-
lices capped with ethanethiolate ligands. The experimental curve is obtained
via the glass capillary technique, while the simulated one is computed with
Eqn. 2.23. Schemes of different pieces of simulated (8x8) nm? nanohelices are
shown in (b). In order to perform anisotropic diffraction calculations onto
these latter, they ought to be oriented under exact scattering positions with
respect to the excitation source and the output detector. (c) Separate contribu-
tions of an isotropic diffractogram, namely (1 1 1), (22 0) and (3 1 1) families
of planes, are individually computed with Eqn. 2.24.

multiple distorted peaks observed in diffraction.

The bottom (resp. top) panel found in Fig. 2.25 presents the simulated beam patterns
diffracted by nanohelices of 6.6 (resp. 13 nm) in radius. The most noticeable difference be-
tween these latter as shown in the experiments, originates from the peak located at 26 = 42 °.
In the case of helices of 6.6 nm, there is a triplet of peaks, whereas for the 13 nm ones, only a
doublet of peaks is obtained. Plus surprisingly, none of them is exactly centered around 42.2
¢, which is the expected value of Bragg angle for a family of planes separated by a distance
of 428 A, as in zinc blende CdSe bulk. This is because even though the mean interatomic
distance equals ag along the thickness direction of a piece of helix, its distribution however,
becomes more dispersed as the helices” radii get smaller. Therefore, the probability counts
for the appearance of ag are not necessarily correlated, neither higher compared to its neigh-
boring values, in agreement with the interatomic distances plot in Fig. 2.25(b).

2.3.3 Bypass between simulation and experimental data

At the end, in order to obtain a good fit of the experimental anisotropic (2 2 0) family of
planes’ scattering patterns, it is essential to take into account the multiple turns of folding
made by a single NPL. It thus leads to the possibility where a single helix can exhibit a range
of radii values. Typical TEM images of 3 MLs CdSe thiolates-capped NPLs display large
sheets which could wind up to four turns in general as shown by Fig. 2.26(a). Hence, during
simulations, the final diffracted intensity writes as a sum of contributions from four pieces
of nanohelix, with linearly increasing radii. The space which separates these individual
objects, noted as e is determined via the analysis of microscope images and gives (2.3 - 2.6
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FIGURE 2.24: Simulations of diffracted intensity by a piece of 3 MLs CdSe
nanohelix, mimicking the features of those which are experimentally capped
by ethanethiolates surface ligands. In (a), the helical object defines a variable
angle ¢ which equals 90 (resp. 0 °) with respect to the substrate’s surface,
when it is at its upright (resp. lying down) position. For a clearer display
of other diffractograms, the computed intensity for which ¢ = 90 ° has been
reduced by a factor of 10. While in (b), the helix lies down constantly on the
substrate with ¢ = 0 © and rotates in the xy-plane, defining a variable angle ¢
with respect to its initial position. In the case of (c), the object rotates along its
centerline and describes therefore a cylinder. The associated angle of rotation
is noted as 1 with respect to its initial lying down position.

- 3.0 - 3.8 - 4.9) nm respectively for nanohelices passivated by various alkanethiolates. In
general, an increase of the helix’s radius smoothens out the resulting diffractogram and
changes the intensity ratios between scattered peaks. Despite the strong surface stress
induced by thiolate ligands, the average in-plane lattice parameter remains however, equal
to that of zinc blende CdSe bulk as shown in Fig. 2.26(b).

Lastly in order to validate our average in-plane bulk lattice parameter hypothesis, posi-
tive and negative strains are both applied onto a helix’s elemental volume, to look into their
effect on the resulting diffractograms. In Fig. 2.27, the importance of the form of the elemen-
tal volume constituting our nanohelices, on their scattering pattern is highlighted by varying
the lattice parameters (a,b,c). During isotropic diffractions, a shift of the narrow peak located
at 42 ° reflects its corresponding unit cell value by. Whereas, under specific orientations, a
change in unit cell value 4y causes a shift of the triplet of peaks for which 26 = 42 °. In both
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FIGURE 2.25: (a) Simulated diffractograms for anisotropic (2 2 0) family of
planes, computed on a piece of 3 MLs CdSe nanohelix which mimics the fea-
tures of those which are experimentally capped by ethanethiolates and oc-
tadecanthiolates. Probability counts for (b) discrete distances between paired
atoms along the z-axis and (c) their corresponding Bragg angles are shown.
The histograms are respectively plotted with a bin of 0.01 A, and 0.01 °.
Dashed lines in red show values that are associated with an ideal zinc blende
CdSe crystal structure of lattice parameter a, = 6.05 A.
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FIGURE 2.26: (a) TEM picture of 3 MLs CdSe NPLs capped by octanethiolate
surface ligands. The helix makes up to four turns of folding within a single
large sheet of NPL. The illustration shows four pieces of aligned nanohelix,
each separated by a spacing e that are considered during simulations. Scale
bar: 50 nm. (b) Experimental and simulated diffractograms for anisotropic
(2 2 0) family of planes, computed on 3 MLs CdSe NPLs capped by various
alkanethiolates. The helices” elemental volume in each scenario is taken equal
to that of an ideal zinc blende crystal structure, where a. = 6.05 A.

studies, it is interesting to note that a modification of unit cell value c is minimal on the po-
sition of scattered peaks. Therefore, this agrees well with the fact that the unit cell value by
is entirely unscreened even though its value is being increased or decreased in Fig. 2.27(b),
due to the lying down position of large helical objects. Out-of-plane across the thickness of
a NPL, the induced strain is demonstrated to be negligible by changing the unit cell value

60
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FIGURE 2.27: Comparison between experimental and simulated diffrac-
tograms of 3 MLs ethanthiolates-capped CdSe nanohelices which diffract ei-
ther (a) isotropically in all directions or (b) anisotropically under specific ori-
entations with respect to the (2 2 0) family of planes. The lattice parameters
(ag,bo,c) used to construct the helix’s elemental volume have either been in-
creased or decreased by 2 % compared to the zinc blende bulk ones, where
4. = be = ¢ = 6.05 A. As a reminder, both ap and by are expressed in terms of
ac- % Zones circled in red display a clear shift of scattered peaks that results
from the modification of parameter by (resp. ag) in the case of glass capillary
(resp. theta reflection) mode.

c. Indeed, by taking a step back to a mechanical point of view, the strain exerted along a
direction which is perpendicular to that of surface in-plane stresses ought to not exceed this

latter.
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2.4 Conclusion

In summary, semiconductor CdSe NPLs are flexible substrates that react promptly to
various surface chemistries which can in turn, dictate their final shape and morphology.
By employing a three-layers misfit strain mechanical model, this enables to predict the
bending of NPLs which results from the adsorption of passivating ligands. Our model built
from the classical work of Timoshenko, treats the contributions of the anchoring group and
linear aliphatic chain of a given ligand separately, while demonstrating good agreement for
all studied homo- and hetero-structured NPLs.

The electrostatic interactions that bind the ligands” anchoring group to the surface of an
inorganic core induce a strong misfit up to an order of 20 %. Moreover, the consideration of
steric repulsion existing between the ligands’ aliphatic chains allows for a fine tuning of the
nanohelices’ radii, by experimentally modifying their chain lengths. Herein, the packing
layer of aliphatic chains is estimated to exhibit a Young’s modulus in lateral compression, in
the order of 1 GPa compared to the literature values of 40 and 46 GPa found for our studied
inorganic bulk CdSe and CdS materials.

From a structural point of view, despite the important surface stress induced by thiolate
ligands, the average in-plane lattice parameter of CdSe nanohelices remains however, equal
to that of zinc blende bulk. Through XRD experiments, it is evidenced that the specific
orientation of anisotropic objects play a significant role at determining both the appearance
(ratio of intensities, extinction of contributions) and position (full-width dispersion, inter-
plane distance) of scattered peaks. Nevertheless, as helices radii become larger when these
latter are capped by longer and sterically-occupying ligands, their diffractograms tend to
smoothen out as the presence of local distortions due to high surface curvature is much less
in this scenario.

The packing of surface ligands has been leveraged as a mean to mechanically induce
stresses onto ultrathin bodies. In the beginning of the following chapter, a series of NPLs of
a given thickness with various morphologies will be presented as candidates for the study
of circular dichroism (CD). Thereby, another role of the organization of these surface stabi-
lizers will also be discussed in view of tuning the shape of inorganic nanoparticles during
synthesis. Typically, this yields NPLs possessing a high in-plane aspect ratio that increases
with the amount of long-to-short carboxylate chains introduced. Via this control, one can
then selectively break an object’s symmetry to result in a panel of laterally extended shapes
(square, rectangular, twisted, helical) and serve these latter as basis substrates for the surface
assembly of either achiral or chiral ligands.
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Chapter 3

Chiral imprints on nanoplatelets

Chirality and associated optical CD are intriguing properties of objects which exist at all
length scales. In optical spectroscopy, the CD signals are employed for instance, to detect
conformational changes of biomolecules and in building switchable sensors [161, 162].
Chirality and non-zero CD effect in a molecule are present if it has neither mirror-symmetry
planes nor a center of symmetry. In such a case, a molecule acquires a sense of rotation that
could either be clockwise or counter-clockwise. Hence, it reacts with left- and right-handed
circularly polarized photons differently and shows a non-zero CD signal.

Modern nanotechnology has the ability to assemble hybrid superstructures composed of
nanocrystals and organic molecules as building blocks. These individual starting materials
of a hybrid superstructure can be made of different compositions such as metals, semicon-
ductors and biomolecules. The resulting interactions between them usually convey new
interesting properties to the superstructure. A recent example is demonstrated by using
deoxyribonucleic acid (DNA)-origami-scaffolded plasmonic gold nanohelices attached
to a substrate, which can be used to reversibly switch the optical response between two
distinct CD spectra corresponding to either a perpendicular or parallel helix orientation
with respect to the incident beam [163]. These switchable chiral nanostructures can then
be implemented as sensors for the detection of molecules, as well as their sense of chirality
and orientation.

From there by taking a step down the hierarchy, one can find individual nanoparticles
that produce chiral geometries at a smaller scale compared to the antecedent one at micron
level. In general, chiroptical activity can be induced onto quantum nanoparticles by
functionalization with chiral ligands via a relatively simple post-synthetic phase-transfer
ligand exchange [84, 89]. In this process, the initial hydrophobic ligands-capped nanopar-
ticles produced by the hot injection synthesis in organic media are exchanged by chiral
hydrophilic ligands, accompanied by a transfer into the aqueous phase. Subsequently,
they exhibit chiroptical activity in their own absorption region, unlike the chiral ligand
molecules, which often absorb light only in the deep UV region.

The origin of induced chirality can be understood by the chiral distortion of a nanopar-
ticle’s surface atoms upon the adsorption of chiral ligands or the hybridization of their en-
ergy levels with the ones of chiral ligand molecules, which then leads to the splitting of
the hole-electron levels into two sublevels with different absorptions of circularly polarized
light [164, 165]. Via this route of obtaining chiral quantum objects at a single particle level,
it seems interestingly enough to begin an investigation with materials such as NPLs that
possess already a wide window of optical transitions which does not superimpose with the
deep UV region, for such purposes of chirality induction. The as-discussed individual II-VI
cadmium-based nanohelix presents a lateral surface that could span up to thousands of nm?
and in other words, are capable to host a minimum of tens of thousands of ligands if each
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one of the surface cadmiums were to be passivated by a thiolate which occupies roughly
18.5 A2. Moreover, their versatile surface chemistry play renders them to be easily imagined
when it comes to functionalization with various chiral compounds that are interesting to be
tested out.

3.1 Effect of particles’ shape

a b a b
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FIGURE 3.1: (a) Two possibilities of presumed growth along the [0 1 0] and [1
0 0] directions of a small piece of flat NPL that is capped by positive strain-
inducing surface ligands. This leads to the existence of two distinct popula-
tions of nanoobjects which are intrinsically chiral, due to the orientation of sur-
face stresses brought by the adsorption of these ligands that is perpendicular
to one another on the top and bottom wide facets. At equilibrium, these large
ultrathin nanosheets fold as chiral helices in order to minimize their internal
elastic energy. (b) By taking the example of a left-handed helical structure,
the tensile stresses that are directed perpendicularly (resp. in parallel) to the
helical axis on its outer (resp. inner) surface become inverted as the positive
strain-inducing surface ligands like carboxylates are exchanged with the neg-
ative strain-inducing ones such as thiolates. This process of ligand exchange
not only does invert the sense of applied stresses, but also the handedness of
these semiconductor nanohelices.

The previous exchange of surface ligands has been done on NPLs that were initially
capped by a mix of acetates-oleates, toward different linear alkanethiolates possessing the
chemical formula C,Hj,11S™ where n = 2, 4, 8, 12, 18. Theoretically, there should be a
racemic mixture of left- and right-handed helices since the growth of nuclei into platelets
can be both pictured along its zinc blende [1 0 0] and [0 1 0] crystallographic directions with
a presumed equal probability Fig. 3.1(a). During the process of surface alteration from car-
boxylates to thiolates, an unfolding of the nanohelices is first observed before being followed
by a refolding of these latter in the opposing direction. TEM pictures in Fig. 3.2 show that a
single NPL can exhibit areas where a folding in two opposing directions becomes possible.
This arises typically from the presence of a mixture of ligands that simultaneously brings a
tensile (resp. contractile) stress originating from the carboxylates (resp. thiolates) anchoring
group acting on the inorganic core. The carboxylates-capped CdSe NPLs display indeed a
positive strain by 1.9 % of their in-plane lattice parameter compared to the zinc blende bulk
value a. = 6.05 A. In which case, the stress at the origin of curling is directed perpendic-
ularly to the helical axis on the outer surface of the nanohelices. Thus, an exchange from
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carboxylates to thiolates demonstrates an entire modification from an induced tensile stress
to a contractile one and results in an inversion of the nanohelices” handedness as depicted
by Fig. 3.1(b).

Ligand exchange from carboxylates to thiolates
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FIGURE 3.2: TEM pictures of aliquots withdrawn during a process of ligand

exchange from carboxylates to dodecanethiolates, carried out on 3 MLs CdSe

NPLs. In the fourth image, the blue oval highlights a zone where two distinct

directions of curling can be observed at both ends of the nanohelix after being
unfolded. Scale bar: 500 nm.

If one were to conduct CD measurements of these as-synthesized 3 MLs CdSe nanohe-
lices that are initially capped by carboxylates, to in part verify the enantiomeric excess of
these particles in solution, an astonishing result in Fig. 3.3(a,c) shows that their associated
spectrum is not quite exactly zero. It is composed of a sum of contributions giving a sigmoid
line shape and changing derivative’s sign at multiple positions of absorption excitonic max-
ima. For 3 MLs CdSe NPLs, the excitonic transitions involving light hole (e-lh) and heavy
hole (e-hh) states are readily observed as a sharp peak near 462 nm and a corresponding
broader one near 435 nm. At these locations, one indeed observes that the CD line shape
follows a similar trend as the absorption spectrum, which proves that the chiroptical tran-
sitions are associated to the initial excitonic bands of NPLs. The CD signal’s magnitude for
these achiral ligands-capped nanohelices is however relatively weak, giving an order of 3 -
107° in terms of g-factor, where the maximum (resp. minimum) of the sigmoid situates at
469 (resp. 455 nm).

3.1.1 Studies on uniquely-shaped 3 MLs CdSe NPLs

A series of 3 MLs CdSe NPLs with the same thickness, but various lateral sizes and shapes
is synthesized in order to further investigate this intriguing behavior, where achiral ligands-
capped quantum particles are able to weakly exhibit chiroptical properties. Therefore,
nanoobjects that are squares, polygons and twists have been fabricated by changing the cad-
mium and selenium chemical precursors involved during synthesis, as well as the different
introduced amounts of carboxylic acids. Their lateral dimensions are thoroughly analyzed
under TEM after a ligand exchange with iodides, which allows a complete unfolding of the
NPLs. This has yielded objects which are respectively (17020, 7350560, 2870+170) nm?
compared to the helical ones at (53740+4370) nm? (Fig. 3.3(b)). A slight variation in terms
of absorption excitonic maxima is noticed for the smallest squared-objects, where their po-
sitions are blue-shifted by 4 nm compared to the larger ones. This is indeed related to the
stronger quantum confinement effect in the lateral directions of these tiny particles [166].

Factors leading to shape-selective synthesis

In previous studies, the crystalline structures of CdSe nanocrystals with various elongated
shapes belong often to the hexagonal wurtzite phase [167]. There was a need for strong
ligands such as phosphonic acids, to create a difference in binding energy to the different
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available crystal facets [168]. The facets that present a strong ligand binding do not grow as
fast as those with a weaker ligand-binding energy, thereby resulting in symmetry-breaking
nanoparticles. It is as well possible to leverage the steric hindrance existing between
neighboring ligands to result in shape-controlled synthesis. In general, long and bulky
chains tend to stay far apart, rendering the local curvature of a particle high and thus,
giving a spherical shape. Reports where shorter chains with smaller steric strains, that
were either contributing as carboxylic acids or complexing parts of cadmium and selenium
precursors, succeeded at favoring crystallization along a preferential axis to yield rods
around 12 nm for instance [169].

Whereas by tuning the reactive temperature of synthesis in the case of cubic zinc
blende CdSe nanocrystals, distinct morphologies of cube-, sphere-, tetrahedron-shaped
and branched particles with a high uniformity can be obtained [170]. According to the
calculations of relativistic density functional theory, the adsorption energy of capping
ligands on the {1 0 0} facets is usually much lower than that of the {1 1 1} facets due to
their higher packing density and the amount of unsaturated atoms. This indicates that the
growth of the particles on the {1 0 0} facets possesses a lower activation energy barrier and
thus, a preferential growth along this most kinetically favorable direction is facilitated in
this example of slab geometry models.

Hereby in our case, the difference in terms of synthesis between polygons and twists is
due to the ratio of oleic-to-acetic acids introduced in the reactive medium. It is assumed
that in presence of a greater amount of bulkier ligands, the diffusion-controlled mechanism
at play, of incoming monomers onto the narrow facets becomes hindered independently of
the metal and chalcogenide precursors’ concentration [171]. Hence, by adding an adequate
quantity of both long and short chains, one is rather able to tune the aspect ratio of as-
synthesized NPLs, ranging from roughly 2 to 11.

Observations under CD

According to the CD signals plotted in Fig. 3.3(a,c), an increase of g-factor can be observed
going from 0.3, 1.7 to 4.1 - 10~ for particles that are squares, polygons and twists. Similarly
to the nanohelices, their CD line shape exhibits an identical trend with their own corre-
sponding absorption spectrum. The maximum (resp. minimum) of these sigmoids situates
at (465 - 474 - 463) (resp. (449 - 457 - 452) nm). It is worth underlining that the concentration
of particles suspended in solution used, during measurements is similar for all samples. In
other words, the optical density of the first excitonic peak is aimed to be inferior to 0.1. It
can be seen here that the magnitude of the CD response increases with the anisotropy of
particles” individual shape. In comparison between the highest and lowest g-factor values
obtained for twists and squares, there is around a 20-fold increase. It is important to state
that these NPLs are in each case capped by a mix of achiral carboxylates and hence, if
these latter exhibit chiroptical activity, the origin might be due to their symmetry-breaking
morphologies.

Most recently, the phenomenon of CD has been observed in QDs and nanorods which
have not been activated by chiral molecules [76]. This is rather surprising since the
observation of chiroptical activity in randomly oriented nanoparticles generally requires
chirality. In order to shed light onto this point, the authors have suggested that the QDs
possess chiral defects such as screw dislocations, which are affecting the optical properties
of small-sized CdSe/ZnS ones and hence, inducing dichroism signals with dissymetry
factors exceeding 102, Similarly for single CsPbBr; nanocrystals, Lifshitz and co-workers
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FIGURE 3.3: (a) Optical spectra in terms of absorption and CD for 3 MLs CdSe
nanohelices. (b) TEM images of NPLs with the same thickness, but of various
shapes like squares, polygons, twists and helices. The histograms show the
distribution of dimensions along the short- (magenta) and long-axis (cyan)
of these nanoobjects. Measured values are respectively (7+1, 50+7, 11+1,
88+12) nm and (10£1, 95+12, 122+11, 302+45) nm, analyzed over a popu-
lation of 100 nanoparticles. Scale bar: 200 nm. (c) Optical spectra in terms
of absorption and CD for these associated 3 MLs CdSe NPLs, where the first
excitonic peak located near 462 nm is represented as dotted line in the high-
lighted region.

have attributed their elliptical polarization in photoluminescence at zero magnetic fields, to
the inversion symmetry-breaking and Rashba effects [172].

Efros and co-workers have demonstrated that achiral structures such as two-
dimensionally layered perovskites were theoretically shown to exhibit CD that was ob-
servable under an optimal configuration of optical excitation [173]. This latter did not re-
quire an external magnetic field, neither the presence of chiral molecules on their outer sur-
face. Polarization-dependent absorption was expected to occur due to the combined effect
of Rashba splitting, in-plane crystal symmetry-breaking and the effect of the exciton mo-
mentum on its fine structure. Due to the in-plane wave vector dependence on the effective
magnetic field that led to the observation of fine structure, helical excitonic states were split
in systems of orthorhombic and lower crystal symmetries. Typically, crystals with point
symmetry Cp, were capable of demonstrating such Rashba spin-splitting effects and the se-
lective coupling of these helical exciton states to circularly polarized light was responsible
for the as-predicted CD.

3.1.2 Further investigations on 4 MLs

In order to verify such shape-symmetry-breaking assumption that is being hypothesized
here in this work, another series of 4 MLs CdSe NPLs with the same thickness, but various
lateral sizes and shapes is again synthesized. Nanoobjects that are squares, rectangles, twists
and helices have been fabricated by modifying the introduced ratio of cadmium-to-selenium
precursors (Fig. 3.4(b)). Later, their lateral dimensions are thoroughly analyzed under TEM
after a similar ligands exchange with iodides. This time around, the objects present respec-
tively (460£30, 700+50, 4440+£240) nm? compared to the helical ones at (205001+1250) nm?2.
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Again, a slight variation in terms of absorption excitonic maxima is noticed for the smallest
squared-objects, where their positions are blue-shifted by 3 nm compared to the larger ones
(Fig. 3.4(c)).

Observations under CD
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FIGURE 3.4: (a) Optical spectra in terms of absorption and CD for 4 MLs CdSe
nanohelices. (b) TEM images of NPLs with the same thickness, but of various
shapes like squares, rectangles, twists and helices. The histograms show the
distribution of dimensions along the short- (magenta) and long-axis (cyan) of
these nanoobjects. Measured values are respectively (14+1, 741, 2042, 4216)
nm and (14+1, 41+4, 104+7, 238£19) nm, analyzed over a population of 100
nanoparticles. Scale bar: 200 nm. (c) Optical spectra in terms of absorption
and CD for these associated 4 MLs CdSe NPLs, where the first excitonic peak
located near 514 nm is represented as dotted line in the highlighted region.

The CD line shape once again demonstrates a similar evolution with the corresponding
absorption spectrum of each population of 4 MLs CdSe NPLs. In terms of their magnitude,
an increasing trend is observed ranging from 1.2, 3.4 to 7.4 - 10~° for particles that are rect-
angles, twists and helices respectively. The maximum (resp. minimum) of these sigmoids
situates at (519 - 524 - 526) (resp. (501 - 503 - 506) nm). If one were to look at the ratio
between the highest and lowest g-factor values obtained for helices and squares, there is
around a 4-fold increase. This result are in contrast with the work reported by Oron and co-
workers, where there was hardly any change in the relative magnitude of the CD response
with the lateral sizes of investigated CdSe NPLs. In their findings, the NPLs were capped
by chiral L-cysteine molecules, where the effect studied concerned mainly their chiral foot-
print onto semiconductor nanosubstrates obtained through ligand exchange [89]. Besides,
the as-synthesized NPLs in our case display an outer surface that covers differences over
two orders of magnitude, thus enabling a broader scope of investigation.

Enantiomeric excess assessment

Undeniably, the primary motivation of developing chiral nanomaterials is the possibility
of creating chiral metamaterials with negative refractive indices and for the purposes of
biomolecular sensing [174, 175]. However, in order to attain these effects that are funda-
mentally interesting, one is often limited by the issue of CD coupling’s strength. In general,
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significant magnitudes can be obtained in systems of achiral nanoparticles arranged in a
chiral superstructure with strong interparticle interactions [176]. But the most intuitive
approach to obtain a large chiroptical activity is definitely by directly forming nanoparticles
with an actual chiral shape such as gammadions or helices. For instance, a report on the
formation of chiral shapes with enantiomeric excess was done on semiconductor TiO,
that was made possible via a transcription of the helical structure of amino acid-derived
amphiphile fibres through fine coordination bindings between the carboxylic groups and
TiO, source [177]. Moreover, nanocrystals of Te and Se with a variety of chiral shapes
that exhibited dissymmetry factors in the order of 10~ were readily obtained and hint
at the possibility through various chemical transformation processes, of templating other
materials into chiral shapes thanks to the reactivity of Te [79].
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FIGURE 3.5: TEM images of separate batches of 4 MLs CdSe (a) nanohelices

and (c) twists both capped by achiral carboxylates upon synthesis. The dif-

ferent enantiomers: left- and right-handed ones are respectively color-coded

with blue and pink to ease evaluations of enantiomeric excess. Data plotted

in (b) is accounted for a population of 100 objects and averaged over 3 batches
of as-synthesized nanoparticles. Scale bar: 200 nm.

Therefore, a huge challenge remains at resolving an achiral system in order to leverage
the chiroptical activity generated through the shape of the whole nanostructure. Herein,
weak g-factors observed in the order of 107> are mainly attributed to the insignificant
enantiomeric excess of the chiral entities (Fig. 3.5(b)). Carried out image analysis at high
resolution allows a crude distinction of their handedness based on the objects’ contrast
and at first approximations, it appears that a weak enantiomeric excess is observed for
three average batches of synthesized samples. This point however, would certainly require
further exhaustive in-situ tomography techniques to reproduce significative statistical data
[178].

We thus attempt to detail in Chapter 4 a strategy of enantiomeric separation that could
help to sort such systems of achiral mix. Nevertheless, this preliminary shape study done
on NPLs of a given thickness enables at least, the determination of noise signals that are
related to the optical alignment of the CD instrument itself. In which case, these latter ought
to correspond to values found for 3 (resp. 4) MLs CdSe NPLs that are square-shaped which
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equal 0.3 (resp. 1.7 - 107°). For the following discussions in the next sections, the average
dissymmetry factor obtained for these most isotropic square samples is taken as absolute
errors, in part to account for the contributions of lattice chirality and crystal defects, but
also, surely the effect of light scattering and possible birefringence originating from these
nanostructures [179, 180].

3.2 Direct ligation with chiral compounds

Among several evoked origins of inorganic chiral materials from Chapter 1, it is suggested
that the presence of chiral stabilizers can enantiomerically distort the outermost atoms of a
nanoparticle, in order to imprint symmetry-breaking behaviors onto this latter. Therefore,
the stronger the binding of these chiral compounds onto the surface of an inorganic core, the
greater the distortion of this underlying material would become and thus, leading to a more
important chiroptical observation [181]. For these examples, similar molecules with either
one single anchoring group or more like cysteine and N-isobutyrylcysteine were usually
investigated. Thereby, surface ligands that carry two anchoring groups such as two oxygen
atoms from two carboxylates or carboxylate groups combined with thiolates, have strong
interactions with the inorganic core of the material and often, these latter cause inorganic
lattice distortions more easily than those possessing only one single point of attachment.

3.2.1 Thiol functional groups

Concerning chiral semiconductor nanoparticles, the pioneer report on the use of cys-
teine molecules was done on the functionalization of CdTe synthesized through a direct
organometallic route [84]. Moreover, a chiral memory effect was also found for these
thiolates-capped nanoparticles [182]. After a second ligand exchange reaction with achiral
thiols, these CdTe candidates still displayed a symmetrical mirror CD spectrum that was
similar to that of the original chiral L-cysteinemethylester-hydrochloride-capped ones. This
seems to point to a unique fact that in this case, the induced chirality is conserved and
memorized directly onto the surface of these nanoparticles rather than being in interaction
with the inorganic core.

In our present investigation, if one were to wonder about the structural effect of chiral
molecules on the magnitude of resulting CD signals, in total four different chiral compounds
of thiols and carboxylic acids have been looked into. This ought to enable g-factor compar-
isons between ligands that are either strongly or weakly bound to the surface cadmiums,
since sulfurs exhibit in general a higher chemical affinity towards them compared to the
oxygen atoms. Moving on, discussions related to the number of possessed stereocenters in
a ligand and the CD dependence on the thicknesses of NPLs are also elaborated.

Cysteine molecules

Firstly, a phase-transfer ligand exchange procedure as detailed in the Materials and Meth-
ods section is carried out using L-cysteine molecules to substitute the relatively weakly
bound carboxylates. As illustrated in Fig. 3.6(b), this molecule at the experimental pH of
13 presents three functional moieties: carboxylate (COO™), amino (NH;) and thiolate (57)
as dictated by their respective pKa values. On the surface of a QD, all three groups can
potentially be coordinated to the cadmium cations where the strongest affinity is demon-
strated by the part of sulfides. Herein, as the six exposed facets of a NPL consist mainly of
(1 0 0) family of planes and its equivalent, this eliminates preliminarily the possibility of a
tridentate binding form of L-cysteine molecules. These 3 MLs CdSe NPLs that are initially
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FIGURE 3.6: Absorption spectra of various shapes of 3 (resp. 4 MLs) CdSe
NPLs subjected to a ligand exchange from a mix of acetates-oleates to L-
cysteine molecules, displayed in (a) (resp (d)). The chemical formula of this
chiral compound is shown in (b) and the visual observation at bench of such
chemical reaction before and after, is illustrated in (c) for the 3 MLs ones. The
dashed lines indicate the shift of their first excitonic peak located near 490
(resp. 534 nm) after ligand exchange. The resulting CD signals for 3 (resp. 4
MLs) structures are displayed in (e) (resp. (f)), along with their TEM images
at the final state. Scale bar: 200 nm.

suspended in hexane are clearly phase-transferred into the denser aqueous solution after
a certain amount of reaction time, as shown visually in Fig. 3.6(c). During experiment, the
reaction medium is followed by the absorption spectroscopy and the redshift of the e-hh
transition peak stagnates around 490 (resp. 534 nm) upon a completion of ligand exchange
independently of the 3 (resp. 4 MLs) particles’ shape (Fig. 3.6(a,d)). This is most likely
attributed to the partial delocalization of the carrier wave function from the inorganic core
onto the surface stabilizers, as has already been observed in most cases of ligand exchange.

Under TEM, it is interesting to note that similarly to iodides, these particles are entirely
unfolded upon a surface functionalization by L-cysteine molecules and lie flat on their wide
facets. This constitutes therefore another strategy that can be used to better observe an
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object’s morphology and to deduce histograms of its size distribution. Via the elemental
analysis data reported in Tab. 3.1, one can compute in each case, a cadmium-to-selenium
ratio that is constantly close to 4:3 for 3 MLs CdSe NPLs and a sulfur-to-surface cadmiums
ratio that varies around 50 %, given that one cysteine molecule binds to two surface
cadmiums. According to several investigations on the binding mode of cysteine molecules,
in particular on the surface of cadmium-based clusters and nanoparticles through mult-
inuclear solid-state NMR techniques, Takegoshi and co-workers have demonstrated that
the ligands bind to CdSezs magic clusters via coordination as S™-NH, bidentate and S~
monodentate ligations, in amounts of 43 % and 57 % respectively [183, 184]. These results
also hinted at the effect of ligand mobility on the photoluminescence quantum yield of
semiconductor clusters, since monodentate ones can undergo mobile intramolecular bond
rotations in contrary to the rigid bidentate form [185].

Concerning NPLs, as the amino ligation is hindered due to the unfavorable binding
between surface cadmiums and L-type stabilizers, one may assume a scenario where
S7-COO~ bidentate is occurring. As revealed by the means of density functional theory
calculations, as the concentration of L-cysteine molecules increases, the predominant
binding mode of these latter on a QD’s surface evolves from tridentate to bidentate [186].
Herein experimentally, at a ratio of entering ligands of 50 equivalences with respect to
the amount of surface cadmiums that is initially present, one may consider a full surface
coverage of chiral ligands if they were to passivate two cadmium sites per molecule. A prior
observed sulfur-to-surface cadmiums ratio of 50 % hints indeed at this assumption, while
the other moiety is anchored by the carboxylate coming from the exact single molecule and
thus, enabling a complete surface passivation.

3 MLs L-cysteine-capped
CdSe
NPLs
Number Atomic Result for Result for Result for Result for
of planes ratio in squares polygons  twists (%) helices
theory (%) (%) (%) (%)
Cd 4 50.0 46.1+1.2 49.5+0.1 49.440.6 48.9+0.1
Se 3 37.5 39.9+1.3 38.41+0.6 37.6+0.1 38.8+0.1
S 1 12.5 14.1£0.1 12.1+0.6 13.14+0.6 12.4+0.1

TABLE 3.1: Theoretical and experimental atomic ratios of cadmium, selenium
and sulfur upon phase-transfer ligand exchange with L-cysteine molecules,
carried out on various shapes of 3 MLs CdSe NPLs.

In comparison to previous cases, the resulting CD signals herein are as well directly
related to the excitonic band structure of the semiconductor NPLs (Fig. 3.6(e,f)). The CD line
shape follows exactly an identical pattern going from 3 MLs to thicker 4 MLs ones, separated
by a redshift of 44 nm. This proves that these CD transitions arise from the coupling between
the same chiral surface ligands and NPLs of different thicknesses themselves. In terms of
g-factor values computed for the population of 3 MLs, these latter vary between (2.34 - 4.02
-1.70 - 3.35)- 1074 for squares, polygons, twists and helices. Whereas for the 4 MLs, values
of (5.27 —6.59 —4.73 - 3.17)- 10~* are rather obtained. Due to the absence of an absolute trend
in these induced CD results, independently of the anisotropic shape of NPLs, it would be
clearer to interpret these values in terms of their average. For these structures of different
thicknesses capped by L-cysteine, this yields in fact 2.85 and 4.94- 10~%. A previous report
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4 MLs CdSe NPLs L-cysteine-capped
Number of planes Atomic ratio in Result for helices
theory (%) (%)
Cd 5 50.0 49.840.2
Se 4 40.0 42.0£0.2
S 1 10.0 8.1+0.3

TABLE 3.2: Theoretical and experimental atomic ratios of cadmium, selenium
and sulfur upon phase-transfer ligand exchange with L-cysteine molecules,
carried out on 4 MLs CdSe nanohelices.

of comparable ligand exchange with cysteine molecules showcased the highest band edge
CD signal intensity of about 5- 10~* with 5 MLs CdSe NPLs [89]. Thus, this leaves one to
suspect about a possible increase of g-factor values with the thickness of an inorganic core,
where the hole levels are localized, to enter in hybridization with the HOMO of the chiral
ligands.

Dithiothreitol molecules

Secondly, another thiol-functionalized candidate called L-dithiothreitol, has been investi-
gated with its chemical formula represented in Fig. 3.7(b). Visually speaking, the 4 MLs
CdSe NPLs that are initially suspended in hexane are distinctly phase-transferred into the
denser aqueous solution after an overnight reaction (Fig. 3.7(c)). These latter are monitored
via absorption spectroscopy similarly to the case of L-cysteine and the position of the
first excitonic transition peak stagnates around 500 (resp. 538 nm) upon a completion of
ligand exchange independently of the 3 (resp. 4 MLs) particles’ shape. Relating back to the
strain exerted by surface adsorbed ligands, it seems in this case that the contractile stress
is significant enough to curl the NPLs up in contrary to the former L-cysteine molecules
(Fig. 3.7(a,d)). This is coherent with the occurrence of their ST-COO™~ bidentate form that
ought to compensate both the contractile and tensile strains respectively induced by these
two components. Ultimately, it results in an energetically relaxed structure that is quasi-flat
as confirmed via TEM imaging (Fig. 3.6(a,d)).

3 MLs L-dithiothreitol-capped
CdSe
NPLs
Number Atomic Result for ~ Result for Resultfor Result for
of planes ratio in squares polygons  twists (%) helices
theory (%) (%) (%) (%)
Cd 4 444 46.7+25 458420 457411 457405
Se 3 33.3 36.0+0.6  37.3+12  36.1+£1.0  35.9+0.1
S 2 222 17.5£1.8  169+0.7  18.2£0.1 18.5+0.4

TABLE 3.3: Theoretical and experimental atomic ratios of cadmium, sele-
nium and sulfur upon phase-transfer ligand exchange with L-dihtiothreitol
molecules, carried out on various shapes of 3 MLs CdSe NPLs.
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FIGURE 3.7: Absorption spectra of various shapes of 3 (resp. 4 MLs) CdSe
NPLs subjected to a ligand exchange from a mix of acetates-oleates to L-
dithiothreitol molecules, displayed in (a) (resp (d)). The chemical formula
of this chiral compound is shown in (b) and the visual observation at bench of
such chemical reaction before and after, is illustrated in (c) for the 4 MLs ones.
The dashed lines indicate the shift of their first excitonic peak that stagnates
near 500 (resp. 538 nm) after ligand exchange. The resulting CD signals for 3
(resp. 4 MLs) structures are displayed in (e) (resp. (f)), along with their TEM
images at the final state. Scale bar: 200 nm.

4 MLs CdSe NPLs L-dihtiothreitol-capped

Number of planes Atomic ratio in Result for helices
theory (%) (%)

Cd 5 45.5 49.6£0.6
Se 4 36.4 38.6£0.6
S 2 18.2 11.84+0.1

TABLE 3.4: Theoretical and experimental atomic ratios of cadmium, sele-
nium and sulfur upon phase-transfer ligand exchange with L-dihtiothreitol
molecules, carried out on 4 MLs CdSe nanohelices.
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Herein, the elemental analysis once again reveals a good agreement between theoretical
and experimental cadmium-to-selenium ratios that are constantly close to 4:3 and sulfur-
to-surface cadmiums ratios that vary around 70 % (Tab. 3.3). Since the L-dithiothreitol
molecules do not seem to induce any sort of interparticle cross-linking and assemblies
as shown by Fig. 3.7, it is fair to assume that these latter bind to the CdSe NPLs via
coordination as S™-S~ bidentate. One can also argue on this point by stressing out the
amount of entering ligands introduced this time around, which is only of 5 equivalences
with respect to the quantity of surface cadmiums that is initially present. An order of
magnitude lesser in terms of chiral ligands is used, since tests that were previously carried
out at 50 equivalences have all led to an etching of NPLs. In this case where a lower
concentration of chiral compound is added, it should further favor the binding mode in
its lowest energy configuration that corresponds to bidentate instead of being monodendate.

The average dissymmetry factor varies in the order of 0.69 and 1.10- 10~* for L-
dithiothreitol-capped 3 and 4 MLs CdSe NPLs (Fig. 3.7(e,f)). Surprisingly, the CD response
of these L-dithiothreitol-capped NPLs turns out to be relatively weak, with a 4-fold decrease
in direct comparison to the former L-cysteine-capped nanoparticles. Despite this unexpected
dissymmetry gap, one can still extract the general trend where a greater average value is ob-
tained in the case of thicker NPLs than the slightly thinner ones. This drop in terms of
g-factor can only seemingly be due to the chemical structure of these two different thiol-
functionalized chiral adsorbates, which plays a critical role at optimizing the chiroptical
performance of colloidal nanoparticles.

3.2.2 Carboxylic functional groups

When both L-cysteine and L-dithiothreitol molecules bind to the CdSe NPLs via coordina-
tion as ST-COO™ and S-S~ bidentates, although one remarks that the distance between
the asymmetric carbon(s) and the anchoring group(s) seems comparable, this has still led
to a puzzling difference in terms of dissymmetry factor. Two open questions remain on
whether: (i) the amino chiral substituent in the case of cysteine molecules, is actually in-
ducing a greater distortion than both the hydroxyls combined for dithiothreitol or (ii) the
presence of carboxylate anchoring groups favors the inorganic core-ligands electronic cou-
pling better.

Tartaric acid molecules

In order to enlighten these matters, a third chiral candidate called tartaric acid has been
studied. As displayed in Fig. 3.8(b), this compound offers readily the availability to procure
its different forms of enantiomers: L-(+), meso and D-(-) as color-coded in cyan, purple
and magenta respectively. Its molecular structure preserves the dihydroxyl chiral feature
that is localized in the middle of the carbon backbone, similarly to L-dithiothreitol. This
thus allows a direct comparison of the nature of anchoring group between these two chiral
stabilizers.

As demonstrated in prior sections on scenarios of phase-transferred L-cysteine- and
L-dithiothreitol-capped CdSe NPLs, it seems rather that the resulting dissymmetry factors
vary insignificantly with the lateral size of the inorganic substrates, in agreement with
the reported study of Oron and co-workers [89]. Hence, this following paragraph focuses
only on two main geometries: twists and helices, subjected to a ligand exchange with the
different enantiomers of tartaric acid. A dependence of the computed g-factor values on
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FIGURE 3.8: Optical spectra in terms of absorption and CD for two different
lateral sizes of 2 MLs CdSe NPLs, that are subjected to a ligand exchange from
a mix of acetates-oleates to L-(+)-, meso- and D-(-)-tartaric acid molecules, as
displayed in (a) and (d). The chemical formula of these three enantiomeric
forms is shown in (b) and the visual observation at bench of such chemical
reaction before and after is illustrated in (c). The dashed lines indicate the
shift of their first excitonic peak from 392 to 414 nm upon ligand exchange,
while the highlighted region displays an additional sigmoid located at the
first band edge transition of large particles. Their corresponding TEM images
with these various surface alterations are shown. Scale bar: 200 nm.

the thicknesses of NPLs, passivated by both former chiral thiol molecules, is once again ob-
served with this chiral carboxylic candidate. This has then motivated the synthesis of NPLs
that are 2, 3, 4 and 5 MLs thick for the rest of the work in this part, to be post-synthetically
surface-modified.

As displayed in Fig. 3.8(a,d), the as-synthesized carboxylates-capped 2 MLs CdSe NPLs
exhibit excitonic transitions involving e-hh (resp. e-lh) states that are situated at 392 (resp.
372 nm). Initially, these nanoparticles present themselves as scrolls measuring (4140+330)
nm? before being laterally extended up to ten times greater. The protocol of phase-transfer
ligand exchange as detailed in the Materials and Methods section is seemingly different
from the previous one used for L-cysteine and L-dithiothreitol. It avoids the introduction
of an alkaline agent to deprotonate the chiral compounds for an efficient functionalization,
but instead, by leveraging the Le Chatelier’s principle to overwrite equilibria of involved
chemical mechanisms. As precedent, these latter are monitored via absorption spectroscopy
during experiment and the position of the first excitonic transition peak shifts to 414 nm
upon a completion of ligand exchange independently of the NPLs’ lateral size and tartaric
acids’” enantiomeric form.

Under excitation by circularly polarized sources, these tartrate-capped nanoscrolls
demonstrate CD signals that are perfectly mirrored along a spectrum, which is due to the
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racemic mixture of L-(+)- and D-(-)-tartaric acids (Fig. 3.8(e,f)). This control experiment with
the meso-form confirms the absence of preferential binding of one specific enantiomeric
form of tartaric acid over another. Besides in Fig. 3.8, their corresponding TEM images do
not picture any significant differences depending on the adsorbed molecules’ chirality. The
derivative line shape of CD signals associated to each exciton absorption feature is clearly
evidenced, where it crosses zero and changes sign at peaks of the absorption response. This
characteristic behavior better known as the Cotton effect reflects exactly which circular po-
larization is preferably absorbed [69]. Indeed, this bisignated pattern designates a splitting
of the hole level to two sub-bands, during the wave function hybridization-type coupling
between the HOMO of a ligand and valence band states in quantum particles. Cases for
which this coupling is strong, leading to an efficient hybridization, shows that one of
these two sub-bands is pushed higher than the original valence band edge and thus, modi-
fying the optical properties of the inorganic core by narrowing the associated bandgap [187].

The comparison between CD spectra of objects possessing two different lateral sizes,
reveals an additional sigmoid located at the first band edge transition. For a given enan-
tiomeric form of tartaric acid, this hints somewhat at a supplementary split according to
the angular momentum of states between the electron and hole, of the first exciton energy
level. Furthermore, this observation of an additional sigmoid is slightly more pronounced
on NPLs that possess a pair number of MLs than the odd ones. One can remark the
presence of a supplementary CD dip at higher wavelengths than the absorbance maximum,
much more easily on large 2 and 4 MLs CdSe compared to the 3 and 5 MLs ones (Fig. 3.8,
3.9). While recent reports on electron transmission through chiral molecules suggest an
existing relationship between spin and chirality, however it cannot be concluded for the
present work, in the absence of a theoretical model, whether this such similar mechanism
applies for excitations in NPLs possessing exactly either a pair or odd number of MLs
in terms of thickness along their one-dimensional quantum confinement direction [188, 189].

According to these surface modifications by chiral tartaric acid molecules on NPLs that
are 2, 3, 4 and 5 MLs thick, several common aspects can be pointed out: (i) the position
of the first excitonic peak redshifts respectively by (22 — 20 — 19 — 5) nm, independently
of the nanoparticles” lateral size and enantiomeric form of ligands used and (ii) the two-
dimensional objects” morphology is well preserved upon exchange with a ratio of entering
ligands fixed at 5 equivalences with respect to the amount of surface cadmiums that is
initially present (Fig. 3.8(a,d), 3.9(a-f)). Globally, the resulting CD signals consist of a
similar line shape that is progressively migrating to the location of each NPL population’s
excitonic bands (Fig. 3.9(g-1)). As for their absolute dissymmetry factors, in average
between nanoparticles of two different shapes, this gives (3.26 — 3.44 — 12.59 — 7.77) (resp.
(2.06 - 1.93 -2.65 - 7.00)- 10~*) for the L-(+)- (resp. D~(-)-) tartaric acid surface modifications.

By comparing dissymmetry factors obtained for dithiothreitol valued at 0.69 and 1.10-
10~* on 3 and 4 MLs CdSe NPLs, there is in average a 4-fold increase with tartaric acid. In
both scenarios, independently of the dithiol or dicarboxylic acid functional groups, there is
an observed decrease in the band-gap resulting from the delocalization of photogenerated
exciton wave functions of the nanocrystals into their chiral ligand shell. According to the
theory of hybridization, a hole created in the valence band of a semiconductor material
renders it 7r-acceptor and interacts seemingly with the filled HOMO of the surface passi-
vating ligand acting as 7r-donor [190, 191, 192]. This hybrid bonding orbital redshifts the
lowest energy absorption peak due to an increase of the quantum confinement size and
in particular under circularly polarized light, CD signal is produced from the coupling of
electric dipole transition moments between considered chromophore parts [193]. Via this
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FIGURE 3.9: Optical spectra in terms of absorption and CD for two different
sizes and shapes: twists and helices, of (a,b) 3, (c,d) 4 and (e,f) 5 MLs CdSe
NPLs that are subjected to a ligand exchange from a mix of acetates-oleates to
L-(+)-, meso- and D-(-)-tartaric acid molecules. The dashed lines indicate the
shift of their first excitonic peak from 462 (resp. 512 and 555 nm) to 482 (resp.
531 and 560 nm) for structures that are 3 (resp. 4 and 5 MLs) thick. The high-
lighted region displays an additional sigmoid located at the first band edge
transition, which is easily identified for large NPLs that possess a pair num-
ber of MLs. Their corresponding TEM images in the case of functionalization
with L-(+)- and D-(-)-tartaric acid are shown. Scale bar: 200 nm.
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reasoning, the mere difference between dithiol and dicarboxylic acid anchoring groups
from the molecular structure itself hints strongly at distinct coupled polarization behaviors
with the CdSe excitonic transitions.

In the visible region characteristic to the absorption of these cadmium-based NPLs, the
HOMO originates from the selenium 4p orbital, while the cadmium 5s orbital contributes
to the LUMO. Herein, it becomes essential to consider their band alignment with the chro-
mophores of a surface ligand that are susceptible to induce any sort of polarizations, that
was demonstrated to impact the global strength of CD signals [194, 195, 196]. CdSe nanote-
trapods possessing two various crystal structures: zinc blende core and wurtzite arms for
instance, recorded such induced CD line shapes owing to intracrystal charge transfer and
band alignment effect [197]. Similarly, chiral QD assemblies between CdSe and CdTe effi-
ciently harvested their interparticle band engineering to result in varying electron-transfer
rates that depended on the strength of the acceptor’s CD spectrum [198]. These findings
imply the consequence of biais orientation and selectivity of dipoles on a chiral absorbing
medium. The resulting dipole screening properties of these chiral quantum particles could
notably prove useful for creating spin selective conduction pathways toward sensitized pho-
tovoltaic devices [199].

Malic acid molecules
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FIGURE 3.10: Optical spectra in terms of absorption and CD for two different
shapes of 5 MLs CdSe NPLs, that are subjected to a ligand exchange from
a mix of acetates-oleates to L-(-)-, meso- and D-(+)-malic acid molecules, as
displayed in (a) and (d). The chemical formula of these three enantiomeric
forms is shown in (b) and the visual observation at bench of such chemical
reaction before and after is illustrated in (c). The dashed lines indicate the
initial position of their first excitonic peak near 555 nm, while the highlighted
region displays an additional sigmoid located at the first band edge transition
of large particles. Their corresponding TEM images with these various surface
alterations are shown. Scale bar: 200 nm.
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Lastly, a fourth chiral candidate called malic acid has been investigated under a similar
approach to tartaric acid. As displayed in Fig. 3.10(b), this compound offers as well the
possibility to procure its different forms of enantiomers: L-(-), meso and D-(+) as color-coded
in cyan, purple and magenta respectively. In contrary to the former carboxylic candidate,
there is only a monohydroxyl chiral feature that is localized along the carbon backbone of
this molecule. Hence, it enables a direct comparison of the effect of stereocenter number
on the magnitude of CD signals, for an identical anchoring mode of these two carboxylic
ligands.

These 5 MLs CdSe NPLs initially suspended in hexane, are phase-transferred into the
denser methanol solution, upon a complete ligand exchange as depicted in Fig. 3.10(c).
During experiment, these latter are monitored via absorption spectroscopy and the redshift
of the first excitonic peak turns out to be less pronounced compared to tartaric acid
(Fig. 3.10(a,d)). By summarizing the data of these chiral malate-capped NPLs of different
thicknesses, there is a net difference by 4 nm in each case compared to the tartrate-capped
ones (Fig. 3.11(a-f)). This yields peak positions that are respectively localized at (410 —
478 — 527 — 551) nm, while once again being independent of the NPLs’ lateral size and
enantiomeric form of adsorbed molecules.

Despite the similar carboxylic anchoring group existing between tartaric and malic
acids, the difference in spectral shifts can be attributed to a crystalline deformation
which alters the quantum well width of the CdSe inorganic core. XRD analysis of chiral
carboxylates-capped 3 MLs nanohelices indicate that their respective in-plane lattice pa-
rameter differs by a fraction for the (220) family of planes as depicted in Fig. 3.12(a). There
is an inclining trend towards greater 26 values (shaded in purple) in the case of tartrates,
compared to malates whose peak maxima are rather localized in the green zone. This lateral
contraction of the crystal lattice leads then to a more important perpendicular expansion of
their confinement direction as illustrated in Fig. 3.12(d) and therefore, displaying a slight
redder optical feature in absorption [23].

Peng and co-workers have previously identified the various coordination modes be-
tween surface cationic sites and carboxylate ligands, based on a combination of FTIR, NMR
and density functional theory (DFT) techniques to distinguish their molecular structure in
a series of zinc blende CdSe nanocrystals presenting unique facets [200]. In particular for
NPLs dominated with {1 0 0} basal planes, the chelating and bridging modes have been un-
derlined as the dominant coordinations of carboxylates on these polar facets (Fig. 3.12(b)).
Herein, each surface cadmium is coordinated to two selenium atoms from its lattice and
thus, an ideal ligand coordination would be to provide two coordinating bonds for a
complete tetrahedron environment of the exposed cations. Since tartaric and malic acids
exhibit significant spectral redshifts than their initial case passivated by acetates-oleates,
it is reasonable to believe that the cause of quantum well expansion originates from an
important contractile factor such as bidentate ligation of a molecule onto one single lattice
unit (Fig. 3.12(e)).

If these bicarboxylic structures were to passivate the {1 0 0} basal planes of NPLs under
an optimal cis-configuration, the conformation of these latter alone have been generated
using molden and minimized with the AMBER force field package, as depicted in Fig. 3.12(c).
This yields end-to-end distances between oxygen atoms that are utmost (resp. at least)
0.443 (resp. 0.365 nm) for tartrates and in parallel, 0.442 and 0.378 nm for malates. A crude
estimation of an average of these two values in each scenario, compared to the ideal zinc
blende reduced lattice parameter a., gives a mismatch ratio of -5.6 and -4.2 % respectively
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FIGURE 3.11: Optical spectra in terms of absorption and CD for two different
sizes and shapes: twists and helices, of (a,b) 2, (c,d) 3 and (e,f) 4 MLs CdSe
NPLs that are subjected to a ligand exchange from a mix of acetates-oleates to
L-(-)-, meso- and D-(+)-tartaric acid molecules. The dashed lines indicate the
shift of their first excitonic peak from 392 (resp. 462 and 512 nm) to 410 (resp.
478 and 527 nm) for structures that are 2 (resp. 3 and 4 MLs) thick. The high-
lighted region displays an additional sigmoid located at the first band edge
transition, which is easily identified for large NPLs that possess a pair num-
ber of MLs. Their corresponding TEM images in the case of functionalization
with L-(-)- and D-(+)-tartaric acid are shown. Scale bar: 200 nm.
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FIGURE 3.12: (a) Diffractogrammes of 3 MLs CdSe nanohelices functional-
ized with both chiral enantiomers of tartaric and malic acids, with respect to
the initial achiral carboxylates-capped ones. The dashed lines in the region
of (2 2 0) family of planes correspond to lattice parameter values of 6.19 and
5.90 A, along with highlighted zones showing their peak maxima. (b) Illustra-
tion of three possible coordination modes for carboxylates on the {1 0 0} facet
on a NPL. (c) Estimation of end-to-end distances between oxygen atoms for
an optimal cis-configuration of both the chiral candidates, generated under
molden-AMBER package. (d) Scheme of a supposed tetragonal CdSe lattice
deformation during the adsorption of tartrates and malates onto a piece of 3
MLs NPL. (e) In average, one ligand binds in a bidentate fashion to two sur-
face cadmium atoms, where ay = 0.605 nm, a4, = 0.428 nm, d; = 0.443 nm and
dy ~ 0.37 nm. Adapted from [200].

for tartrates and malates. Thus, this finding points to an out-of-plane lattice expansion that
is more important in the former case and agrees coherently with our absorption and XRD
experiments.

It is curious to state that uniquely on 5 MLs CdSe nanohelices, the CD dip at its first
excitonic transition evolves oppositely compared to all structures and even, its nanotwists
counterpart of the same thickness. In the usual case of tartaric acid, the L-(+) (resp. D-(-))
form exhibits a CD dip that is of negative (resp. positive) sign. However, as one can observe
in Fig. 3.9(1), this tendency becomes inverted at least in the zone of e-hh transition, while
preserving the usual pattern at lower wavelengths. This confirms that the cyan curves
correspond indeed to L-(+)-tartaric acid, as their CD signal in the near-UV region matches
one another, while being mirror-image to the magenta plots for D-(-)-tartaric acid. Same
goes with malic acid found in Fig. 3.10(d), where solely an inversion is noticed in the e-hh
transition zone of these 5 MLs CdSe nanohelices. While on other structures, the L-(-) (resp.
D-(+)) form exhibits a CD dip that is rather of positive (resp. negative) sign. This odd
behavior might surely be related to the absence of significant redshift for ligand exchanges
performed on these 5 MLs CdSe nanohelices. Seemingly, the angular momentum between
electron and hole states is of opposite nature, when their absorption spectra either do not
change or become blueshifted.

By weighing in the behavior of chiral tartaric and malic acids-capped CdSe NPLs,
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several interesting trends can be extracted for all NPL populations of various thicknesses:
(i) identical CD line shape can be found between the pair (L-(+)-tartaric acid and D-(+)-malic
acid) and similarly, for the pair (D-(-)-tartaric acid and L-(-)-malic acid) in each single case
of ligand exchange and (ii) greater g-factor values are demonstrated when anchored ligands
possess two stereocenters instead of one. This first peculiar behavior of paired molecules
between tartaric and malic acids falls back indeed to the fundamental definition of optical
isomers, for structures that hold the same sequence of atoms and bonds, but are of different
spatial arrangement. Enantiomers that are named dextrorotary (resp. levorotary) are
assigned (+) (resp. (-)), which tend to rotate plane-polarized light in the positive clockwise
(resp. negative anti-clockwise) direction [201]. Hence, all the above CD findings agree well

between the two pairs of (L-(+)-tartaric acid and D-(+)-malic acid), along with (D-(-)-tartaric
acid and L-(-)-malic acid).
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FIGURE 3.13: Absolute g-factor values of chiral carboxylates-capped 2, 3, 4

and 5 MLs CdSe NPLs of two different lateral sizes. In (a) (resp. (b)), the

pair (L-(+)-tartaric acid and D-(+)-malic acid) (resp. (D-(-)-tartaric acid and L-

(-)-malic acid)) is represented in order to compare the similar optical isomers
from two different families of molecules.

In Fig. 3.13, the overall view of resulting g-factors is summarized for all 2, 3, 4 and
5 MLs thick NPLs that have undergone ligand exchanges with the chiral tartaric and
malic acids. It is important to state that they are plotted as a function of free lateral
surfaces composing every NPL structure. These latter are therefore given by the expression
2- (LW + LH + WH), for both investigated geometries of the same NPL population, where
(L,W,H) each respectively indicates its length, width and thickness. As noticed beforehand
by Ferry and co-workers, there was a near 2-fold increase in g-factor values between these
two families of chiral carboxylates-bound CdSe QDs reaching up to 1.60- 10~% [181]. Herein,
a similar trend can be observed for studies carried out on NPLs, where malic acids are
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constantly displaying dissymmetry values that are lower than tartaric acids. If one were to
assume an average value of these two investigated shapes, it would have given the largest
factor up to 12.59- 10~ in the case of L-(+)-tartrate—capped 4 MLs nanoparticles.

Despite an absence of linearly increasing g-values with less confined NPLs, one can still
observe an average growing trend in each horizontal panel of Fig. 3.13, going from 2 to 5
MLs. During considered hybridization between the hole level and surface ligand’s HOMO,
it was demonstrated that the splitting magnitude increased with QDs’ size for the first band
edge transition and underlined the importance of an energetic resonance between these two
bands [202]. Via this reasoning, it was assumed that the HOMO level of cysteine molecules
lies just above the valence band of CdSe and as the size of QDs was increased, this former
will be pushed closer into resonance with the ligand’s HOMO. On the other hand however
with tiny CdS QDs, a decaying signal of induced CD was rather observed with their increas-
ing size [203]. This was attributed to the decrease of spatial overlap between the hole level’s
wave function and that of the surface ligands. Thereby, these reports highlight the impor-
tance of band alignment of different considered materials if one were to predict an evolution
of their chiroptical absorption behaviors.

Characterizations of exchanged surface ligands
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FIGURE 3.14: (a) FTIR spectra of free carboxylic acids and carboxylates-bound

CdSe NPLs. (b) Experimental and theoretical 'H NMR findings of L-(+)-

tartaric and D-(+)-malic acids, where deuterated methanol is used as the sol-
vent.

Nevertheless, these chiral carboxylates-capped NPLs are subjected to further character-
izations that enable the information extraction of surface ligands” behavior such as their
coverage and binding mode. In Fig. 3.14(a), the FTIR spectra of typical free suspending
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carboxylic acid molecules like acetic, oleic, tartaric and malic have been recorded under
similar experimental conditions as those used during ligand exchange. Unsurprisingly,
these latter all exhibit common vibrational modes associated to the stretching and bending
of hydroxyl and carbonyl bonds as indicated. During experiment, as the pH of reaction
medium situates below 4, this gives indeed a partial protonation of functional groups
according to their respective pKa values. Prior reports have confirmed that in order to
efficiently substitute a bound carboxylate ligand with a free carboxylic acid, it is essential
that this process be accompanied by a proton-transfer event [204, 205]. Herein, this criterion
is well respected without employing any basic solutions, in contrary to the previous
procedure of displacing bound carboxylates by free thiol molecules like cysteine and
dithiothreitol, that was performed near a pH of 12.5.

Both large 2 MLs CdSe NPLs capped by a mix of acetates-oleates and those of 3 MLs,
that are back-exchanged by acetic acids alone through the route of chlorides, display
exactly similar spectra. It is as if these monodentate carboxylates bind in an identical
fashion to the surface cadmiums of NPLs, leading to comparable values of asymmet-
rical and symmetrical carboxylate vibrational bonds. In order to ensure a complete
ligand back-exchange towards acetates, an additional annealing procedure is carried out
in parallel to verifications by absorption spectroscopy and elemental analysis (Appendix D).

Whereas for L-(+)-tartrate- and D-(+)-malate-capped ones, the peak corresponding to
the asymmetrical stretching of carboxylate bonds becomes significantly shifted to higher
energies as depicted in Fig. 3.14(a). This might potentially be due to the anchoring ligands
via coordination as COO™-COO™ bidentate, where the chemical environment seen by these
two ends of carboxylate with respect to the molecular midpoint is dissymmetric. Notably
in the case of malic acid, the presence of one single hydroxyl substituent accentuates its
structural dissymmetry compared to the tartaric ones. Through binding as bidentate, not
only the energy associated to their molecular conformation is shown to be favorable, this
non-negligible shift of about 113 cm ™! compared to the conventional vibration of monoden-
tate surface ligands hints at a change in binding mode from chelating to a tilted fashion as
depicted in Fig. 3.12(b) [206, 186, 30]. Therefore, this further confirms the assumption of a
bidentate ligation for tartrates and malates, under a cis-configuration.

Both experimentally and theoretically obtained 'H NMR data performed on L-(+)-
tartaric acid and D-(+)-malic acid molecules demonstrate a good agreement of their proton
resonances in Fig. 3.14(b), with deuterated methanol used as the solvent. One can leverage
the fact that these chiral acid molecules present a prominent peak situated around 4.8 ppm,
to promptly differentiate from the ones of acetates and oleates. Via this method, a ratio of
chiral-to-achiral acids both simultaneously present on the outer surface of a NPL can then be
estimated, although it was assumed that the quantity of acetates-oleates left unexchanged
ought to be infinitely small. As displayed in Fig. 3.15, indeed the initial signals that were
assigned to the presence of acetates located at 2.0 ppm disappear entirely upon ligand
exchange with both L-(+)-tartaric acid and D-(+)-malic acid molecules. Whereas, traces of
methyl contribution from oleates can be determined at 0.9 ppm.

By performing these similar evaluations on NPLs of various thicknesses for the pair (L-
(+)-tartaric acid and D-(+)-malic acid), the molecular ratio of chiral compounds-to-oleates
can then be assessed, as plotted in Fig. 3.15(b). It is important to state that a primarily
homogenous ligand distribution on each individual particle over the entire ensemble of an-
alyzed NPLs is assumed. As expected at equilibrium, the relative number of exchanged chi-
ral molecules varies quasi-independently with the thickness of the inorganic core. Despite
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FIGURE 3.15: 'TH NMR spectra of L-(+)-tartrate- (resp. D-(+)-malate-) capped
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Fig. 3.14(b). The green ones represent the methyl contribution from oleates
that were previously found in Fig. 2.2 from Chapter 2. The resulting molecu-
lar ratio of chiral compounds-to-oleates is then deduced for one single shape
population of NPLs: the largest ones, with various thicknesses in (b).

the fact that the ligand adsorption energies were generally shown to increase with the size
of an inorganic core, this does not cause any major differences in terms of relative amount
of exchanged-to-unexchanged molecules during the final state [207, 208]. This might be
understood since the ligand desorption energies too, increase with the particles’ size as
entropy-related contributions to the free energy of displacement and hence, this yields a
final constant ratio for the same CdSe material between NPLs of different thicknesses [209].
The order of magnitude of as-obtained molecular ratios hints at an efficient ligand exchange
from an achiral mix of carboxylates to these two families of chiral agents, that convey col-
loidal stability overtime in polar solvents.

3.3 Surface modification with halides

Until recently, a clear distinction between the studies of ligand exchange carried out on
NPLs exhibiting both the wurtzite and zinc blende structures has been published [210,
211]. The nonpolar facets of the wurtzite structure have in theory, equal numbers of atoms
coming from the 12 and 16! columns of the periodic table of elements and are charge
neutral. The polar facets of the zinc blende structure however, are terminated by positively
charged cadmium atoms. Thereby, the previous one expresses in majority a preference
with neutral L- or Z-type ligations unlike the latter one which tends only to anionic X-type
ligations.

These changes in surface ligation are most often accompanied by observable
bathochromic or hypsochromic shifts of the optical band gap of these semiconductor
nanocrystals. Weiss and co-workers have initially demonstrated that the incorporation of
phenyldithiocarbamate ligands onto the surfaces of II-VI QDs can result in modifications up
to 1 eV of the lowest-energy absorption feature to a lower scale [187]. In these systems, holes
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delocalized into the ligand shells, hence increasing the effective confinement dimension and
decreasing the associated potential. Concurrently, ligand exchange of native carboxylates
with aliphatic thiol or phosphonic acid performed on CdSe NPLs also implied a large shift
of excitonic transition energy up to 240 meV [23]. In such cases, the electronic coupling
between the inorganic core and surface ligands came in again to modify the initial crystal
lattice, to result in either an increase or decrease of the quantum confinement as elucidated
in Chapter 2.

3.3.1 Two-steps ligand exchange towards ibuprofen molecules

The starting point of this section began by selecting an uncommon chiral candidate that pos-
sessed an adequate molecular size, in order to minimize the consequence of steric hindrance
and to ease the process of ligand exchange on pristine NPLs capped by achiral carboxylate
ligands. Ideally, the chiral compound ought to exhibit one single functional group via which,
it anchors onto the inorganic substrate. Herein, (S)-(+)-ibuprofen has been chosen where its
chemical formula and the position of asymmetric carbon are shown in Fig. 3.16(a). Accord-
ing to the modeling made under Gaussian, it presents a dimension of (1.0 x 0.5 x 0.4) nm?
in its lowest energy configuration and a pKa value near 4.9 [212]. In comparison to linear
carboxylates like acetates (resp. oleates), these latter are estimated in the order of (0.2 (resp.
1.8) x 0.5 x 0.5) nm? [17, 18].

Characterizations on 3 and 4 MLs CdSe NPLs

A two-steps procedure has been carried out, where the native carboxylate ligands are first
removed with halides before being redisplaced again by chiral ibuprofen molecules during
the second time around. It has been demonstrated that halides are X-type ligands that are
capable of redshifting the optical features of NPLs to approximately 80 meV for 4 MLs
CdSe structures and simultaneously, increasing their photoluminescence quantum yield to
an order of 70 % [147]. As detailed in the Materials and Methods section, the substitution
of halide ligands onto 3 MLs CdSe nanohelices is performed at room temperature through
the introduction of oleylamine and metal halides dissolved in ethanol, into a solution of
nanoparticles suspended in hexane. This leads to a significant bathochromic shift of the
optical band gap of these latter, in the order of 18 (resp. 35 and 34 nm) for ligand exchanges
toward chlorides (resp. bromides and iodides).

Moreover, to ensure the colloidal stability of NPLs in nonpolar solvents, oleylamine is
jointly added during ligand exchange. Interestingly enough, the introduction of oleylamine
reduces the possibility of cadmium halide MLs" formation around the semiconductor’s
inorganic core and results in a final position of the absorption features close to those of the
intermediate NPLs stabilized by amines through hydrogen bonding with the surface halides
[211]. It is important to note that the ratio of entering ligands is fixed at 10 equivalences
with respect to the amount of surface cadmiums that is present. After an overnight reaction
and thorough washing steps to eliminate additional and unreacted cadmium halides, these
zinc blende 3 MLs CdSe nanohelices are subjected to the reversibility test of X-to-X" ligand
exchange (Fig. 3.17). For this purpose, 100 equivalences of (S)-(+)-ibuprofen dissolved
in ethanol are introduced into a purified solution of halides-capped NPLs suspended in
hexane. This back-exchange towards carboxylate ligations yields a hypsochromic shift of
the lowest-energy spectral feature back to 474 nm, a position close to that of the initial
acetates/oleates-capped nanohelices at 462 nm (Fig. 3.16(a)).
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FIGURE 3.16: (a) Absorption spectra of subsequent steps (orders indexed in
red) of ligand exchange starting from 3 MLs CdSe nanohelices capped by a
mix of acetates-oleates (black dotted lines). Bottom (resp. middle and top)
panel represents the case where cadmium chlorides (resp. bromides and io-
dides), along with oleylamine are first employed and plotted as colored dot-
ted lines. Later on, these latter are back-exchanged by the chiral molecule
displayed in the inlet, called (S)-(+)-ibuprofen according to the chemical path-
way depicted in Fig. 3.17(b). Their corresponding TEM images are shown in
(b). Scale bar: 200 nm. (c) In the case of NPLs treated with chlorides, these
particles are monitored at each step with FTIR.

As shown in Fig. 3.16(a), the position of the associated first excitonic peaks after a
back-exchange reverts indeed to 474 nm in the case of chlorides and bromides. For iodides
however, its position seems to be retained at 488 nm. Their corresponding TEM images
show that a first complete ligand exchange from achiral carboxylates to cadmium halides
stabilized by oleylamine, gives NPLs which are less uniformly folded compared to their ini-
tial helical morphology. By referring to their associated XRD patterns presented in Fig. 3.18
for both 3 and 4 MLs structures, these latter are situated much closer to the bulk zinc blende
CdSe possessing a lattice parameter of 6.05 A, compared to the carboxylates-capped ones
that are extended to 6.19 A. Therefore, the induced strain is much lower in the case of
halides which contributes to the eventual unfolding of the nanohelices [147].

The fact that the (2 2 0) peak is much sharper in the case of bromides compared to
chlorides agrees well the previous finding elaborated in Chapter 2, where the full width at
mid-height (FWMH) of peaks corresponding to the (2 2 0) family of planes related to the
parameters a¢ and ¢, ought to decrease and becomes sharper as the helices radii increase.
Indeed, this point matches well with the TEM images of chlorides- and bromides-capped
nanohelices which are large in terms of diameter (Fig. 3.16(b)). For iodides however, since
most of the objects lie flat on their wide facets, it is reasonable that the intensity ratio of (2 2
0) family of planes to the (1 1 1) ones diminishes, as the scattering probability of this former
becomes slimmer. On the hand with those small rectangle-shaped 4 MLs, one can observe
a presence of the sharp (2 2 0) peak independently of the chosen halide used during the
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FIGURE 3.17: (a) Presumed pathway for the stages of ligand exchange carried
out on zinc blende CdSe NPLs. R (resp. R” and R”) represents the rest of
the carbon chains of acetates (resp. oleates and oleylamine). (b) Reversible
back-exchange procedure, beginning from an achiral mix of carboxylates to
halides co-stabilized by oleylamine, then reverting back to (S)-(+)-ibuprofen.
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FIGURE 3.18: XRD patterns of 3 (resp. 4 MLs) CdSe NPLs displayed in (a)
(resp. (b)) with various conditions of surface chemistry, from initially acetates-
oleates-capped to halides co-stabilized by oleylamine and back-exchange to
(S)-(+)-ibuprofen via the route of chlorides. It is important to note that large
nanohelices are employed in the case of 3 MLs ones, whereas small rectangle-
shaped NPLs are screened for the 4 MLs ones. The two dotted lines in the
region of (2 2 0) family of planes correspond to lattice parameter values of
6.19 and 6.01 A.

first step of ligand exchange. This is mainly due to their tiny shape which renders them the
ability to not only lie flat on their wide facets, but also to stack up along their narrow facets
and thus, facilitating the diffraction of all contributions coming from the (2 2 0) family of
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planes [213]. This highlights once again, the importance of NPLs” anisotropic orientation
that is directly reflected onto their XRD patterns.

Besides, one can observe in Fig. 3.16(b) that the larger the atomic size of a halide, the
more prominent the effect of unfolding goes from chlorides, bromides to iodides. Via
this reasoning, upon a back-exchange with (S)-(+)-ibuprofen, the curvature of the NPLs is
indeed slightly recovered in the case of chlorides and bromides. For iodides however, the
nanoparticles stay globally flat. This is mainly attributed to the quantity of undisplaced
halides by the incoming chiral compound, (S)-(+)-ibuprofen which in turn, hints at the
reason why its excitonic peak’s position was retained at 488 nm. In terms of their structural
behavior under XRD, one can deduce that there is a global shift of peaks toward smaller
Bragg angles according to Fig. 3.18. Indeed, by exchanging back the surface halides
co-stabilized by oleylamine with (S)-(+)-ibuprofen, a tensile strain is once again exerted
onto the inorganic core similarly to the initial acetates-oleates. Hence, this leads to an
increase of the lattice parameter compared to the quasi bulk value that was previously due
to the adsorption of different halides.

FTIR monitoring in Fig. 3.16(c) shows that upon surface alterations of 3 MLs CdSe NPLs
with cadmium chlorides and oleylamine, the characteristic peaks of the carboxylates lo-
cated near 1525 and 1420 cm~! disappear. The appearance of new bands around 3250 and
1590 cm ™! confirms the presence of primary amines in the system, related to their different
stretching and bending modes. Furthermore, the peak situated at 1145 cm ™! demonstrates
the existence of carbon-nitrogen bonds. Subsequently following a back-exchange process,
the initial features of the carboxylates are restored for both their asymmetrical and sym-
metrical stretching modes. Plus, one can also remark the importance of harmonics that are
linked to the bending of carbon-hydrogen bonds in aromatic groups located around 1700
cm~!. Elemental analysis on the other hand, indicates a chlorides- (resp. iodides-) to-surface
cadmiums ratio of 75.0 (resp. 95.1 %) which underlines a lower exchange rate from iodides
to chiral ibuprofen molecules (Tab. 3.5).

3 MLs CdSe (S)-(+)-ibuprofen

NPLs

Number of Atomic ratio in Result via Result via

planes theory (%) CdCl,-OLam  CdI,-OLam (%)
(%)

Cd 4 57.1 49.7+1.3 479+1.4

Se 3 429 335+1.3 31.94+1.7

Cl/1 0 0 16.74+0.9 20.2+1.4

TABLE 3.5: Theoretical and experimental atomic ratios of cadmium, selenium
and halogens (resp. chlorine and iodine) upon a process of back-exchange
with (S)-(+)-ibuprofen, carried out 3 MLs CdSe NPLs.

Fig. 3.19(a) displays the resulting CD signals of 3 MLs CdSe NPLs capped by (S)-(+)-
ibuprofen obtained via back-exchange of halides co-stabilized by oleylamine. Significant
chiroptical activity is only observed when chlorides are used as intermediates, in contrary
to their counterparts: bromides and iodides, where their weak signals lead to an incon-
clusive judgement. This is presumably due to the existence of a threshold, dictating the
minimal amount of chiral agents present in order to observe an efficient coupling between
the surface ligands and inorganic substrate. The 20 % absolute excess of surface iodides
in comparison to chlorides, which are still present after a back-exchange as shown by
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FIGURE 3.19: CD signals of back-exchanged (S)-(+)-ibuprofen-capped 3 (resp.
4) MLs CdSe NPLs displayed in (a) (resp. (b)). The dashed lines indicate the fi-
nal shift of their first excitonic peak back to 474 (resp. 520 nm). TEM images of
rectangle-shaped 4 MLs CdSe NPLs subjected to different stages of ligand ex-
change according to the chemical pathway depicted in Fig. 3.17(b), are shown
in (c). Scale bar: 200 nm. (d) Absorption spectra of subsequent steps (orders
indexed in red) of ligand exchange starting from 4 MLs CdSe NPLs capped by
a mix of acetates-oleates-myristates (black dotted lines). Bottom (resp. middle
and top) panel represents the case where cadmium chlorides (resp. bromides
and iodides), along with oleylamine are first employed and plotted as colored
dotted lines. Later on, these latter are back-exchanged by the chiral (S)-(+)-
ibuprofen molecule, displayed in the inlet.

elemental analysis, might be significant enough to rule out any chance at obtaining active
chiroptical nanomaterials (Tab. 3.5). It is important to state that none of these chiroptical
behaviors is observed right upon the first step of ligand exchange with cadmium chlorides
co-stabilized by oleylamine, as shown by the black control curves in Fig. 3.19(a,b).

A similar trend is once again observed on rectangle-shaped 4 MLs CdSe NPLs in
Fig. 3.19(b). The only case that results in active chiroptical nanoobjects is via the route of
back-exchanging chlorides co-stabilized by oleylamine, with (S)-(+)-ibuprofen in a ratio of
entering ligands fixed at 100 equivalences with respect to the amount of surface cadmiums
that is present. They each exhibit a g-factor of 1.44 (resp. 0.24- 10~%) for 3 (resp. 4) MLs CdSe
NPLs and demonstrate maxima (resp. minima) of these sigmoids at (502 - 550) (resp. (474
- 519) nm). Upon the first step of ligand exchange towards chlorides (resp. bromides and
iodides), this results in a significant bathochromic shift of the optical band gap of the 4 MLs
CdSe NPLs, in the order of 45 (resp. 27 and 21 nm). Later on, the position of the associated
first excitonic peaks after a back-exchange reverts to 520 nm for chlorides and bromides,
compared to 527 nm in the case of iodides (Fig. 3.19(d)).
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FIGURE 3.20: (a) Absorption spectra of subsequent steps (orders indexed in
red) of ligand exchange starting from 3 MLs CdSe NPLs capped by a mix of
acetates-oleates (black dotted lines). Bottom (resp. middle and top) panel rep-
resents the case where square-shaped (resp. polygons and twists), are first
treated with cadmium chlorides-oleylamine and plotted as colored dotted
lines. Later on, these latter are back-exchanged by (S)-(+)-ibuprofen according
to the chemical pathway depicted in Fig. 3.17(b). Identical surface modifica-
tions done on 4 MLs CdSe NPLs (squares, twists and helices) are respectively
shown in (c). The resulting CD signals for 3 (resp. 4 MLs) structures are dis-
played in (b) (resp. (d)), along with their TEM images at the final state. The
dashed lines indicate the final shift of their first excitonic peak back to 474
(resp. 520 nm). Scale bar: 200 nm.

Extension onto different shapes of 3 and 4 MLs structures

This protocol of back-exchange has later been both extended onto 3 and 4 MLs CdSe NPLs
that were previously synthesized in various shapes. One can observe that the hypsochromic
shift upon the back-exchange with (S)-(+)-ibuprofen, yields a final position of the associated
first excitonic peak near 473+1 and 519+1 nm independently of the morphology of the
nanoparticles. It is important to note that these recorded values are close to those fore-
mentioned in the case of 3 MLs nanohelices and 4 MLs rectangles. According to the TEM
images displayed in Fig. 3.20(a,c), it is interesting to point out that despite multiple steps of
surface alteration on these atomically thin nanosheets, their two-dimensional appearance is
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well-preserved without suffering any major etching. During previous tests where higher
ratios of entering ligands were introduced with respect to the present amount of surface
cadmiums, it was shown that the NPLs may be damaged and lost their well-defined
structure near the boundaries.

CD spectra in Fig. 3.20(b,d) give rise to dissymmetry values of (0.05 - 1.13 — 1.34 - 1.44)
(resp. (0.02 - 0.24 — 0.26 — 0.25)- 10~*) for 3 MLs CdSe squares, polygons, twists and helices
(resp. 4 MLs squares, rectangles, twists and helices). One of the first drawn conclusions
is that independently of the number of MLs constituting the NPLs, seemingly for the
square-shaped ones, their dissymmetry factor is weak below 107°. This value situates
in the same order of magnitude than those found in the beginning, for CD originating
from achiral carboxylates-capped square NPLs. Oddly by adding chiral (S)-(+)-ibuprofen
molecules onto these square objects, it does not seem to intensify their absorptive-like CD
signals by much, in contrary to an intuitive thought.

Secondly, the evolution of dissymmetry values tends to a plateau for the rest of the
studied geometries on 3 and 4 MLs CdSe NPLs capped by (S)-(+)-ibuprofen. This limit
seems to be independent of the particles” anisotropic shape among rectangles, polygons,
twists and helices. In another sense, this evolves independently of the lateral sizes of the
inorganic substrate on which the chiral ligands are adsorbed. In conjunction with the work
reported by Oron and co-workers, a similar L- and D-cysteine coverage found on different
NPL populations whose lateral dimensions ranged from 43 to 650 nm?, has led to hardly
changing g-factors among them [89].

The redshift of the CD dip position at the NPLs" band edge transition with their
thicknesses, display a global absorptive line shape in both Fig. 3.20(b,d). This qualitative
observation associated to the e-hh excitonic transition state is in fact composed of two
degenerate contributions of the two in-plane dipoles of a NPL [214]. If these latter were of
opposite sign, this would have suggested a dispersive trend that is typically observed for
a wurtzite crystal structure due to coupling of its two different crystal axes, as depicted in
Fig. 3.21(a) [215].

Experimentally and theoretically, it has been shown that for an identical NPL thickness,
chiral cysteine-capped wurtzite structures exhibited a stronger chiroptical response than
their zinc blende counterparts [216]. These observations were attributed to: (i) a greater
dipole moment in the former case along its crystal direction [1 1 2 0] and (ii) a polarization
oriented along [0 0 0 1], in contrary to the isotropic in-plane contributions of the zinc
blende ones as calculated by DFT (Fig. 3.21). These combined factors strongly influenced
the perturbation term in dipole-dipole interaction between the NPL and chiral ligand,
via a chromophoric way of separately analyzing distinct CD peaks present in one single
spectrum from UV to visible (Fig. 3.21(c)).

This preliminary method of chiral activation by surface-imprinting chiral ibuprofen
molecules onto CdSe NPLs is fairly authentic. In which sense, it differs from the heavily
reported phase-transferred ligand exchanges that frequently concern compounds derived
from cysteine. Despite the (S)-(+)-ibuprofen coverage remaining far from being complete
with respect to the present amount of surface cadmiums, due to a fragment of unremoved
chlorides at an order of 75.0 %, CD signals with a dissymmetry factor up to 10~ are still
observed on 3 MLs CdSe NPLs with large lateral sizes. This value falls in the range be-
tween the commonly reported results for cysteine-capped chiral QDs estimated near 105
and those for NPLs with the same surface chemistry, standing at about 5- 10~4 [217, 89].
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FIGURE 3.21: (a) Qualitative CD line shape, resulting from the sign of cou-
pled dipoles localized in the core of an inorganic material. Crystal lattices
of wurtzite and zinc blende are displayed, where their respective (1 1 -2 0)
and (1 0 0) planes are color-coded in pink. (b) Schematic of two interacting
chromophores noted as A and C, according to the nondegenerate coupled-
oscillator model. These latter, distanced by r4¢ possess transition energies
noted as €4 (resp. €c) and electric dipole transition moments y 4 (resp. puc).
(c) CD interpretation of L-cysteine-capped wurtzite and zinc blende CdSe
NPLs, attributed to different transitions between considered chromophores.
A supposed binding through the carboxylic acid and thiol functional groups
on these nanosubstrates is hypothesized, while the energy band structure is
represented in each case along its [1 1 2 0] (resp. [1 0 0]) direction. Adapted
from [216].

Thereafter, it would undoubtedly be interesting to work on strategies to achieve a higher
chiral compound exchange rate, in order to investigate its influence on the resulting dis-

symmetry factor.
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3.4 Conclusion

Several authentic strategies of attaining CD activity in semiconductor II-VI NPLs have been
explored, thanks to the origin of their mirror-symmetry-breaking shapes and functionaliza-
tion with chiral molecules on their outer surface. In short, Fig. 3.22 summarizes part of the
tests that were detailed in this chapter.
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FIGURE 3.22: Absolute g-factor values of various shapes and sizes of 3 and

4 MLs CdSe NPLs presenting various surface chemistries. It recalls part of

the experiments that was elaborated earlier, based-on acetates/oleates-, L-

cysteine-, L-dithiothreitol-, L-(+)-tartrate-, D-(+)-malate- and (S)-(+)-ibuprofen
via the route of chlorides-capped nanoparticles.

A clear trend is rather distinguished in the case of 4 MLs CdSe NPLs, where one would
expect: (i) lowest dissymmetry values for achiral ligands-capped objects with random
handedness (black dots), (ii) second to the last, (S)-(+)-ibuprofen-modified in presence of
chlorides due to a partial exchange process (red dots), (iii) supposed stronger electronic
interactions via coordination as S™-COO™ bidentate demonstrated by L-cysteine compared
to S7-S~ bidentate in the case of L-dithiothreitol (blue and green dots) and lastly, (iv)
enhancement of CD strength with the number of stereocenters going from D-(+)-malic acid
to L-(+)-tartaric acid (cyan and magenta dots). Concerning the 3 MLs ones, vague yet similar
evolutions can be deduced. Since the exciton splitting magnitude during hybridization
with the surface ligands is anticipated to increase with the thickness of the CdSe core and a

decrease of its energy gap, indeed the former pointed out aspects would be more noticeable
on thicker nanostructures.

Among various spectroscopic tools available to characterize such chiroptical effects,
the standard extinction-based electronic UV-visible CD has been chosen. In addition to
controlling the nanomaterials’ size, shape and composition at a sub-wavelength scale, the
magnitude of such activities can be influenced by their surface chemistry play. A righteous
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choice in terms of ligands employed to stabilize these colloidal nanoparticles in solution,
reveals the origin of a hybridized coupling that could be leveraged as means to tune their
induced CD strength.

On this note, chiral zinc blende CdSe NPLs display absorptive-like CD responses
in contrary to conventional QDs and wurtzite cadmium-based materials. For a given
surface functionalization, there is a progressive shift of the CD line shape towards greater
wavelengths with the increase in NPLs’ thickness, associated to their respective excitonic
transitions. Two interesting aspects are however underlined: (i) an additional splitting of
the e-hh corresponding CD peak observed for helical structures compared to the twisted
ones, which leads to a belief that the dipoles” coupling correlates strongly to the local
deformation degree of the crystal lattices and (ii) the CD line shape’s dependence on the
surface coverage of exchanged chiral ligands.

This latter is preliminarily noticed for 4 MLs CdSe NPLs passivated by enantiomers of
tartaric and malic acids. As this investigation still constitutes an on-going work, grounded
conclusions can yet be fully deduced. According to our comprehension, it appears that the
induced CD line shape is highly sensitive to both, the NPLs” morphology and the chiral
ligands” coverage, for its lowest energy absorption peak at least as depicted by the Cd-
Se encircled region in Fig. 3.21(c). Further elucidations would be required to justify the
deformation matrices between various crystal shapes and the kinetic evolution of their CD
spectra during a process of ligand exchange for instance.
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Tribrid silica-based chiral helices

Until now, large helical semiconductor CdSe NPLs are synthesized with random hand-
edness and a slight enantiomeric excess, as elucidated previously by microscope image
analysis . Indeed, if one were to achieve an efficient enantiomeric synthesis that favors the
growth of one handedness compared to the other, undoubtedly higher dissymmetry values
are to be expected. By once again inspiring from what holds the nature, one realizes that
many living organisms contain biominerals and composites with finely tuned properties,
which reflect a remarkable level of control over the nucleation, growth and shape of these
constituent crystals [218, 219, 220]. Among which, peptides play a key role in achieving
this control [221]. The general thought is that organic molecules will affect mineralization
through stereochemical recognition, where geometrical and chemical constraints dictate
their binding to selectively express specific crystal facets.

As cited, the pioneer report of chiral semiconductor II-VI nanoparticles involved the
addition of the penicillamine amino acid with other precursors under the method of
microwave induced heating [84]. This result emphasized that the mechanism underlying
crystal modification through organic molecules is best understood by the effects of binding
and distortion on the interface of the growing crystal. In the same vein, the consequence
of introducing separate enantiomers of aspartic acid, into a solution from which calcite is
formed has also been reported [222]. This has typically yielded hillocks that are mirror
images of one another, observed under SEM micrographs. This site-specific binding of
amino acid leading to surface steps, changes the step-edge free energies and gives rise to
direction-specific growth that is unique to individual amino acid enantiomers.

Speaking of these chiral modifications that propagate from atomic to macroscopic
length scales, ordered chiral mesoporous silica can also be synthesized through a
surfactant-templated method [223]. Among the anionic surfactants tested in previous
works, N-acyl-L-alanine is a chiral organic molecule that can form a chiral nematic phase in
the presence of small amounts of decanol [224]. This phenomenon has been attributed to
the change in effective cross-sectional area at the interface of aggregates. Plus, the presence
of chiral anionic surfactants induces changes in the conformation of the amphiphile in the
micelle and distorts the micellar shape, leading to chiral micelles. Upon calcination, both
the anionic surfactant and the organics of the aminosilane as co-structure-directing agent
are removed, giving uniform mesopores of 2.2 nm in diameter.

In fact, the formation of twisted ribbons consisting of surfactant bilayers was first
demonstrated by MacKintosh and co-workers [225]. Therein, gemini surfactants that are
defined as a molecule consisting of two identical (twin) surfactants joined by a hydrocar-
bon spacer of variable length, have been shown to display unusual properties compared to
those of simple surfactants and lipids [226]. Cationic gemini surfactants having chiral coun-
terions form gels in both water and some organic solvents by creating extended networks
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of the multi-lamellar twisted ribbons. In this reported system, the chirality originates from
the counterion rather than from the amphiphile itself, which allows both the tuning of the
pitch and the enantiomeric excess of these chiral twisted structures [227]. This degree of
control has then been leveraged in the following part of our work to be employed as helical
templates for the crystallization and functionalization of inorganic materials.

4.1 Synthesis of surfactant-silica helices

As reported by Oda and co-workers, the synthesis of a new series of dimeric surfactants
coupled with chiral tartrate counter anions yielded helical objects, whose curvature can
be tuned by an enantiomeric excess of the introduced reagents such as chiral tartaric
acids [227]. Later, thanks to the feasible sol-gel polycondensation of silanes onto organic
templates, a hybrid silica-surfactant system can be built [100]. These structures have at-
tracted a considerable amount of attention for their outer and inner confined environment’s
functionalization, underlining their application potentials for adsorbance and catalysis over
thousands of nm? on a single-particle level.

Herein, we report a complementary strategy to finely tune the morphology of chiral sil-
ica helices, whose synthesis is done in the presence of malic acids as the counter anions.
This route yields objects in the micrometer range in contrast to the formerly obtained nano-
metric structures. By beginning with the as-synthesized gemini surfactants possessing the
formula (Hp,;, 1 1C,y MeoN™T) - CoHpy - (NTMe, C,Hpp i 1), described as m-x-m, these achi-
ral amphiphiles adapt only chiral properties when they are complexed with enantiomers
of malate counterions. The sol-gel transcription onto these self-assembled 18-2-18:malate
structures has been successful to reproduce an individual hybrid helices system, with a ho-
mogenous silica coating and monodisperse diameter in the order of 0.2 ym and 1.2 ym in
length (Appendix E).

4.1.1 Self-assembly of gemini surfactants

According to the protocol detailed in Materials and Methods section, bromooctadecane
and ethylenediamine molecules have been promptly reacted together under a two-steps
synthesis, to produce the 18-2-18 gemini surfactant compound. 'H NMR analysis demon-
strates added proton resonances from the diamine molecule that are associated to: (i) their
methyls located near 3.5 ppm and (ii) their carbonyl parts near 4.8 ppm, compared to the
spectrum of the bromooctadecane compound alone (Fig. 4.1(a)). This depicts a proportional
increase in the proton counting with the introduction of two bromooctadecane chains into
the diamine molecule. Each peak has been identified with the chemical shift induced on
each proton location and labeled accordingly.

Secondly, the present complexing anions that are bromides have been substituted by
chiral L-(-)-malate enantiomers via a process of salt precipitation by silver atoms. 'H NMR
analysis evidences the appearance of a new peak situated around 4.5 ppm (Fig. 4.1(b)). This
latter labeled 7, is assigned to the two protons located at the B-position of the hydroxyl
group of malic acids. Fine integration of the other corresponding resonances displays a
close matching number of protons that are expected in a single 18-2-18 gemini surfactant
molecule.

Additionally, the substitution of initial bromide counterions by other forms of malate
enantiomers: D-(+) and meso, along with D-(-)-tartrate is also carried out (Appendix E).
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FIGURE 4.1: 'H NMR analysis of (a) the as-synthesized 18-2-18:bromide gem-

ini surfactant molecule and (b) 18-2-18:(L)malate after counterion exchanges.

Estimated values for the proton assessment: 0.9 ppm (6H, CH3 x2); 1.2 ppm

(56H, (CH»)14 x2); 1.3 ppm (4H, CH; x2); 1.7 ppm (4H, CH; x2); 3.3 ppm (12H,

N*(CHjs); x2); 3.6 ppm (4H, CH; x2); 4.3 ppm (4H, N (CH;),N"); 4.5 ppm
(2H, CH x2).

This confirms the non-specific binding of the counterions independent of their handedness
to the polar head of 18-2-18 gemini surfactants. In each 'H NMR analysis, there is a good
agreement in terms of number of protons present that can be distinctly attributed to the
individual molecules.

In order to control the morphology of the self-assembled objects, 18-2-18:malate gemini
surfactants are incubated overtime under aqueous conditions. Right before TEM imaging,
a thin silica shell coating has been applied onto them. Fig. 4.2 shows a panel of various
forms obtained as a function of incubation period. Remarkably a shape-transitioning
phenomenon is noticed, ranging from vesicles to flat membranes, then to curved helicoids
and hollow cylindrical objects. This result is analogous to those well-documented phase
diagrams on the emulsification of surfactants and polymer molecules depending on their
formulation [228, 229, 230, 231]. Here instead, at a fixed amount of chemical reactants,
the only factor contributing to the kinetic arrangement of gemini molecules is time. The
substitution of bromides by a racemic mix of malate ions leads uniquely to flat membranes
without induced curvature, whose lateral size only increases overtime.

Similarly to the results from Oda and co-workers, a shift from twisted to coiled objects
are also reported on 16-2-16:tartrate systems. In terms of helices radii however, the ones
synthesized from our 18-2-18:malate are an order of magnitude higher than theirs, which
were estimated at 10 nm [232]. One can then wonder about the obvious difference in helices
radii between these two systems. Therefore, identical substitutions on 18-2-18 gemini
surfactants complexed with chiral tartrate have been performed and imaged under TEM.
These latter turn out to exhibit identical helices radii to the prior case of 16-2-16:tartrate
(Fig. 4.3). This hints that certainly, the chiral complexing anions are most responsible for the
observed increase in final helices radii by an order of magnitude, rather than the difference
in surfactant chain length.
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FIGURE 4.2: TEM images of the kinetic shape transition of gemini surfac-

tant assemblies upon silica coating, where the molecules are beforehand com-

plexed by (left column) D-(+)-, (middle column) DL- and (right column) L-(-)-
malate ions. Scale bar: 500 nm.
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FIGURE 4.3: TEM images of the kinetic shape transition of gemini surfac-

tant assemblies upon silica coating, where the molecules are beforehand com-

plexed by (left column) D-(-)- and (right column) L-(+)-tartrate ions. Scale bar:
200 nm.

In order to obtain uniformly defined helical structures, the self-assembly process of 18-2-
18:malate gemini surfactants have been stopped exactly after three days of incubation. Upon
which, the alkoxysilane sites are condensed to form the silica framework. The particles
are thoroughly washed with ethanol to remove any subsequent secondary nucleation of
unwanted spherical silica objects. Fig. 4.4 illustrates the formation of left- (resp. right-)
handed structures when the complexation to 18-2-18 gemini surfactants is done with D-(+)-
(resp. L-(-)-malate) counterions. The spacing between silica walls of a helix is estimated to
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equal 6.5 nm, which corresponds to the thickness of two bilayers of interpenetrated gemini
surfactant membranes [100].

a b

Left-handed structures Right-handed structures
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left-handedly

right-handedly
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Carbon ‘\‘,
Oxygen

) Ammonium headgroup

Alkyl chain
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FIGURE 4.4: (a) The use of D-(+)-malate to substitute bromide as complex-
ing counterions to 18-2-18 gemini surfactants, yielded microhelices with left-
handedness. Images taken under SEM enable a certain distinction of their
curling direction. Scale bar: 1 ym. The scheme depicts the self-assembly of
a layer of surfactants with a thickness of around 1.6 nm, winding toward the
left direction as pointed out by the magenta-colored arrow. (b) Respectively,
replacing the initial achiral anions with the counterpart of the prior chiral
molecule L-(-)-malate, resulted in microhelices with right-handedness. Data
recorded with high contrast and resolution SEM displayed net images, that
allow to determine their sense of chirality. Scale bar: 1 ym. This time around,
the cartoon shows an ordered arrangement of gemini surfactant molecules,
curling toward the right direction as pointed out by the cyan-colored arrow.

4.1.2 Surface patterning with CdSe NPLs

The versatile yet robust synthetic availability of silica particles has been leveraged in the fol-
lowing section to modify their surface silanols. Upon obtaining a hybrid silica-surfactant
helical system, the helices are treated with a thiol-based silane called 3-mercaptopropyl
trimethoxysilane (MPTMS), according to the scheme shown in Fig. 4.5(a). EDX analysis
enables the determination of sulfur atoms present in the thio-modified system while omit-
ting the oxygen, which later hosts the grafting of CdSe nanoparticles (Tab. 4.1). Taking into
account the high affinity of sulfur atoms toward cadmium ones, a series of as-synthesized
carboxylates-capped CdSe NPLs of various forms (square, needle-like and rectangular) have
been immobilized onto the helical matrices, as shown in Fig. 4.5(c). Therefore, the previously
non-absorbing 18-2-18:(D/L)malate particles in the visible region suspended in toluene, ex-
hibit now optical features thanks to the incoming CdSe guests . Fig. 4.5(b) indicates the
absorption and emission spectra of the resulting tribrid systems. The first excitonic peak
located at 512 nm corresponds to the heavy hole to conduction band (e-hh) transition of
this class of semiconductor II-VI NPLs as mentioned in previous chapters and their narrow
emission properties with low Stokes shift centered around 516 nm.
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FIGURE 4.5: (a) The as-synthesized hybrid microhelices, possessing in aver-
age 0.2 ym in diameter and 1.2 ym in length, undergo a functionalization with
MPTMS for a thio-modified system. It enables the grafting of carboxylates-
capped CdSe NPLs owing to the high affinity of sulfur atoms toward cad-
mium ones, which are present on the outer surface of these zinc-blende crys-
tals. (b) The associated optical spectra in the visible region for absorption and
emission are shown for 18-2-18:(D)malate@CdSe (resp. square, needle-like
and rectangular), in the case of left-handed helices. (c) Their corresponding
TEM images are shown both on microhelices of opposite handedness. Owing
to the robust and facile synthesis of these quantum particles with well-defined
lateral dimensions, an evaluation of the number of grafted objects enables the
determination of the initial quantity of silica helices present in solution. Scale
bar: 200 nm. (d) TEM images of as-synthesized carboxylates-capped 4 MLs
CdSe NPLs of various forms (square, needle-like and rectangle). Image anal-
ysis for a population of 100 particles at least under Image] shows that, their
lateral dimensions are (160+10), (270+20) and (260-£20) nm?2. Scale: 100 nm.
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Element Composition (%)
Si 92+1
S 8+0.1

TABLE 4.1: Elemental analysis by EDX on thio-modified 18-2-18:(D/L)malate
silica helices while omitting the oxygen contributions.

These quantum particles present an upper-hand of globally well-controlled synthesized
geometries, where the squared ones (resp. needle-like and rectangular) are (13x13) (resp.
(45x6) and (32x7) nm?) as displayed in Fig. 4.5(d). Through a careful calculation of the
introduced number of NPLs, together with TEM images analysis, an estimation of the CdSe
grafting density is valued to the order of 102 per silica particle. Thus, in relative to the
initially introduced quantity of guest nanoparticles, the concentration of individual hybrid
helices’ number is approximately 10'° per mL of solution after an error of estimation by 10
%, due to chemical losses for instance (Tab. 4.2).

4 MLs CdSe Lateral Lattice Number of Number of = Number of
NPLs dimensions units, surface Cd surface Cd silica
(nm?) where ions per ions per helices
a=0.605 nm wide facet wide facet estimated

per NPL per 20 uL of from a
introduced number of

NPLs grafted

NPLs
Square 13x13 21x21 925 2.4-10'° 2.2-101
Needle-like 45x6 74x9 1416 2.4-10% 1.4-101
Rectangle 32x7 52x11 1208 2.4-10'° 1.7-101

TABLE 4.2: Method used to estimate the concentration of 18-2-18:(D/L)malate

silica helices in solution, via the exact grafting of particles with known dimen-

sions onto individual host matrices. The number of grafted NPLs estimated
on each single silica structure is evaluated to scale to the order of 102.

However, these solutions of 18-2-18:malate@CdSe systems do not demonstrate any chi-
roptical properties in absorption. Oda and co-workers have previously demonstrated that
perovskite nanocrystals and CdSe nanorods functionalized 16-2-16:tartrate chiral silica he-
lices exhibited clear CD signals only at dried state [233, 97]. Solutions of these similar tribrid
systems were drop-casted onto a quartz plate and left to dry for CD measurements at 0 and
90 ° to eliminate any linear dichroism effects. The authors reported that both solvated and
dried TEM images of silica helices showed densely attached nanocrystals on their surface.
However in the solvated case, grafted objects displayed a thick and swollen layer around
the silica substrate without notable helical organization with strongly solvated ligands. In
contrast at dried state, the nanocrystals were closer bound due to ligands collapse, leading
towards a greater interaction for the dipolar coupling.

4.1.3 Functionalization with gold nanoparticles

As our main interest relies on colloidal systems in solution, we have taken a step back by
functionalizing another family of materials, the gold ones onto our 18-2-18:malate chiral
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silica helices. As the order of interaction in plasmonic couplings is much higher than the
local excitons, indeed there would be a higher chance at expecting CD behavior in gold
functionalized systems compared to CdSe. Previously, it has been shown that chiroptical
activity with an anisotropy factor in the order of 10~ can be achieved by direct grafting of
various sizes of gold nanoparticles onto 16-2-16:tartrate chiral silica helices [102]. Hence,
this has driven our next investigation into a similar direction to the former case, but with
a distinct approach of synthesizing these tribrid materials that ultimately exhibit slight
higher g-factor values than the reported literature.

In contrary to the previous chemical alteration by a thiol-based silane to efficiently
couple the silica helices to surface cadmium atoms of CdSe NPLs thanks to a high reaction
affinity, one can also imagine doing so by an amino-based molecule called 3-aminopropyl
triethoxysilane (APTES). FTIR spectroscopy is employed to confirm the surface immobi-
lization of these introduced silane groups. Among the pre-existing peaks before selective
chemistry modification, there are huge bands corresponding respectively to the asymmetric
and symmetric strong Si-O-Si absorptions around 1070 and 800 cm~! (Fig. 4.6). The
hydroxyl groups are themselves revealed by the stretching bands located around 3400
and 965 cm~!, while the methyl ones are visible in the region of 2880 cm~!. After an
amino-modification, it appears that bands resulting from the asymmetric and symmetric
stretchings of primary amine groups are barely visible due to the masking by -OH vibra-
tions.
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FIGURE 4.6: FTIR spectra of (black) the resulted 18-2-18:(L)malate silica
helices prior to any surface chemical alterations, then either (violet) thiol-
modified with MPTMS or (pink) amino-modified with APTES.

Herein, a method by depositing and in-situ growth is used to prepare gold-decorated
silica helices. The aim is to yield a tribrid surfactant-silica-plasmonic system that is optically
responsive to CD in solution. This preliminary approach relies notably on the grafting of
pre-synthesized gold seeds onto a silica helical substrate and later on, growing them in-
situ with a plating solution (Fig. 4.7). Via this route, one is able to separately tune the final
size of gold nanoparticles, as well as their surface coverage which play a crucial role at
determining the magnitude of observed CD effect. Unlike previous reports, the chemical
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pathways that were used to yield similar systems are different than ours [102]. The authors
have instead adopted a direct grafting method, by first synthesizing different batches of
gold nanoparticles of various sizes ranging from 4 to 10 nm before immobilizing them onto
either bare or amino-modified 16-2-16:(D/L)tartrate silica helices.

CD properties of tribrid surfactant-silica-gold structures

N0
! i H
—
2. Gold seeds 4. Shell growth
1. APTES 3. Gold plating solution
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FIGURE 4.7: Pathways for depositing and in-situ growth of gold nanoparticles
on hybrid surfactant-silica helices. First step consists of modifying the surface
chemistry of as-synthesized and purified 18-2-18:(D/L)malate suspended in
ethanol with APTES. Then, an aqueous solution of pre-prepared gold seeds
by reduction of hydrogen tetrachloroaurate (III) is added. Separately, an aque-
ous gold plating solution is set by mixing gold precursors and potassium car-
bonate together. Once the silica helices functionalized with gold seeds are
washed, a mixture of growth solution, PVP and formaldehyde is introduced
and left under stirring. Over the course, the solution turns from light purple
to blue which is characteristic of the gold nanoshell’s growth.

As depicted by the left part of the scheme in Fig. 4.7, a solution of gold seeds is first
prepared by a borohydride reduction of citrate-stabilized gold ions in water under ambient
conditions [234]. As the color of the solution turns rapidly ruby red, the size of these gold
seeds stays consistently smaller than 4 nm. A certain amount of this starting solution
preserved in the refrigerator is later added into the amino-modified silica helices in ethanol
and left to react overnight.

The precedent non-absorbing amino-modified 18-2-18:(L)malate particles in the visible
region suspended in ethanol, possess now an optical feature thanks to the incoming gold
seeds (Fig. 4.8(a)). It presents a resonance peak located at 513 nm. Upon depositing these
plasmonic nanoparticles onto the silica substrate, its helical morphology and structure are
much well preserved (Fig. 4.8(b)). In terms of CD, one can observe in Fig. 4.8(c) that a
distinct signal is obtained after functionalization with the seeds. It demonstrates a chirality
transfer from the helices to the gold seeds when they arrange in a helical manner instead of
being randomly suspended in solution. This confers them a greater chance to interact with
their neighboring gold nanoparticles and gives rise to complex features. The Cotton effect
is noted at the position of resonance peak and records a g-factor value of 10~°, where the
maximum (resp. minimum) of the sigmoid situates at 537 (resp. 490 nm).

After several purification steps to remove the unreacted excess gold seeds, an aqueous
growth solution is added alongside a weak reducing agent, formaldehyde and left under
overnight stirring. Additionally, a molecule called polyvinyl pyrrolidone (PVP) with a
mean molecular weight of (8000-12000) is added during the gold nanoshell growth [235].
It avoids notably the formation of secondary nucleation of unwanted gold particles other
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FIGURE 4.8: (a) Absorption spectra of 18-2-18:(L)malate@Au seeds in distilled

water. (b) TEM images of the (top) pre-prepared gold seeds and (bottom) trib-

rid surfactant-silica-gold seeds structures. Scale bar: 200 nm. (c) CD spectra

of these two corresponding solutions in distilled water. The dashed lines in-
dicate the peak of plasmonic resonance at 513 nm.

than on the already pre-existing grafted seeds by slowing down the overall reaction’s
kinetic [236, 237]. However, an over-addition of PVP has been shown to lead to the
possible formation of spikes and star-shaped gold-coating around silica nanoparticles [238].

Therefore, the added amount of various compounds has been preliminarily optimized to
ensure a functional procedure.
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FIGURE 4.9: (a) Absorption spectra of 18-2-18:(L)malate@Au seeds under
growth conditions in distilled water overtime. (b) TEM images of the aliquots
at different time scales. Red arrows indicate the deposition of gold nanopar-
ticles in a right-handed helical manner. Scale bar: 200 nm. (c) CD spectra of
the purified particles at final state, 18-2-18:(L)malate@Au grown seeds;_,y)
in distilled water, compared to a control experiment of Au grown seeds;_,y)
in absence of the silica helices. The dashed lines indicate the shift of the reso-
nance peak gradually to 558 nm.

As the gold nanoshell grows on the pre-deposited seeds, visually the solution turns
blue which reflects a redshift in terms of absorption of about 45 nm, going from 513 to 558
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nm (Fig. 4.9(a)). The resonance peak becomes as well larger and stronger in intensity, as
the seeds are grown to be more polydispersed in size. TEM images confirm that overtime,
the particles have indeed gained an increase in size to about 12 nm (Fig. 4.9(b)). On certain
structures, one can notice the alignment of these gold deposits in a helical manner that is
dictated by the initial handedness of the hybrid surfactant-silica objects. Two orders of
magnitude increase in terms of g-factor is even recorded at 6-1073 in Fig. 4.9(c), where the
maximum (resp. minimum) of the sigmoid situates at 556 (resp. 477 nm).

Preliminary tests have shown that some of the key parameters that can influence the
growth of gold nanoshell include the quantities of: (i) 18-2-18:(L)malate@Au seeds, (ii) gold
plating solution and (iii) PVP that are respectively introduced. Tab. 4.3 recapitulates several
data sets that consist of modifying these parameters and their effect on the final state of
tribrid surfactant-silica-plasmonic system.

Parameters Test A Test B Test C Test D
and their
introduced
quantity (mL)
18-2- 0.50 0.50 1.00 0.50

18:(L)malate@Au
seeds solution

Gold-plating 0.20 0.02 0.02 0.20
solution at
20mM
PVP solution at 0.10 0.10 0.10 1.00
1 mM

TABLE 4.3: Four various sets of growth conditions for 18-2-18:(L)malate@Au
seeds in distilled water.

According to Fig. 4.10, one can deduce by comparing tests A and B that an insufficiency
in gold plating solution does not lead to a favorable growth of grafted seeds, at a fixed
amount of 18-2-18:(L)malate@Au seeds present in solution. Between tests B and C, it ap-
pears that a more diluted solution of 18-2-18:(L)malate@Au seeds suffers a severe etching.
This is probably due to the constant amount of other added compounds like formaldehyde
and carbonate salts that could potentially degrade the structure. A twice more concentrated
solution in test C seems to better retain the silica helical shape, but again, due to the lack of
growth precursors, the redshift of resonance peak is hardly noticed even after 18 hours of
reaction. By increasing the quantity of introduced PVP, it does not appear that the resonance
peak is further redshifted by comparing the values of final state in both tests A and D,
which equal 558 and 549 nm. However, the polydispersity of grown gold nanoshells is more
significant, given its broader absorption spectrum and this tends to agree with previous
findings where the anisotropy of coating becomes more important with the addition of PVP
[239, 240, 241].

In terms of CD, test B yields the weakest signal which fluctuates around zero due
to the absence of an evident helical substrate (Fig. 4.11(a)). Whereas, test D exhibits the
highest dissymmetry factor among them, reaching a value of 5:10~%. Herein, the most
optimal growth procedure is found for these amounts of chemical compounds: 0.5 mL of
18-2-18:(D/L)malate@Au seeds solution, 1 mL of gold plating solution and 0.1 mL of PVP
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FIGURE 4.10: Absorption spectra (top panel) and TEM images (bottom panel)
of the associated 18-2-18:(L)malate@Au grown seeds, under the conditions
presented in Tab. 4.3. The dashed lines indicate the shift of the resonance
peak gradually to 558 and 549 nm in cases of tests A and D respectively, while
being stucked at 513 nm in both tests B and C. Scale bar: 200 nm.
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FIGURE 4.11: (a) CD spectra of the associated 18-2-18:(L)malate@Au grown
seeds, synthesized under the conditions presented in Tab. 4.3. The two black
dotted lines correspond respectively to the resonance wavelengths, situated
at 513 and 558 nm. (b) TEM images of a control experiment of Au grown
seeds(;_1oy) in absence of the silica helices and similar gold nanoshell’s growth
carried out on 18-2-18:(D)malate@Au seeds in distilled water. Scale bar: 200
nm. Their corresponding CD spectra are plotted in (c) with a dashed line
indicating their resonance peak positon near 558 nm.

solution. Via this formulation, tribrid 18-2-18:(D/L)malate@Au grown seeds structures
are obtained with a well preserved helical substrate and demonstrate CD signals that are
mirror images of one another as shown in Fig. 4.11(c).

Going further, it appears interesting to synthesize a homogeneous coating of gold shell
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around the silica helices, as this might boost the local interaction between gold nanoparti-
cles and perhaps increase the resulting polarization signals. At first approximations, it is
challenging to create a single domain of gold uniform shell via this two-step depositing
and in-situ growth method. At best, one can first tackle by densely packing the initial gold
seeds on a silica substrate. Then, under a well-chosen growth condition, these latter might
possibly fuse by oriented attachment in spite of an imperfect crystalline domain. Hence
this time around, the introduced quantity of gold seeds to be grafted onto amino-modified

18-2-18:(D/DL/L)malate during the first step is varied.
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FIGURE 4.12: TEM images of 18-2-18:(D/DL/L)malate@Au grown seeds
upon overnight reaction and purification steps, where the hybrid surfactant-
silica helices are beforehand synthesized in the presence of (left column) D-
(+)-malate, (middle column) DL-malate and (right column) L-(-)-malate ions.
The quantity of functionalized gold seeds between each row is varied by in-
troducing different volumes of an identical stock solution, prepared at 0.27

Fig. 4.12 displays a series of 18-2-18:(D/DL/L)malate@Au grown seeds synthesized

mM. Scale bar: 200 nm.
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with varying amounts of grafted gold seeds during the first step of the chemical path-
way pictured in Fig. 4.7. Later, the growth procedure that is used consists of 1 mL of 18-
2-18:(D/DL/L) malate@Au seeds solution, 1 mL of gold plating solution and 0.15 mL of
PVP solution. As one can point out, at the upper limit of gold seeds added, the silica surface
coverage is well-saturated with an absence of secondary nucleation. The resonance peak in
each scenario remains unmodified compared to the previous cases, reaching 558 nm after an
overnight reaction and an average gold nanoparticles’ size of 12 nm.
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FIGURE 4.13: CD spectra of the associated 18-2-18:(D/DL/L)malate@Au

grown seeds, synthesized under the conditions presented in Fig. 4.12. Red

marks indicate the crossing wavelength for each pair of bisignated patterns,

where the same amount of gold seeds is employed. The dashed lines indicate
the peak of plasmonic resonance at 558 nm.

g-factor (-10~% a.u.) 18-2- 18-2- Crossing of
18:(D)malate@Au 18:(L)malate@Au  bisignated patterns
grown seeds grown seeds (nm)
0.01 mL gold seeds -3.86 -8.03 571
0.05 mL gold seeds +2.43 -10.95 642
0.20 mL gold seeds +6.63 -10.95 650
1.00 mL gold seeds +22.33 -12.86 637

TABLE 4.4: Dissymmetry values for 18-2-18:(D/L)malate@Au grown seeds
that are obtained under various amounts of grafted gold seeds, taken at a
wavelength of 558 nm.

Similarly to the result acquired in Fig. 4.11(c), 18-2-18:(D)malate@Au grown seeds
(resp. (L)malate) exhibit a CD signal that polarizes positively (resp. negatively) at lower
wavelengths (Fig. 4.13). As expected, the series of control experiment carried out on the
meso-form yield global curves that fluctuate around zero. Between each pair of bisignated
patterns, where the same exact amount of gold seeds is used, it appears that their respective
crossing wavelength is located around 640 nm except for the case of 0.01 mL introduced
solution. It is curious to notice that this least populated configuration gives rise to this
observed shift, where each grown gold nanostructure is located further from one another
as punctual points. It is then less possible to create multiple aggregates. In which case,
each gold spot grows to be more uniform in size distribution as evidenced under TEM.
Therefore, the resulting polarization resembles more of a spectrum obtained for an array of
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identically-sized objects. In other words, their assimilated Cotton effect should occur at the
exact resonance peak’s position situated near 558 nm, being less redshifted compared to the
other three cases.

By increasing the surface coverage of gold nanoparticles on silica helices, Tab. 4.4 records
an increasing trend of absolute g-factor values for both chiral structures of opposite handed-
ness. However, diffusion was fairly present when measuring the CD spectra of these tribrid
surfactant-silica-gold helices in solution, that has led to their non-zero tails toward higher
wavelengths (Fig. 4.13). Each single plasmonic crystal domain can in fact, be treated as an
array of polarizable dipoles. If their individual size were to increase, the total electric field
does too which gives rise to a higher polarizability of these objects in agreement with the
work reported by Oda and co-workers [102]. In the following section, simulation performed
with the discrete dipole approximation enables to typically deduce the optical properties of
plasmonic materials such as absorption, extinction and scattering, as a function of their com-
position, geometry, arrangement etc. [242, 243, 244]. Thanks to which, the CD behavior of
an ensemble of aligned particles can also be coded, to run several simple studies from a
theoretical point of view.

Simulation of plasmonic CD under discrete dipole approximation

Herein, the volume integral-based method and more specifically, the discrete dipole ap-
proximation is looked into to generate theoretical CD predictions for our studied system. In
other words, it is also called the coupled dipole method or coupled dipole approximation.
This formalism was introduced by Purcell and Pennypacker to study the scattering and
absorption of light by non-spherical dielectric grains, with dimensions comparable to
the wavelength of illumination [245]. This electromagnetic model describes a frequency
domain approach, in which a particle is discretized into N cubic array of polarizable
elements. Each voxel is then treated as an individual dipole and its optical response is due
to the summation of the incident light electric field and its (N-1) neighboring elements [246].

The primary objective of this approximation is to compute each dipole’s polarization
in order to simulate the optical properties of the nanoparticles, which requires solving 3N
linear equations [247]. Calculating linearly 3N elements of a polarization vector can be com-
putationally costly, along with a computing time and memory that increase significantly
with increasing N [248]. Therefore, among certain backdoor solutions, is by implementing
the complex conjugate gradient and the Fast Fourier Transform techniques reported in
literature [249, 250]. This helps to reduce the computational time from the order of N to
Nlog(N) and the required memory from the order of N to N.

The polarization of each dipole is expressed by:

Py = a;iEjoc(1;) (4.1)
where «; is the polarizability and Ej,.(7;) the total electric field given at a location ;.
Since isotropic materials are considered in this work, their corresponding polarizability

is direction independent. This term can be expressed by the lattice dispersion relation and
written as:

3d% rei=1
E<2+2)

1+ 2 (550)[(by + m2by + m2b3S) (kd)? — 2i(kd)?]

0 — (4.2)
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where d, k and A, are the size of the cubical voxel, wavenumber and wavelength of the
incident light coming in from the medium, respectively. Along with [251],

3
by = —1.891531, b, = 0.1648469, b3 = —1.7700004, S = Y _(é}) (4.3)
j=1
where @; and ¢; are the unit vectors representing the propagation and the polarization
direction of the incident light.

On the other hand, the total electric field of a dipole at a location r; is given by:

Ejoc (7’1') = Eincident( ) + Eother(rz) - EOexp ikr; — ZWt Z Az]P (4-4)
j#1

where N is the number of dipoles, A;; a complex matrix that represents the interaction
between a receiving dipole at r; and the radiating dipole at r;, and P; represents the
polarization of radiating dipole at r;.

The expression of the interaction matrix A;; between two coupled dipoles is written as:

exp(ikr ikrii —1)
M[kZ( rijti; — 13) + (17],2)(37’1‘]'7’1‘]' —13)] (4.5)

ij =
where 7;; is the distance from dipole i to j, 7j; is a unit vector in the direction from dipole i to
J, and 13 indicates the (3x3) identity matrix. The diagonal elements of the interaction matrix

are essentially defined as A; = a; !, which leads to a simplified form of the polarization
equation as:

N
Z Aiij = Eincident(”i) (4.6)
i=1

These equations can be resumed in a matrix-vector format as below:

Apx Axy Axz Py Eincident,x
Ayx Ayy Ayz Py = Eincident,y (4-7)
Azx Azy Az P, Eincident,z

where Ag, (B and v = x, y or z) is a (NxN) matrix that represents the interaction matrix be-
tween B and ' components of the dipoles. P and Eincident,p are (Nx1) arrays representing
the B components of the polarization vector and the incident electric field, respectively.
Since the nine blocks of the interaction matrix are symmetric regarding the change of
indices in calculating this term, at the end only six independent blocks of A (Ayy, Axy, Az,
Ayy, Ayz and Ag;) are required.

By computing this matrix-vector format to obtain the polarization vector of each dipole
at different wavelengths, the absorption, extinction and scattering cross-sections of a
nanoparticle can be written as:

N *
Cabs = Z ok ‘ K H P2 H (4.8)

Mz

Cext = mczdent )) ’ Pi] (49)
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Cscat - Cext - Cabs (4-10)

where Im and * indicate the imaginary part and the complex conjugate, respectively. The
absorption, extinction, and scattering efficiencies ¢ are expressed by dividing the corre-
sponding optical cross-sections by the nanoparticle’s geometrical one (nrgf £)- Herein, r.zf
is defined as the radius of a sphere possessing an equal volume of the studied nanoparticle
with an arbitrary shape.

Finally, the CD trend of the plasmonic structures can be expressed as the difference be-
tween the average extinction efficiencies calculated for left- and right-handed circularly po-

larized light [174, 252]:

CD = Cnps(Cext,L.CPL — Text,RCPL) (4.11)

where Cyps represents the concentration of plasmonic structures in solution [102].

Validation on a single and aligned particle(s)
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FIGURE 4.14: (a) Simulated extinction spectrum of a single isolated gold

nanoparticle, with a radius 7,r; = 6 nm suspended in water. (b) Schematic

of a spherical object generated under discrete dipole approximation. (c) Com-

puted CD trend as the extinction difference under left- and right-handed cir-
cularly polarized light excitations.

Firstly, this home-coded model has been tested out on a single isolated gold nanoparticle
suspended in water. The dielectric constant of the medium is then taken as a function of its
refractive index, determined at n = 1.333. Whereas for gold materials, assuming that only the
free electrons are affected by confinement effects, their dielectric function can be expressed
in the following way:

C(J2 (,(]2
_ _ P |4
eNPs(reff) - eNPS<°o) w(w I ZTQ) + w(w N l(ro N v )) (412)

Teff
where eyps(o0) reflects the tabulated dielectric function of bulk gold, w, = 8.8 eV, Vi =

1.4-10° ms~! and Ty = 0.081 eV are the plasma frequency, the Fermi velocity of free electrons
and the electron damping of gold, respectively.
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In order to construct a spherical geometry of radius r.ss = 6 nm, the size of each individ-
ual cubical voxel is chosen to be 1 nm?® which leads to a total of 216 generated dipoles to be
computed as illustrated in Fig. 4.14(b). Under a linear excitation source along Z-direction, its
extinction spectrum is simulated with a resonance peak located at 522 nm (Fig. 4.14(a)). This
value, which assumes an individual size without the presence of aggregation, appears to
be close to the experimental result obtained around 558 nm. An absence of CD behavior as
depicted in Fig. 4.14(c), is expected for a perfect isotropic nanocrystal and agrees coherently
with the experimental findings plotted in Fig. 4.8(c).
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FIGURE 4.15: (a) Simulated extinction spectrum of an array of 8 gold nanopar-
ticles arranged in a right-handed helical manner, with a radius 7, = 6 nm of
each individual object suspended in water. The ensemble mimics the experi-
mental deposition of grown gold seeds around a silica helix that possesses a
radius R = 100 nm. (b) Schematic of these aligned nanospheres generated un-
der discrete dipole approximation, projected onto the yz-plane. Inset shows
a cartoon of the pictured right-handed helix in three-dimensional space. (c)
Computed CD trend as the extinction difference under left- and right-handed
circularly polarized light excitations. While identical data for the other chiral
moiety corresponding to the left-handed ones are plotted in (d-f).

As eight nanoparticles are simultaneously generated this time around to constitute a full
helix, the resulting optical properties in terms of absorption and CD are shown in Fig. 4.15.
These latter are equally spaced along a helical angle that equals 45 °, around a cylindrical
envelope that possesses a radius R = 100 nm. The associated pitch can then be calculated
in the order of 550 nm. This mimics identically the as-mentioned experimental deposition
of grown gold seeds on a hybrid surfactant-silica helix, except that the presence of silica
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substrate is not taken into account during simulations. Absorption-wise, the addition
of supplementary gold nanoparticles in the system increases linearly the optical density
without shifting the initial resonance peak situated at 522 nm. However, CD trend displays
a notable negative (resp. positive) dip in this region for right- (resp. left-handed) helical
structure. According to Liedl and co-workers who studied both experimentally and theo-
retically the potential of DNA templates for the programmable design of helical plasmonic
nanostructures, it was suggested that the chirality arose from collective plasmon-plasmon
interactions between gold nanoparticles [253]. The splitting between the longitudinal and
transversal modes of the incident light was due to their plasmonic dipole interactions
within the helix, resulting in either positive-negative or negative-positive line shape of a
CD spectrum.

As one can expect, the CD trends demonstrate mirror images between these two chiral
objects. The magnitude of this chiroptical activity depends in theory, on the intensity of the
plasmon resonance and also, on the strength of the interparticle plasmonic coupling [254].
This explains the bisignated CD signals obtained both through experiment and simulation,
via a chiral helical arrangement of these individual gold nanoparticles. It enables notably
the propagation of a plasmonic coupling wave along both helical directions to result in an
enhanced absorption of the incident light, dictated by the handedness of the silica substrate.

Effect of gold nanoparticles’ size with respect to the helical substrate

In order to better comprehend the prior experimental analysis represented in Fig. 4.13 and
Tab. 4.4, two series of simulated studies have been performed, where (i) the individual size
of gold nanoparticles 7.¢¢, and (ii) the radius of cylindrical envelope R, are both separately
varied. This captures essentially several experimental consequences, where the amplitude
of CD signals is increased and exhibits longer tails toward higher wavelengths, as the
density of grafted objects increases. The grafted interparticle distance in other words, also
becomes smaller. Therefore, by solely varying r.;s or R while keeping the position and
number of particles constant in view of computational costs, these two scenarios assimilate
indeed a global modification of the grafted interparticle distance.

A change in terms of the individual size of gold nanoparticles r.rr, which takes up
values of (2 — 4 — 6 — 8) nm indicates an interparticle distance that is equally spaced by
(107 — 103 — 99 — 95) nm, respectively. This is applied to an array of eight nanoparticles
arranged in a right-handed helical manner, which forms a complete turn on a cylindrical
envelope of radius R = 100 nm as pictured by Fig. 4.16(b). An increase in magnitude for both
extinction cross-section and CD is observed with an increase in 7, and hence, a decrease in
interparticle distance (Fig. 4.16(a,c)). These simulated right-handed helices exhibit expected
negative signals with a dip at 549 nm, in the vicinity of the experimental plasmon resonance
frequency obtained at 558 nm. In comparison to the plots from Fig. 4.13, identical trends
are observed, but the experimental CD dips appear to be blueshifted and situate at 511 nm.
This is most probably due to the uneven size distribution of grown gold nanoparticles that
is not perfectly centered around 12 nm.

On the other hand, a change in terms of the radius of cylindrical envelope R, which
takes up values of (25 — 50 — 75 — 100) nm reflects an interparticle distance that is equally
spaced by (16 — 44 — 71 — 99) nm, respectively. This scenario is simulated for an array of
eight nanoparticles possessing individually a size r.;f = 6 nm, arranged in a right-handed
helical manner to form a complete turn (Fig. 4.17). Interestingly, one remarks that the
optical density remains similar for all cases since the intensity of the plasmon resonance
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FIGURE 4.16: (a) Simulated extinction spectrum of an array of eight gold
nanoparticles arranged in a right-handed helical manner, with a variable ra-
dius 7,f; suspended in water. (b) Schematic of the spherical objects gener-
ated under discrete dipole approximation. Inset shows a cartoon of the pic-
tured right-handed helix in three-dimensional space. (c) Computed CD trends
as the extinction difference under left- and right-handed circularly polarized
light excitations. Black dotted (resp. red dashed) line serves as eye-guide for
the plasmon resonance frequency located at 522 (resp. 549 nm).
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FIGURE 4.17: (a) Simulated extinction spectrum of an array of eight gold
nanoparticles arranged in a right-handed helical manner, with a variable ra-
dius R suspended in water. (b) Schematic of the spherical objects generated
under discrete dipole approximation. Inset shows a cartoon of the pictured
right-handed helix in three-dimensional space. (c) Computed CD trends as the
extinction difference under left- and right-handed circularly polarized light
excitations. Black dotted (resp. red dashed) line serves as eye-guide for the
plasmon resonance frequency located at 522 (resp. 549 nm).

was not modified. However, their associated CD spectra demonstrate an increasing trend
with a decrease in R and hence, once again a decrease in the interparticle distance. This
agrees well with the g-factor findings listed in Tab. 4.4, which display greater values with
the increasing strength of the interparticle plasmonic coupling.

Herein, an alternative way to design three-dimensional helical nanostructures with
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strong and controllable chiroptical properties is carried out by using hybrid surfactant-silica
nanohelices as chiral templates, along with gold nanoparticles as plasmonic active units. It
appears that a homogenous gold nanoshell coating is not fully achieved, with still a certain
spacing between individual domains of in-situ grown nanoparticles. The highest g-factor
is unsurprisingly obtained in the case of a densely packed structure, reaching an order of
20-107*. It is interesting to note that this value is around two-fold larger than the greatest
value obtained in previous chapter, for L-(+)-tartrate-capped 4 MLs CdSe nanohelices
and ten-fold higher than the reported result by direct grafting of gold nanoparticles onto
16-2-16:(D/L)tartrate silica helices [102]. This might originate from two factors, mainly
because (i) the average number of grafted objects on an individual helix is more important
for our synthesized 18-2-18:(D/L)malate silica structures, since their initial size is of an
order of magnitude higher than 16-2-16:(D/L)tartrate, enabling them to host more incoming
guests and to attain a larger plasmon resonance intensity for a given interparticle distance
in both cases and (ii) the final average size of plasmonic active units is slightly bigger in the
present case (r.sf = 6 nm) compared to the reported value that situates around 5 nm.

Curiously a side-to-side comparison between the two synthesized systems in this sec-
tion: 18-2-18:(D/L)malate@CdSe and 18-2-18:(D/L)malate@Au grown seeds, only the latter
tribrid plasmonic case displays an active CD behavior for colloidal particles suspended in
solution. This is coherent to the former findings, where CdSe nanocrystals grafted onto chi-
ral silica nanoribbons only exhibited chiroptical properties when the measurements were
taken under a dried film state [97]. The supposed close contact and densely packed self-
organization of these tribrid semiconductor nanostructures appeared to play a key role,
since their interaction order was of shorter range than the coupled plasmonic ones [81, 255]
Nevertheless, it would still be interesting enough to subject these candidates for eventual
experiments of circularly polarized luminescence which have yet been reported.

4.2 Manipulating fluorescently-labelled silica objects

As mentioned in the beginning of Chapter 3 about inorganic CdSe nanohelices, these
as-synthesized objects with two opposite handedness presented a weak enantiomeric
excess. In order to obtain a population of pure chiral objects, one of the post-synthetic ways
that one could think of, is by a physical separation method occurring under hydrodynamics
effect. To achieve so, it is important to demonstrate that indeed, the migration speed of the
different chiral counter-parties ought to be significant enough and under a rightly designed
fluidic channel, a separation chamber can be made possible [137, 256, 142]. Additional
mechanisms such as by introducing non-linear flows or by generating a propeller effect
with a rotating external field coupled to the dipole moment of enantiomers have also been
derived [257, 108].

Herein, our motivation is to apply a new concept called opto-acoustophoresis as a po-
tential chiral resolution technique. This describes the coupling between acoustics first re-
alized in a fluidic resonator and under the perturbation of optical excitations, it reveals a
separating action that is able to control the aggregation process of microparticles [136]. As
preliminary proof-of-concept studies, as-synthesized hybrid surfactant-silica helices that are
either purely left- or right-handed structures, have been chosen as the main candidate. This
is because first of all, (i) silica material presents a relatively high acoustic contrast factor that
reacts promptly to acoustic waves, (ii) the overall micrometric size of silica helices allows an
efficient response to opto- and acousto-perturbations and a facile observation under built-in
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optical microscopes and (iii) the versatility of silica’s surface modification. As seen previ-
ously, they can be functionalized by nanoparticles and different fluorescent markers such
that it is possible to manually differentiate the helices” handedness.

421 Setting up samples and opto-acousto resonator

In collaboration with researchers from the group of Physique et Mécanique des Milieux
Hétérogenes (PMMH), post-synthetic manipulations of these fluorescently labeled chiral
objects under acoustic levitation have been carried out. The chosen fluorophore in our
work is called fluorescein and in particular, the isothiocyanate one (FITC). Upon previous
amino-modification of the hybrid surfactant-silica helices with APTES and owing to the
covalent coupling via thiourea bonds, these molecules are incorporated onto the silica
surface. Under FTIR, the appearance of a slight band around 3250 cm™! is attributed to
the stretching of secondary amine groups as shown by Fig. 4.18(c). Besides, the conjugated
alkene bonds that form harmonics also contribute to the band intensity around 1580 cm 1.
This chemically post-modified system is then abbreviated as 18-2-18:(D/L)malate@FITC.
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FIGURE 4.18: (a) The as-synthesized hybrid microhelices, possessing in av-
erage 0.2 ym in diameter and 1.2 ym in length, undergo a functionalization
with APTES for an amino-modified system. This enables to host thiourea
bonds with FITC molecules, for the purpose of fluorescent labeling. (b) Opti-
cal spectra of 18-2-18:(L)malate@FITC system and the associated fluorescence
microscopy image. The resulted grafting density is estimated to be 108 fluores-
cent molecules per silica helix, which absorbs and emits respectively, around
500 and 525 nm. Scale bar: 10 ym. (c) FTIR spectra of (black) 18-2-18:(L)malate
silica helices prior to any surface chemical alterations, then (pink) amino-
modified with APTES and (magenta) coupled to FITC.

Once these fluorescent helices have been synthesized, their motion is studied under
opto- and acousto-perturbations in the group of Jean-Luc Aider et Mauricio Hoyos.
Typically, a resonant cavity in which an ultrasonic standing wave is generated, contains
a suspension of particles to be observed and tracked under optical dark-field microscope
(Fig. 4.19). This allows for the creation of an ARF field with an acoustic pressure node,
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located at mid-height of the cavity. The axial component of the ARF drives the particles to
migrate toward the pressure node, where they can be maintained in acoustic levitation as
shown in Fig. 4.19(b). While its transverse component forces the particles to gather toward
the local maximum of acoustic energy, where objects such as passive particles or cells
can ultimately form aggregates [258, 259, 117]. Finally when the distance between objects
becomes sufficiently small, they are attracted by each other due to a secondary acoustic
force called the Bjerknes force, which renders the aggregates strongly cohesive [127].
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FIGURE 4.19: (a) Side-view of an acoustic resonator, inside which contains a
suspension of particles subjected to a full period A, of ultrasonic standing
wave. The height of the acoustic cavity C, measures 330 ym and by tuning the
acoustic frequency, it enables the modification of the nodal plane’s position
along z-axis. (b) When the acoustic is switched on, it leads to the creation of
trapped particles in the mid-plane. This acoustic levitation phenomenon owes
firstly to the axial component of the acoustic resonance force acting on the ob-
jects. The transverse component on the other hand comes into play, which
allows the formation of local aggregates. (c) Under specific light illumination
at 488 nm, enhanced particles’ aggregation is observed. The hence associated
migration behavior of these fluorescent probes is tracked and analyzed in a
quantitative manner. Inset shows a fluorescent image viewed from above,
of a growing aggregate during experiment. Scale bar: 30 ym. (d) Acous-
tic streaming effect is recorded overtime, where certain particles due to their
small length scale, display vortex-like displacements to reconcentrate into lo-
cal aggregates.

Dense materials such as silica, have large acoustic contrast factor which makes them
highly responsive to the ARF, whose typical expression experienced by spherical particles
suspended in a liquid subjected to an ultrasonic standing wave acoustic field can be written
as:

Foo(z) = g < E;c > kd‘:;Fysin(Zkz) e, (4.13)

along with,
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1H30-0)  prc)

F = (4.14)

of 30,C2

2+ Op PpCp
where < E,. > depicts the time-averaged acoustic energy density in a channel,
k = il = Z”f” the wave number of an acoustic plane wave of frequency fu, d, the

diameter of a partlcle and z the axial position of a particle which starts off from 0 at
the bottom of a channel and ends with C at its top. Indeed, the acoustic contrast factor
represented by Fy can be defined as the difference in density p and propagation speed of
acoustic waves c between an object noted with subscript p and its surrounding medium
with f, according to Eqn. 4.14. In general, an object with a density greater than the medium
will migrate to the pressure node, whereas lipid drops in an aqueous medium for instance,
will move to the antinode.

Peculiar phenomena can also be observed depending on the shape and materials of the
objects in suspension. For example, gold cylindrical nanorods which are 2 ym long with
a diameter of 0.3 ym, behave differently than spherical particles under the presence of an
AREF. Instead of forming stable aggregates, they spontaneously start moving upon reaching
the levitation plane. This phenomenon is called self-acoustophoresis and the nanorods
can be considered as an artificial active matter [105]. It has also been demonstrated
that the above system can be used as an acoustic trap for these active particles or even
micro-organisms like bacteria [260]. In this case, the population of self-propelled objects
is indeed confined in the acoustic resonance force field, which translates into a trapped
environment in which collective motions can be observed. Another captivating sight is
recently found, when simultaneously illuminating trapped particle aggregates under a
specific optical wavelength. Aider and co-workers observed that the objects can be ejected
from the illuminated area, while being kept in acoustic levitation. This phenomenon
is named opto-acoustophoresis and depends strongly on a set of acoustic and optical
parameters [136].

During experiment, once the acoustics is turned on, 18-2-18:(D/L)malate@FITC helices
start moving toward the levitation plane. Then, a monochromatic illumination at 488 nm
is switched on as pictured by Fig. 4.19(c). One can observe an acceleration of the particles’
migration, in order to form an aggregate with increasing light intensity. This intriguing
behavior is found to be dependent on a properly selected illumination wavelength, which
corresponds to the objects” absorption spectrum located around 500 nm. This process of
enhanced aggregation occurs while maintaining the particles in levitation, at cavity’s mid-
height under a constant ARF. In the following section, the as-tracked and plotted average in-
plane particles” velocities correspond to this enhanced aggregation phenomenon, observed
under a simultaneous opto- and acousto-coupling that has yet been reported in literature.

4.2.2 Tracking of particles under migration

In order to produce quantitative data, video recordings with high resolution are carried
out. A good surrounding contrast is needed and an adequate amount of light intensity is
employed during the recordings. The snapshots time-series are then analyzed. A tracking
algorithm developed under Matlab, is used to measure the particles” velocities. This allows
a quick and automated evaluation of a statistical value of average migration speeds for a
large population of detected fluorescent particles.
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i: Detected fluorescent f: Recorded frames for s: Background grayscale A: Minimum area I: Distance criteria for
bright spots particles’ motion threshold of interest successive tracks

e

ParticleFinder.m
PredictiveTracker.m

Live feeding loop plots

l

Post-tracking handles

FIGURE 4.20: Flowchart according to which the tracking code is written under
Matlab.

Fig. 4.20 displays the scheme of this home-built tracking algorithm. Five major inputs
are required to initiate a tracking process of a recording that is saved under the .avi format.
It includes two numerating parameters such as labels for the different detected spots
located in each frame i and indications to cross-over between successive frames in order to
define their individual motion f. At the same time, it is necessary to denote certain criteria
about the definition of a fluorescent bright spot for the algorithm’s recognition. To do so,
three determining parameters such as the background grayscale threshold s, minimum area
of interest A and distance above which tracks break between successive frames /, have been
entered.

The first code called ParticleFinder.m applies these inputs onto the video recording with
a certain frame rate, in order to identify the positions, durations and hence, the computed
velocities of bright spots projected onto an orthonormal basis (i7,7). These data are com-
piled into a .mat file and later, serves again as raw inputs for the following code called
PredictiveTracker.m. This latter produces Lagrangian particle tracks by using a predictive
three-frames best-estimate algorithm [261, 262, 263, 264]. It allows the differentiation of
each trajectory in time by convolution with a Gaussian smoothing and a differentiating
kernel, to yield time-series of positions and velocities for each tracked particle. The total
number of tracks, along with the mean and root-mean-square of track lengths are also
returned to enable an estimation of associated errors.

On the user’s interface, loop plots are constantly updated to show the progress of parti-
cles’ tracking of a recording. For instance, Fig. 4.21 illustrates the evolution of track lengths
traced in various color codes from a time stamp t = 1 s, forwards to 5 and 9 s. Once the
analysis is finished, post-tracking tools are used to extract useful quantitative information
like the average in-plane velocity of tracked particles and their distribution. This step en-
ables also the unit conversion from pixels and frames, to actual scales expressed in meter
and second.

Influence of illuminated light intensity

Fig. 4.22(a) illustrates the influence of illuminated light intensity on the resulting average
particles” velocity, under several conditions of acoustic amplitude and a fixed frequency
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b

FIGURE 4.21: Tracked migration of 18-2-18:(D)malate@FITC left-handed he-
lices at different time stamps, upon a stabilized system that corresponds to the
scenario depicted in Fig. 4.19(d). Fluorescence microscopy image in (a) (resp.
(b) and (c)) is captured right after 1 (resp. 5 and 9 s). The applied acoustic am-
plitude is fixed at 8 V with a frequency of 1.88 MHz. A full strength of light
illumination at 488 nm is switched on and the recorded video frame rate is of
20 images per second under the observation of a 20x objective lens. Scale bar:

30 pm.
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FIGURE 4.22: (a) Average in-plane velocity of 18-2-18:(D/L)malate@FITC left-

and right-handed silica helices as a function of acoustic amplitudes, under

two different illuminated light intensities at 488 nm. During experiment, the

acoustic frequency is set at 1.88 MHz. (b) Histogram plots for the tracked

fluorescent particles of opposite handedness, illuminated at 100 % of light

intensity. In each case, a total number of more than 50 particles is accounted
for. Bin: 0.2 ym-s~1.

of 1.88 MHz, for both chiral helices. The velocity increases with the light intensity and
suggests that the 18-2-18:(D/L)malate@FITC silica helices travel indeed at a higher speed,
with an increase in both the opto- and acousto-excitations. A transition point appears
around 7 V below which (resp. above which), left-handed (resp. right-handed) helices
demonstrate dominant migration speeds.
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In comparison to reports where artificial helical swimmers are showcased, their average
velocities scale generally to 1 mm-s~! for a tail length of 1.5 mm, placed in a cylindrical
channel of 1.6 mm under an imposed shear rate of 0.62 mm-s ! [265]. Taking into account
the dimensions of each respective system, their angular velocities seem to vary coherently
in the order of unity Hz. As for chiral particles under hydrodynamics shear flow where
the Péclet number is large, Doi and co-workers have demonstrated that an object of 10 nm
migrates with a sign determined by their chirality, in a Taylor-Couette cell set-up rotating at
100 rpm, over a distance of 1 mm in several minutes [266].

Herein, neither kind of external shear rate is applied during experiment. But seemingly,
by choosing the right working conditions in terms of acoustic and optical parameters, one
is able to promote a faster migration of either population of chiral silica helices. It is once
again important to stress that the self-propulsion of these particles is only analyzed at the
mid-height of the cavity, while neglecting its third velocity component along the z-axis. In-
deed, under the presence of the axial component of the ARF, most objects are confined in
the plane of acoustic pressure node as mentioned beforehand. Moving on, in order to conse-
quently achieve an efficient enantiomeric separation of these systems, opto-acoustofluidics
would be interesting to either play on the design of microchannels or by applying various
continuous flow systems to further differentiate the migration speeds of these chiral moi-
eties upon reaching a collection outlet.

Influence of dilution
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FIGURE 4.23: (a) Average in-plane velocity of 18-2-18:(D/L)malate@FITC left-
and right-handed silica helices due to the effect of dilution. The result is plot-
ted as a function of square of acoustic amplitudes, which scales to an energy
input. The intensity of illuminated light at 488 nm is set at 30 % with a fre-
quency of 1.88 MHz. (b) Video analysis of highly diluted left-handed struc-
tures, under similar working conditions as in (a). Left panel shows their mov-
ing speed as a function of square of acoustic amplitudes, while the right panel
represents histogram plots for the associated analysis. A total number of more

than 50 particles is accounted for in each case. Bin: 0.2 ym-s~!.
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Often, moving objects in a directed manner display varying behaviors either as an effect
of a collective phenomenon or in a diluted regime. Fig. 4.23 plots the evolution of the sil-
ica particles” moving speed as a function of square of acoustic amplitudes, as the acoustic
energy is proportional to the square of signal amplitudes applied to the transducer, under
distinct dilutions. The analysis shows that the velocity of the objects is increased in less
concentrated suspensions. These results are curiously comparable to those of collective cell
migration in tissues which slows down as the cell density rises [267, 268]. Undeniably, col-
lective movements are inter-correlated instead of being independent, which explains their
behavior that is locally more elastic than viscous. In both factors of dilution (resp. 30 and
150), right-handed silica helices show much important migration speeds than their mirrored
selves, the left-handed ones. Going further by diluting to an order of magnitude higher, two-
fold values are even obtained for these Gaussian-distributed 18-2-18:(D)malate@FITC silica
helices as shown by Fig. 4.23(b).

Influence of particles’ shape
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FIGURE 4.24: (a) Average in-plane velocity of fluorescently labeled silica
beads with FITC due to the effect of dilution. The result is plotted as a func-
tion of square of acoustic amplitudes, which scales to an energy input. Under
similar working conditions as in Fig. 4.23, the intensity of illuminated light at
488 nm is set at 30 % with a frequency of 1.88 MHz. (b) SEM image of these
beads synthesized through classical Stéber method. Scale: 5 ym. The number
of particles is calculated from the weighed mass of dried silica beads, using

the formula: N ~ p[” For instance, 10 mg of as-synthesized dried silica
3

23"
beads with a density of 2 g-cm~3 and a diameter of 0.44 ym, yield a number
in the order of 10'2. (c) Their migration behaviors at a factor of dilution 150
are tracked at different time stamps f = 1 (resp. 5 s). The applied acoustic am-
plitude is fixed at 8 V with a frequency of 1.88 MHz. A full strength of light
illumination at 488 nm is switched on and the recorded video frame rate is of
20 images per second under the observation of a 50x objective lens. Scale bar:
30 ym.

In addition, the effect of nanoparticles” shape has been investigated by synthesizing
silica spherical beads whose diameter is narrowly distributed in the order of 0.4 um
(Fig. 4.24(b)). This is achieved by using the well documented classical Stober method



128 Chapter 4. Tribrid silica-based chiral helices

[269]. These silica beads have been subjected to identical chemical modifications as in the
case of 18-2-18:(D/L)malate@FITC silica helices, to be labeled fluorescently. Fig. 4.24(a)
reveals that these spherical particles present similar migration speeds as compared to the
18-2-18:(L)malate@FITC right-handed helices in diluted suspensions by a factor of 150, but
exhibit much lower velocities at a dilution factor of 30. It is interesting to underline that the
increase in velocity for spherical particles occurs at a steeper rate, as compared to the helical
particles in general.

A simple scaling law of the volumic ratio between hard spheres and fine strips of helices

shows a dependence on ~ % Herein, r = 0.2 ym represents the radius of an individual
silica bead, h = 6.5 nm the spacing between silica walls of a helix, which corresponds to the
thickness of two bilayers of interpenetrated gemini surfactant membranes, while W and H
are the width and length of an individual silica helix, estimated to be in average 0.2 and
1.2 ym [232]. This points in fact, to values that are much greater in the case of spherical
than helical objects. According to the work of Yosioka and Whitworth, as the primary and
secondary acoustic forces scale to the volume of a targeted particle, this ought to generate
greater acoustic confinement effect on the spherical structures at first thought [123, 126].

However in the presence of an additional light coupling to our experiment, the spherical
particles” migration speeds resulting from the enhanced aggregation phenomenon as illus-
trated in Fig. 4.19(d), do not seem to entirely obey the previous theories established solely
on acoustics. In further diluted suspensions at a factor of 150 for instance, one can imagine
how the migration of particles could be less compact compared to a more concentrated
situation at a factor of 30. Visually speaking, as evidenced under fluorescence microscopy;,
one can remark that the close packing of either dense or hollow objects like hard silica beads
compared to cylindrical helices, implies a non-negligible effect on their collective movement.

Upon an aggregation of a flock of silica beads, a still configuration that does not
self-rearrange much is observed over time (Fig. 4.25(a)). The identified fluorescent particle
encircled in red located at its initial position ¢ = 1 s, does not move by an inch over time.
However, when it comes to helices, individual particles that make up an aggregate are
constantly self-rearranging and recirculating within the border of this latter. Therefore, the
aggregate itself does not freeze as a whole, but adapts frequently multiple changing internal
conformations. Fig. 4.25(b) displays once again, an identified fluorescent particle encircled
in red situated at its initial position t = 1 s and over the course of 9 s, it is traveling as
illustrated by the yellow label and moving away from its initial location in red. On the other
hand, the aggregate composed of right-handed silica helices in Fig. 4.25(c), demonstrates a
conformational change that is observed in the encircled green zone.

This might hold the reason why in more concentrated suspensions, an inversed trend
where spherical particles display in average a lower migration speed than the helices was
observed in Fig. 4.24(a), due to the jamming of short-range and dense interparticles” close
packing. This goes to underline the objects” compressibility resulting from their shape factor,
can indeed have an effect on their collective movement at a given mass concentration. In
the same vein, a much alike acoustic experiment on the culture of mesenchymal cells also
spontaneously reorganized into spheroids under levitation [117]. This work demonstrates
that the materials” compressibility does play a major part on the resulting pattern of self-
assembled active matters [270, 271].
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FIGURE 4.25: Tracked behavior of fluorescently labeled silica particles at dif-
ferent time stamps, upon an aggregated system that corresponds to the sce-
nario depicted in Fig. 4.19(d). Fluorescence microscopy images in (a) (resp. (b)
and (c)) represent the case of silica beads (resp. 18-2-18:(D)malate@FITC left-
handed helices and 18-2-18:(L)malate@FITC right-handed helices), captured
at 1, 5 and 9 s during experiment. The applied acoustic amplitude is fixed
at 12 V with a frequency of 2.06 MHz. The mass concentration of different
studied samples is set to be constant. A full strength of light illumination at
488 nm is switched on and the recorded video frame rate is of 20 images per
second under the observation of either a 20x or a 50x objective lens. Scale bar:
30 pum.
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4.3 Enhanced-aggregation phenomenon under opto- and acousto-
coupling

Previous reports on coupled experiments between opto- and acousto-excitations have
shown breakups of aggregates confined at the nodal plane of a cavity [136]. Plausible
explanation of this phenomenon has been primarily attributed to the creation of a ther-
mal boundary layer around an individually heated particle, during illumination by an
optical wave. The hence generated fluid density gradients then lead to the particles’
motion induced by the ARF and applied to the fluid layers. This has led to a competition
between the transverse component of the acoustic force and the resulting viscous drag [272].

Relying on a thermofluidic instability model, the former report hinted at a potential
thermally induced fluid density gradient as drag source for the observed ejection of
fluorescently labeled polystyrene particles, when these latter are subjected to the identical
fore-mentioned opto- and acousto-perturbations. Experiment and numerical simulation
both pointed out that the introduction of fluid density gradients through the heating of an
aggregate can trigger lateral jets of its own constituting particles. If a fluid is locally heated
and simultaneously undergoes an ARF, then a large scale flow similarly to Rayleigh-Bénard
convection motions, but with an inversed rotating direction can be generated [273, 274, 275].

Thereby, it has been documented that the particles were dragged away by the induced
flow, along a direction which satisfies both the decreasing temperature and particles” con-
centration gradients. In other words, this ejection phenomenon, where particles were lat-
erally splurged out from the centered zone of an aggregate while still being confined at
the acoustic pressure node, demonstrates an opposing observation to our findings. In the
present case, it is rather an enhanced-aggregation phenomenon that leads to the increased
local concentration of particles to ultimately form a stabilized and cohesive self-rearranging
blob.

4.3.1 Electric field and heat transfer simulations

By carrying out a similar reasoning on the heating of fluid around an object that is sub-
jected to simultaneous opto- and acousto-perturbations, numerical simulations have been
performed to evaluate the induced electric field. It models the heating of its surrounding,
embedded in a medium that is analog to a potential difference, as power dissipation Joule
effect. The calculation in this following section is performed with FEATool Multiphysics
run under Matlab to essentially compare: (i) the effect of materials between silica and
polystyrene, and (ii) the geometry of objects like spherical and helical, could imply on the
resulting thermal boundary layer.

According to the particles-in-a-box approach, a cuboid whose dimension along the
z-axis (¢ = 6.6 ym) scales 50 times smaller than our experimental acoustic cavity (C = 330
pm) is built (Fig. 4.26). Then for the particles, a sphere (resp. a helix) measuring 0.5 (resp.
0.3 ym) in diameter is also generated, where both of these structures are centered around
the identical origin (-1,0,0). Subsequently, a finite-element mesh algorithm is performed to
generate grid cells whose mean volume is similar in both cases and equals 10~* ym?.

In the as-generated scheme, a simulation environment is built with the Poisson’s equa-
tion:

~V - (&VV —P) =p (4.15)
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FIGURE 4.26: The as-built particles-in-a-box simulation environment to model
experimental objects embedded in a medium. The cuboid represents a size
that has been reduced 50 times in comparison to an actual acoustic cavity, to
avoid time-consuming mesh generation and vector calculation. The schemes
display both (a) a spherical object, whose diameter is 0.5 nm and (b) a piece of
helix, which is described by an ensemble of parameters (h,W,p,0;,). This latter
constitutes its thickness, width, pitch and helical angle, respectively.

where ¢, is the relative permittivity of a medium, V the applied potential difference, P the
polarization vector and p the density of charge.

In order to approximate the experimental scenario of an applied voltage of 10 V in our
down-scaled cuboid, the value of V is fixed at 0.2 V across its top and bottom facets. While
the boundary condition of the others is set to a symmetric insulation geometry that satisfies
the Neumann postulate:

n-(—¢VV+P)=0 (4.16)

where several values of relative permittivity for different media are taken to be: €yater =
80.2, €cthanol = 24.3, €polystyrene = 3 and €gjjics = 3.9.

The hence associated electric field is injected as a source to be dissipated according to the
following equation:

pCyT' +V - (=kVT) 4+ pCpu- VT = Q (4.17)

where p is the density of a medium, C, the heat capacity, x the thermal conductivity, u the
convection velocity vector and Q the heat source. This latter is derived as a function of the
material’s conductivity o, in order to efficiently couple the gradient of the electrical potential
to the temperature field. It is essential to note that the initial condition of the surrounding
To, is set to be 273.15 K.

4.3.2 Choice of materials and geometry of objects

By numerically solving the electrostatic coupled to heat transfer law to approximate either
polystyrene beads embedded in an aqueous solution or silica objects in ethanol, the top
panel in Fig. 4.27 displays the distribution of electric field around the particles along their
cross-section in xz-plane. As one could expect, the induced electric field is much important
in the case of spherical objects, owing to their larger cross-sectional size compared to
helices. A numerical evaluation of the ratio between their cross-sectional sizes yields a
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Materials o (kg:m~3) Cp kWm1TKH) ¢@Q1'm™
J-kg K™
Water 997 4182 0.598 TEiE
Ethanol 789 244 0.166 AT
Polystyrene 1050 1400 0.150 oo
Silica 2410 705 14 o7

TABLE 4.5: Values of input parameter for the various considered materials
adapted from the COMSOL Material Library.

a b c
Polystyrene beads E Silica beads E Silica helices E
in water 0.045 in ethanol 0.045 in ethanol 0.045
3 3 3
2 2 2
0.035 0.035 1 0.035
1 1 1
Eo Eo & Eo <!
N N N
-1 0025 1 0.025 1 0.025
2 2 2
3 3 3
4 3 -2 1 0 1 2 4 3 -2 1 0 1 2 4 3 -2 -1 0 1 2
0.015 0.015
X (um) 0015 X (um) X (um)
T(K) T (K) T (K)
298.15 + (1e-6) 298.15 + (1e-6) 298.15 + (1e-6)
3 3 3
2 2 2
1 1 1
5 0 208.15 + (5e-7) 5 0 298.15 + (5¢-7) 5 0 298.15 + (5e-7)
N N N
-1 -1 -1
-2 -2 -2
-3 -3 -3
298.15 X (um) 208.15 X (um) 298.15

FIGURE 4.27: Electric field and heat transfer simulations performed on an in-
dividual (a) polystyrene bead suspended in water, (b) silica bead in ethanol
and (c) silica helix in ethanol. In top panel, the induced electric fields across
the xz-plane are plotted when a potential difference of 0.2 V is applied to the
simulation box along the z-axis. Color code shows absolute values ranging
from 0.0135 to 0.0450 in each case. In bottom panel, the associated power dis-
sipations as heat loss to surrounding are displayed. Color code shows values
ranging from 298.15 to (298.15 + 10~°) K in each case.

value around 20, with an expression that scales to ~ % as depicted by Fig. 4.26(b).

When this term dissipates by radiative heat loss through defined boundaries, an equi-
librium state is reached, where the associated temperature maps are plotted in the bottom
planel of Fig. 4.27. On a scale of 107® K change in temperature, an isolated polystyrene
bead suspended in water exhibits a uniform heating which is centered around its core. The
thickness of thermal boundary layer that is heated up to 5-10~7 K can be estimated in the
order of several hundreds of nm, from the outer surface of the free particle. This agrees
well with the scaling law of a typical thermal boundary layer which occurs when there

is a heated surface and a flow past it, given by the expression: dr ~ (pciﬁ)l/ 2 [276, 277,
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278]. Therein, (x,0,C;) is the thermal conductivity, density and heat capacity of the medium,
respectively, L the local length scale of an object and V., the fluid velocity at far-field. The
value of this latter is taken in the order of 10~* m-s—1, adapted from the work of Aider
and co-workers, upon monitoring the flow around an aggregate of five polystyrene beads
(similar in size to ours) under the presence of both buoyant and acoustic forces [272]. This
crude numerical evaluation yields an utmost value of 1 ym, which is close to our simulation

finding.

Surprisingly, when the material is switched from polystyrene to silica, the computation
indicates a close-to-zero modification in terms of the bead’s surrounding temperature as
shown by Fig. 4.27(b). This drastic difference can be mainly attributed to the higher thermal
capacity property of polystyrene compared to silica. At first approximations, it is assumed
that the energy conversion from the optical power has been fully dedicated to the eventual
heating of the surrounding fluid layer by the particle itself, without any secondary source.
In the absence of thermal boundary layer in this case, indeed zero ejection phenomenon is
observed experimentally and this agrees well with the thermo-acoustofluidic simulations
previously reported by our collaborators.

If one were to modify the geometry of objects this time around, by switching from a
sphere (r = 0.25 ym) to a helix (r = 0.15 pm) presenting two pitches and hence, a length
of about 1.9 ym as pictured by Fig. 4.27(c), once again an absence of thermal boundary
layer is noticed on a scale of 107 K. It appears through this preliminary study that, the
choice of materials plays a frontal role at ultimately determining the emergence of particles’
ejection phenomenon due to the induced fluid density gradient as drag source away from
the central aggregate, rather than the geometry itself. As a result, the opposing observation
(enhanced-aggregation of particles toward the central aggregate) found in our present work,
occurs under a mechanism that ought to be different than the balance of forces due purely
to acoustic radiation and Stokes drag.

4.3.3 Influence of individual particle’s size and number

Higher exhaustive calculations are performed under identical postulates, to model objects
at a larger scale and an assembly of aligned particles (Fig. 4.28). In terms of finite-element
mesh generation, a mean volume of 10~* ym3 similar to former cases is conserved. From a
physical point of view, it is crucial that this chosen parameter be smaller than the two typical
length scales that are in play: thermal and viscous penetration depths. Their respective
scaling law is written: dy, ~ (%)1/ 2 and Syjse ~ (%)1/ 2 as a function of Dy, the thermal
diffusivity of medium, v its kinematic viscosity and w the applied acoustic frequency at
298.15 K [279, 280]. A numerical evaluation of these two length scales in water yields values
in the order of 0.28 and 0.73 um, respectively. Hence, the size of the smallest element of the
mesh used during simulation that equals 0.05 ym, well satisfies these boundary conditions.

A two-fold increase in size of the polystyrene bead in Fig. 4.28(a) demonstrates that the
resulting power dissipation as heat loss to surrounding increases too, as this term scales to
the volume of an object. The represented individual polystyrene bead suspended in water
exhibits a uniform heating, with a thermal boundary layer heated up to 5-10~7 K that can be
estimated to exceed 1 yum. Whereas, neither an increase in particles’ size, nor an assembly
of aligned objects seem to be able to modify the previous observations made for silica. Once
again, a homogeneity in terms of temperature distribution is recorded, which leads to a
low probability that the particles” migration originates from the drag along fluid layers, as
reported by the work based on polystyrene beads that respond promptly to the creation of
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FIGURE 4.28: Heat transfer simulation performed on an individual (a)
polystyrene bead suspended in water, (b) silica bead in ethanol and (c) sil-
ica helix in ethanol. In comparison to Fig. 4.27, all the mentioned particles
have been scaled up twice. This represents an isolated (a) polystyrene bead
(r = 0.5 um) (b) silica bead (r = 0.5 yum) and (c) silica helix (r = 0.3 ym) that
is around 3.8 um long. In bottom panel, results for an alignment of three (d)
polystyrene beads suspended in water, (e) silica beads in ethanol and (f) silica
helices in ethanol are shown. This time around, the size of particles remains
identical but its number has been tripled. This represents an array of objects,
where the mid-point of each individual one is placed in a 2-ym-spaced fash-
ion compared to its neighbors. Color code shows values ranging from 298.15
t0 (298.15 + 107°) K in each case.

thermal boundary layer [136].

Herein, an enhanced-aggregation phenomenon is rather documented for fluorescein-
capped silica particles under both increasing opto- and acousto-excitations. For objects
whose dimension is comparable to 1 ym, it has been reported that their movement could
be dictated by acoustic streaming to end up forming vortex-like patterns in a microfluidic
chamber [132]. As the synthesized silica particles in our work revolve around this length
scale, unquestionably this former neglected force might contribute to the local concentration
of particles confined at the acoustic pressure node. Therefore, another type of multi-nodes
acoustic cavity that allows a viewing direction from the side (instead of an upper-view), has
been implemented with a home-designed polydimethylsiloxane device in order to verify
our preliminary assumptions (Fig. 4.29).

By finely tuning the wave resonance frequency, a number of pressure nodes can be si-
multaneously generated along the cavity’s height as illustrated in Fig. 4.29(b). Preliminary
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FIGURE 4.29: (a) Schematic of the optical imaging set-up for a multi-nodes
acoustic field. (b) An example of a 3-nodes pressure profile generated in such
acoustic cavities. By adapting the right frequency to the height of the PDMS
device C/, multiple periods of standing ultrasonic wave can be simultaneously
created. (c) Vortex-like displacements displayed by 18-2-18:(D)malate@FITC
left-handed helices that are confined in the first nodal plane, at different time
stamps t = 4 (resp. 5, 6, 7 s). Red dotted line represents their global elliptic
trajectory with particles that are encircled in yellow and black arrows to indi-
cate their moving direction. The applied acoustic amplitude is fixed at 11 V
with a frequency of 2.11 MHz. A 50 % strength of light illumination at 488 nm
is switched on and the recorded video frame rate is of 20 images per second
under the observation of a 50x objective lens. Scale bar: 30 ym.

tests display a series of recording where the suspended 18-2-18:(D)malate@FITC silica he-
lices are trapped in multiple disk-like layers under acoustic levitation. As soon as the acous-
tics is switched on, an important amount of particles are confined as monolayers and re-
main stable over the entire period of recording time, whose duration is less than an hour
long. Thanks to this technique, vortex-like displacements of free-suspending objects are ev-
idenced not only along the z-axis, but as well as in the xy-plane. It is interesting to point
out the capacity of certain particles to even hop and travel in between pressure nodes. It
appears that handling these relatively tiny particles from an acoustics and optical point of
view, the focusing force along the axial direction no longer stays predominant and acoustic
streaming might have to be accounted for, to fully capture their motion. Moving forward
with this novel acoustofluidic set-up, it would be highly interesting to further leverage this
enhanced-aggregation phenomenon that is yet to be entirely comprehended, onto building
an eventual chiral resolution method based on the evidenced difference in migration speed
existing between objects of opposite handedness.
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4.4 Conclusion

An alternative approach of synthesizing chiral tribrid organic-inorganic structures, with
finely controlled handedness has been suggested. This benefits from the self-assembly
of gemini surfactants complexed with chiral counterions like malic acids, doted by their
robust capacity to be functionalized by silica. This constitutes a wide degree of freedom in
surface chemistry play, where three systems abbreviated as 18-2-18@CdSe, 18-2-18@Au and
18-2-18@FITC have been explored.

These hereby yielded helices of left- and right-handedness, measuring in average 0.2
pum in diameter and 1.2 ym in length, serve as substrate to host incoming guests. In the first
case of grafting semiconductor NPLs with well-defined shape and dimensions, it enables an
evaluation of the silica helices’ number concentration which is crucial thereafter, to precisely
determine their added quantity for controlled synthesis of gold nanoparticles for example.
This leads then to the second part of this work about depositing and in-situ growth of
gold-decorated silica helices. Such colloidal plasmonic system exhibits chiroptical behavior
as CD that increases in magnitude with the strength of the interparticle plasmonic coupling
in its resonance region. From a simulation point of view performed under discrete dipole
approximation, similar evolution of CD signals is obtained, underlining the significant
effect of interparticle distance. Despite the as-predicted absence of CD phenomenon on
colloidal silica structures coupled to semiconductor nanoparticles in solution, this class of
material still holds the potential for circularly polarized light emission studies, as hinted by
the process of chirality transfer that is worth investigating [281, 99].

On the other hand, as silica material reacts positively to confinement under acoustic
levitation experiments, the as-synthesized chiral helices have been fluorescently labeled for
observation under dark-field microscopy. Moreover, at a specific illumination wavelength,
the particles’ average in-plane migration speed in the order of several tens of yum-s~!, is
demonstrated to increase with both opto- and acousto-excitations, as well as higher factors
of dilution. As a function of the helices’ handedness, it is noticed that their traveling
velocity may differ depending on the chosen working conditions and hence, one is able to

promote a faster migration of either population of chiral objects.

Side-to-side comparisons of identical materials, but of different morphologies, reveal
that the enhanced-aggregation phenomenon occurs in a fashion that depends largely on
the concentration of suspended particles. Another distinguishable point lies also on the
formation of an internally self-rearranging aggregate that is recorded in the case of helical
objects, similarly to active matters like bacteria and mesenchymal cells. Numerically com-
puted heat transfer simulations and multi-nodes acoustic techniques hint towards the end,
at a qualitative reasoning for the origin of particles” enhanced-aggregation phenomenon
that requires further proofs in view of acoustic streaming [282, 283].

Indeed, if the postulated heating mechanism is confirmed, then any optically absorb-
ing materials set under an ultrasonic wave field without the creation of thermal boundary
layer could be transformed into a local in-plane particles trap, during illumination with an
adequate wavelength. This constitutes thereby a contactless way to selectively manipulate
objects in suspension, in addition to the initial idea of this chapter, which is to elaborate a
proof-of-concept for the separation of chiral moieties based on their respective migration
speed.
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Chapter 5

Conclusions et perspectives

5.1 Conclusions

General understanding and characterizations of helical objects constituted a major part of
this body of work, towards obtaining chiroptically active materials in the visible range with
semiconductor CdSe NPLs. The underlining correlation between their surface functional-
ization with adsorbed molecules and the modification of their crystal lattices, documented
a shape-transitioning effect on these atomically thin nanosheets. Their rich capacity to host
a panel of chiral functional ligands has been harvested, for an efficient electronic coupling
of transition states between these chromophores. One of the goals was to extend the current
availability of chiroptically active materials onto II-VI semiconductors in view of their large
tunable spectral range.
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FIGURE 5.1: Tuning the handedness and helices radii of CdSe NPLs via modi-

fications of surface chemistry. The above cartoon illustrates the chirality inver-

sion of a piece of carboxylates-capped right-handed helix into a left-handed

one, when the surface ligands are substituted by linear alkanethiolates with
varying chain lengths.

In Chapter 2, the curling of NPLs has been tuned by righteously choosing the length
of organic ligands grafted onto the surface of these inorganic nanoparticles, via a specific
anchoring group (Fig. 5.1). This approach relied on the mismatch between the inorganic
crystal lattice and layer of anchoring atoms, in addition to the steric repulsion brought by
their aliphatic chains. Quantitative mechanical analysis captured these three components
as separate acting contributions in a three-layers misfit strain model, valid for homo- and
hetero-structured CdSe-CdS NPLs with varying thicknesses. As assumed strong in-plane
deformations (~20 %) of each inorganic stacking layer resulted in the internal energy
minimization of residually stressed bodies into an optimal helical configuration, while
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considering a layer of packed organic chains in lateral compression close to 1 GPa. This
method well depicted the physical conditions for the formation of nanohelices and in
predicting their associated radii.

Despite the important surface stress induced by thiolate headgroups, the average in-
plane lattice parameter of CdSe nanohelices remained however, equal to that of zinc blende
bulk. XRD studies revealed the significant role of specific orientations when it comes to in-
vestigating anisotropic distorted objects. In which case under anisotropic scattering, certain
contributions can be either unscreened or broadened due to the object’s alignment with the
incident beam and the local dispersion of discrete distances between paired atoms. As he-
lices” radii increase with a surface passivation by longer and sterically occupying ligands,
their XRD pattern smoothens out since the presence of distortions due to high surface cur-
vature is less prominent compared to helices with smaller radii.

Achiral ligands Chiral ligands

hiral ligands

FIGURE 5.2: Synthesizing chiroptically active CdSe NPLs in absorption via

alterations of surface functionalization. The above cartoon depicts the rota-

tion of the circularly polarized components” major axis due to a difference in

refractive indices of a chiral absorbing medium, which gives rise to measured
CD signals.

In Chapter 3, numerous strategies were implemented to synthesize CdSe NPLs that
exhibited circular dichroism properties (Fig. 5.2). The most promising route, consisted in
exchanging their native surface achiral carboxylates by chiral compounds such as tartaric
acid, gave rise to dissymmetry values in the order of 10~2. This factor was demonstrated
to increase with the number of stereocenters and the reducing distance between the
considered chromophores. Chiral molecules presenting carboxylate anchoring group rather
than thiolate, was found to yield greater g-factor values upon coupled onto CdSe NPLs, by
comparing the scenarios between L-tartaric acid, L-dithiothreitol and L-cysteine. This was
hypothesized to be related to their respective HOMO band alignment during hybridization
with the hole level of CdSe.

Post-modified chiral zinc blende NPLs displayed absorptive-like CD signals in contrary
to conventional QDs and wurtzite cadmium-based materials. For a given surface chemistry
of NPLs with various thicknesses, a progressive shift of the CD line shape towards greater
wavelengths corresponding exactly to their respective excitonic transitions was recorded.
This resulted in a slight increase of g-factor values with the thickness of inorganic core and a
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decrease of its energy gap. Seemingly, this observation was attributed to an increase in res-
onance for an electronic coupling between CdSe and the presence of chiral surface ligands.
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FIGURE 5.3: Manipulating fluorescently labeled silica objects under simul-

taneous opto- and acousto-perturbations. The above cartoon displays the

enhanced-aggregation phenomenon of particles in a cavity’s mid-plane, at an

average in-plane velocity that increases with both the magnitude of light and
acoustic excitations.

In Chapter 4, an alternative approach of fabricating helical structures with finely
controlled handedness was introduced, that benefited strongly from the self-assembly
of gemini surfactants complexed with chiral counterions like malic acids. Among three
studied systems, silica helices functionalized with gold nanoparticles in particular, showed
increasing CD responses in their plasmon resonance region with the strength of the
interparticle plasmonic coupling, in agreement with simulations performed under discrete
dipole approximation. Experimentally, this was achieved by modifying the grafting density
of pre-prepared gold seeds before an in-situ growth, to underline the significant effect of
interparticle distancing.

The other captivating route, where fluorescently marked chiral silica helices were sub-
jected to experiments in acoustic levitation, displayed distinct migration behaviors between
objects of opposite handedness tracked under dark-field microscope (Fig. 5.3). Depending
on the chosen opto-acousto working conditions, a faster migration of an either population
of left- or right-handed helices can be promoted. This enhanced-aggregation phenomenon
occurring under an optimal light excitation, was evidenced to depend as well on the concen-
tration and nature of suspended particles. Numerical heat transfer simulations and multi-
nodes acoustic recordings hinted towards the end, at a qualitative reasoning for the origin
of this observation which might require further proofs in view of acoustic streaming.

5.2 Perspectives

The formation of cadmium chalcogenide nanohelices has been elucidated due to the
adsorption of surface ligands and resulting stress contributions, leading toward an energy-
favored configuration. This yielded a quasi-racemic system composed of chiral helices
from both handedness. Efforts have been dedicated into synthesizing either population of
enantiomers rather than a mix of both, via addition of chiral chemical compounds during
their two-dimensional lateral growth. Two principal struggles were: (i) the preservation
of an atomically scaled quantum well structure with defined morphologies and (ii) the
meticulous choice of a suitable chiral compound capable of driving an enantio-selective
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synthesis of CdSe NPLs.

In the first point, it is noticed that an average steric hindrance brought by the carboxylate
aliphatic chains is necessary for the growth of two-dimensional objects with well defined
borders and edges. Despite single introduced chains alone like octanoates were able to
yield NPLs, it appears that a dynamic mix of acetates and oleates better preserves their
uniformity. After several attempts, it is also found that a combination of hexanoic and
ibuprofene acid molecules gave rise to NPLs possessing irregular cloud-like shapes. To
some extent during lateral extensions of small-sized objects, it occurs that certain edges
can result into finger-like projections that we primarily, relate to a mechanical instability
phenomenon. Due to the important tensile strain exerted by the carboxylate anchoring
groups onto CdSe crystal lattices, this might generate starting points of local defects that
could over time during synthesis, be amplified into breaking an object’s symmetry in a
periodic manner. Thus, a slight addition of halogenides for instance, that will in part help
reducing the lattice mismatch could be imagined to promote the lateral growth of NPLs, as
was demonstrated in the case of their axial growth favored by chlorides.

The second listed point can in fact be understood as a way to induce a preferential
growth along a certain facet, of a strain-induced crystal. Essentially, chosen chiral ligands
were sterically occupying and comparable to that of long aliphatic chains like oleic acids,
in hope that these latter would passivate in majority the top and bottom wide facets of a
NPL. The side narrow facets that were either more exposed or capped by shorter achiral
ligands, would then grow under a strain-induced environment brought by the adsorption
of chiral molecules, mainly on the basal planes of a NPL. This assumed strongly that the
order of magnitude of induced mechanical strain onto crystal lattices would be sufficient
to overwrite its crystallization under standard thermodynamic conditions. Further exper-
imental and theoretical confirmations would be much required to justify claims made in
such studies.

Chiroptical properties in absorption were demonstrated in CdSe NPLs via an efficient
coupling of these latter to chiral functional surface ligands. This owed greatly to a righteous
choice of molecule, in regard of a favorable hybridization through its achoring group and
the description of chiral stereocenters. Two interesting points were underlined, where: (i)
an additional splitting of the e-hh corresponding CD peak with the shape of CdSe NPLs and
(ii) a dependence of CD line shapes on the surface coverage of exchanged chiral ligands.
Since the symmetry of selenium 4p orbital of the hh band revolved around p(, ) in contrary
to the p(,, .) experienced by the lh and so bands, it seemed curious that this might give
rise to a curvature-dependent phenomenon that affected only the e-hh excitonic transition.
Experimentally, a prominent trend of intensified peak splitting has been noticed, going
from the tiniest flat square-shaped CdSe NPLs to the rectangular, twisted and finally, the
helical ones. It would be interesting to estimate for each geometry, how the neighboring
dipoles are coupled to one another and indeed, if it correlates to a sort of local curvatures
and degrees of deformation in inorganic crystal lattices. As the induced CD line shapes
were highly sensitive to the excitonic transition wavelength, it would be reasonable to
follow the kinetic evolution of these CD signals during ligand exchanges, to shed light onto
their bisignated pattern and indeed, if a shape-transitioning effect were in play.

As proof-of-concept to a crystal sorting method, distinct average in-plane migration
speeds between separate chiral objects were shown. This varied mainly as a function of the
acoustics and optical working conditions, while the effect of particles” shape and concentra-
tion in solution revealed self-organizing behaviors similarly to certain biological systems.
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With these information in hand, it would be intriguing to build actual opto-acoustofluidic
devices. One of the challenges relies on the design optimization of such microcavities with
respect to an optimal separation time, at a given input shear flow. In terms of chemical point
of view, it was possible to fluorescently label hybrid surfactant-silica helices with two differ-
ent markers like fluorescein and rhodamine for instance. This can then help to differentiate
the two enantiomers from one another post-separation with the use of a spectrophotome-
ter, since they would absorb and emit light at distinct wavelengths: 490 and 520 nm for
fluorescein, while in the case of rhodamine, 540 and 570 nm. Via this approach, aliquots
could be collected at the outlets of a microchannel and subsequently analyzed, based on
their retention and flow time.
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Appendix A

Publications and communications

Publications

Surface modification of CdE (E: S, Se and Te) nanoplatelets to reach thicker
nanoplatelets and homostructures with confinement-induced intraparticle type
I energy level alignment

Nicolas Moghaddam, Corentin Dabard, Marion Dufour, Hong Po, Xiangzhen Xu, Thomas Pons,
Emmanuel Lhuillier and Sandrine Ithurria

Journal of the American Chemical Society 2021 143, 1863-1872

Optimized cation exchange for mercury chalcogenide 2D nanoplatelets and its
application for alloys

Corentin Dabard, Josep Planelles, Hong Po, Eva Izquierdo, Lina Makke, Charlie Gréboval, Nico-
las Moghaddam, Adrien Khalili, Tung Huu Dang, Audrey Chu, Stefano Pierini, Claire Abadie,
Mariarosa Cavallo, Erwan Bossavit, Xiang Zhen Xu, Philippe Hollander, Mathieu Silly, Emmanuel
Lhuillier, Juan 1. Climente and Sandrine Ithurria

Chemistry of Materials 2021 33, 9252-9261
Chiral helices formation by self-assembled molecules on semiconductor flexible
substrates

Hong Po, Corentin Dabard, Benoit Roman, Etienne Reyssat, José Bico, Benoit Baptiste, Emmanuel
Lhuillier and Sandrine Ithurria

ACS Nano 2022 16, 2901-2909
Double-crowned 2D semiconductor nanoplatelets with bicolor power-tunable
emission

Corentin Dabard, Victor Guilloux, Charlie Gréboval, Hong Po, Lina Makke, Ningyuan Fu, Xiang
Zhen Xu, Mathieu G. Silly, Gilles Patriarche, Emmanuel Lhuillier, Thierry Barisien, Juan 1. Cli-
mente, Benjamin T. Diroll and Sandrine Ithurria

Nature Communications 2022 13, 5094



144 Appendix A. Publications and communications

2D II-VI semiconductor nanoplatelets: from material synthesis to optoelectronic
integration

Benjamin T. Diroll, Burak Guzelturk, Hong Po, Corentin Dabard, Ningyuan Fu, Lina Makke, Em-
manuel Lhuillier and Sandrine Ithurria

Chemical Reviews 2023 123, 3543-3624

Communications

¢ ESPCI Paris PC Focus Day 2020 on science vulgarization

¢ Bad Honnef Physics School 2021 on exciting nanostructures: characterizing advanced
confined systems

* nanoGe Spring Meeting 2022 on semiconductor nanocrystals basic science (synthesis,
spectroscopy, electronic structure, device and application)

* Doctoral School (ED 397) Days 2022
¢ Workshop on colloidal nanocrystals 2023

* Materials Research Society Spring Meeting 2023 on advanced manufacturing of 2D
materials at the atomic scale

Prizes

* Poster award at Bad Honnef Physics School 2021
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Appendix B

Materials and Methods

Chemicals and precursors

Purchased products

Octadecene (ODE) (Sigma-Aldrich, 90 %), cadmium acetate dihydrate (Cd(Ac),- 2H,O)
(Sigma-Aldrich, 99.995 %), cadmium oxide (CdO) (Strem Chemicals, 99.99 %), myristic acid
(Sigma-Aldrich, 99 %), selenium powder (Se) (Strem Chemicals, 99.99 %), sulfur powder (S)
(Sigma-Aldrich, 99.99 %), oleic acid (Sigma-Aldrich, 90 %), acetic acid (Sigma-Aldrich, 99.8
%), ethanethiol (Fluka, >98 %), butanethiol (Aldrich-Chemistry, 99 %), octanethiol (Fluka,
>97 %), dodecanethiol (Aldrich-Chemistry, >98 %), octadecanethiol (Aldrich-Chemistry, 98
%), tributylphosphine (TBP) (Sigma-Aldrich, 97 %), trioctylphosphine (TOP) (Alfa Aesar,
90 %), cadmium chloride hydrate (CdCl,- xH,O) (Sigma-Aldrich, 99.995 %), cadmium bro-
mide tetrahydrtae(CdBr;- 4H,0O) (Sigma-Aldrich, 98 %), cadmium iodide (Cdl,) (Sigma-
Aldrich, 99 %), sodium tetrahydroborate (NaBH4) (Sigma-Aldrich, 99 %), sodium sul-
fide nonahydrate (Na,S- 9H,0) (Aldrich-Chemistry, 99.99 %), toluene (VWR, 99.5 %), n-
hexane (VWR, 99 %), ethanol (VWR, 96 %), methanol (VWR, 99.8 %), N-methylformamide
(NMF) (Thermo Scientific, 99 %), acetonitrile (VWR, 99.95 %), diethyl ether (VWR, 99 %),
ethyl acetate (VWR, 99 %), chloroform (VWR, 99 %), acetone (VWR, 99 %), tetrahydro-
furan (THF) (VWR, 99 %), N,N,N’,N’-tetramethyl ethylenediamine (Sigma-Aldrich, 99.5
%), 1-bromooctadecane (Sigma-Aldrich, 98 %), D-(+)-malic acid (Sigma-Aldrich, 97 %), L-
(-)-malic acid (Sigma-Aldrich, 99 %), DL-malic acid (Sigma-Aldrich, 99 %), D-(+)-tartaric
acid (Sigma-Aldrich, 99 %), L-(-)-tartaric acid (Sigma-Aldrich, 99.5 %), silver carbonate
(AgoCO3) (Sigma-Aldrich, 99 %), ammonia solution (Sigma-Aldrich, 32 %), tetraethyl or-
thosilicate (TEOS) (Sigma-Aldrich, 99 %), 3-aminopropyl triethoxysilane (APTES) (Sigma-
Aldrich, 97 %), 3-mercaptopropyl trimethoxysilane (MPTMS) (Sigma-Aldrich, 95 %), flu-
orescein isothiocyanate (FITC) (Sigma-Aldrich, 90 %), rhodamine B (Sigma-Aldrich, 90
%), polyvinyl pyrrolidone K15 (PVP) (Sigma-Aldrich), formaldehyde methanol solution
(Sigma-Aldrich, 37 wt.%), hydrogen tetrachloroaurate trihydrate (HAuCly- 3H,O) (Sigma-
Aldrich, 99.9 %), potassium carbonate (K,CO3) (Sigma-Aldrich, 99 %) and trisodium citrate
dihydrate (Sigma-Aldrich, 99 %) were used as received.

Synthesized compounds
Cadmium carboxylate (Cd(OOCR),)

Similarly to the report of Moreels and co-workers by using a three-neck flask, 2.56 g (20
mmol) of CdO and 11 g (50 mmol) of carboxylic acid are mixed and degazed at 70 °C during
30 min [284]. Next, the heating temperature is increased to 200 °C for 20 min, under argon
flow until the solution turns colorless. At the end during cooling, 30 mL of methanol are
added to solubilize the excess of myristic acid at 60 °C. The final product is precipitated
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with methanol and the washing process is repeated three times before being left to dry under
vacuum at 70 °C overnight.

Cadmium dithiolate (Cd(SR),)

In a centrifuge tube, 1.83 g (10 mmol) of CdCl,-xH,O is dissolved in a 30 mL solution consist-
ing of an equal volume mix of Milli-Q H,O and ethanol. Approximately 10 mL of ammonia
solution is added dropwise under constant stirring until the solution turns colorless. For
each linear carbon chain (n = 2, 4, 8, 12, 18), 20 mmol of thiol solutions is introduced drop-
wise with the formation of white precipitates. At the end of addition, the mixture is stirred
for 2 h before being washed twice with an equal amount of Milli-Q H>O and ethanol. The
final product is dried under vacuum at 70 °C overnight.

Trioctylphosphine selenide at 1 M (TOPSe)

In a glovebox, 20 mL of trioctylphosphine and 1.58 g (20 mmol) of selenium powder are
stirred overnight until a colorless solution is obtained. This final product is later stored in
the glovebox to prevent oxidation.

Bi(stearoyl) selenide (Se(OCC;7),)

Adapted from the report of Norris and co-workers in a 50 mL flask, 0.076 g (2 mmol) of
LiAlHy are added into a mixture of 0.192 g (2.4 mmol) of elemental selenium and 20 mL
of dry THF cooled to -10 °C under argon flow [42, 285]. The mixture is stirred for 30 min
to form the aluminium hydride hydrogen selenide compound (LiAlHSeH), which presents
itself as a greyish dispersion to be further reacted with carboxylic acid chlorides without
purification. After 30 min, 0.68 mL (2 mmol) of stearoyl chloride are added into the mixture
over the course of 2 min and again left under stirring. This addition of stearoyl chloride
is repeated for another three times at the 60, 90 and 120 min marks. Finally after 150 min
of reaction time, 5 mL of distilled water are added to quench the unreacted reagents. The
organic reaction mixture is then diluted with 25 mL of diethyl ether after removing the ice
bath and washed five times with 20 mL of brine solution at a mass concentration of 25 %.
The final organic phase is collected and heated to 50 °C to form a clear brownish solution,
before being left to crystallize overnight. The crystals are later filtered and dried at 30 °C
under vacuum overnight.

Sulfide octadecene at 0.1 M (SODE)

In a three-neck flask, 100 mL of ODE is degassed at 70 °C during 30 min. Later under argon,
480 mg (15 mmol) of sulfur powder is added and the mixture is heated at 140 °C up to a
point where it turns slightly yellowish and clear. This solution is then cooled and stored at
room temperature.

Gemini surfactants (18-2-18:bromide)

Adapted from the report of Huc and co-workers, a two-steps method is employed to yield
m,m-dimeric surfactants, where m is the carbon number of alkyl chains that is to be intro-
duced onto the initial diamine [286]. 15 mL of diamine compound (0.1 mol) are placed in a
three-neck flask, into which 27 mL of 1-bromooctadecane (0.08 mol) and 50 mL of acetoni-
trile are added. The mixture is then kept at 40 °C during 3 days, after which the solvent is
evaporated. 50 mL of diethyl ether are added and the medium is left to crystallize overnight,
before filtering and drying under vacuum. A quarter of the previously obtained compound
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(20 mmol) are again placed in a three-neck flask, into which 27 mL of 1-bromooctadecane (80
mmol) and 50 mL of ethyl acetate are introduced. The mixture is heated under reflux for 2
days, after which the solvent is again evaporated. A chloroform-acetone mix in the volume
ratio of 1:1 is introduced for crystallization. The final product, so called 18-2-18:bromide, is
later filtered and dried under vacuum.

Complexation with chiral acids (18-2-18:malate/tartrate)

Adapted from the work of Oda and co-workers, 5 mmol of malic (resp. tartaric acid) and 1.38
g of silver carbonate (5 mmol) are placed in a three-neck flask, into which 7 mL of methanol
are introduced. The mixture is then stirred under vacuum for 1 hour, before heated to 45
°C. A 18-2-18:bromide solution pre-prepared by weighing 2.25 g of dried precursor and
dissolving them in 10 mL of hot methanol, is swiftly injected into the reaction medium. The
mixture is then kept at 45 °C for 30 min, before filtering to obtain a colorless solution. The
solvent is later evaporated, before adding in a chloroform-methanol mix in the volume ratio
of 9:1 for crystallization. The final product, so called 18-2-18:malate (resp. 18-2-18:tartrate),
is filtered and dried under vacuum.

Gold seeds measuring ~4 nm

90 mL of an aqueous solution of hydrogen tetrachloroaurate is prepared at 0.27 mM with
Milli-Q purified water. Into which are added 2 mL of an aqueous solution of sodium citrate
at 1 wt.%. The mixture is stirred for 1 min before the addition of 0.075 wt.% NaBH, dissolved
in 1 mL of the formerly prepared sodium citrate aqueous solution at 1 wt.%. The medium
stays continuously under stirring for another 5 min before being stored at 4 °C. The solution
appears ruby red in the end.

Gold plating solution at 20 mM

Adapted from the work of Goharshadi and co-workers, 50 mg (0.36 mmol) of K;CO3 are
dissolved in 197 mL of Milli-Q aqueous solution under vigorous stirring [235]. Then, 3.75
mL of an aqueous solution of hydrogen tetrachloroaurate prepared at 20 mM with Milli-Q
purified water are added dropwise. The mixture is stirred over the course of 30 min before
being stored at 4 °C. The solution appears slight yellow in the end.

Synthesis of nanoparticles

Cadmium-based nanoplatelets

2 MLs CdSe

* Scrolls measuring ~(35 x 60) nm?

Adapted from the report of Vasiliev and co-workers, 0.16 mL of oleic acid and 260 mg
(1 mmol) of cadmium acetate dihydrate are placed into a three-neck flask containing
20 mL of ODE, before being degazed at 70 °C for 30 min prior to the synthesis [59]. The
reaction mixture is heated to 100 °C) under argon. Once the temperature is reached,
0.25 mL of TOPSe at 1 M diluted to 0.5 mL by ODE, are swiftly injected into the reaction
mixture under vigorous stirring to initiate the particles’ nucleation. Later, the reaction
is left under stirring for 4 h for the particles” growth, forming an opalescent pale white
solution. Finally, the reaction is quenched by rapid injection of 2 mL of oleic acid
during cooling at 60 °C. CdSe nanoscrolls are precipitated by adding an equal volume
of acetone and separated by centrifugation at 5000 rpm for 10 min. This washing step
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is repeated twice and the pale white precipitate is redispersed in 10 mL of hexane for
further growth into larger NPLs.

3 MLs CdSe

* Squares measuring ~(7 x 10) nm?

Adapted from the report of Cuniberti and co-workers, 68 mg (0.15 mmol) of cadmium
decanoate, 46 mg (0.075 mmol) of bis(stearoyl)selenide, 107 mg (0.4 mmol) of cadmium
acetate dihydrate and 15 mL of ODE are degazed in a three-neck flask for 1 h at room
temperature [287]. Under argon, the system is heated to 150 °C and kept for 6 h for the
NPL growth. Then, the flask is cooled to room temperature and the resulting NPLs are
precipitated by adding isopropanol with subsequent centrifugation. The precipitate
is dissolved in 3 mL of CHCl3 and acetonitrile is added dropwise until the system
becomes slightly turbid. The NPLs are precipitated by centrifugation while the QDs
impurities remain in the supernatant. The washing procedure is repeated until the
precipitate consists solely of 3 MLs NPLs.

* Polygons measuring ~(50 x 95) nm?

In a three-neck flask, 240 mg (0.9 mmol) of cadmium acetate dihydrate are weighed
before adding in 15 mL of ODE and 0.15 mL of oleic acid. The mixture is degazed
at 70 °C under vacuum for 30 min. The temperature of the mixture is then increased
to 190 °C under argon. At 185 °C, 0.14 mL (0.14 mmol) of TOPSe at 1 M are swiftly
injected and the reactive medium is left under stirring for 10 min. At the end of the
reaction during cooling to room temperature, 1 mL of oleic acid are added. The NPLs
are precipitated with ethanol and suspended in 10 mL of hexane.

 Twists measuring ~(11 x 122) nm?

In a three-neck flask, 240 mg (0.9 mmol) of cadmium acetate dihydrate are weighed
before adding in 15 mL of ODE and 0.45 mL of oleic acid. The mixture is degazed
at 70 °C under vacuum for 30 min. The temperature of the mixture is then increased
to 190 °C under argon. At 185 °C, 0.14 mL (0.14 mmol) of TOPSe at 1 M are swiftly
injected and the reactive medium is left under stirring for 10 min. At the end of the
reaction during cooling to room temperature, 1 mL of oleic acid are added. The NPLs
are precipitated with ethanol and suspended in 10 mL of hexane.

* Helices measuring ~(88 x 302) nm?

In a three-neck flask, 260 mg (1.1 mmol) of cadmium acetate dihydrate are introduced
before adding in 10 mL of ODE and 0.25 mL of oleic acid. The mixture is heated at
70 °C under vacuum for 30 min. In a syringe, 0.6 mL (0.6 mmol) of TOPSe at 1 M
diluted in 4.4 mL of ODE is prepared. Under argon, the heating temperature is then
increased to 190 °C, and the selenium precursor is injected over the course of 40 min.
The solution gets more tainted in yellow as time goes on. At the end of the injection,
the heating mantle is removed to allow complete cooling of the reaction medium to
room temperature. To precipitate the NPLs, equal amounts of ethanol and hexane are
introduced during washing. At the end, the pellet of NPLs is suspended in 10 mL of
hexane for further use.

4 MLs CdSe

* Squares measuring ~(14 x 14) nm?
Into a three-neck flask are introduced 24 mg (0.3 mmol) of Se powder and 340 mg (0.6
mmol) of Cd(Myr),. 15 mL of ODE are then added before heating the mixture to 70 °C
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under vacuum for 30 min. The temperature is later increased to 240 °C under argon
and when the mixture turns orange around 200 °C, 200 mg (0.75 mmol) of cadmium
acetate dihydrate are rapidly added. The reaction is continued under constant stirring
during 10 min. At the end during cooling, 0.5 mL of oleic acid are added. Washing
steps with ethanol and hexane are performed to separate synthesized NPLs from QDs.
The pellet is redispersed in 10 mL of hexane.

* Rectangles measuring ~(7 x 32) nm?
Into a three-neck flask are introduced 24 mg (0.3 mmol) of Se powder and 340 mg (0.6
mmol) of Cd(Myr),. 15 mL of ODE are then added before heating the mixture to 70 °C
under vacuum for 30 min. The temperature is later increased to 240 °C under argon
and when the mixture turns orange around 200 °C, 110 mg (0.5 mmol) of cadmium
acetate anhydrous are rapidly added. The reaction is continued under constant stirring
during 10 min. At the end during cooling, 0.5 mL of oleic acid are added. Similar
washing steps with ethanol and hexane are used to separate synthesized NPLs from
QDs. The pellet is redispersed in 10 mL of hexane for further growth into larger NPLs.

* Needles measuring ~(6 x 45) nm?

Into a three-neck flask are introduced 24 mg (0.3 mmol) of Se powder and 340 mg (0.6
mmol) of Cd(Myr),. 15 mL of ODE are then added before heating the mixture to 70 °C
under vacuum for 30 min. The temperature is later increased to 240 °C under argon
and when the temperature reaches 180 °C, 110 mg (0.5 mmol) of cadmium acetate
anhydrous are rapidly added. The reaction is continued under constant stirring during
10 min. At the end during cooling, 0.5 mL of oleic acid are added. Similar washing
steps with ethanol and hexane are used to separate synthesized NPLs from QDs. The
pellet is redispersed in 10 mL of hexane for further growth into larger NPLs.

Lateral growth towards NPLs with large dimensions

In a three-neck flask, cadmium acetate dihydrate are introduced to increase the surface area
of the initial NPLs. 10 % of previously synthesized small CdSe NPLs can be precipitated in
a mixture of ethanol and hexane, then being suspended in 6 mL of ODE. This latter is added
into the flask, in addition to 0.3 mL of oleic acid and heated at 70 °C under vacuum for 15
min. A growth solution consisting of TOPSe at 1 M diluted in ODE is prepared in a syringe.
The heating temperature is then increased to 150 (resp. 235 °C) under argon in the case of
2 (resp. 4 MLs) NPLs, at which the injection of growth solution begins over the course of
40 min. The solution turns turbid as time goes on, which actually indicates light diffusion
by large particles. After cooling, equal amounts of ethanol and hexane are used during
purification and the pellet is redispersed in 10 mL of hexane. The quantity of cadmium and
selenium precursors used are calculated as a proportional increase in terms of lateral size of
the initial particles.

Growth by c-ALD towards thicker 5, 6 and 7 MLs CdSe

Adapted from the work of Talapin and co-workers, the precursors of selenium are prepared
by reducing their mesh form in a solution of NMF and ethanol in the presence of NaBHy [57].
To grow 5 MLs CdSe NPLs for instance, 10 % of as-synthesized 3 MLs CdSe NPLs are taken
as starting materials. The introduction of selenium ions onto the surface of existing NPLs
in the presence of TBP induces their precipitation in hexane. This latter is then resuspended
in NMF and washed in toluene before the surface addition of cadmium precursors. These
NPLs are finally annealed in the presence of 25 mg (0.1 mmol) of cadmium acetate dihydrate,
35 uL of oleic acid, 45 uL of TBP and 4 mL of ODE at 235 °C. At the end of the reaction, the
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particles are purified in a mixture of ethanol and hexane, before being suspended in 10 mL
of hexane. Essentially, this method enables the growth of particles along their thickness
direction without modifying much their lateral size.

Growth by c-ALD towards CdSe/CdS core-shell NPLs

10 % of as-synthesized 3 MLs CdSe NPLs suspended in hexane are withdrawn and the
precursors of sulfur are added. The addition of NayS dissolved in a solution of NMF and
ethanol induces the transfer of nanoparticles into the polar solvent. These NPLs are then
washed and resuspended in NMF. The layer of cadmium atoms is grown through the addi-
tion of cadmium acetate dihydrate, before transferring them back to the apolar solvent by
adding oleic acid. These steps could be repeated a certain amount of time to grow thicker
CdS shells onto existing CdSe core structures.

4 MLs CdS

In a three-neck flask, 240 mg (0.9 mmol) of cadmium acetate dihydrate are placed before
adding in 10 mL of ODE and 0.2 mL of oleic acid. The mixture is degazed at 70 °C under
vacuum for 15 min. The heating temperature is then increased to 210 °C under argon, at
which the injection of 6 mL (0.6 mmol) of SODE at 0.1 M ocurs over the course of 4 h. At the
end of the injection, heating is removed to enable complete cooling of the reaction medium
down to room temperature, before washing the nanoparticles in a mixture of ethanol and
hexane. The pellet is redispersed in 10 mL of hexane.

Silica particles
Spherical beads

Adapted from the work of Giorgis and co-workers, two solutions are prepared where one
contains a mixture of ammonia—water in a molar ratio of 0.46:2.89 and the other contains a
mixture of ethanol-TEOS in a molar ratio of 2.15:0.05 [269]. These two solutions are rapidly
mixed together in a thermostatically controlled water bath around 30 °C. After 180 min, the
resulting spheres are washed three times with ethanol before being left to dry under vacuum
overnight.

Self-assembly of surfactants and silica wall coating

Adapted from the report of Oda and co-workers, 7.2 mg of 18-2-18:malate are placed in a
glass vial, into which 10 mL of distilled water are introduced [97]. The mixture is first kept
in an incubator at 60 °C for 20 min, before being transferred to another incubator at 20 °C
for 3 days. A 50 mL aqueous solution of respective malic acid enantiomer is prepared at
a concentration of 0.1 mM, into which 2.5 mL of TEOS are introduced. This latter is then
left under mixing overnight. At the end of the surfactants” incubation period, 10 mL of
hydrolyzed silicate solution are added into the glass vial and continued to be kept at 20 °C
overnight. The reaction medium is then washed once with methanol under centrifugation at
15000 rpm during 10 min and twice with ethanol, before resuspending the final precipitate
in 10 mL of ethanol.

Surface chemistry modification of silica helices

Into previously purified 18-2-18:malate silica helices solution in ethanol, 20 uL of MPTMS
(resp. APTES) are added. The mixture is then sonicated for 10 min and kept at 70 °C
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overnight, before washing with ethanol under centrifugation at 15000 rpm during 10 min.
This surface modification step is once again repeated overnight, before washing the reaction
medium twice with toluene (resp. ethanol). The final product is resuspended in 10 mL of
toluene (resp. ethanol).

Grafting of NPLs onto mercapto-modified silica helices

Into 1 mL of former purified and mercapto-modified 18-2-18:malate silica helices solution
in toluene, 20 uL of as-synthesized 4 MLs CdSe NPLs solution in hexane of various shapes
are introduced. The mixture is sonicated for 10 min and kept at 3 uC for 3 days. This latter
is then washed twice with toluene under centrifugation at 6000 rpm during 10 min, until
absorption signals are no longer detected in the supernatant related to the presence of free
NPLs. The final compound is resuspended in 1 mL of toluene.

Grafting of gold seeds onto amino-modified silica helices

Into 1 mL of previously purified and amino-modified 18-2-18:malate silica helices solution
in ethanol, a certain amount of gold seeds solution is introduced. The mixture is vigorously
stirred at room temperature overnight. This latter is then washed three times with distilled
water under centrifugation at 6000 rpm during 10 min, until absorption signals are no longer
detected in the supernatant related to the presence of free gold seeds. The final compound
is resuspended in 1 mL of distilled water.

In-situ growth of grafted gold nanoparticles

Into former purified 18-2-18:malate@Au seeds aqueous solution, a certain amount of gold
plating and PVP solution, respectively pre-prepared at 20 and 1 mM is simultaneously intro-
duced. The mixture is stirred at room temperature for 2 min before the addition of formalde-
hyde. This latter is then followed by absorption spectroscopy over the course of one full day.
In the end, the particles are washed three times with ethanol under centrifugation at 6000
rpm during 10 min, before being redispersed in distilled water.

Fluorescent labeling of amino-modified silica helices

Into 1 mL of previously purified and amino-modified 18-2-18:malate silica helices solution in
ethanol, 400 uL of pre-prepared fluorescein isothiocyanate dye solution in ethanol at a con-
centration of 2.5 uM are introduced. The mixture is left under vigorous stirring overnight at
room temperature under dark conditions. This latter is then washed four times under cen-
trifugation at 15000 rpm during 10 min, until absorption signals are no longer detected in the
supernatant related to the presence of free dye molecules. The final sample is resuspended
in 1 mL of ethanol.

Characterization techniques

Absorption spectroscopy

Absorption spectra are recorded at room temperature on a Cary-5000 spectrophotometer
with a scanning speed of 600 nm-min~! . During measurements, small fractions are with-
drawn from initial colloidal solutions of nanoparticles to be diluted to an optical density <3.
Either glass test tubes or quartz cuvettes with a 1 cm optical path length are used.
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Emission spectroscopy

Emission spectra are recorded at room temperature on a Edinburgh spectrophotometer il-
luminated by a Xenon lamp source. During measurements, small fractions are withdrawn
from initial colloidal solutions of nanoparticles to be diluted to a count-per-second <2-10% in
order to avoid phenomenon of reabsorption. Quantum yield measurements are performed
via an integrating sphere, consisting of a cavity with a high reflection rate. A first measure-
ment of solvent emission alone is conducted to serve as the reference value. Subsequently,
a second measurement is done on a solution containing the nanoparticles. Using the F900
application, the difference between the amount of absorbed and emitted photons by the
sample is measured, thus enabling an evaluation of its quantum yield.

Fourrier transform infrared spectroscopy

Data is recorded on a Bruker Vertex 70 spectrometer at room temperature, in a wavenum-
ber range between (400-4000) cm . During measurements, concentrated nanoparticles col-
loidal solutions are drop-cast onto the detection zone and signals are recorded after solvent
evaporation.

Nuclear magnetic resonance spectroscopy

Data is acquired with respect to hydrogen-1 and carbon-13 nuclei within the molecules of
a substance, in order to determine the structure of its molecules. Deuterated chloroform is
used as the solvent in all measurements at a working condition of 400 MHz. Raw data saved
is then exported and treated with Bruker TopSpin application.

X-ray diffraction analysis

Signals from thin films of nanoparticles drop-cast on a (311)-cutted mono-crystalline silicon
substrate are recorded on a Phillips X'Pert diffractometer with a Cu-Ka radiation. Mea-
surements are performed at a working condition of 40 kV in voltage and 40 mA in current.
Scattering patterns are obtained under the 0-26 reflection mode, in a 26 range between (10-
60) " with a step size of 0.016 . Raw data saved under the format of XRDML is later
treated with HighScore application.

Transmission electron microscope

Images are recorded on a JEOL 2010 transmission electron microscope at a working voltage
of 200 kV. The data is later analyzed under Image] and information on their dimensions’
distribution is obtained over a population of 50 samples at least.

Scanning electron microscope and energy dispersive X-ray analysis

Images are recorded on a Thermo Fisher Quattro environmental scanning electron micro-
scope at a working condition of 15 kV in voltage and 50 pA in current. The data is later
analyzed under Image] and information on their dimensions” distribution is obtained over
a population of 50 samples at least. The energy-dispersive X-ray spectroscopy signals are
obtained through an Oxford Instrument detector mounted onto the microscope.



Appendix B. Materials and Methods 153

Wide-field fluorescence microscope

Fluorescent images of 18-2-18:FITC silica helices are observed under Olympus IX-71 micro-
scope equipped with a white lamp source, 100x numerical aperture, 1.45 objective, Quantem
5125C CCD camera and a filter cube adapted to the fluorescent probe (excitation: 475-35,
dichroic: MD499, emission: 530-43).

a
<«—— Quartz holder

e——— «—— Quariz cover

@ <«—— Aluminium wall—>
@ <«—— Mylar spacer

> <———_ gilicon wafer

S—
<— Aluminium body

i <«—— Transducer
b

Acoustic cavity
to be filled with suspension

FIGURE B.1: (a) Dissected and side views of an acoustic resonator used to

monitor the focusing dynamics of particles during opto-acousto experiments.

The cylindrical cavity has a diameter of 25 mm and a thickness of 330 ym,

resulting in a total volume of ~200 uL. (b) Photographed image of the acous-

tic resonator made of aluminium. The schematics are not drawn to scale.
Adapted from [288].

Acoustic resonator

According to Aider and co-workers, a homebuilt aluminium circular cavity of diameter D =
25 mm and height C = 330 ym is built as pictured in Appendix Fig.B.1 [136, 272]. Its bottom
is made of a silica wafer, whose diameter equals 25 mm and possesses a thickness of 500 ym.
On the other hand, its top part is enclosed by a round quartz plate, whose diameter is 30 mm
and 1 mm thick. The removable cover plate is built in a way that it allows easy and prac-
tical changes of observed medium, which represents around 200 yL of solution. A 2 MHz
piezoelectric transducer is then glued onto the silica wafer and powered by a wave gener-
ator. The sinusoidal signal frequency is tuned to maximize the ARF, which corresponds to
the resonance condition: A,. = 2h. In practice, this is done through monitoring the reflected
electric signal displayed by an oscilloscope and minimizing the amplitude of this latter. In
most cases, the optimal frequency is located around 1.9 MHz with fluctuations in the order
of several kHz.
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Optical set-ups

The as-described acoustic cavity is placed on the moving stage of a fluorescence microscope
(Olympus BX-2), where observations are made under objectives of different magnifications.
The employed light source (CoolLED pE-300-W, Andover, UK) enables a fine control of the
illumination wavelength in the visible region. The intensity of light excitation is simulta-
neously controlled by a probe (ThorLabs PM16-130) connected to the computer, possessing
an optical power range from 5 pW to 500 mW. All recordings are made using a high resolu-
tion camera (PCO Panda 4.2bi) and are later post-treated under Image] for particles’ tracking
purposes.
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Appendix C

Folding of nanoplatelets
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FIGURE C.1: (a) Absorption spectra of 3 MLs CdSe nanohelices before and

after surface ligands modification, from initially acetates/oleates-capped to

linear alkanethiolates-capped, where n = 4, 8, 12. Their corresponding FTIR
spectra (resp. TEM images) are shown in (b) (resp. (c)). Scale bar: 200 nm.

3 MLs Carboxylates-capped Thiolates-capped
CdSe
NPLs
Number Atomic Result Number Atomic Result Result Result
of ratio in (%) of ratioin  for C4S for CgS for
planes  theory planes  theory (%) (%) C12S
(%) (%) (%)
Cd 4 57.1 58.0+2.0 4 444 43.5+1.5 45,5425 43.543.5
Se 3 429 42.0+2.0 3 33.3 35.5+3.5 31.54+2.5 31.54+2.5
S - - - 2 22.3 21.0+2.0 23.0+1.0 25.04+1.0

TABLE C.1: Theoretical and experimental atomic ratios of cadmium, selenium
and sulfur for carboxylates- and thiolates-capped 3 MLs CdSe NPLs.
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FIGURE C.2: (a) Absorption spectra of 4 MLs CdSe nanohelices before and
after surface ligands modification, from initially acetates/oleates-capped to
linear alkanethiolates-capped, where n = 2, 4, 8, 12, 18. Their corresponding
X-ray diffractogrammes (resp. TEM images) are shown in (b) (resp. (c)). Scale
bar: 200 nm.
4 MLs Carboxylates-capped Thiolates-capped
CdSe
NPLs
Result Result Result Result Result Result
(%) for C,S for C4S forCgS  for C1pS  for Ci8S
(%) (%) (%) (%) (%)
Cd 52.5+1.5 46.5+2.5 425415 44542.0 44.0+3.0 49.54+2.0
Se 47.5+1.5 38.0£3.0 39.0+£2.0 38.5+2.0 375435 36.0+1.5
S - 15.5+£1.0 18.5+£2.0 17.0£0.5 18.5+£2.0 14.5+1.0
TABLE C.2: Theoretical and experimental atomic ratios of cadmium, selenium
and sulfur for carboxylates- and thiolates-capped 4 MLs CdSe NPLs.
5MLs Carboxylates-capped Thiolates-capped
CdSe
NPLs
Result Result Result Result Result Result
(%) for CoS  for C4S forCgS  for C1pS  for Ci8S
(%) (%) (%) (%) (%)
Cd 55.5+1.0 46.5+1.5 4554+2.0 46.54+5.0 46.0+£5.0 44.0+2.5
Se 44.5+1.0 40.0£5.5 41.0£2.0 38.0+4.5 37.5+4.0 40.5+25
S - 13.5+£5.0 13.5+£1.5 15.5+£1.0 16.5+£1.5 15.5£1.0

TABLE C.3: Theoretical and experimental atomic ratios of cadmium, selenium

and sulfur for carboxylates- and thiolates-capped 5 MLs CdSe NPLs.
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FIGURE C.3: (a) Absorption spectra of 5 MLs CdSe nanohelices before and
after surface ligands modification, from initially acetates/oleates-capped to
linear alkanethiolates-capped, where n = 2, 4, 8, 12, 18. Their corresponding
X-ray diffractogrammes (resp. TEM images) are shown in (b) (resp. (c)). Scale

bar: 200 nm.
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FIGURE C.4: (a) Absorption spectra of 6 MLs CdSe nanohelices before and

after surface ligands modification, from initially acetates/oleates-capped to

linear alkanethiolates-capped, where n = 2, 4, 8, 12, 18. Their corresponding
TEM images are shown in (b). Scale bar: 200 nm.
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FIGURE C.5: (a) Absorption spectra of 7 MLs CdSe nanohelices before and

after surface ligands modification, from initially acetates/oleates-capped to

linear alkanethiolates-capped, where n = 2, 4, 8, 12, 18. Their corresponding
TEM images are shown in (b). Scale bar: 200 nm.

40[3cds:c s

(1)
(220)
(311)

Counts (-)
N
o
v

4Cds: C,,S /W 5 20 7
LA WV C4sTS O 40 15 20 25

,\ 2
w.// \v\.__/\ﬁs\m

'S
o

acds: s

Intensity (a.u.)

Counts (-)
N
o

Optical density (a.u.)

| o 1l UM [ \
w 10 15 20 25

Cds:

A A ? 4Oracasics
__________________________ 4CdS: Ac/OA N / z e
......................... - aCdS: AN - 4
| . . 2 20 g lsﬂ'f‘ 4
400 600 20 40 60 3 [ ‘
Wavelength (nm) 20 (°) ©

10 15 20 25
Radius (nm)

FIGURE C.6: (a) Absorption spectra of 4 MLs CdS nanohelices before and after
exchanges of surface ligands, from initially acetates/oleates-capped to linear
alkanethiolates-capped, where n = 2, 4, 8, 12, 18. Their corresponding X-ray
diffractogrammes (resp. TEM images) are shown in (b) (resp. (c)). In contrary
to the interplane distances of CdSe respectively associated to the (11 1), (2 2
0) and (3 1 1) families that equal 25.5 °, 42.2 © and 49.9 °, the dashed lines in
(b) represent those of CdS for which 26 = 26.5 °, 44.0 © and 52.1 °. Scale bar:
200 nm.
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4 MLs Carboxylates-capped Thiolates-capped
Cds
NPLs
Result Result Result Result Result Result
(%) for C,S forC4S  forCgS forCypS  for Cqi8S
(%) (%) (%) (%) (%)
Cd 55.5+1.5 475+1.0 46.5+£1.0 46.5+£1.0 46.0£1.0 46.0£1.0
Se - - - - - -
S 445415 52.5+£1.0 53.5+£1.0 53.5+1.0 54.0+1.0 54.0+1.0

TABLE C.4: Theoretical and experimental atomic ratios of cadmium, selenium
and sulfur for carboxylates- and thiolates-capped 4 MLs CdS NPLs.
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FIGURE C.7: (a) Absorption spectra of (3-2) MLs CdSe-CdS nanohelices before
and after exchanges of surface ligands, from initially acetates/oleates-capped
to linear alkanethiolates-capped, where n =2, 4, 8, 12, 18. Their corresponding
X-ray diffraction diagrammes (resp. TEM images) are shown in (b) (resp. (c)).
The interplane distances of CdSe (resp. CdS) that are associated to the (11 1),
(220) and (3 1 1) families which equal 25.5 °, 42.2 ° and 49.9 ° (resp. 26.5 °,
44.0 ° and 52.1 °), are plotted as dashed (resp. dotted) lines for eye-guides in
(b). Scale bar: 200 nm.
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(3-2) Carboxylates-capped Thiolates-capped
MLs
CdSe-
Cds
NPLs
Result Result Result Result Result Result
(%) for C,S forC4S  forCgS forCypS  for Ci8S
(%) (%) (%) (%) (%)
Cd 51.5+1.0 48.0+1.0 47.0+1.0 46.0+1.0 465+1.0 46.5+1.0
Se 28.5+1.0 21.0+1.0 21.041.0 23.0£1.0 21.5+£1.0 22.5+1.0
S 20.0£1.0 31.0+1.0 32.0£1.0 31.0£1.0 32.0+£1.0 31.0£1.0

TABLE C.5: Theoretical and experimental atomic ratios of cadmium, selenium
and sulfur for carboxylates- and thiolates-capped (3-2) MLs CdSe-CdS NPLs.
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FIGURE C.8: (a) Absorption spectra of (3-4) MLs CdSe-CdS nanohelices before

and after exchanges of surface ligands, from initially acetates/oleates-capped

to linear alkanethiolates-capped, where n = 2, 4, 8 12, 18. Their corresponding
TEM images are shown in (b). Scale bar: 200 nm.
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3 MLs CdSe NPLs | g-factor (- 10> a.u.) Acp (nm)

+2.2 465

Squares -1.7 449

-0.8 473

Polygons -2.5 456

-3.5 463

Twists -4.6 452

-2.6 469

Helices -3.7 455

TABLE D.1: CD optical properties for achiral carboxylates-capped 3 MLs CdSe

NPLs of various shapes.

4 MLs CdSe NPLs | g-factor (- 10> a.u.) Acp (nm)

+0.7 517

Squares -4.1 502

+1.6 520

Polygons -4.0 501
+6.8 524

Twists 0 503

+11.1 526

Helices +3.7 506

TABLE D.2: CD optical properties for achiral carboxylates-capped 4 MLs CdSe

NPLs of various shapes.

3 MLs CdSe NPLs | g-factor (- 10 * a.u.) Acp (nm)

-0.86 523

Squares -3.81 492
-2.84 500

Polygons -5.19 469
+0.33 525

Twists -3.72 466

-2.09 498

Helices -4.61 469

TABLE D.3: CD optical properties for L-cysteine-capped 3 MLs CdSe NPLs of

various shapes.
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4 MLs CdSe NPLs | g-factor (- 10~ * a.u.) Acp (nm)

-2.07 556

Squares -8.47 509
-5.22 551

Polygons -7.95 521
-1.61 556

Twists -7.85 511

+0.09 555

Helices -6.43 525

TABLE D.4: CD optical properties for L-cysteine-capped 4 MLs CdSe NPLs of
various shapes.

3 MLs CdSe NPLs | g-factor (- 10~ * a.u.) Acp (nm)

-0.64 506

Squares -1.01 490
+2.16 503

Polygons -0.92 491
+1.30 516

Twists +0.27 488

+0.46 500

Helices +0.59 488

TABLE D.5: CD optical properties for L-dithiothreitol-capped 3 MLs CdSe
NPLs of various shapes.

4 MLs CdSe NPLs | g-factor (- 10 * a.u.) Acp (nm)

-1.17 556

Squares -2.18 537
-0.84 556

Polygons -0.93 538
-1.48 553

Twists -1.45 536

+1.20 560

Helices -0.44 534

TABLE D.6: CD optical properties for L-dithiothreitol-capped 4 MLs CdSe
NPLs of various shapes.

2 MLs CdSe NPLs g-factor (- 10 % a.u.) | Acp (nm)
+6.24 415
Small scrolls capped by L-(+)-tartaric acid | -16.78 387
-7.63 415
Small scrolls capped by D-(-)-tartaric acid | +14.99 386
+18.03 405
Large scrolls capped by L-(+)-tartaric acid | -20.53 378
-9.11 405
Large scrolls capped by D-(-)-tartaric acid | +9.99 378

TABLE D.7: CD optical properties for chiral tartrate-capped 2 MLs CdSe NPLs
of various sizes.
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3 MLs CdSe NPLs g-factor (- 10~ a.u.) Acp (nm)
+5.74 478
Twists capped by L-(+)-tartaric acid | -15.76 447
-9.97 479
Twists capped by D-(-)-tartaric acid | +16.84 447
+6.93 474
Helices capped by L-(+)-tartaric acid | -10.65 444
-13.21 473
Helices capped by D-(-)-tartaric acid | +12.38 443

TABLE D.8: CD optical properties for chiral tartrate-capped 3 MLs CdSe NPLs
of various shapes.

4 MLs CdSe NPLs g-factor (- 10~* a.u.) Acp (nm)
+2.70 532
Twists capped by L-(+)-tartaric acid | -28.69 500
-9.48 532
Twists capped by D-(-)-tartaric acid | +15.27 501
-0.91 528
Helices capped by L-(+)-tartaric acid | -23.46 498
-7.41 527
Helices capped by D-(-)-tartaric acid | +12.21 498

TABLE D.9: CD optical properties for chiral tartrate-capped 4 MLs CdSe NPLs
of various shapes.

5 MLs CdSe NPLs g-factor (- 10 % a.u.) Acp (nm)
-1.94 558
Twists capped by L-(+)-tartaric acid | -16.78 530
-3.20 557
Twists capped by D-(-)-tartaric acid | +10.63 529
+16.08 548
Helices capped by L-(+)-tartaric acid | -3.71 513
-22.90 548
Helices capped by D-(-)-tartaric acid | +0.10 513

TABLE D.10: CD optical properties for chiral tartrate-capped 5 MLs CdSe
NPLs of various shapes.

2 MLs CdSe NPLs g-factor (- 10~%*a.u) | Acp (nm)
-3.25 412
Small scrolls capped by L-(-)-malic acid | +6.78 385
+1.55 412
Small scrolls capped by D-(+)-malic acid | -9.48 386
-8.54 402
Large scrolls capped by L-(-)-malic acid | +7.55 377
+7.72 402
Large scrolls capped by D-(+)-malic acid | -9.31 376

TABLE D.11: CD optical properties for chiral malate-capped 2 MLs CdSe
NPLs of various sizes.
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FIGURE D.1: TEM images of two different lateral sizes of 3 (resp. 4 and 5 MLs)
CdSe NPLs capped by meso-tartaric acid molecules, as displayed in (a) (resp.
(b) and (c)). Scale bar: 200 nm.

3 MLs CdSe NPLs g-factor (- 10~* a.u.) Acp (nm)

-5.20 479

Twists capped by L-(-)-malic acid | +12.21 447
+5.91 479

Twists capped by D-(+)-malic acid | -12.01 447
-8.09 471

Helices capped by L-(-)-malic acid | +9.15 444
+6.59 471

Helices capped by D-(+)-malic acid | -9.46 442

TABLE D.12: CD optical properties for chiral malate-capped 3 MLs CdSe
NPLs of various shapes.

4 MLs CdSe NPLs g-factor (- 10~ a.u.) Acp (nm)

-6.90 528

Twists capped by L-(-)-malic acid | +10.51 497
-1.59 529

Twists capped by D-(+)-malic acid | -17.47 499
-6.73 524

Helices capped by L-(-)-malic acid | +10.17 496
-1.59 524

Helices capped by D-(+)-malic acid | -15.42 496

TABLE D.13: CD optical properties for chiral malate-capped 4 MLs CdSe
NPLs of various shapes.
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5 MLs CdSe NPLs g-factor (- 10~ a.u.) Acp (nm)

-5.99 556

Twists capped by L-(-)-malic acid | +1.46 524
-5.27 557

Twists capped by D-(+)-malic acid | -9.38 529
-7.27 547

Helices capped by L-(-)-malic acid | -1.50 499
+12.31 542

Helices capped by D-(+)-malic acid | -2.25 505

TABLE D.14: CD optical properties for chiral malate-capped 5 MLs CdSe
NPLs of various shapes.

QCdse;;mgébeA : 3CdSe: meso-Mlﬁ-\qui !

"

Sorgay s

2CdSe: meso-MA 3CdSe: meso-MA
3 \,, ¢ =

i
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FIGURE D.2: TEM images of two different lateral sizes of 2 (resp. 3 and 4 MLs)
CdSe NPLs capped by meso-malic acid molecules, as displayed in (a) (resp. (b)
and (c)). Scale bar: 200 nm.

3 MLs CdSe NPLs g-factor (- 10~* [ Acp (nm)
a.u.)
+3.40 502
Route of chlorides co-stabilized by oleylamine | -6.28 474

Route of bromides co-stabilized by oleylamine | - -

Route of iodides co-stabilized by oleylamine | - -

TABLE D.15: CD optical properties for (S)-(+)-ibuprofen-capped 3 MLs CdSe
nanohelices.



166 Appendix D. Chiral imprints on nanoplatelets

(1)
P
(220)
(311)

/

| A Fa

N/ N\
3CdsSe: CdCl,-Ac-C

Intensity (a.u.)

! 3CdSe: CdCl,-Ac-Cd(Ac),

\\//\/ 1 oA L e Sedse A

k 20 ()

| 3CdSe: CdCl,-Ac

Optical density (a.u.)

Back-exch ling towards tes alone, via chlorides

3 MLs CdSe

nanohelices Theoretical atomic | Experimental atomic
Number of planes . .
ratio (%) ratio (%)

| T — -
| 3CdSe: CdCl,

! 2

1

0o cd 4 57.1 553212
-

Ao Se 3 429 42312

.......
..............................

3 3CdSe: Ac/OA Cl 0 0 2.4+0.1

| ? |
400 600
Wavelength (nm)

FIGURE D.3: (a) Absorption spectra of subsequent chemically surface-
modified 3 MLs CdSe nanohelices. Beginning from a mix of acetates-oleates,
these nanoparticles are subjected to ligand exchanges by cadmium chlorides,
then acetic acids and finally, an annealing in the presence of cadmium acetates.
(b) The X-ray diffractogramme and TEM image of these latter are displayed.
Scale bar: 200 nm. (c) Theoretical and experimental atomic ratios of cadmium,
selenium and chlorine upon a process of back-exchange-annealing towards
acetates alone. It represents a ratio of 8.4 % in terms of chlorides-to-surface
cadmiumes, left unremoved in the end of the reaction.

4 MLs CdSe NPLs g-factor (- 10~ * [ Acp (nm)
a.u.)
+1.09 550
Route of chlorides co-stabilized by oleylamine | -1.57 519

Route of bromides co-stabilized by oleylamine | - -

Route of iodides co-stabilized by oleylamine | - -

TABLE D.16: CD optical properties for (S)-(+)-ibuprofen-capped 4 MLs
rectangle-shaped CdSe NPLs.

3 MLs CdSe NPLs | g-factor (- 10~ * a.u.) Acp (nm)
+2.48 508
Squares -2.57 466
+2.44 504
Polygons +0.02 470
+2.27 506
Twists +0.41 471

TABLE D.17: CD optical properties for (5)-(+)-ibuprofen-capped 3 MLs CdSe
NPLs.
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FIGURE D.4: (a) Experimental and theoretical 13C NMR findings of L-(+)-

tartaric and D-(+)-malic acids, where deuterated methanol is used as the sol-

vent. Bottom panel displays the experimental spectra of large 2 MLs CdSe

nanoscrolls that have been subjected to these ligand exchanges, with slight
traces (color-coded in green) from oleic acid.

4 MLs CdSe NPLs | g-factor (- 10 * a.u.) Acp (nm)
+0.10 549
Squares -0.14 524
+0.75 549
Twists -1.27 516
+0.94 547
Helices -0.45 519

TABLE D.18: CD optical properties for (S)-(+)-ibuprofen-capped 4 MLs CdSe

NPLs.



168

Appendix D.

Chiral imprints on nanoplatelets

= g 28 8 85 B8
= s a¢ S a5 8
< RN N - T
3CdSe: LTA
MeOD
T T T T T T T T T T l
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Scale: 0.2985 ppm/cm, 119.4 Hz/cm

|
1
4CdSe: LTA
MeOD

T T T T T d
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
Scale: 0.2985 ppm/cm, 119.4 Hz/cm

3.000 ~=—

g
o
&
& © = o se oo
> 8 358 3 8% &
B TN ~ Hda e
| ‘
5CdSe: LTA
MeOD
L/ It
T T T T T T T T T T -
.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
Scale: 0.2985 ppm/cm, 119.4 Hz/cm
| J
< °
3 8
b 8
W o
S

s 8 3 B3 8§
3CdSe: DMA
MeOD
T T T T T T T T T T ]
5.0 4 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppn
Scale: 0.2985 ppm/om, 119.4 Hz/cm
| \
ol s
2 8
B =
w0 o wo - P
g q 382 g 28 &
s 8 8% 3 33 &
< RN o “aa o
| N
4CdSe: DMA
MeOD
T T T T T T T T T T T 1
5.0 4 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
Scale: 0.2985 ppm/cm, 119.4 Hz/em
| |
2 g
= B
o o
bl
g
0 o o o cs oo
S B 3 & 83 &
- = o~ IS s
|
i
5CdSe: DMA
MeOD
i "
r T T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppn
Scale: 0.2985 ppm/cm, 119.4 Hz/cm
\ /
£N ol
E g
2 g
® o)
a

FIGURE D.5: TH NMR spectra of L-(+)-tartrate (resp. D-(+)-malate) function-

alization displayed in left (resp. right) panel, for NPLs that are (a) 3, (b) 4 and

(c) 5 MLs thick. Highlighted areas in cyan (resp. magenta) correspond to the

characteristic resonance of L-(+)-tartaric acid (resp. D-(+)-malic acid), while
the green ones represent the methyl contribution from oleates.
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FIGURE E.1: 'TH NMR analysis of (a) the resulted 18-2-18:(D)malate, (b) 18-

2-18:(DL)malate and (c) 18-2-18:(D)tartrate after bromide substitutions. Esti-

mated values for the proton assessment: 0.9 ppm (6H, CH3 x2); 1.2 ppm (56H,

(CH2)14 x2); 1.3 ppm (4H, CH; x2); 1.7 ppm (4H, CH; x2); 3.3 ppm (12H,

N*(CHj3)2 x2); 3.6 ppm (4H, CH; x2); 4.3 ppm (4H, N (CH,),N™); 4.5 ppm
(2H, CH x2).
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FIGURE E.2: (a) Calibration curve obtained from plotting the absorbance of
FITC solutions in ethanol at 490 nm against their molar concentrations, where
(b) their optical spectra are shown. Red dotted line represents the optical den-
sity of 1 mL purified fluorescently labeled silica helices in ethanol, reported
onto the calibration curve. The number of fluorescent molecules grafted in
average onto each individual helix (10! per mL of solution) is estimated in
the order of 108.
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FIGURE E.3: Analysis of SEM images of (a) 18-2-18:(L)malate@FITC right-
handed silica helices and (b) fluorescently labeled silica beads. This shows
in the first case, an average value of (0.204+0.003) ym (resp. (1.159£0.020)
pum) in terms of helices” diameter (resp. length) and in the second case, an
average value of (0.43840.002) um for the beads’ diameter. A total number of
300 particles has been taken into account in both distributions and a two-tails
Student-test with a confidence level of 97.5 % has been performed.
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RESUME

Appartenant aux semi-conducteurs 1I-VI, les nanoplaquettes de chalcogénure de cadmium présentent des caractéris-
tiques optiques fines dans la région visible. Ces particules peuvent mesurer jusqu’a des centaines de nanométres en
longueur et en largeur, tout en présentant quelques nanométres le long de leur dimension d’épaisseur sous confinement
quantique. Lors de la fonctionnalisation des ligands en surface sur ces nanofeuillets ultrafins, des corps sous contrainte
résiduelle sont créés. Cela provient du désaccord entre le réseau cristallin inorganique et la couche d’ancrage des
atomes, en plus de la répulsion stérique induite par les chaines aliphatiques. Ces trois composants agissants sont
capturés via une analyse mécanique quantitative pour aboutir 2 un modéle permettant de prédire I'enroulement des
nanoplaguettes. Les rayons résultants des nanohélices peuvent étre ajustés en faisant varier linéairement les longueurs
de chaine organique associées, pour une population d’épaisseur donnée de nanoplaquettes. Malgré la contrainte de
surface importante induite par les groupes thiolates, le parameétre de maille dans le plan des nanocristaux reste en
moyenne égal a celui du zinc blende massif, comme le démontrent des expériences et des simulations par diffraction
des rayons X aux grands angles. Lorientation spécifique de ces objets anisotropes et déformés reflete un impact sur la
forme et l'intensité de leurs pics correspondants en diffraction.

Les moyens d’obtenir des nanoplaquettes de chalcogénure de cadmium présentant des propriétés chiroptiques en ab-
sorption sont abordés. La voie la plus prometteuse consiste a substituer les carboxylates achiraux en surface par des
énantiomeéres chiraux de I'acide tartrique. Les valeurs de dissymétrie semblent augmenter avec le nombre de stéréo-
centres et présentent des signaux polarisés beaucoup plus forts avec les groupes fonctionnels de carboxylate qu’avec
les thiolates. Ces formes de courbe de type absorptif associées a la longueur d’onde de transition excitonique du coeur
inorganique, résultent d'un effet d’hybridation entre leur niveau de trous et I'orbital moléculaire des ligands. D’autre
part, les hélices de silice chirales décorées d’or, synthétisées a partir de 'auto-assemblage des molécules de tensioactif
type gemini, sont également capables de montrer le dichroisme circulaire dans leur région de résonance plasmonique.
Cela augmente avec la force du couplage plasmonique interparticulaire, en accord avec les simulations réalisées selon
I'approximation des dip6les discrets. Une ouverture vers le tri des objets chiraux par optoacoustophorése est documen-
tée. Cette preuve de concept démontre différentes vitesses de migration en moyenne dans le plan entre les énantioméres
chiraux séparés, en fonction des conditions de travail acoustiques et optiques. Leffet de la forme et de la concentration
des particules en solution montre qu’en cas d’empilement, la compressibilité d’'un objet peut conduire a des comporte-
ments d’auto-organisation similaires a ceux des matiéres actives, des bactéries et des cellules.
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ABSTRACT

Belonging to 1I-VI semiconductors, cadmium chalcogenide nanoplatelets exhibit narrow optical features in the visible
region. These particles can measure up to hundreds of nanometers in length and width, while presenting a few
nanometers along their quantum confined thickness direction. During surface functionalization of ligands onto these
ultrathin nanosheets, residually stressed bodies are created. This originates from the mismatch between the inorganic
crystal lattice and layer of anchoring atoms, in addition to the steric repulsion brought by aliphatic chains. These three
acting components are captured via a quantitative mechanical analysis to result in a model that allows for the prediction
of curling in nanoplatelets. The resulting nanohelices radii are shown to be able to be tuned by linearly varying the
associated organic chain lengths, for a given thickness population of nanoplatelets. Despite the important surface stress
induced by thiolate headgroups, the average in-plane lattice parameter of these nanocrystals remains equal to that of
zinc blende bulk as demonstrated experimentally and theoretically by wide-angle X-ray diffraction. Specific orientation of
these anisotropic and distorted objects reflects an impact on the form and intensity of their corresponding scattered peaks.

Ways to obtaining cadmium chalcogenide nanoplatelets that display chiroptical properties in absorption are addressed.
The most promising route consists in substituting pristine surface achiral carboxylates by chiral enantiomers of tartaric
acid. The dissymmetry values appear to increase with the number of stereocenters and show much stronger polarized
signals with carboxylate than thiolate functional groups. These absorptive-like line shapes associated to the excitonic
transition wavelength of the inorganic core, result from a hybridization effect between their hole level and the ligands’
molecular orbital. On the other hand, gold decorated chiral silica helices, synthesized from the benefit of the gemini
surfactant molecules’ self-assembly, are also capable of exhibiting circular dichroism in their plasmon resonance region.
This increases with the strength of the interparticle plasmonic coupling, in agreement with simulations performed under
discrete dipole approximation. An opening towards sorting chiral objects via optoacoustophoresis is documented. This
proof-of-concept demonstrates distinct average in-plane migration speeds between separate chiral enantiomers, as a
function of the acoustics and optical working conditions. The effect of particles’ shape and concentration in solution show
that upon jamming, an object’s compressibility can lead to self-organizing behaviors similarly to cases of active matters,
bacteria and cells.
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