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Summary of the project

The objective of this project is to manipulate optical dichroic properties of CdSe nanoplatelets
by triggering their assembly into helicoidal stacks thanks to intercalated chiral molecules and
magnetic coordination compounds. Stacked CdSe nanoplatelets are known to propagate an
energy input along the direction of stacking. The assemblies we propose will thus lead to
composite materials with synergetic magneto-optical properties.
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Scientific description

Objectives and description of the project

The objective of this project is to manipulate the optical dichroic properties of CdSe
nanoplatelets by triggering their assembly into helicoidal stacks thanks to intercalated chiral
molecules and magnetic coordination compounds. Stacked CdSe nanoplatelets are known to
propagate an energy input along the direction of stacking." The assemblies we propose will
thus lead to composite materials with synergetic magneto-optical properties.

CdSe nanoplatelets are semiconducting nanocrystals. The thickness of the platelets can be
controlled at the atomic layer scale (from 2 to 8 layers of Se atoms) during their synthesis.?™
That results in 1D quantum confinement that provides CdSe nanoplatelets unique optical
properties such as unparalleled spectrally sharp and monodisperse luminescence in the visible
region at discrete wavelength corresponding to their thickness. These nanoparticles will be
functionalised by chiral molecules that will play a triple role: (i) transferring chirality to the
nanoparticles for dichroic optical properties, (ii) triggering the assembly of the nanoplatelets
into helicoidal stacks to amplify the properties, (iii) bring paramagnetism for magneto-chiral
properties.
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Figure 1: schematic over-view of the project

Two synthetic strategies will be followed in order to fulfil five work packages (figure 1). The
starting common point in both strategies is the coordination of tartrate derivatives at the surface
of CdSe nanoplatelets.

Synthetic strategy 1: assembly by coordination polymerisation

The tartrate ligands will be tailored so as to bear a second free coordination site able to link
the nanoplatelets face-to-face thanks to metalation with paramagnetic transition metal ions.
Synthetic strategy 2: assembly by organic polymerisation

Step 1: The tartrate ligands will be tailored so as to bear an acrylate function in order to link
the nanoplatelets face-to-face by radical polymerisation.

Step 2: Paramagnetic complexes will diffuse into the super-structure to complete the
composite material.

Work Package 1 (WP1): CdSe nanoplatelets with chiral ligands (IPCM & INSP)

Task 1.1: Tartrate derivatives will be prepared in one step from commercially available (R,R)
and (S,S) diacetyl tartaric anhydrides: (/) by amidification with bis(pyridin-2-ylmethyl)propane-
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1,3-diamine (strategy 1), and (ii) by esterification of commercially available 4-hydroxybutyl
acrylate and 2-hydroxyethyl acrylate (strategy 2). All ligands will be prepared and characterised
(*H and "*C NMR, mass spectroscopy) at IPCM.

Task 1.2: Reacting Cd myristate, selenium and oleic acid in octadecene yields CdSe
nanoplatelets whose thickness depends on the reaction conditions. After purification, the
nanoplatelets will be covered with oleate ligands and dispersed in non-polar solvents such as
toluene or hexane.

Task 1.3: The oleate ligands covering the CdSe nanoparticles can easily be exchanged by
other ligands in solution.® Reacting an excess of molecules prepared in WP1 displaces the
ligand exchange equilibrium towards the target hybrid nanoplatelets.

CdSe nanoplatelets will be synthesised and characterised by UV-visible and
photoluminescence spectroscopies at IPCM and TEM on the microscopy platform of the
Chemistry department. These techniques also allow the monitoring of the ligand exchange
reaction.

Task 1.4: The luminescence properties of the nanoplatelets will be analyzed at INSP, either in
solution or at the scale of individual emitters by fluorescence microscopy. Their quality will be
inferred from their quantum yield, emission intermittency (blinking) and dynamics (decay
curves). The effect of the ligands will be analyzed on the emission circular polarization (CPL).

Work Package 2 (WP2): Diamagnetic assemblies (IPCM & INSP)

Task 2.1: Following synthetic strategy 2, acrylate-terminated nanoparticles will be polymerised
under UV irradiation (365 nm) using a photoinitiator. This polymerisation will lead to helicoidal
superstructures made of stacks of chiral nanoplatelets (IPCM). The morphology of the stacks
will be checked by TEM. Small angle X-ray scattering (SAXS) can also be performed at ENS
Lyon in the group of B. Abécassis for the measurement of stacks length and inter-particle
distances.

Task 2.2: At INSP, the luminescence of the platelet assemblies will be compared to the
luminescence of the isolated platelets. The quality of the assemblies and platelet protection by
the ligands will be probed through quantum yield or decay dynamics. The efficiency of energy
transfer between platelets will be probed, as in ref. 1, by imaging the luminescence from a
platelet chain excited in one spot and measuring the extension of the emission portion. The
molecular assembly will offer the possibility to vary the distance between platelets via the
length of the molecules. A strong effect (1/d?) of this distance is expected on the length of the
energy transfer diffusion over the chain, so that propagation lengths up to 1 ym or more may
be obtained.

Task 3.1: Following synthetic strategy 1, bis(pyridinylmethyl)amine-covered nanoplatelets will
be reacted with different 3d metal ions to trigger their assembly by coordination chemistry. This
reaction will lead to helicoidal superstructures made of stacks of chiral nanoplatelets with
intercalated magnetic coordination complexes.

Task 3.2: The last step of synthetic strategy 2 consists in diffusing magnetic (3d or 4f)
coordination complexes into the superstructures obtained in WP2 in order to get lamellar and
magnetic helicoidal stacks of chiral nanoplatelets.

The same chemical characterisation methods as in work packages 1&2 will be employed. An
in-depth study of the physical properties of the target assemblies will also be performed in
order (i) to elucidate the consequences of combined chirality and magnetism on their optical
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properties and (ii) to detect a possible enhancement of these properties in comparison with
the isolated nanoparticles.

Task 3.3: The emission polarization of the assemblies will be analyzed at the scale of a single
chain, deposited on a glass substrate, and the circular polarization will be probed.

Task 3.4: Magnetic circular dichroism (MCD) on solutions of stacked particles can be
performed at IPCM with the help of INSP by adapting a magnet on our CD spectrometer.™ If
needed, IPCM recently acquired a cryostat to be adapted to various spectrometers for low-
temperature measurements. In addition, element-specific contribution to these properties can
also be measured by X-ray magnetic circular dichroism (XMCD) on the Deimos beam line at
Soleil synchrotron since the ERMMES group of IPCM is expert in this technique.

Originality of the project

o Functionalisation of CdSe nanoplatelets with chiral ligands has been described with
various thiolated molecules but leads to the loss of their luminescence and their CD spectra
reveals moderate dissymmetry factors (g-factors ~ 10*).""'®* On the contrary, we recently
demonstrated that the functionalisation of CdSe nanoplatelets with simple aliphatic tartrate
derivatives (PhD thesis of L. Curti, to be defended) keeps the luminescence of the particles
and leads to exceptional g-factors (2.10°®).

o Achieving long and stable stacks of CdSe nanoplatelets covered by native oleate
ligands is difficult and somehow difficult to reproduce because the assembly is driven by weak
interactions.'®"® The use of coordination links or covalent links to secure the assemblies has
never been described and will help manipulating such superstructures for integration in future
devices.

o Control of the chirality in assemblies of CdSe nanoplatelets has never been described
since no source of chirality has never been introduced in such systems. The assembly of CdSe
nanoplatelets in helicoidal stacks has been described by playing on the mechanical strain
induced by the ligands on the nanoparticles, but this strategy leads to racemic mixtures.?’° On
the contrary, our approach is based on chiral molecules to induce such a stereoselectivity on
the assemblies.

. Synergy between magnetism, chirality and optical properties belongs to molecular
chemistry.?' In our approach we expect enhanced properties thanks to the assembly process
with regards to the properties of isolated hybrid nanoplatelets. Our approach towards hybrid
and composite materials is thus disruptive since it can produce applicative nano-objects.

o Studying interactions between nanoparticles is often complex as it requires a good
knowledge of the assembly of the particles. Self-assembled chains of platelets are a unique
model system to analyze such mechanisms. The analysis of Forster transfer (FRET) in such
systems, as pioneered in ref. 1, will take a new turn with the level of control offered by
molecular methods of assembly.

Feasibility. Risk assessment and management

From a general point of view, this project is new and ambitious. We are nonetheless confident
in its success since synthetic difficulties have already been evaluated during L. Curti PhD
(2019-2023) and a master internship in 2022. In addition, offering 2 alternative strategies for
the chiral chain assembly mitigates the risk.

WP1 does not present any risk. Organic Chemistry implies one step reactions on the gram
scale and without any tedious purifications. For instance, the esterification of tartaric anhydride
has been achieved during the PhD of L. Curti at IPCM with several aliphatic alcohols. The
same way, the synthesis and use of CdSe nanoplatelets has been studied at IPCM during the
PhD of. L. Curti.
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WP2 is innovative and presents more risk. In particular, we will dedicate time to optimise the
experimental conditions during polymerisation, in particular concentration, in order to avoid
reticulation that would lead to branched assemblies. In the worst case, bulk polymers or gels
of nanoplatelets would be obtained. That case, even if not desired, would give nevertheless
interesting materials bearing the same properties as expected for the target super structures
and would thus lead to original publications.

Regarding , the risk of task 3.2 is the possible difficulty of “doping” the super structures
obtained after WP2 with coordination complexes. The choice of the complex (size, charge) will
be studied as well as the synthetic conditions (concentration, temperature) in order to
maximize the number of complexes to intercalate in the structure. The advantage is the use of
the polymeric chiral matrix of CdSe nanoplatelets obtained in WP2. Indeed, such a matrix
should be more stable than van der Waals-stabilised assemblies of nanoplatelets in a wider
range of synthetic conditions.

The risk of task 3.1 has been evaluated during a master internship
in 2022. This preliminary work involved chiral tartrate derivatives on
CdSe nanoplatelets terminated by nitrile ligands able to coordinate
apical position of Co(ll) phthalocyanines (CoPc). Helical assemblies
of CdSe nanoplatelets were detected by TEM (figure 2) but the
assemblies are short, probably because of the lability of the apical
positions of the Co(ll) ion, coordinated to weak nitrile ligands. This
is why we chose a bispyridinyl amino ligand to be reacted with a 3d
metal salt for a stronger chelate effect to stabilise the assembly. In
addition, one could fear the quenching of CdSe luminescence by rigure 2: helical assembly of
the intercalated magnetic 3d ions. In the case of CoPc mentioned cdse nanoplatelets with chiral
above, the presence of the Co(ll) complex was confirmed by UV- ligands and CoPc complexes.
visible spectroscopy and the luminescence was nevertheless The stack is 237nm long with a
maintained. This is why we will use Co(ll) complexes at first for this 3 nm inter-particle distance.
WP. Tasks 3.3 and 3.4 are not risky since IPCM and INSP are equipped with adequate
spectrometers and microscopes. It will nevertheless be time consuming to optimise sample
preparation and results interpretations.

Position of the project within national and international context

CdSe nanoplatelets have been described for the first time in 2008.% This project is therefore
at the core of a brand new and hot domain with several international groups intensively
producing publications. Some of these groups are French and IPCM and INSP both benefit
from an ongoing collaboration at ENS Lyon with the group of B. Abécassis who is expert in
nanoplatelets synthesis, ligand exchanges, self-assembly and physical characterisations. This
active collaboration is an asset for the success of our project and will be enriched during the
coming years. More locally, intense exchanges were recently born between INSP groups and
B. Fleury at IPCM, revealing the need of both communities to enrich each other (an ANR
project has just been accepted in phase 1 between B. Gallas at INSP and B. Fleury for the
design of a nano and ultra-sensitive CD spectrometer. Chiral CdSe nanoplatelets produced at
IPCM will be used as reference samples for this spectrometer. Platelet assembly, as described
here, is outside the scope of this ANR proposal). Indeed, the optical properties of CdSe
nanoparticles strongly depend on their surface. Molecular chemists can thus bring a strong
input in the domain by designing and synthesising new ligands and assembly protocols for
these nanoparticles. Therefore, we strongly believe that the success of this project would be
extremely federative for the French groups working on the physico-chemistry of 2D
nanomaterials.

Position of the project in regard to the iSiM objectives

This project is molecule-centred. It strongly depends on chiral organic ligands and magnetic
coordination complexes. In this project, the molecules aim at structuring nanoplatelets into



N [Initiative

Q Sciences et ingénierie
moléculaires
ALLIANCE SORBONNE UNIVERSITE

SPOTLESS

supra-particular nano-objects. The molecules will also bring properties since we seek a
synergy between optical properties (absorption and luminescence) of CdSe nanoplatelets on
the one side and chirality and magnetism of molecules on the other side. The induction of
chirality in semiconducting nanocrystals, combined to their outstanding optical properties,
represents a way to access a new manifold of possible applications, such as stereoselective
synthesis,?>% chiral recognition,?®® biosensing,?° asymmetric catalysis and display
devices.*"* In addition, it could also address the question of the cosmic origins of the
molecular bricks of living organisms. Indeed, a strong synergy between chirality, optical and
magnetic properties can result in magneto-chiral dichroism, that is dichroic properties of chiral
magnetic compounds excited by non-polarised light and the control of this dichroism by the
direction of an applied magnetic field.?'**** This property has been proposed as the cause of
homochirality of of amino-acids on Earth.®*3¢ The quest of this rare property lies beyond the
scope of this project and should be explored on our compounds thanks to a wider consortium.
The success of this project would thus be an asset for a subsequent proposal in another call
for proposal at the national level (ANR).

Highlight partners complementarity

The goup of L. Coolen developed various methods to analyze the radiation of individual
luminescent nano-emitters by fluorescence microscopy and showed that CdSe/CdS
nanoplatelets present an asymmetric emission in terms of polarisation.®”*® His recent work
dealt with linear assemblies of nanoplatelets achieved at ENS Lyon." He showed that these
systems present a very fast energy transfer (a few ps) leading to the energy diffusion along a
hundred of platelets. This energy transfer plays a crucial role on the luminescence properties
of the assemblies: quantum vyield, multi-excitonic cascades, laser effect, etc. The
understanding of this energy transfer would guide the development of new opto-electronic
systems. Nanoplatelets assemblies bearing a controlled chirality have never been reported in
the literature and open new perspectives in this domain.

The research activities of Benoit Fleury are focused on the study of confined molecular
systems at interfaces and polyfunctional molecular and hybrid systems. He belongs to the
ERMMES group (molecular materials and spectroscopies), which has an international visibility
on coordination chemistry. B. Fleury’s work in this group revolves around two intersecting axes:
the integration of magnetic molecules into composite materials on the one hand and, on the
other hand, the exaltation of molecular properties to the macroscopic scale.

As a result, for this project dealing with the synthesis of hybrid and composite materials with
optical properties, the partners have chosen to associate the competencies in Physics of L.
Coolen who is expert in the measurement of CdSe nanocrystals properties to the
competencies in Chemistry of B. Fleury who is specialized in the synthesis of hybrid
nanoparticles.
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wp | WP1 WP2 WP3 thesis and papers
Task 1.1 1.2 1.3 1.4 | 21 . . . . K redaction

SPOTLESS

This Gantt diagram presents an
over-view of the scheduled
research program.

WP1 being riskless, all synthesis
will be performed on-demand all
along the project duration.

WP2 will require a focus attention
on longer time scales in order to
optimize chemical reactions and
physical measurement conditions.

WP3 will be time demanding in
order to optimize chemical
reactions, physical measurement
conditions and cross-checking
results between different physical
methods.

Enough time will also be dedicated
to papers redaction to disseminate
results about individual particles
and their assemblies. The last
semester will mainly be dedicated
to the PhD thesis redaction and
defence preparation.
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