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This PhD thesis is focused on the investigation of novel chiral luminescent nanomaterials sys-
tems. Particular attention is dedicated to the development of new synthetic methods and to
the characterisation of the physico-chemical properties of chiral nanoparticles. In addition,
the investigation on potential applications in the enantioselective luminescence chemosens-

ing is reported.

In the thesis, three class of systems characterised by luminescent activity are covered inde-
pendently: i) Carbon Dots, ii) Quantum Dots, focusing on ternary and quaternary I-IlI-VI silver,
copper and indium sulfide systems and iii) copper halides. All these systems present well-
known photoluminescent activity and the introduction of chiroptical properties is attracting

the interest of the scientific community due to their potential technological impact.

This chapter is dedicated to a brief introduction presenting the definition of chirality and chi-
roptical properties in inorganic nanosystems focusing on the description of the origin of the
chiroptical properties conventionally observed in nanoparticles. A proper introduction on the
three specific types of systems is provided in the relative chapters. The scope of the project is

also presented at the end of the chapter.






CHAPTER |

INTRODUCTION AND SCOPE OF THE THESIS
1 INTRODUCTION

Chirality is the geometrical property which describes an object not superimposable with its
mirror image. More specifically, according to the definition reported in the IUPAC gooldbook,

chirality is:!

The geometric property of a rigid object (or spatial arrangement of points or atoms) of being
non-superposable on its mirror image; such an object has no symmetry element of the second

kind (a mirror plane, o = S1, a centre of inversion, i = S, a rotation-reflexion axis, Szn).

Two objects that are non-superposable mirror images of each other are called enantiomers
and are characterised by the same physical properties (melting point, boiling point etc.). In the
case of molecules, different behaviour between the enantiomers is usually proved by the in-
teraction with other chiral systems such as circular polarized light and adsorption or chemical
reactivity with chiral substrates. Chiral molecules that present the same chemical composition

but are not related by the mirror symmetry, are called diastereocisomers or diastereomers.

Chirality is mainly known as a property related to the stereoisomerism of organic molecules
and coordination complexes even though it is not restricted to a specific type of object, with-

out any limitation to their composition and size scale.

Typical examples are the stereogenic centre presents in carbon sp? atoms substituted by four
different groups (Fig. 1a) and the axial chirality observed in more complex systems (e.g., heli-
cenes and BINAP) where chirality is originated by their connectivity or steric constrains (Fig.
1b,c).23 In inorganic chemistry, it is particularly well-know the stereosimerism of octahedral
trischelate complexes (e.g. Cr(acac)s, acac = acetylacetonate) able to produce two distinct ste-
reoisomers A and A according to the arrangement of the ligands (Fig. 1d).*> A particular ex-
ample of the role of chirality is observed In biological systems, where homochirality or the
property of a system containing only a single enantiomer of a chiral molecule, has revealed

interesting details on the relevant role of symmetry breaking in life science.®
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Figure 1: examples of chiral molecules. a) tetrasubstituted sp3 carbon atoms, b) axial chirality in helicene and c) BINAP
enantiomers and d) octahedral trischelate complexes.

Chiral systems show some properties which are strongly linked with their characteristic struc-
tural features. Among them, the most exploited one is the interaction with polarized light.
When linear polarized light passes through a chiral medium, it is bent of a certain angle a. This
effect, due to different refraction indexes (n. and ng) affecting the propagation of the polarized
light in the chiral medium, (see Eq. 1) is the basis of the optical rotatory dispersion spectros-
copy. On the other hand, the differential absorption of left- and right-handed circular polar-
ized light is the basis of the circular dichroism spectroscopy. This property is directly related
to the Rotatory power (R) of a chromophore given by the imaginary part of the scalar product
of the electronic (pir) and magnetic (mif) transition dipole moments (Eq. 2). These techniques
are commonly used to assess chirality in different chiral systems, especially when the com-
plete determination of the geometry is particularly challenging. However, the optical proper-
ties of chiral systems (named chiroptical properties) are secondary effects, consequences of
the object geometry, which defines its chirality, and particular attention is required to relate
the chiroptical properties to their origin. For instance, the effects on polarized light produced
by one enantiomer are reduced or completely cancelled (in the case of a perfect racemate) by
the other one, the optical characterisations are challenging due to the possible presence of
both the enantiomers (racemic mixtures). For this reason, relying on enantioselective synthe-
ses, which allow for the preferential formation of one enantiomer over the other, is often

fundamental for detecting chirality, especially in the case of chiral nanosystems where the
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Figure 2: representation of the major types of origin of chirality in inorganic nanomaterials, figures adapted from References:
30,34,35_

investigation of the nanoparticles geometry (especially in the range of few nanometers) is of-

ten challenging or inconclusive.

Eq. 1
a = — (nl — nf)

Eq. 2
R = Im(p;r  myf)

In inorganic nanostructures, chirality can be related to multiple origins. In Fig. 2, some exam-
ples of chirality in inorganic nanostructures are reported and classified in categories according

to their different origins.
More in detail:

e Chiral Structure: atoms of inorganic systems that crystallise in a chiral space group
present a specific chiral spatial distribution. Typical examples of chiral crystals are: a-
quarts, lanthanide phosphate, gallium phosphate and a-HgS. In most cases, the solid
phase crystallises in one of the 22 possible chiral space groups in R3. However, chiral
structures can crystallise in other 43 space groups characterised by the presence of
only symmetry operation of the first kind (rotations, rototranslations and translations)
forming the Sohncke group.’ These systems are usually associated with strong chirop-
tical properties. However, due to thermodynamic reasons, non-stereoselective synthe-
ses tend to form racemic mixtures presenting low or none chiroptical activity. In this

case, the use of chiral ligands is fundamental to direct the symmetry breaking promot-



ing the preferential formation of one enantiomer over the other. Although a sponta-
neous symmetry breaking was observed under certain conditions, the use of chiral lig-
ands remain critical to control the stereochemistry of final products and amplify the
particles chirality.® The paper of Ben-Moshe et al.? on a-HgS (cinnabar phase) nano-
particles produced by spontaneous conversion of achiral B-HgS in the presence of pen-
icillamine as chiral inductor, revealed a dissymmetry factor (g-factor) of 0.012, higher
by one order of magnitude than the value observed for other semiconductor nanopar-
ticles with chirality originated at the interface. Further control on the enantiopurity on
a-HgS nanoparticles was achieved by the optimization of a second growth step, via
Oswald ripening, mediated by the chiral ligand.1° Concerning gold nanocluster, another
example of chiral structure, Zeng et al.!! observed a chiral atomic structure in
Auzs(TBBT)20 nanocluster (TBBT: 4-tert-butylbenzenethilate). The resolution of the
racemate mixture by chiral-HPLC, allowed for isolating the two enantiomers and thus
characterising their chiroptical activity.

Chiral Morphology: nanoparticle syntheses can be properly designed to favour the for-
mation of distorted morphology with chiral shapes. An example is the production of
the chiral gold helicoid nanoparticles developed by Nam and coworkers.*>%4 In this
case, the deposition of metal atoms on the surface of a gold polyhedral nanoparticle
(achiral seed) characterised by high-Miller indexes facets could be modulated exploit-
ing the enantioselective interaction between the chiral ligand and the intrinsic chirality
of the particle surfaces. Thanks to a multi steps process, the production of highly dis-
torted gold nanostructures was obtained with high control. Another example of chiral
shape is given by the production of chiral mesoporous silica. Che et al.*>! reported
the preparation of chiral mesoporous silica using a synthetic route based on soft tem-
plating with anionic surfactants like N-myristoil-L-alanine evidencing the presence of
some degree of enantioselectivity.

Chiral Ligand: nanoparticles are stabilised using chiral ligands. In this condition, chiral
plasmonic or chiral excitonic effects are induced by the physi- or chemisorption of a
chiral ligand on the particles surface. This approach covers both structural and elec-
tronic chirality origin. The structural origin is associated to the formation of chiral de-

fects on the particles surface promoted by the chiral ligand, while the electronic origin



is related to the chiral induction by the electronic coupling between the chiral ligand
and the nanoparticles electronic transitions.

This type of chirality is characteristic of metallic and semiconductor nanoparticles
when a chiral ligand is present. Usually, chiral metallic nanoparticles show CD active
transitions at the frequency of their plasmonic resonance. For instance, Gautier et al.%’
observed CD active transitions associated to the particle core in N-isobutyryl-L/D-cys-
teine stabilised gold nanoparticles. Based on the vibrational circular dichroism obser-
vations, the particle chirality was related to ligand induced chirality by a preferential
bidentate interaction trough thiol and carboxylic groups. Park et al.'® evidenced the
fundamental role of the thiol group for the chiral induction on silver nanoparticles sta-
bilised by different amino acids (cysteine, penicillamine, glutamine and lysine) and glu-
tathione. Slocik et al.’® reported the chiral induction in 10 nm gold nanoparticles by
the functionalization with peptides with different secondary structures. The CD activity
in the plasmonic transition (520 nm) was simulated with a theoretical model based on
coulombic interactions, which considers the electric and magnetic transition moments
(dipole and quadrupole) of the chiral ligand and the nanocrystal plasmonic surface.?°
This type of chirality is also common for semiconductor nanoparticles that usually
show some degree of chirality in the exciton region, far from the frequency related to
the electronic transitions of the chiral ligand (typically in the UV range). Elliott et al.?!
considered the effect of structural distortions on the outer layer of a CdS clusters at
the origin of the chiroptical properties of CdS quantum dots stabilised by penicillamine.
Ben-Moshe et al.??> modelled the circular dichroism spectra of several semiconductor
guantum dots considering the electronic coupling between the chiral ligand and the
nanocrystal core. Another theoretical approach was developed by Gao et al.?*24 using
a non-degenerative coupled-oscillator model to simulate the induced chirality in CdSe
nanorods and nanoplatelets.

Chiral Distribution of Ligands: it is another example of chirality at the particle-ligand
interface, but, in this case, chirality can be induced using also achiral ligands and the
origin of the symmetry breaking is related to the asymmetric ligand arrangement on
the particle surface. The Ausg(SCH,CH,Ph),4 nanocluster is an example of this type of
chirality: the nanocluster is composed by a face fused biicosahedral Au3 core and a

gold thiolate staples layer formed by gold atoms and achiral thiolates.?>?® Although



both the Auzs core and the thiolate ligand are achiral, the asymmetry in the staple layer
causes a reduction of the total nanocluster symmetry from Dsn to Ds. Dolamic et al.?’
successfully isolated the nanocluster enantiomers and collected the chiroptical spectra
of the two enantiomers.
e Chiral Assembly: achiral nanoparticles can be appropriately arranged in a chiral assem-
bly to produce systems with dimensions that span over several orders of magnitude.
Ma et al?®. reported the preparation of dimers produced by the side-by-side assembly
of achiral gold nanorods. The dimers showed an intrinsic chirality due to their struc-
ture. Due to thermodynamic reasons, the dihedral angle 8 # 0 between the two gold
nanoparticles is favoured to reduce electrostatic repulsions. The chiroptical activity of
a single dimer proved the origin of the chirality. Smith et al.?° reported a dimeric sys-
tem based on achiral gold nanodumbbells assembled inside polymeric nanoparticles.
The analysis of the dimers solution did not show any CD active transition, while the
circular differential scattering measurements on single dimers revealed the relation-
ship between the chiroptical activity and the dihedral angle. The observation of the
chiroptical properties of single dimers further confirmed the relation between the lack
of optical chirality of the ensemble and the racemic nature of the sample. Lan et al.3°
reported the formation of helical superstructures composed by achiral gold nanorod
opportunely oriented inn a chiral helical geometry using DNA origami technique.
More complex systems with multiple levels of organization of their topological elements and
characterised by multiple type of chirality are reported in the literature. A fascinating example
was described by Jiang et al.3! who studied hierarchical organized particles composed by cys-
teine-gold thiolate chiral nanosheets assembled on larger particles with different degree of
chirality and complexity. The authors observed that the morphology of the self-assembled
structure can be modulated according to the ratio of the cysteine enantiomers used in the
synthesis and the conditions employed to promote the nanosheets self-assembly. The inves-
tigation of the origin of chirality in inorganic systems, and its propagation from the nano to
the micro scale, does not only allow to disclose the origin of homochirality in biominerals, but
alsoinspires new route to improve the design of novel syntheses for the formation of inorganic

crystals with complex morphologies with unprecedent control.3%33



In this thesis, the experimental work is focused on the study of the origin of chirality at the
particle ligand interface using chiral ligand. In particular, amino acids are chosen as chiral in-
ductors due to the availability of both enantiomers with high optical purity, the abundance of
functional group that can provide multiple interaction on the particle surface and their bio-

compatibility.

2 SCOPE OF THE THESIS

The project is based on the study of novel chiral luminescent nanosystems, covering synthesis,
characterisation and application in the enantioselective chemosensing. Attention is dedicated
to three distinct classes of luminescent materials: carbon dots, I-11l-VI semiconductor quantum
dots and copper halides. This decision is related to the relatively well-known luminescent
properties of these systems as well as to the extensive scientific interest associated to them.
Another fundamental aspect is related to the biocompatibility and toxicity of these materials.
Carbon dots and I-1lI-VI quantum dots are promising less toxic alternatives to Cd-based binary
guantum dots and the research activity related to copper halides has recently become popular

as possible alternative to lead halide perovskites.

The aim of the research is the synthesis and the characterisation of the particles chirality in
order to better understand the origin of chirality and to unravel the fundamental parameters
for the optimization of the transfer of chirality. The main sections of the project are summa-

rized in the following list:

e Carbon Dots: in this case, the study of the nanoparticles formation mechanism is car-
ried out considering a novel synthetic method based on the radical assisted decompo-
sition of cysteine catalysed by copper ions. The process allows to finely tune the optical
and chiroptical properties of the nanoparticles and to highlight fundamental features
on their structural origin. Moreover, the study covers the origin of chirality and the
relationship between optical/chiroptical properties and the evolution of the nanopar-
ticles structure during the substrate decomposition step.

e |-llI-VI Quantum Dots: the design of a novel synthesis is studied to obtain ternary quan-
tum dots with chiral properties. Due to their superior optical performances, non-stoi-
chiometric silver indium sulfide quantum dots are chosen as a reference compound for

the optimization of the synthetic procedure, for the investigation on the chirality at



the nanoparticle-ligand interface and for the optimization of the deposition of a ZnS
shell with a post synthetic treatment. The investigation considers also different chem-
ical compositions changing the silver to indium ratio, copper indium sulfides as another
example of ternary system and multiple quaternary systems based on silver, copper
and indium sulfides. In this context, the analysis of structural, optical and chiroptical
properties are combined to explain the change of the particle chirality according to the
different compositions in the I-lll-VI systems.

e Copper halides: this section covers the development of a novel ligand assisted repre-
cipitation method for the production of cesium copper bromide in the presence of chi-
ral ligand and the characterisation of its chiroptical properties. Moreover, the study
considers the effect of the chiral ligand on the morphology and chiroptical properties
of the particles, and the possible application of the synthetic procedure to other lead-
free metal halides.

Finally, the most promising systems (silver indium sulfide quantum dots and cysteine based
carbon dots) are investigated for a potential application in the luminescence enantiselective
chemosensing for different amino acids. The investigation considers both Turn-Off and Turn-
On chemosensing modes to explore potential extension of the analyte target and concentra-

tion range.
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CHAPTER II
CYSTEINE-BASED CHIRAL CARBON DOTS

This chapter is dedicated to the synthesis of chiral cysteine-derived Carbon Dots by a new
approach at room temperature, to the investigation on their formation mechanism and to the

evolution of the chiroptical properties during the nanoparticles formation process.

After the first evidence on luminescent carbonaceous nanoparticles in the early 2000s, Carbon
Dots have attracted large interest due to their outstanding properties: high biocompatibility,
chemical stability, photoluminescence activity and easy production. In particular, Carbon Dots
are considered as a more biocompatible alternative to other luminescent nanomaterials, es-
pecially compared to Cd-based quantum dots, offering a convenient alternative for the appli-

cation in nanomedicine.

The synthesis of chiral Carbon Dots has been investigated by several authors, exploiting both
top down and bottom-up approaches. This latter synthetic method, that relies on the decom-
position of optically pure chiral substrates has become extremely popular. However, the most
employed synthetic methods rely on thermal decomposition via pyrolysis or under hydrother-
mal conditions. Due to the harsh reaction conditions, these approaches lead to an extensive

loss of the stereochemistry of the organic substrates inducing the racemisation of the product.

In this chapter a novel synthetic approach based on the radical assisted decomposition of op-
tically pure cysteine solution catalysed by copper is presented. The reaction takes place at
room temperature in agueous environment. The method is particularly suitable to follow in
detail the process of Carbon Dots formation with multiple spectroscopic techniques and to
investigate the variation of the Carbon Dots chiroptical activity during the Carbon Dots for-

mation.
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ACRONYMS

VB: valence band

MWNTSs: Multi walled nanotubes

SWNTs: single walled nanotubes

CDs: carbon dots

GQDs: graphene quantum dots

PL: photoluminescence

PLQY: photoluminescence quantum yield

PEG: polyethylene glycol

PAHs: polycyclic aromatic hydrocarbons

PMMA: polymethyl methacrylate
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1 INTRODUCTION

Carbon is one of the most abundant elements in the Earth’s crust (1000 ppm), it occurs natu-
rally in its elemental form in different structures: diamond, graphite and amorphous carbon.
The carbon chemistry, as other group 14 elements, is characterised by an extensive chemistry
of catenated compounds. This property arises from the high orbital overlap which increases
the bond energy related to homoatomic bonds with respect to heteroatomic bonds. This is
particularly evident for carbon (bond energy: 356, 598 and 813 kJ/mol for single, double and
triple bond respectively), the small atomic radius guarantees good overlapping of the orbital
perpendicular to the bond axis, essential characteristic for the formation of stable

homoatomic multiple bonds.*?2

Dimond is the densest carbon allotrope (3.51 g/cm?3 respect 2.22 and 1.72 g/cm? for graphite
and Ceo respectively), its structure is formed by a covalent network of tetrahedral carbon at-
oms, in accord with the Valence Bond (VB) theory the atomic orbitals are consider as sp3,
forming 6 bonds with a bond order of 1, bond length 1.54 A and a bond angle of 109.5 °. The
cubic Fd-3m is the most common crystal structure observed for diamond, the unit cell is
formed by a face centred cubic lattice of carbon atoms where half of the tetrahedral sites are
occupied by carbon atoms (Fig. 1). The whole structure can be represented as stacked layers
of hexane-like units in chair conformation with ABCABC packing. A rare hexagonal structure
called lonsdaleite is also known, it is found in certain meteorites (and also available syntheti-

cally) and presents the less stable ABABABA packing.

Graphite in its a form presents a hexagonal layer structure with inter layer distance of 3.35 A.
The large inter layers distance, close to the sum of the van der Waals radii (rvaw = 1.7 A) evi-
dences the low noncovalent interactions between the layers. The intra-layer structure is com-
pletely covalent and is formed by a 2D network of trigonal planar carbon connected in con-
densed hexagons. In accord with the VB theory the atomic orbitals present sp? hybridization,
forming a network of molecular orbitals with o and m symmetry. Graphite-a has a hexagonal
structure (space group P6smc), the 3D crystal is formed by multiple layers stacked in the AB-
ABAB motive. There is also a rhombohedral form called graphite-f, that is characterised by a
ABCABC stacking of the bidimensional layers. The rhombohedral form is less stable and can
be converted in the hexagonal one through thermal treatment. Graphite can be chemically

modified by the action of strong acids in oxidizing condition with the formation of graphite
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oxide, a layered structure rich of oxygen containing functional groups which increase its hy-
drophilicity. Moreover, graphite can be fluorinated by the action of hydrofluoric acid with the
formation of CF, sp? structures with different degree of fluorination, both the treatments

strongly affect the intra-layer electrical conductivity.

A brief comparison between the macroscopical properties of diamond and graphite evidences
some fundamental features about their structures. Firs of all, a large anisotropic electrical re-
sistance is observed in graphite. Graphite is a strong electrical insulator (= 1 Qm at 293 K) along
the direction perpendicular to the layers. Instead, high conductibility is observed for the di-
rection parallel to the layers (1.3 x 10° Qm at 293 K). These properties are related to the
presence of molecular orbital delocalized across the whole layer and the presence of a HOMO-
LUMO gap close to zero that guarantees low energy barrier for the promotion of electrons
from the valence to the conduction band (optical gap close to zero, 0.04 eV). On the other
hand, diamond is characterised by high electrical resistance (1 x 10'* Qm at 293 K) ascribed to
the high degree of localization of the electron density along the carbon-carbon bond axis.
Moreover, the vibrational modes of the o bond network of the diamond structure guarantee

high thermal conductivity (25 W/cm*°C at 25 °C).

Figure 1: diamond unit cell and representation of a portion of the cubic dimond lattice (left). Representation of few
layers of alpha graphite section.

Conversely to previous cases, amorphous carbon is a broad definition that includes a wide
range of structures mainly composed of elemental carbon and a lack of long-range order. 3=
Several artificial categories of amorphous carbon are known, some examples are: carbon fiber
and glassy carbon that are formed by controlled thermal decomposition of organic polymers
and are rich of disordered graphitic domines. Microcrystalline carbon (uC) is produced by the

irradiation of graphite, the amorphous carbon (a-C) is produced by the evaporation under an
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Figure 2: Ternary phase diagram of amorphous carbon. The three corners correspond to graphite, diamond and
hydrocarbons respectively (left); image from ref.> and representation of two graphitic layers in the turbostratic
model (right); image from ref.100

electron beam or by sputtering; and hydrogenated amorphous carbon (a-C : H) is produced by
plasma deposition or ion-beam deposition from gaseous hydrocarbons. Fundamental features
that characterise the different amorphous carbon forms are (Fig. 2): sp?/sp? ratio, the hydro-
gen content and the degree of short or medium range order. The structure of amorphous
carbon is rationalized as a heterogeneous system formed by small graphitic domines embed-
ded in an aliphatic sp3 matrix, and the presence of turbostratic disorder in the graphitic regions
(Fig. 2) is used to explain the absence of diffractions that can be related to the three-dimen-

sional order.®

1.1 CARBON BASED NANOSTRUCTURES

Several other allotropic forms of carbon were discovered in the last decades: graphene, full-
erenes and carbon nanotubes are all example of carbon allotropes presenting a well-defined
nanostructure.

Graphene is virtually an isolated, one atom thick, graphite layer (Fig. 3a). Graphene can be
produced by different exfoliation processes starting from bulk graphite crystals, these ap-
proaches take advantage of the high chemical stability of the o and n network and the low
non-covalent inter layer interactions. The presence of intercalating molecules can facilitate
the exfoliation process. Sample composed of few layers as well as the single monolayer were
prepared by Novoselov et al. 8 by piling a block of high ordered pyrolytic graphite with adhe-
sive tape. Then, the films were deposited onto oxidized silicon substrate and connected with
Au/Cr electrodes prepared by electron beam lithography in hall-bar-type configuration for the
measurement of magnetoresistance and Hall resistance. With this sort of device Zhang et al.®

were able to observe the quantum hall effect and the formation of the Berry’s phase in single
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layer samples. The outstanding properties of graphene (such as a current density up to 108
A/cm?) simulated the interest of researchers worldwide, and in 2010, Andre K. Geim and
Kostantin S. Novoselov were awarded of the Nobel prize in physics “for ground breaking ex-
periments regarding the two-dimensional material graphene”. The chemistry of graphene is
mainly focused on its functionalization in order to tune the band gap and dispersibility in sol-
vents. In this context, graphene can be hydrogenated by fluxing H, over a Ni/Al,Os catalyst at
1000 K to produce hydrogen radical that can react with graphene forming saturate graphene
(CH)x. Thermal annealing of this product at 720 K in argon atmosphere can regenerates the
unsaturated structure. Another common treatment is the acidic oxidation reaction, using
strong oxidating agents like KCIO3 and HNO3 or KMnOas in H2SO4 to introduce oxygen-contain-

ing functional groups producing the so-called graphene oxide.*°

The Buckminsterfullerene is the first member of the fullerenes family that have been discov-
ered. The first identification was reported by Kroto, Smalley and coworkers in 1985, they
were investigating the formation mechanism of chain hydrocarbons in interstellar space by
studying the decomposition of a graphite disc under irradiation with Nd:YAG (30 mJ) laser
pulses, when they observed an unusual signal in the time of flight mass spectra for the molec-
ular ion Cso. They speculated that the observed signal was produced by a particularly stable
carbon cluster composed by 60 carbon atoms, and the truncated icosahedron (Fig. 3b) was
recognized as the hypothetical most stable structure (this structure was previously consider
theoretically by Osawa, E.).''2 The unusual name of the Ceo cluster was a reference to the
American architect Richard Buckminster Fuller who is universally recognized for the design of
the geodesic domes, structures that reminds the truncated icosahedron polyhedron proposed
by Kroto et al. for the Ceo molecular cluster.® In the following years, several carbon molecular
cluster with a closed cage (polyhydric structures) were discovered and they are summarized
in the formula C2n with n in the range of 30 — 48 (the more stable examples are 2n = 60, 70,
76, 78, 82 and 84 with their respective isomers), these structure are defined as fullerenes. A
synthetic approach to produce large quantity of Ceo was developed by Krdatschmer and Huff-
man. 1 During their investigation of the formation of carbon nanoparticles produced by a con-
ventional ball-jar carbon evaporator under helium atmosphere, they observed the production
of small soot particles that contained Ceo with a yield of 10 % and more. The crystallographic
analysis of Ceo revealed that while the carbon atoms are all equivalent by symmetry, single

and double bond can be distinguished with C-C distance of 1.453 and 1.383 A respectively.>?
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Figure 3: Representation of the discussed carbon nanostructures a) Section of a graphene layer, the red and

blue bonds highlight the chair-saddle and zig-sag direction respectively; b) a Cgo buckminsterfullerene; c)

Section of a 6,6 armchair SWNT and d) section of a 9,0 zigzag SWNT.
Carbon nanotubes may be considered as elongated fullerenes with high aspect ratio, they are
formed by the typical 2D graphitic structure wrapped around a cylinder (Fig. 3¢, d), and even-
tually capping units close the extremity of the nanotubes (if the cylindrical section is composed
only by hexagon, due to its curvature, the capping unit requires hexagon and pentagon as
observed for fullerenes). Carbon nanotubes are produced in large scale by several physical
methods such as: electrical arc discharge between graphite rods, laser vaporization of graphite
or chemical vapor deposition. Although, the work by Iljima S.%° in Nature 1991, which was
certainly the more influent paper at that time, is frequently reported as the first observation
of carbon nanotubes, several papers on the observation of carbon nanotubes were already
available in the literature.'® Carbon nanotubes are differentiate by the structure of their cylin-
drical section, considering: conformations (some limit structures that present the zig-zag and
arm-chair conformation observed in graphite are reported in Fig. 2c,d) diameter of the tube
and by the number of concentric elements. All the synthetic methods mentioned above give
the formation of Multi Walled Nanotubes (MWNTSs) as the major product, these structures are
formed by concentric nanotubes with increasing diameter. Instead, the observation of rela-
tively large-scale production of Single Walled Nanotubes (SWNTs) was reported only in 1993
by lljima et al. and Bethune et al. independently.'”'8 In both the articles, the scientists were
working with transition metals (iron and cobalt) in the attempt to fill the tubes cavity with
metal ions, while they observed an unexpected catalytic activity of transition metals for the
production of SWCNTSs. Several chemical modifications for carbon nanotubes have been in-
vestigated, the most common is the oxidizing treatment with HNO3z and H,SO4 that gives the

formation of carboxylic functional groups that allow to increase the nanotubes solubility and
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split the micrometrical bundles observed by scanning electron microscopy in single nano-

tubes.10

1.2 CARBON DOTS

Carbon Dots (CDs) are carbon nanoparticles with almost spherical shape and characterised by
photoluminescent activity. The definition covers a broad range of materials, regardless of their
structures, crystallinity, and elemental composition. Carbon nanodots, carbon quantum dots
and other names are diffuse in literature, and at the time, there is still a lack of a proper no-
menclature. A widely accepted distinction is applied between Carbon Dots (CDs) and Graphitic
Quantum Dots (GQDs) based on the spherical shape that is typical for CDs and the plate-like

shape of the nanometric GQDs.1%2?
1.2.1 Carbon Dots Synthesis

Xu et al. reported in 2004 the first observation of CDs during a gel electrophoresis separation
of a reaction mixture produced via arc discharge process employed for the synthesis of
SWCNTs.?? As usual, the crude product of the arc discharge synthesis was partially oxidized by
treatment with HNOs to increase the solubility in aqueous solution. The electrophoretic puri-
fication revealed the presence of three main fractions: i) huge fibers with no migration prop-
erties, ii) the desired product composed by SWNTs and iii) small particle with lateral size and
height around 18 and 1.4 nm respectively. The energy dispersive X-ray analysis showed car-
bon, oxygen and hydrogen as principal components of these nanoparticles. Furthermore, the
material was characterised by a strong photoluminescence. The authors investigated the ef-
fect of the oxidizing treatment on the generation of the side products, and they confirmed
that under the harsh oxidizing condition, SWNTs (fraction ii) are decomposed giving the for-
mation of the other two fractions. After the observation of Xu and coworkers, the interna-
tional interest for this unusual product has risen, mainly due to its optical properties. Indeed,
CDs are differentiated by the other carbon nanostructure presented above by their photolu-
minescence activity. Another typical feature of CDs is the high content of heteroatoms (hy-
drogen, oxygen, and nitrogen are the most commons) that is related to the surface functional

groups and structural defects.

Thanks to the large number of efforts that have been spent in the investigation on CDs syn-

thesis, several synthetic approaches are now available. Among them, we can distinguish be-
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tween: top-down processes where macroscopic carbon structures are decomposed by physi-
cal treatment (such as: arc discharge, laser ablation etc.), and the bottom-up processes where
molecular organic substrates (citric acid, glucose, etc.) are decomposed in specific condition

(hydrothermal, pyrolytic etc.).?°

Top-down approaches: in these methods CDs are formed by first decomposition and subse-
quent reassembly of an extended carbon network already present in the starting materials.
The products obtained by these processes usually do not present any photoluminescence ac-
tivity, and the photoluminescence is observed after an appropriate oxidative post-synthetic

treatment.?2

Arc-discharge: two electrodes are placed in a closed chamber filled with gas (usually: He, H»
or Ar). The anode is formed by the precursor (graphite or graphite with metallic catalyst), and
the product is collected on the cathode surface. The application of an electric potential gen-
erates an electron flux between the electrodes, which gives the formation of a plasma with
temperature in the 4000 — 6000 K range. Due to the high temperature, the carbonaceous pre-
cursor is vaporised and ionised, the ion flux impacts on the anode and condenses on the sur-
face with the formation of several carbon structures in relation with the specific experimental

conditions.?

Laser ablation: a high energy laser pulse is irradiated on the surface of the starting material
inducing the vaporisation into plasma state, the vapours crystallise during the condensation
step with the formation of nanoparticles. 242> Usually, the process is conducted in solvents, Hu
et al.?® have produced luminescent carbon dots with diamond lattice through a one step pro-
cess by irradiation of a graphite particle dispersion in polyethylene glycol with 1064 nm Nd-
YAG laser; they established the dramatic role of the solvent in the control of the surface de-
fects formation. In fact, working with water instead of polyethylene glycol, the CDs with similar
particle size and shape are formed but no luminescent was observed. The photoluminescence
in the sample produced in water can be achieved by a post-synthetic oxidative treatment in
HClO4.26 Sun et al. 2”-2% observed that the luminescence in CDs prepared by plasma-assisted
pulse laser deposition of graphite carbon target in silicon matrix can be observed after oxida-

tionin HNO3 2.6 M under reflux for 12 h and followed by surface passivation with polyethylene

glycol.
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Electrochemical synthesis: Zhou et al.3° reported on the formation of CDs through the elec-
trochemical decomposition of MWCNTSs supported on the working electrode. The exposure to
1000 cyclic voltammograms cycles in the voltage range - 2.0 to + 2.0 V working with a scan
rate of 0.5 V/s in 0.1 M tetrabutylammonium perchlorate in acetonitrile as electrolyte solu-
tion, gives the formation of 2.8 + 0.5 nm graphitic carbon dots that presents a strong absorp-
tion band localized a 270 nm. The production of CDs by electrochemical treatment of graphite
(graphite column electrode) was achieved by Zhao et al. 3! working with a constant potential

3.0 V using 0.1 M H2POsin water as electrolyte solution.

Acidic oxidation: as already discussed, the acidic oxidation treatment has been widely em-
ployed for graphite exfoliation, as well as to introduce oxygen-rich functional groups (mainly
carboxylic groups) on the surface of carbon nanostructures. Zang et al. 32 observed the for-
mation of CDs after refluxing a fullerene carbon soot in HNO3 and H,S04 mixture. Yang et al. 33
reported the large-scale synthesis of sulfur and selenium doped CDs from Chinese Ink trough
a first step of oxidative cutting in HNO3s, H.SO4 and NaClOs. An alternative process was re-
ported by Shin and coworkers, 3* they investigated the CDs production by top-down acid-free
wet method. According to their findings, several different carbonaceous precursors (e.g.:
graphite, MWCNTSs, carbon fibers and charcoal) can be converted in CDs in solvothermal con-

ditions in the presence of potassium monopersulfate through a radical mediated process.

These general top-down approaches have also given inspiration to several bottom-up synthe-
ses where the macroscopic carbonaceous precursor, characterised by a well-formed extended
C-C network is replaced by molecular precursors. The GQDs synthesis through toluene decom-
position by laser irradiation is reported by Yu et al.3> and the electrolysis of sodium citrate and
urea solutions (1 h, 5 V at DC voltage) reported by Hou et al. 36 are just a couple of examples

of this approach.

Bottom-up approaches: in these synthetic methods, the C-C bonds network is formed by the
thermal decomposition of molecular precursors in specific conditions, such as: pyrolysis, hy-
drothermal or solvothermal. Despite the large number of reports on these methods, the pro-
cesses that are involved in the decomposition step are still not clear. Citric acid is probably the

most investigated starting material for the preparation of CDs through the bottom-up route,
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Figure 4: schematic representation of the CDs formation mechanism. Molecular lumino-

phores derived by the condensation of citric acid and ethanolamine b) and in the presence

of ammonia or ethylenediamine c).
as well as citric acid mixtures with amines (ethanolamine, ethylenediamine etc.). Several ob-
servations collected working with pyrolysis and hydrothermal decomposition of these sub-
strates allowed to build up a model of the decomposition process.3” The schematic process
reported in Fig. 4a is related to the pyrolytic decomposition of citric acid and ethanolamine
mixture according to by Krysmann and coworkers.3® However, the evidences reported by Song
et al.?® (hydrothermal decomposition of citric acid and ethylenediamine decomposition), re-
vealed that the main steps of the process reported in Fig. 4 are observed in other cases, de-
spite the different amine or type of thermal treatment. The principal differences are related
to the chemical structure of the molecular fluorophores that are formed as intermediates

(with ethanolamine Fig 4b, with diamine Fig 4c). The main steps of the decomposition process

can be summarized in:

i) Polymerization: at lower temperatures (usually below 150 °C), the formation of polymer
dots is observed. This product, also defined as amorphous CDs, is formed by condensation

reactions such as esterification and amidation. Since citric acid contains both carboxylic and
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hydroxyl functional groups, it can be involved in esterification reaction, and ethanolamine
can connect the citric acid units in different way (Fig. 4a terminal, intrachain and interchain
cross links are indicated in blue, green and red respectively). In the temperature range (T <
150 °C), a fraction of the organic substrate/s is consumed by the formation of molecular
fluorophores. Fig 4b shows some of the products, typically, citrazinic acid derivates pro-
duced by intramolecular condensation and water elimination reactions.3® Other molecular
fluorophores obtained in similar reaction conditions were confirmed in several works. A
brief summary of the most representative structures is reported in Fig. 4c. IPCA, formed by
the reaction with citric acid and ethylenediamine, is of particular importance. These molec-
ular fluorophores can be grafted on the Polymer Dots surface and are responsible for a blue
strong PL which Aem is insensitive to variation of Aex (excitation independent emission).

ii) Carbonization: at higher temperatures (150 — 300 °C), the dehydration of the Polymeric
Dots network is observed.3® This process gives the formation of new C-C single and multiple
bonds. Elimination reactions are responsible for the formation of multiple C-C bonds in the
polymeric aliphatic structure, as well as, intra and intermolecular cyclizations and electro-
cyclic reactions are considered as main reactions involved in the formation of aromatic and
heteroaromatic groups, and associated with the growth of the CDs crystalline core.*® As
can be shown by the high magnification TEM images, the crystalline core is evidenced by
the interference fringe, and d-spacing 0.32 and 0.22 nm is commonly observed and related
to the graphite structure (some variations can be ascribed to the presence of heteroele-
ments). Krysmann et al.38 observed the reduction of the photoluminescence quantum yield
with the extension of the carbonization step. They related this finding to the decomposition
of the molecular fluorophores which are the main emissive centres. This hypothesis was
further confirmed by the UV/Vis absorption spectroscopy; a strong reduction of the bands
related to the well localized transition and to the formation of a broad absorption band was
observed during the carbonization step. The same behaviour was also observed for PL prop-
erties which showed a significant increasing in the Aem dependency from the Aex (excitation
dependent emission).

As mentioned above, the generalization of the decomposition mechanism is mainly related to

the CDs prepared by citric acid and mixture citric acid with amines. Significant differences are

observed for the CDs formation mechanism starting from conjugated molecules. 44! These
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methods reported in the work of Jiang et al.?° are promising for the preparation of red and

near-IR emitting photoluminescent CDs.

In contrast to the large number of publications covering citric acidbased CDs, there is a lack of
investigations on the formation mechanism of CDs using other organic non conjugated sub-
strates such as carbohydrates and amino acids. A particular example came from the study by
Li et al. #2 on cysteine-based CDs produced by hydrothermal treatment. The authors observed
the presence of graphitic structure extended over several hundreds of nanometers as decom-
position intermediate of cysteine-based CDs. This finding supports the presence of other
phases in the decomposition process where the starting particle system is cut in smaller par-

ticles under the reaction conditions.

Pyrolysis: Dong et al.*3 observed that the decomposition of neat citric acid at 200 °C (above
its melting point T = 153 °C), after 30 min the formation of an orange solution containing GQDs
was detected, and for extended reaction time the product was converted in graphene oxide
(GO). The authors recognized the carbonization step and considered GQDs as an intermediate
in the formation of GO. Krysmann et al.38 investigated the decomposition of mixture of citric
acid and ethanolamine at different temperatures. They observed the formation of amides at
low temperature (180 °C). At 230 °C, the polyamide structure starts to decompose forming
CDs with high content of amidic bonds. At higher temperature (300 and 400 °C), an extensive
reduction of the amidic bonds and the formation of aggregates with size around 100 nm was

observed.

Hydrothermal and Microwave: the decomposition of aqueous solutions of citric acid and eth-
ylenediamine under hydrothermal condition was investigated by Zhu et al. #* at different re-
action temperatures (150, 200, 250 and 300 °C). The formation of polymeric amorphous CDs
through amidic condensation was observed at 150 °C. These structures are characterised by:
i) absence of electron interference fringes in the TEM images, ii) highly localized absorption
band related to the presence of molecular like luminophore and iii) almost excitation inde-
pendent photoluminescent emission. Increasing the hydrothermal temperature increased the
graphitic content, significantly affecting the optical properties with a reduction of the absorp-

tion of the localized band and increasing of photoluminescence excitation dependence.

25



1.2.2 PL Origins in Carbon Dots

Photoluminescence (PL) is the most considered and characteristic proprerty of CDs. Typically,
strong emission in the blue and green range are observed for CDs dispersed in water. In some
case, the incorporation of heteroatoms (nitrogen, sulfur, boron, selenium and phospho-
rous),** called elemental doping in analogy with semiconductor doping, has been consid-
ered as a beneficial strategy to improve the PhotoLuminescence Quantum Yield (PLQY). Tun-
ing the optical properties to achieve CDs with red or near-IR emissions was investigated ex-
ploiting several approaches as phosphorus doping or decomposition of conjugated starting
material (p-phenylenediamine).%4” The most common features of the CDs PL is the large
stokes-shift (70 - 100 nm) and the strong Aex dependency that allows to tune the emitted
wavelength (Aem) over a large rage of frequencies changing the excitation wavelength (Aex).
This last property is ascribed to the broad heterogeneity of the emitting sites. The heteroge-
neity could be related to the different type of CDs produced in the same batch (fraction with
independent PL can be isolated with the proper purification step like silica chromatography,
gel electrophoresis or gradient centrifugation),*®4° or to the copresence of different emitting

groups in the same particle.

The first attempt to explain the PL properties of CDs was based on the quantum confinement
effect that can strongly affect the electronic band gap with the formation of distinct energy
levels. This parallelism with PL properties of the semiconductor nanoparticles can be consid-
ered only when the particle presents a well crystallised structure and a diameter below 5 nm.
In fact, this size dependent red-shift was observed by Li et al.>° on CDs prepared by top-down
electrochemical decomposition of graphite rods in NaOH/EtOH solution. The crude product
was separated in four CDs fractions with narrow size distribution (average diameters 1.2, 1.5,
3 and 3.8 nm) and the increase of the PL emission maxima from 400 to 600 nm along with the
increasing of the particles size was observed. Yang et al.>! obtained similar results on the CDs
produced by bottom-up hydrothermal decomposition of glucose in the presence of different
amount of KH2POa. According to their findings, glucose/ KH2PO4 molar ratio = 1/36 gives the
formation of blue emitting CDs with average diameter of 1.83 nm and glucose/ KH,PO4 molar
ratio = 1/26 produces green emitting CDs with average diameter of 3.83 nm. Ding et al.*® iso-
lated four CDs fractions with different emission maxima (383, 410, 488 and 528 nm) after pu-
rification, by silica chromatography, of a CDs mixture prepared by a bottom-up hydrothermal

decomposition of urea and p-phenylenediamine. However, they did not observe any size-
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emission dependency (all the fractions presented an average diameter around 3 nm). Similar
observations were reported by Vinci et al. *° about the CDs fraction produced by HPLC purifi-
cation of a CDs mixture prepared via top-down acidic oxidation of carbon nanofibers. Zhao
and coworkers, 3! reported on size-dependence of CDs on PL suggesting that the red-shift
might be related to the system degree of conjugation and showing that the optical effect could
be more related to the crystallinity rather than the physical size. Structural disorder in the CDs

core can reduce the extension of the conjugated system affecting the luminescence.

Starting from the considerations about the electronic band structure in the macroscopic crys-
tals, J. Robertson 3 reported a model for graphite and diamond. As mentioned above, carbon
with diamond structure is an electric insulator characterised by a wide optical band gap of 5.5
eV (Fig. 5a), instead, carbon with graphite structure presents high electrical conductivity along
the sp? layers direction. This property is reflected in the band structure Fig. 5a by the intersec-
tion between valence and conductive band. Since the optical band gap of extended graphite
structure is close to zero, the PL property of CDs (especially the GQDs) are modelled through
the size confinement of this structure in systems with dimensions of few nanometers. Kozawa
et al.>? reported a computational study on the investigation of the election transition in gra-
phene dots (Fig. 5b) with diameters between 0.74 — 2.7 nm (related band gap 2.5 - 1.5 eV).

Accordingly, GQDs with diameter between 1.4 — 2.2 nm were predicted to have a band gap in
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Figure 5:a) electronic band structure for carbon allotropes graphite and diamond (figure from ref.3). b)
graphene dots model, from top to bottom: investigated systems (number of carbon atoms, structure and
diameter in nm), size-dependency of the E, parameter (difference between Energy of one electron band
gap GW model and the energy of the first optical allowed transition energy Es, corresponding to the ab-
sorption energy), size-dependency of the Eis parameter (figure from ref.52). c) electron density difference
between ground and exited stated in the main transition (absorption A reported below) in the three layers
model, charge depletion and charge accumulation areas are indicated in blue and red respectively (figure
from ref.53).
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the visible range and to show size-dependent luminescence, in agreement with the observa-
tion reported for GQDs with crystal size below 3 nm.>° Models formed by three graphene lay-
ers, with oxygen functional groups were investigated in order to simulate the absorption prop-

erties of graphitic CDs with 1.2 nm diameter (Fig 5c).”*

Based on these considerations, Fu et al. >* investigated a model system based on three specific
(PAHSs) Polycyclic Aromatic Hydrocarbons (anthracene, pyrene and perylene) embedded in an
amorphous matrix of polymethyl methacrylate (PMMA), such a system should emulate the
distribution of the emission centres in CDs. The authors observed that using small PAHs with
three to five condensed aromatic rings it is possible to emulate the CDs absorption and emis-
sion properties (photoluminescence range 350 — 550 nm). Moreover, when the concentration
of the aromatic fluorophores was increased, intramolecular processes like self-trapping (ex-
cimer emission) caused a large red-shift (pyrene emission is centred at 370 nm instead the
pyrene excimer emission is centre at 450 nm) and strongly affected the fine structure: only a
large band was observed, and the Frank Condon vibronic fine structure was no longer detect-
able. Although, a proper selection of the fluorophore and its concentration in PMMA can sim-
ulate absorption and emission property of CDs, only a mixture of different PHAs can reproduce
the Aex dependency typical of CDs. This evidence supports the hypothesis that the lumines-
cence of the carbon dots is not related to the whole carbon matrix, and the emission is gener-

ated by a mixture of small aromatic conjugated systems present in the core or on the particle
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Figure 6: General Core-shell representation of a multicolor emitting CDs, the structure is divided in graphitic core
and surface that present a distribution of polycyclic aromatic surface emitters (left). Representation of the PL mech-
anism, the bands formed by the delocalized orbitals are divided between surface emitters (blue) and graphitic core
(grey). The excitation and relaxation transitions are represented by upward and downward direction of the arrows,
dashed lives are related to Forster resonance energy transfer and non-radiative internal conversion.
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surface. It must be mentioned that similar hypothesis was used to explain the Aex dependence

of the PL in a-C films ten years before the first CDs related publication appear.>>=>’

Since is frequently observed that the luminescence of CDs solutions is strongly affected by the
pH, the luminophores must be in certain way exposed to the solvent or conjugated to pH-
sensitive functional groups located on the particles surface. Dhenadhaylan et al. 8 investi-
gated steady state and time resolved luminescence of different CDs, prepared by bottom-up
microwave decomposition of citric acid, and concluded that the observed luminescence is en-

tirely generated from surface exposed luminophores.

According to these observations, a general model that describe the PL of CDs produced by
bottom-up methods was proposed (Fig. 6).37°° In this model, the CDs is described as a spher-
ical core-shell structure, composed by a crystalline graphitic core and an outer amorphous
shell. The amorphous CDs surface is composed by small aromatic conjugated systems cova-
lently bonded to the CDs core. These groups are the main emissive centres, and their compo-
sition and structure are dramatically affected by the starting material and synthetic condi-
tions. As mentioned above, the decomposition of CA with ethanolamine or ethylenediamine
gives the formation of citrazinic acid and IPCA derivates respectively. Instead, the graphitic
core is considered as non-luminescent and can act as a quencher since it can promote non-
radiative relaxations of the excited state via internal conversion. This is mainly due to its size

which is above the quantum confinement regime.

The HOMO-LUMO transition in the molecular-like emissive centre is related to the m > nt” or
n =t transitions that produced localized absorption bands. The PLQY of these contributes is
usually high and it is dominant in the blue region of the PL spectra (citrazinic acid and IPCA
derivates present symmetrical emissions centred at 430 and 420 nm respectively), these mo-
lecular-like emissive centre are also related to an excitation independent PL. Moreover, the
presence of structural defects has been observed, Fang et al. ®° recorded the EPR singlet signal
with g = 2.003 for several CDs prepared by bottom-up hydrothermal decomposition of citric
acid with nitrogen containing molecules (L-cysteine, ethanolamine, ethylenediamine and gly-
cine). The observed signal was interpreted as an unpaired electron on a carbon atom, probably
associated to dangling bonds. The authors ascribed the luminescence produced by excitation
at lower frequency to a distribution of these defects with different energy. The formation of

stable carbon-centred radicals in graphitic structure is well documented by several ERP data
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that show the presence of the paramagnetic nature of CDs. Li et al. ®-6? investigated the for-
mation of carbon-centre radicals in graphene and graphite oxides. Carbon-centred radical are
a wide group of high reactive species, the stability of the radical can be evaluated by its chem-
ical inertia. For this purpose, the reactivity of the radical centre is tested considering several
chemical reactions such as: hydrogen abstraction, oxidation and radical coupling.®® By com-
parison of the reactivities of several different structures, the stability of carbon-centred radi-
cals was related to three main factors: i) presence of bulky functional groups that reduce the
accessibility to the active site through steric hindering (kinetic stabilisation), ii) spin delocali-
zation over extended conjugated structure (thermodynamic stabilisation), iii) presence of
electron donating and electron withdrawing groups that can influence the electronic density

and stabilise the carbon centre by a captodative effect (thermodynamic stabilisation).
1.2.3 Chirality in Carbon Dots

Nakagawa et al.5* reported the first observation of chirality in CDs. They used a top-down ap-
proach to produce achiral CDs, successively passivated by (S) or (R) 2-penyl-1-propanol. Ac-
cording to this method, the achiral carbon nanoparticles were produced by acidic-oxidation of
graphite and a second functionalization step with thionyl chloride was used to activate the
carboxylic functions for the carbonylic addition-elimination reaction with optical pure (S) or
(R) 2-penyl-1-propanol. The chirality of the nanoparticles was not investigated directly with
circular dichroism spectroscopy. However, the authors reported the chirality induction in N-
methyl pyrrolidone added to the colloidal solution that formed a supramolecular chiral system
containing the nanoparticles. The main advantage of this post functionalization approach is
the possibility to avoid the exposition of the chiral inductor to the harsh conditions that are
employed for the nanoparticles formation. In this way, it is possible to reduce the detrimental

effect of reactions that can alter its stereochemistry.

After this fist investigation via a top-down approach, several bottom-up alternatives were de-
veloped. In 2016, Zhang et al®° reported the synthesis of chiral CDs through the hydrothermal
decomposition of mixture of citric acid and optical pure cysteine. The isolated product shows
similar features of the systems reported by Gao et al.?® and Fang et al.®° who investigated the
production of CDs using binary mixtures based on citric acid (among then citric acid — cyste-
ine). A typical absorption band, localized at 340 nm and related to the presence of grafted

thio-IPCA derivates was observed.®’” Zhang and coworkers®® proved the enantioselectivity of
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the synthetic method by the isolation of both the enantiomers starting from L and D cysteine,
respectively. The enantioselective interaction between (R) and (S) CDs, with (R) and (S) tartaric
acid, was proved by electrochemical impedance spectroscopy and linear sweep voltammetry.
Other authors reported bottom-up synthesis employing different chiral organic substrates,
such as: (L) glutathione and ethylenediamine,®® (D) glucose and melanine,®® (L) cysteine and
para benzoquinone,’? guanosine-5’-monophosphate,’! (L and D) methionine,’? (L and D) glu-
tamic acid,”® (L and D) penicilamine,’ (L and D) tryptophan,’> (L) arginine with (R, Rand S, S)
cyclohexamethyldiamine,’® (L and D) cysteine.*?77:78 As evidenced by these examples, amino
acids are a well-investigated pool of substrates for the preparation of chiral CDs. This is mainly
justified by some typical features of these molecules, such as: high availability, high optical
purity, presence of functional groups that guarantees high hydrophilicity and presence of het-
eroatoms (N, O and S). However, despite the large scientific interest in the topic, few examples
can be found in literature about the investigation on the formation mechanism of chiral CDs
and the origin of their chiroptical activity. In their seminal work Dordevi¢ et al. 7® analysed the
formation of chiral CDs from microwave assisted decomposition of optical pure L-arginine.
They observed that despite the chiral nature of the starting material, the particle did not show
any circular dichroism signal. Instead, chiroptical properties could be introduced by the addi-
tion of optical pure (R, Rand S, S) cyclohexane-1,2-diamine. The authors related this observa-
tion to the low thermal stability of arginine under the reaction conditions, which decomposes
forming the CDs core and, at the same time, the stereochemical configuration in the a carbon
is lost. Thus, the observed optical chirality was related to the surface functionalization with
the optical pure cyclohexane-1,2-diamine which has higher thermal stability. This hypothesis
was further proved by the microwave treatment of citric acid solutions and functionalization

with optical pure amine.

In contrast to these observations, several articles report on the presence of chiroptical signal
of amino acids derived chiral CDs after direct decomposition of the optical pure amino acids.
Among these works, Wei et al. > reported the investigation on the origin of the chiroptical
signal of tryptophan derived CDs. In their study, the authors compared the products of the
hydrothermal decomposition of (L and D) tryptophan, (L and D) alanine, indole and a mixture
(L and D) of alanine and indole. So doing, it was possible to isolate the chiroptical signal of the

amino acid-derivates grafted to the particle surface.
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These experimental observations suggest that chiral CDs are composed by a graphitic achiral
carbon core and an outer chiral amorphous shell, probably due to the presence of partially
undecomposed substrates molecules (or derivates formed during the decomposition reac-
tions) grafted on the particles surface (as concluded by the observation of the characteristic
circular dichroism signal related to the n > n* absorption).”> When the carbonization step is
prolongated enough to completely decompose these grafted groups, the stereochemistry in

the a carbons is gradually lost, causing the reduction of the chiroptical activity.
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2 RESULTS AND DISCUSSION

Cysteine based chiral CDs are prepared by the copper catalysed radical assisted decom-
position. As schematized in Fig. 7, at pH 10.5, the addition of a 4%mo of Cu(ll) acetate,
in an optical pure cysteine solution, forms L or D CDs after 2 h. Due to its simplicity, the
process is suitable for a scale up to larger scale. Salts and other by-products can be
eliminated during the purification step and carbon dots in gram scale can be isolated.
The characterisations are focused on L-CDs prepared by the decomposition of L-cyste-
ine. The production of D-CDs confirms the enantioselectivity of the synthesis.

TEM micrographs of the L-CDs, in Fig. 8 and Fig. A1, show the presence of CDs with
average size of 6 £+ 2 nm. The phase contrast images (Fig. 8c,d) show the diffraction
fringes of the graphitic core. From the analysis of the fringes, the d spacings of 0.19,
0.22 and 0.31 nm are measured and related to (101), (100) and (002) facets of the gra-
phitic CDs core. Further details are gained by the Fourier filtered image (Fig. 8e), show-
ing the expected hexagonal pattern. The selected area electron diffraction (SAED) anal-

ysis of an assembly of CDs reveals the Debye-Scherrer rings typical of a polycrystalline

CU(OAC), 4 Yopng,

“ _ RT,pH=10.5,2h

Figure 7. Scheme of the synthesis conditions for the preparation of L-CDS from
L-cysteine.

sample (Fig. 8f). The Powder X-Ray Diffraction (PXRD) pattern, shown in Fig. A2, shows
a very broad halo ascribed to a structure rich of defects. A band centred at about 28°
in 26, corresponding to a d = 0.32 nm, can be ascribed to the d-spacing of the (002)
plane of the graphite lattice. This feature is commonly observed in CDs samples.’’

The surface functional groups of L-CDs, investigated by Fourier transform infrared spec-
troscopy (FTIR), are compared with zwitterionic L-cysteine (Fig. 9a,b). The identification
of the absorption bands of zwitterionic L-cysteine is based on the detailed experimental
and computational analyses reported by Pawlukojé and coworkers.”® The absorption of
L-CDs shows many common features with the L-cysteine even if all the bands are
broader and some signals are significantly modified. The wide region related to the ab-

sorption of the amine groups is blue shifted to the 3800 — 3300 cm range. This result
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Figure 8. TEM analysis of L-CDs: a) low magnification image, particle size distribution 6 + 1 nm, scale
bar: 10 nm. b-d) phase contrast images, scale bar: 5 nm. e) image d after the application of a
Fourier filter, scale bar: 5 nm. f) SAED analysis, scale bar: 5 nm-1.

explained in terms of the formation of amidic bonds, is further supported by the obser-
vation of the vco®™M€ at 1700 cm™ (amide | band), by the strong absorption related to
the amide Il band at 1590 cm™?, as well by the absence of absorption bands related to -
NHs* (although the product is isolated in acidic condition, see materials and methods
section).8%81 The FTIR spectrum of the final product shows:

1) aband at 1465 cm™ associated to C=C stretching in the aromatic structures pro-

duced during the decomposition.

2) the bands in the 1400 — 1370 cm™ range related to C-N stretching modes.
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The band related to the 8sy mode located at 943 cm™ in the L-Cys spectrum are not
present, suggesting the inclusion of sulfur as C-S-C or the oxidation to sulfoxide deri-
vates (such as cysteic acid and taurine) related to the absorption at 1020 cm™ of SOs3°
and further confirmed by the XPS analysis (see below).8°

The UV/Vis spectrum, reported in Fig. 9¢c, shows a wide and diffuse absorption with no
well-defined absorption band and with a shoulder at about 280 nm. The absorption
below 250 nm can be associate to n—>mt* transitions in amidic and carboxylic bond and
to transitions in the graphitic core. The shoulder at 280 nm and the absorption at higher
wavelength, is ascribed to m—>m* transitions in the surface aromatic and heteroaro-
matic groups. The photoluminescence excitation (PLE) analysis reveals that the lumi-
nescence derives mostly by a heterogeneous population of photoluminescent species
absorbing in the 300 - 450 nm range. The maximum is strongly red shifted as function
of the collected wavelengths in the 400 — 450 nm range. This feature is further con-
firmed by the strong effect of the exciting radiation energy on the emission properties,
as observed in Fig. 9d and in Fig. 9e by normalised PL spectra. The L-CDs emission has
a maximum intensity between 400 - 500 nm, that corresponds to the excitation wave-

lengths in the range 360 - 400 nm. The three main components of the emission profiles,
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Figure 9. Characterisation of L-CDs: a ,b) FTIR analysis and detail of the analysis in the 1900 — 500 cm! range. c)
UV/Vis and PLE collected at 400, 450 and 500 nm emission wavelengths. d,e) PL and normalised PL spectra
collected at different excitation wavelengths. f) electronic circular dichroism of L,D-Cysteine, L,D-CDs and the by-
product.
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Figure 10. XPS spectra of: C 1s, O 1s, N 1s and S 2p peaks of L-CDs.

centred at 415, 455 and 500 nm, are assigned to broad families of luminophores with
different degree of conjugation>* or heteroatom doping.8? The quantum yield efficiency
of the emission with excitation at 350 nm is 0.8 % in deionized water and 1.5 % in H,SO4
0.1 M solution. All the values agree with the observation on similar systems.®3

The chirality of L-CDs is also confirmed by the circular dichroism analysis (Fig. 9f). L-CDs
shows a strong positive circular dichroism at 222 nm and a negative signal at 250 nm
that can be associated to the n->mt" transition in amidic bonds and to the n->mtransi-
tion that derives from aromatic surface groups. During the reaction, the formation of
new optical active chromophores is evidenced by the absorption in the range 240-340
nm, where none signal from L-cysteine can be detected. In particular, the positive max-
imum at 206 nm is absent. In our experimental conditions, Fig. 9f, only the tail of the
signal can be observed.?* Probably, on the surface of the L-CDs are still present some
cysteine molecules (or cysteine derivates), grafted trough amidic bound, that preserve
the chiral information in the C, and are responsible for the absorption at 222 nm. The
absorption at 250 nm could be ascribed to aromatic systems that are in local proximity
of the stereocenter so the electronic transitions of these groups are influenced by the

effect of the asymmetric groups.
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D-CDs sample is prepared by radical decomposition of D-Cysteine solution. The circular
dichroism signal, shown in Fig. 9f, confirms the synthesis of the second enantiomer and
the enantioselectivity of the synthetic protocol.

The relative elemental analysis of L-CDs, performed by XPS, starts considering the peak
area of the single signals (Fig. 10) corrected by the elemental sensitivity factors. The
composition, related to the typical XPS sampling depth of 5-10 nm, is C 68.7 %, O 23.5
%, N 4.1 % and S 3.7 %. The deconvolution of the C 1s signal shows three different
components: the most intense, centred at 284.6 eV, can be assigned to carbon-carbon
bonds related to the graphitic core of the nanoparticles and possibly in aromatic struc-
tures; the other two low intensity components, centred at 286.6 eV and at 288.5 eV,
can be related to the oxidation of carbon existing in C—O/C-N and C=0/C=0—-N bonds.*
The O 1s band can be well-fitted by using only one component, centred at 532.1 eV.
This BE position can be attributed to C=0/N=0 bonds,’” and probably also to sulfur-
oxygen bonds. Furthermore, the presence of some weak components due to C-O bonds
in the O 1s band, cannot be excluded. The deconvolution of the N 1s peak suggests a
signal composed by two components centred at 399.8 and 401.3 eV ascribed to nitro-
gen involved in the amidic bonds and to nitrogen included in the graphitic structures.??
The S 2p signal shows two well distinct components centred at 163.8 eV and at 168.1
eV. The first component is related to sulfur atoms in low oxidation state (as for instance
C-S-C groups), while the second one is related to sulfur in high oxidation states such as
sulfenic and sulfonic acids and derivates -SO>, -SO3.77:85

During the purification process it is possible to isolate a carbonaceous by-product (see
experimental section) that corresponds to around 10 % of the product mass. It is com-
posed by larger carbonaceous residuals (up to few micrometers Fig. A3) and it does not
present any chiroptical activity (Fig. 9f). The optimization of the reaction condition does
not allow to further reduce this fraction that is removed during the purification step.
However, in order to have a complete view of the process that forms L-CDs by copper
catalysed oxidation of cysteine, the by-product is purified and analysed (see appendix,

Fig. A3-6).
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Inspired also by previous work3’ Fig. 11 shows a schematic structure of the CDs pro-
duced by this method. The main reaction product consists of CDs with an achiral gra-
phitic core of about 6 nm as reported in Fig. 8 by the TEM analysis. The core is sur-
rounded by an amorphous shell which contains the luminophores, probably a hetero-
geneous family of conjugated structures rich of heteroatoms confined by sp? regions.
The structure of the shell gives rise to the broad absorption and to the emission de-
pendent PL as suggested by Fu et al.>* in their study on the origin of the excitation
dependent PL of CDs. Finally, the chirality is probably originated from undecomposed
cysteine or for cysteine derivates grafted by amide bond that form a “chiral shell””. This
conclusion is suggested by our experimental evidence (circular dichroism and FTIR anal-

ysis, Fig. 9), and by Wei et al.”> study on the formation of chiral CDs from tryptophan.

CHIRAL SHELL

Figure 11. General scheme of the Cys-based CDs.

2.1 INVESTIGATION ON THE CDs FORMATION MECHANISM
State of the art

Since the first observation at the beginning of the XX century, the process of Cu(ll) catalysed
self-oxidation of cysteine have been considered of remarkably significance in the research on
the oxidative decomposition of biologically active thiols involving many researchers in the in-
vestigation of the mechanism and kinetics. The self-oxidation of thiols is mainly described by
equation 1and 2 in Scheme 1. The formation of the disulfide results in the production of water
or hydrogen peroxide. The formation of other reactive sulfur species such as sulfenic, sulfinic
and sulfonic acids was also considered, and the amount of the different products is mainly

related to the pH.?%’
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Scheme 1. Overall reactions of thiol RSH self-oxidation into its disufide dimer RSSR

1. 2RSH+0, == RSSR+H,0,

2. 4RSH+0, == 2RSSR+2H,0
Due to the wide scientific interest in biomolecule decomposition under oxidative stress
conditions, copper catalysed self-oxidation of cysteine was deeply investigated by sev-
eral authors. The reaction at pH = 7.4 by Pecci et al.88 evidenced the active role of a Cu
(1) bis thiol complex in the catalytic cycle. Rigo et al.® studied the formation of Cu(l)
complexes by H-NMR following the titration of cysteine solution with Cu(l) and Cu(ll)
solutions. Several details on the reaction mechanism were reported by Buzuk et al.*°
by monitoring the Cu(ll) concentration with a Cu ion selective electrode during the ox-
idation process. Bagiyan and coworkers evidenced the coordination role of the thiol
molecules.’* They compared the kinetic characteristics of a wide pool of thiols com-
pounds and related their activity to different chelating capability. In particular, they
divided the investigated pool in three groups: non-chelating, weakly chelating and che-
lating (cysteine, glutathione and cysteamine are some examples of this third class). The
analysis of the oxygen and hydroxyl radical concentrations in solution during the oxida-
tion process, reported by Kachur et al.,®? revealed the presence of two distinct phases
active separately in the self-oxidation process: phase 1: free cysteine is still present in
solution and it can take part in the metal binding; and phase 2: when there is no longer
free cysteine in solution. In the first phase, the oxygen consumption can be related to

the cysteine oxidation into cystine and the concentration of hydroxyl radicals is still

cull

Rs" {
Cu"(RS)

Rs” |

RS

“330 compound”

02 Cu: reduced
Cu'(RS);
Scheme 2. Representation of the copper role during the
catalytic self-oxidation cycle of thiols
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low, while in the second phase the oxygen consumption increase due to the activity of
reactions that convert cysteine in the sulfinic and sulfonic acids with an increasing of
the hydroxyl radical concentration. Moreover, the authors recognized the different be-
haviours between cysteine and cysteine derivates (N-acetylcysteine, cysteamine and
cysteine ethyl ester) and correlated the different capabilities of the thiol compounds to
bind the metal centre in relation to the thiol/Cu ratio observed at the beginning of the
second phase.

Cavallini et al.®3 investigated the catalytic cycle in alkaline pH. They observed the cata-
lytic oxidation and recognized a fundamental intermediate that takes part in the cata-
lytic self-oxidation cycle. The intermediate, named “330 compound”, is characterised
by the intense absorption band at 330 and a shoulder at 390 nm. The compound is
stable in presence of oxygen and its concentration in solution remains constant until all
the free cysteine is consumed. The EPR analysis of frozen solutions evidenced the par-
amagnetic nature of the “330 compound”. By spectrophotometric titration, a 1:2 ratio
Cu (ll): thiol was evaluated, and a Cu(ll) coordination complex with two molecules of
cysteine has been proposed. The author suggested that the transfer of one electron
from the thiol to the molecular oxygen should occur according to a two steps process:
i) from cysteine to Cu(ll), giving the formation of thiyl radical and the metal in the re-
duced form, and ii) from Cu(l) to oxygen with formation of superoxide radical ion and
the oxidation of the metal centre. Since in alkaline solutions, the second step is faster,
the copper is mainly observed in the oxidized Cu(ll) state. In Scheme 2 a simplified pic-

ture of the role of the metal centre in the catalytic process is reported.

Experimental observations

Table 1 reports the different experimental conditions used to study the processes of
the CDs formation investigated also by *H-NMR and UV/Vis spectroscopy.

The *H-NMR analysis of the reaction at pH = 7.0 (Fig. 12a) shows a complex signal be-
tween 4.00 and 3.97 ppm ascribed to the Hy proton and a signal between 3.15 and 2.99
ppm ascribed to the methylene protons in the lateral chain (Hg). Both the signals are

produced from cysteine.
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Table 1: reaction conditions considered for the investigation of the mechanism.

Entry n° Organic substrate mol (mmol) pH
1 Glycine (Gly) 1.24 10.5
2 Thioglycolic Acid (TGA) 1.24 10.5
3 Gly + TGA 1.24,1.24 10.5
4 Methionine 1.24 10.5
5 Penicillamine 1.24 10.5
6 Cysteamine 1.24 10.5
7 Cysteine 1.24 7.0
8 Cysteine 1.24 10.5
9 Cysteine 1.24 12.0

The signals from the cystine, indicated in figure with an asterisk, observed also before
the copper addition (Fig. A7) is due to the cystine impurity present in commercial cys-
teine.®

After the addition of Cu(ll), the increasing of the cystine signals can be related to the
catalytic role of the metal ion in the aerobic “self-oxidation’ of cysteine. The activities
of the metal centre are mainly ascribed to its roles as mediator in the electron transfer
between thiol and oxygen and in the dismutation of hydrogen peroxide in Fenton-like
reactions®? Recently, kinetics analyses conducted by Begiyan et al.?” evidenced that
Cu(ll) is more active that other variable-valent metals such as Mn, Fe, Ni and Co in the
catalytic oxidation of thiols.

At pH 10.5, in contrast with the observation at pH = 7.0, the formation of cystine is not

observed (Fig. 12b). The cysteine signals become broad and after 60 — 90 min all the

42 40 38 36 34 32 30 28 26 24 2.2 20 18 40 38 36 34 3.2 3.0 28 26 24 22 20 18 16
ppm ppm

Figure 12. IH-NMR analysis of the reaction with L-cysteine at pH 7.0 a) and 10.5 b)
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signals associated to the organic substrate disappear. This behaviour disagrees with the
observations reported by Cavallini et al. about the interaction between Cu(ll) and cys-
teine in alkaline pH.>®> However, the formation of the “330 compound” can be evi-
denced by UV/Vis spectroscopy (Fig. 13). After the addition of Cu(ll) acetate the solu-
tion turns yellow and strong absorptions at 330 and 390 nm can be observed. In agree-
ment with Cavallini and coworkers, the absorption of these bands remain constant until
all the free cysteine is consumed (around 30 min). Then, in agreement with the second
phase, the Cu(ll) mono-cysteine complex is reduced intramolecularly to Cu(l) and cys-
teine thiyl radical.®? At longer reaction times, the absorption at 280 nm related to n>m"
transition, as well as to the broad absorption in the visible increase, evidence that is
related to the formation of CDs.

The observation of the “330 compound’ proves the presence of the active species in-
volved in the Cu(ll) cysteine self-oxidation cycle, and suggests the formation of several
radical reactive species such as RSS (thiyl radicals, disulfides radical anion) and ROS (O2*
, HO®, HOO®, H.0,). However, other processes, different from the cystine formation,
can lead to the decomposition of the organic substrate, probably due to the specific
reaction conditions (pH and concentrations). FTIR, TEM and XPS analyses reported
above, show the formation of sulfoxides and conjugated structures that can be related
to the action of several radical species that are generally produced during the catalytic
cycle, such as ROS and RSS that can take part in the formation process of CDs.

In agreement with the chemistry of thiyl radicals, the sulfur radical is in equilibrium

with carbon-centred radicals trough 1,2 and 1,3 radical hydrogen transfer reactions

0+
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Figure 13: UV/Vis Absorption spectra of the reaction mixture collected
at different reaction times.
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(Scheme 3). Zhao et al.?* measured the kinetics of radical proton transfer in several
substrates such as cysteine, glutathione and homocysteine by pulse radiolysis. They
suggested an intramolecular mechanism that pass through a cyclic transition state.
These finding has been confirmed, at acidic pH, by Nauser et al.?> on cysteine, cysteam-

ine and penicillamine with the determination of equilibrium and kinetics constants.

Scheme 3. Equilibrium of thiyl radical with carbon centre radicals on Cq and Cgin the anionic
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s " sH SH

The hypothesis that the equilibrium between thiyl and carbon-centred radicals could

form of cysteine.

play a fundamental role in CDs formation is supported by the pH dependence. At pH =
10.5 the amine group is mainly present in its neutral form and the electron density of
the lone pair in the nitrogen atom could increase the stability of the vicinal Cy captoda-
tive radical. The formation of the Cq radical is thermodynamically favourite under this
condition, meanwhile this process is suppressed at lower pH.%> In oxygenated solution,
carbon centre radicals are readily converted in peroxyl radicals that form a-imino acids
and superoxide radicals according to Abramivitch and Rabani.®®

To further validate this hypothesis, the behaviour of different substrates with similar
proton dissociation constants and structural elements (functional groups and protons

involved in the radical hydrogen transfer reactions Hq and Hg) is investigated. Cysteine,

H
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Figure 14: Structure of the different organic substrate considered in this investigation, Hoand Hg
are represented in blue and red respectively.
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penicillamine, cysteamine, methionine, thioglycolic acid and glycine (Fig. 14) are inves-

tigated in the same reaction conditions (Table 1). Based on our observations, the or-

ganic substrates can be divided in three categories.
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Figure 15. UV/Vis spectroscopy investigation on the reaction between Cu(ll) and different organic
substrates: Glycine, Thioglycolic acid, mixture of Glycine and Thioglycolic acid and Methionine.

Class I: glycine, thioglycolic acid and methionine. The formation of the “330 com-
pound” is not observed since this class of organic substrates is not able to stabilise the
Cu(ll) (Fig. 15). The reaction with a mixture of glycine and TGA 1:1 contains both the
protons in the glycine Cq position (Hqo) and the protons in the thiol vicinal position Cg
(Hg) (entry 1-3), the process follows a completely different pathway and the formation
of the “330 compound”’ is not observed after the addition of the Cu(ll) acetate (Fig. 15).
The same behaviour is observed by the reaction with methionine (entry 4) whose thi-
oether group precludes the interaction with the metal centre as anionic binding site
(Fig. 15). This finding suggests that the multidentate (k-S, k-N) binding mode as well as
the di anionic electronic state of cysteine, which is the most common ionisation form
in alkaline pH, are both necessary for the stabilisation of the Cu(ll) and to ensure the
catalytic oxidation of cysteine. Thus, the scission of thiol and amine functions or the
protection of thiol group in methionine affect the capability of the organic species that
are present in solution to stabilise the Cu(ll) oxidation state. Probably, in entry 2 and 3

the metal is rapidly reduced to Cu(l) by thioglycolic acid. This hypothesis is supported
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Figure 16: spectroscopic analysis of the decomposition process of Penicillamine and Cysteamine. a) UV/Vis and
b) 1H-NMR spectra of the reaction mixture in the presence of L-Penicillamine. c) UV/Vis and d) 1H-NMR spectra
of the reaction mixture in the presence of Cysteamine

by the formation of a transient violet colour during the copper addition, feature that
was ascribed to the formation of mixed valence compound. EPR and stopped flow
UV/Vis analyses on this process were reported by Hanaky Akira.%®

Class ll: penicillamine and cysteamine. These molecules show the formation of the
“”330 compound”’ after the Cu(ll) addition. However, the CDs formation is heavily influ-
enced by the presence of only one group of acidic protons on the organic substrate: Hq
penicillamine and Hg cysteamine. As expected, penicillamine (entry 5) is able to bind
the metal centre and stabilise the copper oxidation state. The formation of the ’330
compound” can be recognized by the characteristic absorption bands at 330 and 390
nm in the Fig. 16a. As observed for the reaction with cysteine, after 20-30 min almost
all the free penicillamine is consumed and the bands at 330 and 390 nm disappear.
However, in contrast with the reaction with cysteine, the increase in the absorption at
280 nm related to n->7 transitions, the absorption in the visible range, due to the for-

mation of aromatic and heteroaromatic surface groups, as well as any luminescence
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properties are not observed. The 'H-NMR analysis Fig. 16b shows that, even if chromo-
phore groups are not produced during the reaction, the organic substrate is completely
decomposed by the process. As observed for cysteine, the signals of the organic sub-
strate became broad and lose intensity. Based on the UV/Vis spectroscopy analysis, it
is plausible that the reaction forms heterogeneous intermedium with non-regular pol-
ymeric structure rather that CDs. Moreover, the *H-NMR analysis shows that the
amount of oxidised disulfide dimer increases in the first 60 min of reaction. Probably,
this effect is due to the higher chemical stability of penicillamine disulfide than cystine.
Cavallini et al.®® investigated the reaction between Cu(ll) and cysteamine in alkaline
solutions and they observed the formation of the “330 compound’ characterised by a
faster decomposition than for cysteine. This behaviour is also confirmed by our results
(entry 6). Fig. 16¢c shows a small signal (detail in Fig. A8) that can be related to the
formation of the “330 compound” with cysteamine, but the intensity is not comparable
with cysteine or penicillamine findings. The signals remain constant for around 10 min
after the decomposition of the “330 compound”’, then the absorbance, at longer wave-
length, starts to increase in contrast with the other substrates suggesting the formation
of chromophores. The 'H-NMR analysis of the reaction with cysteamine (Fig. 16d)
shows that the process proceeds slower than the reactions with cysteine and penicilla-
mine. The signals observed at 2.92 ppm and 2.80 ppm, at the moment of the copper
addition, are ascribed to the methylene protons attached to nitrogen and sulfur respec-
tively. After 30 min, the signals from both the methylene protons lose their hyperfine
structure, the signal at 2.92 ppm becomes broad and it is upshifted to 3.0 ppm after 90
min.

Due to the similar structure of cysteine and penicillamine, it is possible to assume that
the reactivities that interest the carboxylic and amine functional groups and the for-
mation of captodative radicals on the C4 are comparable for both the substrates. There-
fore, the different behaviour of penicillamine could be ascribed to the presence of the
two methyl groups in the Cg position. The substitution of these hydrogens has the con-
sequence to prevent the 1,2 radical hydrogen transfer reaction, as observed by prece-
dent studies.®> The evidence on the formation of chromophores when the reaction in-

volves cysteamine further validate this hypothesis. However, the decomposition of cys-
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teamine solution is slower than cysteine and penicillamine and only a pale lumines-
cence can be observed when the solution is irradiated by 365 nm lamp; suggesting the
low efficiency of the processes involved in the CDs formation. This feature can be re-
lated to the different stabilisation capability of the oxidated metal form. Kachur et al.%?
observed that the second phase of the self-oxidation cycle of cysteine derivates started
first than what observed with cysteine, behaviour that they related to the different
binding mode analysing several thiol compounds.

Class lll: cysteine. As already discussed, cysteine (entry 7-9) forms the 330 compound”’
after the copper addition (Fig. 13), and the organic substrate is readily converted in CDs
after few hours (Fig. 12b). Therefore, it can be concluded that several structural fea-
tures, characteristic of cysteine molecule, are in some way fundamental for the partic-
ipation of the organic substrate in the radical assisted formation process. In particular,
it is possible to recognise the synergic roles played by: 1) free thiol groups that can
interact with the metal centre and take part in the redox reactions with the formation
of radical species. 2) Amine and carboxylic functional groups that complete the biding
mode with the metal and control the electron density on the metal centre as well as
the stability of the oxidised state. 3) Hydrogen atoms that can take part in radical hy-
drogen transfer reactions (Ho and Hg) and give the formation of carbon centred radicals.
Especially, the observations with penicillamine highlight the dramatic role of Hgin the

formation of the luminophores.

2.2 CHIRALITY EVOLUTION DURING THE CDs FORMATION

The evolution of the chiroptical signal during the cysteine decomposition is investigated
collecting the circular dichroism spectra of 1 ml of the reaction mixture at different
reaction times. The reaction is quenched before the analysis with the addition of 20 pl
of HCI 2 M solution and the by-product is removed by centrifugation (5000 rpm for 5
min). The circular dichroism analysis in Fig. 17a shows a rapid increasing of the CDs
signal characterised by a maximum at 219 nm and a minimum at 250 nm, with a maxi-
mum intensity around 1.5 h remaining almost constant until 2 h. For longer reaction
time, see Fig. 17b, the intensity of the circular dichroism signal decrease progressively.
In order to correlate these observations with the evolution of the nanoparticle struc-

ture, the absorption in the UV/Vis region and the photoluminescent properties of the
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Figure 17: Evolution of the chiroptical signal during the reaction coarsea) 0—2 h, b) and 2 -84 h.

samples are analysed. The UV/Vis spectroscopy analysis reported in Fig. 18a shows the
progressive evolution of the chromophores on the CDs surface. Furthermore, the sam-
ples collected within 2 h of reaction show a considerable absorption at 250 nm. The
intensity of this band increases until 1.5 h and becomes almost constant at 2 h. Based
on the time dependence and position of this absorption band, the absorption band at
250 nm can be ascribed to the chiroptical active chromophores present in the CDs. At
longer reaction times, the formation of other achiral chromophores is favoured: strong
absorption at 270, 325 and 390 nm appear after 8 h and their intensity increase with
the reaction time. The PL investigation (Fig. A9-11) covers both different pH and exci-
tation wavelength for a complete optical characterisation on the CDs formation pro-
cess. It must be remarked that, all the samples that are collected at reaction times
shorter than 0.5 h do not show any significant luminescence; in this phase the cysteine
decomposition is not completed and the formation of luminophores is not active yet.
Instead, a constant increase in the PL intensity is observed for the sample collected at
longer reaction time. Since the sample collected at 2 h and 84 h show similar values of
PLQY around 1.5 %. For this reason, the variation of the PL intensity can be related to
the increasing concentration of luminophores on the nanoparticles. For the sample col-
lected inthe 0.5 -2 hrange, a strong pH dependence is observed. In particular, samples
collected after 0.5 and 1 h show the more intense emission related to luminophores
excited at 350 nm at pH 2 and pH 7, meanwhile at alkaline pH the components that
absorb at 375 nm are more active. This behaviour is gradually lost at longer reaction
time and it is ascribed to the evolution of luminophores species that present a lower

pH dependence, probably due to the consumption of vicinal functional groups that are
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Figure 18: a) UV/Vis spectra of the fractions collected at different reaction time. b) TEM micrograph of the
L-CDs after purification isolated at i) 2 h ii) 48 h and iii) 84 h; the scale bars i-iii correspond to 10 nm.

affected by protonation equilibria and can act as quenchers for the luminophores. In-
termedia molecular-like luminophore can be observed in the sample collected in the
0.5 - 1.5 h range, by the high symmetrical and the excitation independent emission at
550 nm active at pH 2 and 7 when excited around 500 nm. This specie is further con-
sumed for longer reaction time.

The morphologies of the samples collected at 2 h, 48 h and 84 h are characterised by
TEM analysis (Fig. 18b i-iii and Fig. A12-14). The samples collected at 2 h and 48 h show
the presence of well separated nanoparticles, the average diameter around 6 nm for 2
h and slightly smaller, around 5 nm, for 48 h (however, further consideration about this
feature are complicated by the low contrast in the micrographs) and the crystalline
structure of the particle core can be observed by the phase contrast images (Fig.
A14iii,iv) In contrast, the materials collected at longer reaction time 84 h shows the
presence of structures of hundreds of nanometers, as observed in the low magnifica-
tion images (Fig. A14i). The high magnification images (Fig. A14ii-iv) allow to highlight
the presence of the CDs graphitic cores with an average diameter around 6 nm that

compose, with random orientation, the large polycrystalline aggregates.
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The FTIR analysis (Fig. 19) of samples collected at different reaction times shows a sig-
nificant increase in the absorption bands related to carboxylic acids functions, in par-
ticular the vo.4 3500- 2500 cm?, the uco at 1720 cm™ for the samples collected at 48 h
and 84 h. This feature is followed by the reduction of the amidic bands (amide | and
amide Il at 1700 and 1590 cm™). Moreover, the sulfonic acids related absorption at
1030 cm™ and the absence of signals of sy at 941 cm™ and ucs at 692 cm™ shows that
the materials isolated at different reaction times contain sulfur in high oxidation state,

as expected by the oxidative reaction environment.3!
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Figure 19. FTIR analysis of L-Cysteine and L-CDs isolated at different reaction times (2, 48 and 84 h).

We concluded that the chiroptical activity of cysteine based chiral CDs produced by
radical assisted decomposition is originated by cysteine molecules or cysteine derivates
(amides, disulfide or sulfonic acid) grafted on the outer shell of the nanoparticles
through amidic bonds. As shown in Fig 17a, b, the circular dichroism signal at 220 nm
reaches a maximum between 1.5 — 2 h, that is associated to the formation of the max-
imum population of the chiral chromophores in the CDs chiral shell. For reaction times
longer than 2 h the chiral information is progressively lost, feature that can be related
to the activity of decomposition processes that affect the grafted molecules that com-
pose the “chiral shell’” and give the formation of the inner structure such as achiral
chromophores, luminophores and the graphitic core. Although the amount of lumino-
phores increase at longer reaction time, their structure seems to be preserved as sug-
gested by the similar PLQY values estimated for the samples isolated at different reac-
tion times. This process can be related to the generation of the carbon centre radicals

in the Cq position by the above-mentioned radical hydrogen transfer mechanisms that
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gives to the planarization of the stereocenter with the consequence loss of the chiral
information. This hypothesis is supported by the UV/Vis and PL measurements, and our
conclusions are in agreement with the observation on the chirality evolution for cyste-
ine based CDs reported by others.””?7 Finally, significant modifications in the CDs mor-
phology are observed only for the sample collected at longer reaction time (84 h) prob-
ably due to aggregation process that take place when the functional groups present in
the outer amorphous shells are sufficiently decomposed. Since optical chirality and lu-
minescence seems to follow an opposite trend in this system. It is necessary to consider
which property suits best the interest for a specific application in order to design the
proper synthesis. Short reaction times preserve the chiral structures and gives a higher
chiroptical activity, on the other hand, long reaction times promote the formation of

luminophores rich structures at the expenses of the chiroptical active groups.
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3 CONCLUSIONS AND FUTURE PERSPECTIVES

In this investigation, a novel room temperature method for the synthesis of cysteine
based chiral CDs is developed. The produced nanoparticles have an average size around
6 nm with a crystalline graphitic core. The characterisation of the optical properties
reveals a strong excitation dependent emission, with a PL maximum at around 460 nm
and a PLQY of 1.5 %. Despite the low PLQY, the particles show strong CD signals in the
UV region that can be related to cysteine derivates group grafted on the nanoparticles
surface. The observations on the mechanism involved in the nanoparticle formation
suggest a catalytic role of the multivalent transition metal (copper) in the production
of radical species (ROS and RSS) active in the decomposition of the organic substrate.
In this context a reaction intermedia “330 compound” is identified and exploited to
investigate the substrate decomposition process.

Thanks to the analysis of the reactivity of similar substrates, it is possible to define the
role of different structural features that involve the organic substrate in the CDs for-
mation process. For example: i) the presence of a free thiol and amino groups that bind
the metal centre in its oxidised form, ii) the oxidation of thiol group to thiyl radical, iii)
the presence of acidic protons involved in radical hydrogen abstraction reactions and
iv) the stabilisation effect for the formation of captodative radicals on the Cq4 position
thanks to the synergistic effect of amine and carboxylate groups.

The investigation by circular dichroism and supported by UV/Vis absorption, TEM and
FTIR on the chirality evolution during the reaction reveals fundamental details on the
origin of the nanoparticles chirality and the relationship with the CDs structure. In par-
ticular, the detrimental effect for the particles chirality related to the radical reactions
involved in the particle formation is evidenced. This finding can be related to the for-
mation of carbon radical on the C4 position that affects its stereochemistry causing rac-
emisation. This process is especially impactful for long reaction time giving an extensive
reduction of the particle chirality. For this reason, is fundamental to understand the
mechanisms that are involved in the particle formation to properly design the synthesis

according to the desired optical and chiroptical properties.
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4 MATERIALS AND METHODS
4.1 CHEMICALS

L-Cysteine (98 %) and D-Cysteine (98 %) are purchased by Alfa Aesar. L-penicillamine
(99 %), Cysteamine (95 %), Cu(OAc)2 (99 %), deuterium oxide (99.9 %), thioglycolic acid
(98 %), Glycine (99 %) and sodium hydroxide, hydrochloric acid (37 %) are purchased

by Sigma Aldrich. All the chemicals are employed without further purification.

4.2 SYNTHESIS

Cysteine derived CDs Synthesis: 1.24 mmol of L or D Cysteine is solubilised in 100 ml
of deionized water. The pH of the solution is adjusted to 10.5 with the addition of some
drops of NaOH 2 M solution. Then, 0.200 ml of Cu(OAc)2 0.25 M solution (50 pumol) is
added under vigorous stirring. The reaction mixture is left stirring at room temperature
for 2.0 h. Then, the reaction in quenched by adjusting the pH below 7 with the addition
of few drops of HCl 2 M solution. At acidic pH the by-product precipitates and it is re-
moved by centrifugation (5000 rpm, 5 min). The supernatant is collected and purified
by dialysis (3500 kDa, 24 h). The solvent is removed by vacuum distillation at room
temperature to obtain a brown power. CDs dispersion with concentration 1 mg/ml in
MilliQ water were prepared for the spectrophotometric analyses. The by-product frac-
tion is dried in vacuum at room temperature to obtain a black powder. By-product dis-

persion 1 mg/ml in MilliQ water is prepared adding NaOH to adjust the pH around 7.

4.3 CHARACTERISATIONS

Structural characterisation: the powder diffraction measurement is recorded with a
Panalytical Advanced Powder Diffractometer.

Morphological characterisation: ThermoFisher Talos FEI TEM is employed for the TEM
analysis working with 300 kV electrons beam. Zeiss Sigma VP Field Emission Scanning
Electron Microscope (FE-SEM) is employed for the SEM analyses and Bruker Quantax
200 analyser is employed for the EDS analysis.

Absorption spectra: The UV/Vis analysis is carried out with a Cary 60 (Agilent) UV/Vis
spectrophotometer.

Photoluminescence Quantum Yield determination: the quantum yield is estimated by

comparison with a known fluorescence standard according to Eqs. A1 and A2. Quinine
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sulfate is chosen as standard considering a quantum yield 0.54 in sulfuric acid 0.1 M
solution.%®

Steady state luminescence spectra: The PL and PLE measurements are collected with
a Jasco FP-8200 spectrofluorometer. The quantum yield measurements are collected
with a Nanolog/Fluorolog-3-2iHR320, (Horiba-Jobin Yvon) spectrometer.

FTIR spectra: FTIR spectra is recorded using a NEXUS-FTIR instrument implementing a
Nicolet Diffuse Reflectance accessory (DRIFT).

CD measurements: the CD spectra is collected with a Jasco J1500 polarimeter using colloidal
dispersion in water and adjusting the particles concentration to keep the absorbance at 350
nm around 0.5. For the spectra acquisition, the scan speed is set to 50 nm/min with 5 acquisi-
tions for each spectrum.

NMR: 'H-NMR data are acquired with a Bruker 300 MHz NMR in D,0.

XPS: XPS measurements are performed using a Perkin ElImer ® 5600ci spectrometer,
working in the 1077 Pa pressure range at room temperature with nonmonochromatic
Al Kq radiation (1486.6 eV). The BE values are referred to the Fermi level.

Effect of the organic substrate: 1.24 mmol the organic substrate is added in 100 ml of
deionized water. The pH of the solution is adjusted to 10.5 (or 7.0 and 12.0 as reported
in entry 7 and 9 in table 1 respectively) with the addition of some drops of NaOH 2 M
solution. Then, 0.200 ml of Cu(OAc); 0.25 M solution (50 pmol) is added under vigorous
stirring. The reaction mixture is left stirring at room temperature for 2.0 h. Specimens
are collected at different reaction time for the spectrophotometric analysis. The reac-
tion that are investigated by 'H-NMR are prepared using D20 instead of deionized wa-
ter.

Study of the evolution of chirality: 1.24 mmol of L-Cysteine is solubilised in 100 ml| of deion-
ized water. The pH of the solution is adjusted to 10.5 with the addition of some drops of NaOH
2 M solution. Then, 0.200 ml of Cu(OAc), 0.25 M solution (50 umol) is added under vigorous
stirring. The reaction mixture is left stirring at room temperature. Specimens of 1 ml of the
reaction mixture are collected at different reaction times for the circular dichroism and UV/Vis
analyses. The reaction is quenched before the analysis with the addition of 20 ul of HCl 2 M
solution and the by-product is removed by centrifugation (5000 rpm for 5 min). The TEM and

FTIR analysis are performed on sample prepared after purification at acidic pH the by-product
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to remove the by-product by centrifugation (5000 rpm, 5 min). Then, the supernatant is col-
lected and purified by dialysis (3500 kDa, 24 h). The solvent is removed by vacuum distillation
at room temperature to obtain a brown powder. The powder is used for the FTIR analysis and

a portion of it is redispersed in ethanol and used for the preparation of the TEM grids.
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6 APPENDIX
.

Figure A1: TEM images of L-CDs. a)-c): scale bar 50 nm; d)-f): scale bar 20 nm.
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Figure A2: X-Ray Powder Diffraction pattern for L-CDs and reference pattern for graphite (ICSD: 76767).



Photoluminescence Quantum Yield Determination:

Equation A1%%%°

2
I QDsfsthDs

¢QDs - ¢st
Ist}QDsngt

The subscripts QDs and st refer to the quantum dots or the fluorescence standard respectively.
The PLQY is represented by @, I represent the integrated intensity corrected by the fluorime-
ter sensitivity and the source intensity, n represents the diffraction index of the solvent and f
the absorption factor

Equation A2%%%°

fQDs,st =1- 10A(_AQDs,st)

Where f and A represent the absorption factor and the absorbance for quantum dots (QDs)
and fluorescence standard (st).

By-Products: isolation and characterisation: This fraction, that correspond to about 10 % of
the mass of the product, is composed by micrometrical carbon structures with broad distribu-
tion of sizes and shapes (see SEM micrographs of Fig A3). As described in the main text, this
fraction can be isolated by precipitation at acidic pH and it is easily removed by centrifugation
and collected as a powder after vacuum distillation at room temperature. Sample suitable for
the UV/Vis, PL and CD characterisation can be prepared by dispersion of the powder in deion-
ized water after the addition of NaOH 0.2 M solution to neutralize the pH (see experimental
section). The PL behaviour of the by-product (Fig. A4) resembles the L-CDs one, the most in-
tense emission is observed in the 375 — 500 nm range and the emission wavelength is strongly
affected by the excitation wavelength. As shown in Fig. 12f, this fraction does not present any
circular dichroism activity, feature that can be related to a high degree of decomposition (see

main text).

Considering all these findings, we can conclude that the by-product fraction is produced by
an extended carbonization of the organic substrate that strongly reduce its optical chirality.
The EDS analysis (Fig. A5) of the by-product reveals the average composition (%at): C 24.48, N
7.94,05.33, Na 0.59, S 25.80, Cl 2.44, Cu 33.42. In contrast with L-CDs, this fraction is rich of
copper and sulfur and poor in carbon and oxygen. Considering the copper concentration added

in the reaction mixture, and the amount of the by-product collected, the copper mass present

61



in the by-product could be estimated close to the total amount of copper added during the
synthesis. Evidence that confirms the absence of copper in the carbon dots as observed by
energy dispersive X-ray spectrometry EDS (Fig. A5) and XPS. The FTIR analysis Fig A6 allows to
investigate the functional group that are present in this fraction: the wide band in the range
3500-2500 cmis ascribed to uo-4 of carboxylic acids, the strong band between 1700 and 1550
cmis ascribed to uco of carboxylic acid and amides that overlaps the amide Il band at 1590
cm™. The band at 1470 cm™ s related to uc=cin the graphitic structures and the sharp peak at
1375 cm™is related to ucn. Finally, intense bands at 1180 and 1030 cm™ are ascribed to u-so3-

suggesting the presence of sulfonic acids.

Figure A3: SEM images showing the by-product morphology. The scale bars in the figure corresponds to: i, ii: 10 um; iii-vi: 2 um.

62



PL (Abs. u.)

\ —— 300
——320
\ —— 340
‘\ —— 350
‘ \ —— 360

f

/ /

L 1 % 1 4 I y | " 1 ! I :
300 350 400 450 500 550 600
A (nm)

Figure A4: PL spectra of the by-product excited with radiations at different exci-
tation wavelengths (in nm)
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Figure A5: EDS analysis of the by-product (left) and L-CDs (right).
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Figure A7.

IH-NMR analysis of L-Cysteine in D,O pH = 10.5. The signals from cystine protons are evidenced in the inset.
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Figure A8: detail of the UV/Vis spectrum of the reaction mixture in the presence
of cysteamine after a reaction time of 10 min
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Figure A9: PL analyses of the sample collected at 30 min, 1 h and 1.5 h. The different pH valued and excitation wavelength
Aexc during the measurement are reported in the graphs
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Figure A10: PL analyses of the sample collected at 2h, 8 h and 16 h. The different pH valued and excitation wavelength

Aexc during the measurement are reported in the graphs
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Figure A11: PL analyses of the sample collected at 24 h, 48 h and 84 h. The different pH valued and excitation wavelength
Aexc during the measurement are reported in the graphs



Figure A12. TEM images of the L-CDs sample isolated after a reaction time of 2 h. The scale bars in the figures correspond to: (i)
100 nm; (ii)-(iv) 20 nm.
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Figure A13. TEM images of the L-CDs sample isolated after a reaction time of 48 h. The scale bars in the figures correspond
to (i),(ii) 20 nm, (iii) and (iv) 5 nm.



Figure A14. TEM images of the L-CDs sample isolated after a reaction time of 84 h. The scale bars in the figures correspond
to: (i) 500 nm, (i, inset) 5 nm-1; (ii)-(iv) 20 nm, (ii, inset)-(iv, inset) 5 nm.
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CHAPTER III
CHIRAL TERNARY AND QUATERNARY QUANTUM DOTS

This chapter is devoted to the investigation of the production of novel chiral I-11I-VI quantum
dots (QDs): silver and copper indium sulfides QDs. Due to their optical properties and their
biocompatibility these systems are a promising alternative to Cd-based binary systems. De-
spite the large number of papers that describe the chiroptical activity of binary QDs, the chi-

rality in I-11I-VI QDs is still unexplored.

The chapter starts with a brief introduction related to the general concept of quantum con-
finement in semiconductor nanocrystals discussing the model proposed by Luis Brus (1984) to
describe the effect of the size on the electronic properties of semiconductors. Then, some
considerations related to the synthesis of semiconductor quantum dots colloidal solutions are
presented. Particular attention is paid to the characteristic properties of I-1lI-VI QDs consider-
ing some relevant examples related to the interpretation of the optical properties of semicon-
ductors of the silver copper and indium sulfide family. Finally, the chirality in quantum dots is

discussed considering both the synthesis and the origin of the chirality.

The research reported in the Result and Discussion section can be summarized in 5 items: i)
synthesis and characterisation of AlS14 QDs, a system investigated in detail and used for the
optimization of the synthesis and further post treatments, ii) investigation on the origin of
chirality by the analysis of the chemistry at the particle-ligand interface, iii) post synthesis
treatments for the deposition of a ZnS shell to improve the optical properties, iv) a composi-
tional study considering the effect of the variation of Ag/In, Cu/In and Ag/Cu ratios on the
structure, on the optical and on the chiroptical properties of the QDs, v) some preliminary

analysis on the QDs formation mechanism, and on the role of nanoclusters in the process.
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ACRONYMS

QDs: quantum dots

PL: photoluminescence

PLQY: photoluminescence quantum vyield

FWHM: full width at half maximum
AlIS: silver indium sulfide

CIS: copper indium sulfide

CIGS: copper indium gallium sulfide
CZTS: copper indium tin sulfide
CIZS: copper indium zinc sulfide
AIZS: silver indium zinc sulfide

CD: circular dichroism

BE: binding energy

RM: reaction mixture

NCs: nanoclusters
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1 INTRODUCTION

Semiconductor nanocrystal characterised by an effect of the crystal size on the electronic
properties are known as Quantum Dots (QDs). Since the first investigations, the effect of the
crystal size on the energy required for the generation of the exciton, on the electron affinity
and on the ionisation potential was clearly evidenced.>? This behaviour is characteristic of
semiconductor nanocrystals whose dimensions are comparable with the Bohr radius of their

exciton, a condition usually satisfied in the size range between one and ten nanometers.

The first theories on the effect of the size on the electronic structure of semiconductors can
be found in the extensive works by Alexei Ekimov and Alexander Efros, who studied the optical
properties of nanocrystals embedded in glass matrix, and by Luis Brus who focused his atten-

tion on colloidal nanocrystals.

With their work, Ekimov and Efros, clarified the origin of various colours in semiconductor-
activated glasses.? To prove the relationship between the optical properties of the glasses and
the morphology of the embedded nanocrystals, they investigated several glasses activated by
a single compound (CuCl, CuBr, CdSe and CdS).? By controlling the conditions of the thermal
treatments, the authors were able to modulate the ions diffusion in the glass matrix and to
control the final size and size distribution of the nanocrystals. Concerning the optical proper-
ties, the study on the absorption of CuCl activated glasses showed a characteristic blue shift

of the two excitonic transition for nanocrystal size reduced from 31 to 2 nm (Fig. 1a).

The investigation from Brus and his group started by the accidental observation of the varia-
tion of the absorption of a CdS colloid.? The freshly prepared nanocrystals dispersion showed
a blue-shifted absorption with respect to the typical absorption, expected for the bulk semi-
conductor, shown by the aged solution. The nanocrystals size was increased from 4.5 nm to
12.5 nm by moving from the fresh solution to the aged one. This observation stimulated Brus
to formulate his theory based on effective masses and dielectric polarization to describe the
nanocrystal size effect on the electronic properties of semiconductors.'?2 Further observations

on other semiconductors (ZnS, ZnSe, PbS, CdSe and silver halides) nanocrystals with different
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Figure 1: effect of the size in a) CdS and CuCl nanocrystals embedded in glass matrix from Ekimov et al.4 b) CdSe colloidal
solutions form Murray and coworkers.11

sizes confirmed the initial findings.”~” Beyond theoretical investigations, several efforts were
invested to design novel synthetic methods to promote the formation of high-quality nano-
crystals with narrow size distributions. All these nanosystems allowed the experimental ob-

servation of the relative optical trends.

The synthesis by an inverse micelle solution allowed to control the nanocrystal growth thanks
to the structural confinements of the soft template. With this method it was possible to pre-
pare CdSe nanocrystals (but also HgTe and CdTe) with different sizes related to the water/sur-
factant ratio and to the amount of the inorganic precursors.® After that, Henglein et al.® syn-
thetised core shell systems such as CdSe/ZnS and ZnS/CdSe analysing the effect of the inor-
ganic passivation of the nanocrystal surface on the Photoluminescence Quantum Yield (PLQY).
Successive observations were reported on the increase of the degree of crystallinity of CdSe
nanocrystals after refluxing in organic solvents, such as: pyridine, 4-ethylpyridene and tribu-
tylphosphine.® The synthesis of nanocrystals with higher quality was achieved by using a par-
tially oxidized tributylphosphine instead of a fresh batch, suggesting a particular role of the
tributylphosphine oxide in the nanocrystal stabilisation. In 1993 Murray et al.'! reported one
of the first example of hot-injection method for the synthesis of highly monodisperse Cd chal-
cogenide nanocrystals. The method was based on rapid injection of the inorganic precursors

in  the reaction mixture at high temperature and in the presence of
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trioctylphosphine/trioctylphosphine oxide mixture (Fig. 1b). A further reduction of the size

distribution was obtained by a size selective precipitation.t?

The successful separation of fractions of nanocrystals with narrow size distributions, both em-
bedded in glass matrix and in colloidal solutions, highlighted the effect of the particles dimen-
sion on the optical properties in detail, providing experimental evidence on the quantum con-

finement effect.

1.1 QUANTUM CONFINEMENT IN SEMICONDUCTOR NANOCRYSTALS

The variation of the electronical properties of semiconductor nanocrystals with the size, in a
range between molecular clusters and bulk-like particles, is particularly interesting, both for
basic science and for technological applications. It is important to consider the boundaries of
this size regime. The lower limit is restricted by the relevant structural rearrangement ob-
served in molecular clusters composed by 10 -100 atoms. In this size range the cluster struc-
ture differs significantly from the bulk structure. On the upper limit, the effect on the elec-
tronical properties is lost when the size of the particles is much larger than the Bohr radius of
the corresponding exciton; this condition is characteristic of bulk-like particles. The effect of
the nanocrystal size on the energy required to generate an exciton in a semiconductor nano-
crystal was analysed by Louis Brus? using an effective masses and dielectric polarisation the-
ory. This approach describes the variation of the electronical properties of small size semicon-
ductor nanocrystals starting from the well-known properties of their respective bulk forms.
Introducing the appropriate approximations: i) the potential outside the particles is infinite, ii)
the particle is treated as a uniform medium and iii) electron and hole are described according
to hyperbolic potentials functions, the system can be approximated to the problem of the
particle in a box.!3 In the case of a spherical particle with radius R, the Hamiltonian that de-
scribe the interaction with the electromagnetic radiation to generate the exciton is reported

in Eq. 1:

Eq. 1

hZ h2 2

e
H(S.,Sp) = — vz — v + + Vpol
(e Sn) 8m2m, ¢ 8m?m, " 4meey | S, —Sp | po
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Where S. and Sp are vectors that describe the position of electron and hole inside the particle.
h is the Planck constant, me and my represent the effective mass for electron and hole and €;
and go are the dielectric permittivity of the semiconductor and vacuum. Eq. 1 is composed by
two kinetic terms, the first related to the electron and the second to the hole, a coulombic
potential term and a polarisation term (Vyol). The last term, related to the polarisation of the
semiconductor nanocrystal and of the surrounding dielectric medium, can be written as re-

ported in Eq. 2 and Eq. 3:

Eq. 2
S e? S2k + 83
pol = » Ak R2k+1
k=1
Eq.3
(e—1Dk+1) L _ &

T = 4n£i(£k+k+1)’g_ o

The wavefunction of the exciton quasiparticle can be described as the product of individual

wavefunctions (Eq. 4 and Eq. 5) that describe electron and hole.

Eq. 4

Eq.5

Gex = Ve (Se)Pn(Sn)

Using these approximations, it is possible to solve the time independent Schrédinger equation
and to find the energy required to generate the exciton E.xin the confined system (Eq .6). The
energy of the observed optical transition can be evaluated by Eq. 7 considering the shift with

respect to the band-gap value of the bulk semiconductor Ej.

Eq. 6

h? ( 1 1 ) 1.8e?

Eex = grz\ons 4€R

+ — + pol. cont.
me mp
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Eq.7
Ey = Eg + Egx

Considering the kinetic term, which is the main contribution for several semiconductor nano-
crystals, this solution shows a size dependence of E; with R2. Other minor contributions from
the coulombic and polarisation terms depend on R and are especially important in the case
of large band gap semiconductors. In Fig. 2 are reported the predicted energy of the lowest
exited state by L. Brus?. ZnO and CdS are the systems which show larger band-gap values and
a higher contribution due to the coulombic term than GaAs and InSb (Fig. 2 right). Due to
multiple reasons at small R the model fails to describe the experimental findings and the ef-
fective mass approximation is no longer valid for substantial kinetic energies (this region is

reported with dashed line).
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Figure 2: (left) predicted variation of the energy gap according to the nanocrystals size for different semiconductors (right)
value used for the calculation of the nanocrystals properties and the different contribution to the total shift. Data and
figure reproduced from L. Brus.?

1.2 COLLOIDAL QUANTUM DOTS SYNTHESIS

The synthesis used for the preparation of semiconductor QDs colloidal solutions can be di-
vided in two different routes, the organic and agueous ones. The first is usually performed in

high-boiling point solvents where inorganic and organometallic precursors react at high tem-
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peratures to form highly crystalline nanoparticles. The second one exploits the agueous chem-

istry of small organic ligands and their interaction with the metals modulated by the pH, to

control the precipitation of the inorganic phase at lower temperatures.

1.2.1 Organic synthesis

Organic synthesis is usually performed in high-boiling point solvent where inorganic and or-

ganometallic precursors react at high temperatures to gives highly crystalline nanoparticles.

Long chain ligands are used to control the crystal growth and the colloidal stability of the QDs.

Among the organic synthesis we can distinguish between Hot-injection and heat-up methods:

84

Hot-Injection: in the seminal work by Murrey et al.'! that inspired this method, a pre-
cursor solution containing dimethyl cadmium and try-n-octylphosphine selenide in try-
n-octylphosphine was prepared in a syringe. The solution was then rapidly injected in
try-n-octylphosphine oxide at 300 °C, and before the injection the heating source is
removed from the reaction vessel. This condition guaranteed a rapid bust of the het-
erogeneous nucleation, and further nucleation events were prevented due to a rapid
temperature drop (after the injection the temperature of the reaction decreased to =
180 °C) caused by the injection of the solution at room temperature. After the nuclea-
tion step, the temperature was gradually raised to 230 — 260 °C to favourite the particle
growth. During this phase, the size and size distribution of the QDs was monitored by
UV/Vis absorption spectroscopy considering the position and Full Width at Half Maxi-
mum (FWHM) of the excitonic transition. Subsequently, the heating was adjusted ac-
cording to the observed variations. Since along with the increasing of the QDs size, the
temperature required to maintain a constant growth increases, the temperature was
raised to promote the QDs growth and was reduced when a spreading of the absorp-
tion band was observed. By this method, it was possible to collect several fractions at
different growth stages, characterised by different sizes and with a size distribution
around 10 %. Finally, the size distribution was further reduced down to 5 % by a post
synthesis size selective precipitation step. The authors also isolated the chalcogenide
series CdS and CdTe using as chalcogenide sources bis(trimethylsilyl)sulfide and

bis(tert-butyldimethylsilyl)telluride.



Peng et al.1*1> investigated other synthetic routes based on the hot-injection approach
exploring less toxic cadmium sources to replace dimethyl cadmium. They observed
that high quality CdSe QDs could be prepared using CdO, CdCO3 or Cd(OAc)z in mixture
with fatty acids (e. g.: stearic acid) or phosphonic acid (e.g. hexylphosphonic acid) in
mixture with try-n-octylphosphine oxide as cosolvent.

Heat-up: also called non-injection method is a popular approach since it prevents some
detrimental issues that affect the hot-injection method (e.g.: the inhomogeneous mix-
ing during the injection step), the compatibility with scale-up and the higher reproduc-
ibility are other promising features of this method. Using this approach, the precursors
are dispersed in a mixture with the solvent and cosolvent at room temperature. Then,
the temperature is raised up using specific thermal ramps. During this step, several
chemical reactions convert the precursors, or the complexes formed in the reaction
mixture, forming the monomers involved in the nanocrystals nucleation. Due to the
difficulty to separate the nucleation by the growth steps, these methods were initially
considered unadapt for the production of monodisperse colloids. However, as shown
by many examples, a fine selection of the reaction conditions (especially considering
the reactivity of the precursors) allows to isolate high-quality QDs with size distribution
comparable with the hot-injection method.'® Chen et al used this method to prepare
high-quality CdSe QDs.’. The authors used cadmium myristate and selenium oxide in
1-octadecene by a thermal treatment up to 240 °C using a ramp of 25 °C/min. This
approach is also quite common for the preparation of ternary QDs. Several examples
are available in the literature for the synthesis of CulnS; QDs by the decomposition of

1-dodecanthiole in 1-octadecene at temperature around 240 °C.18-21

1.2.2 Aqueous synthesis

In the aqueous processes, the QDs are formed at lower temperatures, and they are stabilised

by small organic ligands or inorganic species by electrostatic repulsions, instead of steric in-

teractions characteristic of QDs prepared in organic media. The role of pH is particularly critical

since it affects the coordination chemistry of the organic ligands, as well as the availability of

the inorganic precursors such as: protonation equilibria of chalcogenides and precipitation of

metal hydroxide with low solubility. In contrast to the reaction performed in organic media,

the aqueous syntheses are characterised by a faster reduction of the monomer concentration.

The concentration drop lowers the monomer concentration down to the solubility product,
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preventing further growth step via diffusion process (characteristic feature of the hot-injec-
tion methods). The particles growth is dominated by Oswald ripening process that is often

related to an increasing of the size distribution.??

Henglein’s et al.?? developed the first example of aqueous synthesis to prepare colloidal QDs
solutions. In a typical synthesis of CdS QDs, Cd(ClOa4)2 is solubilised in deoxygenated water in
the presence of sodium hexametaphosphate that binds the metal, prevents the hydroxide
formation (reaction pH 9.6 — 7.5) and stabilises the nanoparticles. The QDs formation is trig-
gered by the injection of H,S gas as sulfide source at room temperature and a second treat-
ment at 80°C was employed to complete the nanocrystals growth. Other semiconductor na-

noparticles such as ZnS,?* CdsAs,,>> CdTe?® and ZnTe?® were prepared with similar approaches.

Rajh et al. ?” reported the first use of thiols for the stabilisation of colloidal QDs. They investi-
gated the formation of CdTe QDs in the presence of a sodium hexametaphosphate and 3-
mercapto-1,2-propandiol. In the paper, they investigated the role of cadmium thiolate as in-
termediate species in the QDs formation. Moreover, they evidenced the role of the thiol ligand
for the passivation of the QDs with an increasing of their PLQY with respect to the polyphos-

phate stabilised QDs. After this paper, the use of other thiols has been investigated.?82°

Gao and coworkers 2830 obtained a further improvement on the optical properties of chalco-
genide colloidal solutions using thioglycolic acid as stabilisers to produce CdTe QDs. Their
works are the firsts examples of the very popular mercapto acid route. This method relies on
the use of bidentate ligands, characterised by the presence of a thiol and carboxylic acid
groups (e.g.: thioglycolic acid, mercaptopropionic acid and glutathione), to stabilise chalco-
genide QDs in aqueous solutions. The copresence of the thiol and carboxylic groups guaran-
tees a strong binding on the particle surface mediated by the thiolate group, and the electro-

static stabilisation in alkaline pH due to the deprotonation of the carboxylic group.3!

The mercapto acid route was extended to the preparation of a wide range of semiconductors

nanocrystals such as: PbS,32 PbSe,?3 HgTe,3* Ag,S3°, CulnS;36-38 and AgInS,.30*!

Even though the aqueous methods are usually related to a lower quality of the QDs in terms
of crystallinity, size distributions and optical properties, many improvements of the synthesis
and of the post synthetic treatment have allowed to produce QDs with comparable properties
with the respective organic counterparts. Moreover, the aqueous synthesis guarantees higher

biocompatibility, easier modification of the particle surface with bioactive molecules and,
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thanks to the small size of the organic ligand used in the electrostatic stabilisation of colloids,

even a better compatibility for the formation of heterojunctions.??

1.3 TERNARY AND QUATERNARY I-IlI-VI QUANTUM DOTS: silver and copper indium sulfides

Silver and copper indium sulfides are promising systems that are part of the group of I-lll-VI
semiconductors.*? Recently, this family of semiconductor has been largely studied to produce
ternary silver indium sulfide (AlS) and copper indium sulfides (CIS) QDs, as well as quaternary
QDs such as: silver copper indium sulfide (ACIS), copper indium gallium sulfide (CIGS), copper
zinc tin sulfide (CZTS) and copper or silver indium zinc sulfides (CIZS or AIZS).*? These chalco-
genides, of particular interest for their optical properties and low toxicity, represent a prom-

ising alternative to cadmium, lead or mercury based QDs for biological applications.*%444>

The major differences with respect to the most investigated binary families (e.g.: lI-VI, 1lI-V
and IV-VI) concern: i) different emission mechanism that caused characteristic structural fea-
tures like the large Stoke’s shift and broad photoluminescence. ii) the strong relationship be-

tween optical properties and chemical composition.

o EMISSION MECHANISM: the large Stoke’s shift and broad emissions are characteristic
of I-lI-VI semiconductors QDs. Although some of these features can be partially related
to the heterogeneity of the samples (in both size and compositions), single particle
measurements showed an intrinsic broad photoluminescence with FWHM in the 240
— 360 meV range observed for AIS/ZnS% and 190 — 270 meV for CIS/CdS.%’ Several hy-
potheses were considered to explain the origin of the photoluminescence activity in
these semiconductor QDs. In particular, strong electron-phonon coupling and donor-
acceptor recombination mechanism are usually considered.

Hamanaka et al.*® investigated the origin of the photoluminescence in chalcopyrite
AgInS; QDs using a donor-acceptor mechanism. According to this mechanism, the ra-
diative recombination does not involve a direct transition between conduction and va-
lence band (Fig. 3a). Instead, the levels involved in the radiative recombination are
associated to defect states with energies that lie in the band gap region (Fig. 3b). These

defect states can be distinguished between donor states, involved in the stabilisation
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of the photoexcited electrons and with energy close to the conduction band, and ac-
ceptor states, involved in the stabilisation of holes and with energy close to the valence
band. The observed emission energy can be expressed by Eq. 8.

Eq.8
2
Eem = Eg — (Eq + Eq) + =

Where Eem is the energy of the emitted photon, Eg is the band gap energy, Eq and E;
are the donor and the acceptor binding energies. The last term in Eq. 8 is the coulomb
interaction between electron and hole.

The studies on time-resolved PL analysis and the effect of the excitation energy on the
emission band position made by Hamanaka et al.*® supported this mechanism for the
interpretation of the large Stoke’s shift (hundreds of meV) observed in AgInS,. The line
broadening was analysed considering the contribution of the electron-phonon cou-
pling. In the single phonon approximation, considering a phonon mode with frequency
w, the PL spectrum can be considered as the sum of the contribute of n phonons with

energies (En) and Intensity (/») described by Eqg. 9 and Eq. 10.

Eq.9
E,=E,p; +n—
n ZPL n2nw
Eq. 10
Sne=S
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Figure 3: schematic representation of different radiative recombination mechanisms employed to describe the
optical properties of ternary QDs, VB and CB represent valence and conduction band respectively. a) band to band
recombination, b) donor acceptor recombination and c) donor acceptor recombination with multiple type of de-
fect states involved.

Where Ezp is the energy of the zero-phonon line, and S is the Huang-Rhys factor that
represents the average number of phonons involved and the strength of the coupling.
In their analysis the observed spectrum was well reproduced considering a phonon
energy of 33 meV, EzpL = 2.23 eV and a Huang-Rhys factor of 23 which are reasonable
values considering the energy range of the longitudinal phonon observed in bulk silver
indium sulfide.*® Similar approach was employed by Han et al.,*° in their analysis of the
photophysics of spinel AglnsSg phase QDs. They recognized two main contributions to
the emission, which were associated to different energies and lifetimes. They were
ascribed to two different types of defects involved in the radiative recombination, the
most energetic contribution related to surface defects (Ezp. = 2.54 eV, hw = 32 meV and
S =14) and the less energetic to intrinsic defects (Ezp. = 2.46 eV, hw =32 meV and S =
15) Fig 3c.

Although the donor acceptor emission dominates the photoluminescence properties
of I-IlI-VI QDs, the observation of band-to-band emission has been reported in few
specific papers. Hirase et al.>! reported the observation of a relatively narrow (FWHM
220 meV) emission band in the proximity of the absorption edge in AgInS, QDs after a
post synthesis treatment to replace 1-dodecanthiol with n-trioctylphosphine. This find-
ing was related to the effect of the surface passivation in the promotion of band-to-
band emission, while, the original thiol stabilised QDs presented a red-shifted broader
emission band that was ascribed to donor acceptor emission. Similar observations
were reported by Uematsu et al.”? on the optical properties of AgIinS, QDs after the

deposition of a Ga,Ss shell. Both these studies support the hypothesis that I-11I-VI QDs
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can show band to band emission by proper passivation of surface defects using organic
ligands or inorganic shells.

COMPOSITION: the chemical composition can strongly influence the optical properties
of I-llI-VI semiconductors. This feature can be used to further modulate the optical
properties (absorption, PL and PLQY) in addition to the effect of the particle size.>3>*
Several authors investigated the effect of the chemical composition for various I/1ll
cations ratio of Copper Indium Sulfide (CIS) and Silver Indium Sulfide (AIS) systems. The
wide range of prepared compositions is related to the possibility of the chalcogenide
phases to stabilise several non-stoichiometric systems either in the chalcopyrite
phases (e.g.: AgInS; and CulnS;) or spinel phases (e.g.: AgInsSg and CulnsSg).

The effect of the I/1ll cations ratio on the electronic properties of AIS QDs was investi-
gated by Dai et al.>> The authors studied different QDs with similar size (4.3 nm) and
different compositions. They observed a blue shift of the energy gap from 1.7 to 2.1
eV increasing the indium content from a Nag/Nmetais (molar ratio of silver ions Nag to
the total metal ions Nmetat) 0.7 to 0.1 (Fig. 4a). They associated this finding to the vari-
ation of the composition of the band structure. The valence band maximum of AgInS;
is mainly composed by hybridisation of S 3p and Ag 3d orbitals, instead the conduction
band minimum is composed by In 5s5d hybridised with S 3p orbitals.>® Thus, the ob-
served widening of the band gap with the reduction of the silver content was mainly
related to the lowering of the valence band maximum level, as a consequence of the
decreasing of the contribution of the Ag 3d orbitals. This feature was also reflected in
the photoluminescence that showed a large blue shift of the maximum from 830 to
650 nm (Fig. 4b). The PLQY showed a complex trend with a maximum around 0.70
observed for the stoichiometry Nag/Nmetais of 0.37. The increase or decrease in Ag con-
tent caused a reduction in the PLQY. Several other studies reported similar observa-
tions on AIS QDs produced by different methods showing the highest PLQY for silver
to indium ratio around 1 to 4 (Nag/Nmetais = 0.20).4%>7->% The effect on the PLQY was
interpretated considering the variation of the populations of defects in the nanoparti-
cles. The most common defects observed in bulk AIS are: silver vacancies (Vag) and
sulfur interstitial (Si) that can act as acceptor levels and sulfur vacancies (Vs) and silver
interstitial (Agi) that can ad as donor levels.?%1 Thus, the optimal condition for the

observed PLQY was associated with the appropriate population of silver vacancies (Vag)



as radiative recombination site in donor-acceptor emission mechanism.> Similar ob-
servation was also reported by Uehara et al.®? on CIS system (Fig. 4 d,e). The authors
observed the maximum PLQY for the composition Cu/In of 0.44 and they explained the
superior performance of the copper-deficient QDs to the promotion of defects such as
copper vacancy and indium interstitial.

Hughes et al.®3 investigated the variation of the electronic properties of a series of qua-
ternary Agi-xCuxInS; QDs controlling the copper content by ion exchange in AgInS; QDs.
They related the variation of the optical properties with the Cu(l) content to the intro-
duction of localized mid gap Cu 3d orbitals above the valence band of the quaternary
phase. The variation of the optical properties is particularly evident in “diluted”’ con-

dition with x below 0.20.
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Figure 4: effect of the chemical composition of AIS QDs on the (a) UV/Vis absorption and (b) PL spectra as reported by
Dai et al.53 the different composition is reported according to the Nag/Nmetais. effect of the chemical composition on CIS
QDs on the (c) UV/Vis absorption and (d) PL spectra as reported by Uehara et al.,60 the different samples present the
following chemical compositions (Cu/In): 1 =0.99, 2 =0.59,3=0.52,4=0.44,5=0.37,6 =0.35and 7 = 0.34.

1.4 CHIRALITY IN QUANTUM DOTS

Chiral semiconductor QDs are among the most investigated chiral nanosystems due to
their particular optical properties characterised by a distinctive dichroic absorption or
circular dichroism (CD) and circular polarized luminescence (CPL). They have been sub-

jected to an extensive investigation during the past decade after the first observation
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of chiroptical activity of CdS quantum dots, prepared via microwave assisted synthesis
in presence of L or D-Penicillamine, by Moloney et al.®% in 2007.

The wide potential applications of this new chiral systems promoted several investiga-
tions on other cadmium based binary QDs in order to modulate the chiroptical proper-
ties and to study how structural parameters could affect the QDs chirality. The investi-
gation on CdSe®%8 and CdTe®’! QDs revealed the dependence of the chiroptical prop-
erties upon the size of the QDs and the ligand type. The influence of 3D nanostructure
such as the CdS tetrapods’? as well as the shell systems with type | and type Il band
alignments CdSe/CdS’37> and CdS/CdSe’® were investigated to define the effect of
structural features such as QDs shape and thickness of the shell layers. Studies on the
shape anisotropy of CdSe and CdSe/CdS nanoplates revealed fundamental details on
the chiral transfer in anisotropic nanostructures.”® Moreover, several theoretical mod-
els for the description of the chiroptical properties origin in different Cd-based QDs
have been developed,’>7377.78 agnd some of the most important results are collected in
specific reviews.’679,80

However, despite the wide number of impressive results regarding the chemistry of
chiral guantum dots, all these studies were focused only on the Cd-based chalcogeni-
des. To our knowledge there is no literature on other systems.

1.4.1 Chiral Quantum Dots Synthesis

Two synthetic strategies are used to produce chiral QDs: i) one step direct synthesis of chiral
QDs assisted by chiral ligand and ii) two-step methods via synthesis of achiral QDs followed by
phase transfer ligand exchange assisted by a chiral ligand to introduce particle chirality. Be-
sides the different synthetic pathway that characterises these two approaches, another sig-
nificant distinction is related to the type of method used to produce the QDs. Since the prin-
cipal chiral ligand employed to produce chiral QDs (cysteine, penicillamine, glutathione) are
hydrophilic thiols, the one-step direct synthesis is only compatible with aqueous QDs synthe-
sis. Instead, the two steps approach is suitable for organic synthesis (typically hot-injection is
used for the QDs production) and the chirality is introduced in a phase transfer ligand ex-

change from organic solvent to the water solutions.

e Direct synthesis: in this method, the QDs are usually formed by a coprecipitation reac-
tion in water, assisted by the chiral ligand that plays multiple roles such as: modulation

of the availability of the precursors, QDs stability, surface passivation and transfer of
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chirality. Moloney et al.®* reported the formation of chiral CdS QDs with average size
around 2 nm by the precipitation Cd(ClOa4)2, and thioacetamide as sulfur source, via
microwave heating in the presence of penicillamine as chiral ligand. Nakasjima et al.”®
used a similar approach to produce Cysteine methylester stabilised CdSe and CdTe na-
noparticles. However, despite the presence of CD activity of the nanoparticle, these
QDs did not show a CD active transition in the exciton region, suggesting that the ob-
served chirality is not related to the chiral induction on the first excitonic transition of
the semiconductor nanocrystals. Instead, the observed CD transition were associated
to the effect of the coordination of chiral thiol on the electronic transition of Cd ions
on the particle surface. The investigation on cysteine stabilised CdTe QDs from Zhou
et al.”! allowed to observe some degree of chiral induction on the excitonic transition
since a weak diffuse CD band was observed above between 250 and 350 nm. However,
the authors related the major contribution to the nanoparticles chirality to Cd-Cysteine
bond on the particle surface as can be appreciated by the comparison with the CD
spectra of the complexes (two bands of apposite sing located at 225 and 250 nm).

In addition to these examples on the use of chiral thiols, other chiral transfer ap-
proaches were investigated in the context of the direct synthesis. An interesting ap-
proach was proposed by Naito et al.8! who exploited the protein apoferritin as a chiral
nanoreactor to produce chiral CdS QDs. The interaction between the protein nanocage
and the CdS surface was promoted by the presence of 72 glutathione residues on the
interior surface of apoferritin. Interestingly, this method allowed to observe Circular
Polarized Emission with gum in the order of 103. Another example was proposed by
Zhou et at.®? The authors observed the chiral transfer in CdS QDs using as chiral induc-
tor a self-assembled system composed by thioglycolic acid that binds the particle sur-
face with the thiol group and interact, by hydrogen bonds, with the guanidinium group
on the arginine lateral chain. The main advantage of this approach is that the chiral
ligand arginine can be easily removed by ion exchange thanks to the weak interaction
with the ligand shell, an elegant way to decouple the contribution of the chiral transfer
due to the presence of chiral ligand from structural distortion of the QDs.

Phase transfer ligand exchange: this approach allows to prepare high quality lipophilic
QDs via organic synthesis and to introduce chirality in a second step via phase transfer

to water solution assisted by chiral ligands. The major advantage with respect to the

93



94

direct synthesis is related to the high control on the nanocrystal structure that can be
accessible using organic synthesis like hot-injection. By this approach, QDs with narrow
band to band emission and fine control on size and morphology can be iso-
lated.®®747>77 Instead, broad defects mediated emission dominates the optical activity
of QDs produced by aqueous synthesis.54¢”

This approach was implemented for the first time by Tohgha et al.® for tri-n-oc-
tylphosphine oxide/oleic acid stabilised CdSe QDs, using a phase transfer ligand ex-
change between toluene and water at pH 12 (using tetramethylammonium hydroxide
to adjust the pH) and cysteine (concentration around 0.08 M). The biphasic mixture
was stirred for 24 h in the absence of light to achieve the phase transfer. As confirmed
by TEM and UV/Vis absorption spectroscopy, the phase transfer process did not affect
size and optical properties of the QDs, and, in contrast to the CdSe isolated by the
aqueous methods, a narrow emission (FWHM = 31 nm) close to the first excitonic tran-
sition was observed. The chirality on the QDs after the phase transfer was verified by
the observation of CD active transition in the exciton region and, when the particles
size increases, the expected red shift was confirmed.

This method was used by Ben-Moshe et al.”® to study the origin of CD signals in chiral
QDs. In their analysis, several core-shell systems were produced covering different
types of sizes (both for the core ranging between 2.6 to 5.3 nm and the shells from 1
to 5 monolayers thickness) and band alignments (CdSe/CdS and CdS/CdSe). The ligand
exchange was performed using a QDs solution in toluene (optical density of 2.5 at the
first exciton peak) and a solution of cysteine (0.062 M) in water at pH of 10.5. The
mixture was vigorously stirred for 6 h in the absence of light and left for 30 min to rest
before removing the aqueous phase.

Although this method allows to produce high quality QDs and the morphology and ab-
sorption transition are unaffected by the ligand exchange process, a large loss of PLQY
was reported. Purcell-Millton et al.3% investigated the effect of the shell thickness in
CdSe/CdS QDs on both the chiroptical and optical properties. They observed that the
increase of the shell size causes a significant reduction on the transfer of chirality (Fig.
5a,b). However, this trend is opposite to the PLQY trend (Fig. 5¢) and a considerable
loss is still observed even for the sample produced with the thickest shell (a reduction

of the PLQY from 19.2 to 3.9 % was observed during the phase transfer).



The use of non-thiol ligands such as carboxylic acid was investigated using this ap-

proach by Varga and coworkers.®®

1.4.2 Origin of chirality in Quantum Dots

After the first observation of chiroptical properties in semiconductor nanocrystals, several

models have been developed to explain the origin of this phenomenon. The chiral QD is de-

scribed as an organic-inorganic hybrid structure composed by an achiral inorganic core and a

chiral ligand shell. The chiroptical properties of the nanocrystal arise at the particle-ligand in-

terface and are affected by the chemistry at the interface such as affinity and binding modes

of the chiral ligand.®>7> The organic shell affects the electronic transitions of the inorganic core

by two main mechanisms: i) electronic coupling, ii) structural distortions.

Structural distortion: the interaction with the chiral ligand can promote the formation
of distortions on the particles surface such as chiral defects. Elliott et al.”® simulated by
DFT the distortion caused by dianionic penicillamine on CdS clusters with distorted
wurtzite structures. The authors observed that penicillamine binds a Cd cation via N
and S coordination and induced structural constrains by the interaction of the carbox-
ylate with a second Cd cation. Moreover, the chiral ligand binding induced distortion
in the outer layers, while the core unit of the cluster was almost unaffected (Fig. 5 d,e).
The observation of chiroptical activity after the removal of the chiral ligand was re-
ported for CdS and CdTe QDs.”%82 This feature was related to the chiral memory effect
and was associated to the stabilisation of surface defects that preserve their chiral
structure even after a ligand exchange with achiral ligands.

Electronic coupling: the hybridization of HOMOs from the chiral ligand with the highest
levels of the valence band was investigated by Ben-Moshe et al.”® to explain the struc-
ture of the CD signal of chiral CdSe QDs. This interaction causes the splitting of the hole
levels in two sub-levels which absorb right and left circular polarized light differently
giving the formation of the characteristic bisignated peaks. Gao et al.””8> modelled the
chiroptical properties of CdSe nanorods and nanoplates, stabilised by cysteine, with a

nondegenerate coupled oscillator model. They divided the nanostructure in different
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chromophores (C=0, Cd-S, Cd-O and CdSe) and investigated the effects of distances

and orientation of the chromophores.
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Figure 5: effect of the thickness of the CdS shell layer on CD activity (a,b) and PLQY (c) of chiral CdSe/CdS QDs
produced by on the CD activity phase transfer ligand exchange.82 Side and top view of the penicillamine stabilised
CdS cluster modelled by Elliott et al.,76 the ligand are represented in stick (C) and space filling (d) representations.



2 RESULTS AND DISCUSSION

2.1 AIS14 SYNTHESIS AND CHARACTERISATIONS

In order to optimise the optical properties of the QDs, in particular the luminescence
efficiency, a Ag:In atomic ratio of 1:4 is chosen on the basis of the results reported by
other authors in the literature (AIS14).286-8° Cysteine stabilised non-stoichiometric AIS
QDs are directly produced by a facile two- steps process at room temperature in water
solution depicted in Fig. 6. In the 15t step, a L or D-cysteine (Cys) solution is added (see
materials and methods section) to the metals precursor solution with pH adjusted to
8.5. Then, the QDs formation is triggered by addition of a solution of Na.S which acts
as the sulfide source. Consequently, the colour of the rection mixture turns rapidly from
colourless to bright yellow, presumably due to the start of the nucleation process. In
fact, for longer reaction times, the solution turns to an orange colour, that remains
stable. The UV/Vis spectra presented in Fig. 7 shows the rise of an absorption band
located around 350 nm, due to the nanocrystals formation. A constant absorbance of
the solution is reached after 40 min from the Na;S addition, indicating the complete-

ness of the reaction.
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15t step purification _ze 2" step o L-AlIS

AgNO. e PSR ta®
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ii. ID-Cys 7000 rpm 48.0 mM D'AIS
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iii. Na,S ACHIRAL QDs CHIRAL QDs

Fig. 6 Schematic representation of the investigated synthesis used to produce AIS QDs

After the purification step, the AIS QDs are easily redispersed in water with addition of
a proper concentration of L or D-Cys (see Fig. 1a). During the 2" step of the synthesis,
the nanocrystals are aged for 24 h at room temperature in a solution of the chiral lig-
and, L or D-Cys, at a specific concentration. Then, the colloidal solution is diluted to a
final concentration of 1.0 mg/ml with double distilled water and stored for further char-
acterisations. Here we refer to the QD sample prepared using enantiomerically pure L-
or D-Cys in both 1%t and 2" steps of the synthesis as L-AlS14 or D-AIS14, respectively.

The TEM images of the QDs after the 2"9 step, show the presence of nanocrystals with

an average size of 2.1 nm £ 0.9 (Fig. 8) and the phase contrast images reveal details on
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Figure 7: UV/Vis absorption spectra of the rection mixture collected at dif-
ferent time interval after the sodium sulfide injection.

the crystallographic structure of the nanocrystals. Indeed, d-spacings of 0.30 and 0.27
nm are estimated by the analysis of the fringes produced by electron diffraction (Fig 8d
and Fig A1), related to the 311 and 400 facets of the cubic AIS phase. TEM analysis of
aqueous quantum dots was particularly challenging due the nanocrystal aggregation

process ascribed to the strong capillary forces in the drying drop of aqueous solution.>3

Figure 8: TEM micrographs of non-stochiometric AIS14 QDs with scale bars: ¢,d =20.0 nm, e =10.0 nm and f =
2.0 nm and size distribution.
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Figure 9: XPS spectra related to a) C 1s, b) N 1s, c) O 1s, d) S 2p, e) Ag 3d and f) In 3d. The baseline is indicated in black
and the sum of different components (if any) employed in the fitting process is reported in red.

The XPS elemental quantitative analysis is evaluated by the peak area of the single signals (Fig.
9) corrected by the elemental sensitivity factor. The relative atomic composition is estimated
as follows: C42.3%, 0 18.4 %, Ag 3.7 %, N 4.6 %, In 14.0 %, S 17.0 %. The relative Ag/In metal
ratio is 1/3.8, corresponding to a Nag/Nmetal ratio of 0.21 (value similar to the results collected
by EDS and ICP analysis discussed below), thus confirming the QD expected stoichiometry ac-
cording to the molar ratio of the starting reaction mixture. A large part of the detected carbon
is due to contamination from the atmosphere, originating a band at very low Binding Energy
(BE) related to hydrocarbons and usually used for evaluating the surface charging in non-con-
ductive samples. We assumed this signal to be centred around 248.8 eV, even if the use of
carbon contamination as standard for BE correction is currently under strong debate:*° Our
actual choose gives however a consistent picture of the physical-chemical state of the sample
surface, starting from the BE positions consequently determined.

Deconvolution of the C 1s (Fig. 9a) band shows the compresence of three contributes, re-
lated to the presence of hydrocarbon contamination and of chiral ligand: the main one is fixed
at 284.8 eV and is related to C-C and/or C-H bonds (as reported above), the second one is
centred at 286.5 eV and is related to C-S and/or C-N bonds, and the last one is centred at 288.6
eV and is attributed to C-O bonds.’! N1s signal (Fig. 9b) shows the presence of two contributes
centred around 399.9 eV and 401.7 eV, related to the compresence of -NH; and -NHs* respec-

tively,”? according to the protonation state of the cysteine molecules after the purification.
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The O1s (Fig 9c¢) signal is the overlap of two contribution: the first, at 530.6 eV, is mainly re-
lated to the ligand C-O bonds,’! the second, centred around 533.0 eV, can be related to the
presence of hydroxides (possibly In-OH groups) and water contaminant.”>* The S2p signal
(Fig. 9d) can be deconvoluted considering the presence of two contributions: the most intense
signal at 161.5 eV can be related to sulfide anions S* and thiolate groups C-S°, the second signal
centred at 164.1 eV can be related to protonated cysteine thiol groups C-SH or to the disulfide
dimer cystine CS-SC.5%192

Silver presence originates the characteristic 3d band (Fig. 9e), showing the 3ds/> component
centred at 367.9 eV (for a spin-orbit splitting, SOS, of 6.1 eV). The Ag3ds,; binding energy is
not very sensitive to the change of the chemical environment of silver atoms; however, the
detected BE value is closer to literature data for Ag* than Ag®.%” In3d (Fig. 9f) band is the main
signal of indium, whose main component 3ds/; is centred at 444.8 eV (7.6 eV of SOS). The
detected binding energy suggests the presence of In3*, related to indium sulfide and possibly
to small amount of oxide. Also considering the experimental uncertainties, all the reported
attributions are consistent with the quantitative analysis for the different elements.
Powder XRD confirms the formation of the cubic AginsSg phase. This cubic spinel phase
is commonly observed in non-stoichiometric indium-rich silver indium sulfide nanocrys-
tals,87°¢ the crystallographic unit cell of the stoichiometric phase is represented in
Fig.10a. This structure adopts the space group Fd-3m, In3* occupies the octahedral site
and half of the tetrahedral site, and Ag* occupies the other half of the tetrahedral sites.
The XRD patterns Fig. 10b. show diffraction reflections centred at 27.8° 44.0°, 47.5° and
53.5, in 28, which can be related to the (311), (330), (440) and (620) crystallographic
planes, confirming the formation of the cubic AglnsSs phase. Previous investigations
reported on the stabilisation of this phase in a wide range of In/Ag stoichiometries.8”°7-
% The interpretation of the XRD data is still limited by the large FWHM of the XRD re-
flections which is related to the small nanocrystals size.
The PL properties in the UV/Visible optical range of colloidal AlS14 QD dispersions sta-
bilised with 16.0 mM concentration of L- or D-Cys ligand are investigated. The emission
spectrum upon excitation at 450 nm (Fig. 10c) shows a broad emission peak centred at

around 635 nm with a large FWHM (around 160 nm, 0.5 eV). According to the model
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Figure 10: a) representation of the crystallographic unit cell of AginsSg spinel phase, b-e) Chemical-physical characterisa-

tions of L-AIS14 (blue) and D-AIS14 (red) QDs: b) XRD patterns; reference pattern: cubic AglnsSs, ICSD 51619. c) PLE and

(PbLI as::)ke;-:tra of the QDs solutions. d) and e) FTIR spectra of the QDs powders and reference spectra for zwitterionic L-Cys
proposed by Han et al.>® we analyse the electron-phonon coupling dividing the contri-
butions in intrinsic and surface defects. By fitting with a bigaussian function (Fig. A2a),
we extrapolate the emission profile of the two contributions. The surface defect band
has a maximum located at 2.00 eV, while the band related to the intrinsic defects is
located at 1.78 eV. The simulation of the contribution of the electron-phonon coupling,
considering the contribution of a single phonon (hw = 32 meV*%°) well represent the
observed emission profiles (Fig. A2b, c). The intrinsic defect band is modelled consid-
ering EzpL of 2.31 eV and S = 16, values very similar to the ones reported in literature.>®
The surface defect band is modelled with Ezp. of 2.86 eV and S = 26. In this case, the
EzpL is considerably blue-shifted with respect to the value reported by others authors>°
(2.54 eV). Our choice is partially related to the different size of our QDs and to a large
contribution associated to the high number of surface defect that characterise nano-
crystals produced at room temperature and causes a large broadening.
A PLQY of 0.24 is obtained for this colloidal dispersion (Eq. Al1,2). The PL excitation
spectrum shows the presence of a shoulder around 420 nm and features at 360 nm and
around 322 nm. The PL decay curve of a L-AlS14 QD dispersion upon pulsed excitation
at 453 nm, is shown in Fig. A3. From a fit of this decay curve with a triple exponential

function (Eq. A3), an average lifetime of 518 ns is evaluated (see Eq. A4 and table Al),
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similar to that reported by other authors for non-stoichiometric AlS QDs.87-88100 Thjs
value arises from different decay components that are a combination of size-depend-
ent and defects-related de-excitation mechanisms.0?

The presence of coordinated cysteine on the final AIS QDs has been investigated by
FTIR technique (Fig. 10d,e). The broad absorption band around 3400 cm can be at-
tributed to the vnu N-H stretching vibration. The broad and intense band centred at
1616 cmis ascribed to the overlap of the ?nco,- carboxylate asymmetric stretching and
the 26nn2 asymmetric -NH> bending indicated by a shoulder around 1580 cm™.1%2 The
sharp bands at 1400 and 1340 cm™ are related to the Svcoz- carboxylate symmetric
stretching and *8nn2 -NH2 bending respectively.0%103 The absorption bands between
1230 and 1020 cm™ could be related to bending 6cn and 8ch modes.!%* The absence of
the sharp peak around 940 cm™ related to the 8sy mode indicates that the -SH thiol
group is deprotonated and that sulphur is involved in surface metal coordination mainly
as anionic X-type ligand.10>106

The chiroptical properties of the QDs colloidal solutions are analysed by UV-visible CD
spectroscopy. The UV/Vis spectra in Fig. 11a shows the presence of two transitions, the
first one located at 220 nm and related to the thiol bond with the metal cation on the
particle surface, and the second one at 400 nm that corresponds to the excitonic tran-

sition of the QDs. The analysis of the chiroptical properties in the UV region (200 — 300
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Figure 11: optical characterisations of L-AlS14 (blue) and D-AIS14 (red) colloidal solutions: a) UV/Vis absorption spectra, b,c) CD
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nm) reveals a chiroptical active band located at 222 nm (Fig. 11b,c) that shows a posi-
tive sign for L-AlIS14 and a negative one for D-AIS14 These transitions are clearly differ-
ent from the no = n*c-0 observed for free cysteine at 206 nm as can be appreciated by
the comparison with the spectra of the free ligand.””®> In the visible region, the CD
spectrum of L-AlIS14 QDs (reported in Fig.11d,e) shows a negative band at 420 nm and
a positive one at 375 nm with an inversion point at 400 nm. The observation of the
chiroptical activity in the exciton region strongly confirms the transfer of chirality to the
AlS nanocrystals. The opposite CD signal is observed for the D-AIS14 confirming the
isolation of the two enantiomers and the enantioselectivity of the synthesis. The anal-
ysis of the origin of the characteristic bisignated peak located in the exciton region pre-
senting the typical shape of the Cotton effect was reported by Ben-Moshe et al.1°” on
chiral CdSe QDs. The authors related this typical spectroscopic feature to the splitting
mechanism induced by the interaction of the chiral ligand on a QDs fundamental tran-
sition, giving the formation of two bands that are preferentially excited by alternating
circular polarizations. The anisotropic g-factors of -0.92 10*and 0.63 10 can be calcu-
lated from the bands observed at 420 and 375 nm respectively, for L-AlS14. Similar, for
D-AIS14, values of +0.93 10*and -0.58 10 can be calculated for the bands located at
430 and 375 nm, respectively (Fig. A4). These chiroptical properties are in accordance
with the observation reported by other authors for similar systems in which the chirop-
tical properties of isotropic QDs are originated by the induction of a chiral ligand (ligand
induced chirality).108-110

It must be remarked that the 2" synthetic step significantly affects the spectroscopic
properties of the nanocrystals. The PL kinetic measurements (Fig. A5) of L-AlS14 show
a high enhancement of the emission after 300 min from the dispersion of the nanocrys-
tals, depending also on the L-Cys concentration (4.0, 8.0 and 16.0 mM). The emission
intensity increases up to a plateau value after 24 hours, depending on the ligand con-
centration. During this period, the maximum of the emission around 600 nm observed
for the nanocrystals isolated after the first step is red shifted to 635 nm. Analogously,
a raise in the PLE intensity around 430 nm is observed (Fig. A6).

In order to clarify the structural differences of the AIS QDs after the 1%t and 2"? steps,
an XRD analysis of the two samples is carried out. Fig. 12 shows a comparison of the

degree of crystallinity of nanocrystals isolated after the 1%t and after the 2"? reaction
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steps, and a clear narrowing of the diffraction reflections is observed for both the QDs
enantiomers. This behaviour can be reasonably related to the increase of the crystal-
lites size during the ageing process. Further details on this process and the study of the

kinetics according to different ligand concentrations are reported in the Investigation

D-AIS It step
L-AIS It step

D-AIS 11" step
L-AlS 11" ste

L] * L] 5.1 L] T . T L] L}
20 30 40 50 60 70 80
20 (°)

Figure 12: XRD data of AIS14 QDs isolated at the different step of the
synthesis, the pattern for the nanocrystals produced in the presence of L
or D-Cys are indicated in blue and red respectively

on the formation mechanism section (2.5).

2.2 ORIGIN OF CHIRALITY

In order to investigate the origin of chirality and to optimise the chiroptical activity of
the nanocrystals, the chemisorption equilibrium of the chiral ligand on the nanocrystals
surface has been investigated combining CD spectroscopy and NMR titration results.
The analysis covers a range of ligand concentrations (2.0-16.0 mM) in which the highest
variation of the chiroptical activity at the exciton position was observed.

The *H-NMR spectrum for the QDs dispersion stabilised in a 2.0 mM solution of L-Cys
(Fig. 13) shows broad signals without any well resolved fine structure for both Hq and
Hglocated at 3.94 and 2.94 ppm respectively. The observed spectral broadening is typ-
ically associated to the ligand bonded to the particle surface. The origin of the broad-
ening can be related to several factors: i) distribution of chemical shift due to the ligand
absorption on different sites on the QDs surface,1%112 jj) distribution of the spin-spin
relaxation T2 due to different tumbling dynamics in the absorbed ligands!!? and iii) dif-

ferent packing that can affect the ligand-ligand dynamics.'*%11* On increasing the ligand
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Figure 13: 'H-NMR titration of a solution 1 mg/ml of L-AIS14 QDs with different L-Cys concentrations, the signals
that are ascribed to L-cystine are marked with an asterisk.

concentration, a significant variation of the resonance frequency can be observed; the
position of the peaks shifts from 2.94 to 3.00 ppm and from 3.94 to 3.92 ppm for the
Hg and Hq, respectively.

At higher L-Cys concentration (16.0 mM) it is possible to observe a significant spectral
narrowing and the expected fine structure of free zwitterionic cystine can be observed
as well (see Fig. A7). This behaviour suggests that the ligand chemisorption dynamic is
in the fast chemical exchange regime kex >> 1/tnmr. ' In this case, the chemical ex-
change between the two (free and bonded) ligand forms exceeds the NMR character-
istic time scale and therefore, the exchanging protons cannot be resolved in two dis-
tinct set of frequencies. Instead, for each set of protons, the analysis records a single
signal whose observable chemical shift reflects the populations of the free and bonded
forms.

The same consideration is also valid for the other NMR quantities such as relaxation
times T1 or T2 and diffusion coefficients.116117 Even if, in the presence of a fast chemical
exchange, the bands ascribed to the bonded and free forms of the ligand cannot be
resolved, further evidence of the ligand-particles interaction can be collected by NOESY
analysis (Fig. 14).118 The spectrum shows the presence of characteristic strong negative

cross peaks for Ho/Hp protons of L-Cys. This evidence can be related to ligand-nanopar-

105



b
a n 3.05
d: ||' ' 3.10
L 2.6 N i,'!. E
o )8 M ) 315
ﬁ E-I@ Ib‘--'i. ﬂ@ 3.0 F i I| 3.20
E bi i.i} © 3.2 345 340 335 330 325
| led 0 @ E ppm
- 34 = s
3.05
3.6 - 3.10
u@ 3.8 L~ 3.15
> ' 3.20 ¢
j o ' 4.0 325 £
3.30
40383.6343.23.0282.06 138
epm 3.40
412 408 4.04 400 396

m
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ticle interactions that affect the ligand mobility in solution, causing the ligand coordi-
nated on the particle surface to be characterised by a slow tumbling, responsible of the
formation of intense negative crosspeaks.'®'8 Under these conditions, we can assume
that the resolution of the ligand protons frequencies in different signals according to

different binding modes is not feasible and the different contributions are averaged in

the single contribution that can be related to the bonded ligand population. However,
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the effect of the variation of the population of the free and bonded ligand forms ac-
cording to the ligand added in solution, strongly affects the magnetic properties of the
sample. As can be observed in Fig. 15 the NOESY cross-peak change dramatically with
the ligand concentration. As already discussed, a negative phase cross-peak is observed
in low ligand concentration, characteristic of the dynamic of a bonded form. Increasing
the ligand concentration causes the appearing of the typical feature of the zero-quan-
tum coherence artifacts commonly observed for scalar coupled spins in small molecules
such as free cysteine.!??

A Diffusion Ordered Spectroscopy (DOSY) analysis of the colloidal solutions in the pres-
ence of an increasing ligand concentration, shown in Fig. 16a, evidences the raise of
the diffusion coefficient from 5.25 to 10.23-10°m?/s for the Hg. The variation of diffu-
sion coefficient on the Hqis even more evident, and the following diffusion coefficients
can be estimated for the colloidal solutions with different L-Cys concentrations: 4.36
(2.0mM), 6.92 (4.0 mM), 7.41 (6.0 mM), 8.32 (8.0 mM) and 9.12 (16.0 mM) 101° m?/s.
It must be remarked that the signal for the free L-Cys reference shows a much higher
diffusion coefficient, which is estimated around 12.0-101° m?/s for both Hg and Hq. As
expected, the presence of a fast exchange between the ligand coordinated on the par-
ticle surface and the free ligand in solution prevents the measurement of distinct dif-
fusion coefficients for the two species (Dp and Ds for the bonded and free ligand). How-
ever, since the observed diffusion coefficient is the average of the two populations, it
is possible to observe the effect of the increasing content of the free ligand population

that shifts the observed value for the diffusion coefficient toward Ds. It is worth to note
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Fig. 16 a) DOSY and b) CD spectra of L-AIS14 QDs solutions in the presence of different L-Cys concentrations. c and d)
plots of the intensity of the CD bands and the measured diffusion coefficients respectively.
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that the variations for the observed diffusion coefficient can be related to the intensity
variations of the CD bands located at 375 and 420 nm (Fig. 16b). In fact, the intensity
of the CD signals increases on increasing the ligand concentration until a certain satu-
ration value around 8.0 mM is reached and no further increase is observed for higher
L-Cys ligand concentrations. The UV/Vis absorption spectra of the sample at different
L-Cys concentrations are shown in Fig. A8. Since no variation are observed in the exci-
ton region, we exclude that the variation of the ligand concentration in the investigated
range affects the structure or composition of the L-AIS14 nanocrystals. The variations
of the CD intensity and diffusion coefficients, shown in Fig. 16 c,d confirm this trend. It
must be remarked that this comparison is possible thanks to the enhancement of the
resolution in the diffusion dimension respect to the small variations which are observed
in the chemical shift.
An estimation of the bonded (xy) and free (xs) ligand populations in the different colloi-
dal solutions can be calculated according to Egs. 11 and 12 assuming the diffusion co-
efficient for the sample with lowest total ligand concentration (2.0 mM) as a reference
for the bonded ligand (Dp).
Eq. 11

D; = xpDy + (1 — x,) Dy
Eq. 12

xp+ xp =1

Even though this approximation gives an excess in the estimation of the bonded population,
it was successfully employed by Copenhaver et al. for the estimation of the ligand coverage of
QDs.'1! By means of this rough estimation we observe a large increase in the bonded popula-
tion for concentrations below 8.0 mM (Fig. 17a). Instead, for higher L-Cys concentrations, the
free form is favoured, minimizing the effects on the composition of the chiral ligand shell and
thus on the transfer of chirality, due to possible saturation of the ligand sites on the particle
surface. A similar trend is observed considering the variation of the intensity of the CD band
at 222 nm related to the binding of cysteine. In this case the analysis is based on the fitting of
the line profile of the spectra collected at different ligand concentrations (Fig. A9-11). The line
profiles that describe the signals related to the free and bonded ligand forms are chosen ap-

propriately (See Appendix section: Investigation on the particle-ligand interaction via CD). The
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Figure 17: Calculated molar fractions (xp,f) and molarity (My) for the bonded (triangle) and free (square) forms of the
ligand, using DOSY NMR data (A) and fitting of the CD band at 222 nm (b).

different contribution of the two forms obtained from the fitting are used to estimate the
molar fractions. This method shows a trend very similar to the one obtained by the NMR anal-
ysis and the same saturation point at about 8.0 mM. This finding agrees with the effect ob-

served on the exciton transition by CD.

A similar behaviour can be observed also for the disulfide dimer L-cystine, as this spe-
cies is present as an impurity in commercial cysteine (Fig. A7) and it is in equilibrium
with its monomeric form.'2° The negative NOESY cross peaks show that even this specie
is involved in the coordination equilibria with the particle surface (Fig. 14b,c). Further-
more, as observed with L-Cys, the diffusion coefficient for both the Hqoand Hgin L-cys-
tine are shifted towards higher values with increasing of the ligand concentration (Fig.
A12). However, due to the low content of dimers in solution, the analysis shows a huge
broadening in the diffusion dimension and for this reason our considerations are mainly
focused only on L-Cys as the principal chiral ligand present in solution.

Based on our observations, chiral ternary AlS QDs produced via coprecipitation reaction
in the presence of a chiral ligand present similar chiroptical properties compared to the
more investigated Cd-based QDs. The particle morphology, crystalline structure and
entity of the chiral induction suggest that the chirality is originated at the ligand-nano-
crystal interface. As successfully employed for Cd-based chiral QDs, chiral AlS QDs can
be described as a hybrid core-shell system composed by an achiral inorganic core sur-
rounded by a chiral organic ligand shell (Fig. 18).107:108,121,122 |5 sych nanosystem, the

chiroptical activity can be originated by different processes that can mainly described
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as electronic or structural. The electronic mechanism arises from the ligand chemi-
sorbed on the particle surface which can affects the electronic states of the inorganic
achiral core via dipolar induction.107:123.124 On the other hand, structural chirality can be
introduced at the ligand-nanocrystal interface by distortions of the nanocrystals sur-
face by the chiral ligand.121,125126 Fyrther analysis would be needed to clearly address

the entity of the different contributions to the QDs chirality.

5 : L/D Cysteine

Organic chiral shell

Inorganic achiral core

Free chiral ligand 3

Fig. 18 Schematic representation on the ligand-nanoparticle chiral hybrid
structure.

The main difference respects the Cd-based chiral QDs is the fast exchange of the ligand
molecules on the particle surface observed by NMR spectroscopy. The analysis reveals
that in presence of low ligand concentration (2.0 mM) sub-coordinated particles are
present, and in this condition the chiroptical properties can be increased by increasing
the concentration of the ligand in solution (Fig. 16c, d). In this way it possible to drive
the chemisorption equilibrium toward the saturation of the particles surface sites in-
creasing the surface coverage which consequently increases the chiroptical activity.
The organic chiral shell can be populated until a certain value corresponding to the
surface saturation, which is reached for a ligand concentration above 8.0 mM, evi-
denced by both CD and DOSY analyses. A further increase of the ligand concentration
in solution mainly affects the free ligand population with only minor variation of the
bonded population, that does not affect the particle chirality. This behaviour is differ-
ent from the concentration dependent study reported by Kuznetsova et al.'% for
CdSe/CdS core-shell QDs produced via post-synthetic phase-transfer ligand exchange.
In that case, the intensity of the CD signal grew on increasing the ligand concentration
until a critical point, and for higher ligand concentration a strong reduction of the CD
signal was observed. This behaviour was ascribed to the variation of the cysteine bind-
ing mode that is preferentially tridentate in the low ligand concentration condition,

while a bidentate coordination is favoured at higher ligand concentrations, causing a
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loss of the QDs chirality. It is reasonable to conclude that the stability of the chiroptical
properties for the present AIS QDs in high ligand concentrations is related to the lower
affinity of the cysteine for the Ag* ad In3* ions exposed on the particle surface. As
showed in Fig. 17, the excess of ligand produced in the concentration above the satu-
ration conditions (above 8.0 mM) contributes largely to the free ligand population with-
out affecting the ligand-nanocrystal interface and consequently also the chiroptical ac-
tivity. This conclusion is supported by the evidence of a slow exchange regime observed
by Kuznetsova et al.1% in the NMR study of the interaction between cystine and
CdSe/CdS QDs, clearly evidencing a higher ligand affinity for the Cd?* cations exposed
on the QDs surface in the investigated conditions. Similar dynamic was reported in the
NMR analysis of interface chemistry of water soluble CdTe QDs stabilised with thiogly-
colic acid which shows close (3.39 and 3.36 ppm) but distinct resonances for the a pro-
tons related to free and bonded ligands, which contributions can be resolved by decon-
volutions of the peaks.*?” However, it must be considered that the effect on the ligand
dynamics can be also affected by the different pH as the stability of thiolate ligand on
the surface of Cd-based quantum dots strongly increases in alkaline pH!?8 and further
studies on the effect of pH and solvent on the dynamics of the chiral ligand shell seems
to be fundamental to understand the optimization of the chiroptical activity of chiral

QDs.

2.3 AIS/ZnS core shell QDs

In order to improve the optical properties of chiral AIS14 QDs, a post synthesis treatment for
the deposition of a ZnS shell is investigated. The process, depicted in Fig. 19 is based on the
thermal decomposition of thioacetamide at 80 °C in a solution of Zn(OAc)3, cysteine and AlIS14

QDs. In order to avoid heterogeneous nucleation of ZnS, the concentration of the shell pre-
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I*step - purification 1 step ZnS Shell
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iii. Na»S 80°C
ACHIRAL QDs CHIRAL QDs  CHIRAL core shell QDs

Figure 19: schematic representation of the synthetic steps employed to produce AIS/ZnS core shell QDs
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cursors is kept at 0.03 mM and raised step by step with successive injections (100 pl of pre-
cursor solution 10mM) at intervals of 0.5 h. The duration of these steps is optimised according

to the increment of the photoluminescence activity.

To collect evidence on the shell formation, the PLQY of colloidal solution is analysed after dif-
ferent treatments. Fig. 20a shows the variation of the PLQY with the increasing of the total
shell precursor solution added in the reaction mixture. The initial PLQY of AlS14 QDs is around
0.26. After the first injection it raises to 0.38 and, after the second injection, it reaches a plat-
eau at around 0.42. Further addition of ZnS precursors solution causes a decrease of the PLQY,
due to the aggregation of the nanocrystal and to the loss of colloidal stability. The value of
0.29 observed after the fourth injection is purely indicative since the measurement is severely
affected by the scattering of the solution and the precipitation of the nanocrystals during the
measurement. To observe independently the contribution to the PLQY related to the anneal-
ing process at 80 °C, the variation of the PLQY of a AlS14 QDs colloidal solution is monitored
without the addition of the shell precursors solution. Fig. 20b shows that after 2.0 h the PLQY
increases from 0.26 to 0.31. This behaviour can be related to the reduction of surface defects
involved in non-radiative recombination process. Furthermore, the experimental value, lower
than the PLQY observed in the presence of ZnS, suggests that the passivation of some of the

defect on the particle surface is taking place. This observation agrees with the deposition of
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Figure 20: PLQY analyses, a) effect of the ZnS precursor solution, each step is followed by a 0.5 h of heating to allow the
precipitation of ZnS. b) effect of the thermal annealing at 80 °C for different times.

an inorganic shell of a large band gap semiconductor such as ZnS. The chemical composition
analysis of different batches of AIS14/ZnS core shell QDs via EDS reveal that this method pro-

duced nanocrystals with a molar ratio of zinc ion (Nz») to silver ion Nag (Nzn/Nag) of 0.16.

112



1.2

Q
o

L

Nor. PL (a.u.)/ Nor. PLE (a. u.)
- L = = -
L] [=-}

=1

X
b
—
b=

“%0 o 40 s s o0 o0 7o 70 s w0 20 30 40 s 6 70

% (nm) 20 (%)
Figure 21: PL and PLE analysis of AIS14 QDs (blue) and AIS14/ZnS core shell QDs (red), b) XRD analysis of AlS14 QDs
(blue) and AIS14/ZnS core shell QDs (red), the reference pattern (black) is related to the spinel AginsSg phase ICSD1619

The PL spectra of AlS14 QDs and AlS14/ZnS core shell (see Fig. 21a) show only a minor variation
of the emission band that remain centred at 635 nm, in contrast with multiple evidence on
the blue-shift of the electronic transition in AIS and CIS QDs after the deposition of the ZnS
shell. This effect is usually associated to the Zn diffusion in the QDs core that can cause alloying
or can reduce the size of the confinement. Both these effects can cause a blue-shift of the
absorption and emission bands.>”1?° Even though in our case it is possible that the low tem-
perature employed can facilitate the deposition of an outer layer of ZnS it is not high enough
to induce ion migration in the particle core. Similar observations were collected by Song et
al.13% on a shell deposition method at temperature around 30 °C. The effect of the shell pres-
ence on the PLE is more remarked and the shoulder at 420 nm increases suggesting that the
ZnS efficiently passivate some surface defects increasing the efficiency of the radiative recom-
bination of the defect mediated emission. The XRD analysis Fig. 21b shows only little variation
of the crystal structure related to the effect of the annealing process and no peaks associated

to the presence of ZnS are observed.

The effect of the ZnS deposition on the nanocrystals chirality is investigated by CD spectros-
copy. As can be seen in Fig. 22 the treatment causes little to no variation to the UV/Vis spectra
in the exciton region meaning that the electronic transitions characteristic of the nanocrystal
core are mainly unaffected by the deposition of the ZnS layer. Instead, a variation of the CD
activity is observed with a reduction of the intensity at 420 nm and the increasing of the in-
tensity at 375 nm. Since the origin of the chirality in QDs is mainly localized at the particle
ligand interface, it is possible that CD spectroscopy is particularly sensible to variation of the

structure on the particle surface. However, the observation of CD active transition confirms
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Figure 22: CD (top) and UV/Vis absorption spectra (bottom)
of AIS14 QDs and AlS14/ZnS core shell QDs.

the isolation of chiral AIS/ZnS core-shell QDs. Despite our attempts to directly investigate the
effect of the deposition of the ZnS shell on the QDs morphology by TEM, at the moment we
are still struggling to collect satisfying micrographs on AlS/ZnS QDs. The main issue associated

to the morphological characterisation is the above-mentioned aggregation during the prepa-

ration of the TEM grids.
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2.4 COMPOSITIONAL STUDY
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Figure 23: Ternary diagram representing the different sulfide solid solutions in the In,S3-Ag,S-Cu,S system (left). Detail of the
area of the ternary diagram interested in the discussed investigations with marks related the samples considered in the following
discussion (right).

Since the electronic properties of I-11I-VI QDs are known to be easily tunable by changing the
nanoparticles composition, we extended our investigation to probe the effect of different
chemical compositions on the QDs structure, on the optical and the chiroptical properties.
Through small variations in the synthetic procedure developed for the preparation of AlS14
QDs, it is possible to produce a wide variety of ternary systems (both AIS and CIS), with a fine
control on the particle composition. The properties of quaternary phases produced with dif-

ferent silver, copper and indium content (ACIS) and their core-shell systems produced after

the deposition of ZnS in a post synthesis treatment are also explored.

Fig 23 represents the ternary diagram of the chalcogenide phases. The binary sufides (In2Ss,
Ag>S and Cu;,S) are reported in the corners, the ternary phases, such as AgInS, and CulnS;, lie
on the edge of the diagram, according to their relative compositions, and different quaternary
solid solutions lie in the area into the diagram (e.g. Ago.s0Cuo.50InS2). The red lines highlight the
conditions of molar fraction 0.5 MS (M: Ag or Cu)-0.5 In,Ss that give the formation of the
stoichiometric MInS; phases and their quaternary derived systems. Since the optical proper-
ties of In-rich phases are particularly promising, this study is mainly focused on the investiga-
tion of the portion of the diagram related to In-rich solid solutions, and so beyond the red lines
in the direction of In,Ss. This region is further detailed in Fig 23 and the qualitative position of

the prepared samples is reported as black dots with their relative labels.
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Concerning the core shell QDs systems, since the effect of the ZnS shell deposition affects
mainly the PLQY, the discussion in the following text is focused on the physico-chemical char-
acterisations collected by the analysis of the QDs core. The core shell systems are considered
only for the evaluation of the PLQY increasing after the treatment, and in for the general
PL/PLE characterisations in the cases of non-luminescent QDs cores (as observed for the CIS
QDs that without the shell treatment do not present photoluminescence activity). These cases

are properly labelled in the text.
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Figure 24: left) detail of the sulfide phases diagram, the position of the sample considered in this study is evidenced. Right)
pictures of the QDs colloidal solutions under ambient light (top) and UV light at 365 nm (bottom).

AIS QDs, with different Ag/In contents, are synthetised by adjusting the metal ratio Nag/Nmetal
(molar ratio) in reaction mixture using different volumes of silver nitrate 0.1 M and indium
acetate 0.1 M solution as reported in Materials and Methods section (Table 5). The composi-
tion and pictures of the QDs colloidal solution are shown in Fig. 24. The labels of the samples
and some characteristic properties of the sample are reported in Table 1 (and plotted in Fig.

A13).

The second and the third columns of Table 1, show a change of composition between the
molar ratio used for the preparation of the reaction mixture (Nag/Nmetal RM) and the value
(Nag/Nmeta QDs) determined by EDS and ICP analysis In particular, an excess in the Ag* content
is observed for all systems (AIS11 — AIS115). This effect is accentuated with the reduction of
the Nag/Nmetal ratio (as shown also in Fig. A14). However, the variation in the composition of
the reaction mixture is reflected in the nanoparticles composition and a linear trend can be

appreciated in Fig. A14. Similar observations are already reported using other methods.>®
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Table 1

Sample Nag/Nmetal Nag/Nmetal Eg Aem FWHM
name RM QDs (eV) (nm) (nm)
AIS11 0.50 0.51 2.32 780 183
AIS12 0.33 0.36 2.69 693 207
AlIS14 0.20 0.24 2.84 635 172
AIS15 0.17 0.20 2.88 613 147
AlS16 0.14 0.18 2.89 608 138

0.11 0.14 2.92 597 95
0.09 0.12 294 585 120
0.06 0.09 2.83 587 115

The trends observed reducing the Nag/Nmetal ratio clearly show the expected blue shift of the
band edge and of the position of the emission band. The optical energy gap (Eg), evaluated
according to Tauc Plot (Fig. A15a,b), evidences an increasing of the band gap energy from 2.32
eV, sample AIS11, to 2.94 eV for AIS110. Sample AIS115 shows a significant variation with
respect to the trend for the samples from AIS11 to AIS110, with an Egto 2.83 eV (Fig. A15c).
This behaviour can be ascribed to the low silver content. The inorganic matrix is probably close
to a transition between AglnsSg and In;Ss, causing the anomalous variation of the electronical
properties. The maximum of PL emissions follows the trend observed for the Eg with a con-
sisted blue shift, from 780 to 585 nm, when Nag/Nmetal ratio is reduced. A consistent reduction

of the FWHM can be also measures with the narrowest emission (95 nm) observed for the
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Figure 25: left) PL and PLE spectra of AIS QDs with different chemical composition. Right) PLQY AIS QDs (black) and AIS/ZnS core
shell QDs with different chemical composition.
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sample AIS18 (Fig. 25). It should be remarked that the FWHM for the sample AIS11 is clearly
underestimated due to the low sensitivity of the detector in the near infrared region. The var-
iations of the band gap energy agree with the results of another paper,® and as discussed
above, they are associated to the variation of the contribution related to the silver orbital to

the maximum of the valence band.

Fig. 25 shows the trend for the PLQY of the AIS QDs core (black) and the AlS/ZnS core-shell
QDs (red). For all the sample an increasing of the PLQY is observed after the deposition of the
ZnS shell. AlS14 and AIS15 show the highest PLQY, more than 0.40 for the core-shell QDs, that

correspond to a ratio Nag/Nmetai Of 0.24 and 0.20 respectively. Instead, a reduction to a value

NAgI Nmetal:
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Figure 26: XRD patterns of AIS QDs with different chemical composition, according to their

Nag/Nmetal ratio in the QDs. The reference patterns are related to the AglinsSs spinel phase (yellow)
ICSD51619 and AgInS; tetragonal phase (black) ICSD51617

around 0.10 is observed for the samples with both highest Ag content (AIS11 and AIS12) or
lowest Ag content (AIS18 and AIS10).

The structure of the nanocrystals is investigated by XRD (Fig. 26). Even though the profiles are
very broadened, the orthorhombic AgInS; phase can be detected for the samples with highest
Nag/Nmetal ratio (AlS11 and AlIS12). The wide, but defined peak at 47.6 °, ascribed to the (440)
planes of the cubic spinel phase, appears for Nag/Nmetal ratio equal or lower of 0.24 (A1S14 —

AIS115). The large broadening of the peaks of the orthorhombic phase can be related to the
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Figure 27: CD and UV/Vis absorption spectra of the sample AIS11 - AIS16 (a and b) and
AIS16 — AIS115 (c,d).

contribution of a higher number of profiles present in this phase with lower symmetry with
respect to the spinel phase. However, further analysis on the nanocrystal morphology by TEM
are required to exclude effect of the particle size on the diffraction patterns. The position of
the profiles of the cubic phase is slightly shifted toward higher angle with the increasing of the
indium content, this effect can be appreciated for the (311) peak in Fig. A16 and it is related
to the reduction of the silver content that present a larger ionic radius rag+ (129 pm) than rins+
(94 pm). A similar trend was reported by Sachanyuk et al.*3! in AglnsSg thin films prepared with

different chemical composition.

The effect of the chemical composition on the optical chirality is investigated by CD spectros-
copy. Fig. 27 Shows the CD spectra in the excitonic region of the L-QDs colloidal solutions at
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Figure 28: plot of the g-factor value observed for AlS

QDs with different composition, the error bars repre-
sent the noise of the CD measurements.
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the same nanocrystal and L-cysteine concentrations. The spectra of AlS11 and AlS12 does not
show any CD active transition and the UV/Vis absorption shows the typical diffuse spectra of
the AgInS; QDs without any characteristic transition.>> When the Nag/Nmetal ratio drops below
0.24 (AIS14 — AIS110) a band centred around 400 nm is observed. This is a typical feature
observed in non-stoichiometric indium-rich phases and characterise the absorption spectra of
the AglnsSs phase.”® The samples show the characteristic CD transition as already discussed
for L-AlIS14 in the previous section: a negative band is centred at 420 nm and positive one at

375 nm.

The intensity of the CD transitions is clearly affected by the nanocrystals composition. To ex-
clude effect of the different absorption, the optical chirality of the different QDs is compared
considering the g-factor. Fig 28 shows the intensity of the transitions at 375 and 420 nm at
different Nag/Nmetal ratio. The observed trend shows a higher efficiency of the chiral induction
for the sample AlIS14, AIS15 and AIS16. These samples are close to the ideal stoichiometry of
the AgInsSg phase, suggesting that this crystallographic phase is particularly sensible at the
effect of the chiral ligand. At low silver content (AlS18 and AIS115) a reduction of the efficiency
of the chiral transfer is observed. In this condition the contribution of the silver 4d orbitals to
the maximum of the valence band decreases with the silver molar concentration affecting the
multipolar coupling with the chiral ligand and causing the reduction of the interaction. More-
over, due to the depopulation of exposed silver cations, a variation of the ligand binding mode

on the particle surface could affect the chemistry at the particle-ligand interface.
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2.4.2 CulnS; - In2S3
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Figure 29: left) detail of the sulfide phases diagram, the position of the sample considered in this study is evidenced.
Right) pictures of the QDs colloidal solutions under ambient light (top) and UV light at 365 nm (bottom).

The synthesis conditions optimised for the production of AlS QDs are adapted to produce CIS
QDs. The AgNOs solution is replaced with Cu(OAc)2 solution and the Cu(ll) is reduced in situ by
the cysteine to Cu(l). To avoid reoxidation of Cu(l) and undesired catalytic process that cause
the cysteine decomposition,1327134 3l| the synthesis of CIS QDs and of the corresponding core-
shell systems are conducted under nitrogen atmosphere and with the use of purging proce-
dures to reduce the oxygen content in the deionized water. Fig 29 shows the compositions

and pictures of the QDs colloidal solutions under ambient and UV light.

The labels of the samples and some characteristic properties of the CIS QDs samples are re-
ported in Table 2 and Fig. A17. Even in this case, the EDS and ICP analyses on the QDs compo-
sitions, reveal that the Ncu/Nmetat molar ratio used in the reaction mixture (based on the ratio
of the precursor solutions, Materials and Methods, Table 6) is not the same of the final QDs.
As observed for silver in AIS QDs, CIS QDs contain an excess of copper with respect to the
Ncu/Nmetal in the RM. However, in the case of CIS QDs the differences are larger for the samples
CIS11 and CIS12 with high Ncu/Nmetal ratio, as can be appreciated in Fig. A18. Even in this case

a good linear trend in the composition is observed in Fig. A18.
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TABLE 2 (* indicate the data related to the CIS/ZnS core shell QDs)

Sample Ncu/Nmetal Ncu/Nmetal Eg Aem FWHM
name RM QDs (eV) (nm) (nm)
Cis11 0.50 0.62 2.00 - -
Cis12 0.33 0.42 2.12 694* 131*
Cisi4 0.20 0.25 2.27 678* 134*
CISs15 0.17 0.18 2.37 660* 135*

0.11 0.14 2.45 639* 138*

The reduction of the Ncu/Nmetal ratio caused the blue shift of the electronic transition (see the
Tauc plot reported in Fig. A19). The Eg increases from 2.00 eV (CIS11) to 2.45 (CIS18) with the
reduction of the Ncy/Nmetal ratio from 0.62 to 0.14. The blue shift is also reflected in the pho-
toluminescence. In this case only the core-shell CIS/ZnS QDs systems are considered for the
PL and PLE characterisations since CIS QDs show no appreciable photoluminescence. Further-
more, CIS11 is excluded by this comparison since no PL activity is observed even with the ZnS
shell. It should be remarked that the ZnS shell deposition method has been optimised for AIS
QDs and then adapted to the CIS preparation with the only variation that all the manipulations
are performed in nitrogen atmosphere. Further optimizations are probably necessary to im-
prove the photoluminescence activity of CIS/ZnS core-shell QDs. The PL and PLE analysis of
the colloidal solutions are reported in Fig. 30. The analyses show an evident blue shift of the
emission maximum, from CIS12/ZnS Aem = 694 nm to CIS18/ZnS Aerm = 639 nm. This trend is
very close to the trend of AIS QDs. In contrast to AIS QDs, the FWHM of the emission band

does not show any variation with the reduction of the Ncu/Nmetal ratio and a broad PL band
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Figure 30: a) UV/Vis absorption spectra of CIS11 — CIS18 QDs colloidal solution. b) PL and PLE spectra
of CIS12/ZnS — CIS18/ZnS core-shell QDs colloidal solution.
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Figure 31: XRD patterns of CIS QDs produced with different chemical composition according to their Ncy/Nmetal ratio in
the QDs (top), the reference patterns correspond to: CulnS; wurtzite phase ICSD163489 (black), CulnS, chalcopyrite
phase ICSD66865 (red) and CulnsSg spinel phase ICSD16423 (yellow). Representation of the unit cells of the different
crystallographic structures (bottom).

with FWHM of about 135 nm is observed for all the samples. The PLQY of core shell CIS/ZnS is
estimated to be 1.9, 3.5, 3.9 and 1.4 % for C1S12/ZnS, CIS14/ZnS, CIS15/ZnS and CIS18/ZnS.
CIS/ZnS QDs show lower PLQY than AIS QDs, even though they evidence a similar trend char-
acterised by a maximum of the PLQY for the specimens with chemical composition close to

the idea stoichiometry of the I-1lIs-Vlg spinel phase (Ncu/Nmetal ratio 0.25 and 0.18).

The structural investigations are performed by XRD analysis (Fig. 31). Even though the line
broadening prevents any detailed investigation, the analysis of CIS11 (Ncu/Nmetal = 0.62) sug-
gests the presence of the wurtzite phase. With the reduction of the Cu content (samples CIS12
and CIS14) the chalcopyrite phase can be observed. Finally, the spinel phase can be detected
for Ncu/Nmetat = 0.18 and 0.14 (samples CIS15 and CIS18). This finding suggests that a higher
Nmonovalent cation/ Nmetal ratio is required to stabilise the spinel CulnsSg with respect to AglnsSs.
Indeed, the CIS systems at a composition close to Ncu/Nmetai = 0.25 shows the preferential for-
mation of the chalcopyrite phase, while for a composition very closed, Nag/Nmetal = 0.24, AlS

systems evidence the spinel phase.
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