Alma Mater Studiorum - Universita di Bologna

DOTTORATO DI RICERCA IN

NANOSCIENZE PER LA MEDICINA E PER L’AMBIENTE

Ciclo 34

Settore Concorsuale: 03/B1 - FONDAMENTI DELLE SCIENZE CHIMICHE E SISTEMI
INORGANICI

Settore Scientifico Disciplinare: CHIM/03 - CHIMICA GENERALE E INORGANICA

SYNTHESIS AND ELECTRONIC PROPERTIES OF LUMINESCENT
SILICON NANOCRYSTALS AND COPPER INDIUM SULPHIDE QUANTUM
DOTS

Presentata da: Giacomo Morselli

Coordinatore Dottorato Supervisore
Prof. Dario Braga Prof.ssa Paola Ceroni

Co-supervisore
Prof. Giacomo Bergamini

Esame finale anno 2022



ii



“Quare etiam atque etiam sunt venti corpora caeca,
quandoquidem factis et moribus aemula magnis
amnibus inveniuntur, aperto corpore qui sunt.

Tum porro varios rerum sentimus

odores nec tamen ad naris venientis cernimus umquam,
nec calidos aestus tuimur nec frigora quimus
usurpare oculis nec voces cernere suemus;

quae tamen omnia corporea constare necessest
natura, quoniam sensus impellere possunt.
Tangere enim et tangi, nisi corpus, nulla potest res.
Denique fluctifrago suspensae in litore vestes
uvescunt, eaedem dispansae in sole serescunt.

At neque quo pacto persederit umor aquai

visum est nec rursum quo pacto fugerit aestu.

In parvas igitur partis dispergitur umor

quas oculi nulla possunt ratione videre.”

Lucretius, De Rerum Natura (I, 294-310)

iii



iv



Table of Contents

1. Introduction 1
1.1.  Introductory notes of semiconductor physics 1
1.1.1. The band theory 1
1.1.2. Useful concepts 2

1.2. Nanomaterials and quantum dots 4
1.2.1. Synthesis of conventional quantum dots 8
1.2.2. Core-shell systems 13

1.3.  Silicon Nanocrystals (SiNCs): an overview 16
1.3.1. Synthesis and functionalisation of silicon nanocrystals 17
1.3.2. Photophysical properties of silicon nanocrystals 28

1.3.3. Electrochemistry and electrochemiluminescence of silicon nanocrystals 39

1.4.  Applications of Silicon Nanocrystals 43
1.4.1. Luminescent solar concentrators 43
1.4.2. Biomedical applications and bioimaging 44

1.5.  Copper Indium Sulphide (CIS) Quantum Dots: an overview 51
1.5.1. Crystallography of CIS QDs 51
1.5.2.  General synthesis of CIS QDs and phase transfer into water 53
1.5.3.  Photophysical properties of CIS QDs 56
1.5.4. Applications of CIS QDs 59

2. Functionalisation of Silicon Nanocrystals with acetylides 63

2.1.  Introduction 63

2.2.  Results and Discussion 65

2.3.  Conclusions 69

2.4.  Experimental Section 70
2.4.1. Materials and methods 70
2.4.2. Synthesis of Si-DPA 70

3. Functionalisation of Silicon Nanocrystals with amines 75

3.1. Introduction 75

3.2.  Results and Discussion 75

3.3.  Conclusions 88

3.4. Experimental Section 88
3.4.1. Synthesis of amine-functionalised SiNCs 89

4. Functionalisation of Silicon Nanocrystals via click-chemistry 93

4.1. Introduction 93



4.2. Results and Discussion 94

4.3.  Conclusions 98
4.4, Experimental Section 99
4.4.1. Synthesis of Si-PEG 99
5. Functionalisation of Silicon Nanocrystals with carboxylic acids 101
5.1.  Introduction 101
5.2. Results and Discussion 101
5.2.1. Amide coupling via formation of acyl chlorides 106
5.2.2. Determination of the number of ligands per nanocrystal 110
5.3.  Conclusions 112
5.4. Experimental Section 112
5.4.1. Functionalisation of silicon nanocrystals with carboxylic acids 112

5.4.2. Functionalisation of silicon nanocrystals with amides via acyl chloride 115

6. ECL of chromophore-functionalised SiNCs 117
6.1. Introduction 117
6.2.  Results and Discussion 118
6.3.  Conclusions 125
6.4. Experimental Section 126

6.4.1. Synthesis of silicon nanocrystals 126
6.4.2. ECL apparatus and ECL measurements 128

7. Light-harvesting antennae based on CIS@ZnS QDs 131
7.1.  Introduction 131
7.2.  Results and Discussion 132
7.3.  Conclusions 140
7.4.  Experimental Section 141

7.4.1. Materials and methods 141
7.4.2. Synthesis of CIS-py and CIS@ZnS-py QDs 141

Final considerations and perspectives 145

Appendix - Experimental techniques 147
A.1. Electronic Absorption Spectroscopy 147

Computation of the number of chromophores per nanoparticle 148
A.2. Emission Spectroscopy 149
Emission Quantum Yield 150
Evaluation of the enhancement of the brightness 151
Evaluation of the sensitisation efficiency 152

vi



A.3. Lifetime Measurements
Gated Sampling
Time-Correlated Single-Photon Counting
Computation of the quenching efficiency of a fluorophore
A.4. Dynamic Light Scattering
A.5. Nuclear Magnetic Resonance
A.6. Mass spectrometry
A.7. Cyclic Voltammetry and Chronoamperometry
A.8. Transmission Electron Microscopy

Bibliography

vii

152
154
154
156
156
158
159
161
162
163



viii



Abstract

In the last decades, nanomaterials, and in particular semiconducting nanoparticles
(or quantum dots), have gained increasing attention due to their controllable optical

properties and potential applications.

Silicon nanoparticles (also called silicon quantum dots, SiQDs, or silicon
nanocrystals, SiNCs, due to the presence of organised crystalline lattice) have been
extensively studied in the last years, due to their physical and chemical properties
which render them a valid alternative to conventional quantum dots. Even though their
research began in the late Eighties, with the discovery of the photoluminescence of
mesoporous silicon by Leigh Canham, initially they weren’t assumed to overwhelm the
other types of nanoparticles, because one of their features, the indirect nature of silicon
band gap, worsens its optical properties. Only in the last few years, new synthetical
approaches and functionalisation strategies have overcome some of these drawbacks,
rendering SiNCs more appropriate for their applications. Several organic molecules, for
instance, have been linked to the surface of the quantum dot enhancing its optical
features. Moreover, some applications have been proposed exploiting the other
consequences of the indirect band gap: therefore, the long emission lifetimes are now

under study for sensing or time-gated detection applications.

During my PhD studies I have planned new synthetical routes to obtain SiNCs
functionalised with molecules which could ameliorate the properties of the
nanoparticle. However, this was certainly challenging, because SiNCs are very
susceptible to many reagents and conditions that are often used in organic synthesis.
They can be irreversibly quenched in the presence of alkalis, they can be damaged in
the presence of oxidants, they can modify their optical properties in the presence of
many nitrogen-containing compounds, metal complexes or simple organic molecules.
If their surface is not well-passivated, the oxygen can introduce defect states, or they

can aggregate and precipitate in several solvents.

Therefore, | was able to functionalise SiNCs with different ligands: chromophores,
amines, carboxylic acids, poly(ethylene)glycol, even ameliorating functionalisation
strategies that already existed. I performed these reactions aiming at particular

photophysical properties or at certain applications, combining the organic synthesis,

ix



the inorganic one, the knowledges in photochemistry, the ones in electrochemistry and

a subject which is usually unfamiliar to a chemist, that is nanomedicine.

Consequently, this thesis will collect the experimental procedures used to
synthesize silicon nanocrystals, the strategies adopted to functionalise effectively the
nanoparticle with different types of organic molecules, and the characterisation of their
surface, physical properties and luminescence (mostly photogenerated, but also

electrochemigenerated).

[ also spent a period of 7 months in Leeds (UK), which was, unfortunately, affected
by Covid-19 outbreak in the spring of 2020. Although I was kept away from the
laboratory for most of the time, I managed to learn how to synthesize other cadmium-
free quantum dots made of copper, indium and sulphur (CIS QDs). During my last year
of PhD, I focused on their functionalisation by ligand exchange techniques, yielding the
first example of light-harvesting antenna based on those quantum dots. Part of this

thesis is dedicated to them.



Acknowledgements

First of all, I have to thank my supervisor, professor Paola Ceroni, who gave me the
opportunity to experience research, believed in me and made me feel more self-

confident, which is a great help for an introverted person like me.

[ want to thank also the group of the Photochemistry and Nanoscience Laboratory
in Bologna, for the joyful moments spent together as well as the scientific discussions
held at lunchtime (thank you also for being the victims of my puns and jokes: a Nobel

Peace Prize or a beatification process is waiting for you).

Thank you to my old friends, who made the years at the University unforgettable

(and thank you for being my first victims, see above).

Also, thank you to Dr. Kevin Critchley and the Molecular and Nanoscale Physics
group in Leeds, for hosting me and who made me feel at home even in a different

country during a difficult period.

A special thank you to my girlfriend, who makes me feel really special and who

makes the time spent together extraordinary.

But the biggest thank goes to (drumroll...) my family: my parents, my sister, my
grand-parents (who are watching me from Heaven) and my aunt who supported me in
so many ways that unfortunately I can’t list, or this acknowledgements section will

cover half of my thesis, making it surely more innovative but also too boring.

And thank also to the one who’s reading my thesis. Hope you enjoy it!

Xi



xii



1. Introduction

1.1. Introductory notes of semiconductor physics

1.1.1. The band theory

The nanoparticles that have been studied during this three-year period and that
will be considered in this thesis are composed of semiconducting materials. Therefore,
it is worth devoting a chapter to the physical properties of semiconductors, spanning

from the bulk to the nanostructured ones.

Treating the argument of crystalline bulk semiconductors (just as metals), it is
convenient considering at first single atoms that interact with each other. Their atomic
orbitals, if a symmetrical requirement is achieved, can interact, combining in
delocalized orbitals separated by a certain energy gap. If n orbitals of the first atom
interact with n orbitals of the second atom, 2n combinations (e.g. molecular orbitals as
linear combination of atomic orbitals) are formed, usually with n new orbitals at lower
energy than the first ones (stabilized) and n at higher energy (destabilized). If the
overall electrons of the two atoms occupy more stabilized new orbitals, the interaction

is favourable with respect to the situation in which the atoms are separated.

Enhancing the number of interacting atoms in the lattice, and therefore the number
of atomic orbitals interacting, a higher number of new delocalized orbitals will be
formed, and their separation in energy will be narrowed. In a solid bulk material,
supposing an infinite number of atoms, this difference will be negligible, yielding a

continuum of orbitals, called band.12

The bands generated by the atomic orbitals completely occupied by the electrons
will be filled, as the bands generated by the emptied atomic orbitals will be un-filled.
The position of those bands can define the type of the material accordingly with its

electric conductivity (Figure 1.1.1).
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Figure 1.1.1 - Illustration of the positions of the bands for metals, intrinsic semiconductors
and insulators.

If they overlap with each other, the absence of an energy gap will allow to the
electrons of the filled band to be easily promoted to the un-filled one even at low
temperatures: in other words, the electrons have a high mobility in the solid lattice. As
a consequence, an excellent electric conductivity is achieved, and the material is called

metal.

If the filled band (or valence band, VB) is separated from the empty band
(conduction band, CB) by a large energy gap (usually higher than 4 eV), the migration
of an electron from one band to the other one cannot easily occur at room temperature

and the material is an electric insulator.

If the band gap has a value of few electronvolts, an intermediate situation occurs:
the material is a semiconductor. Among their peculiar property, their electric
conductivity can vary with the temperature: the thermal energy can allow the electron
from the valence band to migrate to the conduction band and so, the conductivity
enhances. Moreover, the electric features can ameliorate by doping the semiconducting
materials with elements with a higher number of valence electrons (n-type doping) or
lower (p-type). Those “extrinsic” semiconductors are commonly used in electronic

systems (solar cells, LEDs, transistors, et cetera).

1.1.2. Useful concepts

Dealing with metals and semiconductors, it is useful to introduce an equation
(attributed to Fermi and Dirac) which measures the probability P(Ei) for an electron
(at thermodynamic equilibrium) to be in a state with energy E;, which is:

2



P(E;) = !

exp (%) +1

in which ksgis the Boltzmann constant, T the absolute temperature and Er the Fermi
energy level, which symbolizes the amount of energy required to add an electron to the
system.3 This last quantity represents the energetic level in which the probability to
find an electron is 50%. It is an actual level for metals (in a hypothetical situation at 0
Kelvin it would represent the highest occupied molecular level), but it is virtual for
semiconductors, laying between the VB and the CB (it occurs exactly in the middle for

intrinsic semiconductors, but the presence of dopants can influence its position).

Other useful concepts that are needed to treat the semiconductors’ physics are the

exciton and the phonon.

The exciton can be considered as the equivalent of the excited state of the molecules
but for solid materials. Briefly, if a photon of energy equal or superior to the band gap
of the semiconductor (resonance rule) is absorbed by the material, an electron can be
promoted from the VB to the CB. The fictitious positive charge left by the missing
electron in the VB is generally called hole. The overall neutral situation generated by
the couple “electron in the CB - hole in the VB” is the exciton. Depending on the
dimensions of the semiconductor (if bulk or nanostructured), the aim of the exciton

can be different (vide infra).

The phonon is defined as a quasi-particle at which is associated a collective
movement of the atoms of the lattice. It can be associated with the equivalent of the

vibrations in molecules.

In order to deal with the photophysical properties of the semiconductors that will
be considered in this work, it is necessary to introduce also a further distinction due to
the relative position of the valence band and the conduction band with respect to the
momentum of the crystal lattice (k). If the maximum energy of the valence band and
the minimum of the conduction band share the same value of k, the semiconductor is
characterized by a direct band gap. On the contrary, if the bands are shifted at different
k values, it is the case of an indirect band gap (Figure 1.1.2).# Crystalline silicon and

germanium are indirect band gap semiconductors, while GaAs, CdTe, ZnS, CulnS2 and



many others are direct band gap semiconductors. At the nanoscale, some important

consequencesaﬁse
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Figure 1.1.2 - Schematic representation of the position of the valence band (VB) and the
conduction band (CB) in direct and indirect band gap semiconductors. The implication on the
emission will be discussed in a following chapter.

1.2. Nanomaterials and quantum dots

Nanotechnology can be defined as a branch of technology which studies the
phenomena and the manipulation of materials at the nanometre scale.> This is
approximately the range between 1 and 100 nm (1 nm = 1 billionth of metre, 10-° m),
which is the intermediate zone between molecules and bulk materials. A
nanostructured material (or nanomaterial) in the same way is defined as a solid
material characterized by at least one dimension in the nanometre range.® Therefore,
particles with 3 dimensions on the nanometre range (such as nanocrystals and
quantum dots), wires with 2 dimensions (nanotubes), sheets with 1 dimension (thin
films, surfaces...) or even macroscopic materials with nanometre-sized cavities

(zeolites, molecular organic frameworks...) fall under the definition of nanomaterials.

A peculiar and fascinating characteristic of nanomaterials is the effect of the size on
different physical and chemical properties. If the size of the nanomaterial varies, while
remaining in the nanometre scale, some features such as melting point, chemical
reactivity, photophysical and electrochemical properties change accordingly.” This is

due to two main effects:

1) The number of the atoms exposed to the surface is high if compared to the inner

atoms. This “surface to volume” ratio decreases with the size of the material: it is



paramount for nanomaterials, while it is negligible for macroscopic ones. This
aspect is important because the atoms on the surface have different properties and
chemistry (e.g. due to defects or lower coordination number) and can affect surface
properties such as catalysis and reactivity.

2) The rising of quantum confinement effects.®? The properties of a material depend
on the type of motion its electrons can perform, which depends on the space
available for them. Therefore, the properties of a material are characterized by a
specific “length scale”, delimited by their wave-function, which is usually on the
nanometre dimension. If the physical size of the material is reduced below this
length scale, the wave-function is confined to it and its properties change and
become sensitive to size and shape.? Moreover, semiconducting nanoparticles,

which are subject to the quantum confinement, are called quantum dots.

In particular, the quantum confinement effect drastically influences the optical
properties of the quantum dot. After the absorption of a photon and the formation of
the exciton (as described in Paragraph 1.1.2), the two charge carriers, the electron in
the conduction band and the hole in the valence band, are separated by a specific
distance which includes a certain number of atoms or ions in the crystal lattice. The
mean distance between the charge carriers in the exciton is called Bohr radius, and it is
dependent on the material which composes the semiconductor (it is usually in the

order of few nanometres).

In a bulk semiconductor the binding energy between the electron and the hole is
small (furthermore, the exciton is called Wannier-Mott exciton)19 and this allows the
charges to migrate along the material until they are trapped, annihilated by another
exciton or relaxed (e.g. it is the principle of semiconductor solar cells, in which the

charges are channelled to an external conductive wire generating an electric current).

However, if the dimensions of the semiconductor are reduced to the nanometre
scale and are comparable to twice the Bohr radius, the exciton is confined to the size of
the quantum dot itself. The higher electrostatic interaction between the electron and
the holes leads to a rapid thermal deactivation of the charge carriers to the band edges.
Then, a radiative recombination called band edge luminescence can occur (Figure
1.2.1).7 This is the reason why semiconductors such as silicon display a relevant

photoluminescence only if nanostructured.
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Figure 1.2.1 - Schematic representation of the principal processes in a quantum dot. After
the absorption (a) of a photon with an energy equal or superior to the band gap, an electron is
promoted from the valence band to the conduction band, generating an exciton. Due to strong
electrostatic interactions, a rapid thermal relaxation (b) occurs, leading the charge carriers to
the band edges. Then, a radiative recombination (c) can happen. The presence of defects on the

surface (d, oxidizing surface state, e, reducing surface state) can trap the charge carriers and
cause a non-radiative relaxation (lowering the emission quantum yield) or a defected redshifted
emission (red arrows). Adapted from reference 7 with permission of the Royal Society of
Chemistry.

For quantum dots of different sizes, quantum confinement effect causes other two

important consequences.

Firstly, the edges of the valence band and the conduction band are not continuous
anymore (Figure 1.2.2). A discretization of the levels (which is more evident with
smaller nanoparticles) occurs,® and this is visible especially from the absorption
spectra, where it is possible to notice the absorption bands associated to single
transitions between discrete levels. Those bands are quite sharp and well-defined. The
inner of the CB and VB, due to the high density of states, maintain their continuity, and
therefore, the transitions in absorption from the valence band to the inner states of the
conduction band lose their structuration and the molar absorption coefficient is
increasingly higher due to degeneration of the final state.!’ Because the
photoluminescence involves only the frontiers levels, it appears as one bell-shaped
band even narrower than the organic chromophores’ one (Figure 1.2.3) and the Stokes
Shift, defined as the difference in energy between the maxima in absorption and in

emission for the same transition, is low.
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Figure 1.2.2 - Schematic representation of orbital diagrams in energy increasing the
number of atoms, supposing that each atom contributes with one atomic orbital. Increasing the
number of atoms, the separation between the levels decreases, leading to the band structures
discussed in Chapter 1.1. An intermediate situation between the cluster of atoms and a bulk
material is given by quantum dots (and nanomaterials in general). It is possible to notice that it
is still present a discretization of the levels in the edges of the valence band (VB) and conduction
band (CB), which diminishes while enhancing the size of the nanoparticle and fades in the bulk
semiconductor. Moreover, the band gap decreases accordingly with the dimensions.

Molar absorption coefficient (105 M-' cm-')
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Figure 1.2.3 - Absorption (black solid line) and emission (black dashed line, exciting at 500
nm) of CdSe quantum dots (diameter = 3.8 nm) in chloroform compared to the absorption and
the emission (red lines) of Rhodamine B in methanol. It is possible to notice the structuration of
the absorption spectrum of the quantum dot, due to the discretization of the band edge levels.

Reproduced from reference 7 with permission of the Royal Society of Chemistry.
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Moreover, the band gap of the semiconducting nanoparticles is influenced by the
size of the nanocrystal itself. Bigger nanoparticles are associated to smaller band gaps
(Figure 1.2.2). Consequently, increasing the size of the nanoparticle, the absorption and
the emission spectra (as it is possible to see in Figure 1.2.4) are shifted towards higher

wavelengths.

Figure 1.2.4 — Photograph of chloroform suspensions of CdSe-ZnS quantum dots of different
sizes (smaller to larger from left to right) under UV excitation. Reproduced from reference 7 with
permission of the Royal Society of Chemistry.

Since their discovery in the Eighties!?, quantum dots have gained increasing
attention for their peculiar optical properties which render them “ideal luminophores”:
besides the absorption and the narrow emission that can be modulated according to
the size of the nanoparticle, quantum dots are usually characterized by emission
quantum yield and photostability equal or even superior to those of the conventional
organic fluorophores.” Moreover, thanks to the development of appropriate
synthetical strategies,!3 it is possible to achieve a good control over the size of the
nanoparticle and to perform a functionalisation of the surface with a wide variety of
molecules. Therefore, quantum dots have been proposed as replacements of molecules
and bulk semiconductor for different purposes: in photovoltaic solar cells,14-18 in
LEDs,1920 in photocatalysis,?1-23 as sensors’24 or for biomedical applications

(diagnostic or therapeutic).25-29

1.2.1. Synthesis of conventional quantum dots

Since the properties of the quantum dot are heavily determined by the size and the
shape of the nanoparticle, the synthetical strategies represent an important process.
Those procedures have been more and more investigated and ameliorated in order to

obtain nanocrystals at a desired dimension with a narrow size distribution.830-33

Usually, the main methods used to synthesize nanoparticles are classified in “top-

down” or “bottom-up” approaches.



Top-down refers to the techniques that focusses on macroscopic bulk
semiconductors as starting material which, by lithographic methods, laser ablations,
etching procedures, et cetera, is reduced to the nanometre scale. Those methods,
anyway, do not allow to obtain a high number of nanoparticles and are mainly used to

study the physical properties of the single quantum dot.

The “more chemical” approach consists in bottom-up strategies, using molecules or
ionic compounds as precursors and obtaining the desired quantum dots after actual
chemical reactions. In contrast to physical methodologies, bottom-up strategies permit
to synthesize high quantities, even grams of nanoparticles.34-36 In this case, the size
(and the shape) of the nanomaterial is mostly determined by the amount and ratio of
precursors, capping molecules, solvent, temperatures and time of reaction and the

presence of a template (such as micelles).37-40

In this paragraph, the thermodynamic and kinetic aspects and general procedure of
the synthesis of conventional quantum dots will be considered. Therefore, the
synthesis of nanostructured semiconductors composed of elements II-VI (e.g. cadmium
chalcogenides), IV-VI (lead chalcogenides), III-V (e.g. InAs) and also CulnS2 quantum
dots. Regarding the synthesis of silicon quantum dots, the procedures are different and

will be exposed in Chapter 1.3.

1.2.1.1.  The thermodynamics of Quantum Dots nucleation

The growth of a crystalline semiconductor (both bulk and nanostructured) involves
the process of precipitation of a solid phase from a supersaturated solution.8 In this
condition, if an energetic barrier is overcome, the ions (e.g. Cd?* and S%) start to
assembly in a small solid cluster. This first step of crystallisation is called
(homogeneous) nucleation. In order to occur, the thermodynamic must be favourable:
to assess this, the variation of free energy for the nucleation process (AGn) should be

considered.

Itis possible to express AGn as the sum of two free energy variations: one due to the
formation of a new volume (AGv which is a stabilising component, because in a super-
saturated solution the solid is more stable, i.e. negative) and the other due to the new

surface created (AGs, de-stabilising, therefore positive, because it considers the cost of



the creation of a solid-liquid interface).#! For a spherical particle, is valid the following

equation:8
4
AG, = AG, + AG, = —WmﬁkBTln(S) + 4nry

where V is the molecular volume of the precipitated species, r is the radius of the
spherical particle, ks the Boltzmann constant, S the saturation ratio and y the free
energy per unit surface area. It is worth noting that the cubic exponentiation of r
increases more rapidly than the square if r>1. This means that for lower values of r,
AGn will be positive and de-stabilizing, while for higher values of r, AGn will decrease

more and more and the nucleation will be favourable.

In particular, for supersaturated solutions (S>1), it is possible to compute the
maximum for the curve AGnin function of the size, yielding a certain value of r called
critical size (r*):

. 2Vy
ar — T T 3k,TIn(S)

This means that nuclei larger than the critical size will further decrease their free

energy for growth and form stable nuclei that grow to form particles.

AG

S

Figure 1.2.5 - Representation of the equation of the variation of free energy in function of
the nucleus radius. The blue curve is the surface component, while the red one is the volume one.
The sum, AG, is the green line. Its maximum appears when the radius equals the critical size, r*.
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Once the nucleation has occurred, the second step concerns the growth of the stable

crystals.

1.2.1.2. The Quantum Dots growth and the size focussing regime
The addition of subsequent layers of material onto the surface of the nuclei occurs
and the growth of the nanoparticle begins. This step is dependent on the diffusion of

the precursor to the forming quantum dot, whose kinetic is well-described by the Fick’s

law of diffusion:
J =-DvC

where ] represents the flux of reagents towards the nanocrystals (the upper arrow
denotes the vector), D is the diffusion coefficient and IC the gradient of concentration.
Solving this equation for a monodimensional case (C=dC/dx) and expressing the
derivative of the growing size of the nanoparticle with respect to the time (i.e. the

growth rate of the radius, r) it is possible to obtain the following equation:41:42

dr K (1 1) ( 1 1)
dt r &6/\r* r
where K is a constant proportional to the diffusion constant of the reagents, 6

represents the thickness of the diffusion layer and r* the critical size. The resulting plot

of the previous equation is represented in Figure 1.2.6.

0.3

0.2 1

0.1 1

dr/dt / a.u.

0.0 1

r/r*

Figure 1.2.6 - Representation of the trend of the crystal growth rate (dr/dt) with respect to
the ratio r (radius of the nanoparticle) over r* (critical size), with the three zones highlighted
(the explanation can be found in the text).
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It is possible to notice that there is a maximum and three key zones, which are
highlighted in the figure. Zone I refers to the particles that have a radius inferior to the
critical size (r/r* < 1). The crystal growth is negative, and this means that the nuclei
dissolves, as assessed by the thermodynamics. When the radius equals the critical size
(r/r* = 1), the overall growth rate is zero and the solution and the solid phase are in
equilibrium. Zone II represents the growth rate of the particles with a radius
intermediate between 1 and 2 critical sizes (r* < r < 2r*). In this case, the larger
nanoparticles grow faster than the smaller ones, which leads to a size-broadening of
the dispersion. When the radius overcomes twice the value of the critical size (r > 2r*),
encroaching upon the zone III, the situation reverses, and the crystal growth rate
decreases with respect to the size. In this case, the bigger nanoparticles enlarge more
slowly than the smaller ones and the nanocrystals narrowing the size distribution.

When this occurs, it is said that the nanocrystals have reached the size-focussing regime.

Ideally, in order to obtain nanocrystals of the same size (a monodispersed sample),
the nucleation and the growth of all the crystals should occur at the same time.
However, while the reaction is carried out and the concentration of the reactants
diminishes (and so does the saturation ratio S), the value of the critical size r*increases.
Moreover, the particles that had already been formed with a size inferior to the
resulting r* are not thermodynamically stable anymore, melt and the “lost” material is
incorporated in the larger nanoparticles, leading to a process (called Ostwald ripening)
that reduces the mono-dispersion of the sample. In order to avoid this, it is possible
either to continue supplying reagents, maintaining the typical level of saturation,*2 or
to quench the reaction while in the size focussing regime. One synthetical method

generally used to achieve this is the hot-injection.

1.2.1.3.  Hot-injection method

As discussed previously, in order to obtain a sufficiently monodisperse sample, it is
necessary to separate definitely the phases of nucleation and growth: the crystals
should nucleate at the same time and should grow with the same rate. A general
scheme for preparing monodisperse nanoparticles requires a rapid, single nucleation
event followed by a slower growth of the new-formed nuclei.813 This can be achieved
by the hot-injection method. In principle, a solution of one component of the aimed

quantum dot is heated up to high temperatures, in the presence of a high-boiling

12



solvent and the ligand molecule. Then, a room-temperature solution of the second
component is rapidly injected into the reaction mixture. The high temperature of the
solution of the first component leads to a rapid single nucleation, which is immediately
quenched by the lowering of the temperature due to the injected solution of the second
component. Therefore, a low process of growth begins, and the particles will be
maintained at the size-focussing regime until the desired size are reached. The reaction
will be quenched at very low temperature, and the isolation and purification of the

quantum dots can be performed.

In order to better explain this process, the hot injection method for the synthesis of
CdSe quantum dots is reported.8 The precursor of cadmium, e.g. CdO, is mixed together
with stearic acid and heated to about 130 °C for the activation (i.e. solubilisation) of the
metal under inert atmosphere. The mixture is then allowed to cool to room
temperature and a stabilising agent (e.g. trioctyl phosphine oxide, TOPO) is added. The
temperature of the system is raised up to 360 °C. A room temperature solution of
selenium in toluene and trioctyl phosphine is quickly injected into the reaction flask. A
nucleation burst happens, but it is rapidly quenched due to the temperature, which
decreases to 300 °C upon injection. This temperature is maintained during the growth
of the nanocrystals. After the reaction is complete (i.e. the desired size of the quantum
dot is reached), the reaction flask is allowed to cool to room temperature and the

quantum dots purified.

1.2.2. Core-shell systems

It has been previously explained how the properties of the quantum dots depend
on the size of the nanoparticle. In particular, the photophysical properties vary
accordingly with the dimension of the nanocrystal, due to a different magnitude of the
band gap. Therefore, the emission of larger quantum dots occurs at higher wavelengths
with respect to the luminescence of smaller ones. This behaviour is predicted by a
theory called the effective mass approximation.#3 However, it is possible that the
presence of defects on the surface suppresses the typical emission that is due to the
band-edge and a new emission, which is not dependent on the size anymore, arises.
Usually, these defects are trap states for the electron promoted by the excitation
process to the conduction band (which is an oxidising surface state) or for the hole left

in the valence band (a reducing surface state), as it can be stated from Figure 1.2.1.7
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The subsequent recombination (if radiative) of the charge carriers result in a new
emission that is shifted towards higher wavelengths (a higher Stokes Shift results),
broad, and independent of the size of the quantum dot.!! For many applications, this

new emission is disadvantageous.

In order to preserve the band edge emission, it is essential to avoid the formation
of surface trap states, for instance passivating the surface of the nanocrystal by

chemically binding a capping agent.

Another approach consists in coating the surface of the semiconducting
nanoparticle with a layer of a different semiconducting material. Those systems are

known as core-shell nanoparticles.*4*>

In particular, if the semiconductor composing the shell is characterized by a larger
band gap and its band edges lies outside those of the core’s ones, the core-shell system
is called type I. One example is given by ZnS shells grown on CdSe*® or CulnS2 quantum
dots. In this case, the shell avoids the presence of surface trap states, therefore
enhancing the photoluminescence quantum yield of the inner semiconductor and,
moreover, the core’s band edge emission is maintained, because the exciton is confined

in it (Figure 1.2.7 a).

A different class of core-shell nanoparticles, called type II, refers to systems in which
the band situation of the semiconductor components is staggered. For instance, the
valence and the conduction bands of the core semiconductor are at lower energies with
respect to the shell’s ones, or vice versa (Figure 1.2.7 b). In this case, after creating the
exciton by absorption, because of a different favourable energetic situation (i.e. the
electron will be delocalized in the conduction band that lies at lower energy and the
hole in the valence band of higher energy) the recombination can occur at the interface
of the two components.#4 In this way it is possible to engineer systems in which the
emission is red-shifted with respect to the core one’s, and controlled due to the type of

the semiconductor that composes the shell.

The synthesis of the shell coating usually occurs by an epitaxial and successive
deposition of layers around the core seed. Therefore, it does not undergo a separate

nucleation.46
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Figure 1.2.7 - Schematic representation of the energetic situation for (a) type I and (b) type
II core-shell semiconductor nanoparticles. While the recombination of the exciton is localized in
the core for type I QDs, it occurs at the interface for type Il core-shell systems.

Also for core-shell systems, a coating of the surface with organic molecules is
necessary to accomplish stability, dispersibility of the nanoparticle in various solvents

and new properties.”
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1.3. Silicon Nanocrystals (SiNCs): an overview

Conventional quantum dots are composed of group II-VI, IV-VI and III-V type
semiconductors.”-? Despite their unique optimal photophysical properties which
render them interesting substitutes to many organic and inorganic molecular
luminophores for multiple applications, some ethical and practical problems have been
rising due to the elements that are contained in those nanomaterials. As a matter of
fact, toxic heavy metals, such as cadmium, mercury, lead and arsenic, or rare and scarce

elements, like indium or selenium, mostly constitute those typical quantum dots.4”

Silicon seems to be a valid alternative, due to its non-toxicity (it is biocompatible)48
and its availability (it is, after the oxygen, the second most abundant element on the
Earth’s crust).#? Moreover, it is also a very well-known material, which has been
dominating the microelectronics industry for over half a century.#” However, despites
its advantageous semiconducting characteristics, bulk silicon possesses scarce optical
properties, i.e. a limited absorption and negligible emission quantum yield at room
temperature. This is mostly due to the indirect nature of its bandgap that renders the

radiative transitions less likely to occur (see Paragraph 1.3.2).

Nevertheless, when reduced to the nanoscale, to sizes comparable to its Bohr radius
(about 5 nm),>° quantum confinement effects arise and silicon acquires new interesting
optical properties, including emission quantum yields high up to 70% (Figure 1.3.1).51
Therefore, since the discovery of the photoluminescence in porous silicon by Leigh
Canham in the early Nineties,>2 the attention of many research groups has been
focussed on silicon quantum dots (also called silicon nanocrystals, SiNCs), on their
synthesis, functionalisation techniques, optical and electrochemical properties and

applications.47.53-58

Figure 1.3.1 - Photographs of vials containing a toluene suspension of 4 nm sized silicon
nanocrystals under ambient (on the left) or 365 nm UV (on the right) light.
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1.3.1. Synthesis and functionalisation of silicon nanocrystals

Many types of strategies have been reported so far for the synthesis of silicon
nanocrystals.4” Omitting the top-down approaches, i.e. the methods that reduce bulk
silicon to the nanoscale,>?60 this chapter will focus on several bottom-up routes,
highlighting one in particular, the thermal decomposition of hydrogen silsesquioxane,
which has been extensively performed during my PhD studies. Moreover, an essential
synthetical step to obtain stable silicon quantum dots with new characteristic is the
passivation and functionalisation of their surface with organic molecules. Therefore, a

relevant emphasis will be given also to those processes.

1.3.1.1.  General synthetical methods for SINCs’ production

A wide spectrum of methods has been reported for preparing silicon nanocrystals.
Many of them produce nanoparticles with various size ranges and also with different
and unexpected optical properties.>3 The reason why this is happening is still on debate
and will be treated in Paragraph 1.3.2.1.59 Moreover, different studies and researches
have severely criticized several accepted synthetical routes, claiming that there is no

real proof of the production of silicon nanoparticles.61-63

It is possible to classify the recognized methodologies*’ in reduction of silicon
halides,®4-67 oxidation of metal silicides®8%® and decomposition of silanes in the
presence of plasma or high temperatures (see Figure 1.3.2).7071 However, one method
in particular, which provides a proper control of the size of the silicon nanoparticles
with a good mono-dispersion and does not require sophisticated apparatuses, is the
thermal decomposition of silicon-rich oxides. Developed by Hessel in the laboratory of
professor Jonathan Veinot in 2006,72 and then proposed and deeply investigated in
professor Brian Korgel’s group,’3 this method has been adopted also by our research

group since 2014.74-76
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Figure 1.3.2 - General bottom-up methods for preparing silicon nanocrystals. Reprinted
with permission from reference 47 (John Wiley and Sons).

1.3.1.2.  Thermal decomposition of silicon-rich oxides (i.e. HSQ) and etching

Silsesquioxanes are cage-structured compounds with empirical formula RSi03/2.77
If the R group is replaced with a hydrogen atom, the resulting oxide is called hydrogen
silsesquioxane (abbreviated HSQ). HSQ has been widely investigated for the production
of high purity silica,”® which is known to be synthesized upon oxidative conditions at

high temperatures.

Only in 2006, HSQ was studied for the formation of silicon nanocrystals.”2 It was
noticed that at temperature higher than 1000 °C, in the presence of a slightly reducing
atmosphere, the inorganic compound decomposes, releasing silane and hydrogen
gases, silicon dioxide and silicon nanoparticles. Therefore, SINCs embedded in a silica
matrix are produced. This method allows a strict control over the size of the quantum
dots, accordingly with the temperature (and the time) of the process. At higher
temperatures, larger SiNCs are produced. For instance, at 1100 °C, 3-4 nm sized silicon
nanocrystals are formed, while at 1200 °C, 5-6 nm sized silicon nanocrystals appear.”®
This is probably due to the higher facility with which silicon atoms reach the nucleus
of the growing nanoparticle. A proof of that is given substituting the H of (HSiO3/2)n
with a methyl group (CH3SiO3/2)n. The enhanced hindrance of the substituting group

creates an inorganic network with larger cavities. Therefore, the silicon atoms can
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penetrate more easily in the inner of the structure and, at equal temperature, larger

SiNCs are produced.8?

The accepted mechanism with which the production of SiNCs occurs through the

thermal decomposition of HSQ in inert atmosphere is here reported:72

a) HSQ decomposes into silicon dioxide and silane:
4HSi03,, — 3Si0, + SiH,
b) Cleavage of Si-H bond occurs for silane:

SiH, - Si + 2H,

A typical procedure for thermal decomposition of HSQ is here described: the
precursor is inserted in a quartz reactor vessel and heated in a high temperature
furnace under a slightly reducing atmosphere (usually 95% nitrogen, 5% hydrogen) at
arate of 20 °C/minute. Once reached, the desired annealing temperature (e.g. 1100 °C)
is maintained for an hour. Afterwards, the sample is slowly cooled down to room
temperature. The obtained dark solid is grinded manually and mechanically, yielding a

brownish powder.

Hydrogen silsesquioxane is a commercially available compound. It was usually sold
as FOx-n® by Dow Corning as a solution in methyl isobutyl ketone.”2 However, it is a
valuable material and can be very expensive. Consequently, many efforts have been
done to search for a cheaper alternative. It was shown that it is possible to synthesize
sol-gel precursors with the same empirical formula of HSQ, which can be used for the
same purpose.81.82 In the presence of oleum, toluene and trichlorosilane, the sol-gel

polymer is produced. Once dried, it can be decomposed in the furnace.

Anyway, silicon nanocrystals trapped in a silicon dioxide matrix are produced
(SINCs@Si0z2). In order to extract the SiNCs, an etching of the oxide must be performed
in the presence of hydrofluoric acid with hydrochloric acid”3 or ethanol.”® This process

leads to hydride-terminated silicon nanocrystals (H-SiNCs, see Figure 1.3.3).

Usually, 100 mg of SINCs@SiO:2 are introduced in a plastic reactor container with a
Teflon coated magnetic stir bar. 1 mL of distilled water and 1 mL of absolute ethanol
are then introduced. While stirring slowly, 1 mL of 49% HF is carefully dropped. The
reaction mixtures then stirred vigorously for 1 hour and 30 minutes at room

temperature, ambient light and atmosphere. The nanocrystals are extracted in toluene,
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purified by several centrifugation cycles in toluene and immediately transferred in an

inert gas-filled flask or vial and the passivation of the surface of H-SiNCs is performed.
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Figure 1.3.3 - (A to G) High- resolution TEM images of silicon nanocrystals annealed at
different temperatures and (H) general method for the synthesis of H-SiNCs and their
passivation with terminal alkenes (this process will be explained in the next paragraphs).
Reprinted with permission from reference 73. Copyright 2012, American Chemical Society.

1.3.1.3.  Several silicon nanocrystals passivation techniques

The most of the synthetical techniques described above (among which the thermal
decomposition of silicon-rich oxides) yields to hydride-terminated silicon
nanocrystals. These nanoparticles are very sensitive to oxidation, susceptible to
aggregation and not dispersible in any kind of solvents. In order to overcome those

limitations, a passivation of the surface with organic molecules is required.4’

The functionalisation techniques that have been studied so far are numerous. In
some of them, alkyl lithium reagents are directly attached onto the surface of silicon

nanoparticles, producing alkyl-silicon and lithium-silicon bonds (the latter, unstable,
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can undergo a further substitution).83 Others contemplate the reaction with carbon
dioxide, amines or alkylphosphine oxides,84 as shown in Figure 1.3.4a. Further
interesting methods involve the substitution of the overexposed hydrogen atom with

a halogen®>, which is reactive towards nucleophiles Figure 1.3.4b.
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Figure 1.3.4 - (a) Reactivity of H-SiNCs with organolithium (RLi) reagents, carbon dioxide,
amines and alkylphosphine oxides. (b) Substitution of hydrogen atoms with halogens and
reactivity with nucleophiles. The resulting SiNCs display different emissions, as shown by the
photographs or by the colours (if any) of the sphere representing the SiNC. Reprinted with

permission from reference 47 (John Wiley and Sons) and from reference 85. Copyright 2015,
American Chemical Society.

As it is possible to see from Figure 1.3.4, the modification of the surface is of
paramount importance also for the photophysical properties: a different
functionalisation leads to different emissive properties (i.e. emission spectra, lifetimes,
quantum yields, as Paragraph 1.3.2 will consider in detail).83-8> However, in many
cases, the photoluminescence that rises from those functionalised silicon nanocrystals
is not directly associated to the band edge luminescence, but to defect states which are
introduced by the ligands. It is known that the intrinsic emission of the nanocrystal is
maintained when the surface is passivated with silicon-carbon bonds, i.e. silicon
nanocrystals are passivated with unsaturated hydrocarbons, in particular terminal
alkenes and alkynes. One effective strategy for tethering them to SiNCs is the

hydrosilylation reaction.
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1.3.1.4.  Hydrosilylation reaction

Hydrosilylation is defined as the reaction that enables the addition of silicon
hydrides across carbon-carbon double or triple bonds.8687 It is a well-known
methodology for the synthesis of organosilicon compounds and it is one of the most
important reactions in silicon chemistry and in silicone industry. It usually requires a
catalyst to occur: metal-containing compounds such as platinum (hexachloroplatinic
acid, Karstedt’s catalyst), rhodium, iridium, ruthenium, iron complexes, et cetera have
been studied for this purpose.8688 [n those cases, the silicon-hydrogen bond of a silane
is substituted with a silicon-carbon bond (in Figure 1.3.5 a catalytic cycle of a platinum-

mediated hydrosilylation between an alkene and an organosilane is represented).
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Figure 1.3.5 - Schematic hydrosilylation mechanism using a platinum complex.

The hydrosilylation reaction was subsequently proposed for the passivation of H-
SiNCs. The first attempts involved the use of platinum complexes for smaller hydride-
terminated silicon nanoparticles.668%90 However, the resulting nanoparticles were
characterised by scarce optical properties, with a low-bright (emission quantum yield
inferior to 10%), short-lived (on the nanosecond range) blue emission. In addition, the

problem of purification of the sample from traces of the metal catalyst is considerable.

Afterwards, new methods of hydrosilylation processes were exploited. Instead of
using metal complexes, the addition of the Si-H bond to the unsaturated C-C bond was
proved to be achieved also at high temperatures (thermal hydrosilylation),’® upon
exposure at UV light,°2 or in the presence of Lewis acids??® or radical initiators.%*

Therefore, all these methods were tested on silicon nanocrystals.*”

Thermal hydrosilylation consists in the homolytic cleavage of the silicon-hydrogen
bond present on the surface of the nanoparticle occurring at temperatures higher than

150 °C. The so-formed silyl radicals react with the unsaturated C-C bond, propagating
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in a chain reaction along the surface of the nanoparticle, in a mechanism accepted also
for bulk silicon.?> This method has been used also by our group for the functionalization
of silicon nanocrystals with chromophores.’4#76.96 The main drawbacks of thermal
hydrosilylation consist in the impossibility to link temperature-labile molecules or
alkenes with low-boiling point, and an oligomerisation of the ligand alkenes on the

surface of the nanoparticle can happen.”9.97
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Figure 1.3.6 - Proposed mechanism for the oligomerisation of alkenes on the surface of
hydride-terminated silicon nanocrystals. Reprinted with permission from reference 97. Copyright
2013, American Chemical Society.

The UV-assisted hydrosilylation involves the formation of the silyl radicals upon
exposure at UV light.?8 It is interesting, because it does not require other reagents but
silicon nanocrystals and the ligands. However, this method does not allow to link
chromophores, which could absorb the light, instead, lowering the efficiency of the
desired hydrosilylation process. Moreover, it is strictly dependent on the size (and
therefore the surface reactivity) of the nanoparticle and requires long reaction times

to occur.7999

Room temperature hydrosilylation can be accomplished also in the presence of
Lewis acid catalysts, among which boranes have been extensively studied by Purkait et
al (Figure 1.3.7).100 The proposed mechanisms for this reaction are reported in Figure
1.3.8. In each case, the electrophilic borane is assumed to react (hydroboration, case A)
or to activate directly (case B) the nucleophilic multiple bond of the ligand;
consequently, the insertion of the Si-H (A) or the interaction with a silyl cation (B)
occurs, forming the Si-C bond. Despite its high reaction yields,100 this strategy is limited

to non-nucleophilic ligands (alcohols and amines could deactivate the borane).”?
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Figure 1.3.7 - Borane-catalysed functionalisation of H-SiNCs to yield alkyl or alkenyl-
passivated SiNCs. Reprinted with permission from reference 190, Copyright 2015, American
Chemical Society.
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Figure 1.3.8 - Proposed mechanisms for the functionalisation of H-SiNCs with alkenes or
alkynes through borane-catalysed hydrosilylation. Reprinted with permission from reference 100,
Copyright 2015, American Chemical Society.

Another interesting room-temperature hydrosilylation was introduced by Korgel
et al.101 In this work, the considered ligands were bi-functional alkenes, in which one
extremity of the molecule is a carboxyl group (carboxylic acid or ester). The carboxyl
moiety acts as a catalyst, activating the overexposed Si-H bond rendering it more
nucleophilic towards the olefin. When in proximity, the electron-deficient C-C double
bond accepts the hydride and facilitates the formation of the silicon-carbon bond (as
shown in Figure 1.3.9). It is worth noting that carboxyl groups with higher resonance
strength are more reactive towards the H-SiNC. Moreover, smaller nanocrystals are
more reactive (due to the higher surface atoms over volume atoms ratio, see Chapter
1.2). Alkenes bearing a carboxylic moiety have also been used in co-presence of other

alkenes in order to ameliorate the chemical yield in thermal hydrosilylations.102
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Figure 1.3.9 - Room temperature hydrosilylation of Silicon Nanocrystals with bifunctional
terminal alkenes. (A) Mechanism of ligand attachment, (B) comparative resonance strength of
the considered alkenes and (C) hydrosilylation yields based on the type of alkene or the size of

the nanocrystal. Adapted with permission from reference 101 Copyright 2013, American

Chemical Society.

A valid alternative to the methods mentioned above is the hydrosilylation assisted
by radical initiators.103 In particular, one kind of initiator that has been widely used
also by our research group104-106 js an amphiphilic aryl diazonium salt called 4-decyl
diazobenzene tetrafluoroborate (4-DDB, Figure 1.3.10).197 The main characteristics

that render this compound particularly interesting are:

a) The lower aggressivity towards the silicon structure compared to other radical
initiators (such as hydrogen peroxide);

b) The presence of tetrafluoroborate as counter anion, which render it less safety
hazardous than halide diazonium salts and stable if stored at -10 °C;

c) The presence of a decyl chain, which enhances the solubility of the salt in apolar
solvents (e.g. toluene), where the most of the reaction on silicon nanoparticles
are performed;

d) The lower oligomerisation yield compared to thermal hydrosilylation.”®
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Figure 1.3.10 - General reaction scheme for radical initiator (4-DDB)-assisted
hydrosilylation of H-SiNCs with 1-dodecene. It is possible to notice that the functionalisation
leads to a good dispersibility in a solvent (photographs below, under ambient or UV light).
Reprinted with permission from reference 17 (John Wiley and Sons).

As for thermal hydrosilylation, this reaction proceeds through a radical chain

mechanism, as reported in Figure 1.3.11.197 [n particular:

1) The diazonium salt oxidizes the surface of the silicon nanoparticles, generating
an aryl radical. The driving force of this process is the release of stable nitrogen
gas;

2) The counter anion of the salt deprotonates the oxidized Si-H, producing a silyl
radical (Figure 1.3.11A);

3) The silyl radical acts as an initiator for the alkene’s chain propagation along the
surface of the nanoparticle: silicon-carbon bonds are formed in this process
(Figure 1.3.11B);

4) The aryl radicals derived from the diazonium salts acts as terminating agents

for the chain reaction.
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Figure 1.3.11 - Mechanism of the diazonium salt-assisted hydrosilylation. Reprinted with
permission from reference 197 (John Wiley and Sons).

Despite its numerous advantages, this method has several important drawbacks:

a) Alcohols, amines and carboxylic acids seem to hamper the hydrosilylation
reaction and cannot be directly linked to silicon nanocrystal’s surface with this
strategy;107

b) Molecules containing conjugated systems, such as chromophores, are neither
tethered specifically (e.g. the radicals distort the conjugated system) nor linked
atall (this issue seems to be overcome if the diazonium salt is replaced by other

radical initiators such as AIBN108),

In order to surmount the problems listed above, a new synthetical strategy has been
associated with the diazonium salt-assisted radical hydrosilylation: it consists in
passivating the surface of H-SiNCs with alkenes bearing chlorosilane moieties (e.g.
chloro(dimethyl)vinylsilane).19? This reaction leads to chlorosilane-passivated silicon
nanocrystals, i.e. silicon nanocrystals possessing an organic electrophilic shell. The
passivation allows the SiNCs to be stable in anhydrous degassed solvent and permits a
new reaction (called post-functionalisation) with nucleophilic reagents (e.g. alcohols,

silanols, organolithium compounds, et cetera, see Figure 1.3.12).
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Figure 1.3.12 - Passivation of H-SiNCs with chloro(dimethyl)vinyl silane in the presence of
diazonium salts and post-functionalisation with (A) alcohols and silanols or (B) organolithium
reagents. Reprinted from reference 199 with permission from the Royal Society of Chemistry.
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In this way, our group was able to functionalise silicon nanocrystals with
chromophores1% or amines.1%> Those procedures have been developed during my PhD
studies and the relative discussions will be treated in the Results and Discussion and

Experimental Sections of this thesis.

1.3.2. Photophysical properties of silicon nanocrystals

With few exceptions, which will be considered in a following paragraph (1.3.2.1),
the photophysical properties of silicon nanocrystals are determined by the nature of
the semiconductor’s band gap. As reported in Paragraph 1.1.2, silicon is characterised
by an indirect band gap, which influences the radiative transitions. Because of the
difference in the momentum of the crystal lattice, the migration of an electron from a
band to the other must involve the absorption (if the electron migrate from the VB to
the CB) or the emission (vice versa from the CB to the VB) of a photon of energy at least
equal to the band gap accompanied by the absorption or emission of a phonon. In other
words, an overall rearrangement of the crystal lattice must occur in order to promote
the electron or relax the exciton radiatively (see Figure 1.1.2). This renders the
radiative transitions (both in absorption and in emission) less probable to occur with

respect to direct band gap semiconductors.>3

The scarce absorption qualities of silicon are also evident in bulk silicon for
applications in which the interaction with light is required (e.g. solar cells): in order to
remedy the problem, more thick (or numerous) layers of material are used to

ameliorate the absorption.

In silicon nanocrystals, the molar absorption coefficient is lower than conventional

direct band gap semiconducting nanoparticles. In particular, it is not visible the peak
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relative to the band edge transition (compare with Figure 1.2.3) and the absorption
spectrum appears as a continuous curve lacking in inflection point with negative first
derivative (i.e. decreasing with the wavelength) and positive second derivative

(concave upwards).5373

In Figure 1.3.13 the absorption spectra of silicon nanocrystals with diameter of 3
(green line), 4 (orange line) and 5 nm (red line) are reported. As stated in Chapter 1.2,
the spectra are size-dependent: larger nanocrystals are associated to smaller band
gaps, and the resulting absorption spectrum appears red-shifted. Moreover, as
anticipated in the previous chapter, lower wavelengths are associated to higher
absorbances: this is due to the increased number of degenerative states that lie in the

inner of the bands and that are involved in the transitions with more energetic photons.
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Figure 1.3.13 - Absorption spectra of dodecyl-passivated SiNCs with core diameter of 3
(green line), 4 (orange line) and 5 (red line) nm in distilled air-equilibrated toluene.

Despite the quantum confinement effect ameliorate the emissive properties of
silicon if compared to the bulk semiconductor,110 emission quantum yield (PLQY) and
luminescence lifetimes (tem) are undoubtedly affected by indirect band gap. The PLQY
is lower with respect to direct-band gap semiconductors (the mean value reported in
this study is 20% for 4 nm sized SiNCs, while core-shell cadmium-based QDs reach
values even superior to 60%)’, while the emission lifetimes are far longer (tens or
hundreds of microseconds compared to tens of nanoseconds of conventional quantum

dots’ lifetimes).53 Moreover, both PLQY and emission lifetime values increase with the
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size of the nanoparticle, suggesting that non-radiative recombinations are less

dominant in larger SiNCs.111.112

Regarding the photoluminescence spectrum, the emission wavelength spans the
orange to near-infrared spectral range accordingly with the size of the nanoparticle
(from about 2 nm to 12 nm), as shown in Figure 1.3.14.73 As it is possible to notice
(comparing with Figure 1.2.3), the emission profile appears broader than direct-band
gap quantum dots’ ones. This is probably due to an effect of the temperatures that
enhances vibrations in the particle, resulting in structures with different crystal lattice

momentum in the emission process.113

Another factor that seems to affect the emissive properties of SiNCs is the
crystallinity of the sample.114 Despite the structure of the lattice has been described as
diamond-like cubic, it is noteworthy knowing that amorphous zones are still
present.115 Recent studies have shown that nanoparticles with same core size, but
different amount of crystalline phase show different emissions, as they were

characterised by different sizes.116
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Figure 1.3.14 - Photoluminescence excitation spectra (dashed lines, measured at emission
maximum) and emission spectra (solid lines, recorded at 420 nm) of alkyl-passivated silicon
nanocrystals of different dimensions dispersed in toluene. Reprinted with permission from
reference 73. Copyright 2012, American Chemical Society.
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Despite the efforts of the scientific community, however, the origin of the typical

long-lived photoluminescence of silicon nanocrystals is still debated.

1.3.2.1.  EMA theory and defected emission in Silicon Nanocrystals

The photophysical properties described so far are closely associated with silicon
nanocrystals with size superior to 2 nm (usually synthesized at high temperature
through thermal decomposition of silicon-rich oxides or plasma-assisted methods, see
Paragraph 1.3.1) with a carbon functionalisation of the surface. For this kind of SiNCs,
the emission is strictly dependent on the band gap (i.e. on the size of the nanoparticle
in absence of defects). In other terms, this emission follows the effective mass
approximation (EMA), which allows to correlate the quantum confined band gap with

the size of the quantum dot:

Rr2(1 1)\ 17862
E(d) = E, + -

— =+
2d? \m; my €-d

where Eg is the band gap energy of the bulk semiconductor (1.1 eV in cubic silicon),
e is the electron charge, €r is the relative permittivity of Si (11.68), d the diameter of the
nanoparticle and me*and ms* are the effective masses of the conduction band electrons

and valence band holes.

In the case of (1) nanocrystals synthesized by low-temperature (< 150 °C) methods,
(2) smaller nanoparticles or (3) quantum dots characterised by defects on the surface,
a new photoluminescence that deviates from the behaviour provided by the EMA

arises.53.58

Figure 1.3.15 collects the peak photoluminescence energy for silicon nanocrystals
synthesized at high temperature (red symbols) and with low-temperature procedures
(such as reduction of metal silicides and oxidation of silicon halides, see Paragraph
1.3.1, blue symbols) by several research groups.>373 It is possible to notice that only the

latter behave as expected from EMA calculations (black line).

31



Kauzlarich, 1999, JACS
Kauziarich, 2003, Chem. Mat
Donhalova, 2012, Small
Tilley 2005 Chem. Comm
Titey, 2009, Z. Phys. Chem
Zuilhof, 2008, Small
Kauziarich, 2008, JACS
Kortshagen, 2008, AP
Holmes, 2011, Nanoletters

R<40900D04q90

90

Nozik, 2007, Nancletters
Kiimov, 2008, PRL

Peak PL Energy (eV) &
N

0
3t o
A Jia, 2015 RSC Adv
O Hobbie, 2017, Acs Nano
® Korgel, 2012, Chem. Mat
2 - v Ozin, 2015, Adv. Mater
— Effective Mass Approximation
v
S &3 :
1 " M i " i

0 2 4 6 8 10 12
Diameter (nm)

Figure 1.3.15 - PL peak emission versus the diameter of alkyl-functionalised SiNCs prepared
by low temperature methods: Mg:Si reduction®8117118 (empty blue symbols), SiCly
reduction89119.120 (solid blue symbols) and NaSi reaction with ammonium bromide'?! (light blue
symbols) compared to SiNCs prepared by a plasma-assisted reaction22-127 (empty red symbols)
and by high temperature nucleation?3128 (solid red symbols). The black line corresponds to the
equation reported above. Reprinted from reference 53 with permission of the Royal Society of
Chemistry.

The former nanoparticles are characterised by a short-lived (on the nanosecond
range) less bright (PLQY inferior than 20%) blue emission which is not dependent on

the size of the quantum dot.>3

A similar behaviour occurs for silicon nanocrystals smaller than 1.9 nm. In a recent
study,>? the photophysical properties of different sized silicon nanoparticles obtained
by thermal decomposition of silicon-rich oxide and different etching times have been
compared. It is shown that smaller nanoparticles display a blue-shifted short-lived
(hundreds of picoseconds) luminescence instead of the orange-to-near infrared long-
lived emission. According to the authors, this is probably associated to a different
electronic structure: beneath 1.9 nm, silicon quantum dots would be characterised by
molecule-like energy states rather than the typical electronic structure of an indirect-

band gap semiconductor. This should explain their diverse photophysical behaviour.

More interesting influences on the photoluminescence of silicon nanocrystals are
consequences of the direct interaction of the silicon crystal lattice with heteroatoms

such as halogens, oxygen and nitrogen.>3

32



The presence of chlorine, bromine or iodine on the surface of the quantum dot is
responsible for the complete quenching of the luminescence.8> However, if the halogen

is substituted with an alkyl chain, the emissive properties are partially restored.

The effects of the presence of oxygen atoms (i.e. the oxidation of the surface of the
nanoparticle) have been extensively debated. According to several researchers,110.129
this presence is fundamental for the rising of the long-lived luminescence. In other
studies,’30 it is reported that the oxidation of the surface produces a trap state which
causes a slight blue-shifted emission (contrary to what happens for conventional
quantum dots, see Paragraph 1.2), even maintaining long emission lifetimes (in the
microsecond range) with high photoluminescence quantum yields. It has been noticed
that this change in the photophysics occurs®3 if the surface is not well-passivated
(therefore the oxygen can react with the defects, yielding Si-O single or double bonds),
if the nanoparticle is stored in air-equilibrated solutions192105 or in the presence of

alcohols!31 or carboxylic acids.132

Furthermore, many SiNCs researchers’ interests are focussed on the
functionalisation of silicon nanocrystals with nitrogen-based ligands. It seems that the
interaction between even traces of nitrogen atoms and the silicon crystal lattice creates
a charge-transfer state which is responsible for a short-lived blue emission dependent
on the excitation wavelength.130.133,134 [t has been noticed that this photoluminescence
(also called F-band) can either co-exist with the long-lived red one (S-band)131.135136 or
suppress it.133137 Because of several exceptions, in which nitrogen-containing ligands
functionalised silicon nanocrystals or SiNCs exposed to nitrogen-containing reactive
compounds display red long-lived emission,’6.105.138.139 the origin of this behaviour is

still debated.

Figure 1.3.16 collects the emissive mechanisms proposed by Veinot!30 for alkyl-
passivated silicon nanocrystals (in which the emission is due to the core), silicon
nanocrystals with oxidized surface (which involves a trap state for the electron at high
energies) and nitrogen containing silicon nanocrystals (where the emission is due to
the exciton recombination which entirely occurs at a surface charge-transfer state

laying at higher energies than the bang gap).
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During my PhD studies, functionalisation strategies with amines or carboxylic acids
have been developed in order to maintain the typical core emission. The results and

discussions will be addressed in a following chapter.
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Figure 1.3.16 - Proposed emission mechanisms for SiNCs bearing oxygen or nitrogen
impurities. Reprinted with permission from reference 130. Copyright 2017, American Chemical
Society.

1.3.2.2.  Photophysical properties of chromophore-functionalised silicon
nanocrystals
As stated in the previous paragraphs, the main disadvantage of silicon nanocrystals
is correlated to their scarce absorption properties, especially in the range spanning
green to near-infrared light. As a consequence, the brightness, defined as the product
between the molar absorption coefficient (at the excitation wavelength) and the
emission quantum yield of the sensitised system, is limited. Therefore, the photon
required to create the exciton is far more energetic than the emitted one. In other
words, in order to achieve a reasonable emissive signal, highly energetic excitation

light must be employed.

In order to enhance the absorption of SiNCs, the surface of the quantum dot can be
decorated with chromophores. More chromophores are linked, higher the absorption

at the correlated wavelengths is (for the additive property of absorbance). If the fate of
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the excited state of the chromophore is the energy transfer to the silicon core, a light-

harvesting antenna is produced.>3

Despite this approach is quite interesting for ameliorating the optical properties
and therefore the applications (and as it will be discussed in a following paragraph),

only few research groups have realized such systems.140

For instance, our group at first studied the properties of pyrene-functionalised
silicon nanocrystals.”’+7> The organic chromophore was introduced via a thermal
hydrosilylation = reaction as  1-(allyloxy)methylpyrene or  1-((undec-10-
enyloxy)methyl)pyrene (Figure 1.3.17) in co-presence of 1-dodecene.

H H R
Nsi—0—S8i H R R = CgHy7
Si—0=8 R ;
H /O/Z!l ,(Lr!; (i) 1100/1200°C HOLH 170°C ‘LLSPF‘
s —O'I‘SI/ | > - s' —H > AN/ si /\/\R
(1)"_.5,_('30._,:,‘_H (#) HF/HCI H \H Z"CyHyz R X
l/(; s!./o 4 A A 5r'§ \Q /=
W ool oty / 2N U \
usa " / S 4 S NCRC )P
s iNC(C3)Py
170 9-” PN"CHyy
/ +
/
/LX) o
a9s
R
R § R R = CgH,
R\/}Sl AR
A é\ﬂ"f\o
" &

Figure 1.3.17 - General preparation scheme of pyrene-functionalised silicon nanocrystals.
Adapted with permission from reference 5. Copyright 2015, American Chemical Society.

The so-obtained silicon nanocrystals with an average diameter core of 3 nm
displayed an absorption spectrum which is the superimposition of the absorption
profile of the inner silicon nanocrystals and the spectrum of the pyrene moieties
(Figure 1.3.18b). This means that no interaction between the organic shell and the

inorganic core occurs at the ground state.
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Figure 1.3.18 - (a) Schematic representation of the light-harvesting antenna based on
pyrene chromophores attached to SiNCs with an average diameter of 3 nm. (b) Absorption
spectra of 3 nm-SiNCs capped with dodecyl ligands (blue) or pyrene and dodecyl ligands (red
line), and pyrene model compound (black dotted line) in air-equilibrated toluene. (c) Emission
spectra of SiNCs schematically presented in panel (a) (solid red line) and optically matched
solutions of free pyrene (dotted black line) in air-equilibrated toluene. Aexc = 345 nm.53.74
Reprinted from reference 53 with permission of the Royal Society of Chemistry. Adapted with
permission from reference 7*. Copyright 2014, American Chemical Society.

Regarding the emission spectrum (Figure 1.3.18c), it is possible to distinguish the
photoluminescence of the silicon core centred at about 700 nm and the quenched
emission of pyrene at 396 nm. Lifetime measurements and excitation spectra can
confirm the formation of a light-harvesting system: exciting the pyrene-moieties, the
absorbed energy is funnelled to the silicon core with an efficiency superior to 95% (as
it is schematised in Figure 1.3.18a). Silicon, therefore, performs a brighter sensitised

emission.

Another case of silicon nanocrystal-based light harvesting antenna studied by our
group consists in Zn(II)tetraphenylporphyrin-functionalised 5 nm sized-quantum
dots.”6 The absorption bands in visible range of the complex are added to the silicon
core’s profile and the emission consists in two bands: one (centred at about 650 nm) is
due to the quenched porphyrin, the other (~ 1000 nm) to the sensitised inorganic core

(Figure 1.3.19).
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Figure 1.3.19 - Absorption spectra (solid lines) of 5 nm SiNCs functionalised with a
Zn(ll)tetraphenylporphyrin (red line) and 5 nm alkyl-capped SiNC (blue line) in toluene.
Emission spectra (dashed lines) of the porphyrin functionalised SiNCs (red line) in air-
equilibrated toluene at room temperature. For comparison purposes, the emission spectrum
(green line) of a mixture of alkyl-passivated SiNCs and the detached porphyrin in the correct
ratio to match the absorption spectrum of the hybrid system is reported. Aexc = 427 nm.
Reproduced from reference 76 with the permission of the Royal Society of Chemistry.

Because of the more limited absorption in the orange-to-near infrared spectral
range, many efforts have been addressed to the development of hybrid organic-
inorganic silicon nanocrystals in which the chromophore could provide the absorption
of photons with an energy inferior to 2.5 eV. An example of these systems are the SiNCs
functionalised  with  4,7-di(2-thienyl)-2,1,3-benzothiadiazole.”® This organic
chromophore can absorb light at 480 nm and transfer the energy to the emitting silicon.
Moreover, it exhibits also a good two-photon absorption (2PA) cross section with band
maxima at 730 and 960 nm, as measured by recording its fluorescence in toluene
solution upon excitation with a continuous train of femtosecond pulses from a tuneable
Ti:sapphire laser oscillator. While the two-photon absorption cross section of SiNCs is
rather poor, upon excitation of the benzothiadiazole moieties at 960 nm a sensitised
anti-Stokes luminescence of the silicon core in the NIR spectral region is observed

(Figure 1.3.20).53.96
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Figure 1.3.20 - Schematic representation of 4,7-di(2-thienyl)-2,1,3-benzothiadiazole
functionalised silicon quantum dots where the organic chromophore is either excited by one
photon at 480 nm or two simultaneous photons at 960 nm and the energy transfer occurs
resulting in a sensitised emission of the silicon core at 900 nm. Reproduced with permission from
reference 9% (Elsevier).

Other recent examples of light-harvesting systems are based on SiNCs linked to
perylene and BODIPY, where the functionalisation is microwave-assisted.141
Conversely, a different situation is offered by anthracene tethered to SiNCs,142 in which
the energy transfer occurs in the opposite way. In this study, the excited state of the
organic chromophore is able to generate the triplet excited state of freestanding
diphenylanthracene molecules. The triplet-triplet annihilation of the latter results in a

delayed fluorescence (Figure 1.3.21).

Figure 1.3.21 - General mechanism for the sensitization of diphenylanthracene through
excitation of silicon nanocrystals functionalised with anthracene. Reprinted with permission
from reference 142 (Springer Nature).
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During my PhD project, new synthetical strategies and new chromophores were
tested to produce light-harvesting antennae based on hybrid silicon nanocrystals. The

results and discussions will be addressed to a following chapter.

1.3.3. Electrochemistry and electrochemiluminescence of silicon
nanocrystals

Electrochemiluminescence (ECL) is defined as the generation of light by electron
transfer between species generated electrochemically.143144 It is an electrogenerated
chemiluminescence which has been extensively studied for sensing, in vitro diagnosis
and light-emitting devices14>. Thanks to the absence of excitation light, ECL owns
unique properties such as very low background and high sensitivity. In particular, it
has been a great success in the biosensor fields, thanks to the unique signal-to-noise
ratio also in real and very complex matrixes. One of the main mechanisms of ECL
involves a coreactant. It is known, for instance, that tripropylamine (TrPA) can act as
coreactant in the presence of [Ru(bpy)]4*.14¢ The radical species formed when subject
to oxidation (TrPA-) can reduce [Ru(bpy)]3* generated at the anode, leading to the
excited state of the complex, which emits. This technique is useful for sensing
applications:147 for instance, if the coreactant is a target molecule, the application of the

potential generates an ECL signal which is dependent on its concentration.148

In addition to metal complexes, aromatic compounds, such as rubrene, anthracene
and diphenylanthracenel4%, carbon dots,'® polymer dots,'®  dye-doped

nanoparticles.!>%1%3

or quantum  dots!44154  are known to  produce
electrochemiluminescence. In particular, nanomaterials are very attractive for these
applications due to (i) the efficiency of electron transfer process'>® and (ii) the number of
ECL dyes or the ECL efficiency for recognition event.'*”:1> For instance, Cao et al. recently
showed the advantages of core/shell cadmium-based quantum dots over conventional

emitters, including an enhancement in ECL efficiency and the size-dependent emission.'>’

Among them, silicon nanocrystals were the first quantum dots studied for ECL.>*

Firstly, Bard et al. analysed the electrochemical properties of different-sized silicon
nanocrystals dispersed in N,N-dimethylformamide and acetonitrile. Cyclic (CV) and
differential pulse voltammetry (DPV) showed discrete steps associated to single-
electron charging, which is similar to the Coulomb blockade phenomenon observed for

metal nanoparticles.1>8 Briefly, for metal nanoparticles, the addition of electrons is
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quantized and occurs at specific potentials that allow to overcome the Coulombic

repulsion with the already introduced charges.

Moreover, the DPV (Figure 1.3.22) shows a large central gap between the onset of
oxidation and reduction, characteristic of the energy difference between the highest
occupied and lowest unoccupied molecular orbitals. It is worth noting that a study from
our groupl>? treated the valence and the conduction band positions, based on the
analysis, within the Marcus theory, of the rate constants of photoinduced electron
transfer processes with electron donors (ferrocene derivatives) and electron acceptors
(quinone derivatives). Interestingly, this study highlights that the rate constants seem
to be influenced by the reduction potential of the quenchers, the size of the
nanoparticle, the solvent polarity, but not by the surface capping layer of the SiNCs,

suggesting that quencher molecules can penetrate within the protecting layer.53.159

A
o071 0
065 1.36
092 027
-1.18 0.26
135 0.17
-1.81 0.28
A48T 026 |
| e=—vv-> 217 0.3
243 0.26

E (vs. Ag QRE)

Figure 1.3.22 - Differential pulse voltammogram for SiNCs with a diameter of 1.7 nm in 0.1

M tetrahexylammonium perchlorate DMF solution. 1 is the current, E the potential, on the right

side are reported E,, the current peak potential, and A E,, the potential difference between two
consecutive peaks. From reference 5*. Reprinted with permission from AAAS.

Therefore, in their work>* Bard and co-workers reported the
electrochemiluminescence of SiNCs, discovering that two main mechanisms can be

responsible of it: annihilation or the presence of coreactant.
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Annihilation mechanism occurs when the same species (in this case, SiNCs) are
subject to potential cycling between oxidizing and reducing potentials. In this case,
both oxidised (SiNCs*) and reduced (SiNCs~) nanoparticles are formed in the medium.
The overall energetic situation is higher than the energy of the exciton. Therefore, an

electron transfer between the two species generated at the electrodes can result in the

formation of an excited nanoparticle (*SiNC) which emits:

SINC + e- — SINC~

SINC - e- - SINC*

SiNC~ + SiNC+* — *SiNC + SiNC

*SiNC - SiNC + hv

at the cathode
at the anode
electron-transfer reaction

electrochemigenerated luminescence

The ECL mechanism requires only one type of potential at the working electrode

(oxidizing or reducing) in the presence of coreactants. In particular, Bard observed that

oxalate (C2042-) and persulfate (S20s8%") can act as coreactants for SiNCs at positive and

negative potentials respectively,

generating reducing and oxidising species

correspondingly. The mechanisms are reported below.

For oxalate assisted ECL:
SiNC - e- - SiNC*+

C2042--e- > CO2 + CO2-

unstable)
SINC* + COz" — *SiNC + CO2
*SINC — SiNC + hv
For persulfate assisted ECL:
SiNC + e~ — SiNC~

S20382- + e- > S042- + S04

unstable)
SINC- + S04~ — *SiNC + S04

*GiNC — SiNC + hv
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In each case, an emission at higher wavelength with respect to the
photoluminescence (640 nm versus 420 nm) is observed. This is probably because
photoluminescence is a core phenomenon, while ECL is attributed to hole-electron
recombination processes occurring on the surface, therefore generating a different
emission (as Figure 1.3.23 shows). Interestingly, the reported ECL was not size-

dependent, unlike other electrochemiluminescent quantum dots.157

Energy

LT

Surface

COz~

Figure 1.3.23 - Schematic representation of the mechanisms for oxalate assisted ECL and
photoluminescence (PL) of SiNCs. The emitting states are different: the core is responsible for
the PL, while surface states for the ECL. From reference 5*. Reprinted with permission from
AAAS.

Despite the rising interest for sensing applications,*853.160-162 the ECL of silicon
nanocrystals was investigated only in few studies163.164, The behaviour of chromophore

functionalised SiNCs was examined during my research period.16>
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1.4. Applications of Silicon Nanocrystals

Due to the properties of the composing element, their unique optical features and
the possibility to functionalise them with different types of molecules through stable
covalent bond, silicon nanocrystals have been considered interesting materials for
different applications.#7>3 Among them it is worthy to recall photovoltaic systems,166-
168 jn which silicon nanoparticles act as the active material responsible for the
absorption of light, the charge separation and their injection in a conductive circuit
(conversion of light in electric energy). Some solar cells take also advantage of the
multiple exciton generation: if a photon of energy equal or superior to 2 times the
energy band gap, two excitons can be formed, thus increasing the efficiency of the
cell.123,169,170 Moreover, silicon quantum dots have also been exploited for the opposite
process, i.e. the conversion of electric energy to light, in light-emitting diode devices
(LEDs)19171172 or lasers.173-175 QOther interesting applications were proposed, for

instance catalysis, 21176177 sensing160-162,178 and quantum computing.179.180

Anyway, this chapter will focus mostly on two kinds of applications: luminescent
solar concentrators and bioimaging which were the main purposes of the SiNCs

synthesized during my PhD programme.

1.4.1. Luminescent solar concentrators

The first time luminescent solar concentrators (LSCs) were proposed was in the
Seventies.181-183 The aim was to suggest a cheaper alternative to traditional solar
panels. LSCs consist in luminophores that are embedded in a thin sheet of a material
characterised by a high refractive index, such as poly(methylmethacrylate) or glass.
The luminophore should absorb efficiently the solar light and emit it at wavelengths at
which conventional photovoltaic cells are characterised by high efficiency of power
conversion. Due to the particular structure and optical properties of the host sheet,
which acts as a waveguide, the emitted light undergoes a total internal reflection and
is directed mostly towards the edges of the layer, instead of the faces (as shown in

Figure 1.4.1).

43



Excitation light

Photovoltaic Cell

® Emitted scattered light

® Luminophores

Luminescent solar concentrator

Figure 1.4.1 - General scheme of a luminescent solar concentrator.

If small area, band gap matched, and highly efficient conventional photovoltaic cells
are put in contact with the borders of the LSC, the directed emitted light can be
collected and converted into electricity. The main idea is that the LSCs could be

installed in buildings’ facades acting as solar harvesting window.184-187

Among the typical luminophores, silicon nanocrystals seem to be suitable for the
purpose, because of their apparent large Stokes Shift due to the indirect band gap of
silicon (see Paragraph 1.3.2 for further details). This fact permits to avoid the re-
absorption of the emitted photons typical of organic fluorophores, which lowers the
efficiency of the LSC188 and allows to maintain an uncoloured device (which is useful, if

the aim is to obtain a window).

Therefore, many studies focussed on LSCs made of SiNCs.189-191 Amid them, also our
group exploited this application, and the synthesis of the nanocrystals was developed

and ameliorated during my research.106

1.4.2. Biomedical applications and bioimaging
Before proceeding with the writing of this thesis, I feel obliged to dedicate part of
this introduction to nanomedicine, being a PhD candidate in Nanoscience for Medicine

and the Environment myself.

“Nanomedicine” can be defined as the application of nanotechnology to
medicine.192 It aims to use the properties, physical and chemical characteristics of
nanomaterials for the diagnosis and treatment of diseases at the molecular level.193
With respect to conventional medicine that takes advantage of low molecular weights
agents, nanomedicine shows undoubted benefits.19¢ First of all, nanoparticles can be

used as carriers for contrast agents or pharmaceutical molecules, protecting the
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payload from premature clearance, enzymatic degradation, and/or exposure to
potentially harmful physiological conditions. Moreover, due to the possibility to
functionalise their surface with specific markers, nanoparticles can improve the
biodistribution and target site accumulation of drugs and imaging agents, enhancing
the in vivo efficacy of diagnostic and therapeutic interventions and reducing the
incidence and intensity of side effects.195196 Furthermore, nanoparticles, if properly
engineered, can overcome the typical biological barriers (e.g. the reticulo-endothelial
system, i.e. the cells belonging to the immune system of the patient, or the blood-brain
barrier) which are known to hinder the efficacy of several pharmaceutical molecules
or contrast agents. Nanomedicine is also believed to ameliorate the existing techniques,
because it allows to combine diagnostic techniques either with other ones (i.e. multi-
modal imaging) or with therapeutic ones (theranostics). What renders this science so
interesting is its interdisciplinarity: engineers, physicists, chemists, biochemists,

biologists, clinicians, and toxicologists work together sharing their knowledge.

Regarding the diagnostic techniques, nanoparticles, and in particular quantum
dots, due to their appropriate optical properties, have been investigated for biosensing

and bioimaging.25197.198

Bioimaging is defined as the ensemble of techniques used to acquire, process and
visualize structural or functional images of living objects or systems.1° It can operate
on cell lines (in vitro) or in a body (in vivo). Several well-known bioimaging techniques
are magnetic resonance imaging (MRI), positron emission tomography (PET),
computed tomography (CT), ultrasound (US), optical imaging (OI), et cetera. In OI, the
light is the investigational tool; luminescence imaging is a particular type of Ol in which
the emitted light from a contrast agent present in a tissue or organ is detected in order
to accomplish the diagnosis.200-203 Therefore, it is understandable why quantum dots
have been proposed as devices for optical imaging: their colour-tuneable emission and
photostability renders them optimal contrast agents. However, as stated previously,

many concerns are rising due to their toxicity.

Silicon nanocrystals seem to be a valid alternative to conventional quantum dots
for biomedical applications.204-208° Many studies have been addressed on the
harmfulness and pharmacokinetics of SiNCs both in vitro and in vivo. Besides there is

no universal agreement on this topic, SiNCs are assumed to be essentially a
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biocompatible and biodegradable material.#857.209210 Those assessments should be
carried out considering also several factors, including (i) the size, (ii) the
functionalisation of the nanocrystal and (iii) its colloidal stability in a biological

environment.

Concerning the dimensions, nanoparticles with a lower hydrodynamic volume are
preferred for the renal excretion, due to the filtration-size threshold in kidneys.211
However, it is also well-known that usually smaller nanoparticles (e.g. silica or gold
nanoparticles) are considered to be more toxic towards certain cells, probably because
of the high surface over volume atoms ratio (see Chapter 1.2) which overexposes more

reactive surface sites.212-214

Additionally, the functionalisation of the surface plays a key role on the cytotoxicity:
amine functionalised SiNCs are shown to be less toxic than epoxy-terminated ones with
respect to hepatoma cells,215 but more toxic than carboxylic acid or dextran
functionalised nanoparticles on rat or human cells.216 This clearly means that every
SiNCs batch studied for biomedical applications exhibits different behaviours towards
cells and tissues and an investigation on the cytotoxicity should be performed in any

case.

Obviously, a necessary requirement for in vivo applications is the dispersibility of
silicon nanocrystals in aqueous solutions. To accomplish this, silicon nanocrystals have
been encapsulated within water-soluble carriers (e.g. micelles or amphiphilic
polymers).206.217 The main issue of this approach is the formation of nanoaggregates
with sizes that can exceed the renal excretion filter. Based on the possibility to
functionalise silicon nanocrystals through covalent bonds (see Paragraph 1.3.1),
different polar groups have been grafted onto the surface of the nanoparticles.
Poly(ethylene glycol),102104132218 poly(acrylic) acid,219220 carboxylic acids,101,221,222
sugars223.224 and amines105225 were tethered for this purpose, but in some cases

damaging the optical properties.

On that note, the less harmfulness than cadmium-containing QDs is undoubted: in a
study,2%6 researchers compared the behaviour in vitro of Cd based quantum dots

encapsulated in polymer micelles and Si nanostructures with similar surface
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composition. The experiments showed a 50% cell viability (IC50) equal to 20 and 11
ug/mL for CdTe and CdHgTe, respectively, but superior to 500 pg/mL for SiNCs.

Also clearance of silicon nanocrystals is still debated: SiNCs are assumed to act as silica
nanoparticles, being degraded into silicic acid and excreted rapidly through renal
filtration.226 However, other studies shows an accumulation of silicon nanocrystals in

liver.104

The photophysical properties of silicon nanocrystals are very suitable for
luminescence bioimaging.#853 Silicon nanocrystals are indeed characterised by a high
photostability, an emission that spans the red to near infrared spectral range
(therefore, the photons that most penetrate biological tissues, as seen in Figure 1.4.2),
high emission quantum yields and long emission lifetimes (up to hundreds of
microseconds) which are not effectively affected by dioxygen (see Paragraph 1.3.2 for

further details).
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Figure 1.4.2 - Absorption profile of water and haemoglobin. The lesser absorption occurs in
the red/near infrared window (in particular, approximately between 650 and 900 nm).
Reprinted from the reference 227 with permission of the Royal Society of Chemistry.

This last characteristic has been extensively investigated for the enhancement of
the signal to noise ratio of in vitro and in vivo bioimaging techniques thanks to the time-
gated detection. It consists in delaying the detection of the emitted light from the
sample, so that the short-lived emitting components of the biological matrix (the so-
called autofluorescence) are not emitting anymore, while the luminescence of the long-
lived components (SiNCs) is still present. In other words, the recorded light will be due

mostly to the silicon nanocrystals, as explained by Figure 1.4.3.
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Figure 1.4.3 - Comparison between steady state (or continuous) detection and time-gated
detection. A continuous detection from the excitation pulse at time = 0 includes the emission of
short-living components (whose decay in time is represented by the solid blue line) and long-
living ones (red line). A delayed detection is clean from the first ones.

It is a technique already used for lanthanide nanoparticles?28-230 and it has been
assessed also for nanoaggregates of silicon nanocrystals for sentinel lymph node
mapping?% or cancer cells?31, porous silicon and other large silicon-based
materials.231-233 The application of small silicon nanocrystals for time-gated detection

luminescence bioimaging in vivo and ex vivo was firstly reported by us.104

A particular technique which applies the principles of luminescence bioimaging to
the therapy and for which SiNCs have been studied during my project is the

fluorescence-guided surgery.

1.4.2.1.  Fluorescence-guided surgery

Cancer is one of the leading causes of death worldwide. Only in 2016, in the USA,
1.6 million tumour cases and about 600,000 deaths were reported.23* Besides
chemotherapy and radiotherapy, oncologic surgery represents one of the current best
operative options. The success of the operative surgery is based on the accurate
removal of cancer tissue while preserving healthy tissue:23> if the resection leaves
some cancer tissue (positive margins), a recurrence of the tumour can occur,21 as if
some healthy tissue was removed (blood vessels, nerves...), this could lead to serious

complications.236
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The current bioimaging techniques, such as MRI or CT, despite allowing the
physician to precisely screen the patient and identify or localize the cancer, do not
allow a specific differentiation on tissues nor a real-time imaging during the surgery:
the operation should be interrupted and the patient subject to diagnostic techniques.

These modalities are expensive in time and money.234

Fluorescence (or light) guided surgery (LGS) takes advantage of the light emitted by
fluorophores previously injected and targeting tumours to obtain a real-time
visualization of the considered tissue.237 In other words, a fluorophore is injected, it
proceeds towards the tissue, the surgeon excites it with a laser and receives the emitted
light which guides the operation. LGS is used also to assess the vascular flow in grafted

tissues and for sentinel lymph node removal.238-240

So far, many IR emitters have been employed as contrast agents for LGS. This choice
is due to the reduced scattering of excitation light, minimal absorption and negligible
autofluorescence by tissues, affording a higher signal to noise ratio and image contrast.
One of the most used molecules is indocyanine green (ICG, Figure 1.4.4),237241,242 gn
oligo-methylene chromophore emitting in NIR spectral range. It is worth noting that
the surgeon must possess camera systems and detectors which are sensitive to these

photons and convert them in visible light.
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Figure 1.4.4 — Indocyanine green (ICG).
Other investigated systems are NIR-II emitters200.243.244 (NIR-II is defined as the

spectral range included between 1000 and 1700 nm) or lanthanide nanoparticles

absorbing in NIR spectral window.245-247

Nanoparticles, in particular, have reached increasingly attention due to the
possibility to target a specific tissue. They can be headed to a tumour due to EPR effect

(enhanced-permeation and retention) or active targeting.248
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EPR effect is the basis of the passive targeting of nanoparticles on tumours. Due to their
high metabolic activity, tumours usually generate blood vessels that drain the nutrition
from the vascular system of the host, in a process called angiogenesis. The newly
generated vessels are leaky, so that the drainage can be more efficient. In this way, the
circulating agents, among which the nanoparticles, can extravasate more easily in the

tumour.249

Contrary, the active targeting is based on the recognition between the nanocrystal and
the tumour. This is usually achieved functionalising the surface of the nanoparticle

with a receptor able to tag and link biomarker overexpressed in tumour cells.

This technique has been implemented with robotic surgery (Da Vinci System®,
Intuitive Surgical Inc.), using mechanical systems characterised by lasers as excitation
source, cameras for the detection and operative tools equipped in robotic arms driven

by a remote-controlled laparoscopic operation.
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1.5. Copper Indium Sulphide (CIS) Quantum Dots: an overview

During the period I spent at the university of Leeds, and precisely at Molecular and
Nanoscale Physics Laboratory under the supervision of Dr. Kevin Critchley, I got in
contact with other quantum dots whose properties and applications are under study

in the group [ was hosted in.

Copper indium disulphide quantum dots (CulnSz or CIS QDs) are ternary I-11I-VIz
semiconducting nanoparticles which have been intensively investigated since 00s as a
non-toxic and bright alternative to cadmium and lead based quantum dots.250-252 The
direct nature of their band gap allows to reach higher molar absorption coefficients
and emission quantum yields with respect to indirect band gap SiNCs,%53 although
several optical properties closely match silicon nanocrystals’ ones, such as long
emission lifetimes and an emission that covers the biological window characterised by

a large Stokes shift.254-257

In this chapter, [ will briefly consider some aspects regarding the crystallography,
the synthesis, the photophysical and electrochemical properties and several
applications. Part of this chapter has been reproduced or adapted from reference 227

with permission of the Royal Society of Chemistry.

1.5.1. Crystallography of CIS QDs

There are several differences between the crystallographic structures of bulk CIS
and CIS QDs. Firstly, bulk copper indium sulphide, at room temperature crystallizes
only in the tetragonal structure of chalcopyrite (CP, CuFeS2), in which the cations
occupy ordered positions. At higher temperatures, a random distribution of In3+ and
Cu* is more likely to occur and the stoichiometry of the compound becomes more
flexible. Therefore, at 980 °C, CIS can achieve a zinc blende (ZB)-like structure, which
is similar to CP one, but with a random swap of the cations, and at 1045 °C, an
hexagonal wurtzite (WZ)-like structure.?’8 The -crystallographic structures are

reported in Figure 1.5.1.
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a) Chalcopyrite b) Zinc blende c) Wurtzite

_) Sulfide

Figure 1.5.1 - Crystallographic structures of (a) chalcopyrite, (b) zinc blende and (c)
wurtzite CIS.

At the nanoscale, CIS can crystallize in each structure at the same temperature,
depending on the adopted synthetical methodology.259260 CP structure exhibits a
cation ordering in which each sulphide ion is surrounded by two In3* and two Cu* ions
(Figure 1.5.1a). Despite the atomic radii of the cations are similar (about 80 pm), the
Cu-S and In-S bond lengths are quite different and this causes a tetragonal distortion
of the crystal lattice. This results in a low band gap energy, an abundance of intrinsic
defects and a broader emission if compared to cadmium-based quantum dots.250.252,261
As stated before, ZB structure (Figure 1.5.1b) is comparable to CP and it is also difficult
to distinguish due to their similar XRD and electron diffraction patterns. For CP and ZB
structures, the displacement of the cations can lead to a non-stoichiometric CIS
compound which could be useful for photovoltaic applications because of the
formation of n-type and p-type nanocrystals (see Applications paragraph).262 WZ
structure (Figure 1.5.1c) is characterized by a superior order in which an anionic lattice
is interlaced with domains of ordered cations sublattices.263 The mechanism of its
formation is more defined with respect to CP CIS QDs: it is well-known that CIS QDs
with a WZ-like structure will grow if a CuzS intermediate is formed first.264265 However,
their emissive properties are reported to be usually worse than both CP and ZB CIS
QDs, and therefore this requires attention during the synthetic process, if the scope is

to obtain highly emitting nanoparticles.250
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1.5.2. General synthesis of CIS QDs and phase transfer into water

The synthesis of CIS quantum dots is usually considered challenging because of the
different reactivity of the two cations with respect to the anion. As a matter of fact,
according to the HSAB (which stands for “hard/soft acid/base”) theory, Cu* is a soft
Lewis acid, while In3* is a hard Lewis acid. Therefore, copper has a higher affinity with
S?-, which is a soft Lewis base. If the reaction’s conditions are not adjusted, the
formation of binary copper sulphides can occur instead of ternary CulnSz. To balance
the reactivity of the reactants, three main strategies have been developed. The
reactivity of copper and indium cations can be simultaneously adjusted by including
different types of ligands in the reaction mixture, for instance thiols (i.e. soft Lewis
bases, therefore stabilizing Cu*) together with carboxylates (hard Lewis bases, to
control the reactivity of In3+).35255 As an alternative, an excess of thiol can be
introduced, to accomplish the triple function of sulfur source, solvent and copper
stabilizer.25>7 Another option is provided by the use of a precursor containing both the
cations, namely (PPhs3)2Culn(SCH3CH2)4:266:267 in the reaction mixture, its
decomposition releases the same quantities of copper and indium, therefore avoiding

the formation of binary compounds.

Many synthetical strategies have been reported.251.268 These differ from each other
on the type and ratio of precursors, stabilizers and conditions, allowing to obtain
nanocrystals with a great variety of sizes, shapes, morphologies and stoichiometry and,
consequently, optical properties. Usually, the syntheses are conducted in non-aqueous
solvents, with few exceptions.269-271 This is the reason why for biological applications,
CIS QDs are usually functionalised with hydrophobic ligands during the synthesis,
which provide stability in non-polar solvents, and afterwards a ligand exchange with a
polar molecule is performed. Phase transfer into water can also be accomplished
encapsulating the apolar quantum dot in amphiphilic polymers272 or using inorganic

ligands.273

Besides the high number of strategies, it is well-accepted that the methods which
provide a better control over the size and shape are the hot-injection (see Paragraph
1.2.1) and heating-up procedures. One of these, which has been used and adapted by
Critchley group and by different groups allowed to obtain tetragonal CIS QDs.35257.274
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This non-injection synthesis uses as precursors an equimolar amount of indium
acetate and copper(I) iodide dissolved in 1-dodecanethiol (DDT) or 1-octanethiol,
which acts both as stabilizer and reaction solvent. The reaction mixture is purged
under inert atmosphere in order to remove oxygen, which could incorporate in sulphur
vacancies. The flask is first heated to 120 °C to dissolve the components (the solubility
can be enhanced by adding little amounts of high-boiling point molecules, e.g.
octadecene). At high temperatures (ca. 180 °C), the alkanethiol molecules decompose
and release sulphide ions, which provides the anions for the CIS crystal growth.
Enhancing the temperature (over 200 °C), the colour of the suspension varies from
yellow to dark red, indicating the nucleation and subsequent growth of the QDs (Figure
1.5.2). When the desired sizes are reached, the reaction is quenched by decreasing the

temperature with a cold-water bath.257

Figure 1.5.2 — Photographs of a suspension of CIS QDs during (a) nucleation at 230 °C and
growth (b) at 200 °C after 25 minutes.

As it will be discussed in the next Paragraph, the formation of an alloy or a shell
containing zinc can help ameliorating the optical properties of CIS QDs. Doping the QD
with additional cations (as zinc,?7> silver,27¢ gallium,277 tin,278 gadolinium,27? et cetera),
thus forming alloyed systems, is made possible due to the high tolerance of CIS QDs
towards lattice defects and their non-stoichiometry. Usually, in the syntheses, the
precursor of the extra cation is added in the reaction mixture together with copper and
indium before the crystallization occurs, but it is also possible to perform a partial
cation exchange on already formed CIS QDs.280 The emissive properties of CIS QDs, as

well as their chemical stability, drastically enhance by covering the nanoparticles with
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a shell of a suitable semiconductor. Zinc(II) sulfide is a stable, non-toxic, semiconductor
with a wide bandgap (3.5 eV), that shows a low lattice mismatch (ca. 2%) with copper
indium sulfide, which permits an epitaxial growth. Zinc(Il) sulfide, thanks to these
properties, is one of the best choices to obtain a type-I core-shell system.2>7 Despite
several procedures being developed,2>! the zinc precursor is usually added to the
preformed CIS QD synthesis solution and the temperature raised to 210 °C to initiate
the shell formation. The temperature is typically maintained for 0.5 to 2 h. Nonetheless,
it has been noticed that this reaction is also accompanied by other processes, such as
the diffusion of Zn(II) into the lattice, or a partial cation exchange, which can further

modify the optical properties, including a blue-shift of the emission peak.281

The method examined so far is performed in organic medium, and the resulting
nanoparticles are stabilized by an organic hydrophobic shell. Certainly, for various
applications, including bioimaging, the nanoparticles must be transferred in aqueous
solutions. Several approaches allow to synthesize directly CIS QDs in aqueous
phase.?82-285 [n this case, the syntheses are carried out in presence of water-soluble
thiol derivatives, such as thioglycolic acid, mercaptopropionic acid, thiol-derivatized
poly(ethylene)glycol or glutathione. For instance, it is possible to synthesize the CIS
core by mixing CuClz and InCls in the presence of an aqueous solution of sodium citrate
and L-glutathione. Then, sodium sulfide is injected as sulfur source, while zinc acetate
and thiourea are used to make the shell grow.282 Microwave-assisted methods have

also been introduced to improve the synthesis.286

Despite the low cost and toxicity of those methods, the so-obtained nanoparticles
are reported not to possess high quality properties;281 therefore, it is common to
perform the synthesis of CIS QDs in organic phase and then transfer the nanoparticles

in water.

Phase transfer could be accomplished by three main methodologies of surface
modification: ligand exchange, encapsulation in amphiphilic molecules or in a silica

shell.

Ligand exchange consists in replacing the original ligands stabilizing the
nanoparticles in organic phase with hydrophilic organic ligands. When thiols are used

as ligands during the synthesis, their replacement can occur if the substituting
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molecule possesses a superior number of anchoring groups. For instance,
dodecanethiol can be exchanged with dihydrolipoic acid (DHLA, 2 thiol moieties).287 As
an alternative it is possible to introduce long chain amines (such as oleylamine)?288289
or phosphines26> in a mixture with the thiols as stabilizers during the synthesis of the
nanoparticles. The bonding between those molecules and the surface of the QD is more
labile than the one with thiols. This allows to efficiently substitute them with other
water-solubilizing thiols (i.e. mercaptopropionic acid) at a lower temperature.
Unfortunately, ligand exchange is reported to lower the PLQY due to the reduction of

the ZnS shell and consequent increase in surface trap states.

A different option consists in maintaining the apolar ligands utilized during the
synthesis in the organic phase and encapsulating the nanoparticle in an amphiphilic
polymer or micelles.272.290.291 The hydrophobic groups present on the molecule interact
in a non-covalent way with the apolar ligands of the QD, while the polar moieties allow
a good dispersibility in water. For instance, it is reported?72 the coating of DDT capped
CIS/ZnS core-shell QDs with an amphipol poly(maleic anhydride-alt-1-tetradecene), 3-
(dimethylamino)-1-propylamine derivative, yielding water-suspendable systems
stable at various pH. On the other hand, by silanisation, it is possible to realize

biocompatible water-suspendable silica-embedded CIS/ZnS QDs.274.292

1.5.3. Photophysical properties of CIS QDs

As stated in a previous paragraph, CIS quantum dots display interesting optical
properties, due to the fact that CulnS: is a direct band gap semiconductor, but certain
characteristics are halfway between cadmium-based QDs’ and silicon nanocrystals’

ones.

Bulk CIS’ band gap is 1.45 eV and the Bohr radius is about 4.1 nm. Therefore,
quantum confinement effects occur at dimensions inferior to 8 nm.251 The absorption
spectrum, related to the promotion of an electron from the valence band to the
conduction band, can be tuned accordingly with the size of the nanoparticle. The typical

profile of the spectrum is reported in Figure 1.5.3a.255
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Figure 1.5.3 - (a) Absorption spectra (plus offset) of WZ CIS QDs ranging from 2.7 to 6.1 nm
in size. Adapted from reference 293, Copyright 2018, American Chemical Society.
https://doi.org/10.1021/acsnano.8b03641. (b) Emission spectra (and digital photographs
under UV light) of CIS QDs with different size. Reprinted (adapted) with permission from
reference 256, Copyright 2012, American Chemical Society.

Contrary to conventional quantum dots, the absorption profile does not display a
sharp peak related to the transition HOMO-LUMO (compare with Chapter 1.2), but a
shoulder, which could be due to inhomogeneities of the size, shape and composition of
the sample. At very long wavelengths, the absorption shows tails which can be related

to the contribution of intra-band states or plasmon resonance bands.2%4

Critchley et al. reported the determination of the molar absorption coefficient ()
for CIS QDs or core-shell systems CIS-ZnS of different sizes.2>3 In particular, they
assessed this value at two wavelengths, the one corresponding to the first excitonic

transition (E1) and 400 nm (3.1 eV), yielding to the size-dependent equations described

below.

gcisop(Ey) = (830 £ 660)d37%06
gcisop(3.1eV) = (2123 + 109)d38+03

Following the absorption, a radiative recombination of the charges can occur,
yielding the characteristic photoluminescence of CIS QDs. Unlike conventional
quantum dots, however, this emission is not associated to the band edge luminescence.
Despite there is no universal agreement about the origin of CIS QDs

photoluminescence, researchers believe that it generates from intrinsic defect states in
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the lattice. The main intra-band defects include copper vacancies, indium-copper anti-
sites and oxygen-sulphur anti-sites. Some groups suggest this emission arises from a
recombination from a donor-acceptor pair. 26229529 This theory is supported by the
evidence that PLQY is higher for CIS QDs which are richer in indium and poorer in

copper.262

The size-dependent emission of CIS QDs can be varied within the spectral region
spanning the red to near-infrared range (Figure 1.5.3b).25¢ This is an interesting
feature for bioimaging applications, because it overlaps with the biological
transparency window, as shown in Figure 1.4.2. Interestingly, it is possible to correlate
the dimensions of the nanoparticle to the wavelength corresponding to the emission
maximum thanks to an empirical formula described by Critchley et al. and here

reported.253
d = 68.952 — 0.21361p;, + 1.717 X 107%13,

The emissive properties of CIS QDs show important differences with other direct
band gap semiconductor nanoparticles.2>2 From the emission dynamics perspective,
while prototypical CdSe QDs show a lifetime of 10-30 ns at room temperature,
emission decays are generally longer for ternary semiconducting nanocrystals: non-
shelled CIS QDs usually display a biexponential decay,257 with a shorter component in
the range of 100+10! ns and a longer one in the order of 102 ns. Due to size
inhomogeneities and the overlapping of various vibro-electronic transitions,267 CIS QD
emission bands are characterized by a higher FWHM (about 100 nm) when compared
to conventional QDs. Further studies recently demonstrated that the preferential
localization of the excitonic hole on Cu sites plays an essential role on the broadening
of the photoluminescence signals.297.298 Another considerable dissimilarity consists in
usually high Stokes shifts (200-300 meV), caused by the presence of different
electronic states involved in absorption and emission, which diminishes the
probability of reabsorption.2?? Interestingly, the optical properties can be tuned not
only by varying the nanoparticle size, but also modifying the composition and the
metal-to-metal stoichiometry of the compound.250 A blue-shift of both absorption and
emission spectra occurs when decreasing the ratio [Cu]/[In].282 Also, an increase of the
band gap was reported. This was attributed to the strong contribution of Cu 3d-orbital

to the valence band: a Cu deficiency results in alowering of the occupied levels,30 while
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an enhancement of PLQY is observed (up to 30%)2>2. The dependence between PLQYs
and [Cu]/[In] ratios relies on donor-acceptor pair luminescence mechanisms and the

introduction of defects responsible of radiative decays.262

The PLQY drastically increases when CIS QDs is shelled with a higher band gap
semiconductor (i.e., a type I core-shell QDs). For CP CIS QDs, PLQY is reported to
enhance from 5-10% to ca. 70% with a ZnS shell,257 and usually the short-lived emitting
component is not detected. These aspects are connected with the suppression of
surface states that act as trap for the charge carriers, either reducing the yield of
radiative recombination via thermal decays or providing an alternative radiative
relaxation path characterized by shorter lifetimes. Another consequence of a ZnS shell
growth is the shift of the photoluminescence band at lower wavelengths. This effect is
more pronounced with respect to Cd-based type I core-shell QDs (e.g., for CIS/ZnS
core/shell, the blue shift is 130 nm compared to the CIS emission, A=335 meV) and it
is associated to the interdiffusion of Zn?* into the core or a cation exchange.301
Absorption and emission spectra can also be tuned in the Vis/NIR range by alloying CIS

QDs with other semiconductors and elements, including Ag, Al and Zn.302-304.305

Copper indium sulphide quantum dots were also demonstrated to display an
efficient electrochemiluminescence if paired with co-reactant (for example, TrPA) or
moreover with an annihilation mechanism.3%¢ As reported for other quantum dots,>*
this emission is slightly red-shifted if compared to photoluminescence, because it is

believed to originate from surface states.

The presence of defect and therefore of the shell has many repercussions in the

different applications CIS QDs can achieve, as reported in the next paragraph.

1.5.4. Applications of CIS QDs

Among the numerous applications of CIS QDs, the most promising are
photocatalysis, solar energy conversion (e.g. solar cells and luminescent solar
concentrators), electroluminescent devices (LEDs) and bioimaging.227.397 [t is worth
noting that several applications, such as LEDs and bioimaging, require high emission
quantum yields, while other (solar cells and catalysis) need a good charge transport.
This is important to be considered while synthesizing CIS QDs. As a matter of fact, the

presence of a protecting shell undoubtedly enhances the PLQY, but could be
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detrimental for charge separation; moreover, defects in the nanocrystal structure can
disrupt the propagation of charge-carriers, while it is also well-known that defect-free

nanoparticles are less luminescent (see Paragraph 1.5.3).255257

Concerning photocatalysis, CIS QDs seem to be very appropriate, due to the high
molar absorption coefficients in the visible spectral region. CIS QDs and CIS@ZnS QDs
were studied for the photoinduced water-splitting and the generation of
hydrogen.308309 Those nanocrystals were also evaluated as photosensitizers for TiO2
nanoparticles in the process of degradation of organic pollutants: following the
absorption of visible light, an electron passes from the conduction band of CIS QD to
TiOz, while the hole remains in the valence band of CIS. The electron drives the
reduction of oxygen into superoxide and the hole the oxidation of water into OH radical.

Both species can oxidize organic compounds.310.311

Solar cells based on CIS QDs, unfortunately, do not display high efficiencies,
especially because of the natural presence of defects.312.313 CIS QDs were introduced as
inks for thin-film devices314 or as dyes in DSSC (dye-sensitized solar cells).31> Better
results were obtained covering the surface with a CdS shell but suppressing the
advantage of using non-toxic materials.316 Concerning the solar energy conversion, CIS
QDs can be very suitable emitters for luminescent solar concentrators (see Paragraph
1.4.1 for further details). In fact, like SiNCs, they can take advantage of a large Stokes
shift, which prevents the reabsorption and allow to obtain a good transparency. The
high molar absorption coefficient and PLQY (especially with a shell), render them more

promising that Cd-based LSCs.184317,318

The high Stokes shift is also important for electroluminescent devices. In contrast
with other semiconducting nanoparticles, such as Si and Ge, CIS QDs show an efficient
electroluminescence.?51 Despite the broad emission peak could not be considered
suitable for high colour purity devices, this is interesting for producing white LEDs,
where CIS QDs are used as light converter while paired with blue-emitting
phosphors.319 White LEDs were also obtained changing the ratio between copper and

indium.320

Due to their peculiar properties, which make them similar to silicon nanocrystals,

CIS QDs seem to be a valid alternative to Cd counterparts for bioimaging applications:
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the low toxicity, the high photostability, PLQY and absorption, an emission that lays in
the so-called biological window and long emission lifetimes (which can enable the
time-gated detection, see Paragraph 1.4.2) are surely best appropriate for in vivo
applications.227.321 With respect to SiNCs, CIS QDs show also a good two-photons
absorption, which overcomes the problem of the excitation in biological tissues.280 The
main applications were conducted for the targeting and visualization of tumour cells
in mice,?51 sentinel lymph node322 and vaccine tracking.323 Multi-modal imaging was
achieved coupling the nanoparticles with paramagnetic ions and the optical imaging
with magnetic resonance imaging324 or doping CulnSz with the radioactive isotope Cu-
64 for positron emission tomography or Cherenkov energy transfer.284 Theranostics
was fulfilled by drug release325.326327 or phototherapy328329 coupled to optical imaging.
A comprehensive study of the bioimaging applications of CIS QDs can be found in a

review written by us.227
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2. Functionalisation of Silicon Nanocrystals with

acetylides

2.1. Introduction

In Paragraph 1.3.1, the advantages of the hydrosilylation in the presence of a radical
initiator such as diazonium salts have been explained. The passivation with
chlorosilanes, moreover, adds important benefits, especially in the chemical yield of

functionalisation with chromophores.

If the reader imagined functionalising hydride-terminated SiNCs with only
chromophores, he should assume that the steric hindrance of the organic molecules
cannot allow an overall passivation of the surface. This could lead to a scarce
dispersibility and an oxidation of the nanoparticle. This is the reason why in order to
produce a light-harvesting antenna, the direct hydrosilylation with chromophores was
always accompanied by the passivation with less hindered alkenes (e.g. dodecene) in a

multicomponent one-pot reaction.”476

It appears clear that this reaction is competitive between the two different alkenes, i.e.
the chromophore and the “capping” alkene. Because of the steric hindrance, the
efficiency of direct tethering of the chromophore will be inferior, and a lower amount
of it will be attached to the surface of the nanoparticle (with a consequent waste of

reagent).

A first passivation of the surface with chlorosilanes can overcome the issue:
chlorosilane-passivated silicon nanocrystals are made react with the chromophore-
containing nucleophile. The addition of the “capping” ligand can occur in a second time,
being the surface already stabilised by the chlorosilane shell. In this case, the
competition between the two molecules does not occur and the number of
chromophores linked is higher with respect to the direct hydrosilylation (see Figure

2.1.1).

During my Bachelor’s Degree Thesis project, I was able to synthesise silanols
containing pyrene units and dodecyl(dimethyl)silanols respectively as the nucleophilic
chromophore and the “capping” nucleophilic agent to add in a second stage. The

subsequent reaction with 3 nm chlorosilane-passivated silicon nanocrystals yielded
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light-harvesting systems with 13 units of pyrene (compared to the 6-8 units reported
in the competitive approach?4). This methodology was abandoned due to the scarce
reaction yield for the production of silanols. Moreover, an alternative of pyrene was
searched, due to the formation of excimers which reduces the efficiency of energy

transfer to the nanocrystal.”>
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Figure 2.1.1 - (a) Competitive direct hydrosilylation of H-SiNCs with chromophores and
capping alkene compared to post-functionalisation after (b.1) passivation of H-SiNCs with
chlorosilanes and (b.2) subsequent addition of chromophore (here, pyrene silanol) and capping
ligand (dodecyldimethylsilanol). The second approach allows to link a higher number of
hindered fluorophores. The representations are simplified and do not comply with the scale
proportions. From now on, only few ligands per nanocrystal will be drawn.
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A more efficient approach consists in making chlorosilane-passivated SiNCs react
with acetylides, i.e. deprotonated terminal alkynes. It is known that the Csp-H is acidic
towards strong bases such as lithium diisopropylamide (LDA)33% and n-butyllithium
(nBuLi)331 with a pKa included in the range between 18 and 23.332 The synthetic
approach of functionalising chlorosilane-passivated SiNCs with acetylides was studied
during my Master’s Degree Thesis project and ameliorated in the first months of my
PhD studies. The contents of this chapter have been reprinted and adapted with

permission from reference 196, Copyright 2019, American Chemical Society.

2.2. Results and Discussion

The first considered alkynes were 1-octyne and
((propargyloxy)methyl)diphenylanthracene (IUPAC name, 9-phenyl-10-(4-(prop-2-
yn-1-yloxy)phenyl)anthracene, see Figure 2.2.1). Diphenylanthracene (DPA) was
chosen as an alternative chromophore to pyrene due to the non-planarity of the

molecule which cannot enable the formation of excimers.

The two alkynes were tested for the functionalisation of two different 4 nm sized
SiNCs, i.e. octyne functionalised (Si-octyne) and DPA functionalised ones (Si-DPA), to
compare the photophysical properties of nanoparticles linked to optically inactive
ligands or chromophores. The synthetical approach for the synthesis of DPA bearing a

terminal alkyne moiety is reported in the Experimental Section.

The first tests were conducted producing the acetylide in the presence of LDA in
THF, followed by the addition of chlorosilane-passivated silicon nanocrystals, in inert
moisture-free conditions. This approach was not efficient and therefore we decided to

use a stronger base, nBuLi.

Moreover, the reaction’s conditions were also modified in order to achieve a higher
yield: the chosen solvent was dry toluene, the alkyllithium was activated by the
addition of freshly distilled N,N,N’,N’-tetramethylethylenediamine (TMEDA); the
equivalents of reagents were increased by a 1.5-fold factor; the times and temperatures
of the reaction steps were adapted in order to enhance the efficiency of the acid-base
reactions and the nucleophilic substitutions between the acetylide and the
chlorosilanes. Anyway, the chemical yields were scarce and an aggregation of SiNCs

was observed.
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Figure 2.2.1 - Reaction scheme of the functionalisation of chlorosilane-passivated SiNCs in
the presence of acetylides (i.e. 1-octyne or ((propargyloxy)methyl)diphenylanthracene).

A possible explanation to this could be due to the poor capping ability of the
acetylides towards the SiNC'’s surface due to their weak nucleophilicity. This means
that at the end of the reaction, several chlorosilanes are still present on the shell. In the
presence of moisture and alcohols introduced during the work-up, chlorosilanes react
yielding silanols or silyl ethers and hydrochloric acid. Being those species labile and
unstable, they can react with each other forming siloxane bridges. This condensation

leads to the aggregation and the precipitation of the nanoparticles (Figure 2.2.2).
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Figure 2.2.2 - Hypothetical mechanism of aggregation of poorly capped SiNCs.

This is the reason why we decided to add a further passivation step. At the end of
the reaction, a nucleophilic reagent was added and let react overnight to complete the
capping of the non-reacted chlorosilanes. This strategy was accomplished by adding a
Grignard reagent (e.g. vinyl magnesium bromide in THF solution) or nBuLi (in the
presence of a higher amount of TMEDA) in dry toluene at -78 °C. The so-obtained Si-
DPA were characterised and used for the realization of LSCs1% or studied as ECL

emitters (see Chapter 6).165
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An important characterisation technique used to assess the presence of ligands
attached onto the surface of a nanoparticle is tH-NMR. The signals of the protons of the
linked molecule appear broader than the detached one, as it is possible to see from
Figure 2.2.3. This is due to a longer relaxation time caused by the hampered motions of

the ligands grafted to the nanocrystal’s surface.105106,109
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Figure 2.2.3 - 1H-NMR spectra (400 MHz, CDCl3, RT) of a) DPA, and b) Si-DPA.106

Photophysical characterisation is another useful tool to gain a deeper
understanding of the systems. The absorption and emission spectra of Si-DPA,
compared to dodecyl-passivated silicon nanocrystals in presence (Si+DPA) and in

absence (Si) of detached DPA of the same concentration, are reported in Figure 2.2.4.
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Figure 2.2.4 - (a) Absorption spectra of Si (black line), Si-DPA (green line), DPA (blue line),
and a physical mixture of Si and DPA (Si+DPA, red line) with the same concentration as that of
the covalent sample. (b) PL spectra of Si-DPA (green solid line, Aexc = 375 nm) and Si+DPA (red
line, only DPA contribution, Aem = 390-580 nm) of two isoabsorbing solutions at the excitation

wavelength of 375 nm. For comparison, the PL spectra of Si-DPA corresponding to 100% energy
transfer (dotted green line) and 0% energy transfer (dashed green line) are reported. The
samples are in air-equilibrated toluene,106
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The absorption spectrum exhibits the typical featureless absorption of the silicon
core gradually increasing in the UV region, as observed for the Si sample, plus the
structured and sharp band of the diphenylanthracene chromophore limited to the UV-
A region. The overall spectrum perfectly matches the one of the control sample
constituted by a physical mixture of Si and DPA (Si+DPA, red line) with the same
concentration, suggesting that no ground state interaction is affecting their optical
properties. On the basis of the molar absorption coefficients of DPA (€375 nm = 1.4 x 10%
M-1 cm-1) and SiNCs (€430nm = 1 x 10> M~1 cm~! for 4-nm sized nanoparticles)1%6, we
can estimate an average number of about 80 DPA fluorophores per SiNC (see Appendix
A.1 for further details about the computations), resulting in a strong enhancement of
the absorption properties of the Si-DPA upon excitation in the A = 350-400 nm region.
Upon excitation at 375 nm, where most of the light (80%) is absorbed by DPA
chromophores in the Si-DPA sample, two emission bands are observed (green line in
Figure 2.2.4b): one structured-band centred at 440 nm and the other at about 750 nm.
The high energy band is assigned to the diphenylanthracene fluorescence and the low
energy band is due to the Si core emission, by comparison with the PL spectra of DPA
and Si. Indeed, the band centred at 440 nm is observed also in the control sample
Si+DPA, the lower intensity of DPA band in the covalent sample being due to a
quenching process. The quenching efficiency is estimated to be 82% and it is due to a
photoinduced energy transfer from diphenylanthracene to the Si core, as

demonstrated by the sensitization of the Si core emission at 750 nm.

Indeed, a close match of the excitation spectrum performed at the SINC emission
(Aem = 750 nm) and the absorption spectrum of Si-DPA is observed (Figure 2.2.5). The
sensitisation efficiency is estimated to be 70% (see Appendix A.2), pointing to a very
efficient energy transfer. The PL quantum yield (PLQY) of the SiNCs in the Si-DPA
sample is measured upon selective excitation of the Si core at 460 nm: the resulting

value is 26%, while the photoluminescence lifetime is 50 ps.
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Figure 2.2.5 — Absorption spectrum (solid line) superimposed to excitation spectrum (dotted
line, recorded at Aem = 750 nm) of Si-DPA in air-equilibrated toluene.106

2.3. Conclusions

The biggest challenge in functionalizing SiNCs with chromophores, in order to
ameliorate the optical properties of the quantum dot, is the competitive reaction
between the hindered conjugated molecule and the capping ligand. This issue can be
overcome by subsequent reaction of the fluorophore with the reactive groups exposed
on the surface of the quantum dot, followed by the addition of the alkyl chain. We have
proved that the best way to accomplish this is to firstly passivate the surface of the
SiNCs with an electrophilic chlorosilane shell and to make it react with an acetylide
derivative of the chromophore (e.g. diphenylanthracene). The final capping of the
unreacted chlorosilane moieties is performed by the addition of nBuLi. The efficiency
of this approach is verified by the higher number of attached fluorophores (80 on 4-
nm SiNCs) if compared to the previously reported competitive strategy (60 on 5-nm

SINCs74).

Moreover, we found that DPA is a good choice as a chromophore to be linked onto
SiNCs’ surface. The high sensitization yield (70%) assessed also by excitation spectra
shows the formation of a highly efficient light-harvesting antenna. The resulting system
proves to be interesting for a variety of studies about the energy transfer dynamics,333
and for various applications, from the conversion of solar light into electricity (in
luminescent solar concentrators, see Figure 2.3.1),106 to electrochemiluminescent

devices (see Chapter 6).165
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Figure 2.3.1 - From the left side, digital pictures of luminescent solar concentrators based on
alkyl-passivated SiNCs, a physical mixture of SiNCs and diphenylanthracene, diphenylanthracene
functionalised-SiNCs and diphenylanthracene, under 365-nm UV light.

2.4. Experimental Section

2.4.1. Materials and methods

All reagents were purchased from Sigma-Aldrich and used without further
purification if not stated otherwise. Dry toluene was obtained via distillation over
calcium chloride under nitrogen atmosphere. N,N,N’,N’-tetramethylethylenediamine

was refluxed over fresh KOH and distilled under nitrogen.

2.4.2. Synthesis of Si-DPA
2.4.2.1.  Preparation of oxide-embedded SiNCs

Polymeric hydrogen silsesquioxane (HSQ) was prepared from HSiCls following
reported procedure,82 dried under vacuum and transferred into a tube furnace. After
purging with forming gas (95% N2, 5% Hz), the tube furnace was heated to 1100 °C at
a heating rate of 18 °C/min and then held at that temperature for an hour. The resulting
dark solid was cooled to room temperature, manually reduced into brown powder
using mortar and pestle and then transferred to a glass vial half filled with high-purity
silica beads and mechanically shaken overnight with a vortex. The resulting

homogeneous powder was stored in glass vials until further use.

2.4.2.2.  Synthesis of hydride-terminated silicon nanocrystals (H-SiNCs)

Hydride-terminated silicon nanocrystals were liberated from the silica matrix
through HF etching: 300 mg of oxide-embedded silicon nanocrystals were dispersed in
a mixture composed of 3 mL of ethanol, 3 mL of bi-distilled water and 3 mL of a 49%
solution of aqueous HF (Note: HF is lethal, handle it with extreme caution). The mixture
was stirred for 1h and 30 minutes under ambient light at room temperature. The
nanocrystals were extracted with toluene (3x10 mL) and then centrifuged three times
in toluene (8000 rpm for 5 minutes). The nanocrystals were then transferred in a dry

box.
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2.4.2.3.  Passivation with chloro(dimethyl)vinylsilane or dodecene

The nanocrystals were dispersed in 4 mL of dry toluene and separated in two 8 mL
vials. Two milligrams of 4-decyldiazobenzene tetrafluoroborate (about 6 pmol) were
added in each one. Afterwards, in a vial, 200 pL of chloro(dimethyl)vinylsilane (1.5
mmol) were introduced to obtain chlorosilane passivated silicon nanocrystals. In the
other vial, 330 pL of 1-dodecene (1.5 mmol) were dropped, to passivate the
nanocrystals with an alkyl chain. Both mixtures were stirred overnight at RT. The
mixture of chlorosilane-passivated SiNCs was then filtered, concentrated at rotary
evaporator, transferred again in the dry-box and diluted in 2 mL of dry toluene. The
suspension of dodecyl-passivated nanocrystals was precipitated in an anti-solvent
(methanol), was centrifuged three times washing with methanol. The precipitate was

readily dissolved in 2 mL of toluene.

2.4.2.4.  Synthesis of (4-(10-phenylanthracen-9-yl)phenyl)methanol

o ACWaeUe
De — (]
[Pd(PPh3)4], KoCO3
Toluene/water, reflux

12 h

Synthesis of (4-(10-phenylanthracen-9-yl)phenyl)methanol was performed via
Suzuki-Miyaura reaction conditions between 9-bromo-10-phenylanthracene and 4-
(Hydroxymethyl)phenylboronic acid. To a suspension of degassed toluene (50.0 mL)
and K2CO3 (12 mL of a 1.6 M solution), under nitrogen atmosphere, 9-bromo-10-
phenylanthracene (1.7 g, 5.1 mmol), boronicacid (6.12 mmol, 1.2 equiv.) and a catalytic
amount (1.5% m/m) of [Pd(PPhs)4] were added. The resulting mixture was heated at
90 °C overnight, then cooled to room temperature, and solvents were removed under
reduced pressure at 40 °C. The crude was purified via flash chromatography using
toluene as eluent and applying a gradient with ethyl acetate to a final ratio of 70:30
(toluene:ethyl acetate). The product was recovered as pale yellow solid after

evaporation of solvents, with a yield of 50%. GC-MS (EI): m/z 360.40.

TH-NMR (CDCl3, 400 MHz): 7.6 - 7.4 ppm (17 H, m); 4.90 ppm (1 H, s); 4.71 ppm (2 H,
s).
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2.4.2.5.  Synthesis of 9-phenyl-10-(4-((prop-2-yn-1-
yloxy)methyl)phenyl)anthracene

i) NaH
HO ) /O
@ o (]
ACN, N, reflux
18 h

In a two-necked 100 mL round-bottom flask, under nitrogen atmosphere, 75 mL of

acetonitrile were introduced to dissolve 1.4 g of (4-(10-phenylanthracen-9-
yl)phenyl)methanol (4 mmol). Later, 290 mg of NaH 95% (12 mmol; note: sodium
hydride reacts violently with moisture, must be handled under inert atmosphere) were
introduced, and the mixture was heated to 78 °C. A solution of propargyl bromide (80%
in toluene, 1.1 mL, 12 mmol) was added dropwise, and the mixture was stirred at reflux
overnight. The reaction was quenched with water (100 mL) and then extracted with
DCM (3x100 mL). The organic fraction was collected and dried over MgSOa4. A flash
chromatography (toluene as eluent phase) was performed to isolate 0.96 g of product,

a bright yellow solid (60% yield). GC-MS (EI): m/z 398.51.

1H-NMR (CDCl3, 400 MHz), &: 8.0 - 7.0 ppm (17 H, m); 4.80 ppm (2 H, s); 4.36 ppm (2
H, d, J=4 Hz); 2.55 (1 H, t, ]=4 Hz).

2.4.2.6.  Functionalisation of silicon nanocrystals with alkynes

In a two-neck 25 mL round-bottom flask, dried and filled with nitrogen, 0.3 mmol
of alkyne (1-octyne or 9-phenyl-10-(4-((prop-2-yn-1-
yloxy)methyl)phenyl)anthracene) were introduced. The flask was transferred in a dry-
box and 70 pL of N,N,N’,N’-tetramethylethylenediamine (TMEDA, 0.45 mmol) and 3 mL
of dry toluene were added. The flask was then removed from the dry-box and plugged
to a Shlenk line filled with N2. After having cooled the reaction down to -78 °C with a
liquid nitrogen/acetone bath, 120 pL of n-butyllithium (2.5 M in hexanes, 0.3 mmol;
note: n-butyllithium reacts violently with moisture, must be handled under inert
atmosphere) were added dropwise, while stirring. The acetone bath was removed after
45 minutes, and the mixture was stirred for 15 minutes at room temperature. Again at
-78 °C, a suspension of silicon nanocrystals in 2 mL of toluene was slowly added to the
reaction mixture. One hour later, the acetone bath was removed and the reaction

mixture was stirred for an hour at room temperature. Later, it was heated to 40 °C, and
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stirred for another hour. The reaction was cooled again to -78 °C and a second amount
of nBuLi (60 pL, 0.15 mmol) was added to complete the capping of the surface. The
reaction was allowed to reach room temperature and stirred overnight. The
introduction of 7 mL of a 1 M solution of HCl in MeOH made the nanocrystals
precipitate. The precipitate was washed 3 times with methanol and separated from the
supernatant by centrifuge (8000 rpm, 5 minutes). The nanocrystals were then
dispersed in chloroform. For Si-DPA, a size exclusion chromatography over
BioBeadsTM S-X1 Support (200-400 mesh) in chloroform was performed to ameliorate
the purity of the sample.
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3. Functionalisation of Silicon Nanocrystals with amines

3.1. Introduction

Among the principal issues regarding the application of silicon nanocrystals for
diagnostic bioimaging, the poor colloidal stability in water and the low absorption
profile are pivotal. To circumvent this problem, we believed that a functionalisation
with primary or secondary amines could be effective: well-established coupling
reactions with carboxyl groups allow to create amide bonds. Amide bonds are fairly
stable in physiological conditions and can be used to post-functionalise silicon
nanocrystals with a high variety of molecules, e.g. water-solubilising groups (such as
poly(ethylene)glycol) and/or chromophores for the realisation of a light-harvesting
antenna. This approach could be used also for tethering specific receptors, enabling an
active targeting of tissues. Moreover, many biologically important molecules are sold

as activated esters (e.g. NHS-esters) which are selectively reactive towards amines.

As stated in Paragraph 1.3.2, the functionalisation of SiNCs with amines is tricky,
because the interaction between the nitrogen atom and the silicon lattice can
compromise the typical optical properties of the quantum dot, suppressing the
characteristic bright red long-lived photoluminescence useful for bioimaging purposes
(see Paragraph 1.4.2) and producing a blue short-lived emission with a lower quantum
yield. Therefore, no example of amine functionalised silicon nanocrystals with bright
red and long-lived emission was reported before ours.195 This approach was very
challenging: firstly developed during my Master’s Degree Thesis project, it gave
positive outcomes during my first year of PhD. The contents of this chapter have been
reproduced and adapted from reference 10> with permission from the Royal Society of

Chemistry.

3.2. Results and Discussion

In light of the results obtained from the reaction between chlorosilane-passivated
SiNCs and acetylides, we decided to extend this synthetical strategy also for
functionalising the quantum dots with an amine bearing a terminal alkyne moiety, i.e.
propargylamine (Figure 3.2.1). In order to avoid a possible direct contact between the

nitrogen atom and the silicon core, a protection of the amine group was necessary.
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The first choice of protective group fell on trimethyl silyl (TMS, Figure 3.2.1) a
group known to protect alcohols from deprotonation and nucleophilic substitution.334
The protection occurs in the presence of chlorotrimethylsilane and a non-nucleophilic
base, while the cleavage is achieved in the presence of K2CO3 in methanol (the
characteristic deprotection in the presence of fluoride must be avoided since it can

damage SiNCs).

EtsN

\
/N’TMS + 2 EtsN*CI TMS= /Si?;

\ s
Z NHp +2 _si |
DCM, N ™S

Figure 3.2.1 - Protection of propargylamine with chlorotrimethylsilane.

The further step is the deprotonation of the terminal alkyne in the presence of
nBulLi and the successive nucleophilic substitution with chlorosilane-passivated silicon
nanocrystals, as explained in Chapter 2. Unfortunately, this reaction was unsuccessful,
because of the instability of TMS group at ambient conditions and the impossibility to

store the protected amine.

Therefore, we decided to produce in situ the acetylide of the protected
propargylamine, using hexamethyldisilazane (HMDS) as starting material (Figure
3.2.2). In this reaction, (1) HMDS was firstly deprotonated in the presence of nBulLi,
producing a lithium amide. Therefore, (2) half an equivalent of propargyl bromide was
introduced to generate (through a nucleophilic substitution and an acid-base reaction)
the acetylide of the silane-protected propargyl amine. This (3) was made react with
chlorosilane-passivated silicon nanocrystals. Afterwards, the sample was deprotected
(4) with potassium carbonate, purified and suspended in ethanol. The occurrence of
this reaction was confirmed by NMR characterisations on molecules, ninhydrin test,
TLC; however, the obtained nanoparticles were blue short-lived emitting (Figure

3.2.2).
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Figure 3.2.2 - Reaction scheme of functionalisation of silicon nanocrystals with amines using
HMDS as starting material. Inset: photograph of an ethanol suspension of the produced SiNCs
under 365 nm UV light.

We believe that, being TMS an unconventional protective group for amines, it could
spontaneously cleave while working up. The presence of free deprotected amines
could have interacted with the nanoparticles, introducing the defects responsible for
the rising of the F band (see Paragraph 1.3.2 for further details). Therefore, our

attention focussed on a different kind of protective group.

Trityl group (or triphenylmethyl group) is a well-known protecting group for
amines. It is stable under the nucleophilic and basic conditions of the reaction, and it is
labile in acidic conditions in which silicon nanocrystals are stable. Unlike TMS group,
however, due to its huge size and the steric hindering, only one trityl group can protect
one amine. If the molecule is a primary amine, only one of the two hydrogen atoms
bonded to the nitrogen is replaced by the protecting group, as the other one is
maintained (Figure 3.2.3 shows the mechanism for the protection of a primary amine

such as propargylamine with tritylchloride).334

O Q E13N /Tr O g
+ = N7 +EtNCr | Tr=
/ 3

Figure 3.2.3 — Protection of propargylamine with tritylchloride.

///\NHz
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The reaction on chlorosilane-passivated SiNCs was performed with the same
procedure developed for Si-DPA, including the additional step of capping with nBuli,
being the ligand bulky and avoiding an overall passivation of the surface (see Chapter
2). The tritylamine-functionalised nanoparticles were washed with methanol,
centrifuged and re-dispersed in chloroform, yielding a limpid yellowish suspension
emitting red light under UV-light. Unfortunately, the nanoparticles precipitated over

time.

The reason of this behaviour was associated to the ineffectiveness of the capping
step with nBuLi. We believe that the presence of the hydrogen atom linked to the
nitrogen of the protected amine could have influenced the procedure: at low
temperatures, nBuLi could have deprotonated it instead of reacting with chlorosilanes.
Moreover, the presence of a negative charge of the so-formed amide could have
avoided the further approaching of nucleophilic agents to the near chlorosilanes.
Therefore, some chlorosilanes remained unreacted and, working the reaction up,
formed silanols, which could interact with other non-passivated nanoparticles,

resulting in an aggregation (Figure 3.2.4).
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Figure 3.2.4 — Proposed mechanism for the aggregation of tritylamine-functionalised silicon
nanocrystals.

Because the photophysical properties of the nanoparticles did not seem to be
compromised, we assumed appropriate the choice of trityl as protective group for

amines in the functionalisation. Considering that the main problem was related to the
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acidic hydrogen linked to the nitrogen, we decided to substitute propargylamine with
N-methylpropargylamine. In this case, its protection with trityl group does not leave
acidic protons, except for the terminal alkyne one.335 The overall reaction scheme is
reported in Figure 3.2.5. The obtained nanoparticles were red emitting and well-

dispersible in apolar solvents such as chloroform.

N

Si.
nBuLi Cl N

Si Si
TMEDA N \/ |
/\l\ll TN, /l\ll % Tr

) X , . Tol, N e
)-78°C, 45" U i) -78°C, 1h Sy
) RT, 15 i) RT, 1h

iii) 40°C, 1h

iv) RT, 15'

O nBuLi
-78°C->RT
overnight
e

q‘-—

Figure 3.2.5 - Scheme of the effective reaction for functionalising silicon nanocrystals with
tritylamines. Inset: photograph of a chloroform suspension of the produced SiNCs under ambient
and 365 nm UV light.

The obtained nanoparticles were characterised qualitatively with ninhydrin test

and 'H-NMR.

A ninhydrin test is an assay used to detect the presence of amines. Primary amines react
with ninhydrin, yielding a blue-coloured compound, secondary amines produce an
orange compound and tertiary amines don’t react.33¢ The tritylamine-functionalised
SiNCs did not display a colour change when exposed to the ninhydrin assay (spot A in
Figure 3.2.6), as expected for a tertiary amine functionalization of the surface (see e.g.,

N-methyl-N-tritylpropargylamine, B in Figure 3.2.6).
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Figure 3.2.6 — Ninhydrin tests on TLC plates for different suspensions: (A) tritylamine-
functionalised silicon nanocrystals, (B) a tertiary amine (here, N-methyl-N-
tritylpropargylamine), (C) alkyl-passivated silicon nanocrystals (non-containing amines), (D) a
primary amine (in this case, bis-aminopropyl polyethylene glycol) under (a) ambient or (b) 365
nm UV light.

1H-NMR spectrum (Figure 3.2.7) confirms the presence of trityl group attached onto
the surface of silicon nanoparticles. The broadening of the signals due to the longer

relaxation times have already been reported also for Si-DPA (Chapter 2).
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Figure 3.2.7 - 1H-NMR spectrum of tritylamine-functionalised silicon nanocrystals (400
MHz, CDCl5).

The cleavage of trityl group occurs in the presence of a quantitative amount of
trifluoroacetic acid in chloroform, which leads to a precipitation of the nanocrystals in
apolar solvents, due also to a protonation of the amines. After having washed the
nanoparticles through centrifuge cycles, the sample was transferred in methanol, in
which it was readily dispersible (Figure 3.2.8).
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Figure 3.2.8 - Above, deprotection of tritylamine-functionalised silicon nanocrystals; below,
photographs of ammonium functionalised silicon nanocrystals in chloroform (a) and in
methanol under ambient (b) or 365 nm UV (c) light.

Also for deprotected amine-functionalised silicon nanocrystals, ninhydrin test
(Figure 3.2.9) and 1H-NMR spectrum (Figure 3.2.10) were performed, all of these
confirming the fading of trityl group. Ninhydrin test assessed the presence of a
secondary amine (yellowish coloration), while NMR spectrum is free of the aromatic

signals of triphenylmethyl group.

Figure 3.2.9 - (a) Ninhydrin test for (E) ammonium-functionalised silicon nanocrystals and
(F) a secondary amine as comparison (N-methylpropargylamine); (b) TLC plate before the test
under UV light.
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Figure 3.2.10 - 1H-NMR spectra of ammonium-functionalised silicon nanocrystals (400 MHz,
CD30D), with a 500x magnification in the inset, showing the absence of the aromatic signals.

The photophysical characterisation was performed on ammonium-terminated
silicon nanocrystals dispersed in ethanol. The absorption spectrum (line blue in Figure
3.2.11a) exhibits the typical trend of the absorption of alkyl-passivated SiNCs, which
gradually increases at lower wavelengths (see Paragraph 1.3.2). The emission band
(red line in Figure 3.2.11a) is centred at about 750 nm with an emission quantum yield
of 24% and an emission lifetime of 75 ps. Upon deprotonation of ammonium-
terminated silicon nanocrystals with triethylamine (TEA) in chloroform, the
absorption and emission spectra maintained the same shapes, but a decrease of the
emission intensity was observed (Figure 3.2.11b), corresponding to an emission

quantum yield of 4%.
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Figure 3.2.11 - (a) Absorption (blue line) and emission (red line) of ammonium-
functionalised silicon nanocrystals in ethanol; (b) decay of the emission intensity upon addition
of triethylamine (TEA).

This quenching process can be due to a photoinduced electron transfer between the
silicon nanocrystal core and the terminal amine functionalities. The emission lifetime
did not change significantly. This experimental finding is likely related to the fact that
we cannot detect components shorter than 5 ps with this experimental setup and the
observed intensity decay is related to the emission of excitons formed in the inner part
of the nanocrystal core, that are not affected by the photoinduced electron transfer

process.

We noticed that ammonium-terminated silicon nanocrystals are not dispersible in
water if the counter anion is trifluoroacetate. Upon addition of HCI in methanol, anion
exchange takes place, replacing the trifluoroacetate with chloride. The so-obtained
nanocrystals were suspendable in water. The absorption and emission spectra of this
sample are reported in Figure 3.2.12. The slight blue-shift observed in the
photoluminescence (the emission band is centred at 675 nm) is probably due to
oxidation of the surface caused by a non-homogeneous coating of the surface (see
Paragraph 1.3.2 for further details). The emission quantum yield was equal to 5% and

the emission lifetime was about 50 microseconds.
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Figure 3.2.12 - Absorption (blue line) and emission (red line) spectra of ammonium-
terminated silicon nanocrystals in water.

In light of biological applications, however, this colloidal stability in water was not
further investigated. As a matter of fact, ammonium-terminated silicon nanocrystals
are proven to be cytotoxic.337 Therefore, we believe that the main purpose of amines
on SiNCs is to link a most biocompatible polymer (e.g. poly(ethylene)glycol) through

amide bonds.

The possibility to further functionalise the so-obtained SiNCs via amide coupling
was tested by reaction with 1-pyrenebutyric acid in the presence of amide coupling
reagents (1-cyano-2-ethoxy-2-oxoethylidenaminooxy) dimethylamino - morpholino -
carbenium hexafluorophosphate and 1-ethyl-3- (3-
dimethylaminopropyl)carbodiimide hydrochloride (COMU and EDC, as shown in
Figure 3.2.13). The resulting SiNCs functionalised with pyrene chromophores (Si-py)
were dispersed in DMF solution and the linkage of the chromophore was confirmed by

photophysical characterisations (see below).
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Figure 3.2.13 - Reaction scheme of the amide coupling between ammonium-terminated
silicon nanocrystals and pyrenebutyric acid in the presence of COMU and EDC as coupling
reagents in N,N-dimethylformamide (DMF).

The absorption spectrum of Si-Py (blue line in Figure 3.2.14) displays a trend
associated to the sum of the absorption of the silicon core (red line) and the 1-
pyrenebutyric acid one (green line), demonstrating that no significant interactions take
place between the organic pyrene chromophore and the inorganic silicon core in the
ground state. From these data, knowing the molar absorption coefficient for
pyrenebutyric acid (3.7x10% M-lcm! at 344 nm, derived from spectrophotometric
measurements) and that of the silicon core (1.0x10> M-1cm! computed at 430 nm,7”3
where the absorption of the organic fluorophore does not occur) it is possible to
estimate an average of 40 pyrene units per silicon nanocrystal (see Chapter 2 for

further details about the computations).
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Figure 3.2.14 - Absorption spectra of Si-py (blue line), alkyl passivated silicon nanocrystals
(in red) and 1-pyrenebutyric acid (green).
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Upon excitation at 450 nm where only the silicon core absorbs light, the
characteristic red luminescence is present (Figure 3.2.15a) with a photoluminescence
quantum yield of 1.4%, which is increased up to 11% (t = 20 ps) upon the addition of
trifluoroacetic acid. This enhancement is compatible with the protonation of amine
groups that prevent photoinduced electron transfer processes, as previously discussed

for ammonium-terminated silicon nanocrystals.

Upon excitation at 340 nm, where 70% of light is absorbed by pyrene and 30% of
light by the silicon core, the emission spectrum displays three main bands (Figure
3.2.15b) attributed to: (i) the pyrene monomer emission (380-420 nm, as confirmed
by the emission spectrum of the 1-pyrenebutyric acid in blue); (ii) the emission of the
pyrene excimer (centred at about 480 nm); (iii) the photoluminescence of the silicon
nanocrystal (from 600 nm), which is better observed using a time-gated detection

(dashed line in Figure 3.2.15b).
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Figure 3.2.15 - (a) Emission spectrum of silicon core upon excitation at 450 nm; (b)
emission spectra of Si-py (blue line) and 1-pyrenebutyric acid (green line) in DMF exciting at
340 nm and emission of Si-py (blue dashed line) with a time-gated detection of 50 microseconds
(this emission is magnified).

The intense emission of the excimer is proof of the high number of pyrene units
linked to the nanocrystals, as previously observed for pyrene-functionalised
nanocrystals.”> On the other hand, the emission of the pyrene monomer is strongly
quenched (10-times). Indeed, the fluorescence lifetime of pyrene at 396 nm for Si-py
in air-equilibrated dimethylformamide solution is 3.7 ns, compared to 37 ns for 1-
pyrenebutyric acid under the same experimental conditions. The same value (3.7 ns)

corresponds to the rise time in PL emission of the SiNCs at 700 nm upon excitation at
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340 nm, which proves the occurrence of energy transfer from the pyrenes to the silicon

core.

A further demonstration of the energy transfer between the organic chromophores
and the silicon core is given by the excitation spectrum recorded at 700 nm (blue line
in Figure 3.2.16), where only the nanocrystal contributes to the emission. The
excitation spectrum shows a good match with the absorption spectrum (red line in
Figure 3.2.16). The close match of the absorption and excitation spectra proves the
occurrence of energy transfer with efficiency higher than 90%. The excitation
spectrum was also measured for ammonium-terminated silicon nanocrystals mixed
with free 1-pyrenebutyric acid in the appropriate ratios to match the Si-py absorbance
profile. In this case, the excitation spectrum (green line in Figure 3.2.16) is
superimposed onto the absorption spectrum of the ammonium-terminated SiNCs
sample and no contribution from the pyrene chromophores is present. As previously
observed,’+75 in the physical mixture, excitation of pyrene does not result in sensitised
emission of the SiNCs: the pyrene fluorescent excited state is short lived (tens of ns)

and cannot interact with non-covalently bound SiNCs present in low concentration.
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Figure 3.2.16 - Absorption (red line) and excitation spectra (blue line, Aery = 700 nm, time-
gated detection with delay = 50 us and gate time = 1 ms) of Si-py in DMF. For comparison
purposes, the excitation spectrum (green line) of a physical mixture of 1-pyrenebutyric acid and
ammonium-terminated SiNCs under the same experimental conditions is shown.

It is worth noting that light-harvesting antennae based on silicon and pyrene were
already reported by our group, where the functionalisation occurred via a competitive
thermal hydrosilylation in the presence of 1-dodecene.”#7> However, this sequential

method allowed to link a higher number of chromophores with a lower amount of
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pyrene (1.5% mol with respect to the previous synthesis). Moreover, this was the first

example of light-harvesting antenna based on SiNCs suspendable in polar solvents.

This was also the first case of SiNCs functionalised with secondary amines with a
long-lived bright red /NIR emission. Those nanoparticles are stable in ethanol for more

than a year.

3.3. Conclusions

The functionalisation of SiNCs with amines is considered to be very convenient,
especially thanks to the opportunity to perform an amide coupling. It could offer the
possibility to link a wide variety of molecules, such as chromophores or bio-molecules,
using a strategy that is well-known to chemists and bio-chemists. Unfortunately, even
if several research groups managed to produce amine-terminated silicon nanocrystals,
the optical properties of the quantum dots were compromised and became unsuited

for bio-applications.

We developed a new strategy based on the protection of the amine with a hindered
group (i.e trityl) followed by a passivation of chlorosilane moieties exposed on SiNCs
surface, in a procedure which is reminiscent of the one described in Chapter 2. The so-
obtained amine-functionalised SiNCs maintained excellent properties: a long-lived

bright red photoluminescence and a good dispersibility in polar solvents.

Therefore, we demonstrated that it is possible to perform an amide coupling with
chromophores, such as pyrene, derivatized with carboxylic groups. The resulting
antenna shows an excellent sensitization efficiency and a stability in DMF for more than

one year.

3.4. Experimental Section

All reagents were purchased from Sigma-Aldrich and used without further
purification if not stated otherwise. Dry toluene was obtained via distillation over
calcium chloride under nitrogen atmosphere. N,N,N’,N’-tetramethylethylenediamine

was refluxed over fresh KOH and distilled under nitrogen.
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3.4.1. Synthesis of amine-functionalised SiNCs

3.4.1.1.  Synthesis of N-methyl-N-tritylpropargylamine

/\NH . O O En /\N/Tr + Et;NH*CI"
cl DCM, N, |
O 4h, RT

In a 25 mL two-necked flask, under a nitrogen atmosphere, 920 mg of tritylchloride
(3.3 mmol, 1.1 eq.), 7 mL of anhydrous dichloromethane (DCM), 450 mL of anhydrous
triethylamine (TEA, 333 mg 3.3 mmol, 1.1 eq) and 255 mL of N-
methylpropargylamine (207 mg, 3 mmol, 1 eq.) were added in this order. After several
minutes, the formation of a precipitate occurred (the ammonium salt). The mixture
was stirred at room temperature for 4 hours under an inert atmosphere. The reaction
was quenched with an aqueous solution of NaHCOs3 and diluted with another 5 mL of
DCM. The organic phase was washed twice with water, collected, dried with Na2S04
and concentrated at reduced pressure. TLC analysis (1:1 = cyclohexane:toluene as the
eluent phase) showed two spots (Rf = 0, Rf = 0.8) upon developing with KMnOa. The
less polar one was identified as the product and the mixture was separated with flash

chromatography using cyclohexane:toluene (1:1) as the eluent phase. The collected

fractions gave a white crystalline solid (673 mg, yield: 72%).

GC-MS (EI): m/z 311. TH-NMR (CDCl3, 400 MHz): 7.5 - 7.0 (15 H, m); 2.93 (2 H, br s);
2.25(3H,s);2.19 (1 H, t).

3.4.1.2.  Functionalisation of silicon nanocrystals with tritylamines

In a two-necked 25 mL round-bottom flask, dried and filled with nitrogen, 180 mg
of N-methyl-N-tritylpropargylamine (0.6 mmol) were introduced. The flask was
transferred into a dry-box and 140 mL of N,N,N’,N’-tetramethylethylenediamine
(TMEDA, 0.9 mmol, 105 mg) and 3 mL of dry toluene were added. The flask was then
removed from the dry-box and was connected to a Schlenk line filled with N2. After
having cooled the reaction to -78 °C with a liquid nitrogen/acetone bath, 240 pL of n-
butyllithium (nBuLi 2.5 M in hexanes, 0.6 mmol; Attention: pyrophoric! It must be
handled under an inert atmosphere) were added dropwise, while stirring. The acetone
bath was removed after 45 minutes, and the mixture was stirred for 15 minutes at

room temperature. Again at -78 °C, the suspension of chlorosilane-passivated silicon
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nanocrystals in 2 mL of toluene was slowly added to the reaction mixture. One hour
later, the acetone bath was removed, and the reaction mixture was stirred for an hour
at room temperature. Later, it was heated to 40 °C, and stirred for another hour. The
reaction was cooled again to -78 °C and a second amount of nBuLi (120 pL, 0.3 mmol)
was added to complete the capping of the surface. The reaction was allowed to reach

room temperature and was stirred overnight.

The introduction of 7 mL of MeOH made the nanocrystals precipitate. The brownish
precipitate was washed 3 times with methanol and separated from the supernatant by
centrifugation (8000 rpm, 5 minutes). The obtained nanocrystals were dispersed in

chloroform and the precipitate was filtered off.

3.4.1.3.  Cleavage of trityl group for ammonium-terminated silicon nanocrystals

The suspension of tritylamine functionalised silicon nanocrystals was transferred
into a 20 mL vial with a magnetic stir bar and was stirred slowly. Trifluoroacetic acid
(TFA, 99%) was added dropwise carefully until the precipitation of silicon
nanocrystals occurred (about 10 pL) due to the protonation of the amines. The
suspension was let stir for 10 minutes. Then, the suspension was centrifuged, washing
three times with chloroform (3x8000 rpm, 5 minutes) and the precipitate was
dissolved in alcoholic solvent (ethanol, methanol), acetonitrile or N,N-

dimethylformamide (DMF).

In order to obtain water-suspendable ammonium-terminated silicon nanocrystals,
an excess of a HCl solution in methanol was added to a suspension of SiNCs in methanol.
An excess of water was then introduced, and the suspension was filtered through 0.45
micrometre cut-off RC filters. The suspension was concentrated using a rotary

evaporator to remove the methanol and the acid in excess.

3.4.1.4. Amide coupling with 1-pyrenebutyric acid

In a two-necked 25 mL round-bottom flask, under a nitrogen atmosphere, 7 mg of
1-pyrenebutyric acid (0.028 mmol) were dissolved in anhydrous DMF. Then, 9 pL of
triethylamine (0.066 mmol, 6.6 mg), 5 pL of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC, 0.03 mmol, 4.4 mg) and 13 mg of (1-cyano-2-
ethoxy-2-oxoethylidenaminooxy)dimethylamino - morpholino - carbenium hexa-

fluorophosphate (COMU, 0.03 mmol) were added. The suspension was let stir for half
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an hour at room temperature. Half a batch of ammonium-terminated silicon
nanocrystals derived from the etching of 300 mg of silica-embedded SiNCs, dispersed
in 2 mL of DMF, was added to the mixture, which was then let stir for 1 hour and a half.
Thereafter, other 5 pL of EDC and 13 mg of COMU were added, and the mixture was let
stir overnight. The addition of several mL of methanol made the nanocrystals
precipitate. They were centrifuged five times with methanol (8000 rpm, 5 minutes)

and the supernatant was dispersed in DMF.
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4. Functionalisation of Silicon Nanocrystals via click-

chemistry

4.1. Introduction

Despite the functionalisation with acetylides allowed to create efficient light-
harvesting systems, it never worked for tethering poly(ethylene)glycol (from now on,
PEG). PEG is a polymer frequently used for nanoparticles useful in vivo. [t does not only
enhance the colloidal stability in water, but it also permits a prolonged circulation time
in the body.338-341 As a matter of fact, it is well-known that when nanoparticles are
administered, a variety of serum proteins (immunoglobulins, albumin, et cetera) bind
to their surface. Those proteins are recognized by receptors overexposed on
macrophage cell surfaces, which engulf the nanoparticle (in a process called
phagocytosis) and remove them from circulation. The serum proteins which bind to
the nanoparticles are also named “opsonins”, and the process of adsorption is called
“opsonization”. PEG is shown to diminish the nonspecific interactions between the
nanoparticle and the serum proteins, reducing opsonization.342343 Therefore, an
increasing interest in the functionalisation of silicon nanocrystals with PEG has been

shown.

Our attention was directed towards click-reactions. Click chemistry is defined as the
ensemble of reactions characterized by a high yield, with no or less by-products easy
to remove and simple to carry out.344 In particular, we focussed on the click-reaction
occurring between thiols and alkenes (for this reason it is also called thiol-ene click
reaction).3%> In the presence of a radical initiator such as AIBN (azobisisobutyronitrile),
the labile bond S-H of thiol is subject to a homolytic fission which generates a tihyl
radical (i), which adds to the carbon-carbon double bond of the alkene (ii). This process
leads to the formation of a radical on the adjacent carbon (iii), which cleaves another

sulphur-hydrogen bond (iv), and the chain propagation occurs (Figure 4.1.1).
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Figure 4.1.1 - Schematic representation of the steps for thiol-ene click reaction.

Our strategy involved the reaction between terminal alkenes overexposed on
SiNCs’ surface and PEG bearing a thiol moiety. The resulting nanoparticles were water-
suspendable and were tested for time-gated detection bioimaging. The contents of this
chapter have been reprinted and adapted with permission from reference 194 with

permission from the Royal Society of Chemistry.

4.2. Results and Discussion

In order to accomplish the reaction, SiNCs were functionalised with overexpressed
carbon-carbon double bonds. This can be achieved by a direct hydrosilylation between
H-SiNCs and dienes.218 The main drawback of this approach consists in a parasite
hydrosilylation process which involves both the extremities of the diene,

functionalising the nanocrystals with purely alkyl chains.

Therefore, we decided to passivate 4 and 5 nm H-SiNCs with chlorosilanes (as
performed in the previous cases) which were subsequently made react with allyl
magnesium bromide (Figure 4.2.1). The nucleophilic substitution with the Grignard

reagent yields alkene-terminated SiNCs (Si-allyl).

\/ - MgCl,/MgBr, \/

Shal v oBmg™>> " Sl
Tol/THF, N,
RT,12h

Figure 4.2.1 - Functionalisation of SiNCs with double bonds.
Moreover, PEG (mean MW = 2,000 Da) bearing a thiol moiety (PEG-SH) was

synthesized through Fischer esterification between poly(ethylene)glycol and
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mercaptopropionic acid (see Experimental Section for further details).346 The thiol-ene

click reaction was then performed and PEGylated SiNCs were produced (Figure 4.2.2).

+ HS\A’{O\/\O}\, _ABN Sl\/\/SJﬁT(O\/\O}\/OH

Tol, N2
70°C, 5 h

Figure 4.2.2 - Thiol-ene click reaction for the functionalisation of silicon nanocrystals with
PEG.

The so-obtained nanocrystals were dispersible in toluene, ethanol and water

(Figure 4.2.3).

Figure 4.2.3 - From left to right, photographs of vials containing PEGylated SiNCs in toluene,
ethanol and water under 365 nm UV light.

In the same way, the functionalisation of double bond-terminated SiNCs with thiols
bearing an amino moiety was tested. The reaction with amino-terminated PEG-SH did
not occur. We believe that the basicity of the amine could have interfered with the
reaction. However, functionalisation with cysteamine hydrochloride yielded blue-

emitting nanoparticles (Figure 4.2.4).

\ / \ /
Si ® O AIBN Si s ® O
IV\ + HS\/\NH30| _— N \/\NH3 Cl
Tol, N,
70°C,5h

Figure 4.2.4 — Thiol-ene click reaction for the functionalisation of silicon nanocrystals with
cysteamine. No characterization was performed on the resulting nanoparticles, whose structure
is hypothesized.

Because of the maintaining of good optical properties, only PEGylated SiNCs (from

now on, Si-PEG) were deeply characterised.

The absorption spectra of Si-PEG exhibit an unstructured absorption profile that is
characteristic of Si nanocrystals (solid lines in Figure 4.2.5a). The photophysical data

reported in Figure 4.2.5b for Si-allyl and Si-PEG in toluene demonstrate that the
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radiative transition is characterized by the same energy, similar photoluminescence
intensity decays (t) and a decrease of the photoluminescence quantum yield (PLQY) in
the case of 4 nm SiNCs. This decrease of PLQY with no effect on the lifetime might be
indicative of the complete quenching of part of the nanocrystal ensemble
(corresponding to lifetimes shorter than 5 ps). This effect can be ascribed to partial
surface oxidation during the click reaction of the fraction of nanocrystals with
incomplete surface functionalization in Figure 4.2.1, as previously reported by some of
us in a different post-functionalisation reaction of SiNCs.?¢ The photophysical
properties of Si-PEG in distilled water are reported in Figure 4.2.5: bright red to NIR
emission (Amax = 735 and 945 nm) are observed for average core diameters of 4 and 5

nm, respectively.

25
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2.0 4 08
Diameter = 4 nm Diameter = 5 nm
1.5 1 L
A 08 Amax T Amax

SiNC Solvent (nm)  PLQY (ps) (nm) PLQY t(ps
1.0 1 4 Si-allyl Toluene 770 0.41 74 955 0.30 135

Si-PEG Toluene 770 0.20 68 950 0.29 130
05 L 0.2 Si-PEG Water 735 0.16 60 945 0.18 120
0.0 - v 0.0

400 600 800 1000 1200
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Figure 4.2.5 - (a) Absorption (solid lines) and normalized photoluminescence spectra
(dashed lines) of Si-PEG nanocrystals in water with an average diameter of the silicon core of 4
nm (black-line) and 5 nm (red-line); (b) Photoluminescence band maximum (Amax), quantum
yield (PLQY) and lifetime (t) of Si-PEG and Si-allyl in toluene or distilled water. The reported
diameters are referred to the silicon core.

Dynamic light scattering (DLS) analysis was used to evaluate the hydrodynamic
volumes of Si-PEG in water and their stability as a function of time. The results indicate
diameters of around (30 * 10) nm for both 4 and 5 nm Si-PEG nanoparticles, as shown
in Figure 4.2.6. No significant change was observed over a one-week time interval,
demonstrating no aggregation. Even the optical properties do not change with time:
the samples remained transparent for several months when stored at room
temperature. Moreover, the photoluminescence lifetime of a Si-PEG sample in distilled
water shows no change in a 1-day range and in blood serum at 37 °C, suggesting that

the PEG surface functionalization was able to prevent interaction with serum proteins.

96



Volume (Percent)
JZISIBAQ

Size (d.nm)

b) :

140

Volume (Percent)
=
2zZISIBAQ

,.520

' 1||x|||:>-0

10000

Size (d.nm)

Figure 4.2.6 - Dynamic light scattering analysis of (a) 3 nm and (b) 5 nm Si-PEG
nanocrystals in water.

The pH dependence on the optical properties is also a fundamental issue for
luminescent probes: at basic pH (>8) a significant decrease of lifetime was observed
and lifetime changes were not fully reversible upon acidification to the initial pH value.
In contrast, at acidic pH, we observed a significant and fully reversible increase of
lifetime (Figure 4.2.7), suggesting the possibility of implementing a pH sensor based
on the luminescence lifetime of Si-PEG. It is worth noting that the lifetimes reported in
Figure 4.2.6 are lower than the value reported in distilled water (Figure 4.2.5b) and
this is due to the effect of ionic strength in aqueous solution. In addition, the
photoluminescence lifetime was proven not to be affected by the oxygen concentration,

whose presence may affect the signal detected and reduce the reliability of the sensor.
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Figure 4.2.7 - Luminescence lifetimes as a function of pH (values reported in blue) in
successive additions of HCl and KOH to a 7.5 x 10-7 M solution of 4 nm Si-PEG in water. Aexc = 365
nm; Aem > 550 nm.
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4.3. Conclusions

The functionalisation of nanomaterials with poly(ethylene)glycol (i.e. pegylation)
is of paramount importance for the implementation in biological systems. Because
bioimaging is believed to be one of the most promising applications of SiNCs, their
pegylation has been intensively studied. In particular, a good coverage of the surface is
requested, and this appears to be quite difficult if considering the high hinderance of
PEG. Therefore, we focussed our attention on click chemistry reactions, which are
renowned for their high yield and simplicity. One of them is the thiol-ene coupling, for

which the conditions are well-tolerated by silicon nanocrystals.

We developed a strategy in which the nanoparticles are functionalised with a
terminal alkene and PEG is bearing a thiol moiety. Their reaction in presence of a
radical initiator (AIBN) activated by quite low temperatures (70 °C) allows to obtain

water-suspendable nanocrystals with a good stability and quantum yield.

Thanks to a collaboration with Dartmouth College, we assessed their utilization in
vivo, showing that these systems can perform a passive targeting of tumours in mice.
Moreover, their visualization is highlighted taking advantage of the long emission
lifetimes of the quantum dots: the time-gated detection enhances the signal to noise
ratio of a 3-fold factor with respect to steady-state measurements, allowing a good
separation of the contributions (see Figure 4.3.1 that displays subcutaneously injected

Si-PEG upon excitation at 457 nm).
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Figure 4.3.1 - Advantages of time-gated imaging. Si-PEG (1.5 uM) were subcutaneously
injected into athymic nude mice; (a) white light image indicating the location of injection and
location of quantitation of background luminescence; (b) steady state fluorescence imaging of

SiNCs; (c) time-gated luminescence imaging; (d) difference in the signal to background ratio
afforded by time-gated imaging (delay 10 us).
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The main disadvantages of this procedure are related to the impossibility to co-
functionalise the nanocrystal with chromophores achieving a light-harvesting antenna
(this is due to the low stability of conjugated systems towards the click reaction) and
to the presence of an ester bond in PEG-SH, which is less stable in physiological
environment than amides. Therefore, we addressed our attention on procedures which

could allow to overcome those issues.

4.4. Experimental Section

All reagents were purchased from Sigma-Aldrich and used without further
purification if not stated otherwise. Dry toluene was obtained via distillation over

calcium chloride under nitrogen atmosphere.

4.4.1. Synthesis of Si-PEG
4.4.1.1.  Synthesis of PEG-SH

S H,SO,
~0 (OGN
MW = 2,000 Da T0| refI ux \/\"< O>:/IW\ZOOO Da

Mercaptopoly(ethylene glycol) (PEG-SH) was prepared as follows:346 4.4 g of

OH+HO

poly(ethylene glycol), MW=2,000 (PEG) was introduced in a three-necked flask
equipped with a stirrer and a condenser. 50 mL of dry toluene were added to dissolve
the PEG, then 261 pL (3 eq.) of 3-mercaptopropionic acid and few drops of sulfuric acid
were added. The flask was heated to reflux with an oil bath overnight, under nitrogen.
The reaction was then checked with TLC and cooled to room temperature. The reaction
solution was concentrated under reduced atmosphere, then diethyl ether was added
to precipitate the product. The product was transferred on a Gooch filter and washed
three times with diethyl ether, dried under vacuum and collected as a white waxy solid

1.4 g (yield 32%).

1H-NMR (CDCls, 400 MHz): 4.26 - 4.23 ppm (2 H, m), 3.62 ppm (200 H, s), 2.75 ppm
(2H,m), 2.66 ppm (2 H, t,] =7.3Hz), 1.66 ppm (1 H, t,] = 8.3 Hz).

4.4.1.2.  Synthesis of Si-allyl
Allyl terminated nanocrystals were prepared through the Grignard nucleophilic
addition to the chlorosilane passivated SiNCs. In particular, 0.2 mL allyl magnesium

bromide (1 M solution in diethyl ether) was added to the chlorosilane passivated SiNCs
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solution and left stirring overnight at room temperature. While the addition of the
Grignard reagent results in a turbid solution for 5 nm SiNCs, no significant effect was
observed on the 4 nm nanocrystals other than the quenching of the typical red emission
under UV light excitation. The samples are then extracted from the glove-box and
acidified MeOH (0.5mL HCl in 20 mL of MeOH) is added to quench the residual Grignard
and precipitate the nanocrystals. The dispersion is then precipitated and washed three
times with MeOH, then dissolved again in toluene and stored in vials for further use.
Proton NMR measurements of Si-allyl were conducted and proton signals from the

double bonds appeared around 6 ppm confirming the functionalization.104

4.4.1.3.  Synthesis of Si-PEG through thiol-ene click reaction

A batch of allyl functionalised SiNCs was dissolved in 10 mL of toluene, then 1g of
PEG-SH was added. After the PEG is completely dissolved, 15 mg of AIBN
(azobisisobutyronitrile) was added to start the thiol-ene click reaction. The solution
was purged with nitrogen for 20 min under ultrasonication to remove oxygen traces,
then heated for 4h at 70 °C. After cooling to room temperature, the suspension became
slightly turbid. The sample was dried under vacuum, suspended in ethanol, then dried
again and dissolved in distilled water. The ethanol addition is essential to maintain the
colloidal stability of the resulting sample. A drastic change in polarity of the solvent
from toluene to bi-distilled water might induce aggregation of functionalised SiNCs.
The excess PEG and the residual AIBN were removed by either dialysis (RC dialysis
tube, Millipore, MW cutoff = 14,000 Da) or high-pressure filtration (RC filter, Amicon®
Stirred Cells, MW cutoff = 14,000 Da). Finally, the sample is filtered over 0.22 pym RC
syringe filter and stored at room temperature. Slight aggregation occurs over the
course of several weeks in concentrated solution, but not in diluted solutions (104 -
10-> M). TH-NMR spectrum of functionalised SiNCs shows new signals of methylene
protons in proximity to the thiol-ether group, which is formed upon click reaction

between allyl functionalised SiNCs and PEG-SH.

TH-NMR (CDCls, 400 MHz): 4.17 ppm (2 H, m), 3.59 ppm (186 H, m), 2.83 ppm (2 H,
m), 2.66 ppm (2 H, m), 2.56 ppm (2 H, t), 1.63 ppm (2 H, m).
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5. Functionalisation of Silicon Nanocrystals with

carboxylic acids

5.1. Introduction

As explained in Chapter 3, post-functionalisation of SiNCs through amide bonds
could avoid several issues for the applications in vivo of the nanoparticles. In the same
chapter, SiNCs were functionalised with amines and the ligands were introduced as
carboxyl derivatives. This approach was successful but expensive in time: each
reaction on SiNCs, from hydride-terminated to amide-functionalised ones, takes one
day. Easier approaches for achieving the grafting of amines on SiNCs have been being

studied.

Another strategy which could allow the formation of amides is the functionalisation
of silicon nanocrystals with carboxylic acids, which can further react with biologically
important molecules containing amines. In order to reduce the reaction times, our
attention focussed on the direct functionalisation of H-SiNCs with carboxyl compounds.
However, the direct hydrosilylation with carboxylic acids showed some issues: the
resulting nanoparticle is too polar to be suspended in toluene??2 (the typical reaction
solvent) and the hydrosilylation with acrylic acid and 10-undecenoic acid in the
presence of diazonium salts wasn’t successful. If the hydrosilylation was conducted in
co-presence of 1-dodecene, the grafting of 10-undecenoic acid occurred in different
ratios, but the nanoparticles were suspendable in solvents characterised by different
polarity, rendering the purification process hard. Moreover, the emission quantum
yield was low in polar solvents and a slight blue-shift occurred (probably due to the

oxidation of the surface, see Paragraph 1.3.2).

Therefore, we studied a new strategy involving a protected carboxylic acid. The
resulting nanoparticles were completely functionalised with carboxyl groups, red-

emitting and with high emission quantum yields in ethanol.

5.2. Results and Discussion

As reported in Chapter 3, the choice of the suitable protective group should
consider its stability in the reaction conditions in which SiNCs are exposed and must

be cleavable in a non-harmful ambient for the nanoparticles. For instance, we noticed
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that SiNCs are more stable in the presence of acids such as TFA. Our decision was
directed to tert-butyl (tBu) group. The reaction (Steglich esterification) between a
carboxylic acid (here, 10-undecenoic acid) and tert-butanol, in the presence of
dicyclohexylcarbodiimide (DCC) and a non-nucleophilic base such as
dimethylaminopyridine (DMAP) yields tert-butyl 10-undecenoate.34” Because of the
presence of side-products which render the mixture difficult to purify, itis also possible
to obtain the same molecule converting 10-undecenoic acid to 10-undecenoyl chloride
with thionyl chloride and making tert-butanol react with the acyl chloride in presence
of diisopropylethylamine (DIPEA), adapting a procedure widely found in literature.348-
350 The deprotection from tert-butyl group and the regeneration of the carboxylic acid

occurs in presence of an excess of trifluoroacetic acid in chloroform.334

Therefore, the strategy involved (i) the protection of 10-undecenoic acid; (ii) the
hydrosilylation on H-SiNCs and (iii) the deprotection (Figure 5.2.1). Afterwards, trials

of amide coupling were performed.

DCC,

(@]
i —OVAE M
RT, 16 h
(@]
\/\/\/\/\)]\ >< 408 ><

Q" o

Tol, N2

RT, 12 h

LN Lo +
sese O OH +
iii) CHCls,
RT,2h

Figure 5.2.1 - Adopted strategy for the functionalisation of silicon nanocrystals with
carboxylic acids: (i) protection of 10-undecenoic acid with tert-butanol,; (ii) radical-initiated
hydrosilylation; (iii) deprotection.

Tert-butyl esters let the nanocrystals be suspended in apolar solvents, such as
toluene and chloroform, but not in polar ones as methanol. This allows to perform the
purification of the hydrosilylation reaction through precipitation in CH3OH and
subsequent centrifugation. The so-obtained nanocrystals are usually quenched, but the

luminescence is recovered over time or deprotecting the nanoparticles.

The precipitation of the nanoparticles in chloroform during the deprotection is one

proof of the presence of polar carboxylic acids on their surface. However, the
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nanoparticles can be maintained suspended if the amount of TFA is high. Consequently,
a real proof of the cleavage of tBu group is given by TH-NMR spectra collected before

and after the deprotection.

The TH-NMR spectrum of tert-butyl ester-functionalised SiNCs is reported in Figure
5.2.2. The main signals lay at 2.17 ppm (2 hydrogens in alfa position with respect to the
carboxyl group), 1.57 and 1.2 ppm (broad signals related to the hydrogens of the alkyl
chain linked to the nanoparticle) and 1.44 ppm (highlighted in the figure). The latter
singlet represents the signal due to the 9 hydrogens of tert-butyl group. This signal will
be crucial for the determination of the number of ligands connected to the surface of

each nanoparticle (vide infra).

—2.17

f1 (ppm)

Figure 5.2.2 - 1H-NMR spectrum (400 MHz, CDCl3) of tert-butyl ester-functionalised SiNCs.

After the deprotection, the nanocrystals were dispersed in a mixture 1:2
chloroform-d:methanol-4d. The resulting NMR spectrum (Figure 5.2.3) shows the
reduction (or the fading) of the peak related to tBu.
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Figure 5.2.3 - 1H-NMR spectrum (400 MHz, 1:2=CDCl5:CD30D) of acid-functionalised SiNCs.

The photophysical characterization of the tert-butyl ester-passivated SiNCs was
performed in toluene, while the deprotected sample was studied in ethanol. While the
absorption spectra are well-overlapped (blue lines in Figure 5.2.4), the emission
spectrum of the deprotected sample (solid dark red line) is blue-shifted by about 10
nm with respect to the protected one (dashed red line), which is index of a slight
oxidation of the surface, as reported in literature.13? However, both emission quantum
yield and lifetimes are increased for the deprotected sample (respectively, 22% and 87
us versus 19% and 77 ps of the tert-butyl ester passivated one). This behaviour is
unusual for nanoparticles dispersed in more polar solvents, where the optical

properties are usually compromised.
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Figure 5.2.4 - Absorption (blue lines) and emission (red lines, exciting at 450 nm) spectra of
tert-butyl ester-functionalised SiNCs in toluene (dashed lines) or carboxylic acid-functionalised
SiNCs in ethanol (solid dark lines).

The amidation processes were more challenging. Different routes have been
attempted, using a high variety of amide coupling reagents, namely COMU and EDC
(already used for amine functionalised SiNCs, see Chapter 3), or HBTU (i.e.
Hexafluorophosphate Benzotriazole Tetramethyl Uronium), a salt widely used to graft
amines onto carboxylic acid terminated dendrimers.3>! However, the first trials were
unsuccessful, due to the presence of residual TFA that can compete with the carboxylic
acid of SiNCs. This issue was initially overcome by reducing the amount of TFA
concentrating numerous times the deprotected sample at rotary evaporator, or
washing and filtrating with toluene, until the pH of the suspension was as neutral as

possible.

Despite the taken precautions to ameliorate the reaction conditions, the amide
couplings continued to be unsuccessful. Even using different coupling reagents,
modifying the concentration of the starting materials, using various types of amines,
from the most hindered bis-amino poly(ethylene)glycol, to the nucleophilic
propargylamine, the reaction did not occur or compromised the emission of the
nanoparticles. We attributed most of the causes to the poor suitability of the solvent.
As a matter of fact, we chose DMF, which is the only solvent able to dissolve each
component of the reaction mixture and it is highly recommended for amidations.

However, it seems to damage the optical properties of SiNCs, quenching and/or blue-
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shifting the emission, is difficult to remove and must be fresh, or can degrade into

diethylamine. Substituting DMF with THF, the nanoparticles tended to aggregate.

Moreover, in literature, only few examples of carboxylic acid-functionalised SiNCs
are coupled to amines. Usually, they are water-suspendable quantum dots and the
amide coupling step is performed in presence of EDC and (Sulfo-)NHS in water.132352
The bonded amine was usually a protein or, more generally, a biomolecule, so the
researchers haven’t been focussed on the amount of linked molecules. This suggested

that this kind of reactions are not very suitable for the functionalisation of acid SiNCs.

Therefore, a new synthetical route was adopted in order to activate the carboxylic

moiety.

5.2.1. Amide coupling via formation of acyl chlorides

Specifically, the acyl chloride is far more reactive towards amines with respect to
carboxylic acids activated with amide coupling reagents. Acyl chlorides can be
produced in situ from carboxylic acids in the presence of oxalyl chloride or thionyl
chloride.348-350 [n particular, the reaction between R-COOH and SOCIz can be described
as follows:

0] O O

I
S. —» + HCI + SO
RJ\OH Yool R)J\CI 2

The driving force is the production of gaseous SO2 and HCl which can be moved away
from the reaction mixture. This reaction can be catalysed in the presence of few drops
of DMF, which enables the formation of the Vilsmeier-Haak intermediate.353 SOCl2 can
be used in stoichiometric amount or in excess (as a solvent or co-solvent). The typical
solvents for the reaction are toluene or DCM. THF is also indicated as a possibility, even
if someone claims to avoid it because it can polymerize in the presence of acid.35* If
SOCIz is used in high amount, it should be moved away from the reaction before the
next step. Usually, thionyl chloride is evaporated at reduced pressure (290 mbar @ 40

°C) washing with toluene (azeotropic removal).35>

The next step is the reaction with a primary amine, which leads to an amide bond,

as described:
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O B (0]
)J\ +R-NH, ——>» )]\N,R' + BH*CI

R Cl R N
In order to neutralize the hydrochloric acid produced (which can protonate the
primary amine and make it unreactive towards the electrophilic acyl chloride), a
tertiary amine should be added. TEA or DIPEA are the best choices, while DMAP is
known to react violently with the acyl chloride and should be added in catalytical

amounts.3>6 The base can also react with the acyl chloride yielding reactive ketenes.

When applying to silicon nanocrystals, the main concerns are related to the solvent.
Thionyl chloride should be avoided as pure solvent, because it must be completely
removed from the reaction mixture before adding the amines. This could lead to a
precipitation of the nanoparticles at rotary evaporator which can result in an
irreversible aggregation. On the other hand, the solvents that are suggested for the
reaction are apolar and cannot stabilize the acid-functionalised SiNCs. For this reason,
we decided to passivate the surface of H-SiNCs with an equimolar mixture of 1-
dodecene and tert-butyl 10-undecenoate. The deprotection with TFA produces silicon
nanocrystals functionalised with a mixture of pure dodecyl chains and carboxylic acids

(from now on Si-DDE:COOH) that are suspendable also in non-polar solvents.

Another issue was related to the amine to be linked. In order to understand if the
amidation effectively occurs, as we did for amine terminated SiNCs (Chapter 3), we
decided to tether an amino derivative of pyrene, assessing then the presence of amide
bond through excitation spectra. In Figure 5.2.5 the entire procedure, which has been

studied and adapted on model compounds, is shown.
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Figure 5.2.5 - Strategy for coupling carboxylic acid functionalised SiNCs with amines.

Even though for the entire duration of the reaction the nanocrystals were well-
suspendable, after the purification by SEC, only a small batch was obtained, affecting
the chemical yield of the amide coupling. Figure 5.2.6 collects the absorption, excitation
and time-gated emission spectra of the sample. There are many similarities to the ones
described in Chapter 3 (from Figure 3.2.15 to Figure 3.2.17), confirming the occurrence
of the energy transfer from pyrene to the silicon and therefore the success of the
functionalization. This is clear from the excitation spectrum recorded at 700 nm (red
line, Figure 5.2.6) that shows the contribution of the pyrene absorption (e.g. the peaks
at 325 nm and 345 nm) to the emission of the inorganic core. However, the overlap
with the absorption spectrum (black line) is not so good and this is probably due to
two reasons: (i) part of the pyrene in the sample is detached from the nanocrystal, and
this does not provide energy transfer; (ii) the efficiency of energy transfer is low

because of the long distance between the attached chromophore and the silicon.
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Figure 5.2.6 — (a) Absorption (black line) and excitation (red line, recorded at 700 nm)
spectra of SINCs functionalised with pyrene via acyl chloride in chloroform; (b) normalized
photoluminescence intensity recorded exciting at 345 nm with a time-gated detection (delay of
50 microseconds).

The amount of detached pyrene can be estimated analyzing the emission lifetimes
(t) of pyrene. The ligand has a T in CHCl3 equal to 15 ns, while in the SiNCs suspension,

the emission intensity decay can be described with a bi-exponential function:
[ =Bje t/™1 4 B,et/7,

where:
-t1=5nsand B1=0.016
-12=15ns and B2 =0.039

Obviously, the second term is related to the detached pyrene, while the first one,
with an inferior lifetime, is referred to the bonded (i.e. quenched) pyrene. From the
pre-exponential factors it is possible to compute the amount of linked chromophore
over the total number of pyrene in the suspension (the formula is strictly valid for

diluted suspensions):

16
Npyrene linked = m "Nyyrenetotal = 30% - Nyyrene,total
Knowing the molar absorption coefficient of pyrene (3.7x104 M-1cm-! at 344 nm)
and the silicon core (1.0x10°5 M-1cm! at 430 nm)73 it is possible to estimate a total of
30 pyrene units either attached or detached per silicon nanocrystal, about 9 of which

(id est the 30%) are linked to each nanoparticle.
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This low number is due to the reduced amount of reactive units (i.e. carboxylic
acids) on SiNCs (because of the co-passivation with dodecene) and the poor reliability
of the reaction. Therefore, we decided to switch our attention on different

functionalization strategies.

5.2.2. Determination of the number of ligands per nanocrystal

An important factor for the evaluation of the efficiency of functionalisation is surely
related to the determination of the number of ligands tethered on the surface of the
SiNC. In literature, the only way found to compute that is TGA (thermogravimetric
analysis): the loss of the mass occurring at temperatures lower than 400 °C is related
to the oxidation to CO:z of alkyl chains.”3 Comparing the percentage of loss of this mass
to the mass of the nanoparticle (whether the molecular weights of the ligand and SiNC

are known), it is possible to estimate the desired value.

For different nanoparticles, this has been assessed also by spectrometric analysis,
such as colorimetric assays and emission spectra (e.g. ninhydrin3>7 and
fluorescamine38 are used for the quantification of amino groups on silica
nanoparticles) or NMR in the presence of standards. To the best of our knowledge,
these approaches weren’t used to determine the amount of non-chromophoric units
linked to silicon nanocrystals. Unfortunately, the NMR signals are usually broadened,

non-specific and difficult to distinguish.

However, tert-butyl group seems to be valid for the purpose: as it is possible to see
from Figure 5.2.2, the signal is quite sharp (it is a singlet and the distance from the
nanoparticle renders this group less affected by the hindrance of the motions), intense
(it corresponds to 9 equivalent hydrogens) and specific (1.44 ppm in CDCls, 400
MHz).347

Our strategy consisted in performing 1H-NMR spectrum of a well-known volume of
a dispersion in chloroform-d of tert-butyl functionalised SiNCs in the presence of a
standard (here, dimethylformamide and pyrene) in order to determine the overall
amount of ligands in the sample. From the absorption spectrum of the same sample
(being careful about the dilutions), knowing the molar absorption coefficient of the
nanoparticles, it was possible to estimate the number of nanocrystals. The desired

value is the ratio.
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Firstly, we performed the absorption spectrum of a 2.4 mL chloroform suspension
of tert-butyl ester functionalised SiNCs (derived from the etching of 100 mg of Si@SiO2
powder). The absorbance at 430 nm was 1.18. Assuming a molar absorption coefficient
of 1x105M-1cm-! for 4 nm sized SiNCs at the considered wavelength,10¢ it is possible to

compute a number of 28 nmols of SiNCs in the sample.

The sample was concentrated and re-dispersed in 700 pL of deuterated chloroform.
A known amount of pyrene and DMF were then introduced in order to obtain a solution

of 4.9 mM and 6.7 mM respectively. The 1H-NMR spectrum is reported in Figure 5.2.7.
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Figure 5.2.7 - 1H-NMR spectrum (400 MHz, CDCl3) of 700 microliters of a suspension

containing 28 nmols of tert-butyl functionalised SiNCs, 4.9 mM of pyrene and 6.7 mM of pyrene.

Using DMF as standard (8 = 2.89 ppm, s, 3H; 2.96 ppm, s, 3H; 8.01 ppm, s, 1H), it is
possible to estimate an amount of ligands equals to 3.64 pmols; using pyrene (8 = 7.99
ppm, m, 2H; 8.09 ppm, m, 4H; 8.19 ppm, m, 4H), the desired value equals to 4.4 pmols.

Considering a solid non-volatile compound as a better standard, we decided to

continue with this number for the ratio.

Therefore, about 160 ligands are estimated to be linked per 4-nm sized nanocrystal.
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5.3. Conclusions

The direct functionalisation of silicon nanocrystals with carboxylic acids usually
leads to an oxidation of the surface of the nanoparticle, with a consequent blue-shift of
the photoluminescence. One way to avoid this is to protect the carboxylic moiety with
an ester that is easily cleavable. We found that tert-butyl esters possess the desired
characteristics and the hydrosilylation of tert-butyl undecenoate with H-SiNCs in the

presence of diazonium salts occurs with high yields.

The so-obtained nanoparticles terminate with a group (-C-(CHs)3) whose signal at
IH-NMR is facile to distinguish. This allows a computation of the number of attached
ligands per nanoparticle in the presence of a standard (e.g. pyrene) and knowing the
amount of SiNCs in the sample (obtained from absorption spectroscopy) without the

use of less common techniques in an organic chemistry laboratory such as TGA.

The deprotection produces carboxylic acid functionalised SiNCs with a bright red

emission, with long lifetimes and a dispersibility in polar solvents such as ethanol.

The step further, i.e. the amide coupling, is still challenging and no investigated

strategies allows to obtain a high yield of amidation.

5.4. Experimental Section

All reagents were purchased from Sigma-Aldrich and used without further
purification if not stated otherwise. Dry toluene was obtained via distillation over

calcium chloride under nitrogen atmosphere.

5.4.1. Functionalisation of silicon nanocrystals with carboxylic acids
54.1.1.  Protection of 10-undecenoic acid: tert-butyl undecenoate
Tert-butyl undecenoate was synthesised with two different approaches: via acyl

chloride and by Steglich esterification. Both are reported.

0 SOCl; 0 tBuOH 0
DMF DIPEA
A cat \/\/\/\/\)l\ NS J<
\/\/\/\/\)LOH _ c| ————» 0
DCM, Ny DCM, N
0°C ->RT 0°C -> RT
5h 16 h

Via acyl chloride. In a 100 mL two-necked round-bottomed flask, desiccated and

under inert atmosphere, 2.760 g of 10-undecenoic acid (15 mmol) were dissolved in 5
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mL of anhydrous dichloromethane (DCM). At 0 °C, 1.1 mL of thionyl chloride (SOClz, 15
mmol) and a catalytic amount of N,N-dimethylformamide (DMF) were added dropwise
and the mixture allowed to heat up to room temperature and let stir for 5 h under a
nitrogen flux. Therefore, 20 mL of anhydrous dichloromethane were added, before
cooling the mixture down to 0 °C. N-ethyl-N,N-diisopropylamine (DIPEA, 11 mL, 60
mmol) and tert-butanol (tBuOH, 6 mL, 60 mmol) were carefully introduced (caution!
The reaction produces heat and gas), and the mixture let stir overnight at room
temperature. The reaction was quenched with a saturated NaHCO3 aqueous solution
and the organic phase extracted three times with NaHCO3(q) and one with water. A
flash chromatography over silica (100% toluene, Rf = 0.8) was performed to isolate 1.7

g of a brown oil (yield 67%).

GC-MS (EI): m/z 240. 1H-NMR (CDCI3, 400 MHz): 5.8 ppm (1 H, m); 4.93 ppm (2 H, dd);
2.18 ppm (2 H, t); 2.03 ppm (2 H, m); 1.56 ppm (2 H, t); 1.43 ppm (9 H, s); 1.36 ppm (2
H, m); 1.27 ppm (8 H, s).

L 0
M/\/\/\)LOH + tBUOH _“at> WLO +DCU
DCM, RT
16 h

Steglich esterification. In a 100 mL one-necked round-bottomed flask, 3 g of 10-
undecenoic acid (16 mmol), 20 mL of chloroform, 3.3 mL of tert-butanol (34 mmol)
and 650 mg of DMAP (5 mmol) were introduced and the mixture was let stir.
Afterwards, a solution of 4 g of DCC in 20 mL of chloroform was added dropwise and
the mixture let stir for further 16 h at room temperature and ambient atmosphere. The
precipitation of the dicyclohexylurea was a symptom of the occurring of the reaction.
The white solid was filtered off with a Gouch filter and the liquid washed three times
with water. The organic phase was collected, dried over Na2S04 and purified by flash
chromatography (100% toluene as eluent phase). 3 g of a viscous liquid were obtained

(vield 80%). GC-MS and 'H-NMR were identical to the ones of the previous reaction.

5.4.1.2.  Hydrosilylation and deprotection to obtain all-carboxylic acid-terminated
SiNCs
In a dry-box, in a 8 mL vial were introduced 720 mg of tert-butyl undecenoate (3

mmol). A dispersion of H-SiNCs derived from the etching of 300 mg of Si@SiO2 powder

113



in 2 mL of toluene was added. Finally, 2 mg of 4-DDB were added to initiate the
hydrosilylation. The suspension became darker and limpid in few hours, but it was let

stir overnight.

The addition of 20 mL of methanol made the nanocrystals precipitate. They were

centrifuged 3 times (8000 rpm, 5’) and suspended in 2 mL of chloroform.

The deprotection consisted in the addition of 1 mL of TFA (however, the ratio v/v
chloroform/TFA was maintained of 2:1) and the suspension was let stir for 2 hours at

room temperature at ambient atmosphere.

Afterwards, the suspension was concentrated under reduced pressure and toluene
was added to make the nanocrystals precipitate. The nanoparticles were centrifuged 3
times in toluene (8000 rpm, 5’), until no TFA was present. The nanocrystals were re-

dispersed in a more polar solvent (AcOEt, DMF, ethanol).

5.4.1.3.  Hydrosilylation and deprotection to obtain SiNCs passivated with acid and
dodecene

The procedure to obtain Si-DDE:COOH, that is silicon nanocrystals passivated with

an equimolar amount of carboxylic acid and dodecyl chain is the same described in

Paragraph 5.3.1.2, but 240 mg of tert-butyl undecenoate (1 mmol) and 200 pL of 1-

dodecene (1 mmol) were used to cap a batch of H-SiNCs obtained from the etching of

300 mg of Si@SiO2 powder.

The purification process was performed exclusively by size exclusion

chromatography (200-400 mesh) in distilled chloroform.

The deprotection was conducted in a mixture 2:1 of chloroform/TFA for 2 hours at
room temperature. TFA was removed at rotary evaporator introducing toluene and

concentrating 5 times. The sample was then redispersed in toluene.
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5.4.2. Functionalisation of silicon nanocrystals with amides via acyl chloride

54.2.1.  Synthesis of tert-butyl (2-(4-(pyren-1-yI]butanamido]ethyl]carbamate

SOCl,
i) O DMFcat
CHC|3 N,
O 0°C > RT
Cl

H 0
fo~ K
O H o DIPEA O 3
ii) O + HNT™ \n/ e
o CHCl3, N,
0°C -> RT
16 h

Pyrene butyric acid (288 mg, 1 mmol) was introduced in a 25 mL anhydrous two-
necked round-bottom flask under inert atmosphere and 5 mL of anhydrous DCM were
introduced. At 0 °C, thionyl chloride (74 pL, 1 mmol) was carefully added, followed by
a catalytic amount of anhydrous DMF. After 15 minutes, the colour of the mixture
changed and pyrene was well-dissolved into it. The mixture was let stir for 5 h at room
temperature under a continuous nitrogen flux. Therefore, at 0 °C, DIPEA (550 pL, 3
mmol) were carefully added, while a production of gas evolved and the colour of the
mixture became darker (probably due to the formation of ketenes). Subsequently, N-
Boc-ethylenediamine (350 pL, 2.2 mmol) was introduced and the mixture let stir

overnight at room temperature.

The reaction was quenched adding a saturated solution of NaHCOs. The organic
phase was separated and washed 3 times with NaHCO3(q). CHCI3s was evaporated at
reduced  pressure, yielding a dark solid. Flash  chromatography
(7:3=AcOEt:cyclohexane, Rf = 0.3 under 365 nm UV light) was performed to isolate a
yellow solid (165 mg, 0.38 mmol, yield 38%).

TH-NMR (CDCls, 400 MHz): 8.3 - 7.8 ppm (9 H, m); 6.29 ppm (1 H, bs); 5.02 ppm (1
H, bs); 3.4 - 3.2 ppm (4 H, m); 2.25 ppm (2 H, t); 2.16 ppm (2 H, t); 2.04 ppm (2 H, m);
1.37 ppm (9 H, s).
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5.4.2.2.  Synthesis of N-(2-aminoethyl)-4-(pyren-1-yl)butanamide

o ii) NaHCO; 5
(1 — 1)
¢ e

A procedure found in literature was followed.3>® (2-(4-(pyren-1-

NP s
O N0 i) TFA, 1 h, RT O NN,
H

yl)butanamido)ethyl)carbamate (165 mg, 0.38 mmol) was dissolved in 4 mL of TFA at
room temperature for 1 h. The solution was concentrated and then an aqueous
saturated solution of NaHCOs3 (20 mL) were added. The product was extracted in
chloroform washing 3 times with NaHCO3(@q). 106 mg (0.32 mmol) of N-(2-
aminoethyl)-4-(pyren-1-yl)butanamide were obtained (85% yield).

1H-NMR (CDCl3, 400 MHz): 8.5 - 7.8 ppm (9 H, m); 5.94 ppm (1 H, bs); 3.37 ppm (2
H, t); 3.25 ppm (2 H, t); 2.28 ppm (2 H, t); 2.20 ppm (2 H, t); 1.97 ppm (2 H, bs).

5.4.2.3.  Synthesis of pyrene-functionalised SiNCs

The 3 mL toluene suspension of Si-DDE:COOH was introduced in a two-necked
round-bottom flask, filled with nitrogen. At 0 °C, 2 mL of SOClz was added dropwise.
The mixture was allowed to reach room temperature and let stir 3 h, leaving a flux of
nitrogen flowing. Therefore, the suspension was concentrated at rotary evaporator (70
mbar @ 40 °C) and 3 mL of toluene were added. The suspension was concentrated
again and redispersed in 3 mL of chloroform. 0.4 mmol of DIPEA (100 pL) and a
suspension of N-(2-aminoethyl)-4-(pyren-1-yl)butanamide (0.2 mmol, 60 mg) in 1 mL
of anhydrous THF were added dropwise at 0 °C. The ice bath was then removed and

the mixture let stir overnight.

The suspension was quenched with TFA and filtrated (syringe and PTFE filter 0.2
um), concentrated and redispersed in a little amount of chloroform. A SEC (200-400

mesh) in chloroform was performed to isolate a yellowish suspension.
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6. ECL of chromophore-functionalised SiNCs

6.1. Introduction

In Paragraph 1.3.3 I briefly discussed the electrochemical properties of silicon
nanocrystals, including their ECL behaviour. It is interesting that despite the advantage
of using non-toxic nanomaterials, the ECL of silicon-based nanomaterials was not
investigated in depth. Bard and co-workers pioneering reported the generation of ECL from
blue-photoluminescent SiNCs, whose signal was, contrary to photoluminescence, size-
independent.’* Afterwards, Dong et al.'®*!%* investigated the ECL biosensing applications
of water-suspendable SiNCs, which were, however, synthesized with a severely criticized
approach®?% and therefore it is not possible to correlate the ECL signal to silicon effectively.
Porous silicon ECL was studied more extensively, but only few ECL cycles were stable and

reproducible because of an irreversible oxidation, 36?36

When we firstly synthesized DPA-functionalised SiNCs (see Chapter 2) we were
curious about their ECL behaviour: both SiNCs and diphenylanthracene4® are known
to display electrochemiluminescence, and therefore we wondered if those emissions
are influenced by the presence of each component, as it happens for

photoluminescence (see Chapter 2).

Subsequently, we demonstrated that the electrochemigenerated emissions from
the organic shell and the inorganic nanoparticle act independently: at different
potentials it is possible to observe only one emission. Species like this one are known

366-371

as “dual-potential” systems, and have been investigated as ratiometric sensors, by

recording the ECL intensities at the different potentials and calculating their ratio.

The advantages of DPA-functionalised SiNCs over the already existing systems,
such as a unique heterosupramolecular species which act uniquely at negative
potentials and a pair of ECL signals which can be in principle varied accordingly with
the size of the nanoparticle and the type of attached chromophores, have been collected
in one work of ours.165 The contents of this chapter have been reprinted and adapted

with permission from reference 165. Copyright 2021, American Chemical Society.
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6.2. Results and Discussion

In order to assess the effect of the chromophore and the dimensions on the ECL
signal, we synthesised DPA-functionalised and dodecyl-passivated SiNCs with a
diameter of 3 or 4 nm. The size of the core was modulated with the temperature of
decomposition of the hydrogen silsesquioxane precursor (see Paragraph 1.3.1 for
further details). The functionalisation with DPA has already been described in Chapter
2 and will be proposed in the Experimental Section of this chapter too. The passivation
with a dodecyl chain, instead, was performed by direct hydrosilylation of hydride
terminated silicon nanocrystals in the presence of diazonium salts (see Paragraph
1.3.1). For simplicity purposes, we will address to 3-nm sized dodecyl-passivated and
diphenylanthracene-functionalised SiNCs respectively as Sisnm-DDE and Siznm-DPA. In
the same way, Sianm-DDE and Si4nm-DPA are referred to 4-nm sized SiNCs. Figure 6.2.1

represents a schematisation of the different functionalised nanoparticles.

< Mieedigll - RONAAS

Figure 6.2.1 - Schematic representation of (a) 9,10-Diphenylanthracene-functionalized
silicon nanocrystals (Si-DPA) and (b) dodecyl-passivated silicon nanocrystals (Si-DDE). For
simplicity purposes, only one ligand per nanocrystal has been drawn.

At the beginning, to verify the reproducibility of the photoluminescence properties
for nanoparticles with different sizes, a photophysical characterisation was performed
on the samples. The absorption spectra of diphenylanthracene-functionalised SiNCs in
tetrahydrofuran (solid blue lines in Figure 6.2.2) show the contribution of DPA (the
absorption spectrum of the ligand alone is given in Figure 6.2.2, black line) with sharp
peaks in the interval 350-410 nm and a tail due to silicon nanocrystals extending up to
550 nm. From the absorption spectra we can evaluate that 80 DPA units are linked per
Sianm-DPA and 35 per Siznm-DPA, as an average (further details can be found in Chapter
2 and in the Appendix A.1). This results in an enhancement in the absorbance between
350 and 410 nm. The energy transfer to the silicon core, which has already been
described in Chapter 2, occurs with an efficiency of 70%, followed by a sensitised
emission of the inner silicon nanoparticle at 800 nm (solid red lines in Figure 6.2.2).

This system acts as a light-harvesting antenna characterised by a brightness superior
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to the alkyl-passivated silicon nanocrystals’ one (exciting at 373 nm, DPA

functionalisation led to a nearly 150% brightness enhancement in THF for Si4 nm-DPA).

Concerning the photoluminescence (red lines in Figure 6.2.2), it is possible to notice
that dodecyl-passivated SiNCs are characterised by a blue-shifted emission with
respect to DPA functionalised samples (this behaviour has been noticed also for
pyrene-functionalised SiNCs).”* The same occurs for smaller nanoparticles with the
same functionalisation, confirming the size-dependency of the emission. In THF, the

emission quantum yields (@) of the nanocrystals are, respectively:

a) @ (Sisnm-DDE) = 25%
b) ® (Sisnm-DPA) = 11%
¢) @ (Sisnm-DDE) = 10%
d) @ (Sisnm-DPA) = 1%
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Figure 6.2.2 — Absorption (blue lines) and normalized photoluminescence spectra (red lines,
excitation at 400 nm) of THF suspension of (a) 4-nm and (b) 3-nm sized DPA-functionalized
SiNCs (solid lines) and dodecyl-passivated SiNCs (dashed lines). For comparison purposes, the
absorption spectrum of DPA (black line) has been included in panel a.

The setup and the instrumentation used for electrochemistry measurements are
described in the Experimental Section of this chapter. The first ones were performed
in dichloromethane (DCM), using tetrabutylammonium hexafluorophosphate
(TBAPFs) as electrolyte and tripropylamine (TrPA) as coreactant. TrPA was chosen
because it is known to act as coreactant for the ECL of porous silicon at positive
potentials.360 A cyclic voltammetry was performed (from OCV to 1.8 V vs Ag QRE back
to 0 V vs Ag QRE). The electrochemiluminescence was collected with a P980
photomultiplier detector. The CVs and ECL signals are reported in Figure 6.2.3a and b
respectively for dodecyl and DPA-functionalised SiNCs.
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Figure 6.2.3 - Cyclic voltammetry (black lines) and ECL intensity (red dotted lines) of (a) Sis
nm-DDE and (b) Sis4nm-DPA in DCM with TrPA as coreactant (first cycle).165

The first cycle of ECL measurements for each sample showed a single oxidation
peak at about 1.3-1.4 V vs Ag QRE followed by a single ECL peak assigned to the silicon
core emission. For DPA-functionalised SiNCs sample, the signals are lower, probably
due to the steric hindrance of the organic chromophore which avoids the approaching
of the coreactant to the surface of the emitting nanocrystal. DPA, moreover, does not
seem to participate to the electrochemiluminescence process in the considered
experimental conditions. After the first cycle, a precipitation of Ag in the solution and
an aggregation of the two samples were observed. The ECL signal for each dropped in
the second cycle, even if the photoluminescence of the nanocrystals was still
maintained. We believe that the oxidative conditions are not suitable for silicon

quantum dots.

Therefore, the ECL measurements for dodecyl and DPA-functionalized SiNCs were
replicated in different experimental conditions. Firstly, a different coreactant, benzoyl
peroxide (BPO), was chosen instead of TrPA. This reagent is known to act as ECL
coreactant with a so called “reductive-oxidation” mechanism with aromatic species.372
At cathodic potentials, BPO is irreversibly reduced and it decomposes in a strong
oxidizing species (benzoyloxy radical, PhCOO-), which is able to react with aromatic
compounds reduced at the working electrode, yielding their corresponding excited

state.

Moreover, tetrahydrofuran (THF) was chosen as solvent as the photoluminescence
emission quantum yield of silicon nanocrystals are high, it is possible to introduce a
lower amount of electrolyte and it is known to well dissolve every component of the

mixture.
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Cyclic voltammetries (from OCV to -2.5 Vor -2.7 V vs Ag QRE and back to 0 V) were

performed for equimolar suspensions of nanoparticles and are reported in Figure 6.2.4.
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Figure 6.2.4 - Cyclic voltammograms of Siz nm-DDE (red line) and Siz nm-DPA (blue line) in
THF in the presence of BPO. Scan rate: 0.1 V/s.

Due to the high concentration of BPO with respect to silicon nanoparticles and DPA
only BPO reduction is visible (peak potential at -1.3 V, in accordance with the data

found in literature372). The corresponding ECL signals are reported in Figure 6.2.5.

For 4-nm sized SiNCs (Figure 6.2.5a and b), electrochemiluminescence is observed
at-2.0 V. For the Si4 nm-DPA sample (Figure 6.2.5b), a further ECL signal happens with
maximum at -2.4 V. These two signals are attributed to SiNC and DPA electrogenerated
emission, respectively. Indeed, upon registering ECL with a 550-nm cutoff filter, which
eliminates the DPA emission, only the ECL signal at -2.0 V was observed (red dotted
line in Figure 6.2.5b) as occurs for Si4 nm-DDE (Figure 6.2.5a). Performing the same
measurements on 3-nm sized nanoparticles (Figure 6.2.5c and d for Si3 nm-DDE and Sis
nm-DPA, respectively), the ECL behaviour is similar to that observed for 4-nm
nanoparticles apart from the fact that the emission associated to the silicon
nanoparticle occurs at alower potential (with a maximum comprised between -1.2 and
-1.4 V). This behaviour has been attributed to the different dimension of the

nanoparticles.

Under these experimental conditions, SiNCs are stable since repeated cycles of CV
and ECLs are reproducible. To assess this, chronoamperometry and the trend of the

ECL signal over cycles were performed and can be found in Figure 6.2.6.
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Figure 6.2.5 — ECL intensity of (a) Sig-nm-DDE, (b) Si4nm-DPA, (c) Siz nm-DDE, and (d) Si3 nm-
DPA in THF with BPO as coreactant (first cycle). Scan rate: 0.1 V/s. Panel b reports also the ECL
intensity registered with a 550-nm cutoff filter.
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Figure 6.2.6 - Chronoamperometry (blue line) and ECL intensity (black line) over time of Si3
am-DDE in THF in the presence of 10 mM BPO. Steps of 0.5 s, alternating -2.5 Vand 0 V.
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It is worth noting that, for the samples functionalised with diphenylanthracene
(Figure 6.2.5c and d) the emission of silicon is far less intense than DPA’s one. This is
probably due to the high number of DPA units per SiNC, which enhances the probability
for the coreactants to encounter the organic fluorophore, and the steric hindrance of
DPA which does not facilitate the diffusion of the coreactants towards the silicon
surface. On the other hand, the emission of the silicon is enhanced compared to the
dodecyl-passivated samples (Figure 6.2.5a and c). A possible explanation is the
different passivating molecules: 1-dodecene or chloro(dimethyl)vinylsilane for the
first step of passivation with diphenylanthracene. The capping with the chlorosilane
can result in a lower surface coverage compared to the alkyl chain, resulting in a better

accessibility for the BPO coreactant in the diphenylanthracene containing sample.

In order to understand if silicon ECL is influenced by DPA, as it occurs for
photoluminescence, ECL spectra were performed at different potentials (-2.0 V, -2.4 V
and -2.5 V vs Ag QRE for Si4 nm-DPA, -2.0 and -2.7 V for Si3 nm-DPA). The emissions are
collected in Figure 6.2.7.
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Figure 6.2.7 — ECL spectra of (a) Si4nm-DPA sample in THF with BPO as coreactant recorded
at-2.0V (red line), -2.4 V (blue line) and -2.5 V (green line) vs Ag QRE, (b) Siznm-DPA at -2.0 V
(orange line) and -2.7 V (blue line).

For the spectra recorded at -2.0 V, a single emission band is visible and it is
associated to the silicon nanoparticle luminescence (red line in Figure 6.2.7a and
orange line in Figure 6.2.7b). Unfortunately, the emission maximum is outside the
sensitivity range of the photomultiplier used for ECL experiments, so that a direct
comparison with the photoluminescence spectrum reported in Figure 6.2.2 is not

possible. The DPA emission is not visible, confirming that at the potential under
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consideration, the organic chromophore is not reduced. Only the SiNC is reduced, the

benzoyloxy radical reaches the quantum dot and the exciton is formed.

It is interesting however that the ECL spectrum of SiNCs (Figure 6.2.7) is
reminiscent of their PL spectrum (Figure 6.2.2), even if only the high energy part can
be observed in the ECL experiment for the different detector sensitivity. On the other
hand, Bard>* reported a strongly red-shifted ECL spectrum for SiNCs compared to their
PL spectrum: this shift was attributed to different emissive states, in particular from

the surface, where the energy gap was smaller.

Performing the measurements at lower potentials, the obtained ECL spectra look
different (Figure 6.2.7, blue and green lines). In each case, only one significant emission
is shown and it is attributed to the DPA. To verify this, cyclic voltammetry (from OCV
to -2.5 V vs Ag QRE and back to 0 V) and the ECL spectrum were performed on an 80
uM solution of 9,10-diphenylanthracene in THF containing 10 mM BPO and 300 mg of
TBAPFs at a scan rate of 0.1 V/s. The results and are reported in Figure 6.2.8a and b
respectively.
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Figure 6.2.8 - (a) ECL intensity (black dots) of DPA in THF with BPO as coreactant (first
cycle) and cyclic voltammograms (blue line) obtained with a scan rate of 0.1 V/s. (b) ECL
spectrum recorded at -2.5 Vvs Ag QRE.

Unlike photoexcitation, the experiment suggests that the antenna effect does not
take place in consequence of the electrogenerated excitation of DPA. Our explanation
is that at potentials more negative than -2.4 V vs Ag QRE, both the organic chromophore
and the silicon nanocrystal are reduced. Benzoyloxy radical, before reaching the
surface of silicon quantum dot, encounters the reduced DPA and generates its excited
state. The energy transfer process to the SiNC does not occur, likely made unfavourable

by the presence of extra electrons in the conduction band of silicon, and the emission
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of DPA can take place without being affected (a schematisation of the occurring

processes is reported in Figure 6.2.9).
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Figure 6.2.9 - Mechanism of electrochemiluminescence of diphenylanthracene-
functionalised SiNCs at (a) -2.0 V and (b) -2.4 V with BPO as coreactant.

6.3. Conclusions

After having analysed the photophysical properties of diphenylanthracene-
functionalised SiNCs, we were aimed to assess also the ECL behaviour. While the
photoluminescence of the organic chromophore is influenced by the presence of the
inorganic nanoparticle (i.e. it is quenched) and vice versa (the band edge luminescence
of the quantum dot is sensitised), we observed that the electrochemigenerated
luminescences act independently. Therefore, it is possible to separate the emissions of

the SINC or the diphenylanthracene performing the measurements at different
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potentials. Systems like this fall under the definition of dual-potential ECL emitters. The
peculiarity of this one is the sign of the applied potentials at which the ECLs occur,
which is always cathodic. This is important if the electrochemical stability of the

solvent does not allow to span a wide range of potentials.

A further step of investigation could be the functionalisation of SiNCs with
chromophores that are reduced at less negative potentials. In this case, there would be
a situation in which the organic moiety is excited while the inner nanoparticle is at its
ground state. Similar situations are difficult to obtain by photoexcitation. If quenching
occurred, that could be useful to study the dynamics of energy transfer to silicon

nanocrystals.

6.4. Experimental Section

All reagents were purchased from Sigma-Aldrich and used without further
purification if not stated otherwise. Dry toluene was obtained via distillation over
calcium chloride under nitrogen atmosphere. N,N,N’,N’-tetramethylethylenediamine

was refluxed over fresh KOH and distilled under nitrogen.

6.4.1. Synthesis of silicon nanocrystals
Despite the general syntheses have already been described in Chapter 2, several
differences concerning the obtainment of smaller nanoparticles and dodecyl-

passivated ones are included. Therefore, the procedures will be briefly written.

6.4.1.1.  Preparation of oxide-embedded and hydride-terminated silicon
nanocrystals

Hydrogen silsesquioxane (HSQ) was prepared from HSiCl3 as starting material
following a reported procedure,’3 dried under vacuum and transferred into a tube
furnace. After purging with reducing gas (95% N2, 5% H3), the tube furnace was heated
to 1100 °C or 1025 °C at a rate of 18 °C/min and then held at that temperature for an
hour. The resulting solid was cooled to room temperature, manually and mechanically
reduced into brown powder (that is Si@SiOz, i.e. SINCs embedded in a silica matrix)
and stored in a glass vial. The sizes of the nanoparticles obtained by this process were
determined by the temperature of annealing of HSQ, as reported in literature.”’? At 1100
°C, SiNCs with a diameter of about 4 nm were obtained, while at 1025 °C, nanoparticles

with about 3-nm diameter were formed.
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Hydride-terminated silicon nanocrystals were liberated from the silica matrix by
HF etching (caution! HF is very dangerous and must be handled very carefully!): 300 mg
of oxide-embedded silicon nanocrystals were dispersed in a mixture composed of 3 mL
of ethanol, 3 mL of bi-distilled water and 3 mL of a 49% solution of aqueous HF. The
mixture was stirred for 90 minutes under ambient light at room temperature. The
nanocrystals were extracted with toluene (3x10 mL) and then centrifuged three times
in toluene (8000 rpm for 5 minutes). The nanocrystals were then transferred in a dry

box.

6.4.1.2.  Passivation with chloro(dimethyl)vinylsilane or 1-dodecene (Si-DDE)

The nanocrystals were dispersed in 4 mL of dry toluene and split in two portions.
Two milligrams of 4-decyldiazobenzene tetrafluoroborate (about 6 pumol) were added
in each one. Afterwards, in a mixture, 200 pL of chloro(dimethyl)vinylsilane (1.5 mmol)
were introduced to obtain chlorosilane-passivated silicon nanocrystals. In the other
one, 330 uL of 1-dodecene (1.5 mmol) were dropped, to passivate the nanocrystals
with an alkyl chain. Both mixtures were stirred overnight at room temperature. The
mixture of chlorosilane-passivated SiNCs was then filtered, concentrated at reduced
pressure, transferred again in the dry-box, diluted with 2 mL of dry toluene and
conserved for a further functionalization. The suspension of dodecyl-passivated
nanocrystals was precipitated by adding methanol and centrifuged three times
washing with methanol. The precipitate was dissolved in dichloromethane (DCM) or
inhibitor-free tetrahydrofuran (THF), obtaining Sisnm-DDE and Sianm-DDE indicating

dodecyl-passivated SiNCs with an average diameter of 3 or 4 nm.

6.4.1.3.  Functionalisation of silicon nanocrystals with diphenylanthracene (Si-
DPA)

0.3 mmol of 9-phenyl-10-(4-((prop-2-yn-1-yloxy)methyl)phenyl)anthracene were
introduced in a flask containing 0.45 mmol of N,N,N’,N’-tetramethylethylenediamine
(TMEDA) and 3 mL of dry toluene. At -78 °C, 0.3 mmol of n-butyllithium (nBuLi) 2.5 M
in hexanes were added dropwise under inert atmosphere (caution! n-butyllithium is
pyrophoric!). The mixture was stirred for 45 minutes at -78 °C and 15 minutes at room
temperature. Again at -78 °C, a suspension of chlorosilane-passivated silicon
nanocrystals in toluene was slowly added to the reaction mixture. One hour later, the

reaction mixture was stirred for an hour at room temperature. Later, it was heated to
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40 °C, and stirred for another hour. At -78 °C a second amount of nBuLi (0.15 mmol)
was added before letting the mixture stir overnight at room temperature. The reaction
was quenched with several mL of a 1 M solution of HCl in MeOH. The precipitate was
washed 3 times with methanol, centrifuging (8000 rpm, 5 minutes) and then dispersed
in chloroform. A size exclusion chromatography over BioBeadsTM S-X1 Support (200-
400 mesh) was performed to isolate a brown limpid suspension, yielding the Si-DPA
samples (Sisnm-DPA  or Sisnm-DPA for, respectively, diphenylanthracene-
functionalised SiNCs with an average diameter of 3 or 4 nm). 1H-NMR (CDCls, 400 MHz)
was used to assess the occurring of the functionalisation (Chapter 2). The sample was

then dispersed in DCM or inhibitor-free THF.

6.4.2. ECL apparatus and ECL measurements

ECL and electrochemical measurements were carried out with an AUTOLAB
electrochemical station (Ecochemie, Mod. PGSTAT 30). The ECL signal generated by
performing the potential step program was measured with a photomultiplier tube
(PMT, Hamamatsu P980) placed, at a constant distance in front of the working
electrode, under the cell and inside a homemade dark box. A voltage in the range
550-750 V was supplied to the PMT. The light/current/voltage curves were recorded
by collecting the preamplified PMT output signal (by an ultralow noise Acton research
model 181) with the second input channel of the ADC module of the AUTOLAB
instrument. ECL spectra have been recorded by inserting the same PMT in a dual-exit
monochromator (ACTON RESEARCH model Spectra Pro2300i) and collecting the
signal as described at a fixed voltage vs Ag QRE. Photocurrent detected at PMT was
accumulated for 1-3 s, depending on the emission intensity, for each monochromator

wavelength step (usually 1 or 2 nm).

For ECL measurements, a cylindrical three electrodes electrochemiluminescence
cell with PTFE stopcock and a Schlenk-like connection to the vacuum-inert gas line was
used. As working electrode, platinum was chosen, as quasi-reference electrode, silver,

and as counter electrode, a spiral-shaped platinum wire.

For the measurements in dichloromethane (DCM), a batch of dodecyl-passivated or
DPA-functionalised SiNCs derived from the etching of 100 mg of Si@SiO2 powder in 3
mL of DCM (about 1 uM) was introduced in the cell. 500 mg of TBAPF¢ (0.4 M) and 50
uL of tripropylamine (TrPA) (0.08 M) were subsequently added. The suspension was
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degassed with Ar. For the measurements in tetrahydrofuran (THF), the same
procedure was performed, but 300 mg of TBAPFs (0.25 M) and 10 mg of benzoyl
peroxide, BPO, (10 mM) were added instead in 3 mL of solvent. In each solution, two

or three records were made to check the temporal stability of the system investigated.
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7. Light-harvesting antennae based on CIS@ZnS QDs

7.1. Introduction

As reported in Paragraph 1.5, I exploited the period that I spent at the University of
Leeds, in Dr. Kevin Critchley’s Molecular and Nanoscale Physics group, learning how to
synthesize copper indium sulphide (CIS) quantum dots. The main difference in the
physics between CIS QDs and SiNCs is the nature of the band gap, which is direct for
the former, indirect for the latter. A direct band gap renders the transitions in
absorption more favourable, yielding nanoparticles with a higher molar absorption
coefficient over the entire visible spectral range. The reader will remember that this is
the main issue of silicon quantum dots, from which the necessity of introducing

chromophores onto their surface and the formation of light-harvesting antennae.

The method I was taught to synthesize CIS QDs is a heating-up procedure, in which
the components of the nanoparticles (the precursors of copper and indium) are mixed
together, dissolved in an alkyl thiol and a non-coordinating high-boiling solvent. At
temperatures higher than 180 °C, the thiol decomposes providing sulphide anions. At
200 °C, the nucleation occurs and the nanoparticles grow until the reaction mixture is
immersed in a cold-water bath. The so-obtained nanoparticles are low emissive, due to
the presence of surface trap state. The growth of a ZnS shell (the resulting core-shell
nanoparticles will be indicated as CIS@ZnS QDs) can drastically improve the
photoluminescence quantum yield, also by a 10-folder factor, or even more. Details on
the synthesis can be found in Paragraph 1.5.2 and in the Experimental Section of the
current chapter. The mentioned synthesis allows to obtain nanoparticles stabilized
with purely alkyl chains provided by the thiol reagent. For this reason, the

nanoparticles are suspendable only in non-polar solvents like toluene or chloroform.

Among the various strategies adopted to transfer the CIS QDs in aqueous phase
(described more in detail in Paragraph 1.5.2), ligand exchange is one of the most
exploited.227 In particular, the replacement of the native thiol with dihydrolipoic acid
or a derivative (usually an ester or an amide of a poly(ethylene)glycol) is well-suited,

due to the higher stabilization that the two anchoring thiol moieties provide.321,322.373

Unfortunately, the examples reported in literature show a severe decrease of the
emission quantum yield, even in the case of CIS with a ZnS shell.
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In this context, the enhancement of the brightness provided by the coating of the
nanoparticle’s surface with appropriate chromophores can be pivotal. However,
despite only few examples of hybrid organic-inorganic CIS QDs are reported, the
emissive properties of the inner nanoparticle did not improve or even deteriorated.325-
327374375 For instance, a quenching of the CIS QDs occurred via Forster resonance
energy transfer,3’> or electron transfer,325 while the photoluminescence was

recovered when the chromophore was separated.

We described for the first time the functionalisation of CIS and CIS@ZnS QDs with
a pyrene-containing dihydrolipoamide. The resulting nanoparticles are characterised
by a superior absorption below 350 nm and a sensitised emission of the CIS QD upon
pyrene excitation due to energy transfer from the organic chromophore towards the
quantum dot. This represents the first example of a light-harvesting antenna based on
copper indium sulphide quantum dots with enhanced brightness compared to the
corresponding sample without pyrene chromophores at the surface. The contents of
this chapter have been reprinted and adapted with permission from reference 376 with

permission from the Royal Society of Chemistry.

7.2. Results and Discussion

Copper indium sulphide (CIS) QDs with or without a ZnS shell (hereafter named
CIS@ZnS QDs and CIS QDs, respectively) were synthesized according to a heating-up
procedure adapted from literature.257 The produced nanoparticles were stabilized and
coated with an organic shell composed of 1-octanethiol, which allows a good
dispersibility in non-polar solvents like chloroform. Afterwards, a partial ligand
exchange with 6,8-dimercapto-N-(pyren-1-ylmethyl)octanamide (compound 2) was
performed. This molecule was chosen since it contains a dihydrolipoic acid-derivative
moiety and therefore possesses two thiol groups that reinforce the interaction with the
surface of the nanoparticle and therefore allows a more efficient replacement with the
native mono-thiol ligand.z51 This was obtained firstly by amide coupling between lipoic
acid and 1-pyrenemethylamine, followed by reduction of the sulphur-sulphur bond.
The overall synthetical procedure is represented in Figure 7.2.1. Ligand exchange was
accomplished on both shelled and pristine quantum dots, yielding the samples named

CIS@ZnS-py QDs and CIS-py QDs, respectively.
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Figure 7.2.1 - Schematic representation of the adopted strategy to functionalize copper
indium sulphide QDs with pyrene. (a) The synthesis of the ligand involves firstly an amide
coupling between (#)-a-lipoic acid and 1-pyrenemethylamine hydrochloride, yielding compound
1, followed by the reduction of the S-S bond, producing compound 2 (reaction conditions: i -
HBTU, EDC, DIPEA, in DMF, 1 day; ii - NaBH4 in DMF/water, 4 hours). (b) Ligand exchange to 1-
octanethiol passivated CIS QDs or CIS@ZnS QDs (iii - chloroform, overnight) For simplicity
purposes, few ligands per nanocrystal have been drawn.

The high magnification STEM image of the sample CIS@ZnS QDs is reported in
Figure 7.2.2 a. The chalcopyrite crystalline phase was determined by high resolution

micrographs and select area electron diffraction (SAED) evaluation (Figure 7.2.2 b).

Measured d-spacing (A) Chalcopyrite (amcsd 0013005)

3.30 3.20

2.05 1.96

1.76

Figure 7.2.2 - (a) High magnification STEM micrographs of the CIS@ZnS QDs; (b) Selected
area electron diffraction (SAED) of CIS@ZnS QDs; (c) high resolution (HR) TEM image of
CIS@ZnS QDs. The FFT (fast Fourier transform) in the inset refers to the zone highlighted with
the white square.

The distribution of the particles dimension is quite heterogenous with values from
2.5 nm up to 4 nm. The morphological characterization shows a triangular shape,
particularly evident for some of the nanoparticles (see for example the one indicated
by the red arrow in Figure 7.2.2 a), consistent with the tetrahedral shape previously

reported in literature.2>’ High resolution micrograph (Figure 7.2.2 c¢) confirms the
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crystalline character of the nanoparticles (indicated by the red circles). The lattice
spacing of 0.32 nm reported in the fast Fourier Transform inset (relative to the particle
in the white square in Figure 7.2.2 c) is compatible with a tetragonal chalcopyrite

phase.

1H-NMR spectroscopy was used to verify the presence of pyrene attached onto CIS
QDs surface. Figure 7.2.3 shows the overlap between the spectrum of compound 1

(green line) and CIS@ZnS-py QDs (red line) in CDCls.
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Figure 7.2.3 - 1H-NMR (400 MHz, CDCl;) spectra of compound 1 (green line) and CIS@ZnS-
py (red line), which is schematized in the inset. The principal signals are highlighted to show the
broadening of the peaks related to the attached molecules.

The principal peaks are highlighted and associated to the protons of the molecule
represented in the inset. The chemical shifts of the aromatic protons occur at around
7.7-8.3 ppm; at 3.0-3.5 ppm it is possible to distinguish the signal due to the hydrogens
in alpha position with respect to the sulphur atoms, at 2.0-2.2 ppm the band related to
the protons linked to the carbon in proximity of the carboxylic group, while at about
1.2-1.4 ppm, the signals of the alkyl thiol chain are predominant, indication of a non-
complete replacement of the native ligand. It is worth noting that the signals related to
the hydrogens of the ligand attached to the quantum dot appear broadened due to the

restricted motions that cause an enhancement of the relaxation times, as we also
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observed in previous works.105106 For comparison purposes, the NMR spectrum of the
physical mixture compound 2 - CIS@ZnS QDs is reported in Figure 7.2.4, which shows
the structure of the multiplicity of the detached ligands.
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Figure 7.2.4 — 1H-NMR (CDCls, 400 MHz) spectrum of a mixture of free compound 2 and
CIS@ZnS QDs.

The absorption spectra of all the investigated sample of CIS QDs (Figure 7.2.5) show
the characteristic shoulder that corresponds to the band gap transition.
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Figure 7.2.5 - Absorption spectra of (a) CIS QDs (dark red line) and CIS-py QDs (dark

blue line) and (b) CIS@ZnS QDs (red line) and CIS@ZnS-py QDs (blue line) in
chloroform, compared to the absorption spectrum of pyrene (black dashed line).
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To better determine the corresponding wavelength, the local minimum of the
second derivative of the spectra in the range 400-600 nm was evaluated, according to
a procedure reported in literature.253 In every case, the electronic transition occurs at

530 nm, corresponding to an energy gap of about 2.3 eV.

In the case of the pyrene-functionalized samples (blue lines), the typical absorption
features of CIS QDs are overlapped to those of pyrene, clearly visible at 300-350 nm
(black dashed lines). Since each component maintains its own absorption properties,
no significant interaction occurs between the organic chromophore and the inorganic

nanoparticle in the ground state.

The average number of chromophores per nanocrystal can be estimated by the
absorption spectra, if the molar absorption coefficients (€) of the present species are
known. The molar absorption coefficient of the pyrene-based ligand is 4x10% M-1cm-1
at 345 nm. For CIS QDs, we relied on the work from Booth et al.253 who correlated the
photophysical properties of copper indium sulphide quantum dots to their size. From
their formula (reported in Paragraph 1.5.3), it was possible to estimate the diameter of
the CIS core for the samples, which is 3.6 nm and 2.7 nm for the shell-free and the ZnS-
coated samples, respectively, which is in good accordance with the data obtained by
TEM analysis. Moreover, the molar absorption coefficient can be computed at 530 nm
(i.e. the first electronic transition), using the formula reported also in Paragraph 1.5.3,

which is:
Ecis QD(SBO nm) = (830)d37

where d is the diameter in nanometers and the result is expressed in M-lcm1.
Consequently, at 530 nm, where pyrene does not absorb, the molar absorption
coefficients for CIS QDs and CIS@ZnS QDs are 9.5x10% M-lcm and 3.3x10% M-1cm,
respectively. From these data the average number of pyrene moieties per nanocrystals
is estimated to be about 20 for CIS-py QDs and 3 for CIS@ZnS-py QDs. In our opinion,
this discrepancy can be due to a different surface reactivity towards the
dihydrolipoamide either because of the different composition exposed (CulnSz or ZnS),

or because of the different dimensions of the nanoparticles.377

Exciting at 450 nm, where the pyrene chromophores do not absorb, the emissions

recorded from the nanocrystals possess a bell-shaped band centred at about 710 nm
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for the shell-free quantum dots and 650 nm for the ZnS-coated ones (Figure 7.2.6). This
blue-shift is well-known for such core-shell QDs and is associated to an interdiffusion

of zinc ions into the CIS core301 and an etching of the core material.257
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Figure 7.2.6 - Emission spectra corrected for the emission quantum yields of (a) CIS QDs
(dark red line) and CIS-py QDs (dark blue line) and (b) CIS@ZnS QDs (red line) and CIS@ZnS-
py @Ds (blue line) in chloroform, exciting at 450 nm. The relative intensities in each panel
reflect the corresponding emission quantum yields.

The photophysical data of the samples recorded are collected in Table 7.2.1.

Table 7.2.1 - Main photophysical properties of the studied quantum dots in air-equilibrated
chloroform suspension.

Pyrene emission Quantum dot emission
Aem (NM) T (ns)?2 Aem (NM) T (ns)b PLQY (%)¢

CIS QDs - - 710 70 1.9
1.4 (0.08)

CIS-py QDs 395 20 (0.02) 710 50 1.2

CIS@ZnS QDs - - 650 350 28
1.0 (0.04)

CIS@ZnS-py QDs 395 20 (0.01) 650 260 30

a Excitation at 340 nm, emission at 390 nm (pre-exponential factor between brackets). P Weighted average lifetime,
excitation at 405 nm, emission at the corresponding maximum. ¢ Excitation at 450 nm.

It is possible to notice a remarkable increase in the emission quantum yield when
coating the nanocrystals with a ZnS shell, as frequently reported in the
literature.250.252.257 Two opposite behaviours are observed after ligand exchange. For
the pristine nanoparticles, the emission quantum yield slightly decreases, as already
reported in the literature, a phenomenon associated to the introduction of surface
defects.250.272378 Qn the other hand, the quantum yield of the shelled sample slightly

increased.

Exciting at 345 nm, where also pyrene absorbs, the situation is quite different

(Figure 7.2.7) and two additional bands appear. A structured band due to the emission
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of pyrene monomer is visible with maximum at about 400 nm, while a broad band
peaked at 480 nm can be correlated to the emission of the excimer of pyrene (its

lifetime was measured and resulted in 30 ns).
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Figure 7.2.7 — Emission spectra of equimolar suspensions of (a) CIS QDs (dark red line) and
CIS-py QDs (dark blue line) and (b) CIS@ZnS QDs (red line) and CIS@ZnS-py QDs (blue line)
in chloroform, exciting at 345 nm. The emission spectra in (a) are magnified by a 16 factor for

comparison purposes.

For a solution of free pyrene chromophores, excimer emission is observed only at
concentration higher than about 104 M.37° In the present case, the sample
concentration is inferior to 5x10-> M and the presence of the excimer is related to their
close proximity, symptom of a high number of attached chromophores, as also reported

for other pyrene-functionalized quantum dots.”5105

The pyrene monomer emission is strongly quenched for both samples. This is
confirmed by the lifetime measurements reported in Table 7.2.1. For both pyrene-
containing samples, the emission decay at 395 nm (upon excitation at 340 nm) can be
fitted with a bi-exponential function: the shorter component (ca. 1 ns) corresponds to
the quenched pyrene chromophores attached at the nanocrystal surface and the long
component (20 ns) corresponds to that of the free pyrene ligand (compound 2) in air-
equilibrated chloroform (t = 20 ns). The quenching efficiency is ca. 95% for both the
samples, while the kinetic rate constants for the quenching process are 6.6x108 s-1 and
9.5x108 s-1 for the shell-free and the core-shell system, respectively, as estimated by
the comparison of the emission lifetimes (see Appendix A.3 for further details on the
calculations). The presence of free pyrene ligand is expected since the binding of the
ligand and the nanocrystal surface is dynamic, as previously reported for typical

quantum dots,”380-383 and an equilibrium between free and attached chromophores is
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contemplated. From the pre-exponential factors of the two lifetimes, we can estimate

that the free pyrene ligand is around 20% for both samples.

The above-discussed quenching process of the pyrene emission is related to energy
transfer from the pyrene chromophore to the CIS core, as demonstrated by the
excitation spectra performed at an emission wavelength of 700 nm. Figure 7.2.8
displays the excitation spectra of the pyrene-functionalized samples (blue lines)
compared to the chromophore-free samples (red lines) and their absorption spectra
(green lines).
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Figure 7.2.8 - Excitation spectra of (a) CIS QDs (dark red line) and CIS-py QDs (dark blue
line) compared to the absorption spectrum of CIS-py QDs (green line) and (b) CIS@ZnS QDs
(red line) and CIS@ZnS-py QDs (blue line) with the absorption profile of CIS@ZnS-py QDs in

chloroform (excitation spectra recorded at the maximum emission wavelength).

The pyrene-functionalized samples show the characteristic pyrene absorption
peaks in the range 300-350 nm, demonstrating that the emission of the inner CIS QD is
sensitized by pyrene: excitation of the organic chromophore at wavelengths lower than
350 nm results in an energy transfer to the nanoparticle, which emits at ca. 700 nm.
This is, to the best of our knowledge, the first case of an efficient light-harvesting

antenna based on copper indium sulphide quantum dots.

Interestingly, the brightness (relative to the emission at 700 nm upon excitation at
345 nm) is higher for the pyrene-functionalized nanoparticles with an increase of 50%
for the core-shell sample. On the contrary, the emission of the shell-free sample did not
receive benefits by the enhanced absorption, because of the lower emission quantum
yield of the nanoparticle, highlighting the importance of coating the quantum dot with
a ZnS layer. It is interesting to notice that CIS@ZnS QDs enhance their emissive

properties after ligand exchange: most of the literature examples report an opposite
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trend because ligand exchange causes the introduction of defective states.?81 In our
opinion, this was possible due to (i) a partial exchange of the native alkyl thiol ligands,
(ii) the linkage with an efficient chromophore and (iii) the presence of a protective ZnS

shell.

The introduction of a higher amount of pyrene chromophore was also attempted:
the reaction with a 4-times higher concentration of compound 2 yielded CIS@ZnS QDs
functionalized with 13 pyrene units, suggesting that a control on the amount of the
linked chromophore can be performed during the ligand exchange procedure.
However, the signal of the excimer emission due to the high amount of chromophore

was predominant. Therefore, also the energy transfer efficiency was compromised.

7.3. Conclusions

We have successfully functionalized copper indium sulphide quantum dots and
their core-shell analogues, namely CIS@ZnS QDs, with a dihydrolipoamide derivative
bearing a pyrene moiety. The resulting systems act as light-harvesting antennae (see
Figure 7.3.1): pyrene increases the absorption properties and sensitizes the emission
of the quantum dot at 700 nm. In particular, for the ZnS coated sample, we observed a
substantial improvement of the photoluminescence properties of the quantum dot,
with an increase of the brightness up to 50% when exciting at 345 nm. We believe that
this is particularly advantageous for water-suspendable systems, since PLQY of
quantum dots usually decreases when transferred in polar solvents.378.384385 The
enhanced absorption, along with the energy transfer process to the quantum dot can

compensate this effect.
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Figure 7.3.1 - Light-harvesting antenna based on pyrene-functionalised CIS QDs (on the
right) compared to alkyl-chain-passivated CIS QDs (on the left). Upon excitation of pyrene, an
efficient energy transfer occurs, yielding a brighter emission of the inner quantum dot.
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7.4. Experimental Section

7.4.1. Materials and methods

Cul (99.998%), (AcO)3In (99.99%), 1-octanethiol (97%), 1-octadecene (90%), zinc
stearate were purchased from Fisher Scientific; chloroform (ACS), methanol (ACS),
N,N-dimethylformamide (anhydrous), NaBHs4 (99%), (#)-alpha-lipoic acid, 1-
pyrenemethylamine hydrochloride, N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N,N,N’,N’-tetramethyl-
0-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU), N,N-
diisopropylethylamine and the other reagents were purchased from Sigma-Aldrich and

used without further purification, unless stated otherwise.

7.4.2. Synthesis of CIS-py and CIS@ZnS-py QDs
7.4.2.1.  Synthesis of alkyl thiol-coated CIS and CIS@ZnS QDs

The synthesis of the quantum dots was adapted from strategies reported in
literature.2>7 Briefly, copper(I) iodide (0.25 mmol) and indium(III) acetate (0.25 mmol)
were suspended in 4 mL of 1-octanethiol and 6 mL of 1-octadecene in a three-necked
100 mL round-bottomed flask equipped with condenser. In a 50 mL round-bottomed
flask, zinc stearate (0.5 mmol) was suspended in 2 mL of 1-octanethiol and 2 mL of 1-
octadecene. The suspensions were purged twice under two vacuum/nitrogen flux
cycles for an hour. The temperatures were raised respectively to 120 °C and 150 °C to
complete the dissolution of the solids. After 30 minutes, the flask containing copper
and indium precursors was heated up to 210 °C, noticing the change in color (from
yellow to orange to red to dark red). The suspension was let stir for 45 minutes and

then quenched by dipping the flask in a cold-water bath.

An aliquot (1 mL) of the suspension was separated, diluted with chloroform (1:1)
and acetone (10:1) was added to make the nanocrystals precipitate. The suspension
was centrifuged (2 times, 8000 rpm, 10 minutes each), the supernatant discarded and

the precipitate dissolved in chloroform, yielding the CIS QDs sample.

The temperature of the flask was then raised up to 150 °C. Then, the suspension
containing zinc stearate was added to the nanocrystals’ dispersion. The mixture was
stirred for half an hour. Then, the temperature was raised up to 200 °C to make the

shell grow. The reaction was quenched one hour later and purified as described for the
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non-shelled nanocrystals, obtaining the CIS@ZnS QDs sample. It is worth noting that
both the samples are stabilized in apolar solvents thanks to a 1-octanethiol organic

shell.

7.4.2.2.  Synthesis of 5-(1,2-dithiolan-3-yl)-N-(pyren-1-ylmethyl)pentanamide
0 ® HBTU 0
H3N EDC
OH * ¢ DIPEA N O
ook mat
O Ny, 0°C -> RT “
16 h O

5-(1,2-dithiolan-3-yl)-N-(pyren-1-ylmethyl)pentanamide (Compound 1 in the
main text) was obtained by amidation coupling between (*)-a-lipoic acid and 1-
pyrenemethylamine  hydrochloride in the presence of N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N,N,N’,N’-tetramethyl-
O-(1H-benzotriazol-1-ylJuronium hexafluorophosphate (HBTU), as follows. 1-
pyrenemethylamine hydrochloride (1 mmol) was dispersed in anhydrous N,N-
dimethylformamide (DMF, 15 mL) under nitrogen atmosphere. Therefore, N,N-
diisopropylethylamine (6 mmol) was dropped until complete dissolution of the solid.
(*¥)-a-lipoic acid (1 mmol) was added, followed by HBTU (1.5 mmol) and EDC (1.5
mmol). The reaction was stirred overnight at room temperature under inert
atmosphere. The mixture was diluted with 1 M HClaq) and extracted in chloroform. The
organic phase was separated and washed twice with 1 M HCl(q), water, twice with 1 M
KOHq). The organic phase was separated, dried over sodium sulfate and the solvent
removed under reduced pressure. Further purification was not necessary, yielding a

bright yellow solid (99% yield).

TH-NMR (CDCls, 400 MHz): 8.25 - 7.95 ppm (9 H, m); 5.8 ppm (1 H, bs); 5.1 ppm (2
H, d); 3.5ppm (1 H, m); 3.0 ppm (2 H, t); 2.2 ppm (2 H, t); 1.8 ppm (2 H, m); 1.6-1.4 ppm
(6 H, m).

LC-MS (ESI, m/z) = found 420.2 (M + H").
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7.4.2.3.  Synthesis of 6,8-dimercapto-N-(pyren-1-ylmethyl)octanamide
O O

MN O HS\/Y\/\/“\N O
H NaBH
S-S ¢ SH H
() s 0
0°C -> RT
4h

6,8-dimercapto-N-(pyren-1-ylmethyl)octanamide (compound 2) was obtained by
reduction of disulfide bond with sodium borohydride. In particular, compound 1 was
dissolved in a 75:25 mixture of DMF/H20. At 0 °C, carefully, NaBH4 (3 mmol) was
added. The cold bath was removed 10 minutes later and the mixture was let stir for 4
hours at room temperature. The suspension became clearer. Then 10% HCl@aq) was
added until the pH was almost equal to 1. The mixture was extracted in chloroform,
washing 3 times with acidic water and 3 times with bi-distilled water. The organic
phase was dried over sodium sulfate, concentrated, suspended in CDCl3 (the complete
removal of solvent was detrimental for the redissolution of the solid) and transferred
into a vial filled with nitrogen as a clear yellow solid (>90% yield). The compound was

stored in a refrigerator at 4 °C.

1H-NMR (CDCls, 400 MHz): 8.25 - 7.95 ppm (9 H, m); 5.9 ppm (1 H, bs); 5.1 ppm (2
H, d); 3.7 ppm (1 H, m); 2.6 ppm (2 H, m); 2.19 ppm (2 H, t); 1.8 ppm (2 H, m); 1.8 - 1.4
ppm (8 H, m).

LC-MS (ESI, m/z) = found 422.0 (M + H*).

7.4.2.4.  Ligand exchange strategy

To obtain the sample functionalized with pyrene, partial ligand exchange with 6,8-
dimercapto-N-(pyren-1-ylmethyl)octanamide was accomplished. CIS@ZnS QDs and
CIS QDs batches were precipitated and centrifuged in methanol (8000 rpm, 10
minutes) and redispersed in distilled chloroform. About 0.04 mmol of 6,8-dimercapto-
N-(pyren-1-ylmethyl)octanamide were added in ca. 10> mmol of each sample and the
suspensions let stir overnight at room temperature. The purification was accomplished
by centrifuging in methanol or acetone and by size-exclusion chromatography. The

obtained samples were stored at 4 °C.

143



144



Final considerations and perspectives

In conclusion, new synthetical strategies have been developed for the
functionalisation of silicon nanocrystals and copper indium sulphide quantum dots.
The syntheses were designed in order to introduce new functionalities and properties
to the nanoparticles. Therefore, [ was able to obtain efficient light-harvesting antennae
and dual-potential electrochemiluminescent systems, by tethering chromophores onto
the surface of the quantum dot, or transfer the nanoparticles in a different solvent,
preserving their optical properties. By summarizing, SiNCs were functionalised with
acetylides containing a chromophore or an amine, or directly passivated with tert-
butyl esters that can be easily cleaved to carboxylic acids. The functionalisation with a
terminal double bond was developed to link thiols through click chemistry, yielding
water-suspendable PEGylated SiNCs. CIS QDs were functionalised with a pyrene-
containing dihydrolipoamide, generating the first example of light-harvesting antenna
based on those quantum dots. This was accomplished by partial ligand exchange with

the native alkyl thiol ligand.

This was undoubtedly challenging, due to the numerous reaction conditions that
can damage the nanoparticle (i.e. quenching, shifting the emission spectrum, etching
the inorganic core). I don’t deny that a lot of work must still be done in order to couple
those routes. For instance, the production of a water-suspendable light-harvesting
antenna based on SiNCs or CIS QDs, which is pivotal for the realisation of bioimaging
contrast agents or biosensors, is still an issue. More in particular, future work should
be addressed on the co-functionalisation of the nanoparticles, in order to achieve
multiple tasks by using the same system. In the biomedical field, this could enable

active targeting, multi-modal imaging and even theranostics.

As far as [ am concerned, the development of novel functionalisation strategies
should be considered also for an application that was not discussed in depth in this
thesis, which is photocatalysis. While quantum dots have been increasingly studied for
photochemical reactions, the implementation of a coupling with organic and inorganic
mediators could provide an added benefit if compared to the separated systems, as this

dissertation proved valid for ECL systems and LSCs active materials.
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[ strongly believe that this elaborate, which does not only list my successes but also
my failures, can be a great help for scientists who want to engage in the research of
quantum dots for their numerous applications. In the same way, I am convinced that
the collaboration among specialists with different backgrounds should be improved

and the barriers in Science reduced to a minimum.
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Appendix - Experimental techniques

A.1. Electronic Absorption Spectroscopy

Steady-state UV-Visible absorption spectra are the result of electronic transitions
taking place when photons are absorbed by species at their ground state, generating
excited states.37? Each species possesses its own absorption spectrum and from this it
is possible to gain information on the difference in energy of the excited and ground
states (equal to the energy of the photon requested for the transition, as expressed by
the resonance law), the geometry of the potential energy surfaces involved (expressed
by the Frank Condon factor), the allowability of the transition (indicated by the
intensity of the absorption, related to the molar absorption coefficient and therefore to

the kinetic constant rate of the absorption process), et cetera.

During my thesis project, the absorption spectra were acquired with a Perkin Elmer
A650, a double-beam spectrophotometer equipped with tungsten and deuterium
lamps for the scan of visible (350-900 nm) and UV (190-350 nm) spectral range

respectively. The scheme of the instrument is represented in Figure Al.

. lo
Mir Ref BDl

It
Mir Sam { D2 I

Figure A1 - Schematic diagram of double-beam UV-Visible spectrophotometer equipped
with: S: light source(s), M: monochromator (in the present case, a diffraction grating), BS: a
beam splitter, M: optical components like mirrors that deviate the beam without affecting the
intensity of the incoming light (for simplicity purposes, only two mirrors have been drawn), the
sample (Sam) or reference (Ref) cuvette holders and the detectors (D1 and D2) for the
registration of the intensities of the beams, indicated as I; and I, respectively.

Briefly, the analysing light beam is split in two parts after the monochromator that
selects the measuring wavelength. The beams pass through the blank and the sample

and are directed to two identical detectors (usually photomultiplier tubes, PMT). The
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simultaneous registration of the intensities of the light transmitted by the reference
(Io) and the sample (It) avoids the risk of fluctuation of the lamp or the detection

system.

UV-Visible spectroscopy allows to perform quantitative measurements thanks to
the Lambert-Beer law, that correlates the absorbance (A, that is the logarithm of the
ratio between Io and It) to the concentration of the sample (c, expressed in molarity)

through the optical path (b, in cm) and the molar absorption coefficient (g, in M-1cm-1):
A= ¢ebc

Computation of the number of chromophores per nanoparticle
In Chapter 2, it has been claimed that about 80 units of diphenylanthracene (DPA)

per 4-nm sized silicon nanocrystal (SiNC) are linked.

This estimation was obtained knowing the molar absorption coefficient of DPA at
375 nm (eppa, 375nm = 1.4 x 104 M-Icm1) and 4-nm sized SiNC at 430 nm (&si, 430 nm = 1 x
105 M-1cm1).106 Therefore, the following formula was used, that is the ratio between
the concentration of DPA in the sample Si-DPA and the concentration of nanoparticles

in the same sample:

n __ Copa _ Appa(375nm)/epp, (375 nm)
DPA/SE = ¢ As; (430 nm) /eg; (430 nm)
[Asi—ppa(375 nm) — Ag;(375 nm)]/eppa(375 nm)
Agi (430 nm) /&5; (430 nm)

where c represents the concentration, A the absorbance at the given wavelength
and Asi(375 nm) is the absorbance of an equimolar suspension of Si-DDE at 375 nm. It
is worth noting that at 375 nm, both SiNCs and DPA absorb, and therefore the
subtraction of the quantum dot contribution is necessary to provide the estimation of

the chromophore concentration. In the present case:

- Asippa (375 nm) = 1.5
- Asi(375nm) =0.4
- Asi(430nm) =0.10

The same procedure can be applied to different chromophores (e.g. pyrene) and CIS

QDs, by knowing their molar absorption coefficients.
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A.2. Emission Spectroscopy

For luminescent samples, emission spectroscopy can provide important
information on the nature of the emitting excited state which deactivate to the ground
state.37? Steady-state emission spectroscopy measurements are performed with a

spectrofluorimeter, whose scheme is shown in Figure A2.

[ e
S M1 | \ C

slit

slit ———

M2

(&:)
£d

Figure A2 - Schematic diagram of a spectrofluorimeter. S represents the light source, M1 the
excitation monochromator, BS a beam splitter that sends part of the excitation light towards a
reference detector (R:), C the cuvette holder of the sample, M2 the emission monochromator, R

the detector (usually a photomultiplier tube), CPU the computer that collects the data and
controls the set-up parameters, including the modality of registration, the slits, the wavelengths
selected by the monochromators, et cetera.

The source is generally a xenon arc lamp whose spectrum is continuous in the range
250-1000 nm. The excitation monochromator is used to select the wavelength of the
light for the excitation of the sample, while the emission one selects the wavelength of
the emitted light observed by the detector. Modern instruments are equipped with a
reference detector used to monitor part of the exciting beam, in order to correct

automatically the signal recorded for variations in source intensity.

It is worth noting that the emitted light is recorded from the central area of the
sample cell with a 90° angle with respect to the excited beam, in order to minimize the

amount of excitation light directed towards the PMT.

Several instruments allow to record time-resolved spectra, by the use of a pulsed

lamp. This permits to discriminate phosphorescence spectra from fluorescence
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spectra, therefore long-lived emissions from short-lived ones, and to collect long

emission lifetimes (usually in the range 10 ps - 100 s, see Paragraph A.3).

Typical spectrofluorimeters allow to record emission spectra and excitation
spectra. To obtain emission spectra, the excitation monochromator is kept at a fixed
wavelength, usually at a maximum of the absorption spectrum of the sample, while the
emission monochromator scans a spectral range at higher wavelengths. On the
contrary, for excitation spectra, the emission monochromator is fixed (usually at the
maximum emission wavelength of the sample) while the excitation monochromator
scans the wavelength range corresponding to the absorption profile of the sample.
Because the higher excited states are completely converted to the lowest emitting
excited state for Kasha’s rule, the profile of the excitation spectrum overlaps the
absorption spectrum of the sample (if the photoluminescence intensity is directly
proportional to the absorbance, that is for diluted samples with A<0.1). Excitation
spectra are useful to separate the absorption contribution of different emissive species

in a sample, or to assess the occurring of energy transfer processes.

During my project, emission and excitation spectra were recorded with a Perkin-
Elmer LS55 equipped with a Hamamatsu R928 phototube, an Edinburgh FS5 with a
PMT980 and an InGaAs detector for visible and NIR spectral range, respectively and an
Edinburgh FO900 equipped with a liquid-nitrogen cooled germanium detector for high
sensitive detection of NIR emission. Correction of the emission spectra for detector
sensitivity in the 550-1000 nm spectral region was performed by a calibrated

lamp.379.386

Emission Quantum Yield
The emission quantum yield (or, in the case of photoproduced excited states,
photoluminescence quantum yield, PLQY or @) is an important parameter for the

characterization of luminescent species, and it is defined as follows:

Number of emitted photons

~ Number of absorbed photons

Mathematically, the PLQY is the product of the efficiencies of the processes that

follow the photoexcitation and lead to the radiative deactivation to the ground state.
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For simple systems, for example in which the emitting state is directly generated by

irradiation, this value equals the efficiency of the radiative deactivation of this state.37°

A simple way to measure the PLQY is the method of Demas and Crosby,387 a relative
method based on the comparison with the solution of a compound whose emission
quantum yield is stable and known. The choice of the reference should consider the
absorption and emission features of the samples, that should be similar to the ones of
the standards. For instance, among the various references, during my thesis project,
[Ru(bpy)3]Cl2  in water (PLQY = 0.04) and 1,1’,3,3,3’,3’-hexamethyl

indotricarbocyanine iodide in ethanol (PLQY = 0.30) were used as standards.

Operatively, the luminescence spectra of the sample and of the reference are
recorded over their whole wavelength range under the same experimental conditions
(e.g. emission wavelength range, excitation wavelength, slits width). The spectra are
then corrected for the instrumental response and PLQY can be obtained from the

following formula:

In this formula, the subscript R refers to the quantities related to the reference; S
represents the area below the recorded emission spectrum; A the absorbance at the

excitation wavelength; n is the refraction index of the solvent.

It is worth pointing out that the expressed formula is strictly valid if the
photoluminescence intensity is directly proportional to the absorbance, where A<0.1.
Otherwise, geometrical factors of the apparatus can affect the computation and these
should be taken into account. If diluted solutions cannot be used, it is possible to match
the absorption spectra at the excitation wavelength (the best choice requires that two
spectra at this wavelength were as flat as possible, to reduce the errors on the

absorbance). In this case, the previous formula can be reduced to:

©— @ S n?
N RSRnI%

Evaluation of the enhancement of the brightness
The brightness B of a system is defined as the product between the sensitized

emission quantum yield (@) of this system and the molar absorption coefficient at the
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excitation wavelength. For example, in order to compute the enhancement of the
brightness of 4-nm sized diphenylanthracene-functionalised quantum dots (Si4 nm-
DPA) at 373 nm, with respect to the pristine alkyl-passivated system (Si4 nm-DDE) this

ratio has been computed:

BSi4 nm—-DPA chens,SM nm—-DPA x Esia nm—DPA(373 nm)

Bgia nm-ppE Dsi4 nm-pDE &sia nm-ppe (373 nm)

For equimolar suspensions of Si4 nm-DPA and Si4 nm-DDE, the molar absorption
coefficients can be replaced with the absorbances at the considered wavelengths. The
same results can be obtained by exciting two equimolar suspensions of Si4 nm-DPA and
Si4 nm-DDE at 373 nm and dividing the area below the curve related to the emissions

of the silicon.

Evaluation of the sensitisation efficiency
To estimate the sensitisation efficiency of Si-DPA (ns, Chapter 2) we registered PL
spectra of two chromophore-functionalised samples displaying the same absorbance

at the following excitation wavelengths:
- 375 nm, where most of the light (80%) is absorbed by DPA;
- 430 nm, where only the silicon core is absorbing light.

By keeping the experimental conditions constant and correcting for the incident
photon flux using an air-equilibrated aqueous solution of [Ru(bpy)s]?+ at the two

different wavelengths, the sensitisation efficiency can be evaluated as follows:

flOOO nm I f1000 nm I

__Jssonm Si—DPA 550nm 0%

Ns = f1000 | f1000 nm
550 nm 100% 550 nm 0%

where Isi— pra is the PL spectrum of the sample Si-DPA upon excitation at 375 nm,
I100% is the PL spectrum of the sample Si-DPA upon excitation at 430 nm and lo%
represents the amount of light emitted by the silicon core upon its direct excitation at

375 nm.

A.3. Lifetime Measurements

If the reader considered that, after the absorption of a photon, a species A is lead to

an excited state *4, he should assume that this can undergo different deactivation
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paths, in competition with each other. Each deactivation process is characterised by a
specific rate constant, ki. Assuming only “n” first-kinetic order processes, for simplicity

purposes, the lifetime (1) of *A is defined as:

(A) = o
T(xA) = =—=——
?=1ki

It is obvious that a mathematical treatment of the kinetic of the depopulation of *4,

that is the variation of its concentration, [*A4], over time, leads to:

d[xA] n _ 1
de i=1ki [+ 4] = T(x A)

[* 4]

The resolution of the differential equation leads to:
[x AI(£) = [* Aloe~"/7C4,

where [*4]o represents the initial concentration of *A4, before the deactivation paths

occurred.

This formula indicates that another way to define *4 lifetime is the time that takes
so that the concentration of A4 in its excited state is reduced by a factor e. Therefore, it
is possible to measure the lifetime of an excited state of a species by recording the trend
of its concentration over time. “Time-domain measurements” techniques are based on
this. If the excited state is emissive, because the concentration of the species in the
excited state is directly proportional to the number of emitted photons, an easy way to
compute the lifetime is to record the trend of the luminescence intensity (/) over time.

The previous equation can be then written as follows:
I(t) = I,e~ /704,
where Io represents the photoluminescence intensity recorded at the initial time.

It is worth noting that in more complex cases, multiexponential cases can be
observed. For instance, if two independent luminescent species (1 and 2) are present

in the same sample, the intensity decay is reduced to:

t t
I(t):BleT1+BzeTZ;
where t1 and 712 are the lifetimes of the two species and Bi and B: their

photoluminescence intensities recorded at the initial time. B1 and B2 are also called
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“pre-exponential factors” and depend on the emission quantum yields of the emitting
species, their emission intensity at the measuring wavelength and their

concentration.379

Two main methods have been used to measure emission lifetimes and are known

as “gated-sampling” and “time-correlated single-photon counting”.

Gated Sampling

This technique is used in several commercial spectrofluorimeters equipped with a
pulsed xenon lamp (see Paragraph A.2) and allows to determine lifetimes ranging from
10 ps to 100 s approximately. After the excitation pulse, the emission intensity of the
sample is measured after a certain delay time, t1, comprised in a time window called
gate time, which must be short with respect to the sample lifetime. The measurement
is then repeated several times, progressively shifting the gate time toward increasing
delay times (tz, t3, ... tn) until the end of the decay is reached. By plotting the recorded
emission intensities as a function of the delay time, the decay curve is obtained.37°
Emission intensity decay measurements in the range 10 ps to 1 s were also performed

on a homemade time-resolved phosphorimeter.

Time-Correlated Single-Photon Counting

Time-Correlated Single-Photon Counting (TCSPC) is a time-domain technique
useful to acquire lifetimes ranging from about 0.5 ns to 20 ps. It relies on the probability
that a single photon emitted by a sample is detected by a high-gain PMT. The block

diagram of a single-photon counting apparatus is shown in Figure A3.

In principle, to obtain a reliable decay, the measurements require a high number of
excitation-emission cycles. For each cycle, an excitation flash is emitted by a pulsed
source (nowadays compact lasers are widely available), producing a certain number of
excited states in the sample. The same flash (or the laser pulse voltage) is revealed by
a detection system (Dstart in the Figure) generating a potential ramp that linearly
increases in a time-to-amplitude converter (TAC). This potential ramp can stop if a
certain temporal interval passes without any stop signal is detected. On the contrary,
if a single photon emitted by the sample is detected by a second photomultiplier (Dstop),
this cycle stops at a certain potential value. The TAC sends this signal to a multichannel

analyser that collects the “counts” in a certain number of channels (for example 4056)
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each of which corresponds to a particular range of time (e.g. 0.10 ns): in other words,
the value of the potential at the end of the cycle is converted in time units (e.g. 5.2 ns)
and is counted in its specific channel (5.1-5.2 ns). The cycles restart and the new signals
are collected in the multichannel analyser until a specific condition is reached (for
example, the counts reached 1000 in one channel). A CPU analyses and fits the obtained
data. At the end, the multichannel analyser produces a histogram showing how many

times a single photon was seen by the Dstop at a given temporal interval.

S — - m——— C
M1
I
Dstart counter M2
— TAC |~ Dstop
MCA
CPU

Figure A3 - Block diagram of a single-photon counting apparatus. S is the pulsed source
(usually a laser), M1 and M2 are the excitation (if any) and emission monochromators,
respectively, C the sample cell, Dswre and Dsiop are the photomultipliers that start and stop the
electronic timing unit, TAC represents a time-to-amplitude converter, MCA a multichannel
analyser and CPU the computer.

For statistical reasons, the so-obtained curve overlaps well with the real intensity
decay only if less than 2 photons out of 100 are detected before the potential ramp of

the TAC ends. To do this, the monochromators slits must be well regulated.

TCSPC technique allows also a mathematical deconvolution of the emission decay
from the collected profile, separating the contribution of the lamp. By doing this,
emission lifetimes down to hundreds of picoseconds can be determined.37° Time
correlating single photon counting technique was performed on an Edinburgh F900

spectrofluorometer equipped with a pulsed laser.
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Computation of the quenching efficiency of a fluorophore
The quenching efficiency (nq) of a fluorophore (for instance, pyrene) linked to a
nanoparticle (e.g. CIS QDs) is defined as:

— kq
T =k, + 2k

where kq represents the first-kinetic order constant of the quenching process and Y k
the sum of the kinetic constants related to the other deactivation pathways of the
excited fluorophore. In particular, expressing the emission lifetimes of the detached
(i.e. not quenched) fluorophore (to0) and the linked (i.e. quenched) one (t) as a function

of the kinetic constants, it is possible to obtain:

1 1
T0=—k and T=m
q

From the last equation it is possible to express kg as a function of t and To:

1 1 1
k=3 ) k=g
0

By substituting the equations into the first expression, it is possible to correlate the
quenching efficiency of the fluorophore to the emission lifetimes of the quenched and
free ligand:

_(1 1) —1 T
Ta = \7 o te o

A.4. Dynamic Light Scattering

Dynamic light scattering (DLS) is a technique used to estimate the hydrodynamic
diameter of a nanoparticle, assuming it possesses a spherical shape. DLS relies on the

measurements of the intensity fluctuations of a scattered light during time.

In principle, the nanoparticles randomly move in the suspension, subject to
Brownian motions. An incident light (usually a monochromatic laser beam) is directed
towards the nanoparticles that scatter the ray towards a detector (usually at 173°). The
beams scattered from different nanoparticles will undergo constructive or destructive

interferences due to the relative position of the nanoparticles. Since the nanoparticles
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are moving, the overall intensity of the detected light will be subject to fluctuations

during time.

DLS analyses the intensity fluctuation over time via an algorithm called correlation
function, G(t), that measures how long the intensity is maintained during time. In other
words, if the nanoparticles move slower, the correlation will be maintained for a longer
time. On the contrary, if the nanoparticles move faster, the oscillation between
constructive and destructive interferences of the scattered beams will change rapidly.
For the simplest case in which a single population (monomodal distribution) is present
and the correlation function can be fitted as a mono-exponential decay (cumulants

analysis), G(t) can be expressed as:
G(t) = A[1 + Bexp(—2Dq?7)],

where A and B are factors that represent the baseline and intercept of the correlation
function respectively, q is a quantity that takes into account the refractive index of the
suspension, the wavelength of the laser and the scattering angle, t the sample time of

the correlator and finally D, the translational diffusional coefficient.

The diffusion coefficient is related to the size of the nanoparticles, as expressed by

the Stokes-Einstein equation:

_ kT

d, = =1
H ™ 3mp”’

where dnis the hydrodynamic diameter, k the Boltzmann constant, T the temperature

and 7 the dispersant viscosity at the given temperature.

Therefore, by recording the fluctuations of the scattered light intensity and by
applying the Stokes-Einstein equation, DLS can provide a measure of the

hydrodynamic diameter of the nanoparticles.

The analysis provides a size distribution of the nanoparticles in intensity and a
polydispersity index, which is representative of the width of the distribution. Since the
intensity of Rayleigh scattering depends on the diameter of the particles elevated to 6,
in the case of a high number of populations, the number of the smaller nanoparticles
can be underestimated. A volume distribution can provide a more realistic
representation (since the dependence is now on the radius of the nanoparticles

elevated to 3).
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During my PhD studies, DLS analyses were conducted on a Malvern ZetaSizer Nano
Series instrument with a 633 nm laser diode. A schematic block representation is

shown in Figure A4. Samples were housed in disposable polystyrene cuvettes of 1 cm

optical path length.
L CPU
a
S
€ Correlator
r
l Detector
Intensity
attenuator
l A
> C

Figure A4 - Block diagram of a Nano ZetaSizer instrument configuration. It is worth noting
that the scattered light from the sample C is recorded at an angle of 173°.

A.5. Nuclear Magnetic Resonance

All the TH-NMR spectra acquired during the PhD studies were recorded on a Varian
Inova 400 (400 MHz) spectrometer, which uses a pulse system with a Fourier
transform to collect simultaneously the overall spectrum. The instrument produces a
magnetic field of 9.4 T using a superconductor magnet immersed in liquid helium (4 K)
dewar immersed in a liquid nitrogen (77 K) dewar to avoid a rapid evaporation of
helium. The sample is inserted inside the probe, where the homogeneity of the

magnetic field is assured by shim coils.

The Larmor frequency of the proton (i.e. the frequency requested to invert the spin)
is:
By

V:)/E

y is the gyromagnetic ratio, and Bo the applied magnetic field. Magnet coils around
the sample can generate the radiofrequency requested to invert the spin of the protons
whose precession axes were aligned to the magnetic field direction. The examination

of the relaxation process of the protons to the initial state allows to obtain the free

158



induction decay that by Fourier transform analysis can provide the NMR spectrum in

frequency domain.388

The utility of the measure relies on the effective resonance frequency of the
different protons depending on their local chemical environment, vef:

By(1—o0)

Verf =V on

Here, o represents the shield factor that takes into account the effect of the local
environment. The differences from the original applied radiofrequency, for protons,
are in the range of a few parts per million (ppm), which is the typical way to express
the chemical shift of the protons (68), using the signal of tetramethylsilane (TMS) as

reference.

Vproton(HZ) — vrus(Hz) _

10°
Vapplied (Hz)

6 (ppm) =

It is worth noting that the utility of using this notation relies on the independency
from the radiofrequency applied by the instrument, permitting a direct comparison

among spectra collected with different apparatuses.

In each experimental part of this thesis, data are reported as follows: chemical shift,
multiplicity (s = singlet, d =doublet, t = triplet, q = quartet, br = broad, m = multiplet),

coupling constants (Hz).

A.6. Mass spectrometry

Mass spectroscopy (MS) is a widely used technique in synthesis laboratories, due
to the information on the mass and, to a lesser extent, on the structure of the molecule
that is provided. The principle of mass spectroscopy is quite simple: the examined
compound is ionized (different ionization methods are available), the ions fragments
are separated according to their mass over charge ratio (which involves an ion
separation method) and the counts of each mass/charge unit is recorded as a spectrum.
A mass spectrometer is usually coupled to a chromatographic instrument that provides
a separation of the compounds in the sample before the ionization is performed.
Typically, gas chromatography (GC-MS) or high-performance liquid chromatography
(HPLC-MS) are implemented.388
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Ionization methods are generally divided into two main categories: hard or soft.
Hard methods provide a more extensive fragmentation with respect to soft ones.
Electron impact (EI) is one example of the former case. Vapor phase sample molecules
are bombarded with high energy electrons (usually 70 eV). The interaction with the
molecule leads to a first ejection of an electron, yielding a radical cation known as
“molecular ion”. The amount of energy of the electron flux is sufficient to break the
covalent bonds of the molecular cation, generating new cationic species that are
directed towards the detector. This kind of fragmentation is highly reproducible and
characteristic of the compound. Therefore, the comparison of the obtained spectrum
with a library of mass spectra can be useful to identify the compound. Electron spray
ionization (ESI) is considered a soft method. The sample is introduced in the ionization
system as a solution (usually eluted from a liquid chromatograph) through a stainless-
steel capillary. A nebulizing gas (e.g. nitrogen) surrounds the tip, which is maintained
at high potential with respect to a counter-electrode. As the solution is ejected from the
capillary, an aerosol of charged droplets forms and the nebulizing gas drives the
effluent towards the mass spectrometer. The solvent evaporates, leading to a shrinking
of the charged droplets. When the charge becomes more concentrated, the electrostatic
repulsion of the sample ions enhances until a “Coulombic explosion” occurs, liberating
the ions into the vapor phase and directing them towards the mass analyser. ESI

method is useful for non-volatile compounds.

The mass analyser separates the mixture of ions generated by the ionization system
according to their mass/charge ratio, therefore providing the mass spectrum.
Quadrupole mass analysers consist of four cylindrical rods mounted parallel to each
other at the corners of a square. A constant DC voltage and an alternate radiofrequency
voltage is applied to the rods. The sample ions pass through the space among the rods
and are subject to the electric fields. Only ions with a certain mass/charge ratio possess
a stable trajectory and are directed to the detector, while the other ones are deflected.
By modifying the applied radiofrequency it is possible to scan ions with different

mass/charge ratio.

The schematic diagram of a mass spectrometer is shown in Figure A5.
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introduction method method
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Figure A5 - Block diagram of a mass spectrometer (also implemented with a
chromatograph).

During my PhD studies, GC-MS analyses were obtained using an Agilent
Technologies GC-6850 MS-5975 equipped with EI (70 eV) ionization system, single
quadrupole analyser, and HP5 5% Ph-Me Silicon. LC-electrospray ionization mass
spectra were obtained with an Agilent Technologies MSD1100 single-quadrupole mass

spectrometer.

A.7. Cyclic Voltammetry and Chronoamperometry

Cyclic voltammetry (CV) is an electrochemical measurement in which the working
electrode potential is increased linearly over time. Moreover, after a predetermined
potential is reached, the working electrode potential is ramped in the opposite
direction, until the initial potential is reached again. The current intensity at the
working electrode is plotted against the potential, generating the cyclic

voltammogram.389

Chronoamperometry, on the other hand, measures the current intensity at the
working electrode as a function of time, while a potential step is applied for a specific
time to perform a reaction. A switch of potentials between 0 V and the potential in exam

is usually performed to better understand the stability of the faradic process.

The measures were carried in DCM or THF solution at room temperature using a
Ecochemie, Mod. PGSTAT 30 AutoLab instrument. A cylindrical three-electrode
electrochemiluminescence cell with a poly(tetrafluoroethylene) (PTFE) stopcock and
a Schlenk-like connection to the vacuum-inert gas line was used. As a working
electrode, platinum was chosen, as a quasi-reference electrode, silver was chosen, and

as a counter electrode, a spiral-shaped platinum wire was chosen.

In such system, the current flows from the working to the counter electrodes, while

the potential applied to the working electrode is referred to the reference electrode.
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The solution contained tetrabutylammonium hexafluorophosphate as electrolyte to

diminish the resistivity of the suspension and to minimize the mass transfer effects.

The suspension was degassed with argon and the cell kept under inert atmosphere
to minimize the presence of oxygen, which can react under the potentials under

examination.

A.8. Transmission Electron Microscopy

High Resolution Transmission Electron Microscopy (HR-TEM) and Scanning
Transmission Electron Microscopy (STEM) was carried out by a FEI Tecnai F20
instrument, equipped with a Schottky emitter and operated at 120 keV. EDX spectra
were collected by focusing the beam on the region of interest and registered with an
EDAX Phoenix spectrometer equipped with an ultra-thin window detector. Different
instrument setups are employed to obtain selected area diffraction (SAED), or high
resolution micrographs and scanning transmission micrographs.3°0 The samples were
prepared by drop casting on a CVD graphene coated TEM grid, in order to enhance the
nanocrystals’ contrast due to the low thickness and atomic weight of the substrate. The
TEM is provided with a Gatan MSC794 CCD camera, Fischione High Angle Annular Dark
Field STEM detector and double tilt specimen holder. The preparation of the sample
usually consists in casting few drops of the sample solution on carbon coated copper
TEM grids. The solvent is then removed by vacuum pumping the grid or by rapid

heating over the solvent boiling point.
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