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What is that feeling

When you're driving away

From people and they recede on the plain
Till you see their specks dispersing?

It's the too-huge world vaulting us,
And it’s good-bye.

But we lean forward

To the next crazy adventure

Beneath the skies

Jack Kerouac

III



IV



SILICON NANOCRYSTALS TAILORED FOR BIOIMAGING AND

ENERGY CONVERSION

ABSTRACT

This thesis focus is the development of hybrid organic-inorganic systems based on
Silicon Nanocrystals (5iNCs) with possible applications in the field of bioimaging
and solar energy conversion. SiNCs were engineered thanks to the realization of a
strong covalent Si-C bond on their surface, which allowed us to disperse them in
different solvents with different final purpose. Chapter 1 introduces the basic
properties of nanomaterials, focusing our attention on quantum dots, SiNCs in
particular. Chapter 2 describes all the synthetic procedures to obtain the organic
molecules-functionalized SiNCs, showing both the literature techniques and the
ones adopted in our laboratory. Chapter 3 illustrates an organic-inorganic antenna
system based on SiNCs conjugated with diphenylanthracene (DPA) photoactive
molecules, which was also embedded into Luminescent Solar Concentrators (LSC)
made of a polymeric matrix. The optical and photovoltaic performances of this
device were compared with the ones of a LSC embedded with a physical mixture
made of SiNCs plus DPA at the same concentrations of the two components in the
covalent system. Chapter 4 shows many different techniques to functionalize SiNCs
with polyethylene glycol (PEG) chains in order to make them dispersible in water,
for biomedical imaging applications. All the in vivo and ex vivo measurements
reported in this chapter were acquired by Jennifer R. Shell, Xu Cao and Brian Pogue,
in the Center for Imaging Medicine, Thayer School of Engineering, Dartmouth
College, Hanover, NH 03755. Chapter 5 presents the synthesis of dyes and/or SiNCs
loaded Polymer Nanoparticles (PNPs) capable of excitation energy transfer (EET)
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mechanism. This work has been started at the University of Strasbourg in the
laboratory of Biophotonics and Pharmacology led by the professor Andrey
Klymchenko. Chapter 6 is focused on the realization of photo-switchable systems
based on azobenzene derivatives-functionalized SiNCs. These organic-inorganic
hybrid materials were studied to possibly obtain a new light-driven response of
SiNCs. In the end, chapter 7 reports the activity I followed in America, at The
University of Texas at Austin, in the laboratory led by the professor Brian Korgel.
Here I studied and compared the properties of high temperature hydrosilylated

SiNCs and room temperature, radical promoted, hydrosilylated SiNCs.

This thesis work was financially supported by the University of Bologna and by the

ERC proof of concept “Sinbiosys”.
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Hreface

“Modern civilization is the daughter of coal (...), modern man uses it with increasing
eagerness and thoughtless (...). The earth still holds enormous quantities of it, but coal is
not inexhaustible. The problem of the future begins to interest us (...). The supply is
enormous but, with increasing consumption, the mining of coal becomes more expensive on
account of the greater depth to which it is necessary to go. (...) Is fossil solar energy the only
one that may be used in modern life and civilization? That is the question.”* This brief
extract from the famous Giacomo Ciamician’s speech, hold during the VIII
International Congress of Applied Chemistry in New York, 1912, allows us to
understand the general ideas, intuitions and concepts born from his studies. More
than 100 years ago, Ciamician was already asking the scientific community to start
looking beyond fossil fuels, aware that this gift given us from the earth was not
limitless. Going on reading his prophetic speech, which was published in many
different languages, is surprising to learn how much his scientific research, on fields
such as artificial photosynthesis, molecular electronics, molecular photonics and
luminescent sensors, is considered as a workhorse of nowadays-scientific research.
Modern research on these fields is closely correlated to Ciamician’s intuitions
reported on his papers and conferences at the beginning of the XX century, even if
sophisticated tools such as lasers, or the current knowledge about the nature of the
light, were not available at that time. This is the reason why we can consider
Ciamician as the inventor of the photochemistry. “The photochemical processes have
not had so far any extensive practical application outside of the field of photography. (...)
But notwithstanding the many applications photography represents only a small part of
photochemistry. (...) The photochemical reactions follow the fundamental laws of affinity,
but have a special character. They are especially notable for the small temperature coefficient

and are, however, comparable to the reactions which take place at very high temperatures.
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According to a brilliant idea of Plotnilrow, luminous radiations produce a different
ionization from that due to electrolytic dissociation; the separation of an ion requires a
quantity of light, which is determined by the theory of Planck and Einstein. For our
purposes, the fundamental problem from the technical point of view is how to fix the solar
energy through suitable photochemical reactions. To do this it would be sufficient to be able
to imitate the assimilating processes of plants. (...) The polymerizations, the isomeric
changes, the reductions and oxidations with organic and inorganic substances, and the
autoxidations which light causes so easily should already find profitable applications in some
industries if researches were carried out carefully with this in mind.”! Another impressive
fact is that Ciamician was not just underlining, in a prophetic way, a problem of the
oncoming society but he was also trying to suggest different inputs to solve it. He
was the first one telling the scientific community that the best way to solve these
problems would have been copying the sophisticated world of the nature. He was
also suggesting the industries to give more consideration to this new branch of
chemistry, because of the chance to drive many reactions in milder conditions than
the usual. He was definitely the first one laying the background of the Green
Chemistry and everyone who works in this field or in the field of Photochemistry
should be considered as one of his students. “And if in a distant future the supply of
coal becomes completely exhausted, civilization will not be checked by that, for life and
civilization will continue as long as the sun shines! If our black and nervous civilization,
based on coal, shall be followed by a quieter civilization based on the utilization of solar
energy that will not be harmful to progress and to human happiness. The photochemistry of
the future should not however be postponed to such distant times; I believe that industry
will do well in using from this very day all the energies that nature puts at its disposal. So
far, human civilization has made use almost exclusively of fossil solar energy. Would it not
be advantageous to make better use of radiant energy?”! These final sentences in his
speech represent a message full of hope and positivity, which is definitely still valid

in our century, where energy is the most important issue.?
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Photochemistry and photophysics are currently playing an important role in the
development of science and technologies as the branches of chemistry who deal
with the light-matter interaction. Photochemical and photophysical processes can
be exploited for novel applications in different scientific fields such as energy

conversion, nanotechnology and medicine.

The nature of light is nowadays well known. Since the wave model acceptance, in
1860 thanks to Maxwell’s studies,® light has been seen like an electromagnetic
radiation who does not need a medium to spread and the visible light has been
accepted as just as tiny part of the whole electromagnetic spectrum (figure 2). In
this spectrum, the electromagnetic waves are grouped considering the wavelength.
This radiation is composed by an electric and a magnetic oscillating field, who are
not only perpendicular one each other, but also perpendicular to the light’s

spreading direction (figure 1).

Electric
Field e M»“_/q_lie/enght
X— —_—

Directiop

Figure 1- representation of the electromagnetic radiation.

In 1900, Max Planck gave birth to the “Quantum Theory”. In Planck’s assumption,
the electromagnetic waves are emitted in discrete packets of energy, the so-called
“quanta”. Few years later Albert Einstein came out with his studies on the
photoelectric effect,* giving rights to the existence of the “quanta” as real objects and
realizing that the light was composed by the photons. Only in 1926, Gilbert Lewis
coined the name “photon”,® used to call and to describe those packets of energy. In

the same years the double nature of the light, the so-called wave-particle duality,
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has been accepted thanks to Louis De Broglie.® He revealed that every quantum

entity might be described as either a particle or a wave.

In this model, the electromagnetic radiation is characterized by a wavelength, A, a

frequency, v, and a velocity, ¢, correlated by the following equation:
Av=c(1)

Where the value of c is constant and equal to 2.998*10® m s*in vacuum, whereas A,
and v as a consequence, may have different values considering the figure 2 and in
the International System of Units (SI) these two quantities are measured in meter
(m) and hertz (Hz) units respectively. We can also easily find the wavenumber v
(number of waves per centimeter) as a way to characterize the electromagnetic
radiation. The electromagnetic spectrum’s range (figure 2) we usually consider in
photochemistry goes from 200 nm to 1200 nm, including the Ultra Violet (UV) light,
the visible (Vis) light and the Near InfraRed light (NIR). In particular, the visible
light portion of the electromagnetic spectrum only goes from 380 nm to 780 nm,
more or less. Considering that, in the quantum model a beam of radiation is seen as
a stream of photons and we can measure the energy of each photon with the

following equation:
E=hv (2)
Where h is the Planck’s constant equal to 6.63*10-* J s.

Regarding the light-matter interaction, we usually consider the interaction between

one molecule with one photon, described with the following reaction scheme:
A +hv > *A (3)

Where A is the ground-state molecule (which could only undergoes thermal
reaction), hv the absorbed photon of suitable energy and *A the molecule in an
electronically excited state (which undergoes different kinds of deactivation

processes such as a photochemical reaction, a radiative energy loss or a non-
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radiative energy loss in order to go back to the starting ground-state) . *A needs to
be considered as a new chemical species, with different chemical and physical
properties from A, because of the new electronic structure, since light absorption
causes bond breaking. All these processes are well shown using the Jablonski’s
diagram, which came out for the first time around 1933, still irreplaceable to
illustrates the electronic states of a molecule and the electronic transitions between
the different electronic states of that molecule. For more details, see the book
Photochemistry and Photophysics: concepts, research, applications, by Vincenzo

Balzani, Paola Ceroni and Alberto Juris.”
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Figure 2- The electromagnetic spectrum, adapted from the ref.”
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| Introduction

|.I Nano Overview

“Nano” is a numerical word derived from the Greek vocabulary and stands for the
English “dwarf”; more precisely, it refers to a billionth. Consequently, a nanometer
is one billionth of a meter (10° m). Starting from the mid-1990s, the scientific
community started to use it referring to different forms of matter existing, at least
in one of the three dimensions, in this submicron-length scale. These very small
materials gained the nickname of “nanomaterials”, which were not just smaller
materials, but they were also characterized by unique physicochemical properties
arising from phenomena emerging at this nanoscale.® The scientific field, which
studies the phenomena, the properties and the responses of materials at atomic,
molecular and macromolecular scales, is called nanoscience, while the design,
manipulation, building, production, and application of structures, devices, and
systems with sizes below 100 nm, are referred to the nanotechnology field of
knowledge. Nanotechnology is emerging as a dynamic, powerful field with many
potential application areas, coupled with great potential benefits, due to the
possibility to take advantage of these new physicochemical properties. Nowadays,
many research groups are working on and improving nanotechnology systems in
order to find new applications for different fields which could improve the human
lifestyle such as pharmaceutics, cosmetics, processed food, chemical engineering,
high-performance materials, electronics, precision mechanics, optics, energy
production, environmental sciences, information and communication, biology,
medicine, and metrology. In particular, nanotechnologies applied to medicine are
attracting lot of attention, especially if we consider all the potential applications in
the diagnostic (disease diagnosis and imaging) and in the discovery of new drug-

delivery systems. A new industrial revolution has started.*!°



Noteworthy is thinking that the studies about colloids or interfaces started before
the mid-"90s or their use at least. They have been dated back to that period when
none was talking about nanotechnology or nanoscience yet and a vivid example of
that is the famous Lycurgus Cup from the 4th century, which is ruby red in
transmitted light and green in reflected light, due to the presence of gold colloids.
Advancing on the timeline, Richard Zsigmondy won the Nobel Prize in Chemistry
in 1925 for his demonstration of the heterogeneous nature of colloid solutions and
for the methods he used to prepare such solutions.!! Zsigmondy has also been the
tirst one to use the term “nanometer” explicitly. Few years later, in 1932, Irving
Langmuir, won the Nobel Prize in Chemistry introducing the concept of a
monolayer, a layer of material which was one molecule thick.!> Anyway, the birth
of the nanotechnology concept can be addressed to the famous speech gave by the
Nobel laureate and quantum theorist Richard Feynman, during the annual meeting
of the American Physical Society at the California Institute of Technology, 1959, first
published in 1960: ““There is Plenty of Room at the Bottom'’.> The lecture has always
been considered as a manifesto for physicists to take control of both the physical
and biological sciences, moreover as a nanotechnologies manifesto since for the first
time someone was talking about manipulating the matter on a very small scale, the
atom scale.’ In 1959 Feynman was already aware of two important facts: the
physical properties of the matter change going from the bulk to the atomic level and
to study and manipulate the matter at this level a new kind of electronic microscope

would have been necessary, characterized by a higher resolution.’

Taniguchi first introduced the term nanotechnology, to describe ultrafine
machining of matter, in 1974 during a speech hold in Tokyo during the International
Conference on Production Engineering and transcribed on in his paper “On the
Basic Concept of Nanotechnology”!. Nevertheless, the idea of building on a small
scale is usually attributed to Richard Feynman who inspired many people with his

lecture, which is considered one of the two important events that have marked the



nanotechnology story. The second important event is the near-field microscopes
(the scanning tunneling microscopes, STM, and the atomic force microscopes, AFM)
invention at the beginning of 1980s, providing both the “eyes” and “fingers”
required for nanostructures measurement and manipulation.’® Gerd Binnig and
Heinrich Rohrer were awarded the Nobel Prize in Physics for the STM invention in
1986'¢ and the same Gerd Binnig, Calvin Quate, and Christoph Gerber invented the
AFM in 1985."7 Furthermore, at IBM (International Business Machines Corporation)
in the United States, a technique called electron beam lithography was used to create
nanostructures and devices as small as 40 to 70 nm in the early 1970s.18 Researchers
working with these so-called nanomaterials are asked to overcome unique
challenges, which can be grouped in three principle categories such as their
visualization, their measurement and their manipulation. Regarding the first one, as
already introduced, once materials approach the nano-scale dimension they can no
longer be seen with a conventional light microscope, since the “Abbe’s diffraction
limit” arises. In particular, scientists only notice this effect when objects become
smaller than the wavelengths of light associated with the visual spectrum
(wavelengths under 200 nm). When this happens, in order to be able to see the
nanoparticles, a different range of the electromagnetic spectrum is required,
electron microscopes are required which use a beam of accelerated electrons as a
source of illumination. Regarding the second challenge, since nanostructures are
affected by many different events occurring at the nanoscale (aggregation in
solution for instance), an ensemble of different techniques is needed in order to
measure their properties and all the acquired data need to be interpreted
considering the particular context in which we are every single time. In the end,
considering the third challenge, researchers have repurposed nanoparticle
measurement tools like AFM, optical tweezers, and ion beams to achieve
rudimentary positioning or assembly capabilities. Furthermore, researchers are

using clever techniques to functionalize nanoparticle surfaces with chemical or


https://en.wikipedia.org/wiki/Electron

biological moieties that allow to enable their selective attachment to other

structures.’

The essence of nanotechnology is the ability to work at the molecular level, atom by
atom, creating larger structures with new interesting properties and manufacturing
them by self-organization and self-assembly processes to create entities from the

“bottom up” rather than the “top down” method.
Nanotechnology is based on the following statements:

- Going towards the nanoscale new physicochemical properties arise, as we
have already seen, but these new features are usually not predictable just by
looking at the macroscale;

- The most important changes are due to intrinsic phenomena becoming
predominant at the nanoscale, such as quantum confinement and
predominance of interfacial phenomena;

- Once it is possible to control important features as size, shape, chemical
composition, crystalline structure of these nanomaterials, it is also possible
to enhance the material properties;

- Nanotechnologies need to be a multidisciplinary field by nature (figure

1.1).55
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Figure 1.1- experimental sciences converging toward the nano-world from the mid-

1990" to nowadays. Adapted from the ref.'s

Nanostructured materials include different kinds of morphologies, such as atomic
clusters, layered or lamellar films, filamentary structures, and bulk nanostructures.
All of them are characterized by a common property; they must have at least one
dimension under 100 nm. Consequently, depending on how many dimensions they
show in the nanoscale, we can identify four different classes: 0D (zero dimensional)
if the three spatial dimensions exhibits a nanometric size, 1D (one dimensional) if
only two dimensions have a nanometric size or 2D (two dimensional) if just one
spatial dimension is nanometric. Bulk nanostructures are classified as 3D (three
dimensional) systems. The first three classes are usually named respectively as

follow: quantum dots, quantum wires, and quantum wells (figure 1.2).1°
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Figure 1.2- nanomaterial classification according to dimensionality. Adapted from

the ref.10

The main difference between them and the bulk structures is the percentage of
atoms at the surface, which is bigger if they present at least one nano-dimension
because of the increased surface/volume ratio, and the quantum confinement
phenomena. In nanocrystals the electronic energy levels are not continuous as in the
bulk but are discrete (finite density of states), because of the confinement of the
electronic wavefunction to the physical dimensions of the particles. This
phenomenon is called quantum confinement and therefore nanocrystals are also
referred to as quantum dots (QDs). Systems with different dimensionalities show
different peculiar density of states and so different optical properties. A bulk
material exhibits a square root energy (E'?) dependence of the density of states,
while in a 2D system it is described by a step function, the 1D systems show an E-1”2
dependence for each quantized state, and in 0D, all available states exist only at
discrete energy values since the electron is confined in all three spatial dimensions

(figure 1.3).101
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The two different approaches used in nanofabrication are the Top-Down and the
Bottom-Up methods. The first one is recognised as the Taniguchi approach and it
works from the larger to the smaller. It uses controlled physical or chemical means
to break down a larger bulk material into increasingly smaller particles that possess
the desired nanoscale-size dimensions and associated material properties. This
method can be seen as an approach where the building blocks are removed from
the substrate to create the nanostructures. Dexler introduced the second one in 1986
as a method of building larger objects starting from their atomic and molecular
components precursors. A bottom up synthesis method implies that molecular
precursor materials (e.g., a variety of metal salts) are reacted chemically to nucleate
and grow particles of varying chemical composition, size, and shape. A bottom-up

approach can thus be viewed as a synthesis approach where the building blocks are



added onto the substrate to form the nanostructures. The bottom-up approach is
considered to be more advantageous than the top-down approach because the
former has a better chance of producing nanostructures with less defects, more
homogenous chemical composition, and better short- and long-range ordering,
since atoms or molecules will be specifically placed and connected following our

ideal.

Although the control of individual atoms is the ultimate ‘manufacturing
technology', other approaches based on self-assembly are also promising. In self-
assembly, the atoms or molecules required to construct the desired product are
brought together in a suitable environment in order to arrange themselves and form
a product. Examples of self-assembly of large molecules, which can then assemble
themselves into ordered arrays, are found widely in chemistry and biology and the

tield of supramolecular chemistry.?

.7 Quantum Dots

Inorganic solids have been historically divided into three well-known classes:
metals, semiconductors, and insulators. They mostly differ on the nature of their
electronic bands and this affect all the properties they are characterized by, such as

the electrical conduction, the thermal conduction, and all the optical properties.
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from a single atom and consequently adding more atoms until a bulk solid has been

reached.

The band of permitted energies in a solid is related to the discrete allowed energies
(the so-called energy levels) of single, isolated atoms. When the atoms are brought
together to form a solid, these discrete energy levels become perturbed through
quantum mechanical effects, and the many electrons in the collection of individual
atoms occupy a band of levels in the solid called the valence band (VB). Empty states
in each single atom also broaden into a band of levels that is normally empty, called
the conduction band (CB). These two parts are divided by the so-called Fermi level,
which is a hypothetical energy level for electrons with a 50% probability of being
occupied at the thermodynamic equilibrium (figure 1.4). The location of the Fermi
level in the band structure of a material is important to determine its electrical
behaviour. Different energy bands characterize the three existing inorganic solids
and their properties. Considering a conductor material, a metal, the VB and the CB
are adjacent and the electrons motion from the first one to the second one is always
allowed, even at very low temperature, without a perturbation of the system.
Otherwise, an insulator material is characterized by an energy band gap between
the two bands and electrons in the VB can never be promoted to the CB because it

would require an enormous amount of energy. Semiconductor materials lay on the
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middle between metals and insulators and their properties too. Semiconductors
show a smaller energy band gap between the VB and the CB. In some of these cases,
we can still have promoted electrons from the VB to the CB, even without an
external perturbation, but just a little of them. The real motion of electrons is seen

by giving energy to the system (figure 1.5).
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Figure 1.5- Electronic band theory for metal, semiconductor and insulator materials.

Considering nanoparticles instead of bulk materials, the density of states becomes
discrete at the band edges, this is the area where the quantum confinement begins
(figure 1.6). The Fermi level is in the centre of the metal continuous band both in
the bulk and in the nanocrystals; therefore the discretization of the energy levels,
which occur in the nanocrystal system, does not interest the area around the Fermi
level. Only metal nanoparticles of a very small size can exhibit the quantum
confinement’s consequences by a spectroscopic point of view. Otherwise, in
semiconductors the Fermi level lies between the two bands, in the middle of the
energy band gap (Es). Considering semiconductor nanoparticles, this is the area
where the density of states becomes discrete because it is affected by the quantum

confinement effect and this is also the area where the electronic transitions occur
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when we perturbate the system. Consequently, by a spectroscopic point of view, we
can immediately notice this fact, even for big nanoparticles sizes (figure 1.6).
Because of this phenomenon, the Eg increases in smaller semiconductor
nanocrystals and decreases in bigger semiconductor nanocrystals. Semiconductor

nanocrystals exhibit strongly size-dependent optical and electronic properties.?!??
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Figure 1.6- Schematic illustration of the density of states in metal and

semiconductor bulks and nanocrystals. Adapted from the ref.!

Since the semiconductor nanocrystals, even called Quantum Dots (QDs), discovery
in the early 1980s 2?4, these particles have promised to be a valid alternative to
molecular species for luminescence applications.?>? QDs are spherical particles
with diameters typically ranging between 1 and 15 nm. As we have already seen,
because of their nano-metric size, quantum effects, resulting for example in size-
dependent absorption and emission spectra, affect the optical and electronic

properties of QDs. Their Eg can be changed upon varying the particle size. To a first
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approximation, the quantum confined band gap energy of the QD, Egap, can be

described as follows (equation 1.1):

Egop = Egp + (8’%) (L + L) - ( L8 ) (equation 1.1)

me my 4mEgER

Where Egp is the band gap energy of the bulk semiconductor, R is the QD radius, m.
is the effective mass of the electron in the solid, e is the elementary charge of the
electron, h is the Planck’s constant, mxis the effective mass of the hole in the solid
and ¢ is the dielectric constant of the solid. In particular, the middle term on the
right-hand side of the equation 1.1 is a ‘particle-in-a-box-like’ term for the
excitation, while the third term on the right-hand side represents the electron-hole
pair Coulombic attraction, mediated by the solid. We can extrapolate that the Eg is
correlated with the QD size and, as already seen, as the dimension of the QD

decreases, the Eg increases (figure 1.7).
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Figure 1.7- Quantum confinement effect on changing the QD size. Top: electronic

structure of QDs by varying the QD diameter. Bottom: emission band red shift by

increasing the QD size. Adapted from the ref.??

However, the actual QD band structure is more complicated and the model shown
before is just its simplified approximation. QDs show a very high surface to volume
ratio, resulting in imperfections onto their surface. These imperfections are called
“trap-sites” and they have their own electronic energy states, which are usually
localized within the QDs Eg. Therefore, they must be taken into consideration
during the optical processes in which QDs are involved because they could be the
reason of the non-radiative relaxation after the excitation of an electron from the VB
to the CB (figure 1.8). Trap-sites can really negatively affect the QDs luminescence

quantum yield and, in order to reduce -or to totally eliminate- this eventuality, two
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or more semiconductors forming heterojunctions can be used to obtain the so-called
“core-shell QDs”. In this case, the shell is made of a wider band-gap semiconductor
material, which passivates the surface trap-sites. Another possible procedure, to
avoid the surface trap-sites to reduce the QD luminescence quantum yield, is the
QD surface functionalization with organic ligands via the formation of covalent
bonds. This may noticeably alter the chemical and physical states of the quantum

surface.?

When a QD is irradiated with light of photon energy (hv) equal to or higher than
the Eg, an electron is promoted, excited, from the VB to the CB, living a hole (equal
to an electron absence) in the VB. The generated electron-hole pair is bound by the
electrostatic attraction between the opposite charges and is called “exciton”. The
exciton Bohr radius measures the average distance between the photogenerated
electron and hole. The optical excitation can be followed by different processes like
the thermal relaxation of the excited electron and hole, the radiative exciton
recombination (luminescence); the non-radiative exciton recombination mediated
by an oxidizing surface state (electron trap), the non-radiative exciton

recombination mediated by a reducing surface state (hole trap) (figure 1.8).
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Figure 1.8- Schematic representation of optical and electronic processes in a
semiconductor nanocrystal. Solid and dashed lines represent radiative and non-
radiative processes, respectively. Legend of processes: a, optical excitation; b,
thermal relaxation of the excited electron and hole; ¢, radiative exciton
recombination (luminescence); d, non-radiative exciton recombination mediated by
an oxidizing surface state (electron trap); e, non-radiative exciton recombination

mediated by a reducing surface state (hole trap). Adapted from the ref.”

When photons have energies equal to -or greater than- the QD Eg they can be
absorbed. An important feature of the obtained absorption spectrum is the band
sharpness on the low energy side of the electromagnetic spectrum, corresponding
to the population of the first exciton state exhibiting strong oscillator strength. The
actual band position and intensity depend on the particle diameter, while its width
and the shape are affected by the QDs size distribution. Considering classic QDs,
the ones who show a direct band gap, the absorption band is continuous, with very
large molar absorption coefficients (¢), in the UV-visible region especially. These
QDs can be efficiently excited in a wide spectral region and with low intensity light.

In direct band gap QDs the lowest energy conduction level and the highest energy

15



valence level have the same momentum. Classic example of these QDs are the ones
made of CdS, CdO, CdSe, CdTe, ZnS, ZnSe, GaAs and InP. Their luminescence is
usually very intense, narrow and with a symmetric profile, their energy distance
between the absorption and luminescence band maxima (the so-called Stokes shift)
is usually remarkably small and the emission wavelength can be modified in the
UV-IR spectral region by varying the used chemicals and the size of the QDs. The
luminescence lifetimes of direct band gap QDs at room temperature are usually
comprised between 10 and 40 ns. These lifetime values are long enough to enable
the time-gated detection technique, which is used in bioimaging for example.
However, researchers are looking for different materials with higher lifetime values
(in the microseconds scale) in order to simplify the working set-up used for the
signal detection and to improve the signal to noise ratio avoiding the collection of
the background auto-fluorescence. QDs are also well known for their resistance to

photobleaching, which is much higher than that of molecular fluorophores.?”

|.3 Bulk Silicon and Silicon Nanocrystals

The most popular direct band gap QDs are made of elements from the groups II-VI
(e.g. CdSe, CdS, CdTe), III-V (e.g. InP, InAs, GaAs), and IV-VI (e.g. PbSe and PbS),
therefore one problem associated with them is the use of heavy, toxic, expensive
and rare metals.”?® With increased awareness of the harmful effect of these
materials on the human health and on the environment, their use has been limited
or even banned in some cases. Consequently, many efforts have been done to
establish a new class of QDs made of nontoxic and hearth-abundant materials, such
as Silicon. Silicon nanocrystals (SINCs) are viewed as an attractive alternative to

classic quantum dots.?

Silicon (Si) is the 14" element on the periodic table with an electronic configuration

equal to (1s?2s22p®3s23p?); therefore, it can donates or shares four valence electrons
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to form bonds, with a hybridization of sp®. Si belongs to the IVA group of the
periodic table, together with carbon, germanium, tin and lead and it is famous to be
one of the most abundant elements on the earth’s crust (only oxygen comes first). Si
is also relatively easy to isolate from SiO2and it is inherently nontoxic. Si has become
one of the workhorse materials of the modern society for its properties as a
semiconductor material; we actually live in a technological world made possible by
Si, indeed, which is at the basis of many modern applications from microelectronics,

to solar cells and optoelectronics.

Despite bulk Si has dominated the technological world for over half a century, it
does not show any luminescence at room temperature (RT), thus it has limited
optical applications.? Silicon is a classic example of indirect semiconductor with an
Eg of 1.12 eV at RT. Its band structure shows an indirect bang gap: two different
crystal momenta characterize the VB maximum-energy state and the CB minimum-
energy state. In general, a radiative transition (both absorption and emission)
requires the conservation of both the energy and the crystal momentum. In an
indirect band gap material, these transitions cannot occur directly but only under
the involvement of a phonon, where the phonon momentum equals the difference
between the electron and hole momentum. Since these processes are difficult to
happen, radiative transitions are less efficient in indirect band gap semiconductors
compared to direct band gap ones (figure 1.9). For all these reasons, bulk silicon

does not show any emission at room temperature.
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Figure 1.9- energy diagrams, for both the direct and the indirect band gap
semiconductors, plotted as a function of the crystal momentum (k). The purple
dashed arrows represent the radiative transitions (the electron-hole recombination
called emission, in this case). On the right, the typical phonon-assisted transition

from the conduction to the valence band is shown.

It was only thanks to the discovery of visible light emission from porous silicon (p-
Si) in the early 1990s by Cahham?® that nanostructured Si began being explored and

applied for its interesting optical properties.??3-%7

Silicon nanocrystals (SiNCs) in the size range below 12 nm have a weak absorption,
due to the indirect band gap; nevertheless, they emit photoluminescence (PL) in the
visible and in the NIR range of the spectrum, when excited with UV light. This
behaviour is explained by the quantum confinement effect that occurs in the SiNCs
when their size approach the exciton Bohr radius of Si (see chapter 1.2 for more
details). In this case, a direct radiative transition, without the involvement of a
phonon, is favoured. When the materials approach the nanometer scale, the

relaxation of the momentum conservation rule® is observed. This effect is related to
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the Heisenberg uncertainty principle: Ar * Ak > 1/2, where r is the radius of the
nanocrystal and k is the wave vector of the electron or hole in the nanocrystal. The
decrease of nanocrystal dimension brings about a spread in momentum that
induces the overlap of electron and hole wavefunctions in k-space and thus
increases the probability of the lowest energy electronic radiative transitions (figure
1.10), which is negligible in bulk silicon.?*3%4 Consequently, the ¢ of SiNCs per Si
atom, both in oxide-embedded nanocrystals* and alkylpassivated ones®, is higher
than the absorption coefficient of bulk silicon. However, the ¢ of SiNCs is much
lower than one reported for the lowest energy absorption band of conventional
QDs, such as CdSe. In line with the absorption properties, a comparison of emission
properties of bulk silicon and SiNCs evidences an increase of the radiative rate
constant (kr). The radiative constant (or better its inverse, called the radiative
lifetime, 1) has been simulated to be dependent on the size of the nanocrystal with
both ab initio and linear combination of bulk bands for silicon nanocrystals.*4
Photoluminescence is also affected by superficial effects such as oxidation or
functionalization with various surface groups.** Because of the indirect band gap,
the “apparent” Stokes Shift is higher and the lifetime is longer (in the us scale) than

classic QDs.4
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Figure 1.10- energy diagram for indirect band gap Quantum Dots, plotted as a
function of the crystal momentum (k). The electron-hole recombination process is
shown with the purple dashed arrow (radiative recombination) and it is followed

by light emission (hv).

Furthermore, SiNCs surface can be passivated with more functionalization methods
than classic QDs, such as the formation of a covalent bond between Si and C atoms
where the C atom comes from the chosen organic ligand and Si atom is onto the
SiNCs surface. Surface passivation is an important process to avoid a further
possible oxidation caused by atmospheric Oz, to reduce the surface trap-sites
formation, to disperse SiNCs in solvents with different polarity and to avoid their
colloidal aggregation. Therefore, surface passivation allows us to protect SiNCs
with an outer shell. The SiNCs covalent bond shows advantages over the classic
QDs non covalent bond, which causes instability of the molecular coating,

degradation of the optical properties, QDs aggregation and so QDs poor versatility.

As we mentioned before, SiNCs optical properties depend strongly on their size,

due to the quantum confinement effect (see chapter 1.2). Absorbance and emission
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spectra, measured for dodecene-capped SiNCs of different sizes (diameter of 3 and
5 nm) dispersed in toluene at known concentrations, show how the ¢ and the
maximum emission wavelength (Aemmax) respectively change with increasing SiNCs
dimensions (figure 1.11). As we can see in figure 1.11, the ¢ is low and the
absorption spectra are essentially featureless because of the indirect band gap of Si.
Absorption spectra shape does not change by varying SiNCs size; on the contrary,
we can observe a significant change in € value, which increase with increasing
SiNCs size due to the quantum confinement effect. We can also observe that the
lower the wavelength, the higher the absorbance. The ¢ value, measured at 400 nm,
can vary from 3x10* M'cm! for the 3 nm diameter SiNCs to 1x10° M-lcm! for the 12
nm diameter SiNCs. At near infrared (NIR) wavelengths, the region where
biological tissues are relatively transparent, the absorption is a few orders of
magnitude lower but is still significant: at 650 nm, e= 4x10> M-'cm for the smallest

SiNCs and increases up to values of e=2x10°M-1cm™ for the largest SiNCs.
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Figure 1.11- SiNCs band gap dependence on the size of the nanocrystals (3 nm
diameter SiNCs are represented in black, 5 nm in red) measured by absorption

(continuous lines) and emission (dashed lines) spectra.

Figure 1.11 also shows room-temperature photoluminescence (PL) spectra of
dodecyl-capped SiNCs. The Aemmax changes from VIS to NIR because of the SiNCs
size and the synthetic method used; in particular, the bigger the SiNCs size, the
higher the Aemmax and the lower the Eg. The quantum yield (QY) measurements
(defined as the ratio of emitted to absorbed photons) show values up to 70%*4;
nanocrystals larger than about 12 nm did not have measurable PL due to the
quantum confinement disappearance. SiNCs are able to emit in the NIR range with
relatively high QY values, this is remarkable for in vivo applications.* A rising trend
in the QY values has been observed by increasing the SiNCs diameter, if we are
under the quantum confinement theory, obviously. Alkyl passivated SiNCs show a
QY variation from 5% to more than 45% by increasing their diameter from 1 nm to

more than 5 nm. In order to explain this behaviour, we need to take into
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consideration that the QY value and the internal quantum efficiency are assumed
to be directly correlated and so the radiative rate constant (k) and the non-radiative
rate constant (kar) value can be extracted from the QY value with no further
treatment. Therefore, the QY value variation is explained with the strong influence
of the knr for the smaller nanocrystals (where the core is closer to the surface and so
to the trap sites are more involved in the deactivation process of the exciton),
prevailing on the radiative component and reducing both the T and the QY. The t
value goes from few microsecond to some millisecond and it is correlated to the
SiNCs diameter, as already demonstrated, and to the synthetic method used.* We
also need to take into account that a colloidal solution of SiNCs is always an
ensemble of different sizes and different optical properties nanocrystals and,
consequently, the QY is averaging all the SiNCs assembly behaviours. SiNCs non-
radiative channels, which compete with the radiative channel during the QDs post

absorption deactivation, can be classified as follow:>

- Fast non-radiative transitions, with a few nanoseconds decay time, due to
dangling bonds, surface defects (...), which make SiNCs dark;>!

- Non-radiative channels with a decay rate similar to the radiative one which
consequently affects the internal quantum efficiency;

- Slow non-radiative transitions (in the time scale of about seconds or even

minutes).

All of these behaviours, together with the possible presence of heteroatoms on the
SiNCs surface, can modify both the QY and the t values of a SiNCs colloidal
solution. Nitrogen impurities®® or diols® can turn the red/NIR luminescence of
SiNCs with us-scale lifetime into a blue luminescence characterized by a very fast

decay in the ns-scale.

How the quantum confinement effect allows the size dependent spectral tunability
of the SiNCs PL between the VIS and the NIR region of the electromagnetic

spectrum has been already demonstrated in this dissertation, in particular inside
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the range from 590 to 1130 nm. Differently, the SiNCs PL properties in the range
from 530 to 580 nm are still a source of doubts.?#64%5 Wen et al. published in a paper
that Aemmax equal to 590 nm is the short-wavelength limit of the size-dependent PL
spectrum for SiNCs.®® Otherwise, other research groups have reported possible
SiNCs emissions even at shorter wavelengths, Korgel et al.>, for example, used a
single-dot spectroscopic technique to capture a narrow PL spectrum with a Aemmax
equal to 566 nm. Veinot et al.”” also reported that a prolonged hydrofluoric etching
of the SiO»/Si matrix (see chapter 2 for more details regarding the synthetic
procedures) results in green and yellow-emitting colloidal solutions. A short-living
visible and weak PL band, the so-called “fast band” (F-band) is also reported to
exhibit a red spectral shift in the blue-red (Aem =430-650 nm) range with a decreasing
SiNCs diameter.’® Recently, Ozin et al.” reported for the very first time a size region
of SINCs where a fast relaxation (on time scales of hundreds of picoseconds) is
responsible for efficient radiative recombination between photo-excited electrons
and holes, leading to high PLQY, in the wavelength range from 530 to 580 nm. They
demonstrated that the effective mass approximation (EMA), equation 1.1 (see
chapter 1.2), usually used to investigate the relationship between the QD size and
its Eg value, cannot be used to describe the properties of SiNCs with a diameter
under 1.7 nm. These SiNCs respond to different behaviours and this implies that an
alternative model of the electronic structure is necessary to explain the unique trend
of Eg observed for these QDs (1.1<d< 1.7 nm). A very fast PL decay process on the
hundreds of ps time domain is observed for these SiNCs, with no measurable long-
lived PL signal on the ps-ms time scale. Ozin et al. demonstrated that the five-
orders-of-magnitude variation in decay time suggests that 1.7 nm is a “critical
diameter” of change in a radiative carrier relaxation for recombination that emits
PL. A possible explanation of this different behaviour could be the massive presence
of non-radiative relaxation channels on the surface of these small SiNCs. These
channels include the oxide defects, which, as previously demonstrated, influence

the PLQY, which could be enhanced through optimal surface passivation, as well
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as it is possible for red-NIR emitting Si QDs (1.7<d<5 nm).%060¢1 Ozin et al. explain
this phenomenon with the emergence of molecule-like energy states, which arise in
the smallest size range of the SiNCs. These ultra-fast decay dynamics imply that the
1.1-1.7 nm is a too small diameter range in order to retain the bulk-inherited
electronic structure. In their opinion, it may be more reasonable to consider a
molecule like configuration to discuss the carrier transition and recombination
mechanism for the short-lived, visible PL bands, rather than considering the bulk-
inherited electronic structure responsible for pus PL emissions in the orange-NIR

region.”
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/ Synthetic Methods

2.1 Ditterent Techniques for SiNCs Synthesis

Most of the fundamental knowledge on the properties of Silicon Nanocrystals
(S5iNCs) has been gained after the discovery of the first luminescent nanoporous
Silicon (pSi), by Canham in 1990s,3¢2 prepared by electrochemical etching® of a Si
wafer. This material was already characterized by a size-tuneable luminescence and
an efficient electroluminescence, but the downsides were the poor photochemical
stability and a very broad size and shape distribution. Improved synthetic methods
were needed, in order to allow a better control over the sizes and properties,
fundamental to better understand the link between them and the visible

photophysical variations.

Nowadays, SiNCs can be synthesized with a wide variety of techniques. The

different approaches can be classified taking into account:*

- the nature of the resulting material, which could be either SiNCs in solid-
state matrices or colloidal solutions of SiNCs;

- how the nanoscopic dimension is reached, otherwise if the considered
method belongs to the “top down” or to the “bottom up” methods. This step

determines the nanocrystals nucleation.

SiNCs in solid-state matrices are the first methods that have been developed. They
can be mainly obtained by ion implantation of silica,®® plasma enhanced chemical
vapour deposition,®% sputtering’®”?> and molecular beam deposition” and they
show good control over the size and density. The most used technique involves the
thermal annealing of substoichiometric Silicon oxide (SiOx, x<2) producing high
quality SiNCs, but in a very small amount. Unfortunately, all these techniques suffer

from the presence of the silica matrix, which limits the already weak size tunability
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of emission and the charge extraction, fundamental to electronics and photovoltaic

applications.

Colloidal solutions of SiNCs can be obtained with both “top down” and “bottom
up” methods. As already mentioned in chapter 1.1 of this dissertation, in "top
down" methods, larger pieces of silicon are broken up until nanoparticles are
formed, while "bottom-up" methods start from molecular precursors, which
assemble in chemical reactions to form SiNCs. The most relevant ways to produce
SiNCs, the methods that have shown a better size-/shape-/surface-control than the

original pSi, are grouped together in figure 2.1.

Among the “top down” techniques, the most commonly used methods are ball
milling, electro-chemical etching of bulk silicon and laser ablation. The first one
consists in crushing silicon pieces until nanoparticles are obtained and it was
demonstrated by Muller et al. using ball milling.” The second one uses an
electrochemical etching of bulk silicon in HF electrolytes and results in the
formation of pSi. Sailor et al. showed that by ultra-sonication of pSi, a luminescent
dispersion of SiNCs is obtained.®>”>7¢ In the third one SiNCs are prepared by laser
ablation of a crystalline silicon wafer in water, employing a fundamental harmonic
beam (1064 nm) of a Q-switched Nd:YAG laser operating at 1 Hz with 18 ns pulse
width.”” These methods suffer from a poor control of size and properties of the
material produced, but they can be a valid alternative to produce high amounts of

low cost (and low quality) SINCs.

A much higher control can be reached with the “bottom-up” approaches, which are

numerous. We can list:

- Laser Pyrolysis: SiNCs are formed by silane gas (SiHs) decomposition under

high temperature (> 1000°C) using a laser beam;”5-50
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- Plasma Synthesis: a non-thermal plasma dissociates a molecular precursor
such as SiH4.%8182 This method yields SiNCs with superior emission quantum
efficiencies of ~60% in the infrared spectral region® and is up-scalable;®

- Synthesis in Supercritical Fluids: SiNCs are prepared by the decomposition
of precursor molecules in supercritical solvents;*

- Precursor Reduction in Solution: reduction of SiCls in solution to form
SiNCs;®

- Zintl Salt Based Synthesis: silicon Zintl salts like NaSi, KSi and Mg:Si form
silicon nanocrystals either by metathesis-type reaction with silicon halides or
oxidation with bromine;?

- Disproportionation of Silicon Rich Oxides: silicon-rich oxides (SiOx, x <2) can
be used as precursor material for SiNCs. When heated to temperatures above
1000 °C (1000-1400 °C), under a slightly hydrogenated inert gas atmosphere,
a disproportionation reaction takes place and silicon nanoparticles are
formed incorporated into a SiO: matrix. To obtain freestanding, hydride-
terminated SiNCs, the SiO: is removed by etching with hydrofluoric acid.>#-
% The silicon precursor can be either commercially available, as in the case of
the hydrogen-silsesquioxane®” (HSQ), or prepared by the sol-gel

polymerisation of an alkoxy or halide Silicon precursor.”

Most of the solution-based syntheses lead to SiNCs with versatile surface
terminations and SiNCs with bright emission in the blue-green region of the visible
spectrum with short fluorescence lifetime (ns range). Nevertheless, all these
properties achieved through these methods are still not sufficient compared to the
ones obtained for the direct band-gap semiconductors QDs prepared with the same
techniques. The disproportion of Si rich oxide is the method that also allows
reaching a higher size control given by the thermal process with the flexibility of the
freestanding nanocrystals. SINCs with a VIS-NIR tunable emission and a longer

luminescence lifetime (us scale) can be obtained by following this approach.
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Figure 2.1- A general overview of the most common sequences of steps in the

preparation of matrix-embedded and free-standing SiQDs. Adapted from the ref.*

2.2 Ditterent Techniques for SiNCs Surface Passivation

Quantum Dots are characterized by an increased surface to volume ratio with
respect to the bulk structure; consequently, they show a very high percentage of
atoms at the surface (see chapter 1.1 and 1.2 for more details), which contribute to
the QD electronic structure. This statement explains why QD are extremely
sensitive to the surrounding environment and to the surface passivation.”
“Dangling bonds” are very common onto the SiNCs surface (considering Silicon
Quantum Dots), which are un-passivated bonds that can badly affect the SiNCs
photophysical properties, for instance they can considerably reduce their PLQY and
PL lifetime, by incrementing the so-called non-radiative losses. Reducing the
presence of the dangling bonds is possible by selecting the best synthetic path to

obtain SiNCs.
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SiNCs can be synthesized by following many different methods (reported in the
previous section, 2.1) and the majority of them deliver hydride-terminated SiNCs
(H:SiNCs) dispersions. The HF etching of the silica matrix, after the
disproportionation reaction of silicon rich oxides carried at high temperature and
under inert gas and partial reductive atmosphere, yields to hydride-terminated
SiNCs colloidal solutions, for example. Indeed, despite H-termination is the highest
surface coverage percentage that can be obtained, the big downsides are the very
low stability of the Si-H bond against photo-oxidation, in the presence of oxygen,
and the poor colloidal stability of this system.*>* Otherwise, oxide-based capping
(O:SiNCs) is more stable than hydride-capping by a photochemical point of view,
and the Si-O bond can also undergo further reaction steps in order to modify the
shell surrounding the SiNC. This is particularly relevant to achieve SiNCs with
different physical and photophysical properties, such as the solubility in different
solvents or a different PL emission color. Oxygen reacts with Si atoms onto the
SiNCs surface in many different ways, creating a variety of types of bonds, such as
an oxygen bride (Si-O-5i), a single bond (5i-OH, a silanol), an alkoxy bond (Si-O-C-
) and a double bond (Si=0O), which is the less stable one because usually it reacts in
the presence of water.”> A stable bond against photo-oxidation is the Si-C bond
obtained by linking organic molecules onto the SiNCs surface (C:SiNCs), it is also
less reactive than Si-O or Si-F bonds. However, the nature of the organic ligand
needs to be considered; short organic molecules might not provide the SiNCs
surface with a compact protecting shell, so molecular oxygen can still penetrate the
capping layer and oxidize the SiNCs surface.”® Otherwise, longer organic ligands
prevent SiNCs aggregation improving their stability in colloidal solutions and
modifying their solvent affinity.”-'®* Consequently, the PL efficiency is also
increased.® The Si-C covalent bond is obtained thanks to the hydrosilylation
reaction, which takes place exposing the hydride-terminated SiNCs to a terminal
unsatured organic compound (such as terminal alkenes or alkynes). In this radical

reaction, the Si-H bond can be activated by the temperature, by the UV-light or, at
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room temperature, thanks to a radical initiator; every procedure is conventionally
carried out in oxygen-/water- free conditions. The H group is homolitically cleaved
away and a very reactive surface silyl radical is provided, which can efficiently react

with terminal alkenes or alkynes.

The thermal activation of the Si-H bond (figure 2.2) is usually carried out in a pure
ligand solution at a temperature above 100°C.12 A surface coverage percentage
equal to 58% can be reached, where the theoretical predicted maximum is 60%.1%
The biggest disadvantage of this procedure is the limit in the use of high-
temperature stable ligands and high boiling point solvents; for this second reason,
the ligand solution is usually used also as the reaction solvent, if this is possible,
introducing a big excess of it. Therefore, exotic ligands cannot be involved in such
reactions. A study carried out by Veinot at el.!? investigate the nature of the capping
ligands on the SiNCs surface obtained from the thermally induced hydrosilylation
both in the presence of air and under inert gas. The presence of oxygen in the
reaction mixture enables hydrogen abstraction, accelerating the hydrosilylation
process and generating sufficient silyl radicals as initiator to interact with
unsaturated bonds, promoting chain propagation and generating ligand oligomers
(figure 2.3). The oxygen presence allows the reaction to proceed faster and at lower
temperature, but, therefore, the rate of the oligomerization process increases. Based
on this study, it is clear that, in order to inhibit ligand oligomerization and obtain
monolayer coverage on SiNC surfaces, low temperature, inert gas atmosphere and
dilute ligand concentration are crucial and all of these conditions should be applied

during the thermal hydrosilylation.
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Figure 2.2- Proposed mechanism of thermal hydrosilylation, involving the
homolytic cleavage of Si-H bond (activated by the high Temperature) on the SiNCs
surface, the silyl radical interaction with the terminal alkene, the propagation step
and the termination step, when an hydrogen is abstracted from some other species

in solution.
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Figure 2.3- Proposed mechanism of thermal hydrosilylation, involving hydrogen
abstraction by oxygen on the SiNCs surface, the silyl radical interaction with the
terminal alkene and the oligomerization step. Termination and Propagation steps

are still happening as in figure 2.2. Adapted from the ref.1%
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The photochemically induced hydrosilylation is an interesting alternative to the thermal
procedure,'™1% which enables the Si-H bond activation at room temperature upon
irradiation with near-UV'%, far UV-light'” or even white light'®. This path is
promising because it is clean, direct, it requires no additional reagents such as
catalysts or input of thermal energy and thus may have reduced surface
contamination and numbers of defects. The study of the photochemically promoted
hydrosilylation started by making connections between the molecular silane
literature, and the first reports of UV-mediated hydrosilylation of an alkene on a
silicon surface, a reaction that was assumed to operate via a radical mechanism.
Differently from the molecular silane reactions, new mechanisms caused by the
solid-state electronics of the silicon itself were discovered. From exciton
involvement, to the influence of plasmonics, to the role of photoemission, the area
of silicon surface hydrosilylation has become incredibly rich.!®® However, the limit
of this method is the kind of ligand and solvent used, which should not absorb the
light used to activate the radical reaction. Near-UV photochemically induced
hydrosilylation is usually carried out with an excitation A <365 nm to sufficiently
and homolytically cleave the Si-H bond to initiate the functionalization
procedure.'” There are several advantages on choosing these wavelengths. First,
commercially available UV-LEDs can be used, which offer relatively high power
and low heat output, and may present a “gentler” method for surface modification
in comparison to other light sources. Secondly, many alkene or alkyne of interest
for SiNCs functionalization strongly absorb deep-UV light (A = 200 nm) and this
process may degrade them and may be responsible for many by-products
formation.!® Moreover, a near-UV source light might be able to initiate the SiNCs
functionalization through both the free-radical (UV excitation is able to cleave Si-H
bonds to produce surface radicals) and the exciton mediated mechanism (the light
produces electron-hole pairs, with the holes inducing nucleophilic attack by the
alkenes),!''112 which are the two main proposed mechanism for photochemically

activated hydrosilylation.%
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Hydrosilylation reaction can also be achieved at room temperature, in relatively mild
conditions, via borane-catalysed (BHs acts as Lewis acid catalyst) passivation
(figure 2.4) of the SiNCs with different length alkylic chains,’® or by using a
coupling catalyst such as a Platinum complex,!*!1> or a radical initiator (figure
2.5)1%, The proposed mechanism for the borane-catalysed reaction involves the
formation of a hydroboration product (figure 2.4, bottom, pathway A) or direct
activation of the alkene/alkyne (figure 2.4, bottom, pathway B). For Pathway A, an
intermediate A-II is formed from the reaction of BHs¢THF with alkene/alkyne,
followed by insertion of the intermediate A-II to Si-H bond. For Pathway B, an
activated complex B-I is formed from direct activation of the alkene/alkyne by
BHseTHF, followed by formation of the complex B-II from the reaction of activated
complex B-I and H-SiNCs.!?
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Figure 2.4- Reaction scheme for borane-catalyzed functionalization of H:SiNCs to
yield alkyl/alkenyl-passivated SiNCs, on the Top; two different proposed
mechanisms of borane-catalyzed functionalization of H:SiNCs using

alkenes/alkynes, on the bottom. Reprinted with ACS permission from the ref.!'3
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The use of radical initiators, which are usually organic molecules, is convenient
since they can be easily removed from the reaction mixture, while the transition
metal complexes are more difficult to be removed from the batch and, therefore,
they can badly influence the SiNCs photophysical properties. Diazonium salts are
the most common organic radical initiators used and Holein et al. made the first
attempt in 2014 using them to initiate the SiNCs hydrosilylation reaction.!® This
reaction shows many advantages, one of them is the possibility to functionalize

SiNCs surface using many different ligans.!'”
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Figure 2.5- Reaction mechanism of silicon surfaces with diazonium salts. A)
Reduction of the diazonium salt and formation of an aryl radical with release of
nitrogen and formation of Si-surface radical after deprotonation. B) Possible
reactions of the Si-centered radical to form Si-C bonds with radicals or terminal

olefins. Adapted from the ref.!®
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The diazonium salt-promoted hydrosilylation reaction mechanism is shown in figure
2.5. In general, it proceeds by a one-electron reduction of the diazonium salt, release
of nitrogen, generation of an aryl radical from the diazonium compound, and
formation of a surface-silyl radical cation. After deprotonation, coupling of the two
radicals gives a robust silicon-carbon bond. The formation of silicon-surface
radicals during the diazonium reaction offers also another path to SiNC surface
modification through the attachment of a variety of terminal olefins. In particular,
this is considered to be the most favourite path. Many different toluene-soluble
diazonium salts were synthesized. Those with electron-withdrawing groups, such
as 2,6-bromo-4-decyl-diazobenzene tetrafluoroborate, have shown to be the most
reactive. The diazonium salt-promoted hydrosilylation demonstrated to give
photoluminescent stable colloidal SiNCs dispersions, in a new, mild and fast

reaction procedure. 16

Hydrosilylation is with no doubts the best approach toward SiNCs surface
functionalization, nevertheless other approaches have been studied. While
hydrosilylation leads to optical properties depending mainly on the SiNCs energy
band gap, the other functionalization pathways yield materials whose emission is
dominated by defect/surface states. Furthermore, in many cases, the
functionalization is incomplete and a significant surface oxidation occurs. H-SiNCs
react directly with amines,>!'® with CO:!" at high pressures and temperatures, with
phosphine oxides;* and all of these reactions lead to particle size-independent and
surface-species-based blue-green photoluminescence.’® Hohlein et al. also
demonstrated that H:SiNCs react directly and at room temperature with
organolithium reagents via cleavage of surface Si-Si bonds to form Si-Li and Si-H

surface species. The Si-H bonds can be further functionalized.!?!

Hydride-terminated SiNCs also spontaneously undergo several halogenation
reactions in order to achieve chloride-, bromide- or iodide- terminated SiNCs, which

can further react with Grignard or organolithium reagents.'?>!?* Chloride terminated
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SiNCs can be obtained through the room temperature reaction between H:SiNCs
and PCls, without the use of a radical initiator.'?* What we must consider about this
approach is that PCls also etches the Si-NC surface at elevated temperatures and can
completely dissolve the particles.'” Alkyl-functionalized SiNCs obtained from
chloride, bromide, and iodide surfaces exhibit blue, red, and yellow-orange
photoluminescence, respectively (figure 2.6) and in particular, the blue and yellow-
orange photoluminescence appear to be originated from surface defects and they

are characterized by nanosecond lifetimes.?
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Figure 2.6- a) Schematic representation of halogenation and alkylation of hydride
terminated Si-NCs and b) PL spectra of alkylated Si-NCs derived from halogenated

surfaces. Reproduced with permission from the ref.?

The direct hydrosilylation reaction remains the best route to tune the surface of the
SiNCs, modifying all the surface properties such as solubility, aggregation and
chemical interactions, by preserving the peculiar optical properties of the Silicon

core.
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2.3 Experimental Techniques for SiNCs Synthesis and
Passivation

This chapter reports the experimental procedures developed and adapted in our
laboratory, starting from the techniques reported in the previous section of this
dissertation (see chapter 2.2). The synthesis of different sized hydride-terminated
SiNCs and their surface passivation will be detailed described, starting from the
synthesis of the hydrogen silsesquioxane (HSQ) precursor (a non-stoichiometric
silicon-rich oxide precursor) followed by its thermal annealing and decomposition,
grinding and etching procedure with a mixture of EtOH:H-O:HF (1:1:1). As
discussed before, the surface functionalization step is fundamental to obtain a stable
colloidal dispersion of SiNCs, to prevent their surface oxidation, to modify their
solubility and to enhance their photophysical properties such as the absorbance and

the photoluminescence quantum yield.

2.3.1 Synthesis of Hydrogen Silsesquioxane (HSQ)

Polymeric hydrogen silsesquioxane (HSQ) was prepared from HSiCls following an
adaptation of a literature procedure.” 1116 The procedure consists in the partial

oxidation of HSiClsin order to obtain a polysilane with the desired Si/O ratio.

22.5 mL of toluene was added dropwise to a mixture composed by 6.16 mL of
concentrated sulfuric acid (98%) and 3.11 mL of fuming sulfuric acid (20% SOs) in a
nitrogen purged and dry environment; the two phases were left stirring for 30
minutes under nitrogen atmosphere. Then HSiCls (8 mL) in toluene (55 mL) was
slowly added dropwise and the reaction was left stirring for an additional hour
before the two phases were separated. The organic layer was washed with a
saturated CaCOs solution. The solution was dried over MgSQOs, filtered and finally
concentrated under vacuum. The product, polymer [HSiO:s]n, was collected as a

white solid (2.2 g, yield 52%) (figure 2.7).
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Figure 2.7- Reaction scheme for the HSQ synthesis. In photo: HSQ after

concentration under vacuum.

2.3.2 Synthesis of Hydride-Terminated SiNCs

The produced HSQ powder was placed in a quartz reaction boat and it was treated
via thermally induced disproportionation reaction under reducing atmosphere
(93% N2, 7% Hz) in a tube furnace at a heating rate of 16 °C/min with a final
temperature of 1100°C (for SiNCs of diameter ca. 3-4 nm), or 1200°C (for SiNCs of
diameter ca. 5 nm) and kept at the peak processing temperature for one hour. Upon
cooling to room temperature, the oxide-embedded silicon nanocrystals (S5iNCs)
were extracted from the furnace. The resulting amber solid (figure 2.8) was ground
into a fine brown powder using a mortar in order to remove large particles. Further
grinding was achieved via shaking the powder for a night with 20/30 glass beads
using a mixer. The resulting SiNCs/SiO: (oxide-embedded SiNCs) composite

powder was stored in a standard glass vial.
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Figure 2.8- High Temperature Processing of HSQ to form oxide-embedded SiNCs.
Adapted from the ref.* In photo: oxide-embedded SiNCs before (amber solid in the

quartz boat) and after (brown powder in the weighing boat) manual grinding.

To remove the oxide matrix, 100 mg of oxide-embedded SiNCs were chemically
etched with a 1:1:1=EtOH:H20:HF (48%) solution for 1.5 h, in the environmental
light, at room temperature and under air atmosphere. The so-formed hydride-
terminated SiNCs were extracted into three 5 mL portions of toluene and
centrifuged (figure 2.9). The sample was than rinsed with toluene and centrifuged
twice (8000 rpm for 5 min, each cycle). The solid product, the precipitate, was
immediately transferred in a nitrogen purged glove-box and re-dispersed in 1 mL
of oxygen-free anhydrous toluene to obtain a turbid brownish dispersion of

hydride-terminated silicon nanocrystals.
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Figure 2.9- Production of hydride-terminated SiNCs by HF etching of oxide-
embedded SiNCs. Adapted from the ref.® In photo: oxide-embedded SiNCs in
1:1:1=EtOH:H:O:HF on the left and hydride-terminated SiNCs extracted in toluene

on the right.

The hydride-terminated SiNCs need to be immediately functionalized with an outer
protective shell in order to improve their solubility, to avoid surface oxidation and

SiNCs agglomeration and to preserve all the SiNCs photophysical properties.

2.3.3 SiNCs Surface Passivation

Different surface passivation methods, hydrosilylation especially, have already
been discussed in the chapter 2.2 of this dissertation. In this section, the

experimental techniques adopted in our laboratory will be presented.

The Si-H bond onto the SiNCs surface is a kinetically metastable bond and it can be
homolitically cleaved by providing external energy. The nature of this external
input can be either thermal, photochemical or chemical by using a radical initiator.
In these ways, a highly reactive silyl radical is obtained, which can then react with

terminal olefins with a small activation barrier, producing both a Si-C covalent bond
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and a new [-silyl radical. The reaction can either propagate or terminate, when a
hydrogen is abstracted from some other species in solution. This is the most
accredited path, but not the only one as previously shown (especially referring to

the photochemical activated hydrosilylation).

Experimentally, the thermal-activated hydrosilylation is carried out by dissolving the
brownish precipitate of hydride-terminated SiNCs, obtained after the etching
procedure of 100 mg oxide-embedded SiNCs powder, in 3-4 mL of 1-dodecene
(DDE), or of a different high-boiling temperature ligand, if needed. The turbid
brownish dispersion is then immediately transferred in a nitrogen-purged three-
neck flask and three freeze-pump cycles are done in order to totally remove the
oxygen from the solution. The solution is then heated to 190 °C under N2 flow for
ca. 15 hours, by controlling the solution temperature with a thermocouple. After
about half an hour it is already possible to notice the reaction activation since the
turbid dispersion is slowly becoming optically clearer and more transparent, which
means that SiNCs are being passivated. After the whole reaction time, the turbid
dispersion is converted in a clear, transparent colloidal solution of surface-
functionalized SiNCs. Passivated SiNCs need now to be purified from the excess
ligand molecules. The purification procedure is carried out by transferring the
reaction mixture to a glass vial and filling it with an anti-solvent, usually acetone or
EtOH, until the clear solution becomes turbid again, in order to precipitate the
SiNCs, which are strongly un-polar when functionalized with DDE or similar
ligands. The nanocrystals can be therefore separated from the excess ligands by a
centrifugation step (8000 rpm, 5 min). This purification procedure is usually
repeated thrice, each time dissolving the precipitated SiNCs in a little amount of
toluene and using acetone, or EtOH, to precipitate them again. The obtained SiNCs
colloidal dispersion can be further filtered over a 0.20 or 0.45 um PTFE syringe filter
in order to remove the un-passivated SiNCs (if any) from the solution, making it

even clearer. Un-soluble SiNCs can also be removed with a centrifugation step of
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the sample in toluene, in this case, the supernatant is saved and the precipitate is
thrown away. In the end, passivated SiNCs may be concentrated under vacuum and
re-dispersed in optically pure solvents (spectroscopic toluene for example) in order

to study their photophysical properties.

The photochemical-activated hydrosilylation is a valid alternative to the thermal
functionalization, wherever the ligands are not stable at high temperature. For this
purpose, the ligands should not absorb the light used to activate the reaction since
the most accredited path takes into account the use of the light to homolytically
cleave the Si-H bond onto the SiNCs surface (even if there are four different studied
paths, as reported in the chapter 2.2). We have already described how much this
photochemical method is promising since it is clean, direct, it requires no additional
reagents (catalysts) or the input coming from the thermal energy, it leads to a less
contaminated SiNCs surface, characterized by less defects. Nevertheless, the
photochemical-activated hydrosilylation could be accelerated and facilitated by the
use of a photoinitiator. The photoinitiator is considered the most important element
of a free-radical photo-initiated reaction because it starts the initiation process,
which is the first step of this kind of reactions. It is responsible for the conversion
of the light energy into a chemical potential, by means of the production of initiating
species, the radicals, which are reactive with the monomers present in the reaction
mixture. There are two different types of free-radicals photoinitiators, the so-called
“type-1” and “type-II”. Type-I photoinitiators rely on the bonds dissociation of a
photoinitiator molecule to yield one or two radicals, while type-II systems associate
a photoinitiator with a co-initiator to ensure the production of the active species.
The chosen reaction excitation wavelength must fit the photoinitiator absorption
spectrum to induce this first reaction step. High-performance systems require the
light to be absorbed with a high efficiency to produce strongly reactive species in a
short time scale and with a maximum yield. When a photon is absorbed by the

photoinitiator an electron is promoted from an occupied molecular orbital to an
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unoccupied one of higher energy. This process lead to the molecule excited states
formation. The first excited state of a type-I photoinitiator has a singlet nature, with
a lifetime in the ns time-scale. Thanks to the intersystem crossing process (ISC), the
triplet state is obtained, which is characterized by a longer lifetime, in the us time-
scale. In type-I photoinitiators, the initiating radicals are formed through a photo-
cleavage process from the triplet state. However, both the singlet and the triplet
states can always deactivate to the ground state without giving rise to any initiating
radicals through a series of deactivation processes that can occur (internal
conversion, luminescence, reaction with oxygen or with a monomer...). All of these
deactivation paths should be reduced if possible. Type-I photoinitiators are
composed by a single molecule, generally built around the benzoyl chromophoric
group, which is promoted to its triplet state shortly after the absorption of the
excitation light thanks to a fast ISC. In this case, the triplet energy is higher, or very
close, to the bond dissociation energy and thus a cleavage reaction occurs and the
initiating radicals are generated. The photodissociation yield depends on the
molecule chemical structure, which easily affects the triplet state energy and the
bond dissociation energy. The rate constant of the photodissociation is generally
quite high and governs the lifetime of the triplet state, which can spans from

hundreds of picoseconds to the microsecond time-scale.!261%”

In this work, a type-I photoinitiator has been used to photoinitiate the
hydrosilylation reaction on the SiNCs surface, the diphenyl(24,6-
trimethylbenzoyl)phosphine oxide (TPO) (figure 2.10). TPO maximum absorption
wavelength is at 395 nm, with a high molar absorption coefficient, which is
extremely important by an experimental point of view because allows us employing
lower concentrations of the photoinitiator itself. TPO is also quite colorless,
photostable when irradiated with visible light and easy to be removed from the

hydrosilylation reaction mixture by a centrifugation step.
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Figure 2.10- Photodissociation of TPO photoinitiator caused by light absorption and

initiating radicals formation.

Experimentally, a large excess of ligand (3-4 mL of DDE for instance or a different
ligand if needed) is added to the precipitate of hydride terminated SiNCs, obtained
after the etching procedure of 100 mg of oxide-embedded SiNCs powder, and a
brownish turbid suspension is obtained. 5-10 mg of TPO is added to the reaction
mixture. The dispersion is sonicated and then transferred into a nitrogen-purged
two-neck flask. Three freeze-pump cycles are done in order to remove the oxygen
from the solution. The solution is then irradiated using a 365 nm emitting LED as
the source of the light and kept under continuous stirring and under N: flow, at
room temperature, for ca. 2 hours. The 365 nm emitting LED is chosen since TPO
has a high molar absorption coefficient at this wavelength. Once the reaction is
terminated, the turbid dispersion is converted in a very clear, transparent, colloidal
solution of surface-functionalized SiNCs. Passivated SiNCs need now to be purified
from the excess ligand molecules and from the unreacted photoinitiator and its by-
products. The purification procedure is carried out firstly by filtering the product
over a 0.20 or 0.45 um PTFE syringe filter in order to remove un-passivated SiNCs
(if any) from the solution, making it even clearer. Un-soluble SiNCs can also be
removed with a centrifugation step of the sample in toluene, in this case, the
supernatant is saved and the precipitate is thrown away. Furthermore, the red-
emitting colloidal solution is transferred to a glass vial, filling it with an anti-solvent,

usually acetone or EtOH, until the clear solution becomes turbid again, in order to
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precipitate the SiNCs, which are strongly un-polar when functionalized with DDE
or similar ligands. The nanocrystals can be now separated from the excess ligands
and from un-reacted TPO by a centrifugation step (8000 rpm, 5 min). This
purification procedure is usually repeated thrice, each time dissolving the
precipitated SiNCs in a little amount of toluene and using acetone, or EtOH, to
precipitate them again. Another way to separate the SiNCs from the excess ligands
and the un-reacted TPO is by a size exclusion chromatography (SEC) using
Biobeads™ S-X1 Support (200-400 mesh) as the solid phase and the solvent of choice
(depending on the SiNCs dispersibility) as the liquid phase. In the end, passivated
SiNCs may be concentrated under vacuum and re-dispersed in optically pure
solvents (spectroscopic toluene for example) in order to study their photophysical

properties.

The radical-promoted hydrosilylation is the third and the most used method in our
laboratory. The use of radical initiators, usually organic molecules such as
diazonium salts, is convenient since they offer mild reaction conditions (room
temperature for instance), they can be easily removed from the reaction mixture,
thus they do not influence the SiNCs photophysical properties and they allow a fast
SiNCs surface passivation through many different ligands. Among all the terminal
olefins, we can use a diazonium salt-promoted hydrosilylation to functionalize the
SiNCs surface with the chlorodimethyl(vinyl)silane for instance, which is an

extremely useful functional group since it can undergo further reaction steps. 101128129

Experimentally, we have chosen the 4-decylbenzene diazonium tetrafluoroborate
(4-DDB) as the diazonium salt to initiate the hydrosilylation reaction. 4-DDB has
been synthesized in our laboratory by following an adaptation of a literature

procedure!® (figure 2.11).
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Figure 2.11- 4-decylbenzene diazonium tetrafluoroborate (4-DDB) synthesis

reaction scheme

140 mg of 4-decylaniline (0.6 mmol, 1 eq) were solubilized in 1 mL of propionic acid,
1 mL of acetic acid and 0.75 mL of tetrafluoroboric acid solution 50% in water (5.5
mmol, 9 eq). The reaction mixture was then transferred in a 10 mL one-neck round
bottom flask together with a magnetic stirrer. The temperature was then cooled
down to 0 °C and 60 mg of NaNO: (0.87 mmol, 1-4 eq ca.) were slowly added. The
reaction mixture was left under stirring at room temperature for 1 hour and 30
minutes and then the yellowish suspension was transferred in a 25 mL backer filled
with 10 mL of iced distilled water. Finally, the yellowish suspension was filtered
with a buchner filter set up. The reaction product was then transferred inside a
glass vial and kept under vacuum for few hours. When it is totally dried the color
changes from yellowish to pink-orange and it is stored in a freezer.

The brownish precipitate of hydride-terminated SiNCs, obtained after the etching
procedure of 100 mg oxide-embedded SiNCs powder, is rapidly brought into a
nitrogen-filled Glovebox where it is dispersed in 1-2 mL of anhydrous toluene. 0.2
mL of DDE (0.9 mmol), or a different ligand if needed, are added to the turbid
solution together with 2 mg of 4-DDB. The reaction mixture is then left stirring for
ca. 12 hours, but few minutes later, it is already possible to notice the reaction
activation since the cloudy suspension is becoming optically clear, which means
that SiNCs are starting to be passivated. After the whole reaction time, the turbid

dispersion is converted in a transparent colloidal solution of surface-functionalized
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SiNCs. Passivated SiNCs need now to be purified from the excess ligand molecules
and from the un-reacted 4-DDB. The purification procedure is carried out by
transferring the reaction mixture to a glass vial and filling it with an anti-solvent,
usually acetone or EtOH, until the clear solution becomes turbid again, in order to
precipitate the SiNCs, which are strongly un-polar when functionalized with DDE
or similar ligands. The nanocrystals can be therefore separated from the excess
ligands by a centrifugation step (8000 rpm, 5 min). This purification procedure is
usually repeated thrice, each time dissolving the precipitated SiNCs in a little
amount of toluene and using acetone, or EtOH, to precipitate them again. The
obtained SiNCs colloidal dispersion can be further filtered over a 0.20 or 0.45 um
PTFE syringe filter in order to remove un-passivated SiNCs (if any) from the
solution, making it even clearer. Un-soluble SiNCs can also be removed with a
centrifugation step of the sample in toluene, in this case, the supernatant is saved
and the precipitate is throw away. In the end, passivated SiNCs may be
concentrated under vacuum and re-dispersed in optically pure solvents
(spectroscopic toluene for example) in order to study their photophysical

properties.
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3 Hybrid dilicon Nanocrystals for
Color-Neutral and Transparent
Luminescent solar Concentrators

The contents of this chapter have been reprinted and adapted with permission from the following
publication: Mazzaro, R., Gradone, A., Angeloni, S., Morselli, G., Cozzi, P.G., Romano, F., Vomiero,
A, and Ceroni, P. (2019). Hybrid Silicon Nanocrystals for Color-Neutral and Transparent
Luminescent Solar Concentrators. ACS Photonics 6.

3. Introduction

Luminescent Solar Concentrators (LSCs) (figure 3.1) were proposed for the first
time in 1973 by Lerner® as a viable alternative to traditional Silicon based
photovoltaics cells (PV cells). The LSCs principle aim was to reduce the electricity
costs and offering a solution suitable for Building Integrated Photovoltaics (BIPV).
Indeed, Si-based PV cells present some disadvantages. They are very expensive,
difficult to integrate in buildings architecture due to limitations in color and shape,
they show a good response only to incident sunlight (while in the built environment
much of the sunlight is diffuse due to scattering and reflections by other objects such
as trees, other buildings and clouds) and shade is also common, which reduces the
performance of these systems.!® On the contrary, LSCs promise large area polymer
plates with relatively simple procedures and low costs of production,'* they can be
easily integrated in the architecture since they can be made in different shapes and
colours (even transparent), they can be flexible and should weigh less than silicon

PVs cells.’3-1% In addition, the LSCs work even with the diffuse light.1¥138
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Figure 3.1- LSCs illuminated by UV light. Reprinted with permission from the ref.13?

After a period of silence, mainly driven by the low cost of oil in the eighties, the
research rediscovered this architecture in the latest years, thanks to the
development of engineered luminophores, guaranteeing improved optical
properties compared to standard organic dyes. LSC architecture consists of a
flexible plastic or glass plate embedded with luminescent species (organic dyes,
inorganic phosphors or quantum dots) that extensively absorb sunlight and emit in
a spectral window where conventional Si cells or GaAs cells have high power
conversion efficiency. Thanks to the waveguide mechanism, which takes place
inside the LSC matrix, a substantial portion of the higher wavelengths re-emitted
light by the embedded luminescent species can be concentrated to the edge of the
plate (up to ~75% according to Snell’s law for a polyacrylate waveguide) by total
internal reflection. Small area band-gap matched and highly efficient conventional
PV cells can be attached to the edges of the plate to collect the light and convert it to

electricity (figure 3.2).13
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Figure 3.2- LSC simplified scheme. Incoming excitation light (yellow arrow) enters
the plastic waveguide and is absorbed by the embedded-luminophores. The light is
re-emitted at a longer wavelength (red arrow) and a fraction of it is total internal
reflected and collected to the edges attached PV cells for conversion of the light into

electricity.

Advanced solutions include also sandwich structures, in which front and bottom
glass panels can improve light transport by decreasing light reflection at the plastic
surface and reabsorption losses inside the active medium.’® The record power
conversion efficiency for an LSC-coupled PV cell is about 7.1% and it is reported for
a luminescent organic dye based LSC.'** However, this value is not informative
since it is highly dependent on the dimension of the LSC and on the amount of light
absorbed by the LSC: colorless LSC absorbing only the UV component of the solar
spectrum has a lower efficiency,'! but are best suited as smart windows. Several
other classes of luminophores have been employed in LSC devices, such as metal
nanoclusters,'*? lanthanides hybrids,'** conjugated polymers,’** and molecular
aggregates,'® but these approaches have been followed by limited development due

to either limited performance or poor stability. In the past few years, the interest has
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moved toward LSC based on nanorods and quantum dots.!* These luminophores
appear as fascinating materials thanks to their optical properties, namely, higher
photostability and simpler tunability of the luminescence color. Several examples
are reported embedding Cd,'#-1% Pb, 1152 and perovskite-based!>*1>> quantum dots,
obtaining relatively good efficiencies. Recently, some concerns about the use of toxic
heavy metals in these applications are emerging. As a consequence, research is now
focused on heavy metal free QDs such as CulnS:Sexx and Mn?*-doped ZnSe

QDs, 15157 carbon dots, 1% and SiNCs.?

SiNCs represent an interesting alternative for multiple reasons,* already shown in
the previous chapters of this dissertation. To sum up, SiNCs are attractive not just
due to their viability and earth-abundance of Si, but also because of their lack of
toxicity, the possibility to functionalize their surface with robust Si-C covalent bond,
which ensures stability and dispersibility in different polymer matrices, their
tunable and size-dependent photoluminescence properties,'® and the presence of
an apparent large Stokes-shift related to their indirect band gap nature. The last
feature results in negligible reabsorption in bulk polymer LSCs based on SiNCs,
producing competitive optical efficiency with a non-toxic, widely available
luminescent material, as described in a seminal paper by Meinardi et al.'*! SiNCs
belong to the indirect band gap QDs family (see chapter 1.3 for more details) and
this is the principle reason of their optical downsides such as the poor absorption
properties. The molar absorption coefficient is low in the visible region and
gradually increases in the UV region, in contrast to the abrupt transition usually
observed in direct band gap QDs. Thus, in order to efficiently harvest the solar
spectrum, a large concentration of SiNCs must be employed. An accurate control
on the shape of the absorption features is of the utmost importance for the
preparation of LSCs absorbing mainly in the UV-A region of the solar spectrum (A
= 350-400 nm), to be employed in BIPV. For conventional QDs, this is usually

achieved by inorganic core-shell structures or doping the material with transition
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metals,’®> where a high band gap semiconductor is responsible for the light
absorption in the UV region and luminescence derives from the lower band gap
semiconducting material. This approach has not been applied to SiNCs yet, since
the luminescence is strongly sensitive to surface chemistry, typically producing

partial or complete quenching of the nanocrystal, instead of luminescence tuning.

An appealing alternative approach employs an organic-inorganic hybrid material:
organic chromophores covalently attached to the surface of SiNCs absorb light and
funnel the excitation energy to the silicon core, the working principle of a light-
harvesting antenna.'®® As was already proved by our group, this approach is feasible
with an efficient sensitization of the luminescence of colloidal SINC upon excitation
in the UV,1641% visible,'® and also NIR! spectral region. By this approach, it is
possible to tune the absorption properties of the material and to preserve the

luminescence properties of the silicon core.

The synthesis and characterization of colloidal SiNCs functionalized with 9,10-
diphenylanthracene (DPA) derivatives, and the preparation of polymer LSCs based
either on this new hybrid luminophore or on a physical mixture of DPA and SiNCs,
are reported on the following chapters. The DPA chromophore was selected
because it absorbs in the UV-A spectral region and it does not affect the optical
appearance in the visible region. Energy transfer from DPA to SiNCs is expected to
occur for both LSCs via the non-radiative or radiative mechanism. Thorough optical
and photovoltaic characterization is performed to investigate the properties of the
prepared LSC devices and to elucidate the role of the energy transfer process on

them.

3.2 Light Harvesting Antennae

SiNCs are weak light absorbers due to the indirect nature of the Si band gap. To

enhance the optical absorption of SiNCs while retaining their emissive properties,
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it is possible to add chromophores to the system, which have high ¢ values and can
transfer the energy to the SiNCs in an efficient way.'* This is the working principle
of a Light Harvesting Antenna. A molecular antenna is made of multiple
chromophoric units, which absorb the incident light and funnel the excitation
energy to a common acceptor component, which could be or not covalently linked
to them. This system should be an excellent light absorber, stable from the chemical
and the photochemical point of view, organized in the dimensions of time, energy
and space. The donors must absorb the incident light and immediately transfer it to
the acceptor, before the radiative or non-radiative deactivation take place. The
energy of the acceptor excited state (or exciton in the case of a QD acceptor) has to
be lower or, at least, equal to the energy of the excited state of the donor. The
occurrence of the energy transfer requires electronic interactions and therefore the
higher the distance between the donor units and the acceptor unit, the lower the
rate of the energy transfer. The sensitized emission QY of the acceptor (®sensitized) is a
product of the emission QY of the acceptor by its direct excitation (®acceptor) and the
efficiency of energy transfer (net) from the electronic excited state of the donor to the

acceptor:
Dsensitized= T]et * cDacceptor

A more representative measure of the performance of a light harvesting antenna is

the brightness (B):
B=E(/\eX) * Dsensitized

Where £(Aex) is the molar absorption coefficient of the antenna at the excitation
wavelength. With higher brightness, lower concentrations of the antenna are

required to observe a detectable emission.!®®

Two different methods to obtain light harvesting molecular antennae have been
used and both of them will be presented on this dissertation, the covalent (figure

3.3) and the non-covalent (figure 3.4) one. In the following sections of this chapter
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3, only the first technique will be discussed. The covalent method shows many
advantages such as the higher stability of the system, the lower distance between
the donor and the acceptor, but also some disadvantages: for example, the more
complex synthesis. On the contrary, the non-covalent method (see chapter 5 for
more details) allows us to have a higher number of chromophores constrained in a
small space together with the acceptors, an on/off switchable system by an external

stimulus and an easier synthesis; nevertheless, the distance between donor and

acceptor is more changeable.!

e
(=P
1‘/0
]

Figure 3.3- General scheme representing the energy transfer process, taking place
in an antenna system composed by many donors (D) covalently linked to the

acceptor (A) surface. Adapted from the ref.!¢®
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Figure 3.4- General scheme representing a non-covalent light harvesting antenna.
The excitation energy transfer (EET) process take place in a confined space, between
many species non-covalently linked. An “on state” can be turned to an “off state”

by an external stimulus. Adapted from the ref.1%

3.a oynthesis of DPA-functionalized SiNCs

SiNCs were produced by thermal disproportionation of hydrogen silsequioxane
(HSQ, see chapter 2 for more details) to obtain SINCs embedded in SiO:. Etching
the oxide matrix with HF yields freestanding H-terminated Si nanocrystals. The

surface functionalization of H:SiNCs consisted of a two-step procedure:

- hydrosilylation with chlorodimethylvinylsilane promoted by 4-DDB (4-
decylbenzene diazonium tetrafluoroborate), yielding chlorosilane-passivated

SiNCs (figure 3.5 a);

- post-functionalization by nucleophilic reagents; in the present case, the acetylide
derivative of diphenylanthracene (DPA) formed in situ with nBulLi, yielding the Si-
DPA sample.
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As the control sample, alkyl-capped SiNCs (Si) were prepared by hydrosilylation
of H:SiNCs in the presence of 1-dodecene (DDE) and initiated with 4-DDB (figure
3.5b).

0

A Si c ™ 4 .
a) N H = 4. Q ) 0
4-DDB, -78°C, nBulLi, TMEDA,

toluene toluene

w 4-DDB, toluene@

Figure 3.5- Schematic representation of the synthesis of (a) SiNCs covalently

Si-DPA

functionalized with 9,10-diphenylanthracene chromophores (Si-DPA) and (b)
alkyl-passivated SiNCs sample (Si).

3.3.1 SiNCs Passivated with Chlorodimethylvinylsilane or
|-dodecene (Si sample)

Hydride-terminated SiNCs, obtained after the etching procedure of 300 mg oxide-
embedded SiNCs powder (see chapter 2 for more details), were dispersed in 4 mL
of dry toluene and separated in two 8 mL vials, working inside a nitrogen-filled
glovebox. Two milligrams of 4-DDB (about 6 pumol) were added in each one.
Afterwards, in a vial, 200 pL of chlorodimethylvinylsilane (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 fresh dry toluene. The
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suspension of dodecyl-passivated nanocrystals was precipitated in an anti-solvent
(methanol) and centrifuged three times (8000 rpm, RT, five minutes), each time
washing with methanol. The precipitate was readily dissolved in 2 mL of toluene

(figure 3.5).

3.3.2 Synthesis of (4-(10-phenylanthracen-3-yl)phenyl)

methanol
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 (figure 3.6). To a suspension of degassed
toluene (50.0 mL) and K2COs (12 mL of a 1.6 M solution), under nitrogen
atmosphere, 9-bromo-10-phenylanthracene (1.7 g, 5.1 mmol), boronic acid (6.12
mmol, 1.2 equiv.) and a catalytic amount (1.5% m/m) of Pd(PPhs): 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 the eluent and applying a gradient with
ethyl acetate to reach 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 m/z: 360.40. 'TH-NMR (400 MHz, CDCl3), 0: 7.4-7.6 ppm (17 H, m); 4.90 ppm
(1H,s);4.71 ppm (2 H, s).
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Figure 3.6- Reaction scheme for the synthesis of (4-(10-phenylanthracen-9-

yl)phenyl)methanol

3.3.0 oynthesis of 3-phenyl-10-(4-((prop-2-yn-I-
yloxy)methyl)phenyl)anthracene

In a 100 mL two-neck round-bottom flask filled with 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) 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 dichloromethane (DCM, 3x100 mL). The organic fraction was
collected and dried over MgSQOs. A flash chromatography (toluene as eluent phase)
was performed to isolate 0.96 g of product, a bright yellow solid (60% yield) (figure
3.7). GC-MS (EI): m/z 398.51; 'H-NMR (400 MHz, CDC13), d: 7-8 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).
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Figure 3.7- Reaction scheme for the synthesis of 9-phenyl-10-(4-((prop-2-yn-1-
yloxy)methyl)phenyl)anthracene.

3.3.4 Passivation of SiNCs with 3-phenyl-10-(4-((prop-Z-
yn-l-yloxy)methyl)phenyl)anthracene to obtain the
SiDPA sample

In a two-neck 25 mL round-bottom flask, dried and filled with nitrogen, 120 mg of
9-phenyl-10-(4((prop-2-yn-1-yloxy)methyl)phenyl)anthracene (0.3 mmol) were
introduced. The flask was transferred to a nitrogen filled glove box and 70 uL 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 to -78°C with a liquid
nitrogen/acetone bath, 120 puL of n-butyllithium (nBuLi, 2.5 M in hexanes, 0.3 mmol)
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 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 stirred overnight at RT. The introduction of 7 mL of a

1 M solution of HCl in MeOH made the nanocrystals precipitate. The precipitate
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was washed 3 times with methanol and separated from the supernatant by
centrifuge (8000 rpm, 5 minutes). The nanocrystals were then dispersed in
chloroform, and a size exclusion chromatography over BioBeadsTM S-X1 Support
(200-400 mesh) in chloroform was performed to isolate a brownish limpid
suspension (Figure 3.5 a). 'H-NMR spectra of the anthracene ligand and the
functionalized silicon nanocrystals are reported in figure 3.8. The aromatic protons
and the ones in a-position with respect to oxygen of DPA are present in both
spectra, but when the molecule is bonded to the SiNC a broadening of the peaks is
induced since the movement of the molecules is hindered on the nanocrystal
surface. The terminal proton from the alkyne moiety (around 2.5 ppm) reacts in the
functionalization and is no longer present in the spectrum of functionalized silicon

nanocrystals.

"H-NMR of dodecyl-capped nanocrystals: (400 MHz, CDCI3), d: 1.22 ppm (18 H, m);

0.84 ppm (3 H, s).
a)
0
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Figure 3.8- 'H-NMR spectra (400 MHz, CDCls, RT) a) of 9-phenyl-10-(4-((prop-2-yn-
lyloxy)methyl)phenyl)anthracene, and b) silicon nanocrystals functionalized with

9-phenyl-10-(4((prop-2-yn-1-yloxy)methyl)phenyl)anthracene.
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3.3.a Fabrication of Luminescent Solar Concentrators
The PLMA/PMMA plate was fabricated by bulk co-polymerization, using a “home-

made” cell casting process characterized by two steps. First, the so-called “syrup’
was prepared: LMA monomer was heated in a beaker to 80°C. When the LMA
temperature was stable, lauroyl peroxide (0.5% wt/wt with respect to LMA) was
added, the pre-polymerization took place and the monomer temperature increased
by a few degrees (exothermic process). After 30 minutes, the syrup was quenched
in cold water. In the second step, the MMA monomer, lauroyl peroxide, the cross-
linker (EGDM) and/or the DPA and/or SiNCs were added taking into account this
ratio between the components: LMA 35% w/w (prepolimerized); MMA 35 % w/w
(monomer); EDGM, 30 % w/w; lauroyl peroxide 0.2% w/w respect to LMA (after the
pre-polymerization step). In order to obtain a homogeneous solution, the reaction
mixture was ultra-sonicated for 10 min. The reaction mixture was then degassed by
3/4 freeze—pump-thaw cycles in order to remove oxygen and nitrogen was purged
after each cycle. Finally, the more-viscous liquid was introduced into the casting
mould under nitrogen flow, where the polymerization reaction proceeded bringing
the mould inside an oven heated at 50°C for an hour and at 80°C for 23h. The casting
mould was made by two glass plates sealed with a silicone gasket (to preserve the
inert atmosphere) and clamped together. The main advantage of this approach
compared to a photoactivated polymerization is to avoid photo-degradation of
chromophores like DPA that absorb in the same spectral region of the most
commonly used photoinitiators. In addition, a method like this requires a very
limited amount of radical initiator, which is mostly responsible for
photoluminescence quenching while the pre-polymerization step reduces the

formation of heterogeneities in the co-polymer.

62



3.4 Results and Discussions

Photophysical Characterization in Solution.

The absorption and photoluminescence (PL) spectra of Si-DPA samples in toluene
solution are reported in figure 3.9 (green line). 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
DPA 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.
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Figure 3.9- 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, Aex=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 the sake
of comparison, the PL spectra of Si-DPA corresponding to 100% energy transfer
(dotted green line) and 0% energy transfer (dashed green line) are reported (for
more details, see appendix A). All spectra are registered at room temperature in air-

equilibrated toluene.
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On the basis of the molar absorption coefficients of DPA (E37nm = 1.4 x 10* M cm™)

and SiNCs (€sonm =1x 10° M! em™ for 3.5 nm diameter) we can estimate an average

number of about 80 DPA fluorophores per SiNC, 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 3.9): one structured-band centered at 440 nm and the other at about
750 nm. The high-energy band is assigned to the DPA 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 centered 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 (nq) is estimated to be 82% (see
appendix A for more details) and it is due to a photoinduced energy transfer from
DPA 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

3.10), revealing the presence of a very efficient energy transfer process.
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Figure 3.10- Absorption (red continuous line) and excitation (Aem=750 nm, dark red

dotted line) spectra of Si-DPA in air-equilibrated toluene

The sensitization efficiency (ns) is estimated to be 70% (see appendix A for
additional details), 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%, lower than that
observed for the Si sample (45%) under the same experimental conditions.
Accordingly, the PL decay time is shorter (50 us) in Si-DPA compared to Si (90 us).
The same effect has been previously reported by some of us in the case of SiNCs
functionalized by different organic chromophores;!®41%1% it is likely due to the
presence of more defects at the surface of the Si-DPA sample compared to the Si
sample. In this case, it is worth noting that the control sample (Si) has been obtained
by a different synthetic procedure (figure 3.5, see chapter 3.3.1 for more details),

and this may have an impact on the resulting PLQY.
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LSC Preparation and Optical Properties.
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Figure 3.11- Digital picture of the SiNC-based LSCs under visible (a,b) and UV
illumination (c). UV-vis transmittance spectra of the same LSCs (d) and CIE 1931
color space chromaticity diagram reporting the color coordinates of the SINC-based
LSCs (e). Panel (b) was reprinted with permission from the University of Bologna,

Department of Chemistry “Giacomo Ciamician”.

LSCs were obtained by thermal polymerization of an MMA/LMA monomer blend,
in the presence of luminophores and EGDM as cross-linking agent (see chapter 3.3.5
for more details). LSCs based on different combinations of chromophores were
prepared: (i) alkyl-capped SiNCs (Si), (ii) pure DPA chromophores (DPA), (iii)
SiNCs covalently functionalized with DPA units (Si-DPA), and (iv) a physical
mixture of SiNCs and DPA (Si+DPA) with the same absorptance as the covalent
sample, in order to investigate the role of the covalent bond with respect to the LSC
optical performance. The prepared LSCs are transparent and almost colorless

(figure 3.11 a and b), but they display distinctive PL colors upon UV illumination
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(figure 3.11 c). By comparing the absorption spectra in the low energy region (Aabs =
600-700 nm), no evidence of aggregation is observed and the average transmittance
is higher than 85% (figure 3.11 d), proving the excellent degree of transparency of
the prepared polymer slabs and the lack of scattering centers. As previously
observed in the solution phase, both the featureless absorption band of SiNCs and
the structured DPA band are visible. The fraction of photons absorbed in the visible
region of the solar spectrum Tabs-vis (Aabs = 400-700 nm, integrated from transmittance
spectra on AM 1.5G spectrum, table 1) ranges from 13% of the blank sample, due to
surface roughness and incident light trapping in the waveguide, to 27% of the Si
sample. Since the absorptance is providing only limited information about the
visual appearance of the semitransparent slab, we calculated the color coordinates
and the Color Rendering Index (CRI) using the CIE 1931 chromaticity diagram
(details are reported on the appendix A). The color coordinates of the LSCs (table
1) are located in the central region of the chromaticity diagram reported in figure
3.11 e), indicating good achromatic or neutral color sensations with only a small
shift toward the yellow-orange region. The CRI values range from 99.0% for the
blank sample to 96.8% for Si+DPA sample. No shift is observed upon addition of
DPA, proving that the organic chromophore is only contributing to the absorption
of the UV portion of the solar spectrum. These values lie in the color-rendering

group 1, fulfilling the highest CIE requirements for indoor and outdoor

illumination.
Mabs-vis (%) x ¥y CRI
blank 13 0.344 0.356 99.0
DPA 14 0.348 0.361 98.4
Si 27 0.360 0.376 97.0
Si+DPA 24 0.358 0.375 96.8
Si-DPA 24 0.357 0.374 97.0

Table 1- Absorption Properties (Fraction of Absorbed Photons in the Visible Range,
Aabs =400-700 nm) and Color Coordinates of the Prepared LSCs.
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We then compared the PL properties of LSCs (figure 3.12): in all samples, the DPA
band at 430 nm is significantly red-shifted with respect to the PL spectrum
registered in solution (figure 3.9 b) and PLQY drops from 95% for DPA in solution'”
to 57% for DPA sample in the polymer matrix. Reabsorption of emitted light is
responsible for both the red-shift and the decrease of PLQY: reabsorption processes
are amplified in the LSC architecture by the long optical path in the polymeric
waveguide compared to solution phase. A further drop of DPA fluorescence is
observed in Si-DPA and Si+DPA samples. The strong drop in PL intensity in the
Si-DPA sample was previously observed in solution and results from the non-
radiative energy transfer process. On the contrary, the quenching of DPA PL in
Si+DPA sample is related to a trivial energy transfer process. Indeed, due to the
amplified reabsorption processes in the long optical path LSCs, there is a much
larger probability for the light emitted by DPA to be reabsorbed by SiNCs. The
mechanisms of the quenching processes are further confirmed by the analysis of the
decay of DPA fluorescence intensity (figure 3.13): a shorter decay, corresponding to
a lifetime of 2.5 ns, is observed for SiDPA, compatible with the presence of a new
non-radiative process for the deactivation of the fluorescent excited state of DPA,
while the Si+DPA sample exhibits a similar lifetime with respect to pristine DPA,
about 8.5 and 7.2 ns, respectively. The SiNCs PL band at 750 nm is not significantly
affected by embedding in the polymer matrix in terms of both shape and intensity:
upon selective excitation of the Si core at 450 nm, PLQY is 43%, 45%, and 27% for
Si, Si+DPA, and Si-DPA, respectively, values comparable to those measured in
solution phase (45% for Si and Si+DPA, 26% for Si-DPA). Upon excitation at 375
nm, no difference in the emission intensity at 750 nm is observed for Si, Si+DPA,

and Si-DPA (after normalization for the intrinsic PLQY drop for SiNCs, figure 3.12).
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Figure 3.12- PL spectra of Si (black line), DPA (blue line), Si+DPA (red line), and
Si-DPA (green line) measured inside an integrating sphere by excitation of the
larger surface of LSCs at 375 nm. For the sake of comparison, the low energy band

at 750 nm of Si-DPA was normalized on the PLQY of sample Si.
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Figure 3.13- Time-resolved PL intensity of DPA in the prepared LSCs (Aex=375 nm,

Aem=410 nm) obtained in 45° configuration.
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SiNCs PL intensity (upon excitation at 375 nm) is expected to be affected by two
opposite effects: (i) the inner filter effect decreases the SINCs luminescence intensity,
that is, SiINCs absorbs a reduced amount of light in Si+DPA and Si-DPA samples
with respect to Si sample because of the co-absorption of DPA chromophores; and
(i) the energy transfer process occurring for Si+DPA and Si-DPA samples increases
the SiNCs luminescence intensity. The lack of observable PL intensity changes in
Si+DPA and Si-DPA samples compared to the pristine Si sample proves that the
two effects are counterbalanced. Consistently, by applying a mathematical
correction for the inner filter effect (see appendix A for more details) to the
registered spectra (figure 3.14), both Si+DPA and Si-DPA samples exhibit higher
PL intensity with respect to the Si sample. This proves the sensitization of SiNCs
PL by DPA in both samples with similar efficiency, despite the different energy

transfer mechanism described in the previous section.
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Figure 3.14- PL spectra of Si+DPA (red line) and Si-DPA (green line) measured
inside an integrating sphere by excitation of the larger surface of LSCs at Aex=375
nm. Si sample PL (black line) is also reported for comparison, after applying the

inner filter correction, as described in the text.
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In order to get information about the optical efficiency of the LSC, we estimated the

ratio of photons emitted from the edges of the LSC with respect to the ones emitted

by the whole LSC device (Ieldﬂ), as previously reported by Coropceanu et al.!”!

tot

Upon excitation at 450 nm, where only the silicon core absorbs light, the ratio is
about 74% for all samples containing SiNCs, a value close to the maximum
theoretical efficiency of 75% predicted by Snell’s law for a polyacrylate waveguide

Mg = (1 —%) = 75%)% this is a demonstration of (i) the scattering-free

propagation of the emitted light in the polymer matrix, due to the optimal
dispersion of the hybrid luminescent structure and the polymeric host, and (ii) lack
of reabsorption, allowing an extremely high light trapping efficiency. Upon

excitation at 375 nm, where the absorption contribution of DPA is at its maximum,

. . . o (1
Si has similar values to the one reported by exciting at 450 nm, while (#) values
tot

decrease to 56% and 54% for Si+DPA and Si-DPA samples, respectively. This drop

is related to reabsorption losses of DPA PL, much stronger than that of the Si core

PL. Indeed, the DPA sample shows a much lower value of this ratio (Ieldﬂ = 31%).

tot

Indeed, being the emission by randomly oriented DPA chromophores isotropic, the
occurrence of multiple reabsorption and PL processes induces a randomization of
the optical path followed by the emitted photons, and a consequent increased
probability of photon losses from the top of the waveguide through the escape
cone.!”? Further indication of this phenomenon can be assessed by comparing the
PL spectra obtained from the edge of the LSC at increasing excitation distance

(figure 3.15).
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Figure 3.15- (a) Normalized emission intensities of DPA (Aem = 400-550 nm, open
symbols) and SiNC (Aem = 550-900 nm, solid symbols) of Si+DPA (red), Si-DPA
(green), and Si (black) as a function of the distance between the excitation area on
the top of the polymer slab and the emission registered on one of the edges of the
slab, as depicted in the schematic representation reported in (b). The intensity was
normalized to the illuminated area and to the emission intensity obtained at 1 cm

from the excitation.

The shape of the SiINC emission band at 750 nm is not affected by the distance
between the excitation spot on the top of the polymer slab and the emission
registered on one edge of the slab in Si-DPA (figure 3.16 a), Si+DPA (figure 3.16 b),
and Si (figure 3.16 c¢), whereas the DPA fluorescence band at 430 nm is strongly red-
shifted upon increasing the distance between excitation and emission because of the

above-discussed reabsorption phenomena.
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Figure 3.16- PL spectra of a) Si-DPA, b) Si+DPA and c) Si samples as a function of
the distance between the excitation spot on the top of the polymer slab, and the
emission area, located on one of the edges of the slab. The distance value is reported
in the inset (mm). d) Integrated PL intensity values for SiNCs emission contribution
(triangles, Aem = 550-900 nm) and DPA s emission contribution (circles, Aem = 400-550
nm) obtained from spectra reported in figure 3.17a (green, Si-DPA ) and 3.17b (red,
Si+DPA). X-axis reports distance between the excitation spot on the top of the

polymer slab, and the emission area, located on one of the edges of the slab.

As far as intensity is concerned, the SiNCs PL band intensity is almost stable upon
increasing the distance between excitation and detection (figure 3.15, solid
symbols), while DPA PL intensity is dropping as a function of distance (figure 3.15,

open symbols). By fitting this decreasing trend with an exponential curve, the
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expected intensity value of DPA fluorescence after 20 cm of optical path is about
14% of the starting PL value extrapolated at 0 cm. The ratio between DPA and SiNCs
PL intensity as a function of the distance between excitation and emission shows
the sole contribution of SiNCs at large distances for both Si+DPA and Si-DPA
samples (figure 3.16 d). A larger contribution of DPA PL in the low distance regime
is visible for Si+DPA, while the Si-DPA sample is characterized by less variability
across the distance range, since most of DPAs quenching process is non-radiative
and does not depend on the optical path. The photostability of the LSCs was
evaluated by irradiating the samples for 48 h with AM 1.5G simulated light: a
relatively slow degradation both for DPA and SiNC PL contributions is observed
for all the samples (figure 3.17). While the overall intensity drop is higher for SINCs

due to a faster initial degradation, SiNCs are more stable in the long term.
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Figure 3.17- PL spectra of a) Si-DPA, b) Si+DPA under continuous AM 1.5G

irradiation, to assess photostability.

Photovoltaic Performance

The photovoltaic performance of our LSCs was evaluated by placing a custom-sized

Si-PV cell on one edge of the slab and letting the residual edges uncovered.

74



Irradiation was perpendicular to the slab surface with a conventional AM 1.5G solar
simulator. We carried out a scan of the JV characteristic, from which we calculated

the main PV parameters for the different samples, reported in table 2.

- . F CE .
G mAkm) ) % 0 W
blank 2.86 1.31 382 54 0.27 1.04
DPA 2,70 4.05 463 62 1.16 3.59 b
Si 2.64 4.14 452 60 1.12 3.54 25.7
Si+DPA 2.56 4.79 455 61 1.33 4.25 38.8
Si-DPA 2.98 4.05 440 59 1.05 3.08 28.1

“G factor and #,, are also reported, as described in the main text.
"DPA Nopt, absvis Was mnot calculated due to negligible absorption
contribution in the visible region of the solar spectrum.

Table 2- Main PV Parameters extracted from JV characteristics of a Si-PV cell

attached to one side of the prepared LSCs.

The shape factor, called G factor and defined as the ratio between the surface of the
top of the slab and the edges surface, was calculated considering the surface of all
edges as active (see appendix A for more details). The area of the concentrator,
physically in contact with the cell surface, was considered for the estimation of the
short circuit current density (Jsc). A comparison of the blank sample with the other
samples evidence a slight increase in the open circuit voltage (Voc) and the Fill
Factor (FF) and a strong increase in JSC, directly proportional to the increased
emitted photon flux incident on the PV cell, resulting in a large enhancement of PCE
values. The JSC for the blank sample is not negligible due to the trapping of the
incident light in the polymer waveguide, whose contribution, whereas minimal,
cannot be fully avoided. Therefore, this value can be considered as a baseline for the
evaluation of the optical efficiency of the other LSCs. DPA and Si samples display
very similar results in terms of PCE, since the higher PLQY of DPA is

counterbalanced by the lack of reabsorption of Si, achieving similar results on this
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size scale. We expect much larger values for Si compared to DPA upon scaling up
the devices to larger size. The Si+DPA sample is characterized by a PCE
enhancement of about 15-20 % with respect to the pristine DPA and Si samples. On
the opposite, the PCE of Si-DPA is slightly decreased because of the lower PLQY of
the silicon nanocrystals, as discussed in the solution phase characterization. More
information about the concentration efficiency of the LSC can be extracted from the

optical efficiency (nopt), defined as follows:!5!

— ]LSC

where Jisc is the current density of the PV cell coupled to the LSC (i.e., Jsc values
reported in table 2), Jsc is the current density of the same cell under direct
illumination, that is, 44 mA/cm? in our setup, and G is the previously described size
factor. The trend is the same of that observed for PCE values with a minimum 3-
fold enhancement factor with respect to blank sample. For comparison purposes, a
previous paper on SiNC-based LSC reports'®! an 1opt = 2.85%, slightly lower than the
one reported hereby for the reference Si sample, but in the same efficiency range.
Again, Si+DPA sample exhibits a robust increase with respect to pristine Si,
proving that the physical mixture of SiINCs and DPA allows for an enhancement of
the LSC performance. This suggests that the Si+DPA non covalent approach is an
effective strategy to enhance SiNCs performance in LSCs. The same trend is
observed also applying the reshaping factor, as previously suggested,* in order to
take into account the mismatch between PV cell EQE and PL spectra of the
luminophores (see appendix A for more details). The largest increase in noptq is
displayed by the DPA sample due to the poor match between c-Si EQE spectrum
and PL band in the high-energy region of the visible spectrum, while smaller
enhancement is observed for all samples containing SiNCs. This proves the superior
spectral superposition between SiNC-based LSCs and the most employed
conventional ¢-Si PV cells. On the other hand, while the covalent approach

employed in Si-DPA does not positively influence optical efficiency and PCE, the
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absolute value has to be evaluated as a function of the absorption properties and
the PLQY of the luminophore. Table 1 reports the fraction of photons absorbed in
the visible region (nabs-vis) by the different LSCs. We estimated the corrected optical
efficiency moptabs by dividing nopt by nabsvis. This value is different from the internal
optical efficiency reported elsewhere, since it does only take into account the
absorption contribution in the visible region. Therefore, its purpose is to compare
performances of LSCs with different absorptances in the visible region, where the
aesthetical and functional properties of the LSC are defined. Both Si-DPA and
Si+DPA samples exhibit higher optical efficiency than Si, proving the enhancement
related to SiNCs sensitization from the organic DPA chromophores. Interestingly,
an enhancement was observed also for the Si-DPA sample, despite the lower PLQY
resulting from the functionalization process, pointing out that the sensitization
resulting from DPA absorbing in the UV region is able to compensate the
detrimental drop of PLQY resulting from the synthetic procedure, in case of
perfectly iso-absorbing SiNCs in the visible region. Finally, a comparison between
the photovoltaic response of the prepared LSCs as a function of the distance
between the PV cell and the excitation position was performed, by analogy with the
optical characterization previously discussed (figure 3.18). The short circuit current
density values measured for the samples containing SiNCs are basically constant
across the LSC main axis, consistent with the behaviour discussed within the optical
characterization and typical for LSCs based on reabsorption free luminophores. The
absolute values are close, but a slight enhancement can be observed for the Si+DPA
sample. On the other hand, in the case of the DPA sample, the maximum Jsc is
achieved close to the PV cell, with even higher values with respect to SiNC-based
LSCs, but these values are fading upon increasing the optical path. For comparison
purposes, the Jsc value for the DPA sample at 3.5 cm is about 6.5x and 9x lower than
Si-DPA and Si+DPA samples, respectively. Once again, this behaviour is the typical
fingerprint of the reabsorption process for a low Stokes shift, highly luminescent

organic luminophore, and demonstrated the superior properties of the hybrid
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organic—inorganic material in real-size devices, where the typical panel size will

largely exceed the one employed for this proof-of-concept study.
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Figure 3.18- (a) Schematic representation of PV response of the prepared LSCs as a
function of the distance between the excitation spot on the top of the polymer slab,
and the PV cell, located on one edge of the slab. (b) Short circuit current densities,
upon excitation of a 0.5x0.5 cm? area, as a function of the distance between the center
of the excitation area and the PV cell. The contribution of direct excitation was

removed by subtracting the reference values obtained with a blank polymer slab.'?

3.0 Lonclusions

We have realized the first example of LSC based on hybrid organic-inorganic silicon
nanocrystals able to couple the absorption properties of an organic dye, namely,
9,10-diphenylanthracene, with reabsorption free luminescent SiNCs. The PL and
photovoltaic properties were compared for LSCs based on (i) only the organic
chromophore (DPA), (ii) only SiNCs (Si), (iii) a physical mixture of the two
components (Si+DPA) and (iv) a covalent system (Si-DPA). The resulting LSCs are
transparent and practical achromatic since DPA absorbs only in the UV region and
the SiNC concentration was kept quite low. In the cases of Si, Si+DPA, and Si-DPA,

a much larger fraction of emitted light is guided to the edges compared to DPA:
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74% for Si and about 55% for SiDPA and Si+DPA compared to 31% for DPA. SiNC
luminescence is not affected by reabsorption phenomena: the shape and intensity
of their luminescence bands collected at the edges of LSC devices is practically the
same as a function of the distance between excitation and emission compared to a
strong red-shift and a decrease in intensity in the case of DPA luminescence. These
parameters are very significant in view of the construction of much larger LSC
devices where reabsorption losses strongly decrease LSC performances. The best
performances are obtained for Si+DPA sample, demonstrating that coupling
organic dyes and inorganic silicon nanocrystals is a promising route to enhance LSC
performance. Furthermore, its optical and photovoltaic performances are superior
also with respect to the covalent system Si-DPA because of the decreased PLQY of
the Si core upon covalent functionalization. In the Si+DPA LSC, a trivial energy
transfer mechanism, enhanced by the long optical path typically encountered in
LSC devices, minimizes the loss due to self reabsorption of DPA luminescence.
Optical efficiency as high as 4.25% is achieved with this device architecture without
affecting the optimal aesthetic properties of the device, whose high CRI values allow
for the utilization of this class of LSCs as solar windows for indoor illumination.
This proof of concept opens the way to a new class of hybrid luminophores for LSCs

delivering tailored optical properties and high efficiency.
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4 Water-ooluble Silicon

Nanocrystals as NIR Luminescent
Probes for Time-bated Biomedica
Imaginc

The contents of this chapter have been reprinted and adapted from Ref. Romano,
F., Angeloni, S., Morselli, G., Morandi, V., Shell, ].R., Cao, X., Pogue, W., and Ceroni,
P. (2020). Water-soluble silicon nanocrystals as NIR luminescent probes for time-

gated biomedical imaging, Nanoscale, with permission from The Royal Society of
Chemistry.

4 | Introduction

Luminescence (usually fluorescence) imaging is an emerging technique in
biomedicine.!”*-17¢ It is a niche compared to tomographic techniques (CT, MRI, PET),
which rely on deep penetrating radiation and are widely employed in clinical
practice today. However, fluorescence imaging offers advantages in terms of high
temporal (real-time) acquisition and use of non-hazardous optical excitation. The
main drawback is the limits of penetration depth: it is impossible to image through
more than a few centimetres of tissue, so that optical imaging will never replace
diagnostic radiology techniques in the human body, but it can be used for guiding
surgery:'77-180 For example, it is widely used in assessment of vascular flow in
grafted tissues, tumour localisation (usually in skin, head, neck or breast cancer),
sentinel-lymph node removal. Currently, a lot of work is devoted towards NIR
luminescence imaging because of reduced scattering of excitation light, minimal
absorption and negligible auto-fluorescence by tissues, affording a higher signal to
noise ratio and contrast. In particular, NIR-II chromophores!'7#181182 and lanthanide

nanoparticles'®318 with absorption and emission in the so-called NIR-II spectral
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region (usually defined as 1000-1700 nm) are gaining wider use to increase image
resolution and contrast. Time-gated detection coupled to NIR emission represents
a further improvement in terms of signal-to-noise ratio and image contrast. The
utilization of time-gated luminescence, in which luminescence is recorded with a
certain delay after excitation, suppresses scattered excitation light and short-lived
auto-fluorescence of the sample. Until now, lanthanide metal complexes, up-
converting nanoparticles'®%” and heavy-metal complexes, such as Pt or Pd have
mostly been employed for this application with us-gating window, a time scale that
allows easy implementation and low cost of the equipment.’®-1% SiNCs were
already employed in luminescence imaging, for example in sentinel lymph node
mapping,’”! but time-gated detection has not been explored. Time-gated
luminescence was reported for a different silicon-based material, namely porous
silicon nanoparticles, to image cells, organs or zebrafish.1>'** However, the
dimension of the silicon core was much larger (>100 nm), the emission quantum
yield was significantly lower (ca. 5%), sensitive to dioxygen quenching and limited
to the visible region (red emission). In the following chapters, we demonstrate that
SiNCs are viable alternatives for in vivo time-gated luminescence imaging in the

NIR spectral window.

The main challenge to be addressed for biological applications of SiNCs is the
coupling of bright long-lived luminescence with colloidal stability in water:
aqueous environment facilitates (photo)oxidation of SiNC surface that brings about
emission quenching. Until the current study, the main approaches reported to make
water dispersible SiNCs are: (i) encapsulation within a water-soluble carrier, such
as amphiphilic polymers,’> solid lipid nanoparticles and micelles or
liposomes, 1119720 (ij) direct grafting of water solubilising polymers at SINC surface,
such as polyethylene glycol, #1202 poly(acrylic acid),®®* (iii) surface
functionalisation with highly polar moieties, such as carboxylic acids!®242%5 and

ammonium groups,?* or biomolecules.!®2728 Most of these approaches suffer from

81



formation of nano-aggregates containing multiple SiNCs and poor luminescence
properties compared to SiNCs dispersed in organic solvents. Herein we describe
three different synthetic paths: (i) a three-step synthetic protocol involving a thiol-
ene click-reaction,12%210 yielding SiNCs covalently functionalised only with PEG
chains, (ii) a direct hydrosilylation reaction with a double bond terminated PEG
chain and (iii) a two-step synthetic path involving an amide bond formation. These
pegylated protective shells provide colloidal stability in water and protect SiNCs
from interactions with serum proteins, like albumin, while keeping bright
luminescence. The novelty and advantages of the presented synthetic approaches
are the following: (i) they can be applied to SiNCs of different size, e.g., average core
diameter of 4 or 5 nm; (ii) the reaction procedures occur at low temperature (T <
70°C); (iii) a low amount of PEG derivative is required in the last functionalisation
step, considering the two approaches which require more than just one step; (iv) the
resulting SiNCs are colloidally stable in water, not affected by surface photo-
oxidation and display bright long-lived luminescence, insensitive to dioxygen and
solvent quenching. The obtained SiNCs exhibit unique optical properties compared
to molecular fluorophores: (i) emission energy tuneable to the red and NIR spectral
region, compatible with the biological window; (ii) high photoluminescence
quantum yield; (iii) no sensitivity to molecular oxygen; (iv) long-lived luminescence
decay in the hundreds of ps, enabling time-gated detection. Therefore, they are ideal

candidates as luminescent probes for biomedical imaging.
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4 7 Achieving Water-Dispersibility via Covalent
Functionalization of SillDs with PEG Chains

42| PEG-Passivated SiNCs by Thiol-Ene Click Reaction™

Synthesis of allyl functionalized SiNCs

™ 4-DDB
a. . H +
toluene toluene
RT, Ny, RT, N,,

overnight

overnight Si-allyl
b ) si + B OL A~ AIBN, A si s O~
A MW = 2000  e— |
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70°C, Ny, 4h
Si-allyl Si-PEG

Figure 4.1- Synthetic procedure for the functionalization of hydride-terminated
SiNCs by allyl groups (a, Si-allyl) and post-functionalization via thiol-ene click
reaction by PEG groups (b, Si-PEG)

Chlorosilane terminated SiNCs were prepared by adding 0.2 mL (1.5 mmol) of
dimethylvinylchlorosilane (DMVSiCl) to the hydride-terminated SiNCs dispersion,
obtained after the etching procedure of 100 mg of oxide-embedded SiNCs powder,
in the presence of ca. 1.5 mg of 4-decylbenzene diazonium tetrafluoroborate (4-
DDB).”” The solution became transparent after few minutes and the reaction was
stirred overnight, at room temperature in a nitrogen-filled glove box, in order to
completely passivate the surface of SiNCs. The solution was finally dried under
vacuum to remove DMVSICI in excess, then refilled with anhydrous toluene and
kept under inert atmosphere. Allyl terminated nanocrystals (figure 4.1a) were
prepared through the Grignard nucleophilic addition to the chlorosilane passivated
SiNCs.?!! In particular, 0.2 mL of allyl magnesium bromide (1 M solution in diethyl
ether) was added to the chlorosilane passivated SiNCs solution and left stirring
overnight inside the glove box at room temperature. While the addition of the

Grignard reagent results in a turbid solution for 5 nm SiNCs, no significant effect
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was observed on the 4 nm nanocrystals other than the quenching of the typical red
emission under UV light excitation. The samples were then extracted from the glove
box and acidified MeOH (0.5mL HCl in 20 mL of MeOH) was added to quench the
residual Grignard and precipitate the nanocrystals. The dispersion was then
precipitated and washed three times with MeOH, then dissolved again in toluene
and stored in vials for further use. The 4 nm diameter SiNCs characteristic red
emission was restored. Proton NMR measurements of Si-allyl were conducted and
proton signals from the double bonds appeared around 6 ppm confirming the

functionalization (figure 4.2 a).'?

Synthesis of thiolated-PEG through esterification

Thiolated poly(ethylene glycol) (PEG-SH) was prepared as follows:*'? 4.4 g of
poly(ethylene glycol), MW=2000 (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 uL (3 eq.) of 3-mercaptopropionic acid and few drops of
fuming sulfuric acid were added. The flask was heated to reflux with an oil bath
overnight, under nitrogen atmosphere. The reaction was checked with a TLC and
cooled to room temperature. The reaction solution was concentrated under vacuum
and then diethyl ether was added to precipitate the product. The product was then
transferred on a Gooch filter and washed three times with diethyl ether, dried under
vacuum and collected as a white waxy solid of 1.4 g (yield 32%). 'H-NMR (400 MHz,
CDCls) d 4.26 — 4.23 CH20 (m, 2H), 3.62 CH2CH2O (s, 200H), 2.75 CH2SH (m, 2H),
2.66 CH2CO (t, ] =7.3 Hz, 2H), 1.66 SH (t, ] = 8.3 Hz, 1H) (figure 4.2 c).

Synthesis of PEG-Functionalised SiNCs by thiol-ene click reaction?

A batch of Si-allyl was dissolved in 10 mL of toluene, then 1 g of PEG-SH was
added (Figure 4.1b). When the PEG-SH is completely dissolved, 15 mg of AIBN
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(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
and then heated for 4h to 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 (DW). The ethanol addition is
essential to maintain the colloidal stability of the resulting sample. A drastic change
in solvent polarity from toluene to DW might induce aggregation of functionalized
SiNCs. The excess PEG-SH and the residual AIBN were removed by both dialysis
(RC dialysis tube, Millipore, MW cut off=14000) and high-pressure filtration (RC
filter, Amicon® Stirred Cells, MW cut-off=14000). Finally, the sample was filtered
over 0.22 um 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 (10* — 10° M). 'H-NMR spectrum of Si-PEG shows new signals of
methylene protons in proximity to the thiol-ether group, which is formed upon click
reaction between Si-allyl and PEG-SH. '"H-NMR (400 MHz, CDCls) d 4.17 (m, 2H),
3.59 (m, 186H), 2.83 (m, 2H), 2.66 (m, 2H), 2.56 (t, 2H), 1.63 (m, 2H) (figure 4.2 b).

@
X
a W sieag
W
X N
|
ED A
S -~ 18
F C 8 =
b A
“PEG 2
” D gC F
| A‘
l 4 D10, T ) I 1A
D A 8
Cc ¢ 8
A D C
)

Figure 4.2- NMR spectra (400 MHz, CDCls) of (a) Si-allyl, (b) Si-PEG and (c) PEG-
SH
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Figure 4.2 shows the NMR spectra of Si-allyl (a), Si-PEG (b) and PEG-SH (c). It is
possible to observe that the signals related to the vinyl protons (indicated as X and
Y) are present only in double bond functionalized SiNC, fading after the click
reaction. Moreover, in Si-PEG spectrum, the signals of the ligand are preserved but
broadened due to the molecules low mobility at the nanoparicles surface resulting

in a longer relaxation time.'?812

4 7.7 PEG-Passivated SiNCs by Direct Hydrosilylation

Synthesis of 11-(poly(ethylene glycol)) methyl ether undec-1-ene?

o Br’Hg\/
H O/ = O\/9~O/
n NaH n

N, PEGss0

Reflux, 24h

Figure 4.3- reaction scheme for the synthesis of alkene-terminated PEG with

average Mn= 550

Alkene-terminated poly(ethylene glycol) with average Mn= 550 (PEGss0DB) was
prepared as follows: 10 g of poly(ethylene glycol) methyl ether MW=550 (18 mmol,
1.4 eq; PEGss0) was introduced in a two-necked round-bottom flask equipped with
a stirrer and a condenser. Oxygen was removed with three nitrogen-vacuum cycles
and then an inert atmosphere was left inside the flask. PEGss was dissolved by
adding 25 mL of dry tetrahydrofuran (THF); when it was completely solubilized 1
g of NaH (45 mmol, 3.5 eq) was added to the reaction mixture and H: gas liberation
was immediately observed via bubbles formation in a grey reaction mixture. The
flask was then heated up to THF reflux temperature with an oil bath and left under

stirring and under nitrogen atmosphere for 30 minutes. 2.8 mL of 11-Bromo-1-
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undecene 95% (13 mmol, 1 eq) were then inserted and the solution become
yellowish with NaBr precipitation. The reaction mixture was left under reflux,
under nitrogen atmosphere and under stirring for 24 hours. Thus, it was checked
with a TLC and cooled to room temperature. The reaction was concentrated under
vacuum, quenched with distilled water (10 mL) and then extracted with Ethyl
Acetate (3x150 mL). The organic fractions were collected, dried over MgSOy, filtered
and dried under vacuum. Therefore, a flash chromatography (eluent with a polarity
gradient using toluene, ethyl acetate and methanol) was performed to isolate 3 g of
product, (30% yield) (figure 4.3). 'H-NMR (400 MHz, CDCls) & 5.66 (m, 1H), 4.85 (d,
1H), 4.79 (d, 1H), 3.51 (m, 44H), 3.23 (s, 3H), 2.64 (t, 2H), 1.9 (m, 2H), 1.10-1.26 (m,
14H).

Synthesis of 11-(poly(ethylene glycol)) undec-1-ene?'

BrW
o) 9 0
H OH = OH
n NaH n

MW=2000 THFdry
N, PEG2000

Reflux, 24h

Figure 4.4- reaction scheme for the synthesis of alkene-terminated PEG with

average Mn= 2000

Alkene-terminated poly(ethylene glycol) with average Mn= 2000 (PEG2000DB) was
prepared as follows: 15 g of poly(ethylene glycol) MW=2000 (7.5 mmol, 1.4 eq;
PEG200) was introduced in a two-necked round-bottom flask equipped with a
stirrer and a condenser. Oxygen was removed with three nitrogen-vacuum cycles
and then an inert atmosphere was left inside the flask. PEGzo0 was dissolved by
adding 55 mL of dry THF; when it was completely solubilized 0.4 g of NaH (19
mmol, 3.5 eq) was added to the reaction mixture and H: gas liberation was
immediately observed via bubbles formation in a grey reaction mixture. The flask
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was then heated up to THF reflux temperature with an oil bath and left under
stirring and under nitrogen atmosphere for 30 minutes. 1.2 mL of 11-Bromo-1-
undecene 95% (5.4 mmol, 1 eq) were then inserted and the solution become
yellowish with NaBr precipitation. The reaction mixture was left under reflux,
under nitrogen atmosphere and under stirring for 24 hours. Thus, it was checked
with a TLC and cooled to room temperature. The reaction was concentrated under
vacuum, quenched with distilled water (10 mL) and then extracted with Ethyl
Acetate (3x120 mL). The organic fraction was collected, dried over MgSOs, filtered
and dried under vacuum. Therefore, a flash chromatography (eluent with a polarity
gradient using toluene, ethyl acetate and methanol) was performed to isolate 3.5 g
of product (23% yield) (figure 4.4). 'H-NMR (400 MHz, CDCls) 0 5.78 (m, 1H), 4.98
(d, 1H), 4.90 (d, 1H), 3.55 (m, 180H), 3.06 (t, 2H), 2.00 (m, 2H), 1.24-1.35 (m, 14H).

Synthesis of tert-butyl 10-undecenoate

Tert-butyl 10-undecenoate was prepared as follows: 10-undecenoic acid (3.3 g, 18
mmol), tert-butanol (3 mL, 30 mmol), DMAP (670 mg, 5.5 mmol) and DCC (5 mg in
40 mL of CHCIs, 24 mmol) were added to a one-neck round-bottom flask. The
reaction mixture was stirred two days in air and at room temperature. Therefore,
the reaction was checked with a TLC and then it was filtered with a Buchner funnel,
washed with distilled water and purified by a flash chromatography, using toluene
as the eluent, to isolate 2.64 g of product (80% yield). 'TH-NMR (400 MHz, CDCls) &
5.78 (m, 1H), 4.99 (d, 1H), 4.90 (d, 1H), 2.20 (t, 2H), 2.05 (m, 2H), 1.58 (dd, 2H), 1.43
(s, 9H), 1.36-1.27 (m, 12H).
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Synthesis of SiNCs functionalized with 11-(poly(ethylene glycol)) methyl ether

undec-1-ene?* and dodecene

/\C 0 /\(\/)/PEG5500CH3
10H21
TPO 9
Si —H + - Si
A =365 nm C.oH
oh NG )

Si-PEG550

Figure 4.5- Photo-initiated hydrosilylation procedure for the functionalization of

hydride-terminated SiNCs by alkene-terminated PEG and DDE

A batch of 4 nm diameter hydride-terminated SiNCs, obtained after the etching
procedure of 100 mg of oxide-embedded SiNCs powder, was dissolved in 2 mL of
dodecene (DDE; 9 mmol, ca. 70%) and then 4.7 mmol of 11-(poly(ethylene glycol))
methyl ether undec-1-ene (average Mn,=550; PEGsDB; ca. 30%) were added,
together with 5-10 mg of the  photo-initiator  diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) (figure 4.5). The reaction mixture was
transferred in a 10 mL two-necked round bottom flask and oxygen was removed
trough 3 freeze-pump cycles. The reaction was stirred for 2 hours at room
temperature, under inert atmosphere, irradiating with a 365 nm emitting LED,
where TPO has a high molar absorption coefficient (see chapter 2.3.3 for more
details). At the end of the reaction, the turbid sample was filtered over 0.45 um PTFE
syringe filter, in order to remove the un-reacted and precipitated SiNCs from the
dispersion, and then it was purified from the un-reacted ligands by a size exclusion
chromatography (SEC), using Biobeads™ 5-X1 Support (200-400 mesh) as the solid
phase and chloroform as the liquid phase. Thus, the sample was dried under
vacuum, suspended in ethanol, then dried again and dissolved in distilled water
(DW). The ethanol addition is essential to maintain the colloidal stability of the
resulting sample, indeed, as we have already seen, a drastic change in solvent

polarity from chloroform to DW might induce aggregation of functionalized SiNCs.
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Furthermore, the excess PEGssoDB and the residual TPO were also removed by
dialysis (RC dialysis tube, Millipore, MW cut off=14000). Finally, the quasi-
transparent, red-emitting, colloidal solution of Si-PEGsso was stored at room

temperature.

Synthesis of SiNCs functionalized with 11-(poly(ethylene glycol)) undec-1-ene

and 10-undecenoic acid

M 0\/\%%

o o
o - o
) PEG,,0DB A
[—H
Toluene o)
4-DDB OH

overnight n

Figure 4.6- diazonium salt initiated hydrosilylation procedure for the
functionalization of hydride-terminated SiNCs by alkene-terminated PEG (Mn=

2000) and tert-butyl 10-undecenoate.

A batch of 4 nm diameter hydride-terminated SiNCs, obtained after the etching
procedure of 400 mg of oxide-embedded SiNCs powder, was dissolved in 10 mL of
dry toluene inside a nitrogen-filled glove box. The sample was divided in three
different vials and different percentages of tert-butyl 10-undecenoate and 11-
(poly(ethylene glycol)) undec-l-ene (PEG20DB) were added to each vial.
Respectively, 257 mg of tert-butyl 10-undecenoate (1.07 mmol, 90%) and 266 mg of
PEG2000DB (0.12 mmoli, 10%) were added to the first vial (Si-(10%)PEGz000) , 242 mg
of tert-butyl 10-undecenoate (1 mmol, 85%) and 400 mg of PEG200DB (0.18 mmoli,
15%) were added to the second vial (Si-(15%)PEGz00) and 228 mg of tert-butyl 10-
undecenoate (0.95 mmol, 80%) and 532 mg of PEG2000DB (0.25 mmoli, 20%) were
added to the third vial (Si-(20%)PEGzu0). 2 mg of the radical initiator 4-DDB was
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added to each one, together with a magnetic stirrer. The three reaction mixtures
were stirred under inert atmosphere and at room temperature overnight (figure
4.6). The turbid solutions started to appear transparent 15-20 minutes after having
added the radical initiator, clear evidence of the started hydrosilylation reaction.
Therefore, the products were filtered over 0.45 um PTFE syringe filter to remove the
un-reacted and precipitated SiNCs from the solution (if any), concentrated under
vacuum and isolated from the un-reacted ligands and 4-DDB by a size exclusion
chromatography (SEC), using Biobeads™ S-X1 Support (200-400 mesh) as the solid
phase and distilled chloroform as the liquid phase. The first collected fraction from
the SEC is the product. Trifluoroacetic acid was added to each product in
chloroform (1/3 of the final volume solution) and the reactions were stirred at room
temperature, under air, for 4 hours. Trifluoroacetic acid is commonly used to
remove the tert-butyl protecting group. Therefore, the solutions were concentrated
under vacuum, suspended in ethanol, then dried again and dissolved in distilled
water (DW). The ethanol addition is essential to maintain the colloidal stability of
the resulting sample, indeed, as we have already seen, a drastic change in solvent
polarity from chloroform to DW might induce aggregation of functionalized SiNCs.
Furthermore, the excess PEG200DB and the eventually residual reagents were also
removed by dialysis (RC dialysis tube, Millipore, MW cut off=14000). Finally, the
transparent, red-emitting, colloidal solutions of Si-(10%)PEGze0, Si-(15%)PEG2000

and Si-(20%)PEGz00 were stored in a fridge in order to avoid mold formation.

4 7.3 PEG-Passivated SiNCs by Amide Bond Formation

Synthesis of SiNCs functionalized with dodecene and 10-undecenoic acid

SiNCs passivated with dodecyl chains and 10-undecenoic acid were synthesized by

following an adaptation of a literature procedure!®>:
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Figure 4.7- diazonium salt initiated hydrosilylation procedure for the
functionalization of hydride-terminated SiNCs by dodecene and 10-undecenoic

acid

A batch of 4 nm diameter hydride-terminated SiNCs, obtained after the etching
procedure of 400 mg of oxide-embedded SiNCs powder, was divided in three
different vials and different percentage of dodecene and 10-undecenoic acid were
added to each one inside a nitrogen-filled glove box. The two molecules have been
used both as the ligands and as the solvent. Respectively, 2.7 mL of DDE (12 mmaol,
90%) and 0.3 mL of 10-undecenoic acid (1.5 mmoli, 10%) were added to the first vial,
2.1 mL of DDE (9.5 mmol, 70%) and 0.9 mL of 10-undecenoic acid (4.5 mmoli, 30%)
were added to the second vial and 1.8 mL of DDE (8.1 mmol, 60%) and 1.2 mL of
10-undecenoic acid (5.9 mmoli, 40%) were added to the third vial. 2 mg of the radical
initiator 4-DDB were added to each vial, together with a magnetic stirrer. The three
reaction mixtures were stirred under inert atmosphere and at room temperature
overnight (figure 4.7). The turbid solutions started to appear transparent 15-20
minutes after having added the radical initiator, clear evidence of the started
hydrosilylation reaction. Therefore, the products were filtered over 0.45 um PTFE
syringe filter to remove the un-reacted and precipitated SiNCs from the solution (if
any), concentrated under vacuum and isolated from the un-reacted ligands and 4-
DDB by a size exclusion chromatography (SEC), using Biobeads™ S-X1 Support
(200-400 mesh) as the solid phase and distilled chloroform as the liquid phase. The
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tirst collected fraction from the SEC is the product, Si-COOH. Therefore, the
solutions were dried under vacuum and suspended in ethanol. Only the products
with 30 and 40% of 10-undecenoic acid were found to be dispersible in a solvent as
polar as ethanol, even though, these ligands are not polar enough to make a stable
and durable SiNCs suspension in water. 'H-NMR for the DDE 60% 10-undecenoic
acid 40% sample (400 MHz, CDsOD): 6=0.86 ppm (bs, 3H); 6=1.2-1.4 ppm (bs, 22H);
8=2.28 (bs, 1.22H). The chemical shifts confirm a ratio of the two ligands on the
SiNCs surface equal to the ratio used during the hydrosilylation reaction, DDE 60%

and 10-undecenoic acid 40%.

Synthesis of SiNCs functionalized with poly(ethylene glycol) methyl ether

amine

Starting from SiNCs functionalized with DDE 70% and 10-undecenoic acid 30%,
poly(ethylene glycol) methyl ether amine (average Mn=750) was introduced in a

second reaction step in order to obtain a new amide bond.

/\M)Ok O
EDC-HCI /\(\/))k
: 8 OH 4 N—PEG,s5-0CH, s NH—PEG;5-OCH;
Si + — > Si
\/CIOH2l DME \/C10H21

Figure 4.8- reaction scheme for the functionalization of the SiNCs surface with

poly(ethylene glycol) methyl ether amine chains

DDE 70% and 10-undecenoic acid 30% functionalized SiNCs were dried under
vacuum, dispersed in 2 mL of DMF and introduced inside a one-neck round-bottom
flask together with a magnetic stirrer. 0.15 mmol of poly(ethylene glycol) methyl
ether amine (average Mn=750) where then added to the reaction mixture. The
solution was cooled down to 0°C and, under continuous stirring, 0.16 mmol of the

coupling reagent N-(3-Dimethyaminopropyl)-N’-ethylcarbodiimide hydrochloride
93



(EDC-HCI) were added. Thus, the reaction mixture was stirred at 0°C for 30
minutes, then it was heated to room temperature and left stirring overnight (figure
4.8). Therefore, the product was filtered over 0.45 um PTFE syringe filter to remove
the un-reacted and precipitated SiNCs from the solution, concentrated under
vacuum and isolated from the un-reacted ligands by a size exclusion
chromatography (SEC), using Biobeads™ S-X1 Support (200-400 mesh) as the solid
phase and distilled chloroform as the liquid phase. The first collected fraction from
the SEC is the product. Therefore, the solution was concentrated under vacuum,
suspended in ethanol, then dried again and dissolved in distilled water (DW). The
ethanol addition is essential to maintain the colloidal stability of the resulting
sample, indeed, as we have already seen, a drastic change in solvent polarity from
chloroform to DW might induce aggregation of functionalized SiNCs. The
transparent red-emitting colloidal solution, Si-NH-PEGz7s was then stored at room

temperature.
4.3 Results and Discussions

4 3.1 PEG-Passivated SiNCs by Thiol-Ene Click Reaction

TEM measurements

The size distribution of the so-called 5 nm diameter Si-PEG was evaluated by TEM
analysis (figure 4.9 a) and is compatible with the corresponding so-called 5 nm
diameter dodecyl-terminated sample (figure 4.9 b) and others previously reported

samples of alkyl-terminated SiNCs prepared by the same methodology.106216217

The Si-PEG TEM characterization is also showing the presence of nanocrystals
embedded in an amorphous matrix, which is consistent with the presence of the
polymeric ligand. SiNCs diameter is (4.9 + 1.2) nm, as displayed by the lognormal

titting of the size distribution displayed in figure 4.9 a. In addition, the EDS
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spectrum clearly shows an increasing amount of oxygen with respect to SiNCs

passivated with simple dodecyl chains, sample available from previous work.2¢

st

05 10 15 20 25 30 05 10 15 20 25 30
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Figure 4.9- TEM micrograph (top) of Si-PEG (a) and SiNCs passivated with dodecyl
chains (b), and corresponding EDS spectra (bottom) acquired on an area of the
sample covered by SiNCs, as highlighted in the micrograph. Size distribution for
both samples is displayed in the insets. The estimated nanocrystal diameter is: (4.9

+1.2) nm (a) and (5.1 + 1.1) nm (b).

Photophysical properties

The absorption spectra of Si-PEG exhibit an unstructured absorption profile that is
characteristic of SiNCs (solid lines in figure 4.10 a).*'** The photophysical data
reported in table 4.1 for Si-allyl and Si-PEG in toluene demonstrate that the

radiative transition is characterized by the same energy, similar photoluminescence
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intensity decays (1) 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 step a (figure 4.1 a), 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 4.10

and in table 4.1: bright red to NIR emission (Amax=735 and 945 nm) are observed for

average core diameter of 4 and 5 nm, respectively.
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Figure 4.10- (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) Picture of Si-PEG with a

silicon core diameter of 4 nm dispersed in water under visible light, on the left, and

under 365 nm UV light excitation, on the right.
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diameter =4 nm diameter =5 nm
SiNC solvent | Aqax (nm) | PLQY | T(ps) | Amax (nm) | PLAY | T(ps)
Si-allyl | toluene 770 0.41 74 955 0.30 135
Si-PEG | toluene 770 0.20 68 950 0.29 130
5i-PEG water 735 0.16 60 945 0.18 120

Table 4.1- 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.

Stability and pH-sensitivity

Dynamic light scattering analysis (DLS) was used to evaluate hydrodynamic
volumes of Si-PEG samples 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 (figure 4.11). 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, photoluminescence lifetime of an Si-PEG
sample in distilled water shows no change (figure 4.12) in a 1-day range and a little
decrease in blood serum at 37°C (figure 4.13), suggesting that the PEG surface
functionalization was able to prevent interaction with serum proteins. 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 (figure
4.14). On the contrary, at acidic pH, we observed a significant and fully reversible
increase of lifetime (figure 4.15), suggesting the possibility of implementing a pH
sensor based on the luminescent lifetime of Si-PEG. It is worth noting that the

lifetimes reported in figure 4.15 are lower than the value reported in distilled water
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(table 4.1) and 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 (figure 4.16), whose presence may affect the signal detected and

reduce the reliability of the sensor.
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Figure 4.11- Dynamic light scattering analysis of a) 3 nm and b) 5 nm Si-PEG in

water
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Figure 4.12- Stability test of 4 nm Si-PEG in distilled water at room temperature
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Figure 4.13- Stability test of 4 nm Si-PEG in blood serum. Lifetime values were

recorded with a regular schedule while heating the sample at 37°C for 4 hours
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Figure 4.14- Luminescence lifetimes as a function of pH (values reported in blue) in
successive additions of KOH and HCI to a 7.5 x 107 M solution of 4 nm Si-PEG in

water. Ae=365nm; Aem > 550 nm
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Figure 4.15- Luminescence lifetimes as a function of pH (values reported in blue) in

successive additions of HCl and KOH to a 7.5 x 107 M solution of 4 nm Si-PEG in

water. Ae=365nm; Aem > 550 nm
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Figure 4.16- Luminescence lifetimes before (black dot) and after (red line) the

addition of glucose oxidase and catalase
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Dioxygen was removed from aqueous solutions of 4 nm Si-PEG using two
enzymes, glucose oxydase and catalasel4. These two enzymes in the presence of
glucose and oxygen catalyze a reaction in which in the first step 1 eq of oxygen is
consumed to produce hydrogen peroxide, and in the second step the peroxide
regenerates 0.5 eq of oxygen and 0.5 eq of water. The net effect is that 0.5 eq. of

oxygen is removed per catalytic cycle.

The dependence of luminescence lifetime from temperature in a biologically
relevant interval was further investigated. The PL lifetimes decrease by increasing
the temperature, with a linear trend. The variation is reversible upon increasing or
decreasing the temperature, even if a slight variation of the slope was observed. The
same behaviour is observed for both 4 nm and 5 nm nanocrystals, but the slope is

higher for 5 nm nanocrystals, as reported in the picture inset (figure 4.17).218
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Figure 4.17- temperature dependence of the PL lifetime of 4 nm (left) and 5 nm
(right) SiNCs functionalised with PEG in DW. The black dots are the luminescence
lifetimes obtained rising the temperature from 20 to 50°C, while the red ones are
obtained following the reverse path. Below the pictures the slope of the linear

regression fit of the black dots is reported.
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Biodistribution and luminescence bioimaging

For the evaluation of biodistribution and potential of Si-PEG to be utilized for
luminescence guided surgery, we selected an Si-PEG sample with average diameter
of 4 nm because of the higher sensitivity of detectors in this spectral range as
compared to the NIR-II spectral region. We found that in vivo (IV) injected Si-PEG
were primarily excreted through the liver in athymic nude mice (figure 4.18), with
maximum excretion occurring at 24 h, as determined via ex vivo imaging (see
appendix A for more details about in vivo animal studies). In addition, a time study
of accumulation of IV injected Si-PEG in mice with MDA-MB-231 flank tumors was
conducted. Si-PEG were found to accumulate in these tumors over time, with
maximum localization at 24 h. These SiNCs were found to remain in these tumors
for 48 h (figure 4.19). Therefore, SINCs accumulate in the liver as well as in MDA-
MB-231 tumors. The efficiency of targeting the tumor in comparison to
accumulation in the liver was estimated by the emission intensity ratio as a function
of time: an intensity ratio of 0.9 (tumor to liver) was observed at 2 h post injection
(figure 4.20). A comparison of steady-state versus time-gated luminescence imaging
was undertaken. Si-PEG (1.5 uM) were subcutaneously injected in athymic nude
mice and the luminescence measured via both steady-state and time-gated
detection. We found that the signal to background ratio is enhanced by a factor of 3
when utilizing time-gated luminescence imaging compared to steady-state

luminescence imaging (figure 4.21).
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Figure 4.18- (a) Biodistribution of Si-PEG measured ex-vivo after in vivo injection.
(b) Luminescence images of tumor, liver, kidney and spleen at different time points.
Normalised luminescence intensities as a function of time. The intensity value and
error bar for each organ are the average and standard deviation of luminescence

intensities of all pixels in the organ area
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Figure 4.19- SiNCs localized in MDA-MB-231 tumors. Si-PEG (1.5 uM) were IV
injected and the luminescence in MDA-MB-231 tumors was imaged. (a and ¢) White
light images with skin intact and with skin removed, respectively, 2 h post injection;
(b and d) luminescence images 2 h post injection with skin intact and skin removed,
respectively; (e and g) white light images with skin intact and skin removed,

respectively, 48 h after injection; (f and h) luminescence images 48 h post injection.
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Figure 4.20- Ratio of the luminescence intensities of Si-PEG localized in tumours
and liver measured ex-vivo as a function of time after in vivo injection. The intensity
values and error bars are the average and standard deviation of luminescence

intensities of all pixels in the tumor and liver area.
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Figure 4.21- Advantages of time-gated imaging. Si-PEG (1.5 uM) were
subcutaneously injected into athymic nude mice (a) white light image indicating
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 signal to background ratio afforded by time-gated imaging (delay
10 us).

4 3.7 PEG-Passivated SiNCs by Direct Hydrosilylation

Photophysical properties

Si-PEGss0 absorption and emission spectra in water show the general SiNCs
photophysical features (figure 4.22), thus these SiNCs are well functionalized and
the polar environment does not affect their properties. The luminescence quantum
yield was measured to be equal to 7% in water and the luminescence lifetime 50 us.

These values are typical for 4 nm diameter SiNCs in water.
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Figure 4.22- absorption (continuous line) and emission (dashed line, Aex= 460 nm)
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Si-(10%)PEGz000, Si-(15%)PEGz000 and Si-(20%)PEGzo00 samples were characterized
by acquiring their emission spectra (figure 4.23 a, b and c respectively), their
luminescene quantum yield (PLQY) and their luminescence lifetimes (1) in three
different solvents, CHCls (before the reaction with TFA), EtOH and distilled water

(DW), in order to determine eventual photophysical properties variations caused

by the three different environment polarities.
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Figure 4.23- emission spectra in chloroform (dark red line), ethanol (orange line)

and distilled water (green line) for Si-(10%)PEGz000 (a), Si-(15%)PEGz00 (b) and Si-

(20%)PEG2000, Aex= 460 nm

The Aem max of the three samples is about 900 nm, does not matter the ratio between

the two ligands used to passivate the SiNCs surface. A little blue-shift of few nm is

observed going from chloroform to ethanol, otherwise, N0 Aem, max shift is observed

from ethanol to DW. The PLQY and the t values increase after the reaction with

TFA, the registered values in EtOH are higher respect to those registered in CHCls,

even though a little decrease is observed going from EtOH to DW, which is always

expected (table 4.2). We can estimate a good surface functionalization since the

different solvent polarity does not really affect the SINCs photophysical properties.
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Solvent PLQY (%) T (us)

CHCl, 20 120

Si-(10%)PEG,q00 EtOH 25 150
DW 15 100

CHCl, 15 100

Si-(15%)PEG, 00 EtOH 20 150
DW 22 100

CHCI, 13 100

Si-(20%)PEG 0 FtOH 23 140
DW 15 110

Table 4.2- Photoluminescence quantum yield (PLQY) and lifetime (t) of Si-
(10%)PEG2000, Si-(15%)PEG2000 and Si-(20%)PEGz000 in chloroform (before TFA

reaction), ethanol or distilled water.

Figure 4.24- photos of Si-(10%)PEGzo0 in chloroform, ethanol and distilled water
(from left to right) under sun-light (on the top) and under UV irradiation (on the

bottom)

108



The photophysical properties of the samples Si-(10%)PEGzo00, Si-(15%)PEGz2000 and
Si-(20%)PEGazo0in DW were acquired again after two weeks in order to estimate the
samples stability over time. No significant change was observed (figure 4.25), the

samples showed a good stability and they are still well disperse in water even after

two weeks.
a) b)
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Figure 4.25- photophysical properties acquired after two weeks. (a) Emission
spectra in distilled water for Si-(10%)PEGzo0 (green line), Si-(15%)PEGazo00 (dark red
line) and Si-(20%)PEGz000 (orange line), Aex= 460 nm; (b) photoluminescence
quantum yield (PLQY) and lifetime (t) of Si-(10%)PEGz000, Si-(15%)PEG2000 and Si-
(20%)PEG2000 in distilled water.

The sample Si-(15%)PEG:z00 was also analysed in terms of PLQY and t in a PBS
solution. We estimated a PLQY equal to 5% and a T equal to 60 ps for a fresh solution

and a PLQY of 2.5% and a t of 70 us for the same solution, a week later.

Stability tests and pH-sensitivity

The sample Si-PEGss was diluted to reach a volume equal to 5 mL by adding a

phosphate buffer (PBS) solution (0.05 M, pH=7.2), commonly used in the biological
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research to mimic the human body environment since the osmolarity and the ion
concentrations of this solution match those of the human body. The sample revealed
to be a well stable colloidal solution even after 4 days of stirring, with no sign of

SiNCs aggregation and precipitation.

The sample Si-(15%)PEG:z00 (we used the one functionalized with 85% of tert-butyl
10-undecenoate and 15% of PEG200DB, since it revealed to be the best one in terms
of luminescence quantum yield and stability) was diluted to reach a volume equal
to 5 mL by adding a phosphate buffer (PBS) solution (0.05 M, pH= 7.2), as in the
previous case. Even this sample was stirred for 4 days and, afterwards, it was heated
to 37°C for 4 hours. It showed no sign of aggregation or deterioration with this
treatment and this was confirmed by acquiring absorption and emission spectra

(figure 4.26) and luminescence lifetimes over time (figure 4.27).
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Figure 4.26- absorption (red line) and emission (blue line, Aexe= 365 nm) spectra of
the sample Si-(15%)PEGz00 in PBS solution after 4 days of stirring and heating to
37°C for 4 hours

In figure 4.26 we can observe the classic un-featured SiNCs absorption spectrum

and the classic Gaussian-shaped red-emitting SiNCs emission band. The Si-
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(15%)PEGa200 photophysical properties are not changed because of the buffer
presence, the stirring and the heating procedure.

As soon as the sample is diluted with the PBS solution, the luminescence lifetime
decrease from 100 us to 50 ps, however, it remain very stable during the 4 days of
stirring in PBS and, moreover, the acquired measurements show a lifetime value
which slowly increase along time, reaching 85 us at the fourth day of measurements
(figure 4.27 b). Emission intensity and the emission color do not change during the

experiment (figure 4.27 a).
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Figure 4.27- Si-(15%)PEGz2000 luminescence lifetime measurements along 4 days of
stirring at room temperature in PBS solution. (a) luminescence intensity decay,
which remain almost the same during the experiment; (b) lifetime values registered

during the 4 days

Subsequently, the same sample was heated to 37°C. The luminescence lifetime
rapidly drops down from 80 us to 65 ps during the first half hour of measurement.
Then the sample acquires a stable lifetime value of 65 us (figure 4.28 b) with no
further emission intensity or emission color changes for one day of measurements
(figure 4.28 a). The sample was then cooled down to room temperature and, as a
consequence, the luminescence lifetime was restored from 65 ps to 75 s (figure 4.28

b). Si-(15%)PEGz0 in PBS still appear as a stable, clear, red-emitting colloidal
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solution, for all of these reasons it could be a good candidate for biological imaging

experiments.
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Figure 4.28- Si-(15%)PEG:200 luminescence lifetime measurements along 1 day of
stirring at 37°C in PBS solution. (a) luminescence intensity decay, which slowly
decrease during the experiment; (b) lifetime values registered during the 24 hours

of experiment

Dynamic light scattering analysis (DLS) was used to evaluate hydrodynamic
volumes of Si-(10%)PEGzo00, Si-(15%)PEGz000 and Si-(20%)PEGzo0 samples in water
and their stability as a function of time. The results indicate diameters of around (30
+ 5) nm for the three samples and no significant change was observed over a two-
week time interval, demonstrating no aggregation. Figure 4.29 reports the DLS
measurement of Si-(15%)PEGzo00, where we can observe two different populations.
The population with the bigger average diameter, which is negligible in terms of
weight percentage, could be due to some SiNCs aggregation that we can not remove

by all the purification steps applied to the sample.
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Figure 4.29- Dynamic light scattering analysis of Si-(15%)PEGzo0 in water (equal to

the measurements done for the other samples)

The optical properties pH dependence were then studied for the sample Si-
(15%)PEGaz00 in PBS solution (0.05 M, pH= 7.2). 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 (pH around 7 units) (figure 4.30). On the
contrary, at acidic pH (a pH around 3 units was reached in this experiment), we
observed a significant and fully reversible increase of lifetime (figure 4.30),
suggesting the possibility of implementing a pH sensor based on the luminescent
lifetime of Si-(15%)PEGazo. It is worth noting that the lifetimes reported in figure
4.28 are lower than the values reported in distilled water (table 4.2 and figure 4.25

b) and is due to the effect of ionic strength in the PBS solution.
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Figure 4.30- Luminescence lifetimes as a function of pH (values reported in blue) in
successive additions of KOH and HCl to a 7.5 x 10”7 M solution of Si-(15%)PEGzo00

in PBS solution. Ae=365nm; Aem > 550 nm

It is worth noting that the fresh Si-(15%)PEGz00 sample has a pH value equal to 2
units. This acidic pH could be explained by considering the reaction step involving
the TFA during the synthetic procedure to obtain the final sample itself. In order to
bring the sample to a neutral pH value, a dialysis was done (RC dialysis tube,
Millipore, MW cut off=14000) and a pH equal to 6.5 units was reached. The
photophysical properties of this sample revealed to be not enormously affected by
this purification step since we measured a PLQY of 15%, a T of 75 ps and a Aemmax
equal to 800 nm. Even the hydrodynamic volume, (25 + 5) nm is the registered value,
is not really affected. The dialysed sample appeared to be stable in terms of t (75 us
over the time), acquiring these values by stirring the sample at RT for one day.
Therefore, the same sample was heated to 37°C for 8 hours. As we have previously

seen, a rapid decrease in T values was recorded, until reaching a stable value of 60
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us. Interesting is that, cooling the sample to room temperature, a full lifetime

recovery to its initial value was seen (figure 4.31).
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Figure 4.31- Stability test of Si-(15%)PEGz00 in DW after dialysis. Lifetime values

were recorded for one day at room temperature, then heating the sample to 37°C

for 8 hours and finally for another day after the RT recovering. Ae=365nm; Aem > 550

nm

4 3.3 PEG-Passivated SiNCs by Amide Bond Formation

Photophysical properties

SiNCs passivated with dodecene and 10-undecenoic acid

The sample Si-COOH (DDE 70%, 10-undecenoic acid 30%) has been
photophysically characterized both in EtOH and in PBS solution (pH=0.07; 0.05 M).
In figure 4.32 we can observe that the functionalization does not change the classical

4 nm diameter SiNCs absorption end emission properties, with an unfeatured

absorption spectrum and an emission band cantered around A = 800 nm. Even the
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solvent does not affect these properties, revealing a good surface functionalization

of the product.

I(a.u.)

400 600 800 1000
A (nm)
Figure 4.32- absorption (continuous line) and normalized emission spectra (dashed

line) of the sample Si-COOH (DDE 70%, 10-undecenoic acid 30%) in EtOH (red

lines) and in PBS solution (purple line). Aexc = 460 nm

The measured PLQYs are equal to 10% in EtOH and to 5% in PBS solution, the

measured t are equal to 100 us in EtOH and 76 ps in PBS solution.

SiNCs functionalized with poly(ethylene glycol) methyl ether amine

The sample Si-NH-PEGzs0 has been photophysically characterized both in EtOH
and in distilled water (figure 4.33). Even in this case, the absorption spectra appear
to be equal to the 4 nm diameter SiNCs classic absorption spectrum. The emission
spectra are centered at Aemmax =770 nm in EtOH and at Aemmax =790 nm in distilled

water.

116



2.0 1.2
L 1.0
15 - //’N\
/ \\
,I \\ 0.8
A 3
< 10 I’ \\ 06 g
Il \\ -
II \ \ - 0.4
] /
05 / \ \
/ \y\ L 0.2
// \ N\
0.0 - : AN )
400 600 800 1000
A (nm)

Figure 4.33- absorption (continuous line) and normalized emission spectra (dashed
line) of the sample Si-NH-PEGs in EtOH (green lines) and in distilled water (blue

lme) Aexe =460 nm

The measured PLQYs are equal to 8% in EtOH and to 7% in DW, the measured t
are equal to 94 us in EtOH and 82 ps in DW.

Stability tests

A little amount of the Si-NH-PEGzs0 sample has been diluted to a volume of 5 mL,
by adding a PBS solution (pH =7; 0.05 M), in order to determine the sample stability
in this environment which mimics the one inside the human body. The sample
revealed to be not stable enough, since it started to aggregate and to precipitate an

hour later the solution was done.
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4 4 Gonclusions

The current studies demonstrate new synthesis of polyethylene glycol
functionalized silicon nanocrystals (average core diameter of 4 and 5 nm) with
advantageous optical properties of NIR emission. All the registered values acquired
in DW are reported in table 4.3, to make a comparison between the synthesized
samples. The best two synthesized samples are Si-PEG and Si-(15%)PEGzon in
terms of all the photophysical measurements, the sample stability in different
aqueous solutions and the reaction chemical yields. This is the reason why the pH
sensitivity has been studied only for these two samples, leading to the same results
and suggesting the possibility to realize a pH-sensitive device based on these silicon

nanocrystals solutions.

It has also been shown that the Si-PEG sample, obtained by the thiol-ene click
reaction, have the potential to be utilized for luminescence guided surgery, since
they accumulate in the tumor and are excreted within 48 hours, as demonstrated in
mice with MDA-MB-231 tumors. In addition, due to the long emission lifetime of
these SiNCs (60 us), the signal to background ratio and background ambient light

suppression can be enhanced via time-gated luminescence imaging.

Future studies are aimed at increasing the molar absorption coefficient of SINCs in
the red and NIR spectral region by a light-harvesting approach. This approach was
already demonstrated in organic solvents:12163164167 ypon excitation of dye
molecules appended at the nanocrystal surface, sensitized emission of the Si core is
observed. This will enable red excitation of SiNCs coupled to time-gated NIR
luminescence for deeper tissue penetration. Furthermore, conjugation of the
terminal OH group of the PEG shell to a tumor targeting agent will be investigated

for active targeting of the tumor.
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Amax,em PLQY PL DLS Stability pH
(nm) | (%) T | (nm) sensitivity
(jus)
Si-PEG 735 16 60 |30+10 |- Stable in DW at |~ Ot stable
RT at  basic
~ Stable in blood | PH
serum at 37°C for | Ste_lble at
4h under stirring acid pH
Si-PEGsso 690 7 50 - Stable in PBS
solution for 4
days under
stirring
Si-(10%)PEGz000 | 860 15 100 | 30+5
Si-(15%)PEG:2000 860 22 100 | 30+5 |- Stable in PBS |- Not stable
solution for 4 at  basic
days under pH
stirring
- Stable if heated |~ StPle at
to 37°C for 4h acid pH
Si-(20%)PEGz2000 | 860 15 110 | 305
Si-NH-PEG7s0 790 7 82 - Not stable in PBS
solution under
stirring

Table 4.3- comparison between Amaxem, PLQY, PL t, DLS measurements, stability
over time in DW or PBS solution or blood serum and pH sensitivity of the following
samples: Si-PEG; SiPEGsso, Si-(10%)PEG:z000, Si-(15%)PEGz000, Si-(20%)PEG2000 and
Si-NH-PEGs.
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a wilicon Nanocrystals and
FHuorescent Dyes Encapsulated in
Water-doluble Polymer

Nanoparticles for Fluorescent
Jinimaging

9. Introduction

Fluorescent Polymer Nanoparticles (PNPs), which are many fold brighter than
organic dyes, can improve many relevant features in the fluorescent bioimaging
field, such as speed, resolution and sensitivity. The field is currently dominated by
inorganic nanoparticles, QDs for example; nevertheless, dye-loaded PNPs have
recently shown better properties as the ability to combine superior brightness with
biodegradability and low toxicity. The resulting PNPs now surpass the brightness
of QDs by = 10-fold for a comparable size, and have started reaching the level of the
brightest conjugated polymer NPs. A large number of dyes needs to be confined in
a very small volume, the PNP itself, in order to achieve a very high brightness value

(figure 5.1), by increasing the molar absorption coefficient.?!
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Figure 5.1- Schematic view of a dye-loaded PNP and its principal characteristics:
brightness (proportional to number of encapsulated dyes, their extinction
coefficient and quantum yield), control of nonspecific interactions, and

implementation of selectivity. Reprinted with permission from the ref.??

However, at such high dyes-loadings confined in such small volumes, the typically
flat aromatic structure of fluorophores favours aggregation caused quenching
(ACQ), which is further enhanced through the fast excitation energy transfer (EET)
due to the small inter-fluorophore distances.??’ Together these two effects strongly
decrease the PLQY and limit the brightness of dye-loaded polymer NPs. Recently,
several approaches were introduced allowing a strong ACQ reduction, such as dye
modification with bulky side groups*'?? and bulky counterions.'® These new
possibilities and the increasing need for ultra-bright fluorescent probes lead to a

rapid growth of the field of bright dye-loaded PNPs.?"

In this work, SiNCs and high concentrations of organic dyes are together
encapsulated within PNPs to obtain an ultra-bright fluorescent probe. Exciting the

organic dyes, in absence of ACQ, they usually give an ultra-fast EET, which ensures
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collective behaviour of multiple fluorophores, allowing their simultaneous
quenching in the presence of a radical dark species (if any) (figure 3.4, chapter 3.2),
useful for signal amplification in chemo and biosensor.?>?* This collective
behaviour is exemplified by on/off switching (blinking), a process normally
observed for single emitters such as a single fluorophore?* or QDs.?? In this work,
a large number of fluorophores is collectively quenched by PNPs trapped SiNCs,
resulting in their photoluminescence sensitization. This is the non-covalent
approach to obtain the efficient light-harvesting antennae that we previously
discussed in chapter 3.2. Particularly helpful for in-vivo applications is the use of

NIR-emitting SiNCs (5 nm diameter) as acceptor units.

Synthesis of Dye-Loaded and SiNCs-Loaded Polymer Nanoparticles

PNPs can be synthesized starting either from preformed polymers that are
assembled into NPs, or from the corresponding monomers that are polymerized in
emulsions to yield NPs. The polymerization of monomers is conducted in different
kinds of emulsions depending on the system composition and the used conditions.
We can usually distinguish between (conventional-)emulsion, mini-emulsion, and
micro-emulsion polymerization.??- When NPs are realized after the polymer
synthesis, a wide range of polymers can be used, including some biodegradable
polymers, such as poly(lactic- co glycolic acid) (PLGA), polycaprolactone (PCL) and
some specially designed block-copolymers. The three main approaches used to
prepare dye-loaded NPs from preformed polymers are: emulsification solvent

evaporation, nanoprecipitation, and self-assembly.

Nanoprecipitation, also called solvent displacement, is the chosen method in this
work. The polymer is dissolved in a water-miscible solvent, e.g. tetrahydrofuran
(THEF), together with the organic dyes and the alkyl-terminated SiNCs in pre-

established concentration values. Upon the addition of this solution to an aqueous
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phase, the rapid diffusion of the solvent into the aqueous phase (and vice versa) and
the a-polarity of dyes and SiNCs, lead to the supersaturation status of the polymer
and the formation of dyes-and-SiNCs-loaded NPs.?? In this system, dyes and SiNCs

are physically trapped inside the polymer NPs (figure 5.2).
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Figure 5.2- Schematic representation of Nanoprecipitation technique used for the
preparation of dyes and SiNCs loaded NPs from preformed polymers.

Nanoprecipitation is a kinetically controlled process,???* in which the particles’ size
is influenced by the polymer concentration, the relative amounts of organic and
aqueous phase, the presence of stabilizers and the mixing procedure.???! The use
of a stabilizer is not essential for the formation of small polymer NPs. In its absence,
polar groups or charged groups on the polymer chains play an important role in the
NPs formation.?> NPs from ca. 10 nm to several hundreds of nm can be obtained
through this technique. The kinetically controlled formation mechanism favours
the entrapment of desired units.?2% However, strong differences in the solubility
of these units and the polymer in the organic and/or aqueous phase can, at high unit
loadings, influence particle formation and thus lead to inhomogeneous distribution

of the units within NPs.?¢ In dye-loaded PNPs high and efficient loading are
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important. The release of dyes and SiNCs from fluorescent PNPs is undesired and

detrimental to their use in bioimaging applications.

Polymer Nanoparticles Properties

Different parameters need to be controlled in order to prepare a stable colloidal

solution of PNPs with high brightness and employable in bioimaging applications.
Brightness

The brightness of a fluorescent dye, B = ¢ x QY, determines the signal that can be
obtained from a single molecule and thus defines sensitivity and resolution. For
dye-loaded polymer NPs, & depends directly on the number of encapsulated
fluorescent dyes. Therefore, in order to increase the brightness, one can increase the
dye concentration in the polymer matrix and/or particle size. For biological
applications, it is useful to increase the particle brightness and to reduce its size in

the same time.

In this work, PNPs are loaded both with dyes and SiNCs so we can see the SiNCs
sensitized luminescence thanks to the EET process which takes place. The SiNCs

sensitization is higher by encapsulating a higher number of organic dyes inside the

PNPs.
Size

In order to use polymer NPs for biological applications, the control of their size is a
very important point. The size defines the NPs destiny after their injection inside
the human body. In general, the smaller their diameter, the easier their expulsion
and their passive targeting via Enhanced Permeation and Retention effect (EPR).
Using the different methods listed above, it is possible to prepare NPs with sizes

ranging between 15 and 500 nm. PNPs with appropriate size for the scope could be
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prepared because the quantum yield of encapsulated dyes does not directly depend

on NPs size, but mostly on dye concentration and the possible ACQ.?

A wide variety of dye-loaded polymer NPs has been synthesized through
nanoprecipitation procedure. In the case of the most common polymers for
biomedical applications such as PLGA, PCL and PMMA, the standard protocols
based on nanoprecipitation give relatively large NPs of 50-300 nm.?* In order to
obtain smaller NPs, it is possible to use an alternative self-assembly approach,
which is based on charge-controlled nanoprecipitation. In this case, a single-charged
group on the polymer, such as PLGA, PCL and PMMA could decrease the size of

the obtained particle to less than 15 nm.!%
Photostability

The photostability of encapsulated organic dyes is influenced by several factors. On
one hand, the rigid polymer matrix confers significantly improved photostability to
some dyes, due to the protection from oxygen or other chemical species that could
take part in photo-degradation reactions.?*?! On the other hand, at high
concentrations organic dyes may form ground and excited state aggregates, which
may change the photochemistry of dyes and determine a decrease in the

photostability.?
Surface Chemistry and Colloidal Stability

Surface chemistry allows us to enhance the properties of fluorescent polymer NPs
for bioimaging applications, by introducing hydrophilic groups that can ensure
their colloidal stability, minimize non-specific interactions with biological
molecules and improve specific-interactions with molecules or cells of interest. The
surface chemistry of NPs clearly depends on the preparation method used and on

the type of encapsulated dyes.®
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Bioimaging Applications

Fluorescent NPs can be used either for detection of analytes, cellular or animal
imaging. Different applications need ultra-bright NPs with different requirements.
For example, cellular imaging generally needs the smallest possible NPs because
them can easily penetrate into the cells and provide less interference with the
molecular processes studied. In contrast, in vivo studies prefer particles in a size
between 30 and 200 nm. NPs should not be too large in order to prevent
accumulation in the liver or in the lungs, neither too small in order to avoid rapid
clearance through the kydneys.?*2$3 Furthermore, cellular imaging requires dyes
with an emission in the range from blue to red (400-650 nm). In contrast, in vivo
applications require NIR (= 700 nm) or at least far red (600-700 nm) emitting dyes,
because of the partial transparency of biological tissues in these spectral
regions.?#2 Currently, dye-loaded PNPs are becoming an interesting alternative to
dyes and QDs in bioimaging applications, offering new possibilities beyond

bioimaging.!68

Dye-loaded PNPs could be prepared by using biocompatible and biodegradable
polymers such as PLGA and PCL, and studies show that they typically have no
significant toxicity because of the encapsulation of the dyes.?¢ Currently, they can
be safely used for cellular imaging applications. However, in vivo studies are not
enough to demonstrate their non-toxicity on the whole body. Therefore, dye-loaded
PNPs are currently one of the major candidates for applications of fluorescent NPs

directly in a biomedical context, such as development of theranostic devices.?#-2%

In chapter 4, it has been already demonstrated that NIR-emitting SiNCs could be

efficiently used in time-gated luminescence bioimaging

The work presented on this chapter is focused on the synthesis of dye-loaded and
SiNCs-loaded polymer nanoparticles (NPs) obtained via the nanoprecipitation

technique. For this purpose, 5 nm diameter SiNCs stabilized with appropriate
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chains were synthesized and characterized. Tetrahydrofuran (THF) has been chosen
as the solvent for the nanoprecipitation synthesis because of its water miscibility.
Nanoprecipitation was performed in order to physically encapsulate the organic
dyes and the SiNCs inside the PNPs made of preformed polymers. The aim is to
obtain non-toxic fluorescent NPs brighter than the organic dyes and the QDs alone,
capable to improve the speed, the resolution, the sensitivity of today’s fluorescence
bioimaging.?’ With the confinement of a large number of organic dyes in a
restricted space, it is possible to increase the percentage of absorbed light and to
have an ultra-fast EET due to the small inter-chromophores distances.? The EET
ensure the collective behaviour of the fluorophores, which could be collectively
quenched by the SiNCs, if their distance allows it. In this way, the SiNCs emission
can be sensitized. The 5 nm diameter SiNCs are particularly interesting as ultra-
bright luminescent probes, because of their emission in the NIR regions, where the
human tissues are semi-transparent, and, most importantly, because of their long-

lived emission (hundreds of us).

0.2 synthesis of Dye-Loaded and SiNCs-Loaded PNPs

Synthesis of 5 nm diameter SiNCs functionalized with dodecyl chains

The synthetic procedure to obtain SiNCs functionalized with dodecyl chains have
been already reported in chapter 3, considering in this case a 5 nm diameter
(§iDDES5). SiDDES5 absorption spectrum shows the classic featureless tail (figure
5.3), because of the indirect band gap of Si. 4 and 5 nm diameter SiNCs show the
same spectrum shape; on the contrary, the molar absorption coefficient is
significantly influenced by the SiNCs size and: at A = 400 nm it assumes the value
of e=3*10° M? cm™ and 5*10° M cm respectively. 5 nm diameter SiNCs have been
chosen because of the higher ¢ value and because of the NIR emission, in order to

have an EET from the excited dyes, which emit at higher energies, to SiDDE5. The
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emission spectrum shows a Gaussian shaped band and the maximum emission

wavelength, Aemmax, changes with the SiNCs size. In particular, as we can see in

figure 5.3, SIDDES5 has Aemmax = 960 nm.
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Figure 5.3- absorption (orange line) and emission spectra (red line) of SiDDES5 in

THF /\ex = 380 nm

The measured PLQY in THF solution is equal to 35 % and the photoluminescence

lifetime 250 ps.

Synthesis of Dye-Loaded and Silicon Nanocrystals-Loaded Polymer

Nanoparticles

Dye-loaded and SiNCs-loaded polymer NPs (PNPs) were obtained with the
nanoprecipitation technique previously described, which is a kinetically controlled
process,?? so the particles size is influenced by the polymer concentration, the
relative amounts of organic and aqueous phase, the presence of stabilizers and the

mixing procedure,??! as we have already reported.
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A copolymer of poly(methyl methacrylate) (PMMA, frequently used in biomedical
applications) with methacrylic acid modified with sulfonate groups with a
modification degree of about 85% and with the charged groups randomly occurring
along the PMMA chain (PMMA-SO:H, figure 5.4), is the nanoprecipitated polymer
(PMMA, average Mw ~ 34000 by GPC, average Mn ~ 15000 by GPC). It has been
demonstrated by Reisch?? et al. that the size of the resulting PNPs made from
uncharged chains (just PMMA for instance) was largest, being typically above 100
nm and the TEM images of these PNPs, reported in their work, revealed a strong
tendency of aggregate formation which makes the analysis of the particle sizes
difficult. Sulfonate bearing polymers gave smaller nanoparticles with sizes typically
below 25 nm. The influence of one to two charged groups per chain thus largely
influence the resulting nanoparticle size. The use of this kind of polymer allows us
not to use a stabilizer during the procedure, since the sulfonate group undergoes
deprotonation in distilled water, bringing to an already charged PNP surface, which
avoids aggregation by itself. PMMA-SO:H has also been chosen since it allowed us
to work at a neutral pH value, avoiding basic pH buffer solutions, which are well

known to be detrimental to the SiNCs photophysical properties.
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Figure 5.4- schematic view of the chemically modified PMMA to its copolymer with
methacrylic acid modified with sulfonate groups with 85% of modification degree.

Adapted from the ref.3

In this non-covalent approach to obtain a light-harvesting antenna, 9,10-
diphenylanthracene (DPA) or N,N'-Bis-(2,6-diisopropylphenyl)1,6,7,12-
tetraphenoxy-3,4,9,10-perylenebis(dicarboximide) (the so-called Lumogen Red,
LR)*? have been the chosen dyes to be physically entrapped inside the PNPs, alone
or together with SiDDES5, during the nanoprecipitation technique. They have been
chosen since their emission is more energetic in respect to the SiDDE5 emission, so
an energy transfer from the firsts to the seconds is photophysically allowed.
Furthermore, they are ACQ-free since their three-dimensional structure avoid the
nt-stacking aggregates formation (figure 5.5 a,b). Furthermore, our group has
already demonstrated the excellent DPA energy transfer to the SiNCs,' which also
occurs without any kind of SiNCs emission quenching. On the contrary, the possible
energy transfer from LR to SiDDE5 has never been studied before, but LR is with
no doubts a better dye for bioimaging applications. Cellular studies of LR dyes
inside PNPs composed of the biodegradable polymer PLGA, showed low toxicity

and strong potential for bioimaging applications.???
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Figure 5.5- (a) LR structure; (b) DPA structure; (c) LR absorption (light blue line)
and emission spectra (orange line), Ae=500 nm; (d) DPA absorption (green line) and

emission spectra (blue line), ), Ae=375 nm.

LR (absorption and emission spectra reported in figure 5.5 c), before being
nanoprecipitated together with SiDDES5, has been studied with a Stern-Volmer (SV)
experiment in order to understand its ability to quench the SiNCs luminescence in
a THF solution with the experiment-required concentrations of the two

components.

A stock solution of LR 3.1x10* M was prepared and 10 aliquots of this solution were
added to a SiDDES5 solution 7.7x107 M in THF, so that the LR concentration changes
in the range from 5x10° M to 5x10° M. Absorption (figure 5.6) and emission spectra

(not reported since it never changes), as well as the decay of SIDDES5 luminescence
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(reported in figure 5.7 even if it is almost always the same) were acquired after every

addition of LR.
2.0
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— 3dd0
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Figure 5.6- absorption spectra of SiDDE5 upon every addition of LR in THF

solution

2500
— 3 dd0
2000 A} TN
' add3
— g dd4
—~ 1500 A
=) add?
‘EE' — 3 0d8
= 1000 —
— 3 dd11

500 -
0
0 500 1000 1500 2000

t (pus)
Figure 5.7- decay of SiDDE5 luminescence upon every addition of LR in THF. Aex=
380 nm, cut-off filter at 715nm.
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Figure 5.8 shows how the SiDDES5 luminescence lifetime changes upon every LR
addition. The t value does not change over the time, thus LR does not quench
SiDDES5 luminescence, also at the higher concentrations, meaning that it is a good

candidate for nanoprecipitation experiments.
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Figure 5.8- luminescence lifetimes of SIDDES5 upon every addition of LR in THF.

Aex= 380 nm, cut-off filter at 715 nm

The synthesis of the dyes-loaded and -or- SiNCs-loaded PNPs followed an
adaptation of a literature procedure.!¢4219222232 A 10 g/L. THF solution of the polymer
PMMA-SO:sH was prepared by weighing 20 mg of the pre-formed polymer and
dissolving them in 2 mL of THEF. The solution was stirred overnight and then stored
in a fridge. The nanoprecipitation optimized procedure uses 2 g/L. PMMA-SOsH
THEF solution, LR 0.5 wt% in THF respect to PMMA-SOsH, SiDDES5 1.5 uM in THF
solution. Four different samples were made, the empty PNPs, the
PNPs+LR+SiDDES5, the PNPs+SiDDE5 and the PNPs+LR. For the synthesis of the
empty PNPs sample the 10 g/L. PMMA-SOsH THF solution was diluted fivefold in
THF in order to obtain the 2 g/L solution. This solution was added quickly and

under stirring (shaking at 1000 rpm) using a micropipette to a tenfold volume excess
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of Milli-Q water. The particle solution was then filtered with a 0.2 um hydrophilic
filter. The sample PNPs+LR+SiDDE5 was then prepared. This time, the 10 g/L
solution of PMMA-SOsH was diluted fivefold in THF containing LR 0.5 wt%
respect to PMMA-SOsH and SiDDE5 1.5 uM in order to obtain the 2 g/L solution
of PMMA-SO:H. This solution was added quickly and under stirring (shaking at
1000 rpm) using a micropipette to a tenfold volume excess of Milli-Q water. The
particle solution was then filtered with a 0.2 um hydrophilic filter. For the sample
PNPs + SiDDES5, the 10 g/L solution of PMMA-SOsH was diluted fivefold in THF
containing SiDDE5 1.5 uM in order to obtain the 2 g/L solution of PMMA-SO:H.
This solution was added quickly and under stirring (shaking at 1000 rpm) using a
micropipette to a tenfold volume excess of Milli-Q water. The particle solution was
then filtered with a 0.2 um hydrophilic filter. In the end, the PNPs+LR sample was
prepared. The 10 g/L solution of PMMA-SOsH was diluted fivefold in THF
containing LR 0.5 wt% respect to PMMA-SOsH in order to obtain the 2 g/L solution
of PMMA-SO;H. This solution was added quickly and under stirring (shaking at
1000 rpm) using a micropipette to a tenfold volume excess of Milli-Q water. The
particle solution was then filtered with a 0.2 um hydrophilic filter. The four

nanoprecipitated samples were stored in a fridge.

Four more samples were then synthesised, empty PNPs, the PNPs+DPA+SiDDES5,
the PNPs+SiDDE5 and the PNPs+DPA. The synthetic procedure is the same used
for all the LR containing samples but with a different chromophore concentration
(DPA absorption and emission spectra are reported in figure 5.5 d). The optimized
procedure in this case uses 2 g/L. PMMA-SOsH THF solution, DPA 10 wt% in THF
respect to PMMA-SOsH and SiDDE5 1.5 uM in THF solution. Even this time the

four nanoprecipitated samples were stored in a fridge.
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2.3 Results and Discussions
Photophysical Properties of LR-Loaded and Silicon Nanocrystals-Loaded

Polymer Nanoparticles

In figure 5.9 empty PNPs, PNPs+LR+SiDDE5, PNPs+SiDDE5 and PNPs+LR
absorption spectra are reported. PNPs+LR+SiDDE5 shows the sum of the
featureless SiNCs absorption spectrum and the LR spectrum with its characteristic
peak with the maximum absorption wavelength at A = 560 nm, indicating that no
ground interaction are occurring. Furthermore, SiNCs are not precipitating or

aggregating during the nanoprecipitation in MilliQQ water.
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Figure 5.9- empty PNPs (black line), PNPs+LR+SiDDES5 (blue line), PNPs+SiDDE5

(red line) and PNPs+LR (pink line) absorption spectra

In figure 510 LR emission spectra of PNPs+LR+SiDDE5 and PNPs+LR
nanoprecipitated samples are reported, exciting at Aex = 560 nm, where the two
samples show exactly the same absorption value. The LR emission quenching in the

sample containing both the SiNCs and the dyes is evident, indicating a possible EET
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from the chromophores (donors) to the encapsulated SiNCs (acceptors). The
quenching efficiency was then calculated (see appendix A for more details) to be

equal to 30%.
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Figure 5.10- LR emission spectra of PNPs+LR+SiDDES5 (blue line) and PNPs+LR
(pink line) samples, in MilliQ water. Aexe= 560 nm, where the two samples have the

same absorption
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Figure 5.11- Absorption (blue line) and excitation spectra (red line) of

PNPs+SiDDE5+LR obtained setting Aem = 850 nm and a 0.05 ms detection delay
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The excitation spectrum is a powerful mean to verify the existence of the energy
transfer between the chromophores and the acceptors, the excitation spectrum need
to be similar and superimposable with the absorption one (figure 5.11). Excitation
spectra (figure 5.12) were acquired by setting the emission wavelength at Aem = 850
nm, where only the SiNCs emits, and by scanning the spectral region from A = 300
nm to A =700 nm, where the sample absorb the light. An increasing detection delay
was set for the sample PNPs+SiDDE5+LR (starting from no delay and reaching 0.05
ms of delay); while a 0.05 ms detection delay was set for the sample PNPs+SiDDES5.
PNPs+SiDDES5+LR spectra shows the LR contribution, which unlikely decreases by
incrementing the detection delay, nevertheless, even setting a 0.05 ms delay;, is still
possible to observe the LR characteristic peak from 500 to 600 nm, indicating the

existence of a (weak) energy transfer.

400 500 600 700
A(nm)
Figure 5.12- PNPs+SiDDE5+LR excitation spectra in Milli-Q water, obtained setting
Aem = 850 nm and an increasing detection delay: no delay (black line), 0.03 ms delay
(green line), 0.05 ms delay (red line) and PNPs+SiDDES5 excitation spectra in Milli-

Q water, obtained setting Aem = 850 nm and a detection delay of 0.05 ms (blue line).
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The SiNCs emission quenching, which did not happen during the SV experiment,
is unlikely seen, due to the presence of the SiDDES5 and LR molecules confined in a
very little space (inside the PNPs). This quenching is confirmed by a comparison
between the photoluminescence lifetime of the SiNCs encapsulated together with
the dyes and the photoluminescence lifetime of the SiNCs encapsulated by
themselves (which is equal to SiDDES5 lifetime in a THF solution) (table 5.1). For
this reason, it was impossible to acquire the Silicon emission spectrum, which was

very low and partially superimposed with the intense LR emission spectrum.

Sample T (us)
SiDDES5 in THF solution 252
PNPs+SiDDE5 250
PNPs+SiDDE5+LR 90

Table 5.1- Silicon photoluminescence lifetimes recorded from the nanoprecipitated

samples PNPs+SiDDE5+LR, PNPs+SiDDES5 and from SiDDES5 in a THF solution

Sample T (ns)
LR in THF solution 7.5
PNPs+LR 7.2
PNPs+SiDDE5+LR 7.9 and 1.8

Table 5.2- LR photoluminescence lifetimes recorded from the nanoprecipitated

samples PNPs+SiDDE5+LR, PNPs+LR and from LR free in a THF solution

Looking at the LR photoluminescence lifetimes in the PNPs+SiDDE5+LR sample

(table 5.2), one can assume the presence of an energy transfer: the higher value
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should be addressed to the LR molecules not quenched by the SiNCs, similar to the
lifetime registered for both the LR free in solution and the LR encapsulated by itself,
while the lower one to the LR molecules quenched by the SiNCs as a consequence

of the EET process.

Photophysical Properties of DPA-Loaded and Silicon Nanocrystals-Loaded

Polymer Nanoparticles

In figure 5.13 empty PNPs, PNPs+DPA+SiDDE5, PNPs+SiDDE5 and PNPs+DPA
absorption spectra are reported. PNPs+DPA+SiDDE5 shows the sum of the
featureless SiNCs absorption spectrum and the DPA spectrum with its
characteristic peak with the maximum absorption wavelength at A = 375 nm,
indicating that no ground interaction are occurring. Furthermore, SiNCs are not

precipitating or aggregating during the nanoprecipitation in MilliQ water.

300 400 500 600 700
A(nm)

Figure 5.13- empty PNPs (black line)) PNPs+DPA+SiDDE5 (blue line),
PNPs+SiDDES5 (red line) and PNPs+DPA (green line) absorption spectra
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In figure 5.14 DPA emission spectra of PNPs+DPA+SiDDE5 and PNPs+DPA
nanoprecipitated samples are reported, exciting at Aexe= 355 nm (DPA concentration
is the same in the two samples). The DPA emission quenching in the sample
containing both the SiNCs and the dyes is evident, indicating a possible EET from
the chromophores (donors) to the encapsulated SiNCs (acceptors). The quenching

efficiency was then calculated (see appendix A for more details) to be equal to 60%.
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Figure 5.14- DPA emission spectra of PNPs+DPA+SiDDE5 (blue line) and
PNPs+DPA (green line) samples, in MilliQ water. Aex = 355 nm (the DPA

concentration is the same)

SiNCs emission spectra were acquired exciting the PNPs+DPA+SiDDE5 and
PNPs+SiDDES5 nanoprecipitated samples at Aexe= 375 nm, where SiNCs absorption
is the same. The SiNCs sensitized emission in PNPs+DPA+SiDDE5 respect to

PNPs+SiDDES is evident and could be interpreted as another EET sign.
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Figure 5.15- PNPs+SiDDE5+DPA (blue line) and PNPs+SiDDES5 (red line) emission
spectra in MilliQQ water, exciting at Aex= 375 nm, where the SiDDE5 concentration

is the same.

The PNPs+SiDDE5+DPA excitation spectrum, recorded setting Aem = 850 nm and a

0.05 ms detection delay, shows the classic DPA peak, proving the EET existence

(figure 5.16).
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Figure 5.16- Absorption (red line) and excitation spectra (blue line) of

PNPs+SiDDE5+DPA obtained setting Aem = 850 nm and a 0.05 ms detection delay
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The SiNCs emission is not quenched because of the confinement of both SiDDE5
and DPA molecules inside the PNPs. This was also confirmed by acquiring the
SiNCs photoluminescence lifetime from the SiDDE5 in THF, PNPs+SiDDE5 and
PNPs+SiDDE5+DPA  samples, which did not change neither after the
nanoprecipitation of SiNCs by themselves neither after the nanoprecipitation of

SiNCs together with the dye molecules (table 5.3).

Sample T (us)
SiDDES5 in THF solution 220
PNPs+SiDDE5 200
PNPs+SiDDE5+DPA 200

Table 5.3- Silicon photoluminescence lifetimes recorded from the nanoprecipitated

samples PNPs+SiDDE5+DPA, PNPs+SiDDES5 and from SiDDES5 in a THF solution

0.4 Conclusions

With the non-covalent method, we have demonstrated that 5 nm diameter SiNCs,
previously synthesized and stabilized with dodecyl chains, can be physically
encapsulated, together with LR or DPA units, inside polymer nanoparticles made
of PMMA-SO:H, via nanoprecipitation technique. The use of LR or DPA as the
chromophores and as the donors in such light harvesting molecular antenna, avoids
the self-quenching caused by m-stacking, which takes place with flat molecules. The
fundamental phenomenon observed in this system, at high chromophore
concentration, is excitation energy transfer (EET). EET shuttles the excitation energy
between the encapsulated dye units until the interaction with an encapsulated
SINC: if it happens, the closest excited dye to the SINC works as the donor, while
the SINC works as the acceptor. In this way, it is possible to sensitize the SiNCs

emission. Through the photophysical characterization, we have showed the EET
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presence in both PNPs+SiDDE5+LR and PNPs+SiDDE5+DPA samples. The EET
was lower for the first prepared sample and more intense for the second one. DPA

quenching measurement showed a good value, equal to 60%.
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b dilicon Nanocrystals
Functionalized with Photochromic
Azobenzene Units

B.| Introduction

Photochromic units are widely used as optical switchers since they impart
photoresponsive properties to (supra)molecular architectures and materials.?'2>
They are molecules that experience a large and reversible structural change after
their optical excitation. Azobenzene belongs to this family of molecules, which has
already demonstrated to be a valid candidate for optical storage devices.
Azobenzene photochromic properties have already been utilized as a light triggered
switch in a variety of polymers,»>%¢ surface-modified materials,?”?*° protein
probes, 2026 molecular machines,?+2% holographic recording devices?”2%* and
metal ion chelators.?%-272 Azobenzene shows two isomers, the trans-form, which is
thermally stable and characterized by a planar geometry, and the metastable non-
planar cis-form, where the two benzene rings are clapped together. An external
stimulus is needed for the trans form to be converted into the cis form. Differently,
the cis-form relaxes back thermally to the trans-form within several hours. Anyway,
the two isomers can be easily interchanged by optical excitations, bringing to not
only a change in colour, but also a large structural rearrangement (the para carbon
atoms distance decreases from 9.0 to 5.5 A) and an evident increase in the dipole
moment from zero to 3.0 Debye by converting the trans to the cis isomer (figure
6.1).774?”> The azobenzene absorption spectrum shows two distinct bands: a strong
ntrt* absorption band peaking at ca. 290 nm (cis-form) and 320 nm (trans-form) and
a much weaker nm* band with a peak around 440 nm (cis and trans-form). The
reported wavelengths slightly depend on the used solvent and on the possible
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connected chains to the original azobenzene structure, which is also valid for the
photoisomerization quantum yields.””® Azobenzene also exhibits remarkable

photostability as negligible decomposition occurs even after prolonged

N O UV light N ~
N I g <
—_
Vis hight
or KT

Azo-trans Azo-cis

irradiation.?5!

IlaZ

Figure 6.1- Azobenzene isomerization reaction

In recent years, several photo-switchable Quantum Dots (QDs) have been designed.
Most of them operate on the same principle: photo-responsive molecules are bound
to the surface of QDs and they change their configuration if excited by light with
different wavelengths. These configurations have different absorption spectra, with
one capable of quenching QD fluorescence efficiently through Forster resonance
energy transfer (FRET) or electron transfer and the other having a low quenching
efficiency.”® In the literature there are many cases of photochromic units
functionalized QDs such as CdS,>72% CdSe,! CdTe,? CuO,?* ZnSe,*** core-shell
CdSe/ZnS,*% core-shell-shell CdSe/CdS/ZnS,*. Herein, we report for the first
time Silicon Nanocrystals (SiNCs) functionalized with photochromic units. Two
different azobenzene derivatives have been attached onto the SiNCs surface, both
synthesized in our laboratory, in order to study the effects on the SiNCs’
photophysical and photochemical properties. The reasons why SiNCs are attractive
materials have already been shown in the previous chapters of this
dissertation.!?%1¢+218 The azobenzene derivatives have been attached on the SiNCs

surface thanks to a three step procedure, first involving the synthesis of a
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chlorosilane-terminated SiNCs sample, second its reaction with the azobenzene
derivative and third a capping step of the eventual non-reacted sites to prevent
SiNCs oxidation, degradation and precipitation. We report the photophysical and
photochemical properties of the two samples, using the two different azobenzene
derivatives, making a comparison between their trans and cis isomers in terms of
PLQY, PL lifetime, maximum emission wavelength, number of attached
photochromic units, photoisomerization QY, dispersibility in different solvents,

chemical stability and photostability.

b.2 Synthesis of Azobenzene Derivatives-Functionalized

SiNCs

A cloudy solution of free-standing hydride terminated Silicon Nanocrystals (H-
SiNCs) in toluene was prepared thanks to the disproportionation reaction of
hydrogen silsesquioxane (HSQ, [HSiOsz]n) (see chapter 2 for more details),
previously synthesized in our laboratory, setting up the furnace at 1100 °C to obtain
SiNCs with 3.5 nm average diameter embedded in SiO:, followed by the etching
procedure using a mixture of EtOH:H-O:HF=1:1:1.#"129218 H-S5iNCs surface was then
functionalized with a three-step reaction path: (i) a room temperature diazonium
salt  (4-decylbenzene  diazonium  tetrafluoroborate, = 4-DDB) activated
hydrosilylation, in the presence of chloro(dimethyl)vinylsilane, yields chlorosilane-
passivated SiNCs (Si-DMVSICI], figure 6.2.a); (ii) a second room temperature
reaction-step mediated by a primary alcohol such as (E)-3-(4-
(phenyldiazenyl)phenoxy)propan-1-ol (AzoCsOH) to yield Si-O-CsAzo (figure
6.2.a.2), or 2-(2-(2-(4-(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethan-1-ol (AzoPeg)
to yield Si-O-PegAzo (figure 6.2.a.3), in the presence of imidazole; (iii) a third
“capping” step by simply adding butanol to the reaction mixture in order to cap the

previously unreacted chlorosilane functional groups on the SiNCs surface. The
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three steps above were carried out in a nitrogen-filled glove box. A control sample
was also synthesized, SiBuOH (figure 6.2.a.1), obtained by following the

previously reported three-step reaction choosing butanol as the primary alcohol.

4-DDB |
l,c Toluene s . .
a. . R s >~ Si-DMVSICI
overnight
| o AN N .

a.l .’V e ‘Vs\ SIBUOH
RT.N,
12
"

Ny /©
Sn
AzoC;0H = Ho 9. AzoPeg = 0

3 SN \©\ ZoPeg HO o P e S

\©

\ o

N N
\
s“,\o\ Az0C;0H sI,\a\/\/o P g|‘,\c-\/\,o
—_
d. 2 Toluene W Toluene w2
1S 0

ovemight 1h Si-O-C3AZO

\
3 ‘\ Azobes slf\/\c/\/\ AN ’©/ e R NN /@
a Toluene Toluene
RT,N, RT,N;
overnight 1h .
" Si-O-PegAzo
{»
i

Figure 6.2- Synthetic procedure for the functionalization of hydride-terminated
SiNCs by chloro(dimethyl)vinylsilane (a., Si-DMVSiCl) followed by three different
post-functionalization =~ paths with  butanol (a.1, SiBuOH), (E)-3-(4-
(phenyldiazenyl)phenoxy)propan-1-ol ~ (a.2, Si-O-CsAzo) and  2-(2-(2-(4-
(phenyldiazenyl)phenoxy)ethoxy)ethoxy)ethan-1-ol (a.3, Si-O-PegAzo).

b.2.| SiINCs Passivated with Chlorodimethylvinylsilane

Hydride-terminated SiNCs, obtained after the etching procedure of 300 mg oxide-

embedded SiNCs powder (see chapter 2 for more details), were dispersed in 1.5 mL

of dry toluene and two milligrams of 4-DDB (about 6 umol) were added together

with 400 pL of chlorodimethylvinylsilane (DMVSiCl, 3 mmol) to obtain the sample
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Si-DMVSICI (figure 6.2.a). The mixture was stirred overnight inside a nitrogen-
filled glovebox at RT. The mixture of chlorosilane-passivated SiNCs was then
filtered, concentrated under vacuum to remove the DMVSiCl in excess, then refilled

with 3 mL of fresh anhydrous toluene and kept under inert atmosphere.

b.2.Z2 Synthesis of (E)-3-(4-(phenyldiazenyl) phenoxy)

propan-|-ol
(E)-3-(4-(phenyldiazenyl)phenoxy)propan-1-ol (AzoCsOH, figure 6.2) is one of the

two employed azobenzene derivatives to functionalize the SiNCs surface. It was

synthesised in our laboratory, following a literature reported procedure (figure

o O
Na /O/ K,CO; Na /O/
N —_— N
DMF, 75°C + HEBr
. 6h

Br /\/\OH AZOC30H

6.3).258

Figure 6.3- Reaction scheme for the (E)-3-(4-(phenyldiazenyl)phenoxy)propan-1-ol
(AzoCsOH) synthesis.

To a suspension of degassed dimethylformamide (DMF, 10 mL) and previously
anhydrified K:COs (525 mg, 3.8 mmol), under nitrogen atmosphere, 4-
phenylazophenol (507 mg, 2.56 mmol), was added at room temperature. The
resulting mixture was stirred until the complete dissolution of the solid compounds.
Thus, 3-bromo-1-propanol (0.3 mL, 3.3 mmol) was added. The resulting reaction
mixture was heated 6 hours at 75°C and then cooled to room temperature. The
formation of an orange precipitate was observed. 80 mL of distilled water were

added to the reaction mixture, the organic phase was separated from the aqueous
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one and the latter was extracted 4 times using 20 mL of DCM each time. All the
organic phases were unified, washed with a brine solution, anhydrified over
Na250y, filtered and concentrated in vacuum. The crude orange oil was purified via
flash chromatography using DCM/EtOAc 8:1 as the eluent. The product was
recovered as an orange solid after evaporation of solvents, with a yield of 88% (577

mg, 2.25 mmol).

—— e
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Figure 6.4- (E)-3-(4-(phenyldiazenyl)phenoxy)propan-1-ol 'H-NMR spectrum in
CDCls.

'H-NMR (400 MHz, CDCls), 6 7.92 ppm (d, ] =9.0 Hz, 2H), 7.88 ppm (d, ] =7.1 Hz,
2H), 7.55 - 7.41 ppm (m, 3H), 7.02 ppm (dt, ] =9.0 Hz, 2.6 Hz, 2H), 4.22 ppm (t, ] =
6.0 Hz, 2H), 3.90 ppm (t, ] = 5.9 Hz, 2H), 2.09 ppm (p, ] = 6.0 Hz, 2H); 7.26 ppm (s,
CDCls), 5.30 ppm (s, DCM), 4.12 ppm (q, EtOAc), 2.05 ppm (s, EtOAc), 1.26 ppm (t,
EtOAc) (figure 6.4).
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b.2.3 Synthesis of 2-(2-(2-(4- (phenyldiazenyl) phenoxy)
ethoxy) ethoxy) ethan-1-ol

2-(2-(2-(4- (phenyldiazenyl) phenoxy) ethoxy) ethoxy) ethan-1-ol (AzoPeg, figure
6.2) is the other employed azobenzene derivative to functionalize the SiNCs surface.

It was synthesised in our laboratory, following a literature reported procedure
(figure 6.5).274

OH o 0
\/\O/\/ \/\OH
Na NaOH Ny
N —_— N
EtOH, 75°C + H-Cl
. 60 h

0] OH
AN NN AzoPeg

Figure 6.5- Reaction scheme for the (E)-3-(4-(phenyldiazenyl)phenoxy)propan-1-ol
(AzoPeg) synthesis.

To a solution of absolute EtOH (30 mL) and NaOH (410 mg, 10 mmol), under
nitrogen atmosphere, 4-phenylazophenol (2 g, 10 mmol), was added. The resulting
mixture was stirred until the complete dissolution of the solid compounds. Thus, a
solution of 2-[2-(2- chloroethoxy)ethoxy]ethanol (4.3 g, 25 mmol,) in EtOH (5mL)
was added dropwise. The resulting reaction mixture was heated under stirring for
60 hours at 75°C and then cooled to room temperature. Ethanol was removed from
the reaction mixture and the raw red oil was purified by filtration through a pad of
silica gel with n-hexane/ethyl acetate 7:2 as an eluent to remove the unreacted 4-
phenylazophenol and then with ethyl acetate to recover the desired product. The
solvent was evaporated under reduced pressure and the obtained red oil was
purified by distillation in a Kugelrohr apparatus (Buchi) at 125°C and 0.5 mmHg.
The product was obtained as a red-orange crystalline solid (2.5 g, 7.7 mmol, yield

76%).
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"HNMR (400 MHz, CDCls): § 7.91 ppm (d, J = 9.0, 2H), 7.87 ppm (d, J = 7.0 Hz, 2H), 7.49
ppm (t, J = 7.0 Hz 2H), 7.42 ppm (t, 7.0 Hz 1H), 7.02 ppm (d, J = 9.0 2H), 4.19 ppm (m,

2H), 3.87 ppm (m, 2H), 3.70 ppm (m, 6H), 3.60 ppm (m, 2H).

b.Z.4 Passivation of SiNCs with Butanol to obtain the
SiBulH Sample

The SiBuOH control sample (figure 6.2.a.1) was synthesised by adding butanol
(0.14 mL, 1.5 mmol) to a 1 mL of the previously prepared Si-DMVSiCl solution,
together with a catalytic amount of imidazole. The reaction was stirred for 12 h
inside a nitrogen-filled glove box. Thus the sample was washed by adding 5 mL of
dry ACN to the reaction mixture, the precipitated SiNCs were collected on a PTFE
filter, washed other 3 times with 5 mL of dry ACN and then dispersed in 1 mL of

distilled toluene.

b.2.a Passivation of SiNCs with (E)-3-(4- (phenyldiazenyl)

phenoxy) propan-1-ol to obtain the Si-0-C3Azo

Sample
The Si-O-CsAzo sample (figure 6.2.a.2) was synthesised by adding (E)-3-(4-

(phenyldiazenyl) phenoxy) propan-1-ol (33 mg, 0.13 mmol) to a 1 mL of the
previously prepared Si-DMVSIiCl solution, together with a catalytic amount of
imidazole. The reaction was stirred for 12 h inside a nitrogen-filled glove box and
then 0.1 mL of butanol were added in order to cap the non-reacted Si-Cl groups on
the Si surface. The reaction mixture was stirred for another hour. Thus the sample
was washed by adding 5 mL of dry ACN to the reaction mixture, the precipitated
SiNCs were collected on a PTFE filter, washed other 3 times with 5 mL of dry ACN

and then dispersed in 1 mL of distilled toluene or cyclohexane.
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b.2.6 Passivation of SiNCs with 2-(2-(2-(4-
(phenyldiazenyl) phenoxy) ethoxy) ethoxy) ethan-I-ol

to obtain the Si-0-PegAzo Sample

The Si-O-PegAzo sample (figure 6.2.a.3) was synthesised by adding 2-(2-(2-(4-
(phenyldiazenyl) phenoxy) ethoxy) ethoxy) ethan-1-ol (43 mg, 0.13 mmol) toa 1 mL
of the previously prepared Si-DMVSiCl solution, together with a catalytic amount
of imidazole. The reaction was stirred for 12 h inside a nitrogen-filled glove box and
then 0.1 mL of butanol were added in order to cap the eventual non-reacted Si-Cl
groups on the Si surface. The reaction mixture was stirred for another hour. Thus
the sample was washed by adding 5 mL of dry ACN to the reaction mixture, the
precipitated SiNCs were collected on a PTFE filter, washed other 3 times with 5 mL

of dry ACN and then dispersed in 1 mL of distilled toluene or cyclohexane.

B.3 Results and Discussions

Photophysical Characterization in Solution

Figure 6.6 reports absorption and photoluminescence spectra for Si-O-CsAzo-trans,
Si-O-CsAzo-cis, Si-O-PegAzo-trans and Si-O-PegAzo-cis; while figure 6.7 reports
absorption and photoluminescence spectra for SiBuOH. The Si-O-CsAzo
absorption spectrum perfectly matches the one of SiBuOH, the control sample, plus
AzoCs0OH, suggesting that no ground state interaction is affecting their optical

properties (figure 6.8). This is also true for Si-O-PegAzo.
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Figure 6.6- Absorption (solid lines) and photoluminescence spectra (dashed lines)
of Si-O-CsAzo-trans (dark red lines), Si-O-CsAzo-cis (light red lines), Si-O-
PegAzo-trans (dark blue lines) and Si-O-PegAzo-cis (light blue lines) in toluene,
exciting at A=540 nm. Photoluminescence spectra intensities are corrected for the

different samples” PLQY.
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Figure 6.7- Absorption (solid line) and normalized photoluminescence spectra

A(nhm)

(dashed line) of SiBuOH in toluene, exciting at A=540nm.

153



300 350 400 450 500 550 600
A(nm)

Figure 6.8- Molar absorption coefficient versus wavelength of SiBuOH (pink line),
AzoCsOH (dark orange line), Si-O-CsAzo (dark red line) and physical mixture of
SiBuOH + AzoCsOH (dashed black line), in toluene.

Considering the molar absorption coefficient of SINCs we measured in recent
works, 112 (eg50 nm =1 x 10° M cm™ for 3.5 nm diameter) and the calculated molar
absorption coefficients of the trans isomer of the two azobenzene derivatives
(AzoCs0H esso(rransy Nm = 2.8 x 10* M cm™}; PegAzo e3so(trans) nm = 2.5 x 10 Mt cm™)
we estimated an average number of about 80 and 65 photochromic units per SiNC,
covalently attached as shown in figure 6.2. We hypothesized that the worst outcome
of the PegAzo involving reaction is due to the presence of a residual amount of

water in the sample, which causes the hydrolysis of the new forming bonds.

Si-0-CsAzo and Si-O-PegAzo show a photoluminescence band with a maximum
emission wavelength at about 750 nm and 790 nm respectively (figure 6.6), similar
to the control sample SiBuOH (figure 6.7). Si-O-PegAzo emission band is slightly
red shifted with respect to the one of Si-O-CsAzo, probably due to the higher
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polarity of the peg chains. We can also evidence no particular changes in the
photoluminescence band of Si-O-CsAzo-trans and Si-O-CsAzo-cis. The same is also
valid for Si-O-PegAzo-trans and Si-O-PegAzo-cis. The PL quantum yields (PLQY)
of the SiNCs in all the prepared samples were measured upon selective excitation
of the Si core at 540 nm, where only the SiNCs can absorb the light, avoiding the
azobenzene derivatives absorption. The resulting values, together with the
measured luminescence lifetimes (t) and the photoluminescence band maximum

(Amax) are reported in table 6.1.

Amax (nm) PLQY (%) T (us)
SiBuOH 750 35 80
Si-O-CsAzo-trans 750 10 45
Si-O-CsAzo-cis 750 8 40
Si-O-PegAzo- 790 11 43
trans
Si-O-PegAzo-cis 790 9 40

Table 6.1- Photoluminescence band maximum (Amax), quantum yield (PLQY) and
lifetime (t) of SiBuOH, Si-O-CsAzo-trans, Si-O-CsAzo-cis, Si-O-PegAzo-trans and

Si-O-PegAzo-cis in toluene.

Considering the reported values in table 6.1, we can evidence a PLQY and a t
decrease in all the azobenzene derivatives-functionalized samples with respect to
the control sample SiBuOH. The partial deterioration of the SiNCs” photophysical

properties could be due to an electron or energy transfer process from the Si core to
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the azobenzene derivatives covalently linked to its surface. To better study the
possible energy transfer process, which is theoretically allowed considering the
SiNCs band gap and the azobenzene triplet state energies,® we decided to excite
the SiNCs of a Si-O-CsAzo-trans degassed solution with a 590 nm emitting LED.
Since the triplet state is involved in the azobenzene photoisomerization reaction,*°
the Si-O-CsAzo-trans absorption variation is a demonstration of the energy transfer

process to occur (figure 6.9).
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Figure 6.9- Si-O-CsAzo-trans absorption variation under 590 nm LED irradiation,
in toluene. The dark red spectrum was acquired before the irradiation (all trans),
the red and pink spectra after 1 and 2 hours of irradiation respectively and the black

dashed spectrum after the thermal return.

Figure 6.9 also shows the thermal return of the azobenzene derivatives onto the Si
surface, which is a further demonstration of the presence of an energy transfer

process. Therefore, this process possibly quenches the Si core photoluminescence.
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Moreover, we can observe that the cis isomer functionalized SiNCs photophysical
properties are always slightly worse than the trans isomer functionalized SiNCs
photophysical properties and this statement is valid for both the samples, indicating
that the Si core is more quenched by the cis configuration of both the azobenzene

derivatives.

Therefore, we prepared a physical mixture of SiNCs (Si sample, see chapter 3 for
more details) plus AzoC:OH-trans at a very high concentration (8 x 10* M) in order
to compare the PL lifetime of this solution with the one of a simple SiNCs solution
(Si sample in chapter 3) to evidence the eventual presence of a bimolecular
quenching. We acquired the PL lifetime of both the solution and a third value after
having irradiated the physical mixture at A = 365 nm to convert the azobenzene

derivatives into its AzoCsOH-cis isomer (table 6.2).

T (us)
SiNCs (Si sample in chapter 3) 66
SiNCs + AzoCsOH-trans 66
SiNCs + AzoCs;OH-cis 61

Table 6.2- Comparison of the photoluminescence lifetime of a SiINCs solution and
of a physical mixture of SiNCs plus AzoCsOH before and after its irradiation at A =
365 nm.

As we can observe from the table 6.2, the photochromic unit do not quench the Si
core luminescence in its trans isomer, differently it was possible to detect a lower

PL lifetime of the Si core after the mixture irradiation. This experiment allowed us
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to underline that the Si core photoluminescence properties are differently
influenced by the two different isomers of AzoCsOH, suggesting the possibility to
increment systems based on the SiNCs’ photocontrollable emission. Both the static
and the dynamic process quench the Si luminescence; in the first scenario Si PL is
quenched by both the azobenzene isomers with an higher effect of the cis form
compared to the trans one, in the second case only the cis isomer is capable to

quench the Si PL.

We also evaluated the possibility of an energy transfer process from the azobenzene
derivatives to the Si core by acquiring the Si-O-CsAzo-trans and Si-O-CsAzo-cis
excitation spectra, performed at the SiNC emission (Aem=750 nm), and comparing
them to the respective absorption spectra. No match of the excitation spectrum and
the absorption spectrum was observed for both the samples, revealing the absence
of an energy transfer process from the molecules to the Si core (figure 6.10).

Therefore, the Si PL is not sensitized by their functionalization with the azobenzene

derivatives.
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Figure 6.10- Absorption (dark red continuous line) and excitation (Aem=750 nm, dark

red dotted line) spectra of Si-O-CsAzo-trans in toluene.

158



Free-azobenzene derivatives units photoisomerization Quantum Yields

Photoisomerization QY is a fundamental physico-chemical characteristic of
azobenzenes and azobenzenes derivatives and their dependence on the wavelength
and on the environment is a key for their function in many photo-switching
applications.”! The QYs of azobenzene derivatives photoisomerization in toluene
solutions (figure 6.11) were determined on the basis of the following molar
absorption coefficients, AzoCsOH esss(rrans) N = 2.2 x 10* M! ecm™, e3e5(cis) N = 8 x
10! M cm™ and PegAzo e3e5(transy nm = 1.8 x 10* M cm ™, e36scisy nm =3 x 102 M cm?,
focusing our attention on two irradiating wavelength, 365 nm and 436 nm and using
known solutions volumes. In this way, we were able to calculate the

photoisomerization QY values reported in table 6.3.

Drc (%) D1 (%)
AzoC:OH 15 34
PegAzo 17 36
Si-O-CsAzo 15 35
Si-O-PegAzo 18 38

Table 6.3- AzoCsOH, PegAzo, Si-O-CsAzo and Si-O-PegAzo photoisomerization
QY percentages, irradiating all the toluene solutions at A=365 nm and A=436 nm to

get the cis and the trans isomers respectively.
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Figure 6.11- Absorption spectra of an AzoCsOH solution in toluene a) before (dark
orange spectrum), during (grey spectra) and after (light orange spectrum)
irradiation at 365 nm, b) before (light orange spectrum), during (grey spectra) and
after (dark orange spectrum) irradiation at 436 nm. Insets: photoisomerization QY

titting respect to the irradiation time.

We also calculated the photostationary states for both AzoCsOH and PegAzo
samples, using NMR spectroscopy (figure 6.12) for the first measurement and then
a faster photochemical method for all the others, which was considered to be
reliable by comparing its result with the one obtained from the NMR spectra. Two
NMR spectra were acquired for an AzoCsOH solution in DMSO-d6, one before the
irradiation at A=365 nm and the other one after. The photochemical method consists
of mathematically reproducing the sample spectrum combining the respective 100%
trans and 100% cis spectra (verified by NMR) through a percentage-weighted sum
to reproduced it. The obtained percentages indicate the amount of the trans and the

cis forms in the obtained photostationary state.

Irradiating the two solutions at A=365 nm we obtained a ratio of 1 to 99 of trans
isomer with respect to the cis isomer for both the samples. Irradiating the two

solutions at A=436 nm we obtained a ratio of 72 to 28 of trans isomer with respect to
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the cis isomer for AzoCsOH and a ratio of 67 to 33 of trans isomer with respect to

the cis isomer for PegAzo.
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Figure 6.12- AzoCsOH-trans'H NMR (red spectrum) compared to AzoCsOH-cis 'H

NMR (green spectrum)

AzoCsOH-trans 'H NMR (400 MHz, DMSO-d6) o 7.89 ppm (d, ] = 8.9 Hz, 2H), 7.84
ppm (d, J=7.6 Hz, 2H), 7.58 ppm (t, ] =7.4 Hz, 2H), 7.53 ppm (d, ] = 6.9 Hz, 1H), 7.13
ppm (d, ] =8.9 Hz, 2H), 4.59 ppm (t, ] =5.2 Hz, 1H), 4.16 ppm (t, | = 6.4 Hz, 2H), 3.58
ppm (q, ] =5.9 Hz, 2H), 1.90 ppm (p, ] = 6.4 Hz, 2H); 3.33 ppm (bs, H20), 2.67 ppm
(s, DMSO), 2.50 ppm (s, DMSO), 2.33 ppm (s, DMSO), 2.09 ppm (s, Acetone), 1.24

ppm (bs, grease), 0.88-0.82 ppm (m, grease).

AzoCs0OH-cis'H NMR (401 MHz, DMSO-d6) 67.34 ppm (t, ] =7.8 Hz, 2H), 7.18 ppm
(t, ] =7.4 Hz, 1H), 6.84 ppm (s, 5H), 6.82 ppm (s, 1H), 4.52 ppm (t, ] =5.2 Hz, 1H),
3.99 ppm (t, ] = 6.3 Hz, 2H), 3.51 ppm (q, / = 6.0 Hz, 2H), 1.81 ppm (p, ] = 6.2 Hz, 2H);
3.33 ppm (bs, H20), 2.67 ppm (s, DMSO), 2.50 ppm (s, DMSO), 2.33 ppm (s, DMSO),

2.09 ppm (s, Acetone), 1.24 ppm (bs, grease), 0.88-0.82 ppm (m, grease).
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Azobenzene derivatives units-functionalized SiNCs photoisomerization

Quantum Yield

We then measured in the same way the photoisomerization QYs of Si-O-CsAzo

(figure 6.13) and Si-O-PegAzo, values reported in table 6.2.
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Figure 6.13- Absorption spectra of a Si-O-CsAzo solution in toluene a) before (dark
red spectrum), during (grey spectra) and after (light red spectrum) irradiation at 365
nm; b) before (light red spectrum), during (grey spectra) and after (dark red
spectrum) irradiation at 436 nm. Insets: photoisomerization QY fitting respect to the

irradiation time.

Considering the fraction of the light absorbed by the SiNCs in Si-O-CsAzo and Si-
O-PegAzo samples and correcting the total absorbed photons moles for this value,
we can obtain the real amount of light absorbed by the azobenzene derivatives.
Therefore, the covalent samples measured photoisomerization QY values are really
close to the respective free azobenzene derivatives measured photoisomerization
QY values, indicating that SiNCs are not deteriorating the azobenzene derivatives
properties neither are negatively influencing the environment around them. We
also calculated the photostationary states of Si-O-CsAzo. Irradiating the solution at

A=365 nm we obtained a ratio of 1 to 99 of trans isomer with respect to the cis isomer.
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Irradiating at A=436 nm we obtained a ratio of 70 to 30 of trans isomer with respect

to the cis isomer.

Aerated-samples stability study by time

A Si-O-CsAzo solution was air-equilibrated, in order to study the sample stability
by time and the atmospheric oxygen and water effect on the new covalent realized
bond (figure 6.2), which links the azobenzene derivatives to the SiNCs surface.
Indeed, this chemical bond is very sensitive to water since it can hydrolyse and if
this happens the azobenzene derivatives are released, thus SiNCs firstly improve
their PLQY and then, in some cases, aggregate and precipitate. Figure 6.14 reports
the absorption and normalized photoluminescence spectra acquired for the
solution, in three different times: immediately after the solution preparation (called
day 1), 6 days later (called day 6) and 15 days later (called day 15). The aerated
sample is stable enough for the first week, then the PLQY and lifetime values
(reported in table 6.4) start to increase, indicating the disjunction of the
photochromic molecules from the SiNCs surface caused by the hydrolysis of their
connecting bond. Si-O-PegAzo sample was treated in the same way. Figure 6.14
also illustrates the absorption and normalized photoluminescence spectra acquired
for this sample in two different times: immediately after the solution preparation
(called day 1) and 6 days later (called day 6). Differently from Si-O-CsAzo sample,
this time we can immediately (day 1) notice a visible degradation of the aerated
sample since the photoluminesce intensity at the day 6 is much lower than the day
1 and the PLQY and PL lifetime values either (table 6.4). After 6 days, this aerated
sample was not only hydrolysed but also precipitated and the maximum emission
wavelength blue-shifted. Therefore, it was not possible to acquire its photophysical
properties such as the PL lifetime (table 6.4). The Si-O-PegAzo experiment ended

on the day 6.
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Figure 6.14- Absorption (solid lines) and normalized photoluminescence spectra

corrected for the relative QY values (dashed lines) of a) aerated Si-O-CsAzo and b)

aerated Si-O-PegAzo, to study their stability by time, in toluene, exciting at A=540

nm (where only SiNCs absorb the incident light).

Si-O-Cs;Azo-areated Si-O-PegAzo-
areated
PLQY (%) | t(us) | PLQY (%) | T (us)
Day 1 10 45 11 41
Day 6 7 45 0.4 X
Day 15 15 48 X X

Table 6.4- PLQY and lifetime measurements for Si-O-CsAzo and Si-O-PegAzo
aerated toluene solutions, acquired immediately after the solutions preparation,

after 6 days and after 15 days.

The different Si-O-PegAzo behaviour respect to the one of Si-O-CsAzo could be

justify considering two different aspects: i) thinking about its higher polarity which
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could bring the sample residual water molecules closer to the Si core, making its
surface bond hydrolysis easier or ii) considering that this sample has a lower
number of azobenzene units attached onto the surface, thus the water or oxygen

molecules can easier reach the inner part (the core) of this nanoparticles.

Samples stability study under light irradiation

In order to evaluate the samples stability under light irradiation, two toluene
solutions of Si-O-CsAzo and Si-O-PegAzo under inert atmosphere were prepared.
Each solution was irradiated many times at A=365 nm and A=436 nm, varying the
irradiation wavelength each time, allowing the azobenzene derivatives onto the
SiNCs surface to convert from the trans isomer to the cis isomer, thus from the cis
isomer to the trans isomer for a total of three cycles. PLQY, PL lifetime and the
maximum emission wavelength were measured each time and all the values are
illustrated in figure 6.15 and 6.16. The first value reported in all the graphs is relative
to the samples containing the azobenzene derivatives in their 100% trans form,
obtained by a thermic route, which is the reason why it is always different form the

other values.
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Figure 6.15- a) absorption values at A = 350 nm b) photoluminescence QYs c)
maximum emission wavelengths and d) photoluminescence lifetimes as a function

of irradiation cycles (Aexc = 540 nm) of Si-O-CsAzo in toluene.
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Figure 6.16- a) absorption values at A = 350 nm b) photoluminescence QYs c)
maximum emission wavelengths and d) photoluminescence lifetimes as a function

of irradiation cycles (Aexc = 540 nm) of Si-O-PegAzo in toluene.

The values illustrated in figure 6.15 show the ability of Si-O-CsAzo to almost totally
recover its photophysical properties. We can observe a constant trend for the
absorption value at A = 350 nm, the PLQY and the PL lifetime, by going from the
trans isomer to the cis isomer and thus on the other way, for a total of three cycles
(or at least very small variations which lay under the experimental error). The
maximum emission wavelength is the only value to do not show this constant trend,
which slightly and continuously decreases. This could be due to the start of the
sample degradation. Differently, the values reported in figure 6.16 demonstrate that

Si-O-PegAzo is not able to recover its photophysical properties at all, since its
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degradation and precipitation start already at the first irradiation, bringing to a PL

quenching with a final PLQY value close to the zero.

Yang et al.?? demonstrated that dodecyl-functionalized SiNCs, under nitrogen
atmosphere, constantly UV-irradiated for 4 hours, retain only a half of the PLQY
initial value, with no shift in the maximum emission wavelength, indicating that the
irradiation is not modifying the SiNCs dimensions neither is making them
precipitate. The photobleaching was attributed to the possibility of structural
distortion or dangling bond formation due to the cleavage of some residual Si-H
surface bond, thus to the introduction of new trap states. They also studied the effect
of simultaneous exposure to air and UV irradiation. In that case, a PLQY decrease
to 16% of the initial value was seen. In that case, the more intense photobleaching is
not due to a dynamic quenching caused by the molecular oxygen in the solution,

but it is due to the surface photo-oxidation reactions, which are happening.347.167.29-

296

Considering these previous studies, we can assume that the Si surface is better
functionalized in Si-O-CsAzo respect to Si-O-PegAzo (the oxygen presence is not
an option in our case since we have always worked under nitrogen atmosphere),
reducing the possibility of trap states formation under light irradiation for the first
sample and enhancing the chance of their formation for the second one, bringing to

its degradation and precipitation more rapidly. This is evident in figure 6.16.

Solvent affinity variation upon light irradiation

Considering the high azobenzene and azobenzene derivatives solubility in polar
solvents such as MeOH, we decided to test the dispersibility of Si-O-CsAzo and Si-
O-PegAzo in this solvent, also comparing the trans and the cis isomers behaviour
for both the samples. Alkyl-functionalized SiNCs are extremely dispersible in non-

polar solvents and obtaining SiNCs dispersible in polar solvents is usually a big
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challenge. First, we found two immiscible solvents, cyclohexane and MeOH in this
case, thus we acquired the samples” absportion spectra in cyclohexane and then we
added a volume of MeOH equal to the one of cyclohexane (8 mL). After complete
separation of the two phases, we extracted the cyclohexane phase, which was
analysed by absorption spectroscopy again. In figure 6.17, the Si-O-CsAzo results
are reported. We found out that the sample goes in MeOH with a percentage of 35%
in the trans form and of 80% in the cis form. Unfortunately, we could not reproduce
the experiment for the Si-O-PegAzo sample since it was totally precipitated due to
the high a-polarity of cyclohexane, the solvent of the sample conservation, but we

expect a Si-O-PegAzo even higher affinity for MeOH.

0.4 1

300 350 400 450 500 550 600

Figure 6.17- Absorption of Si-O-CsAzo-trans (dark red lines) and Si-O-CsAzo-cis
(orange lines) in cyclohexane, exciting at A=540 nm, before (solid lines) and after

(dashed lines) repartition with methanol.

Interesting is the different polarity of the sample Si-O-CsAzo by varying the

azobezene derivative isomer configuration, which reproduce the azobenzene
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performances by itself. Indeed, the azobenzene structural rearrangement brings to
a different molecular geometry, thus a variation in its polarity. The trans isomer has
anull dipole moment (u = 0D), on the other way the cis isomer shows a higher value,
equal to 3 (i = 3D).7+?” The higher dipole moment of the cis isomer gives an higher
polarity to the Si-O-CsAzo-cis sample respect to the Si-O-CsAzo-trans sample,

making it more dispersible in MeOH.

b.4 Conclusions

Azobenzene derivatives-functionalized Silicon Nanocrystals were synthesized for
the first time by following a three steps reaction starting from the synthesis of a
chlorosilane-terminated SiNCs sample, following with its reaction with the
azobenzene of choice, functionalized with an alcoholic group, in the presence of
imidazole and ending with the final capping step to literally cap the eventual un-
reacted sites to improve SiNCs colloidal stability. Two different azobenzene
derivatives have been used, the so-called AzoCsOH and AzoPeg. We obtained a
better functionalization using the first one, since 80 and 65 azobenzene units on the
SiNCs surface have been respectively calculated, bringing to a better stability of Si-
0O-CsAzo respect to Si-O-PegAzo in terms of sample degradation by time or under
irradiation. A better surface functionalization means having a better and more solid
protective shell around the Si core, avoiding the oxygen and water penetration and
thus the Si oxidation and degradation. PLQY and PL lifetime have been measured
for both the samples and for the SiBuOH control sample as well, resulting in lower
values for the first two with respect to the control. A Si dynamic and static PL
quenching in solution caused by the linked or the free azobenzene derivatives
(covalent and physical mixtures respectively) was detected, so we can tell that these
molecules quench the Si core luminescence and this effect is bigger considering the
cis isomer with respect to the trans isomer, suggesting the possibility of
incrementing a SiNCs-based device with photo-switchable optical behaviours. On
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the other side, the photoisomerization QY measured for both the azobenzene
derivatives has the same value no matter if the photochromic unit is free in solution
or attached on the SiNCs surface, meaning that they are not influenced by the
presence of SiNCs. Interesting is also the change in the Si-O-CsAzo sample polarity
by irradiating it at A = 365 nm. Si-O-CsAzo-cis showed a better dispersibility in
MeOH with respect to Si-O-CsAzo-trans, suggesting the possibility of incrementing

a light-driven motion.
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1 A Comparative Study of Therma
Hydrosilylation vs Radical Initiatec
Hydrosilylation of Silicon
Nanocrystals

7. Introduction

Silicon Nanocrystals (5iNCs) are characterized by a bright size-tunable PL colour
over much of the visible to the near-infrared spectrum that we can control by setting
different furnace temperatures during the disproportion reaction of H5Q to obtain
the silica matrix embedded with SiNCs, as we have already demonstrated in the
previous chapters of this dissertation. Since SiNCs are extremely susceptible to
surface oxidation, the surface functionalization with organic molecules, by the
realization of strong and covalent Si-C bonds, is a step of enormous importance to
prevent their degradation and aggregation. Hydride-terminated SiNCs, obtained
after the etching procedure, have been functionalized trough the so-called
hydrosilylation reaction, which can provide the Si-C covalent bond mentioned
above.!%2% This reaction can be promoted in different ways (see chapter 2 for more

details).

The aim of this chapter is comparing two of them, the thermal hydrosilylation and
the room temperature radical initiator (4-DDB) promoted hydrosilylation in the
presence of 1-dodecene, in terms of (i) the optical properties of the obtained SiNCs
solutions and (ii) the kind of surface functionalization, as a function of the Si core

diameter, through the spectroscopic characterization, the thermal gravimetric
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analysis and the X-ray Photoelectron Spectroscopy. For the hydrosilylation reaction

mechanism, see chapter 2.

1.2 Synthesis of Dodecyl Chains-Terminated SiNCs

1-Dodecene was chosen as the SiNCs surface functionalization ligand, since its
behaviour in the hydrosilylation reaction is well understood,® providing a reliable

comparison between the thermal and the radical initiated reactions (figure 7.1).
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Figure 7.1- reaction schemes of the 3 and 5 nm diameter SiNCs surface
functionalization with 1-dodecene by a) thermal hydrosilylation and b) room

temperature radical initiator promoted hydrosilylation.

1.2.| The SiNCs Thermal Hydrosilylation

SiNCs were obtained via thermal decomposition of HSQ, followed by the etching
procedure with HF and the hydrosilylation reaction. FOx-16 (a commercial HSQ
solution, purchased from Dow Corning) was loaded into a round bottom flask, and
the solvent was evaporated on a Schlenk line for 4 h to generate glassy hydrogen
silsesquioxane (HSQ), which was subsequently heated to 1100 or 1200 °C for 1 h
under hydrogen/nitrogen (7%/93%) forming gas flow. Higher temperature
produces larger nanocrystals, thus we can easily and efficiently control the Si-core
diameter. The product, containing Si nanocrystals (10% in weight) embedded in
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SiO2 matrix (90% in weight), was ground with an agate mortar and pestle for 10 min
and shaken in a wrist-action shaker for 9 h with 3 mm borosilicate glass beads. One
gram of the ground powder was etched in 3 mL of 37.5% HCl and 30 mL of 48% HF
in the dark for 3.30 or 4.30 h to yield 3 and 5 nm diameter hydride-terminated SiNCs
respectively. These nanocrystals were isolated by centrifugation at 8000 rpm for 5
min and rinsed once with distilled water, twice with ethanol, and once with
chloroform, and finally dispersed in 1-dodecene and heated to 190 °C for 12 h after
3 freeze-pump-thaw cycles to achieve the surface passivation. Functionalized
SiNCs were thus cleaned thrice by centrifugation at 8000 rpm for 5 min to
precipitate poorly capped nanocrystals, using ethanol as the anti-solvent and

toluene to redisperse them.!®

Two different samples were synthesized: Si_3_190 and Si_5_190 using the
Si02/SiNCs powders obtained by heating the HSQ to 1100 and 1200°C respectively
(figure 7.1).

1.2.2 The SiNCs Radical Initiated Hydrosilylation

H-terminated SiNCs were obtained as discussed above (chapter 7.2.1). After the
etching procedure, the obtained precipitate was rinsed with anhydrous toluene
inside a nitrogen filled glove box. 1-dodecene, the ligand, and 4-DDB, the radical
initiator, were added to the mixture. The solution was then stirred, at room
temperature, overnight, to achieve the surface passivation (see chapter 2 for more
details). Functionalized SiNCs were thus cleaned thrice by centrifugation at 8000
rpm for 5 min to precipitate poorly capped nanocrystals, using ethanol as the anti-

solvent and toluene to redisperse them.!'

Two different samples were synthesized: Si_3_4-DDB, Si_5_4-DDB using the
Si02/SiNCs powders obtained by heating the HSQ to 1100 and 1200°C respectively
(figure 7.1).
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7.3 Results and Discussions

Photophysical Characterization in Solution

Figure 7.2 shows absorption and emission spectra acquired for the samples
Si_3_190, Si_5_190, Si_3_4-DDB and Si_5_4-DDB. Figure 7.2 a) compares 3 nm
diameter SiNCs functionalized with the two different hydrosilylation reactions. In
particular, we can observe the classic unstructured absorption profile of SiNCs for
both the samples and the typical emission band with a maximum emission
wavelength centred at ca. 640 nm for the sample obtained with the thermal reaction
and at ca. 615 nm for the one obtained with the radical initiated hydrosilylation. The
two emission bands are corrected per the relative samples PLQY, the values are
reported in table 7.1 together with the different luminescence lifetimes. Figure 7.2
b) compares 5 nm diameter SiNCs functionalized with the two different
hydrosilylation reactions. We can still observe the classic unstructured absorption
profile of SiNCs for both the samples and the typical emission band with a
maximum emission wavelength centred at ca. 910 nm for the sample obtained with
the thermal reaction and at ca. 880 nm for the one obtained with the radical initiated
hydrosilylation. Like in the previous case, the two emission bands are corrected per
the relative samples PLQY and the values are reported in table 7.1, together with

the different luminescence lifetimes.
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Figure 7.2- absorption (dotted lines) and emission (continuous and dashed lines)
spectra of a) 3 nm diameter SiNCs functionalized with 1-dodecene by thermal (blue
lines) and 4-DDB initiated (green lines) hydrosilylation reaction and b) 5 nm
diameter SiNCs functionalized with 1-dodecene by thermal (red lines) and 4-DDB

initiated (orange lines) hydrosilylation reaction, in toluene, exciting the samples at

A =440 nm.
PLQY (%) PL Lifetime (us)
Si_3_190 30 50
Si_3_4-DDB 25 35
Si_5_190 50 180
Si_5_4-DDB 40 150

Table 7.1- PLQY and PL lifetime measurements for Si_3 190, Si_3 4-DDB,
Si_5_190, Si_5_4-DDB, in toluene, exciting the samples at A = 440 nm for the PLQY

and at A =365 nm for the PL lifetime.

Table 7.1 shows better results for the two thermal hydrosilylated samples with
respect to the two 4-DDB hydrosilylated samples, in terms of both the PLQY and

the PL lifetime, for SiNCs of the same size. These results suggest a better surface
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functionalization achieved by the thermal hydrosilylation, allowing the realization
of a better protective shell around the Si core, thus all the Si optical properties are
better preserved. 4-DDB hydrosilylated samples present a little more trap states or
dangling bonds on their surface, which is also more exposed to the environmental
oxygen, resulting in its oxidation and thus in the luminescence quench. Worth
noting is considering that the thermal hydrosilylation gives better
photoluminescence properties, but it needs very high temperatures to be promoted
and many ligands could undergo degradation or oligomerization'® caused by the
heating. Moreover, the reaction cannot be carried out using a solvent, thus it needs
an excess of the ligand, which works also as the solvent. Therefore, this limit the use
of pricy molecules in this kind of functionalization. We also notice that the smaller
SiNCs usually have lower PLQYs with respect to the bigger SiNCs and this is
possibly due to the higher probability of their excitons to interact with the trap states

on the Si surface.?”

Thermal gravimetric analysis

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo model
TGA/DSC 1 with alumina crucibles (Mettler Toledo). The 70uL crucibles were
cleaned by sonication for 15 min in concentrated nitric acid and rinsed with
deionized water before being baked at 800 °C in air for 45 min. A 70uL aliquot of
SiNCs dispersed in chloroform was added to the crucible and the solvent was
allowed to evaporate, providing roughly 5/10 mg of dry SiNCs in the crucible. The
sample was heated from 25 to 800 at 10 °C/min under air flowing at 5 mL/min.
Therefore, the sample was kept at 800 °C for 30 min allowing its complete oxidation.
TGA/DSC simultaneously recorded the heat flow and crucible mass versus time and

temperature.*
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Table 7.3- Thermogravimetric heating curves for Si_3_190 (continuous blue line),
Si_3_4-DDB (continuous green line), Si_5_190 (dashed red line) and Si_5_4-DDB
(dashed orange line). Experiments were performed under oxygen atmosphere,

which led to oxidation of the nanocrystals and a weight gain at temperatures above

about 500°C.

In literature the ligand desorption usually leads to a net weight loss, while Si
oxidation produces an increase in mass.*2?% Figure 7.3 shows TGA data of SiNCs
passivated with 1-dodecene and the following thermal events are observed: (i)
oxidation of the non-functionalized sites on the Si surface in the temperature range
around 210 °C only for the two samples synthesized trough the RT, 4-DDB
promoted, hydrosilylation; (ii) loss of the bonded ligand around 300 °C, for all the
samples; (iii) degradation of the formed oligomers onto the thermally
hydrosilylated samples around 410 °C; (iv) oxidation of remaining Si to fully
oxidized particles (SiO:) at temperatures above 450 °C for the two thermal samples

and above 400 °C for the two RT, 4-DDB promoted, samples.

178



Analysing the spectra we can notice that there is no free-ligand residual in all the
solutions since 1-dodecene evaporates at 213 °C and the weight% drop was not
detected around that temperature. In addition, the loss of the bonded ligand was
detected in all the samples around 300 °C and no significant weight% difference
was seen comparing the samples synthesized with the two different hydrosilylation
reactions. The second big weight% drop in the two thermally hydrosilylated
samples may be due to the degradation and evaporation of the probably formed
oligomers onto the SiNCs surface. TGA spectra suggest us that the oligomers
formation is only verified handling the samples at very high temperatures and is
avoided through the RT, 4-DDB promoted, hydrosilylation. Nevertheless, the two
RT hydrosilylated samples TGA curves show a weight% increase around 210 °C,
relative to the Si surface oxidation, indicating a worse surface passivation for these
samples compared to the high temperature hydrosilylated ones: they have more

dangling bonds on their surface and thus less bonded ligands.

X-ray photoelectron spectroscopy

SiNCs surface was characterized by X-ray photoelectron spectroscopy (XPS) after
the hydrosilylation reaction and after the washing procedure of the functionalized
SiNCs from the non-reacted ligands and from the non-functionalized and
precipitated SiNCs. The four air-equilibrated solution have been stored for one
month and then the samples were drop-casted on the conductive face of FTO glasses

and the solvent was air-evaporated.
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Figure 7.4- XPS measurements of 1

functionalized with the thermal hydrosilylation

1100°C (top) and 1200°C (bottom),

reaction (a and c) and with the 4-DDB promoted hydrosilylation reaction (b and d).

The dark red line is the fitting of the different peak contributions: Si® 2p3?, Si® 2p'~,

Sitt, Si%, 5i%, Si*, and Si-C signals (dashed coloured lines).
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We know from the literature that oxide-embedded nanocrystals exhibit prominent
peaks characteristic of elemental Si and SiO2 at ~ 99.5 eV (zero valent Si shows two
distinct peaks: Si° 2p%? at 99.8 eV and Si® 2p'? at 99.3 eV) and ~ 103.5 eV
respectively.t6572% After the etching and the hydrosilylation reaction, the peaks in
the XPS spectra are centred at ~ 99.5 and ~102.0 eV, with a small shoulder at 103.5
eV. The new raised peak at 102.0 eV is attributed to the Si-C bond at the SiNCs
surface, the small shoulder at 103.5 eV corresponds to sub-oxide species that form
during the handling and clean-up steps. The doublet peak centred at 99.5 (5i° 2p*>
at99.8 eV and Si’ 2p'2at 99.3 eV) represents the Si-Si bond, whose intensity increases
with respect to the intensity of the same doublet peak found in the oxide-embedded
SiNCs sample. 62

Figure 7.4 shows XPS spectra acquired for Si_3_190, Si_3_4-DDB, Si_5_190 and
Si_5_4-DDB. We can observe that the peak centred at 102 eV was detected for all
the synthesized samples, corresponding to the Si-C surface functionalization as we
expected. Si_3_190 seems to show the best surface functionalization by comparing
the intensities of these peaks (at 102 eV) in all the different samples. The doublet
peak centred at 99.5 eV, corresponding to the characteristic peaks of elemental Si
was not detected for Si_3_190, probably due to an error occurred during the
measurement acquisition, we think that the sample charging was not accurately
accounted for, thus the peaks are shifted at higher energies and maybe overlapped
with the observable peaks. All the samples present the shoulder at around 103.5 eV,
corresponding to the sub-oxide species produced during the samples washing
procedure. By analysing these data, we can probably conclude that the best surface
functionalization of 5 nm diameter SiNCs is achieved for the sample obtained with
the thermal hydrosilylation Si_5_190 (considering the intensity of the Si-C peak),
which could also explain the better photophysical properties obtained, even though
the Si_5 4-DDB has the least oxidation. Differently, it is difficult to conclude

anything regarding the 3 nm diameter SiNCs samples, since their XPS spectra are
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of difficult interpretation. We can only say that these samples showed the higher

oxidation value, as we expected.

1.4 Conclusions

Two different hydrosilylation reactions to functionalize hydride-terminated SiNCs
have been investigated and compared, in terms of the photophysical properties,
such as PLQY and PL lifetime, the thermal gravimetric analysis and the X-Ray
Photoelectron Spectroscopy of the obtained colloidal solutions. We also focused our
attention on two different SiNCs diameters, 3 and 5 nm, obtained by heating the
HSQ powder to 1100 and 1200°C respectively, during the disproportionation
reaction. By analysing all the acquired data, we can conclude that, in general, all the
samples functionalized by the thermal hydrosilylation reaction have better
photophysical properties, with respect to the samples functionalized by the 4-DDB
promoted hydrosilylation. Moreover, 3nm diameter SiNCs showed worse
photophysical properties with respect to 5nm diameter SiNCs, maybe due to the
higher probability of their excitons to interact with the possible trap states on the Si
surface.?” TGA and XPS data confirmed the results obtained through the
photophysical measurements, indicating a better surface passivation achieved by
the thermally induce hydrosilylation with respect to the RT, 4-DDB promoted, one.
Nevertheless, it is worth noting considering that the thermal hydrosilylation needs
very high temperatures to be promoted and many ligands could undergo
degradation or oligomerization caused by the heating, as mentioned above.
Moreover, the reaction cannot be carried out using a solvent, thus it needs an excess
of the ligand, which works also as the solvent. Therefore, this limit the use of pricy

molecules in this kind of functionalization.
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8 Conclusions

During my PhD, I had the chance to thoroughly examine the world of SiNCs in
terms of both the synthetic and the characterization point of views. SiNCs,
opportunely functionalized with strong Si-C covalent bonds, revealed to be
extremely interesting materials for biomedical imaging and energy conversion
applications mainly, thanks to their remarkable properties. Hybrid organic-
inorganic systems based on SiNCs were synthesized and studied, through many
different techniques and some of their applications, on the already mentioned fields,

are even shown.

Specifically, the first example of LSC based on a light-harvesting antenna made of
DPA-functionalized SiNCs is shown. The PL and photovoltaic properties were
compared for LSCs based on only the organic chromophore (DPA), only SiNCs (Si),
a physical mixture of the two components (Si+DPA) and the covalent system (Si-
DPA). The best optical and photovoltaic performances were obtained for Si+DPA
sample, demonstrating that coupling organic dyes and inorganic SiNCs is a
promising route to enhance LSC performances. Its performances are even superior
with respect to the ones of the covalent system Si-DPA because of the decreased
PLQY of the Si core upon covalent functionalization. In the Si+DPA LSC, a trivial
energy transfer mechanism, enhanced by the long optical path typically
encountered in LSC devices, minimizes the loss due to self-reabsorption of DPA
luminescence. Optical efficiency as high as 4.25% was achieved with this device

architecture.

SiNCs have also been functionalized, in three different ways, with PEG chains,
achieving water dispersibility. The two best synthesized samples have been Si-PEG
and Si-(15%)PEGz0 in terms of all the photophysical properties, the sample

stability in different aqueous solutions and the reaction chemical yields. The pH
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sensitivity has been also studied for these two samples, suggesting the possibility
to realize a pH-sensitive device based on these SiNCs solutions. Moreover, it has
been shown that the Si-PEG sample, obtained by the thiol-ene click reaction, has
the potential to be utilized for luminescence-guided surgery, since it accumulate in
the tumor and is excreted within 48 hours, as demonstrated in mice with MDA-MB-
231 tumors. In addition, due to the long emission lifetime of these SiNCs (60 ps), the
signal to background ratio and the background ambient light suppression can be
enhanced via time-gated luminescence imaging. Future studies are aimed at
increasing the molar absorption coefficient of SiNCs in the red and NIR spectral
region by a light-harvesting approach. This will enable red excitation of SiNCs
coupled to time-gated NIR luminescence for deeper tissue penetration.
Furthermore, conjugation of the terminal OH group of the PEG shell to a tumor

targeting agent will be investigated for active targeting of the tumor.

A different approach, the so-called non-covalent method, to disperse SiNCs in water
was also examined. We have demonstrated that 5 nm diameter SiNCs, previously
synthesized and stabilized with dodecyl chains, can be physically encapsulated,
together with LR or DPA units, inside polymer nanoparticles made of PMMA-
SOsH, via nanoprecipitation technique. The fundamental phenomenon observed in
these system, at high chromophore concentration, is the excitation energy transfer
(EET). EET shuttles the excitation energy between the encapsulated dye units until
the interaction with an encapsulated SiNC: if it happens, the closest excited dye to
the SiINC works as the donor, while the SiNC works as the acceptor. In this way, it
is possible to sensitize the SiNCs emission. Through the photophysical
characterization, we have showed the EET presence in both PNPs+SiDDE5+LR and
PNPs+SiDDE5+DPA samples. The EET was lower for the first prepared sample and

more intense for the second one.

Azobenzene derivatives-functionalized SiNCs were also synthesized for the first

time. Two different azobenzene derivatives have been used, the so-called AzoCs:OH
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and AzoPeg. We obtained a better functionalization using the first one, bringing to
a better stability of Si-O-CsAzo respect to Si-O-PegAzo in terms of sample
degradation by time or under irradiation. PLQY and PL lifetime have been
measured for both the samples and for the SiBuOH control sample as well,
resulting in lower values for the first two with respect to the control. A Si dynamic
and static PL quenching in solution caused by the linked or the free azobenzene
derivatives (covalent and physical mixtures respectively) was detected, so we can
tell that these molecules quench the Si core luminescence and this effect is bigger
considering the cis isomer with respect to the trans isomer, suggesting the
possibility of incrementing a SiNCs-based device with photo-switchable optical
behaviours. Interesting is also the change in the Si-O-CsAzo sample polarity by
irradiating it at A = 365 nm. Si-O-CsAzo-cis showed a better dispersibility in MeOH
with respect to Si-O-CsAzo-trans, suggesting the possibility of incrementing a light-

driven motion.

In the end, during my stay at the University of Texas at Austin I had the chance to
study and compare two different hydrosilylation reactions to functionalize hydride-
terminated SiNCs, in terms of the photophysical properties, the thermal gravimetric
analysis and the X-Ray Photoelectron Spectroscopy of the obtained colloidal
solutions, focusing my attention on two different SiNCs diameters, 3 and 5 nm. In
general, all the samples functionalized by the thermal hydrosilylation reaction
showed better photophysical properties, with respect to the samples functionalized
by the 4-DDB promoted hydrosilylation. Moreover, 3 nm diameter SiNCs showed
worse photophysical properties with respect to 5 nm diameter SiNCs, maybe due
to the higher probability of their excitons to interact with the possible trap states on
the Si surface. TGA and XPS data confirmed the results obtained through the
photophysical measurements, indicating a better surface passivation achieved by
the thermally induce hydrosilylation with respect to the RT, 4-DDB promoted, one.

Nevertheless, it is worth noting considering that the thermal hydrosilylation needs
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very high temperatures to be promoted and many ligands could undergo
degradation or oligomerization caused by the heating, as mentioned above.
Moreover, the reaction cannot be carried out using a solvent, thus it needs an excess
of the ligand, which works also as the solvent. Therefore, this limit the use of pricy

molecules in this kind of functionalization.
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A|J|JEI’IE|iX A - Photophysical
Methods

SiNCs were characterized by the acquisition of absorption, emission and excitation
spectra, luminescence lifetimes, anisotropy measurements, the number of the
attached molecules onto the SiNCs surface, the Si luminescence quantum yield, the
surface-attached chromophore quenching efficiency and the SiNCs sensitization
efficiency. All solution phase experiments were run in 1 cm optical path quartz
cuvettes; high purity or distilled solvents were used. Experiments in de-oxygenated
atmosphere were performed in a modified 1 cm optical path quartz cuvette

provided with vacuum manifold, compatible stopcock and PTFE valve.

Al Electronic absorption spectra

UV-Visible absorption spectra are the result of electronic transitions taking place
when photons are absorbed by a ground-state species, producing excited states.
Each chemical species has its own sequence of excited states and then its own
characteristic absorption spectrum. Absorption spectra were acquired with the
double beam UV-Vis spectrophotometer, Perkin-Elmer Lambda 650, which is

shown in figure A.1.
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Figure A.1- double-beam UV-Vis spectrophotometer scheme where S=light source
(a tungsten lamp operates between 900 and 320 nm, while an Hydrogen one works
between 320 and 190 nm); M=monochromator (diffraction grating); C= Sample; rif=
reference; R= detector (photo-multiplier tube) ch=chopper; Sp= mirrors; CPU=

computer.

The chopper splits the analyzing light beam in two parts, so the reference
absorbance and the sample absorbance are measured at the same time and the first
one is subtracted from the second one. Using the Lambert-Beer law, it is possible to
calculate the value of the molar absorption coefficient € (expressed in M! cm™) from

the spectra acquired:
A = ¢g*b*c

Where A is the sample absorbance, b is the cuvette optical path (1cm in our case)

and c is the sample molar concentration.

A.2 Number of chromophare units on the SiNCs surface

In order to calculate the number of chromophore units, two solutions are needed:
one containing the chromophore-functionalized SiNCs and another one containing
only SiNCs at the same concentration of SiNCs in the first solution. The equation

used to calculate the number of chromophores for each SiNC is:
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o Chromophores _ C¢p,
SiNC CsiNncs

where Cen. is the chromophore concentration and Csincs is the SiNCs concentration;
both of them can be calculated using the Lambert-Beer law (see above), knowing

their molar absorption coefficients at their maximum absorption wavelength Aabs_max.

) ) ) A SiNC
SiNCs concentration calculation: Csincs = ———=>—=>—

Emax_SiNCs X D

where Ama_sincs is the SiINCs absorbance at their Aabs_max, Emax_sincs is the SINCs molar
absorption coefficient at their Aas_maxand b is the light path of the used cuvette (1

cm).

. . A h.
Chromophore concentration calculation: Ccj. = —maxch

Emax_chX b

where Amaxn is the chromophore absorbance at his Aabsmax, €maxcn is the
chromophore molar absorption coefficient at his Aabs_maxand b is the light path of the
used cuvette (1 cm). Amaxch can be calculated subtracting the SiNCs absorbance at
Aabs_max Of the chromophore (Asincs_h) from the total absorbance at the same Aabs_max

(Aror):

Amaxich= ATOT - ASiNCsﬁCh

A.3 Emission and excitation spectra

The sample luminescence can give precious information on the nature of the
emitting excited state and can be exploited for qualitative and quantitative analyses.
Emission spectra in the visible range (3nm diameter SiNCs) were acquired with the
fluorimeter Perkin-Elmer LS55 and emission spectra in the NIR (near-infrared)
range (5nm diameter SiNCs) were acquired using the Edimburgh F900, a

fluorimeter equipped with a high sensitivity germanium detector together with a
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liquid nitrogen cooling system, where the signal acquisition is performed by a lock-
in amplifier connected to a chopper in order to maximize the signal to noise ratio.

In figure A.2 a general spectrofluorimeter diagram is shown.

—
E & _ h C
slit

CPU

Figure A.2- Spectrofluorimeter scheme. S=light source (Xe, 2us pulsed lamp);
M=monochromators (diffraction grating); C= Sample; R1= reference detector to
correct lamp emission; R2 = detector (photo-multiplier tube) ch=chopper; CPU=

computer.

This instrument is used to study the molecular radiative transitions from the excited
state (in general S1 or T1) to the ground state (S0). In addition, setting a delay
between the lamp pulse and the light detection it is possible to divide the
fluorescence from the phosphorescence. Emission spectra are characterized by a
fixed excitation wavelength, while emission monochromator scans emission
wavelengths; excitation spectra, on the opposite, are taken fixing an emission
wavelength but tuning excitation ones. Furthermore, a correct excitation spectrum
must be registered on the so-called linearity interval, which means that the sample
solution must show absorbance under 0.1 in the whole absorption spectrum since,
only for little values of absorbance, the dependence of the emission intensity can be

approximated as linear. Excitation spectra are a powerful tool to evidence the
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energy transfer processes, which take place inside the studied sample. In general,
the higher excited states populated by excitation are converted with unitary
efficiency into the lowest emitting excited state (Kasha rule). For this reason, the
shape of the excitation spectrum is a replica of the absorption spectrum of the

sample.

A4 Luminescence lifetime

Most lifetime measuring techniques are based on the recording of the excited state
concentration as a function of time. They consider a direct proportionality at any
time between the number of emitted photons and the number of excited states
present. Luminescence lifetime of an excited species (t) is defined as the time in
which its concentration become 1/e than the initial value. In order to acquire this
value, two different methods were used: time-gated fluorescence detection, which
is generally used for longer lifetimes (SiNCs have a luminescence lifetime in the ps-
range), and time-correlated single-photon counting, which is generally used for
smaller lifetime (chromophores have a luminescence lifetime in the ns-range).
Emission intensity decays in the us-range were performed on a homemade time-
resolved phosphorimeter equipped with an Avalanche PhotoDiode C12703 with a
peak sensitivity wavelength of 800 nm of the emitted light and a pulsed LED as the
excitation source. The second method used is the time-correlated single-photon
counting (TCSPC), which is based on the probability that one single photon emitted
by the fluorescent sample is captured by a high sensitivity detector. This probability
is directly dependent on the excited states concentration variation during time. For
this purpose, the time correlated single-photon counter is the instrument used,
which is able to detect the shortest lifetimes (from 0.5 ns to 20 ps). In figure A.3 the

schematic diagram of a single-photon counter is shown.
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Figure A.3- schematic diagram of a single-photon counter, where S is the light

source, M1 and M2 are the excitation and emission diffraction grating
monochromators, D start and D stop are the source and the sample
photomultipliers, C is the sample, TAC is a time to amplitude converter, MCA is

the multichannel analyser and CPU is the computer.

The analysis of the acquired lifetimes start by examining the intensity decay data
on a logarithmic scale. The following two possibilities represent the most common

cases:

1. The decay appears linear. In this case, a simple first-order decay model is usually

correct. Data are analysed by a mono-exponential fit.

2. The decay does not look linear, or the mono-exponential fit was not satisfactory.
In this case, a more complex model should be considered, taking into account the
peculiarities of the investigated system. Most commonly, the decay of the total
emission intensity is fitted as a sum of two exponential terms, which means that the

system contains two different and independent luminescent compounds with two

194



different lifetimes 11 and 12. In such a case, the pre-exponential factors A1l and A2
are determined by the emission quantum yield of them, by their emission intensity

and by their concentration.

t t
I(t) = Ay exp (— ;) + A exp(=7)

A.o Luminescence quantum yield

The luminescence quantum yield ® is an important parameter for the

characterization of luminescent excited state and it is defined as:

n° of emitted photons

" n° of absorbed photons

It can be calculated by the relative method, which consists in the use of a reference
compound with a known @ and in the comparison between its emission spectrum
and the sample emission spectrum. The two emission spectra, corrected by the
detector response, must be acquired in the same spectral range. Subsequently, the
® is calculated by the equation:

Ss Ag nsz‘

D, = P SRS
§ RSRASTLI%

Where @s and @r are the sample and the reference luminescence quantum yield
respectively, Ss and Sr are the areas underneath the emission spectra of the sample
and of the reference respectively, As and Ar are the sample and reference
absorbance at the excitation wavelength respectively, ns and nr are the refraction
indexes of the sample and of the reference solvent respectively. Exciting the two
samples at the same wavelength, in which the two solutions have the same

absorption, the equation could be simplified in:
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The reference is chosen considering the excitation wavelength, the emission spectral
range and the attended ® value. A water solution of [Ru(bpy)s]** 2Cl- is commonly
used as the reference for 3 nm diameter SiNCs, while an EtOH solution of
1,1',3,3,3",3"-hexamethyl-indotricarbocyanine iodide (HITCI) is commonly used as

the reference for 5 nm diameter SiNCs.

Even when performed with great care, the measurement of luminescent quantum
yields remains prone to errors; data obtained in different laboratories can easily

differ by 10% or more.

A.b Chromophore quenching efficiency

The quenching efficiency of the chromophores can be calculated using the equation:

. Int.
Ratio = —*
Int.o%
and subtracting this value from the unity:
nq =1- Ratio

where 74 is the quenching efficiency, Int.s is the integral of the sample emission and
Int.o% is the integral of the emission of a solution with 0% of energy transfer. The

two emission spectra must be acquired exciting at an isosbestic point.

The 0% energy transfer solution is a solution made of the same chromophore
concentration and the same SiNCs concentration of the real sample, but herein the

two compounds are not linked together and the energy transfer is not observed.
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A.b SiNCs sensitization efficiency

The SiNCs sensitization efficiency () can be calculated with the equation:

_ IS_IO%
Ns=——
I100%—ITow

where s is the integral of the sample emission (the sum of the SiNCs emission
caused by the SiNCs direct absorption at the excitation wavelength and the SiNCs
sensitization due to the energy transfer from the chromophores), lo% is the integral
of the SiNCs emission with the 0% of energy transfer (see above) and l10% is the
integral of the SiNCs emission with the 100% of energy transfer (mathematically
reproduced). The solutions must be excited at the same wavelength (maximum
absorbance wavelength of the involved chromophore) and the same spectral region

must be investigated for the emissions.

A.7 Lluminescence anisotropy

Luminescence anisotropy can be exploited to study any kind of process that causes
a change in the orientation of the dipole moment associated with the electronic
distribution of a luminescent excited state. The most commonly studied processes
are molecular rotation and energy migration. Luminescence anisotropy
measurements are based on the fact that excitation with linearly polarized light of a
randomly orientated sample may produce a polarized emission. Considering an
isotropic solution (with randomly orientated molecules) immobilized by freezing
the solvent and with a very low concentration (in order to avoid electronic
interactions), if a linearly polarized radiation is sent to the sample, the absorption
probability will be greatest for the molecules with the transition moment parallel to
the polarization direction. Thus, the population of the formed excited states will
possess a preferential orientation with respect to the direction of polarization of the
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excitation light. Because of solution rigidity, the emitting dipole of the excited states
will also be oriented preferentially in a given direction and the emitted light will be
polarized. With this measurement is also possible to obtain information on the
angular displacement (B) of the transition moment vector between absorption

(TMabs) and emission (TMen) (figure A.4).

A ;/

excitation \‘

| |

emission

TMabs

Figure A.4: Representation of the angular displacement (f8) of the transition moment

vector between absorption (TMabs) and emission (TMem).

In general, luminescence anisotropy is measured with conventional
spectrofluorimeters by adding two polarizers in the excitation and emission beams,
respectively. The sample is excited with vertically polarized light, and the
fluorescence is analyzed with the emission polarizer. Two intensity values are
measured: I, with the emission polarizer in the vertical position (parallel to the
excitation one) and I. , with the emission polarizer in the horizontal position
(perpendicular to the excitation one). The polarization of the sample emission is

quantified by the anisotropy value 1, defined by the equation:

_ I//—IL
1,421

For randomly oriented molecules in diluted rigid solution, the limiting values for r
are -0.2 and +0.4, corresponding to parallel and perpendicular orientations,

respectively, of the absorption and emission transition moments. If the solution is
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not rigid and dilute, several depolarization processes can come into play. These can
cause a reduction of the population of the selectively oriented excited states initially
created, leading to lower r values. Such depolarization processes are energy
migration, rotational diffusion and trivial processes. Energy migration can occur at
sufficiently high concentration. If the donor and the acceptor have a random relative
orientation, the preferential orientation of the initially formed excited state is lost.
The rotational diffusion is the most important depolarization process in fluid
solutions. The rate of rotational diffusion of small molecule in low-viscosity media
is typically faster than the rate of excited state decay, leading to randomly oriented

excited states, with complete depolarization of the emission.

A.8 Dynamic Light Scattering (DLS)

DLS is a useful technique for the particles size determination. With the
measurement of the intensity fluctuations of the scattered light during time, it is
possible to obtain the value of the translational diffusion coefficient (D) of a particle
in a liquid solution. D defines the Brownian motion of the particle (the random
movement of the particles in a liquid solution due to the collisions with the solvent
molecules around) and so it is directly proportional to the particle size. In order to
acquire the value of D, many experimental conditions are needed: (i) Temperature
and dispersant viscosity must be accurately known; (ii) Particles number in the
investigated volume must be constant; (iii) Temperature must be constant (absence
of convection currents in the sample is required). The diffusion coefficient D is
correlated to the hydrodynamic diameter d(H) thanks to the Stock-Einstein

equation:

KT
3nn(T)D

d(H)
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Where K is the Boltzmann’s constant, T the absolute temperature, n(T) the
dispersant viscosity at the given temperature and d(H) is the diameter of a sphere
with the same diffusion coefficient as the particles, this value refers to how a particle
moves within a liquid. The intensity distribution can be converted into a volume
distribution if the optical properties (n) of the particles are known. The volume
distribution could provide more realistic results for non-perfectly monodisperse
samples. The intensity fluctuations of the scattered light depend on the speed of the
particle diffusion due to the Brownian motion, thus they also depend on the
particles size (smaller particles are faster than bigger particles). In addition,
constructive or destructive interference on scattered light may occur because of the
motion. The algorithm used to study the intensity fluctuation during time is the

correlation function G(t):
G(t) = fooo I1(t) = I(t + 1)dt

which measures the degree of similarity between two signals, or one signal with
itself at varying time intervals. The sample time of the correlator is t. The equation
gives the signal correlation as a function of time. For large particles, the correlation
persists for a long time due to their slow motion; in contrast, for small particles, the
correlation disappears more rapidly because of their fast motion. The particle mean
size and the distribution width are obtained with the cumulant analysis: assuming
a one particle size or a narrow distribution and fitting the correlation curve with a

mono-exponential equation:
(1) =[1+B (-2Dq*1)]
Where A is the baseline of the correlation function, B is the intercept of the

correlation function, D is the translational diffusion coefficient and q:

__4mn sen 7]
q Ao 2
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where n is the refractive index of the solution, Ao is the wavelength of the laser and

0 is the scattering angle.

A9 Photophysical measurements on LC (see chapter 3)

UV-Vis transmittance spectra of the prepared LSCs were collected on an Agilent
Cary 5000 UV-Vis-NIR spectrophotometer equipped with solid state holder. Color
Rendering Index (CRI) and Colour Coordinates were calculated by multiplying the
transmittance spectrum to the incident AM 1.5G spectrum, in order to simulate the

spectrum of the light transmitted through the LSC:

T=0 1 =IoxT
Ip

The resulting spectra were processed with CIE 13.3 CRI (1994) software® (Péter
Sylvester, University of Veszprém) and the obtained coordinates plotted in the CIE
1931 color space chromaticity diagram. The fraction of photons absorbed in the

visible region of the solar spectrum (Aabs = 400-700 nm) was calculated as follows:

A=700nm

400~700nm _ Ja=s00nm To~=Ir
Nabs )L=700nm1
fA=400nm 0

PL spectra were registered with the same equipment described for the solution-
phase characterization, but sample holder and excitation source were adapted
depending on the specific measurement. PLQY of the LSCs was calculated with the
integrating sphere using the method described by De Mello.?® A reference polymer
slab with the same composition was used as blank sample. The optical efficiency of
the LSC was measured adapting a method previously described by Coropceanu et
al.'”! based on the integrating sphere determination. Black tape was used to cover
the edges of the LSC and the PLQY was measured in this condition and compared

with the one measured on the same LSC with free edges.

201



Inner filter correction

In order to take into account of the inner filter effect and to compare the PL spectra
of the Si-DPA and Si+DPA samples with the one with pristine SiNCs, Si, the

following correction has to be applied to the latter:

— 1 —(A
[ inner filter — I1 10 inner fitter (1-10 ( tot))
tot

Where I, inner fitcer is the intensity measured in the sample with an absorbance equal
to Atot, I1, no imner filter is the calculated value in absence of inner filter effect and A1 is the
absorbance of the investigated specie (SINCs) in the reference mixture (either Si-
DPA or Si+DPA) having overall absorption Atwt. Figure 3.14 reports the calculated
Si spectrum following this approach, in comparison with pristine Si+DPA and Si-

DPA samples, both exhibiting higher PL intensity with respect to corrected Si.

Photovoltaic characteristics determination

For the photovoltaic characterization of the LSC devices, a-Si PV cell was masked,
exposing an area of 1.08 cm? in order to fully cover the LSC short edge in all samples.
The cell was fixed to the side of a homemade black cell and connected to a source
picoammeter (Keithley 2401) equipped with a solar simulator. The solar simulator
consists in a Xe lamp with an AM 1.5 - Global filter, which can generate vis-UV light
with the power intensity of 1 Sun (100 mW cm?). The light intensity of the solar
simulator was controlled through a calibrated silicon solar cell. The optical contact
between the cell and the LSC was optimized by adding a clear tape layer between
them, in order to reduce the roughness of the slab and increase the quality of the
optical interface. Photovoltaic characteristics in direct illumination configuration of
the a-Si cell was performed, obtaining PCE equal to 18.1%, Jsc = 44.1 mA and Voc =
592 mV. The G-factor was calculated as follows, by using the size of each LSC

reported in table A.1:
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G _ AfOp

2Aedge,long +2Aedge,short

Where A;o,= Lx], Aegge,iong= Lxt and Aggge shore= Ixt.

G L I t (re-shaping Toptq

Blank 2.86 6.40 2.35 0.30 -
DPA 2.69 6.10 2.20 0.30 0.75 4.81
Si 2.64 5.70 2.20 0.30 1.07 3.30
Si+DPA 2.56 5.40 2.05 0.29 0.85 3.34
Si-DPA 2.98 5.60 2.15 0.26 0.93 4.98

Table A.1- G factor and lateral size of the prepared LSCs, expressed in cm. Re-
shaping factor (qreshaping), is defined as the ratio between the ¢-Si PV cell EQE over
the emission spectrum of the luminophore (QPL) and the EQE over the full solar

spectrum (Qs ). Optical efficiency corrected for the re-shaping factor (noptq).

The JSC values were normalized for the area mismatch between LSC/PV cell contact
area and the exposed area of the cell employed for the direct illumination

configuration (i.e. 1.08 cm?). The values were calculated as follows:48

_ Nopt
Noptq=—"—
dre—shaping
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A|J|JEI'IE|iX (- supplementary
Technigues and Characterizations

B.| Trasmission Electron Microscope (TEM)

HR-TEM and STEM-HAADF micrographs were recorded on a FEI Tecnai F20T
TEM equipped with a Schottky emitter and operated at 120kV to minimize beam-
induced damage in low atomic weight materials. The TEM is provided with a Gatan
MSC794 CCD camera, 127 Fischione High Angle Annular Dark Field STEM detector
and double tilt specimen holder. Compositional analysis of the samples is possible
thanks to an attached EDAX EDS X-ray spectrometer PV9761 with Super Ultra thin
window. The information limit provided by this instrumental setup is equal to 0.14
nm, while the point resolution in TEM mode (Scherzer defocus) is equal to 0.24 nm
and the one in STEM mode is 0.19 nm. Figure B.1 displays the different optical
setups employed to obtain a) selected area diffraction (SAD or SAED), b) high
resolution micrographs (HR-TEM or HREM) and scanning transmission
micrographs (STEM). Further details on the theory of the TEM working modes can
be found in literature.®! The samples are usually prepared by drop casting of few
drops of the sample solution on carbon coated copper TEM grids. The shape of the
carbon film is chosen depending on the expected size and shape factor of the
material of interest. The solvent is then removed by vacuum pumping the grid or,
when the material is not heat sensitive, by rapid heating over the solvent boiling

point.
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Figure B.1- Schematic representation of a TEM column in different working modes.

B.Z X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed using a commercial X-ray
photoelectron spectrometer (Kratos Axis Ultra), utilizing a monochromatic Al Ko
X-ray source (hv=1486.5 eV), hybrid optics (employing a magnetic and electrostatic
lens simultaneously) and a multi-channel plate detector coupled to a hemispherical
analyzer. Si nanocrystal films were drop-cast onto indium tin oxide coated glass
slides and were secured on the experimental tray using double-sided Cu tape. The
photoelectron take-off angle was normal to the surface of the sample and 45° with
respect to the X-ray beam. All spectra were recorded using a single sweep and an
aperture slot of 300 um by 700 um. High-resolution spectra were collected with 20
eV pass energy. Spectra were collected at 0.1 eV intervals and 1500 ms integration
time through a tungsten coil set at 4.8 V bias with respect to the sample. The
pressure in the analysis chamber was typically 3x10~ Torr during data acquisition.
Sample charging was corrected by shifting the Si° 2p*?to a binding energy of 99.3

eV. Background subtraction was done using a Shirley background model. The Si°

205



2p%2 and Si° 2p'? peaks were fit with Voigt profiles (30% Gaussian character)
centered at 99.3 and 99.8 eV, respectively, maintaining the appropriate intensity
ratio of 2:1 corresponding to the spin-orbit splitting ratio for p-orbitals. Peak
contributions from Si%*, 5i*, Si**, Si*, and Si-C were fit using Voigt profiles centered

at 100.4 eV, 101.5 eV, 102.6 eV, and 103.7 eV, and 102.0 eV, respectively.?®

B.3 Proton Nuclear Magnetic Resonance (‘H-NMR)

'"H-NMR spectra were acquired with the Varian Mercury 400 MHz, which uses a
pulse system with a Fourier transform. In figure B.2 an NMR spectrometer is
shown. Chemical shifts are reported in ppm using tetramethylsilane as the internal
reference standard. Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling

constants (Hz).

Figure B.2- schematic representation of an NMR spectrometer.

The instrument uses a superconductor magnet, which is immersed in liquid helium
(4.2 kelvin) and inserted inside a nitrogen-filled Dewar container (77.4 kelvin). This

set-up allows us to work at very low temperature, near the absolute zero, and to
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avoid helium rapid evaporation. The sample is introduced inside the probe, which
contains magnet coils and shim coils used to create the radiofrequency and to keep
the magnetic field constant. Proton Larmor frequency, which is the resonance
frequency for the spin inversion of an isolated proton, can be calculated with the

equation:

where y is the proton gyromagnetic ratio and Bo is the applied magnetic field.
Thanks to the magnet coils, a radiofrequency pulse can be sent to the sample,
causing the inversion of the spin of protons with the precession axes aligned to the
magnetic field direction. The analysis of the protons relaxation process allows us to
obtain the transversal magnetization free induction decays, subsequently analysed
through the Fourier transform in order to obtain the frequency-dependent NMR
spectra. The resonance frequency of the protons varies with the local chemical

environment, observing the law:
Y
Veff =7-Bo (1-0)

where ¢ is the shield constant, which depends on the local chemical environment;
for this reason it is possible to distinguish the different protons in the sample. The
frequency could be converted in the chemical shift (§), expressed in ppm, with the

formula:

Vprotone [Hz]-vrms[Hz
VapplHZ]

[ppm] = i 106ppm

Where tetramethylsilane (TMS) is the reference compound. The expression of the
frequency in ppm is advantageous in order to have smaller numbers and to be
independent from the frequency applied to the instrument. In this way, it is also

possible to compare directly spectra acquired with different resolutions.

207



A|J|JEI'IE|iX [\ - Details on In Vivo
Animal Studies

C.| In vivo animal studies™ (see chapter 4)

All animal procedures were approved by the Institutional Animal Care and Use
Committee, and the studies here were carried out in compliance with these
approved procedures. Briefly, 10° MDA-MB-231 cells were injected under the skin
on the flank of a nude mouse (Charles River Laboratories, Wilmington, MA). Once
tumors of approximately 100 mm? developed, these mice were then In Vivo (IV)
injected with 200 uL of 4 nm Si-PEG (1.5 uM) and were allowed to rest for 2, 4, 24,
and 48 h prior to imaging. The animals were imaged both in vivo under anesthesia
and then after sacrifice the organs were extracted for ex vivo imaging. The imaging
was performed based on a custom fluorescence imaging system, which used a 457
nm Diode-pumped solid-state laser (DPSS laser, Laserglow Tech, Toronto ON
Canada) for excitation and imaging with an ICCD camera (PI-MAX 4 1024i,
Princeton Instruments, Acton MA USA) for optical signal collection. Figure C.1
shows the profile of the laser intensity as a function of time. A 10 us delay after a
complete shutdown of the excitation source was chosen for time-gated imaging. A
function generator (Agilent 33120A, Agilent Technologies, Inc., Santa Clara, CA
95051, United States) was used to synchronize the ICCD camera and DPSS laser for
time gating detection. A 1 kHz square wave with duty cycle of 20% was used to
modulate the DPSS laser for time-gating mode, and 200 ps was accumulated on the
ICCD camera with 100 ps delay after the falling edge. To increase the exposure time,
1000 frames were accumulated on the chip of the ICCD camera before each readout,
so the total exposure time was 0.2 s. The gain was set to the maximum value for the
ICCD camera to improve the detection sensitivity. A Sigma 70 mm £/2.8 DG ART
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macro lens was coupled with the ICCD camera, with a final field of view (FOV) of
10 cm x 10 cm. An 800 nm bandpass filter with full width at half maximum (FWHM)
of 40 nm (Tharlab Inc. Newton, New Jersey, United States) was coupled between
the lens and the ICCD camera to filter out the 457 nm laser when collecting the
emission of SiNCs. For comparison between time-gated and continuous wave (CW)
imaging, the latter was tested using the same laser and camera working with the

same exposure time and accumulated number of frames, but in CW mode.
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Figure C.1- Intensity decay profile of the diode-pumped solid state laser.
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