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General Introduction

General Introduction

Photocatalysis has emerged at the forefront of the synthetic methodologies as a
potent means for a wide range of transformations, such as bond-making or bond-breaking
processes in organic chemistry. In particular, photoredox catalysis has experienced a
significant evolution to be used as an efficient organic synthesis tool in the recent past years.
Transition metal complex photocatalysts (mainly based on Ir and Ru elements), organic dyes
and large band gap semiconductors such as Titanium Oxide (TiO2) have dominated the
photoredox domain. Recently, a new class of semiconductor nanocrystals, known as Quantum
Dots (QDs), has been reported as excellent candidates for visible-light harvesting
photocatalysts performing various photoredox applications, particularly organic

transformations such as oxidations and reductions.

Quantum Dots are semiconductor nanoparticles with relatively narrow band gaps (e.g.,
CdS, CdSe, InP, Etc.) of a few nanometers in diameter. Colloidal Quantum Dots are
functionalized with surface ligands, stabilizing them in solution. Quantum Dots are promising
candidates in photoredox catalysis due to their high photostability, large extinction
coefficients, tunable optical properties and surface chemistry. Moreover, due to their
nanometer scale size they exhibit the quantum confinement effect. Then, the optical and

electronic properties of Quantum Dots are highly dependent on their size.

Thanks to their properties, Quantum Dots have been extensively explored as
photocatalysts for applications such as hydrogen evolution, carbon dioxide reduction, and
other related solar fuel applications. However, their use as photocatalysts for organic
transformations, such as bond-formation reactions, remains relatively limited. Moreover, to
the best of our knowledge, in all the reported QD-photocatalyzed organic reactions, only one
type of Quantum Dots is studied without investigating different types of Quantum Dots for a

given reaction.

In this context, the main objective of this thesis is to explore the use of different types
and structures of semiconductor Quantum Dots for new carbon-carbon bond formation
organic reactions. During the first part of this Thesis, we aim to develop new radical-based
photoredox reactions leading to the synthesis of natural products of Tropane derivatives

starting from N-Aryl Amines using Quantum Dots as photocatalysts. The success of the
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photoredox reactions requires the accomplishment of two catalytic cycles to produce the final
desired product. Then, the photocatalyst (Quantum Dots in our case) is supposed to perform
two successive charge transfer processes to complete the two steps in one reaction pot (See
Scheme 1). Therefore, we explore the photocatalytic activity of different types and structures
of Quantum Dots (CdS, CdSe, InP core-QDs, and CdS-CdSe, CdSe-CdS, CdSe-ZnS, and InP-ZnS
core-shell QDs) in order to select the most convenient type of Quantum Dots to photocatalyze
the targeted reactions. In addition, we optimize the surface ligands of the Quantum Dots to
ensure better interaction with the reactions’ substrates and consequently improve their
activity.

! . . C-C Formation Tropane Derivative
i+ N-Aryl Radical Ti 2
' rylamine adical frap 1 Intermediate product Final Product
First catalytic step : Second catalytic step
First charge transfer process ; Second charge transfer process

Scheme 1: Schematic illustration for the 2-step photoredox reaction of the Tropane derivatives
synthesis using Quantum Dots.

However, it is well-reported that despite the encouraging properties of the
semiconductor Quantum Dots, their use in photoredox reactions rarely exhibit high quantum
yields, typically less than 1%, and usually the completion of the reactions requires long
irradiation time (from 3 hours and up to 72 hours). This is attributed to the charge
recombination processes. After the photoexcitation of Quantum Dots, the charge carriers
could recombine, and no redox reactions could occur on their surface. Then, an essential
challenge in Quantum Dots mediated photochemistry is to suppress the possible
recombination processes after generating the charge pairs, and to create new pathways to

improve the charge transfer from the photoexcited Quantum Dots to the organic substrates.

One of the explored strategies to limit the recombination of the charges generated
from the excited semiconductor nanoparticles is to design hybrid nanostructures of
semiconductor-metal nanoparticles. Up to now, the hybrid nanostructures used in

photocatalysis are designed by the deposition or the growth of noble metal nanoparticles on
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the surface of the semiconductor Quantum Dots. Such hybrid nanostructures are intended to
promote the electron transfer from the excited QDs to the metal nanoparticles. The metallic
nanoparticle can store the transferred electrons, thus limiting their recombination processes.
Therefore, a second main objective of this Thesis is to design a new photocatalyst based on
novel hybrid nanostructures of semiconductor Quantum Dots and metallic nanoparticles in
order to enhance the efficiency of the QD-photocatalyzed reactions. Then, in the second part
of the Thesis, we aim to connect Quantum Dots to Gold nanoparticles by covalent bond using
a click chemistry approach (See Scheme 2). Such chemically assembled hybrid nanostructures
are still very few examples in literature and, to the best of our knowledge, they were not
reported in photocatalysis until now. Therefore, here we explore the photocatalytic activity of
the newly designed hybrid nanostructures and compared it with that of bare Quantum Dots.
Moreover, we studied the charge separation generated upon the photoexcitation of the

Quantum Dot and the accumulation of the electrons on the gold nanoparticle.

Quantum Dots Metal nanoparticle

Scheme 2: Schematic illustration for the Quantum Dot-metal nanoparticle hybrid nanostructure:
Quantum Dot are connected to a metal nanoparticle by chemical bond between their surface ligands
created using click reaction. The excitation of the Quantum Dot generates the electron-hole pair, then
the electron is transferred to the metal nanoparticle.
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Scope of the Thesis

The manuscript of this thesis is organized into four main Chapters:

Chapter |, entitled Semiconductor Quantum Dots’ Systems for Photoredox Catalysis:
State of the Art, presents a general introduction to the use of semiconductor Quantum Dots
systems in photoredox catalysis. This chapter commences with an introduction to the history
of photocatalysis as a means of solar energy conversion. In addition, this introductive chapter
introduces the discovery of the Quantum confinement in nanocrystals, a general background
on the preparation of Quantum Dots, their different types, the optical and electronic

properties of Quantum Dots, and the optimization of the surface chemistry.

Moreover, Chapter | summarizes the State-of-the-art concerning the recent
application of Quantum Dots as visible-light photocatalysts for various photocatalytic organic
reactions. We collect the literature reports on the QD-catalyzed organic reactions and classify
them based on the type of the reaction. Furthermore, this chapter addresses some
methodologies to enhance the efficiency of Quantum Dots by depositing noble metal
nanoparticles on the surface of the Quantum Dots to improve the activity of the

photogenerated charge carriers.

Chapter II, entitled Quantum Dots mediated photoredox C-C bonds formation:
oxidation of Aryl-amines leading to Tropane skeletons after two successive allylations,
shows our attempts to explore the ability of Semiconductor Quantum Dots to synthesize
natural products of Tropane derivatives via photoredox methodology starting from N-Aryl-
amines. This chapter discusses the difference in the efficiency of the different Types and
structure of Quantum Dots to oxidize the reaction substrates based on their type and structure
which helps to choose the most suitable type of Quantum Dots for performing the desired
redox steps in the targeted reaction. We study different structure of Quantum Dots such as
core or core-shell, in addition to different types of core-shell such as Type-I, quasi Type Il and
inverted Type-l Quantum Dots. We also shows the importance of optimizing the surface
ligands of the Quantum Dots to improve the activity. In addition, this chapter presents the
corresponding catalytic mechanism of the targeted reaction, showing the different generated
radicals during the redox steps and the mechanistic investigation (DFT calculation,
electrochemical analysis...) performed in order to support the proposed catalytic mechanism

of the targeted reaction.

Page | 10



General Introduction

Chapter I, entitled Hybrid CdSe/ZnS Quantum Dots-Gold Nanoparticles Composites
Assembled by Click Chemistry: Towards Affordable and Efficient Redox Photocatalysts
Working with Visible Light, describes the methodology used for designing a new
semiconductor-metal hybrid nanostructure by assembling CdSe-ZnS semiconductor Quantum
Dots with Gold nanoparticles. Water-soluble Quantum Dots were prepared and functionalized
with azide-clickable ligands, in parallel Gold nanoparticles were synthesized in water and
functionalized with Alkyne- clickable ligands. Then, the Quantum Dots and the Gold
nanoparticles were assembled via click chemistry using Copper-Catalyzed Azide-Alkyne
Cycloaddition reaction. Moreover, this chapter shows the investigation of the photocatalytic
activity of the designed hybrid nanostructures on a model redox system including 8-Oxo-2'-
desoxyguanosine as an electron donor and nitrophenylalanine derivatives as electron
acceptors. In addition, it discusses the proposed mechanistic process of the charge separation

based on the spectroscopic tests proving the electron transfer to the Gold nanoparticles.

Chapter IV describes the experimental methods used for conducting all the
experiments mentioned in the previous chapters. This chapter describes all the detailed
procedures optimized for synthesizing the Quantum Dots and the Gold nanoparticles and their
characterization, in addition to the protocols used for the surface ligand exchange for the
Quantum Dots. It also discusses the ways followed for estimating the physical properties of
the reactions, such as the Quantum vyields and the turnover numbers. The protocols of the

photocatalysis experiments and the analysis techniques are also described in this chapter.

This Ph.D. Thesis took place under the supervision of Dr. Vincent MAUREL and the co-
supervision of Dr. Jean-Marie MOUESCA, researchers at CEA-Grenoble. This thesis work was
initiated as a part of a French-Swiss collaboration between two French research groups and
another Swiss research group. The French groups are from the SYMMES unit (Systéemes
moléculaires et nanomatériaux pour |'énergie et la santé), CAMPE team (équipe conception
d’architectures moléculaires et processus électroniques) at the CEA (Commissariat a I’énergie
atomique et aux énergies alternatives) in Grenoble. The second French group is from Institut
Néel, OPTIMA team (Optique et matériaux) at the CNRS (Centre national de la recherche
scientifique) in Grenoble. The Swiss group is the Renaud research group from the Department

of Chemistry, Biochemistry and Pharmaceutical Sciences at the University of Bern.
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This thesis focuses on two main projects. The first project (represented in Chapter 1)
took place in close collaboration with Pr. Philippe RENAUD, Dr. Fabrice DENES and Eloise
COLSON from the Renaud research group. The main objective of this project is to develop
Quantum Dots-photocatalyzed carbon-carbon bond formation reactions leading to useful
natural products. The Two groups (CAMPE and Renaud teams) shared the responsibilities of
this project depending on their expertise. The CAMPE group synthesized, characterized, and
optimized all the semiconductor Quantum Dots. Then investigated the photocatalytic
activities (at low reactions’ scale) of all the semiconductor Quantum Dots to explore the most
convenient type and structure for the desired reactions. In addition, the CAMPE group
supported this project with the needed theoretical calculations (DFT calculations) and the
Physico-chemical analysis (spectroscopic and electrochemical measurements...). In parallel,
the responsibility of the Renaud group was to develop new photoredox radical reactions for
carbon-carbon bonds formation using classical photocatalysts and then test the ability of the
developed semiconductor Quantum Dots by the CAMPE team to catalyze the same reactions
using preparative chemistry scales. Moreover, the Renaud group synthesized the reactions’
substrates and the corresponding reactions’ products references needed for the analyses at

the CAMPE labs.

The second project (represented in Chapter lll) took place in close collaboration with
Dr. Fabien DUBOIS, Dr. Aude BARBARA and Dr. Pierre BAUER from the OPTIMA team. The
main objective of this project is to design a novel type of photocatalyst based on a hybrid
nanostructures of semiconductor Quantum Dots (QDs) and Gold nanoparticles (AuNPs)
covalently assembled by a click reaction. In this project, the CAMPE group prepared, optimized
and characterized the semiconductor Quantum Dots and tested their photocatalytic activity.
Then the CAMPE group functionalized the Quantum Dots with the desired surface ligands
needed for the click reaction. The CAMPE group provided the OPTIMA group with samples of
the functionalized Quantum Dots. The OPTIMA group prepared and characterized the Gold
nanoparticles. The OPTIMA group used the functionalized QDs and AuNPs and performed the
click reaction to prepare the QD-AuNP hybrid nanostructures. Then, the CAMPE group
performed all the photocatalysis using the newly designed QD-AuNP hybrid nanostructures.

Moreover, the CAMPE group studied the photo-induced electron transfer in the QD-AuNP
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hybrid nanostructures and estimated the number of electrons accumulated at the gold

nanoparticles.

It is worth mentioning that the DFT calculations performed in the CAMPE group are
done by Dr. Jean-Marie MOUESCA, and apart from the theoretical calculations, all the

experimental work by the CAMPE group is done by the author of this Thesis.

Page | 13



General Introduction

Page | 14



Chapter |

CHAPTER I:

Semiconductor Quantum Dots’ Systems
for Photoredox Catalysis: State of the Art
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I-1. Visible Light Photocatalysis: exploitation of the solar energy for

synthetic chemistry.

The growing energy demands nowadays make the search for sustainable energy
resources one of the main concerns in many research fields. Among the various types of
sustainable energy resources, solar energy is regarded as one of the most attractive renewable
resources. Solar energy is considered as an abundant and inexhaustible environmental
resource. Sunlight, as a clean and safe source of energy, provides the earth's surface with
nearly 173 000 TWh of energy each day-hour or about 3x10%* Joules per year in the form of
solar radiation. This is orders of magnitude more than the annual global humans demand for
energy (10 000 times more than the global energy consumption)®2. In this context, many

research projects were released to address the efficient solar energy conversion.

Throughout history, human beings were inspired by Nature to develop new solutions
for their daily problems. One of the natural phenomena that have caught people's attention
is the natural photosynthesis, a process that leads to chemical transformations by harvesting
sunlight. In the last decades, light harvesting used for chemical reactions appeared among the
many emerging solar energy applications?. This kind of processes is known as photocatalysis.

In this process, light irradiation is used as the main energy source®.

Photocatalytic processes were defined in the IUPAC Book as ‘a change in the rate of a
chemical reaction or its initiation under the action of ultraviolet, visible or infrared radiation in
the presence of a substance—the photocatalyst—that absorbs light and is involved in the
chemical transformation of the reaction partners’.> According to N. Serpone and co-authors®,
the terms photocatalysis and photocatalyst (photokatalyse and photokatalytisch) were
reported in the literature for the first time in 1910 by J. Plotnikow in his Textbook about
photochemistry. Then, in 1911, these terms were used by Alexander Eibner to describe the
effect of irradiating Zinc oxide (ZnO) materials on the degradation of Prussian blue dyes’. Two
years after, in 19138 M.Landau introduced the word photocatalyse in France in his report “Le
phénoméne de la photocatalyse” (in French). Although these reports can be regarded as a
breakthrough step in introducing the photocatalysis domain, photocatalytic processes were

not gaining enough attention until the report by Honda and Fujishima published in Nature in
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1972°, where they performed their seminal work on the electrochemical photolysis of water

at a semiconductor electrode.

Following the work reported by Honda and Fujishima®, photocatalysis based on metal
oxide semiconductors gained enormous attraction, which gave rise to their applications in
water splitting!®, CO, reductions!!, pollutant degradation!? and organic reactions'*.
Interestingly, Albini and co-workers!®* demonstrated, in 1998, the use of TiO, as a
photocatalyst to induce C—C bond formation under solar irradiation. Then, the use of various
types of metal oxides as photocatalyst for organic reactions starts to emerge and being widely
used!*. However, the traditional metal oxides photocatalysts, such as TiO, need to be excited

under an ultraviolet irradiation, which only accounts for less than 5% of the solar spectrum.

Then, to exploit the renewable visible solar energy, efforts have been made to design
and synthesize visible light active photocatalysts. Therefore, early in the 80s, the first reports
on the photoluminescence properties of visible light active transition metal complexes such
as Ruthenium (ll) complexes came out'®. Soon after, in 1984, Deronzier and co-workers!®
reported the first use of such a ruthenium (ll) complex as photoredox catalyst in an organic

transformation.

In 2008, a significant increase in the research area of visible light photocatalysis was
evident, as a rapid increase in scientific contributions demonstrating the use of transition
metal-based photocatalysts for synthetic organic chemistry. In details, MacMillan'” showed
the utility of a Ruthenium-based transition complex to catalyze a C-C coupling reaction of a
direct a-alkylation of aldehydes. In the same year, Yoon!® succeeded to develop a [2+2] Enone
Cycloadditions reaction also using a Ruthenium-based transition complex photocatalyst. One
year after, in 2009, Stephenson'® reported the ability of the transition metal complexes to
perform a reductive dehalogenation reaction by visible light photocatalysis. These findings
were the building blocks for developing an important and significant amount of synthetic
processes based on photocatalysis?®?4(see references 20-24 for reviews). In parallel, organic
dyes?>?% (see references 25 and 26 for reviews) and some bulk semiconductor materials'4?’
(see references 14 and 27 for reviews )were also investigated as photocatalysts for organic
transformations. These Topics will not be reviewed in this Thesis Chapter. However, the reader

is kindly referred to read the cited reviews for more details.
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Recently in the last decade, semiconductor nanocrystals, commonly known as
Quantum Dots (QDs), start to appear as promising new efficient type of photocatalysts,
especially for CO2 reduction?®3°, H, production3!33, and also in photoredox organic
transformations3*37. They are considered suitable for visible light photocatalysis due to their
high extinction coefficients (>10° M~ cm™) in the visible region, which makes them efficient
visible light-harvesting materials3®. In addition, they possess a tunable and size-dependent
redox potentials and the presence of a large fraction of surface atoms ensures a highly reactive
surface area®. In this context, our group (Currently, CEA/IRIG/SYMMES/CAMPE), in 2015
demonstrated the use of water-soluble core-shell structured CdSe-ZnS QDs to photocatalyze
a complete redox system. In this work, it was reported that CdSe-ZnS core-shell QDs are
efficient visible light photocatalyst for the 2-electron oxidation of 8-oxo-2’-deoxyguanosine as
an electron donor in the reaction system, and simultaneously, for the reduction of
Nitrophenylalanine derivatives by achieving up to 6-electron reduction (Scheme I-1). The
system was proved to work efficiently without the need for any sacrificial agents, and resulted
into a good turnover number for the QDs reaching more than 400 TON, although a modest

Quantum Yield of 0.06% was obtained?°.

(o]
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H o Y * 0
( NH NH HN—(
0 | /)\ CdSe-ZnS QDS HN»\( fo} N
N™ “N” “nNH, (0.2 mol%) %N o OH
o A =450 nm o HN~<
OH
HO water NH,
OH TON>400 OH
8-0x0-2'-deoxyguanosine Guanidinohydantoin spiroiminodihydantoin
(8-ox0-dG) 2-electron oxidation 2-electron oxidation
OMe OMe
CdSe-ZnS QDs
(o (0.2 mol%) ‘ [o}
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Scheme I-1: CdSe-ZnS QDs for photoredox catalysis: Simultaneous 2-electron oxidation of 8-oxo-
dG and 6-electron reduction of nitrophenylalanine derivatives using water soluble CdSe-ZnS QDs.
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In this thesis, we aim to develop new radical-based photoredox reactions leading to
carbon-carbon bond formation and using Quantum Dots as photocatalysts. Therefore, in this
introductive chapter, we present an overview of the state of the art concerning the use of
Quantum Dots for photoredox organic reactions. In section |-2, we introduce a general
background about Quantum Dots, their preparation and optimization, their properties and
the working principle making them act as photocatalysts. Section I-3 focuses on the selected
literature examples of photoredox organic transformations catalyzed by using different types
of Semiconductor Quantum Dots. In section I-4, we introduce some reported attempts to
enhance the photocatalytic activity of Quantum Dots-based systems, particularly the coupling

of Quantum Dots with metal nanoparticles.

I-2. Background on Semiconductor Quantum Dots.

I-2.1. Semiconductor Quantum Dots: Discovery of the Quantum confinement

effect.

Semiconductor Quantum Dots (QDs) are tiny zero-dimensional semiconductor
particles. Their size is generally between 2 and 10 nanometers*'. These nanometer-scale
particles are promising light-harvesting materials since they possess special optical and
photophysical properties*? such as larger extinction coefficients*?, size-tunable light emission,
and good photo and thermal stability protecting them against photobleaching®*. In addition
to the tunability and flexibility of their surface chemistry*>~8, these particles are well known
to be size-dependent materials, as their properties can vary due to their size variation.**>1
Nowadays, Quantum Dots (QDs) are among the most types of nanoparticles gaining attention

in the nanoscale field due to their wide range of applications.

In bulk semiconductors, the material's properties mainly depend on their chemical
composition and crystalline structure. However, when the semiconductors are prepared in
Quantum Dots form, the inorganic structure of these particles is composed of only hundreds
to thousands of atoms for particles with size between 1.5 nm to 10 nm range. Then, the edges
of the valence and the conduction bands of the semiconductor evolve towards quantized

energy levels (for simplicity, in the following of this Thesis, the quantized energy levels of the

III III

Quantum Dots are noted as “conduction band level” and “valence band level” as in most of

the literature reports about QDs photocatalysis). Moreover, the semiconductor Quantum Dots
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are characterized by larger band gaps than their bulk counterparts?®°?=>, In Quantum Dots,
the photo-generated charge carriers are confined within a very small volume, and so the
distance between them tends to be close or smaller than the Bohr's radius.>® The Bohr’s radius
is the separation distance between electrons and holes in the excitons of bulk semiconductors.
For CdS and CdSe bulk semiconductors the Bohr’s radius is around 5 nm®’. Then, when CdS
and CdSe are smaller, this creates the quantum confinement effect that characterizes the
Quantum Dots’ electronic properties. Due these properties, Quantum Dots can emit different
wavelengths over a broad range from visible to infrared of the light spectrum>® depending on

their sizes. (See figure I-1).
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Figure I-1: Quantum confinement and the optical properties of colloidal Quantum Dots. (Left) Size-
dependent optical properties of QDs, the variation of the emission based on the QDs’ size (figure with the
spectra collected from reference 58) and (Right) schematic representation of the evolution of the energy of
the band gape with the size variation

During the 70th and 80th, two separated research groups, one from Russia (Alexei
Ekimov and Alexander Efros) and the second from the USA (Louis Brus)®?, started studying
semiconductors’ properties and developing theoretical explanations for the observed size-
dependent properties. Ekimov and Efros conducted their studies on semiconductor-doped
glasses, while Brus investigated semiconductor particles in liquid colloids. Despite the
difference between semiconductor-doped glasses and colloidal semiconductors, they showed
that in both cases, the nanocrystal form of the semiconductors exhibited similar properties

depending on their size.

Focusing on liquid colloidal semiconductor particles, the observation of the quantum
size effect by Brus was accidental as he mentioned>°. This came up when he was performing

photochemistry on the surface of CdS particles. While preparing some aqueous CdS colloids,
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he realized that the absorbance spectra were changing with the aging of the particles. He
expected that the observed spectral change was due to a size effect of the CdS particles. To
confirm this hypothesis, he tried to control the growth of the CdS nanoparticles by decreasing
the synthesis temperature and lowering the precursor’s concentration in order to obtain
smaller particles. Regarding the spectral evolution of the CdS particles as a function of the size,
he observed a blue shift in the position of CdS absorption peak by decreasing the size from
12.5 nmto 4.5 nm (see Figure I-2). This absorption peak represents the exciton (electron-hole
pair) position of photoexcited CdS particles. Motivated by this demonstration, Brus extended
his studies on other semiconductor materials such as ZnS, PbS, ZnSe and CdSe observing very

similar behaviors of the optical properties based on their size variation®°-52

| | A |
5 I\ CdS
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|
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Figure I-2: Absorbance spectra for CdS nanocrystals of different sizes: A) The variation of the absorption
properties of CdS nanocrystals after their aging and size variation from 12.5 nm having a wavelength peak
above 450 nm. Then, after the size decreased to 4.5nm the absorption peak decreased to around 420nm.
(Figures adapted from reference 59)

Early in the 215t century, researchers from different groups, such as Peng?3, Jasieniak®?
and Reiss®, further explored the size-dependent properties of Quantum Dots. In this context,
model relations were developed based on polynomial fitting of experimental data to describe
the relationship between the size and the spectral properties (exciton position) of different
kinds of QDs. These relations were developed based on some experimental characterization
of a few types of Quantum Dots by coupling the observed properties to the variation of the

Quantum Dots’ size. Table 1 present the corresponding relations for the determination of the
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size (diameter) and the extinction coefficient (g) of selected types of QDs such as CdS,*? CdSe®3

and InP*%* Quantum Dots.

QDs Relation between QDs’ exciton wavelength (A.m) and their diameter (Dnm) Ref
cds D= (-6.6521 x 10°8)A3 + (1.9557 x 104) A2 - (9.2352 x 10°2) A + (13.29) 43
CdSe D= (1.62974 x 10°)A*— (2.85743 x 106)A® +(1.8873 x 10°3)A2 — (0.54736)\ +59.60816 63

INP | D=(-3.7707x10"12)A5+(1.0262x10°8) A*-(1.0781x10°5) A3 +(5.4550x103)A2 — (1.3122)A+119.9 | 64

QDs | Relation between QDs’ extinction coefficient (€i/mol.cm) and their diameter (Dnm) Ref

Cds € =21536 (D)?? 43
CdSe € = 5857 (D)%¢° 64
InP € = (3046.1) (D)3- (76532) (D)?+ (5.5137 x 10°) (D) - (8.9839 x 109) 64

Table I-1: Relationships between the size of CdS, CdSe, and InP QDs and the position of the excitonic
peak in their absorption spectra and with the molar extinction coefficient.

Using the equations shown in Table I-1, one can plot the variation of the QDs’ diameter
as a function of their corresponding exciton position over a range of wavelengths at which the
Quantum confinement of the QDs is respected, for example, between 400 nm and 480 nm for
CdS QDs and between 400nm and 600 nm for CdSe and InP (Figure I-3-A), and consequently
the corresponding estimated extinction coefficient of the QDs (Figure [-3-B). This
representation shows the obvious variation of the optical properties, the exciton absorption
wavelength, as well as the variation of the band gap width and the extinction coefficient of
the QDs with the change in their diameter size. These equations and calibration curves are
used for characterizing the prepared Quantum Dots in our case in the following chapters of

this Thesis.
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Figure I-3: Relation between the QDs’ size and their corresponding optical and electric properties: (A)
the variation of the size of the QDs with the variation of the wavelength position of the absorption peak
of the exciton. (B) The extinction coefficient of the QDs’ based on the change of their diameter.

I-2.2. Quantum Dots’ preparation.

In 1993, Bawendi and coworkers*>°reported the first synthesis protocol of
monodisperse core structure and tunable particle size of Quantum Dots based on a hot
injection strategy. This synthesis protocol was first optimized for CdSe QDs. The synthesis
relies on mixing Dimethyl cadmium (Me>Cd) as a cadmium precursor with trioctylphosphine
(TOP) and trioctylphosphine oxide (TOPO) acting as solvents and surface ligands, in the
presence of a selenium precursor of TOP-Se. The QDs’ growth was monitored at a high
reaction temperature (300°C) and they could control the size of the QDs by following their
spectral evolution (Figure I-4). This synthesis strategy represented a breakthrough in the
colloidal Quantum Dots synthesis. However, a main drawback of the Bawendi method is the
use of Me,Cd as cadmium precursor, which is highly toxic, expensive, not very stable, and

explosive.
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Figure I-4 : Absorbance spectra for CdSe Quantum Dots of different sizes: A) The variation of
the absorption properties of CdSe based on the variation of their size between 1.2 nm and 11.5
nm. (Figure from reference 59)

In order to avoid the use of Me,Cd, Peng et al.5>in 2001, developed a new methodology
for preparing colloidal Cd-based Quantum Dots by replacing Me;Cd with cadmium oxide (CdO)
as a new cadmium precursor, while still using the TOP and TOPO during the synthesis as
described by Bawendi. At that time, the Peng’s synthesis protocol was considered the most
used methods to prepare highly luminescent [I-VI QDs. Moreover, beside the synthesis of
CdSe, it became a standard methodology for the synthesis of other types of high-quality
colloidal QDs with controlled growth such as CdS and CdTe. However, the use of TOP and
TOPO was not very attractive due to the impurities they include. Some phosphonic acid based
compounds were identified within TOP and TOPO and considered to have a role while

controlling the growth of the QDs.%®

One year after, in 2002, Peng and co-worker®” developed a new QDs’ synthesis method
using a non-coordinating solvent, octadecene, and in the presence of oleic acid used as ligands
functionalizing the surface of the QDs, but still in presence of TOP for preparing the selenium
precursor. This new method provided tunable surface for the QDs with high colloidal stability.
In 2005, Jasieniak et al.®® optimized a phosphine free CdSe QDs’ synthesis protocol. The
method relies on using octadecene as the main solvent and oleic acid as the only surfactant
capping the QDs’ surface. The selenium precursor was prepared from elemental selenium

suspended in octadecene, and the cadmium precursor is still from cadmium oxide. This
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protocol resulted in high-quality CdSe Quantum Dots functionalized with Oleic acid as the only
surface ligand. Table I-2 and Scheme I-2 summarize the ligands and the main precursors used
in the different synthesis protocols mentioned above. It is worth mentioning that the protocol
developed by Jasieniak and co-workers®® for the synthesis of cadmium-based Quantum Dots
was used as the main strategy for the synthesis of the Quantum Dots used in this Ph.D. work,
even though few additional optimization were applied when needed. Knowing that this Thesis
work doesn’t aim at developing new synthesis protocols for Quantum Dots or reviewing in
details the Quantum Dots’ synthesis methodologies, but the reader is kindly referred to the
cited reviews and publications about the synthesis of nanocrystals®. (See for instance

references 41, 59, 65, 66, 67, 68 and 69)

Protocol Cadmium source Selenium Solvent Surface ligands
(year) source
Bawendi (1993) | Dimethyl-cadmium TOP-Se TOP/TOPO TOP/TOPO
(Me,Cd)
Peng (2001) Cadmium Oxide TOP-Se TOP/TOPO TOP/TOPO
(CdO)
Peng (2002) Cadmium Oxide TOP-Se Octadecene TOP/Oleic acid
(CdO)
Jasieniak (2005) Cadmium Oxide Se/ Octadecene Octadecene Oleic acid
(CdO)

Table I-2: Summary of the main reagents used during the different synthesis protocols reported for
the QDs growth optimization

S

Trioctylphosphine Trioctylphosphine oxide
(TOP) (TOPO)

\
HOO

Octadecene Oelic acid

Scheme I-2: Schematic representation of the ligands and solvents used during the QDs’ synthesis.
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1-2.3. Core-shell Quantum Dots.

Core-type Quantum Dots are made of single component materials with a unique
internal composition composed of one type of inorganic semiconductor. Core QDs are
composed of a few hundreds to a few thousands of atoms surrounded by an organic outer
layer of ligand molecules®®. Nevertheless, core structured QDs exhibit surface-related trap
states leading to non-radiative recombination channels for the photogenerated charge
carriers, therefore reducing their fluorescence efficiency, which is a critical factor in

luminescence-related applications’®.

An important method used to improve QDs’ surface passivation and to limit the charge
carriers recombination or their trapping by the surface trap states, is the growth of an
inorganic shell of a second semiconductor material, resulting in core-shell structured QDs®.
This methodology was proved to enhance the fluorescence efficiency by ensuring a high
fluorescence lifetime’! for certain types of core-shell QDs (Discussed below). In other cases,
the formation of core-shell structured of various types of semiconductor QDs has enhanced

their stability against their photo-oxidation’73.

Type-l QDs Inverted Type-l QDs Type-il QDs Quasi Type-ll QDs Inverted Type-ll QDs

Core e o
h e
(1)
F- Core Core Core Core
EC.B

EC.B
E, Shell Ecs Ecg Ece
ce l Eshell
g Lore E, Core d E, Shell
i E, Shell E;Core E, Shell e
E, Core
EV.B ¢ EV.B

Eyg Eva Evs
Core Core Core Core Core

Figure I-5: The types of core-shell QDs based on conduction and valence bands alignment; where h
is for hole, e is for electron, Ecgis the energy of the conduction Band, Evgis the energy of the Valence
Band and Eg is the band gap energy.
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Interestingly, the distribution of the photogenerated charge carriers in the core-shell
QDs depends on the position of the energy bands edges of both core and shell semiconductor
materials. According to the positions of bands edges in the core-shell QDs, they are classified
into four main types: Type |, Inverted Type |, Type I, and Inverted Type 1I’47>. In Type | QDs,
the band gap of the core is smaller than that of the shell, and the position of the energy bands
of the band gap of the core falls within the gap of the shell (see Figure I-5). CdSe-ZnS core-
shell QDs are one the most documented examples of this Type-I QDs, and were primarily
designed to enhance the photoluminescence of the QDs by avoiding the interaction of the

photoexcited charges localized in the CdSe core with the surrounding medium?®.

In the inverted Type-l QDs, the band gap of the core is larger than that of the shell, and
the energy bands of the shell are aligned within that of the core (see Figure I-5). In such a case,
the two types of generated charges will be localized in the outer shell of the QDs. As an
example of this type of QDs, CdS-CdSe QDs were assigned as an inverted Type-| core-shell
QDs”’.

In the case of Type Il core-shell QDs, the valence band edge of the core is within the
band gap of the shell, and the conduction band edge of the shell falls within the band gap of
the core. Consequently, the hole will be localized in the core of the QDs and the electron is

delocalized in the shell.

In some particular cases the conduction band of the core and the shell are very close
in energy, then the electron is delocalized between the core and shell. Thus, the Quantum
Dots are of a quasi-Type-Il core-shell. This type of QDs, CdSe-CdS QDs the most reported
example, was proved to induce high photoluminescence life time and quantum vyield
compared with their CdSe core counterpart. The photoluminescence quantum yield increased
by almost 3 times in the case of the core-shell CdSe-CdS compared to that of the core CdSe
7L78 |n addition, they were reported to be highly efficient for photocatalytic application where

photogenerated electrons are essential for the desired reactivity’,

Furthermore, in the case of the inverted Type-Il QDs the conduction band edge of the
core is within the band gap of the shell and the valence band of the shell within the band gap
of the core. This means that the electrons will be localized in the core of the QDs, and in this

case, the holes will be localized in the shell of the QDs.%*
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Core-shell Quantum Dots are mostly synthesized in a two-step procedure, first the
synthesis of core Quantum Dots, followed by a purification step, and then subsequent shell
growth reaction. During the shell growth step, the number of monolayers can be decided to
be grown on the cores. In order to prevent the uncontrolled nucleation of the shell materials,
the temperature for the shell growth is generally lower than that used for the core synthesis.
Furthermore, the shell precursors are slowly injected, for example, by means of a syringe

injection 6481

I-2.3. Quantum Dots as redox photocatalyst: working principle.

Photocatalytic mechanisms based on semiconductor materials rely essentially on the
charge transfer between the semiconductors acting as a photocatalyst and the reaction’s
reagents. Similar to other semiconductors, the first step for a Quantum Dot to act as a
photocatalyst is the absorption of light. The irradiation with the convenient light wavelength
excites the QD to generate the charge carriers. The electron initially localized at a level of the
valence band acquires the sufficient energy needed to cross the band gap and reach the
conduction band of the QD. At this stage, the electron occupies a level at the conduction band
and leaves a hole (positive charge) at the corresponding valence band level of the QDs. Then,
in the presence of an electron acceptor, the electron can be transferred and reduce the
electron acceptor molecules to perform a reduction process. Moreover, in the presence of an
electron donor, it is possible for the QD to accept an electron and therefore oxidize the
electron donor molecule by performing an oxidation process?® (see Figure 1-6). Taking the

oxidation and the reduction steps together, a complete photoredox process is described.
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Figure 1-6: The photocatalytic mechanism at the basis of semiconductor Quantum Dots: The
photogeneration of the charge carriers pair, electron and holes (exciton), followed by their transfer to
afford a redox reaction.

The efficiency of the redox processes initiated by Quantum Dots depends on the
presence of a reasonable driving force for the charge transfer to occur®? .The driving force is
determined by the position of the valence and conduction bands of QDs with respect to the
redox potentials of the molecules to be oxidized or reduced. For example, to have an oxidation
process, the position of the valence band edge of the QDs should be lower in energy (i.e., more
positive in potential) than the HOMO of the molecule to be oxidized. In similar manner, to
have a reduction process, the position of the conduction band edge of the QDs should be
higher in energy (i.e., more negative in potential) than the LUMO of the molecule to be

reduced.

I-2.4. Quantum Dots electronic properties: Estimation of the band edge

energies.

The experimental estimation of the exact position of the valence and conduction bands
of QDs is always complicated during the experiments due to the aggregation in the QDs’
sample or due to uncertainties in the used method for the estimation of these bands. Among
the experimental approaches used, cyclic voltammetry?®8, differential pulse

voltammograms®!, and photoelectron spectroscopy analysis®® were shown to be useful in
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estimating the experimental values for the positions of the QDs’ bands. Nevertheless, in some
cases, these methods revealed different values for the energy of the QDs’ band edges,
particularly for the conduction band. For example, even for the same size of CdSe QDs, the
50

variation between the values estimated from different methods could reach 1 eV difference

(See Figure 1-7).

As mentioned before, the variation of the QDs’ size directly affects their optical
properties and the width of their band gap. Similarly, the variation of the QDs’ size was also
proved to have a direct effect on the variation of the position of the valence and conduction
band gap of the QDs. In this context, Jasienak et.al’® used photoelectron spectroscopy analysis
to investigate the effect of the QDs’ size on the valence band energy for some kinds of QDs
such as CdSe, CdTe, PbS, and PbSe. Then they used the experimentally determined optical
band gaps to obtain the energy of the conduction bands of the tested QDs. They compared
their results to those of previous reports using other methods (see Figure I-7 for the data

reported for CdSe QDs).
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Figure I-7: The experimental estimation of the energies of the band gap edges of CdSe QDs using
different techniques. Figure adapted from reference 50.
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The variation of the band edges energy presented in Figure I-7 shows cleary the effect
of the size of the QDs on the position of their valence and conduction bands. The decrease in
the QDs size induces lower energy for the valence band and, consequently, a more positive
potential making the QDs’ holes more oxidizing in redox reactions. The variation of the QDs’
size also affects the conduction band energy; the smaller size of the QDs induces higher energy
for the conduction band, which means a more negative potential. The more negative potential
of the conduction band makes it more reducing in the redox process. In the case of the
conduction band energy, the change in the QDs’ size could significantly vary the corresponding
energy of the conduction band. However, the effect on the valence band energy seems to be

less significant compared to that of the conduction band.

In the report by Jasienak et.al*® they also examined the effect of the surface ligands of
the QDs on the variation of their ionization energy and consequently the band edge energies
(they considered CdSe QDs with 4.7 nm diameter). They observed that the ionization energy
could shift by as much as 0.35 eV due to a change in the surface ligands (Table I-3). Their tests
were done on CdSe QDs of same size but changing the QDs’ ligands using alkyl amines, TOPO,
oleic acid ligands, alkane thiols, or pyridine (Table I-3). Each type of ligand was observed to
induce a different ionization energy of the QDs. Then, this study showed the important of the
surface ligands of the Quantum Dots on the redox potential of their valence band which could

vary by 0.35 eV.

Surface Ligand lonization Energy for 4.7 nm CdS QDs (eV)
alkyl amines 5.40 eV
trioctylphosphine oxide 5.45 eV
oleic acid 5.60 eV
alkane thiols 5.65eV
pyridine 5.75 eV

Table I-3: The variation of the ionization energy of 4.7 nm CdSe QDs based on their surface Ligand.
Data collected from reference 49.

Recently, new reports were published estimating the valence and conduction band
potentials of InP-ZnS QDs using cyclic voltammetry. Pillai and co-workers3* performed cyclic
voltammetry for 2.9 nm sized InP-ZnS QDs functionalized with Myristic acid as surface ligands

(Figure 1-8-A). The position of the conduction band was estimated using the electrochemical
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study, where one peak corresponding to the reduction process (Ereq™ -0.76 V/NHE) was
observed in the cyclic voltammogram which reveals the position of the conduction band to be
-0.76 V/ NHE or -3.68 eV vs vacuum. Then by combining the absorption spectroscopic analysis,
the position of the valence band was calculated from the optical band gap energy (~ 450 nm
or 2.75 eV) obtained from the absorption spectrum of InP-ZnS QDs. The energy value of
valence band was estimated to be +1.99 V/NHE or -6.43 eV vs vacuum. Despite the high
potential they reported for the InP-ZnS QDs valence band, they only investigated the oxidation

activity of these QDs toward tertiary amines having oxidation potential close to 0.8 V/ NHE.

A second attempt to estimate the band gap energies of InP-ZnS QDs was reported by
Shan Yu et.al®. They relied on the electrochemical analysis using cyclic voltammetry to
estimate the valence and conduction band of 3 nm sized InP-ZnS QDs functionalized with
Oleylamine ligands (Figure 1-8-B). The reported values are relatively different from the ones
reported by Pillai. Here, they obtained a potential value of +1.35V/NHE for the valence band
of the InP-ZnS QDs, and a potential value of -0.92V /NHE corresponding to the conduction
band of the InP-ZnS QDs. The reported values for the energy of the conduction and valence
bands do not match exactly with the band gap of the tested QDs. The InP-ZnS QDs they test
have a band gap of 2.36 eV (525 nm). However, a band gap of 2.27 eV could be deduced from

the reported values for the valence and conduction bands.

Furthermore, considering the similar size of the InP-ZnS QDs used in both cases, the
difference in the estimated values for the band edges energies could probably be attributed
to the different surface ligands, and to the difficulties and uncertainties faced during this kind
of experiments. The mentioned studies on the estimation of the potential of the QDs’ band
gap energies show the difficulty of precisely determining the positions of the QDs’ band edges
and therefore suggest the importance of performing different experimental trials such as

photoluminescence quenching before employing the QDs in the reactions.

Page | 33



Chapter |

25 204
A) ; -0.76 V vs SHE B) InP/ZnS By shan Yu et.al
2.0 - i~ ~3-68 eVvs Vacuum
151
“_(_: 1.5 — InP/ZnS By Pillai et.al i 10
£ 1.0 = ]
o 5
= t 5
= 0.5 1 3
(&) o
0.0 - 0-
-0.5 4 E..=-092V
T v T y T v T v T -5- T T - T M ¥
-0.8 -0.4 0.0 0.4 0.8 -2 -1 0 1 2
Potential (V vs NHE) Potential (V vs NHE)

Figure 1-8: Electrochemical analysis to estimate the band gap energies of InP-ZnS QDs: A) cyclic
voltammogram of InP-ZnS QDs functionalized with Myristic acid ligands (adapted from reference 84).
Cyclic voltammogram of InP-ZnS QDs functionalized with Oleylamine ligands (adapted from reference
85).

I-2.5. Challenges in Quantum Dots’ Photocatalysis: Optimization of the Ligand

layer.
Colloidal QDs are typically synthesized in the presence of ligands with long aliphatic

chains (C-18 chains), such as oleic acid®”2® and oleylamine’® or TOP and TOPQ®>%¢, These
ligands are known as native ligands that functionalize the surface of the Quantum Dots and
stabilize them in the solvent medium. These long chain native ligands could be an obstacle for
the reaction’s substrates to approach the QD closely, thus, probably decreasing the QD’s
catalytic activity. Therefore, in most of the cases it is helpful to remove or exchange at least a
portion of the native ligand shell with shorter ligands to disorder the ligand layer and enhance

the permeability to the reaction’s substrate®’.

In this context, ligand exchange protocols were reported, especially for the complete
phase transfer (i.e. changing solvent polarity). In such cases, complete ligand exchange by
replacing the native long chain ligands with shorter ones were used. These cases are
interesting when a polar solvent is needed as the ligand exchange could offer a good solubility
for the QDs in polar solvents such as water. Several short-chained ligands were shown to be
efficient in affording the complete phase transfer of the QDs. Among the most frequently used
ligands are thiols-based ligands such as 3-Mercaptopropionic acid(MPA)2. However, thiols

ligands are not attractive in some photocatalytic cases due to their ability to trap the
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photogenerated holes. In these cases, it is possible to use ligands that are analogous to
thiolates but which are less reactive with the holes generated by the QDs, such as 3-

phosphonopropionic acid(PPAc)®°.

Besides the effect of the ligand optimization on the catalytic activity, the effect on the
behavior of the colloidal QDs was also investigated*. For example, Wang et al.®® explored the
effect of the organicligand layer on CdSe colloidal nanorods’ dispersity in solution. They tested
the impact of the ligands by varying the length of alkylphosphonic acid ligands used during the
preparation of the nanorods. Figure I-9 shows the optical transmission spectroscopy images
obtained for CdSe colloidal samples prepared with different ligand lengths. They observed
that the preparation of the CdSe rods with relatively short ligands, 8-carbon chain
octylphosphonic acid (OPA), enabled to obtain the best dispersed samples. The samples with
long chains (C-18) resulted in more aggregated particles. They reported that, when
phosphonic acid ligand mixtures are used, the shorter ligands selectively remain on the
inorganic surface of the CdSe nanorods. Their results demonstrated the possibility of
systematically optimizing the dispersity and properties of CdSe nanorods by selecting the good

length of the ligands to functionalize the surface.
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Figure I-9: The effect of the QDs’ surface ligands on their in solution: TEM images of CdSe colloidal nanorods
functionalized with different ligand lengths chains (adapted from reference 90).
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Moreover, Weidman et al.’! investigated the impact of ligands coverage and ligand
length on the structure of PbS colloidal Quantum Dots. In this report, they experimentally
explore how the surface ligands affect the physical behavior of the QDs in solution by
investigating their ability to aggregate or to be better dispersible. They showed that the ligand
coverage on QDs surfaces had a significant influence on their self-assembly (aggregation) and
the formation of more or less ordered particles. They measured the interparticle spacing
between the QDs using grazing-incidence small-angle X-ray scattering (GISAXS) and TEM
microscopy as a function of the number of carbon atoms in the surface ligand of the QDs. They
mixed ligands of long chains and shorter ones starting from oleic acid (C-18), dodecanoic acid
(C-12), decanoic acid (C-10), and hexanoic acid (C-6). They compared the interparticle spacing
for the cases of two ligand lengths and one ligand length between neighboring Quantum Dots
(see Figure I-10). They showed that surface ligand length is of significant impact on the
dispersity of the QDs, and the possibility of obtaining less aggregated particles was achieved

by having a mix of shorter ligands.
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Figure I-10: The effect of the QDs’ surface ligands on their behavior in solution: Measured interparticle
spacing as a function of ligand length (number of carbon atoms) compared with the distance of two
ligand lengths (adapted from reference 91)
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An interesting study by Weiss and co-workers.?> showed the effect of the optimization
of the ligand shell permeability on the photocatalytic activity of the QDs. In this study, they
enhanced the permeability of the ligand layer of CdS QDs by exchanging some of their native
oleic acid ligands (C-18) with shorter octylphosphonic acid ligands (C-8). This partial ligand
exchange induced an intermolecular disorder in the ligand layer while retaining the
photophysical and electronic properties of the QDs, as well as the same solvent for the QDs’
solution. Then, they tested the effect of the enhanced permeability of the ligand layer by
employing the QDs in a C-C coupling reaction starting from a tertiary amine (see section I-
3.3.2, page 56, for the reaction description). In this case, the initial rate of a tested C-C
coupling reaction photocatalyzed by the QDs, increased by a factor of 2.3, and the amount of
the reaction’s product increased significantly leading to a better catalyst efficiency (higher

turnovers number) which improved by a factor of 1.6 (Figure I-11).
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Figure 1-11: Effect of ligand shell permeability on the photocatalytic activity of QDs. Increasing the
reactions’ product and the catalytic activity of CdS QDs by enhancing the permeability of the ligand
layer (adapted from reference 92).
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I-3. Application of Quantum Dots as photocatalysts in organic

transformations.
Since 2015, Quantum Dots provided a new and efficient type of photocatalyst for many

synthetic routes and under mild reaction conditions. The use of QDs is mainly focused on core-
type CdS or CdSe QDs, with few other reports employing core-shell structured QDs. To the
best of our knowledge, this section summarizes all the recent reports of QD-photocatalyzed
reactions and categorized according to the different types of reactivity (Summarized in Table

I-4 and detailed in the following section).

The general catalytic mechanism using QD as a photocatalyst is represented in Scheme I-3.
The catalytic cycles of the QDs can be classified based on the starting step of the reaction as
an oxidative quenching cycle (Scheme I-3 Right frame) or a reductive quenching cycle (Scheme
I-3 Left frame). Upon visible light irradiation, the QD reaches its first exciton excited state
(QD*), a stage at which a hole or an electron transfer can take place with a neighbor molecule
leading to its oxidation or reduction based on the required mechanism. Then, when the QD is
in an ionic state (QDor QD*), and the required charge transfer occurs leading to closure of the

catalytic cycle.
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Scheme I-3: General Photocatalytic mechanism using Quantum dot photocatalyst. (Left): Reductive
quenching catalytic cycle and (Right) Oxidative quenching catalytic cycle.
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Reaction Type QDs Sacrificial Solvent/co- Light source | Ref.(year)/
agents catalyts/reagents Page
Net Reductive or Oxidative Reactions
Oxidation of DNA | CdSe-ZnS none H,O halogen lamp | 40 (2015)
bases (8-oxo-dG) equipped P.19
and reduction of with a 420 nm
Nitrophenylalanine high-pass
derivatives filter
Reduction of CdS MPA H,0:MeOH 405 nm LEDs | 93 (2016)
nitrobenzene P.41
Dehalogenation of CdSe BusN MeCN Blue LEDs 94 (2017)
aryl lodide P.42
Dehalogenation of | ZnSe-CdS none Hexane 455 nm LEDs | 95 (2017)
aryl Bromide DIPEA P.42
Reduction of CdSe-CdS | Thiophenol Toluene Green or 79 (2018)
Imines Solar light P.43
Borylation of CdSe none DCM: H,0 Blue LEDs 96 (2019)
diazonium salts P.44
Removal of CulnSz-ZnS TEA DMSO 532 nm LED 97 (2020)
sulfonyl protecting P.45
groups
Dehalogenation of CdS TAEA DMPU Blue LEDs 98 (2022)
aryl Chloride P.46
Oxidation of CdS none D,0:CD30D 405 nm LEDs | 103 (2018)
benzyl alcohol P.48
Oxidation of CdSe none H,0 410 nm LEDs | 104 (2017)
aliphatic benzyl Nickel salts P.49
alcohol
Oxidation of CdSe Oxygen Acetone Blue LEDs 105 (2018)
boronic acid molecule Tertiary amine P.50
Lewis base
Dehalogenation of CdS Gel BusN MeCN Blue LEDs 123(2022)
aryl Bromide P.67
Bonds Formation Reactions
B-alkylation CdSe DABCO H,O:DME Blue LEDs 94 (2017)
Cy2NH P.52
DABCO
TFA
B-aminoalkylation CdSe DABCO DMPU Blue LEDs 94 (2017)
Azepane P.53
TFA
Amine arylation CdSe DABCO DMA Blue LEDs 94 (2017)
NiBr; P.54
Decarboxylative CdSe Hantzsch DCM Blue LEDs 94 (2017)
radical addition to ester/ P.55
styrene DIPEA
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arylation reaction

Bonds Formation Reactions
C-H arylation ZnSe-CdS none Hexane 455 nm LEDs | 95 (2017)
DIPEA P.42
Pyrrole
C-C vinylation CdS or none Benzene 405 nm LEDs | 92 (2017)
coupling InP-ZnS 84 (2019)
P.56
Cyclization of CdS none NMP Blue LEDs 111 (2019)
difluoromethyl P.57
chlorides
Reduction of CdS TEA MeCN:H,0 Blue LEDs 112 (2021)
aromatic ketone Nickel salts P.58
for C-C coupling
Reduction of Aryl | CdSe-CdS | Thiophenol Hexane Green LED 113 (2021)
aldehydes for C-C P.59
bonds
Pinacol formation | CdSe-CdS none DMF Blue LEDs 114 (2019)
integrated with P.60
CO2 reduction
Radical-radical CdSe none H.0 or >400 nm LEDs | 115 (2014)
coupling : H,O:THF P.61
Formation of Nickel salts
disulfide
Radical-radical CdSe none THF 450 nm LEDs | 116 (2021)
coupling : P.62
Activation of a-C-H
bonds
Radical-radical CdSe none DMF Blue LEDs 117 (2021)
coupling : Nickel salts P.64
Alkylation and
arylation of allylic
C(sp3)—H bonds
Radical-radical CdSe none MeCN Blue LEDs 118 (2021)
coupling : for C-S Nickel salts P.64
bond formation
C-P bond CdSe none DMF 450 nm LEDs | 119 (2022)
formation P.65
Triplet excited CdSe none THF 450 nm LED | 120(2019)
state reactions P.66
Radical-radical CdS Gel none DMA Blue LEDs 123 (2022)
coupling: a-amino P.67
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Bond Cleavage Reaction
Reductive Cds TAEA DMPU Blue LEDs 98 (2022)
deprotection P.48
Reductive ring Cds TAEA DMPU Blue LEDs 98 (2022)
opening P.48
Breaking p—0—4 Cds none MeCN Blue LEDs 124 (2018)
bonds in lignin P.68
Breaking a C-0O CdSe none MeCN White LEDs 125 (2019)
bonds in lignin P.69
Photo- polymerization Reactions
Polymerization of CdSe DIPEA THF Blue LEDs 126 (2018)
(methy)acrylates P.69
and styrene
PET-RAFT CdSe none H20 532 nm LED | 127 (2019)
Polymerization P.70
reaction

Table I-4: Summary for the selected QD-Photocatalyzed reactions. Experimental details, mechanisms,
yields and the full name of the abbreviations are specified in the following text.

I-3.1. QDs-photocatalyzed net reductive reactions.

I-3.1.1- Photocatalytic reduction of nitrobenzene using water-soluble CdS QDs.

Early in 2016, Jensen et al.”3 reported the use of water-soluble CdS QDs for the 6-
electron reduction reaction of nitrobenzene to aniline under visible-light (Scheme 1-4). CdS
QDs were functionalized by 3-mercaptopropionic acid ligands (MPA), which afford their
transfer to water as a solvent. The reaction was optimized using MPA-capped CdS QDs (3.7
nm) as a redox photocatalyst in the presence of an additional excess of MPA in the reaction
mixture. The addition of the MPA served as a sacrificial agent for trapping the holes from the
photoexcited QDs. The reaction medium was further optimized in a mixture of 80:20
water:methanol. The addition of methanol was helpful for the trapping of holes during the
reaction mechanism. Notably, the reduction of nitrobenzene requires a six-electron reduction
process to reach aniline. In this case, CdS QDs were shown to be efficient in accomplishing the
needed steps for reducing nitrobenzene through the identified intermediates nitrosobenzene
and phenylhydroxylamine to the final aniline product (Scheme 1-4). The reaction was
monitored over 54 hours of continuous irradiation, and the evolution of the reduction of

nitrobenzene was confirmed from the identified products at the end of the reaction.
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5 MPA-CdS QDs (4nM) NO MPA-CdS QDs (4nM) HNOHMPA-CdS QDs (4nM) NHZ
H20:MeOH H20:MeOH H20:MeOH
80:20 80:20 80:20
405 nm 405 nm 405 nm
Ar Ar Ar
amM 2 electron reduction 2 electron reduction 2 electron reduction
Nitrobenzene Nitrosobenzene Phenylhydroxylamine Aniline
85% degradation 5% degradation 25% produced 55% produced
in 54 hours irradiation in 54 hours irradiation in 54 hours irradiation in 54 hours irradiation

Scheme I-4: Reduction of nitrobenzene to aniline using MPA-capped CdS QDs in water:methanol
medium after 54 hours of visible light irradiation. Adapted from reference 93.

I-3.1.2- Photocatalytic reductive dehalogenation aryl halides using CdSe QDs.

In their seminal work in 2017, Weix and Krauss®* used oleate-capped CdSe QDs to
reproduce previously demonstrated photoredox reactions using molecular photocatalysts. In
one of the reported reactions in this work, they involved CdSe QDs in a reduction reaction of
aryl iodide substrate. They showed that the CdSe QDs are efficient in providing electrons to
initiate the first catalytic step due to the good reduction power of the photoexcited QDs. The
reaction was developed in the presence of tributylamine (BusN) as a sacrificial electron donor
to ensure the consumption of the photogenerated holes. Notably, the reaction was highly

efficient, providing the desired product in a high yield of 93% (Scheme I-5).

I 3nm CdSe QDs H
Bu;N (5 equiv), HCOOH(5equiv)
>
Blue LEDs
MecCN, 13h
CO,Me CO,Me
93% vyield

Scheme I-5: Reductive dehalogenation of aryl iodide using CdSe QDs. Adapted from reference 94.

I-3.1.3- Photocatalytic reductive dehalogenation and C-H arylation reactions using ZnSe-CdS
core-shell QDs.

In 2017, Pal et al.>> designed ZnSe-CdS core-shell QDs and employed them as
photocatalyst for reductive dehalogenations and C-H arylation reactions from aryl bromides
under visible light. The growth of one-layer CdS shell on the surface of the ZnSe core enabled
the visible light absorption of the ZnSe-based QDs without compromising the very reductive

potential of the conduction band of ZnSe QDs. In this work, they showed that (Hetero)Aryl
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Bromide accepted electrons from the photoexcited QDs. Then dehalogenation took place to
form the corresponding (hetero)-aryl compounds reaching up to 92% vyield. Interestingly, in
the presence of pyrrole derivatives as hole trapping reagents the C—H arylated product were

favorably produced with a yield range close to 40% (Scheme I-6)

H
4nm ZnSe-CdS QDs

Br (0.6 mol%) =z
>
DIPEA K | 23 -92 % yield

= R
455 nm, Hexane

4nm ZnSe-CdS QDs
(0.6 mol%) —N~~ or HN

r/\;

DIPEA
455 nm, Hexane ~ 40% yield

Scheme I-6: Reductive dehalogenations and C-H arylation reactions of aryl bromides using ZnSe-CdS
QDs. Adapted from reference 95.

I-3.1.4- Photocatalytic reduction of imines to form amines using CdSe-CdS core-shell QDs.
In 2018, Shan et al.”® used quasi Type-Il CdSe-CdS QDs (described in section 1-2, page
27) as a redox photocatalyst in a one-pot reaction for photoreduction of imines to the
corresponding amines in the presence of thiophenol as sacrificial donor (Scheme 1-7). The
reaction system was applied to a wide scope of substrates. The desired reactions were
obtained in high yields (up to 90%) using very low catalytic loading of the QDs (0.001mol %),

which was enabled by the very high turnover number achieved by the QDs. (TON ~ 10°).
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CdSe-CdS QDs

2 (0.001 mol%) 2
I X N 4-fluorothiophenol | X N
Ri—u _ Toluene Ry H

Green or Solar light
~ 90% yield

o o

83 % 84 %

Scheme I-7: The photoreduction of imines to amines using CdSe-CdS QDs. Adapted from reference 79.

I-3.1.5- Photocatalytic borylation using water-soluble CdSe QDs.

In 2019 Chandrasekhar et al.’® reported a photoredox method for the borylation of
diazonium salts photocatalyzed using water-soluble CdSe QDs without any sacrificial additive.
They optimized the reaction conditions in a mixture of water and dichloromethane to ensure
a relatively acidic condition (pH™~6). The optimized conditions were critical to avoid the
decomposition of diazonium salt and to prevent the formation of disulfide by-product from
the mercaptopropionic acid (MPA) ligands. Moreover, the corresponding biphenyl products
were obtained by photocatalytic coupling of final borane products or boric acid under the
action of visible light excited CdSe QDs (Scheme [-8). Notably, the photocatalytic reaction

system was highly efficient as a very high TON value close to TON ~10° was achieved.
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CdSe QDs (1pM)

4 [B] [B] = BPin or BngD
(2eq) B,Pin, or B,ngD,

= —_— =
v | DCM:H,0 % l 60 - 92% yield
Blue LED R
B(OH), R
CdSe QDs (1pM) O
—>
DCM:H,0 O
Blue LED R

59 - 91% yield

(OH) BPin
B(OH),
CdSe QDs (1pM) ‘
+ -
DCM:H,0 O
OMe Blue LED

Scheme I-8: Photoredox borylation of diazonium salts photocatalyzed using water-soluble CdSe QDs.
Adapted from reference 96.

I-3.1.6- Photoreductive removal of sulfonyl-based protecting groups using CulnS,-ZnS core-
shell QDs.

In 2020, Perez et al.”’ reported the use of the CulnS,-ZnS core-shell QDs as a strong
reductive type of QDs as photocatalyst for a photocatalytic deprotection of the aryl sulfonyl-
protected phenols in the presence of triethylamine (TEA) as a sacrificial hole scavenger
(Scheme 1-9). They found that the rate of deprotection for a substrate containing carboxylic
acid moieties, which is known to bind to the QDs’ surface efficiently, was accelerated by more
than a factor of 10. In this case, the substrate was easily absorbed on the surface of the QDs
to afford the two electrons’ transfer needed for initiating the reaction. The obtained results
showed that the deprotection was selective. The sulfonyl groups with electron-withdrawing
groups were easier to be removed. Moreover, the electrochemical analysis showed that the
CulnS;-ZnS QDs are efficient reductant for the aryl sulfonyl deprotection by reaching redox

potential of -1.81V/SCE.
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CulnS,-ZnS QDs

o 0]
Ar1/0>/5/< (1mol%) Ar;—OH + /g\
Ar
o 2 TEA(0.1M) Ar;” OH
DMSO-dg yield up to 93%

532 nm

Scheme I-9: Photocatalytic deprotection of the aryl sulfonyl-protected phenols using CulnS,-ZnS QDs.
Adapted from reference 97.

I-3.2. CdS QDs as powerful photoreductants for dehalogenation reaction

initiated by Auger processes.

Recently in 2022, Weix, Krauss and co-workers %8 presented CdS QDs as strong
photoreductants for organic reactions by demonstrating an efficient hydrodechlorination
reaction using CdS QDs (Scheme 1-10-A). They reported the ability of CdS QDs to act as
powerful photoreductants by presenting evidence that a highly reducing electron is generated
due to Auger processes resulted from two consecutive photoexcitation of CdS QDs (Scheme
I-10-B).They tested the reductive hydrodechlorination of 4-chloro-2,6-di-tert-butylanisole
which has a highly negative reduction potential (Ereqd = —3.4 V /SCE) which is in principle out of
reach by the conduction band of CdS QDs (-2.24 V /SCE based on the authors’ citations in this
work who selected the most negative reported value for the electrons in the conduction band

of CdS QDs%>190),

They optimized the reaction conditions in polar aprotic solvents such as N,N'-
dimethylpropylene urea (DMPU) which provided the highest yield of dehalogenated product
(95%). In order to afford a good electron generation and transfer, sacrificial electron donors
such as tris(2-aminoethyl)amine (TAEA) were effective and showed to be strong ligands for
the CdS QDs’ surface. Moreover, they compared the activity of the CdS QDs to other different
2-photon catalysts. The results show the advantage of using CdS QDs over other catalysts as a
higher efficiency of the CdS QDs was obtained with a higher Turnover number, 47500 TONs
obtained with CdS QDs compared to a maximum of 27 TON obtained with Ir-based transition

metal complexes.

Based on their obtained results, they proposed the photoreduction mechanism as
follows (Scheme 1-10-B). After excitation, the neutral QD (l) generates its exciton and then

becomes negatively charged after the hole transfer to TAEA to generate anionic QD (ll). After
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a second photon absorption, QD (II) can generate a negative trion state (lll), , which can
undergo Auger processes to generate a hot-electron state (IV) or an ionized electron (V) with
a highly negative potential, which at such a state, can reduce the aryl halide substrates. Then,
the reduced substrates can undergo fragmentation and hydrogen atom transfer to produce

the dehalogenated product.

A)
tBu 5.8nm CdS QDs (0.002mol%) tBu
OMe TAEA (1.5 equiv) OMe
' o
i OMe DMPU (0.1M),rt H OMe
blue LEDs, 24 h
95% vyield
TON 47500

B) ap*
:
hv, Negative trion
[ ]
r

w 7

Qb” ap* O
Photodoping i \Y \"
hot e- state QD+ ionized e-
hv,
o+
TAEA ap a
o« N
TAEA ArCl ArCl —————3 A® —3 ArHorArFG
|
— L L o
—— —e — I _]
® hv, Auger recombination -
> —_— Or
t - or ionization ——0- -—0-
Photo-doped Negative trion state hot e- state QD+ ionized e-
Qb
I n v \'

Scheme I-10: Photocatalytic hydrodechlorination reaction using CdS QDs initiated by Auger processes.
Adapted from reference 98.
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Then, they explored the use of CdS QDs for other reductive transformations that could require
high reduction power. Scheme |-11 shows two selected reductive reactions. For example,
Scheme |-11-A shows the reductive deprotection of alkyl benzyl ether to the corresponding
alcohol, which was obtained in 79% yield. The deprotection of Benzyl moieties requires a
reduction potential of Ereq = —=3.1 V/ SCE°L, In addition, they also explored the use of the CdS
QDs for the reductive ring opening of cyclopropyl carbonyl derivatives (Scheme 1-11-B), which
successfully obtained a reaction yield of 71%. This reductive C-C bond cleavage could be

achieved via reduction of the ester, which requires Ereq = -2.8 V vs SCE%2,

A) Reductive deprotection

CdS QDs (0.002mol%)

OBn TAEA (1.5 equiv) OH
PMP/\/ R —— PMP/\/
DMPU
72h, Blue LEDs 79%

B) Reductive ring opening of cyclopropyl carbonyl derivatives

CdS QDs (0.002mol%)

/A\ TAEA (1.5 equiv) PN
Ph co,M
Ph co,Me ———> 0;Me

DMPU
45h, Blue LEDs 71%

Scheme I-11: Reductive organic transformation using CdS QDs. Adapted from reference 98.

I-3.3. QDs-photocatalyzed net oxidative reactions.

I-3.3.1- Photooxidation of benzyl alcohol using CdS QDs.

Late in 2018, McClelland and Weiss'® reported the photo-oxidation of benzyl alcohol
to benzaldehyde with 99% selectivity, or to hydrobenzoin by carbon—carbon coupling reaction
with 91% selectivity using colloidal CdS QDs. They observed that the control of reaction’s
selectivity was influenced by the amount of Cd® deposited on the surfaces of the QDs and by
the concentration of benzyl alcohol. The deposition of Cd® on QDs, by the addition of

Cd(ClOa),, afforded the benzaldehyde to undergo a new reduction to form the C—C coupling
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products (Scheme I-12). However, by adding anthroquinone-2-sulfonate (AQ), as an electron
acceptor, the photocatalytic system favored the formation of benzaldehyde with high
selectivity (Scheme 1-12).Moreover, using the optimized conditions a maximum Quantum

yield value of 0.9% was obtained for the QD-photocatalyzed reactions.

0.2mM OH
Cd(CI04)2
91% selective
H
@AH\ —— cds QDs (2.8uM) OH
D,0:CD,0D
| 050m @21\

14mM

99% selective

Scheme [-12: The oxidation of benzyl alcohol using CdS QDs with a controlled selectivity toward the
products. Adapted from reference 103.

I-3.3.2- Photooxidation of alcohols using water-soluble CdSe QDs.

In 2017, Zhao Wu et al.!% showed that the selective oxidation of alcohols to aldehydes
or ketones using water soluble MPA-capped CdSe QDs in the presence of Ni(ll) salts is efficient
(Scheme 1-13-A). The photo-excitation of the QDs initiated the oxidation of the alcohols, in
addition to a reactive thiyl radical generated from the thiolate anion adsorbed at the QDs
surface coming from the MPA ligands. This radical was proved to help in eliminating a
hydrogen atom from the C-H bond in the alcohols. Furthermore, the reactions tested using
benzyl alcohols (Scheme I-13-B) were also efficient due the fact that benzyl alcohols are easier
to oxidize. In this reaction, they added nickel salts to profit from the corresponding Ni(ll) ions

to act as co-catalyst facilitating the hydrogen formation.
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A)
OH  MmPA-cdSe QDs-Ni(ll) 0
R)<I:I R)]\R * e
1 2 H,0, Ar 1 2
410 nm
---------- Examples -
OH o
MPA-CdSe QDs-Ni(ll)
—_—_— OH +H,
H,0, Ar
410 nm 92% yield
OH OH
@)\)\ MPA-CdSe QDsNiMl) @)l\)\
_ >
H0, Ar 96% yield
410 nm
M
OH \vipa-cdse QDs- N|(II) HO
. H,0, Ar
410 nm

70% yield

Scheme I-13: Photocatalytic oxidation of alcohols using CdSe QDs. Adapted from reference 104.

I-3.3.3- Photocatalytic aerobic oxidation of boronic acids using CdSe QDs.

Simlandy et al.1% used oleylamine-capped CdSe to photocatalyze aerobic oxidation of
boronic acids reaction. Notably, the protocol developed for this reaction required mild
conditions and very low catalyst loading of 0.08 mol% for standard reaction optimization and
even lower 0.001 mol% for high-scale reactions. The resulting products were produced in good
to high yields (up to 88%), with turnover numbers reaching 62000 TON (Scheme I-14-A). In
this work, they observed that the boronic acid starting material could be responsible for
increasing the QDs’ emission lifetime, probably due to the passivation of the QDs’ surface. The
reaction optimization revealed the requirement of tertiary amine Lewis base (iPr;NEt) to
accomplish the first electron transfer, and to form with the boronic acid a Lewis acid-base
adduct (A) which acts as the electron acceptor afterwords and prevents the boronic acid from
interacting directly with QDs (See scheme I-14-B for the mechanism). Moreover, The reaction
requires molecular oxygen, since it is proposed that the electron transfer produces the
superoxide radical anion that eliminates iPrNEt to form a boronic acid-superoxide radical
anion (B) (Scheme I-14-B). Then, the hole transfer from the QD to the tertiary amine produces
an amminium radical cation (C) which closes the catalytic cycle with the QDs. Next, a hydrogen

atom transfer from the radical cation (C) with the superoxide radical in (B) leads to the

Page | 50



Chapter |

peroxyboronate intermediate (D). After the rearrangement of D to form E, hydrolysis of E

takes place and produces the final desired alcohol.

CdSe (0.08 mol%)

A) R—pOH iPr,NEt (2.0 equiv.)= R-OH
OH acetone (0.4 M) . o
Blue LEDs, O, (latm)  Yield 32-88%
TON >62000

/©/OH /©/0H NH, OH NHAc OH
R CN C C

Standard scale: 88%
i - o, o, o,
yield 74 - 85% 0.001 mol% CdSe: 63% (lower cat.load) 32% 59%

iPr
B) Cc ILPr ,1,
/_\>(+. iPr Et/ \|Pr
. H
Ho® )
Ro—g-"OH Rearrangement o D o B h*
B S E— _I ~ _I QD
\OH B B
E R \ “OH R \ “OH
OH OH
Qp*
l Hydrolysis J =R
o-OH
iPr Vam (_)/0. e- Qp*
N
Y]
Et” -- TiPr o,
Et ipr'P
SNET mOH iPr
I —— R—B . I
-B., N N
A R~ \ “OH OH Et”-- TiPr
OH
2 1

Scheme I-14: Photocatalytic aerobic oxidation of boronic acids reaction using CdSe QDs. B/ proposed
catalytic mechanism. Adapted from reference 105.
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I-3.3. QDs-photocatalyzed bond formation reactions.

The use of semiconductor Quantum Dots in redox neutral reactions useful in synthesis
chemistry represents an attractive application of Quantum Dots. The advances of
photocatalytic in bond-forming or cleavage reactions using Quantum Dots are collected in the

following sections.

I-3.3.1. QDs-photocatalyzed bond formation reactions: the seminal work by Weix and
Krauss.

To demonstrate the ability of Quantum Dots to photocatalyze organic reactions,
researchers have explored the activity of Quantum Dots by employing them as photocatalysts
for previously developed reactions using transition-metal complexes such as Iridium or
Ruthenium catalysts. In 2017, Weix, Krauss and their co-workers®* reported the use of oleate-
capped CdSe QDs as visible light photocatalyst for five different organic transformation
reactions previously demonstrated using transition metal photocatalysts. The use of low
catalytic loading of CdSe QDs was efficient to photocatalyze four C—C coupling reactions (B-
alkylation of aldehydes, B-aminoalkylation of ketones, amine arylation, and decarboxylative
radical addition to styrene) beside one example of a reductive dehalogenation reaction
(mentioned in section 1-3.1, page 42). The CdSe QDs were able to achieve a high turnover
number reaching up to 79100 TON, which surpassed in some cases the TON achieved for the
best-reported traditional organic dyes photocatalysts. The QDs-photocatalyzed reaction
exhibited a quantum vyield close to 0.31%. Such a value is among the highest for the QDs-
catalyzed photoredox reactions for organic transformations. The reactions developed in this

work are summarized below.

A- B-alkylation of aldehydes via an enamine intermediate

In this seminal work by Weix and Krauss, the first tested bond formation reaction was
a B-alkylation reaction of aldehydes (Scheme 1-15). This B-alkylation of aldehydes in the
presence of olefin reaction is a combination between photoredox and organocatalysis (Cy2NH)
which was reported before by MacMillan and co-workers'%. The essential photoredox steps
in this reaction’s process is the ability of the CdSe QDs (acting as a photoredox catalyst) to
oxidize the enamine intermediate (produced from the organocatalysis cycle), and to reduce a
carbon radical intermediate trapped with an activated olefin presented in the reaction

medium. This is considered as an important example of alpha-ester radical reduction.

Page | 52



Chapter |

Interestingly, it was possible to perform the reaction optimization on four different substrates
leading to the corresponding product in a good range of yields between 60 and 70% (Scheme

-15).

CdSe QDs
Cy,NH (20 mol%)
o DABCO (1.0 equiv) 0

R, TFA (20 mol%)
H + /\ — H Ry
EWG HZO (3.0 equw.)
R DME (1 mL) R EWG

blue LED, 17-25 h

OMe
(o)
(o]
H
H
CO,Me /\/5\?
CO,Me

66% 64%
0 0
H H
CO,Bn CO,Bn
67% 64%

Scheme I-15: B-alkylationof aldehydes in the presence of CdSe QDs. Adapted from reference 94.
B- Photocatalytic B-aminoalkylation of ketones

The second example of the bond formation reactions in the work by Weix and Krauss
is the B-aminoalkylation of ketones which is also a combination between organocatalysis
(using azepane) and photoredox catalysis using the same kind of CdSe QD. This reaction was
developed previously by MacMillan and co-workers using an iridium-based photoredox
catalyst'®’. In this reaction, they proposed that the first catalytic step by the QD is the
oxidation of DABCO presents in the medium that acts as an electron transfer agent to form
the enamine radical cation during the organocatalytic cycle. Then, the QD reduces the imine

substrate. It is also possible that a direct radical addition to the imine takes place to generate
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an intermediate that could be reduced by the QD. They were able to apply the protocol of this

reaction to two examples of substrates and obtained 59% and 90% yields (Scheme I-16).

CdSe QDs
azepane (20 mol%)
o DABCO (1.0 equiv)
Rl\N TFA (20 mol%)
+ | > H
)\ DMPU (0.67 mL) N<
R Ph R,
blue LEDs, 25-68 h g Ph
a 0
H
@N N
Et Ph\©\ \l<
OMe Ph  Ph
59%, 90%

Scheme I-16: 8-aminoalkylation of ketones in the presence of CdSe QDs. Adapted from reference 94

C- Photocatalytic Amine arylation

Next, in the same report, an amine arylation reaction between 1-bromo-4-
(trifluoromethyl) benzene and aminoalcohol is reported. This reaction combines a photoredox
catalysis and a nickel catalysis (NiBrz). The reaction was initially described by MacMillan using
iridium-based catalyst for the photoredox cycle!®, For the reaction mechanism, it is proposed
that the photocatalyst (CdSe QDs by Weix and Krauss and iridium complex by MacMillan) is
able to oxidize a nickel (lII) complex into a nickel(lll). The nickel (Il) complex is formed during
the nickel catalysis cycle between the nickel salt and the aryl bromide. Thus, an essential redox
step occurs in the photoredox cycle is to promote a C-N reductive elimination. The resulting
nickel (1) can be reduced by the photocatalyst (CdSe QD or Ir-complex) to nickel (0). Using CdSe
QDs the reaction afforded the final C-N aniline product with a 58% yield (Scheme I-17).
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CdSe QDs
NiBr,(DME) (9 mol%)

H
Br ;
DABCO (1.8 equiv.) N OH
4 HaNy(, OH - AV
6 DMA (1.4 mL)
FyC F5C

3 blue LEDs, 44 h

58%

Scheme I-17: Amine arylation using CdSe QDs and nickel catalyst. Adapted from reference 94.

D- Decarboxylative radical addition to styrene using CdSe QDs

The last example of the report by Weix and Krauss is the decarboxylative radical
addition to styrene. Initially, this reaction was developed by Lackner et al. 1% using Ruthenium
transition metal photocatalyst. In this reaction, a tertiary amine was used as a sacrificial hole
scavenger to trap the holes of the photoexcited QDs. Then, the QD could transfer electrons
for the reduction step in order to be used for the decarboxylative radical formation from N-
acyloxyphthalimides (Scheme I-18-mechanism). Then, in the presence of a styrene derivative,
benzylic radicals are generated and promoted the formation of the desired product in a 74%

yield (Scheme [-18).
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Scheme I-18: Decarboxylative radical addition to styrene using CdSe QDs. Adapted from reference 94
and 109.

I-3.3.2- QDs-photocatalyzed C-C vinylation coupling reaction.

For the first time in 2017, Weiss and co-workers®? developed the use of CdS QDs for a
C—C coupling reaction without the need of co-catalyst or sacrificial reagents. They explored
the use of CdS QDs as visible light photocatalyst for the C-C vinylation coupling reaction
between 1-phenyl pyrrolidine and phenyl trans-styryl sulfone (Scheme I-19). They proved that
no sacrificial agent or co-catalyst were needed beside the CdS QDs. Interestingly, this
photoredox C-C coupling reaction was demonstrated before by MacMillan et al. in 201410,
but using an iridium based transition metal complex (Ir{dF(CF3)ppy}2(dtbpy)]PFsin this case)
as photocatalyst. The QD-photocatalyzed reaction was compared to the Ir-catalyzed reaction
and showed to proceed in a very similar manner with very comparable results. Furthermore,
they enhanced the reaction rate by optimizing the QDs surface ligand layer. They added
octylphosphonate ligands (OPA) to replace some of the native oleate ligands (As described in
section I-2, page 37). The ligand exchange disordered the ligand shell and increased the

reaction’s rate by a factor of 2.3, and the turnover number of the QDs by a factor of 1.6, in
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addition to a quantum yield of 0.2%. This example of using CdS QDs for a C-C coupling reaction

was a breakthrough in the field of using QDs for bond-making photoredox reactions.

Interestingly, in 2019, Pillai and co-workers®* reported the use of InP-ZnS QDs to photocatalyze
the same Carbon-Carbon vinylation (Scheme 1-19) which was reported before by Weiss 2 using
CdS core QDs. In the work by Pillai et al., they used the same reaction conditions as the one
used by Weiss for CdS QDs. The InP-ZnS QDs phoctocatalyzed reaction resulted in a slightly
lower reaction yield of 50% compared to 60% using CdS QDs. Moreover, the InP-ZnS catalyzed
reaction was slower than with CdS QDs as the reaction needed 10 hours to reach maximum

yield compared with 7 hours in the CdS QDs case.

It is worth mentioning that, due to the interest of this reaction as an example of
carbon-carbon bond formation reaction taking place without the need of any sacrificial agent
or co-catalysts, and as it was proved to be reproducible using two different types of Quantum
Dots, this reaction will represent a model reaction for the optimization of our own QDs’

systems in the next Chapter of this Thesis.

Q Qps O\/\Ph

N
Ph P CsOAc
—>
TN Ns0,h T —— + PhSO,H

Blue LED

CdS QDs: 60% in 7 h
InP-ZnS QDs: 50% in 10 h

Scheme I-19: The C-C vinylation coupling reaction between 1-phenyl pyrrolidine and phenyl trans-styryl
sulfone using CdS or InP-ZnS QDs. Adapted from reference 92.

I-3.3.3- CdS QDs-photocatalyzed cyclization of functionalized difluoromethyl chlorides and
inactivated olefins.

In 2019, Feng and co-workers'!

presented a report of CdS QDs-photocatalyzed
cyclization of functionalized difluoromethyl chlorides and inactivated olefins to afford the
desired difluoromethylated products (Scheme 1-20). The reaction proceeds by breaking the
carbon (sp3)—chlorine bond of difluoromethyl chlorides. The reaction was possible and

successful for different difluoromethyl chlorides as fluorine sources and for a scope of a series
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of reaction’s substrates for the preparation of CF,-containing azaheterocycles compounds

(Scheme 1-20).
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Scheme 1-20: The photocatalytic cyclization of CICF,COOEt and olefins using CdS QDs. Adapted from
reference 111.

I-3.3.4- Photocatalytic reduction of aromatic ketone for carbon-carbon coupling using CdS
QDs.

In 2021, Hu et al.*'? reported a photocatalytic reductive coupling for carbon-carbon
formation reaction. They demonstrated the selective reduction of aromatic ketones into
pinacol using Ni-doped CdS QDs as photocatalyst (Scheme I-21). They showed that selectivity
was possible for a variety of substrates reaching a yield of 88%. The reduction to the

corresponding alcohols was less favorable with the exception of a few examples and reaching

65% yield.
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Scheme I-21: The photocatalytic reduction of aromatic ketones to the formation of pinacol via C-C bond
formation using CdS QDs. Adapted from reference 112.

I-3.3.5- Photocatalytic reduction of Aryl aldehydes for carbon-carbon coupling using CdS
QDs.

In the same year 2021, Peng and co-workers!'3 used a Quasi type-ll CdSe-CdS QDs to
photocatalyze the reduction of aryl aldehydes for the selective formation either of alcohols or
of pinacol products (Scheme 1-22). The CdSe-CdS core shell QDs were highly active at very low
catalytic loading and provided high reaction yields (> 90%) and high TONs (10°). Interestingly,
the selectivity of the reaction was controlled by optimizing the amount of thiophenol sacrificial
reagent. They also reported that the CdSe-CdS QDs could be reused ten times while
maintaining the same catalytic activity and selectivity in the pinacol coupling reactions. The
interest of this reports is represented by the very high turnover number achieved by the CdSe-
CdS core-shell QDs for a carbon-carbon coupling reaction. The high efficiency of this reaction
could be attributed to the used Quasi-Type-Il core-shell QDs, which were proved to exhibit an
enhanced photo-induced charge separation and high photoluminescence Quantum vyield”?.
The use of this Type of QDs will be investigated in our photoredox systems with different kind

of reactivity described in the next chapter.
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Scheme I-22: The photoreduction of aryl aldehydes toward formation either of alcohols or of pinacol
products using CdSe-CdS QDs. Adapted from reference 113.

I-3.3.6- Photocatalytic pinacol formation integrated with CO. reduction.

Guo et al.* reported the efficient use of CdSe-CdS core-shell QDs for the combination
of the photoreduction of CO, to CO in the presence of the organic transformation reaction of
the oxidation of alcohols (Scheme 1-23). The used both the electron and hole photogenerated
charges in the CdSe-CdS QDs by making the electrons interact with the CO;to reduce it to CO,

while simultaneously, the generated holes were used for the coupling reaction of the oxidized

alcohols.
R
OH OH O
CdSe-CdS QDs
Q > + CO + H,0
2 + €O,
Na2C03 HO
R DMF R
Blue LED 60-98% yield

Scheme I-23: CdSe-CdS QDs as photocatalyts for CO; reduction and alcohols oxidation. Adapted from
reference 114.

I-3.3.6- Photocatalytic radical-radical cross coupling reactions.

Among the bond formation reactions’ mechanisms initiated by CdSe QDs, radical-
radical cross-coupling after two oxidations of the starting materials is one of the most reported
mechanisms (Scheme I-24). In this context, Li-Zhu Wu and co-workers recently reported a few
photoredox reactions initiated by CdSe QDs to prepare value-added products. The reactions
proceed after oxidizing the starting materials by the QDs, and generating the corresponding

radical of each substrate. In parallel, electron transfer from the excited QDs takes place to
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reduce a proton and ends with hydrogen evolution (Scheme 1-24). It is worth mentioning that
most of the CdSe QDs used by Li-Zhu Wu in the below-mentioned examples were treated with
nitric acid to wash the QDs from residual ligands not bound to the surface of the QDs. The
nitric acid treatment could play a role in modifying the surface of the QDs and could participate

in some oxidation processes due to its high oxidizing power.

H, H,
H* H*
+e- Qb +e- QD
Qb )ﬁ QD %X
QD*
Oxidation 2 Oxidation 1

Radical-Radical

cross coupling
SM; + SM; > SM,—M,S + H,

Hydrogen
evolution

Scheme I-24: General catalytic mechanism for the radical-radical coupling reactions after oxidation of
the starting material (SM) by the QDs in the presence of hydrogen production

In 2014 the first report by Li et al''> showed an efficient approach for the coupling of
thiols using CdSe QDs as photocatalysts (Scheme I-25). The reaction resulted in high-yielded
(>80%) coupling of a variety of thiols to give disulfides in addition to in situ H, production. The
reaction proceeded without the need for sacrificial reagents or external oxidants. However,
the addition of small amounts of nickel(ll) salts improved the efficiency of the reaction,
especially by facilitating the formation of hydrogen due to a faster regeneration of the ground-

state of the QDs. Their mechanistic analysis showed that the coupling reaction occurs on the
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QD surfaces showing a new route as to how these QDs may be used for similar photocatalytic

applications.

CdSe (0.04 mol%)
NiCl, (0.2 mol%)

2 R sH > /\S/SvR +H,
H,0 or H,0:THF 1/1 )
Yield
(10 mL)
83-99%

>400 nm, rt,4 h

CF;
s._COOH s /© s /©/ s /©/

F;C
99% 99% 88% 96%
OMe N Hz Cl
S /©/ S S /©/
o IS SO
MeO H,N cl
88% 83% 95%

Scheme [-25: The photocatalytic formation of disulfides via radical-radical cross coupling using CdSe
QDs. Adapted from reference 115.

In 2021, three different reports from the group of Li-Zhu Wu were published for three
model photoredox reactions using CdSe QDs. First, they used CdSe QDs to activate the a-C-H
bond of tetrahydrofuran (THF) followed by radical cross-coupling or radical addition
reactions!!® (Scheme 1-26). In this work, the first step of the reactions is the formation of
QDs/THF conjugates. The QDs/THF conjugates formed after the oxygen atom of THF binds to
the QD’s surface. Then, under visible light irradiation, the formed alkoxyalkyl radical directly
undergoes a radical cross coupling with a-amino radical from amino C-H bonds or radical

addition with alkene or phenylacetylene.
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A) Radical cross-coupling

H R; CdSe QDs (3.2 mol%) /
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B) Radical Addition
CdSe QDs (0.16 mol%)

o H __Rs CH3COOH Rs
< + / -
A H 450 nm,Ar
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THF:MeCN
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Addition to chromones
(0] (0] [o)
o 0 HO o 0 o 0 o OFEt
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Addition to terminal arylalkynes

JF\Q
Tl O
R= H,36% R= Cl56% R R= Br, 59%

0,
Br, 64% CO,Me, 56% OMe, 28%

0
OMe, 23% OMe, 25% tBu, 26%

Scheme I-26: Activation of the a-C-H bond in THF using CdSe QDs followed by radical cross coupling or
radical addition. Adapted from reference 116.
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Again in 2021, Huang et al.''” reported the direct alkylation and arylation of allylic
C(sp3)—H bonds using CdSe QDs coupled with hydrogen production. More precisely, they
demonstrated the coupling of a broad range of allylic C(sp3)—H bonds with a-amino C—H bonds
or heteroarenes using CdSe QDs under visible-Light irradiation (Scheme I-27). They developed
a general and mild strategy for the targeted couplings good number of examples of the final

products with reactions’ yield reached 96% in some cases (Scheme 1-27).

CdSe QDs (0.16 mol%) R,
. AN et NI O6moal%) AN R "
T o+ 2 I - : i 2
A R, DMF, Ar R R
Blue LED, 12h

-------- Selected product examples ------------mmcmmmo e

o, Lo Po o

R= H, 96% 80% 93% 68%
OMe, 92% w 9 w ©
CF3 56 % N N
Br, 93% ©/ Okt ©/ OFt
82% 80%

Scheme I-27: Alkylation and arylation of allylic C(sp?)—H bonds using CdSe. Adapted from reference 117.

Right after, Li-Zhu Wu and co-workers 1*8 reported the direct Allylic C(sp3)-H and Vinylic
C(sp?)-H thiolation using CdSe QDs coupled with hydrogen production. In this work, they
presented an efficient and economic thiolation of allylic C(sp3)-H and thiol S-H bonds under
visible light irradiation using CdSe QDs (Scheme I-28). The C-S bond formation did not require
external oxidants, and hydrogen (Hz) production during the reaction was facilitated by adding
some Ni (Il) salts. When vinylic C(sp?)-H was used instead of allylic C(sp3)-H bond, it was
similarly possible to obtain the radical-radical cross-coupling of C(sp?)-H and S-H also coupled

with hydrogen formation.
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CdSe (0.64 mol%)
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Scheme I-28: Direct allylic C-H bond activation for C-S bond formation using CdSe QDs. Adapted from
reference 118.

More recently in 2022, Li-Zhu Wu and co-workers'!® reported an efficient method for
the formation of C-P bonds using CdSe QDs under visible light. They presented their findings
concerning the ability of CdSe QDs to act as a photoredox catalyst to convert diphenyl-
phosphine oxide into the phosphoryl radical under visible light irradiation. Then, they showed
that the generated radical species could undergo radical addition with alkene or radical
coupling with a-amino C—H bonds to form a C—P bond (Scheme 1-29). The importance of this
methodology is that it provides a new photocatalytic C—P bond formation reaction involving

phosphoryl radicals using QDs without the need of any sacrificial reagent.

ﬁ CdSe QDs (0.12 mlI%) ﬂ H
Ph—F~H *+ TN > ph/'f\)\/\
Ph DMF , 450nm Ph
Ar, r.t, 16h 98%

Scheme 1-29: Photocatalytic C-P bond formation using CdSe QDs. Adapted from reference 1189.

Page | 65



Chapter |

I-3.4. CdSe QDs as photocatalyst for triplet excited state reactions

Weiss and co-workers20-122

reported the activity of the triplet-excited state in CdSe
QDs and achieved regioselective and diastereoselective intermolecular [2+2] cycloadditions
of 4-vinylbenzoic acid (Scheme 1-30). They showed in this work that CdSe QDs were acting as
triplet exciton donors to surface adsorbed substrates. The triplet energy of the QDs was
tunable by controlling the size of the QDs to selectively produce one component among the
reaction system of the cycloadditions. The change in the QDs size showed the QDs could
selectively transfer energy to one of the substrates, while with different QDs size the
selectivity was favored toward other substrates. Moreover, CdSe QDs photocatalyzed
reactions provided non-normal syn-products with a diastereomeric ratio of >40:1. However
the metal complexes catalyzed reactions generated anti-products with diastereomeric ratio
of <12:1. They showed that the selectivity resulted from the carboxylate of the substrate being
adsorbed to the QD surface, creating an intermolecular m—mt interaction among the 4-
vinylbenzoic acid derivatives. In addition, head-to-head (HH) products or head-to-tail (HT)
products were selectively formed by optimizing the position of carboxylate in the substrates.
However, despite the originality of these findings using CdSe QDs, they are limited to reaction

substrates with carboxylic moieties that could adsorb to the surface of the QDs.
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Scheme [-30: Intermolecular [2+2] cycloadditions of 4-vinylbenzoic acid bonded to QDs surface using
CdSe QDs. Adapted from reference 120.

I-3.6. Quantum Dot Gels as efficient photocatalysts for organic reactions

Very recently in September 2022, Liu et al.'?® reported a new methodology for
enhancing the activity of CdS QDs in the photocatalytic reaction. In this work, they synthesized
TOPO-capped CdS QDs and then transformed them into CdS QDs gels in two steps passing by
typical ligand exchange using thiolate-capped QDs. After preparing the thiolate-capped QDs,
the thiolate ligands were oxidatively removed as disulfides, and then the CdS QDs were further
oxidized to form interparticle dichalcogenide bonds between the QDs during electrogelation,
forming a QD network. The goal of preparing such a gel structure of QDs is to improve the
interaction between the QDs’ surface and the reactions’ substrates by enhancing the ligand
layer permeability by removing most of the native surface ligands. They tested the
photocatalytic performance of CdS QDs gel using the reductive dehalogenation of methyl 4-
bromobenzoate as a model reaction (Scheme 1-31-A) and compared the results to TOPO and
thiolate-capped CdS QDs. The activity of the QDs gel was mush efficient than the TOPO and
thiolate-capped CdS QDs by obtaining almost 100 % yield in 3 hours compared to a maximum

of 64% in 5 hours using the thiolate-capped CdS QDs. Moreover, they also tested the activity
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of the QD gels on other reactions. For example, they employed the QDs gels in a cross-coupling
reaction of an a-amino arylation reaction in the presence of dicyanobenzene (Scheme I-31-B).
In these reactions, the QDs gel were able to oxidize the N-aryl amines and reduce the
dicyanobenzene generating the corresponding radicals, then a cross-coupling of the two

radicals occurs to form the desired products in a yield range between 52 and 73%.

A) Br cds QDs' gel H
Bu;N (3 equiv), HCCOH(5equiv)
?
Blue Light
MecCN, 3h
CO,Me CO,Me

~100% yield

B)
CN
{ ) CdS QDs' gel
N NAOAc N
+ s — CN
DMA
Blue Light

CN

R R

52-73% vyield

Scheme 1-31: Quantum Dot Gels as efficient photocatalysts for organic reactions: A) QDs gel as
photocatalyst for a dehalogenation reaction and B) QDs gel as photocatalyst for a cross-coupling
reaction of an a-amino arylation reaction in the presence of dicyanobenzene. Adapted from reference
123.

I-3.6. Other photocatalytic reactivities Using Quantum Dots

I-3.6.1- Bond cleavage in Lignin based molecules using QDs: Photooxidation followed by
photoreduction.

In 2018, Ye Wang et al.»?* proved that CdS QDs are efficient photocatalysts for breaking
the B—O—4 bonds in various lignin models (e.g., 2-phenoxy-1-phenyl ethanol (PP-ol)). They
also showed the possibility to transform native lignin into functionalized aromatics within
biomass and without affecting other components in lignocellulose. The reaction was

performed under mild condition using visible light activation for the CdS QDs (Scheme 1-32).
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The mechanistic processes started by an Oxidative dehydrogenation of alcohol based lignin

substrates. Then, a reductive cleavage occurs to break the B—0—4 bonds.

cds QDs oH 0 Q
CdS QDs MeCN !
MeCN * *
Blue Ilght
Blue light

N,

o Reductive
Oxidative bond cleavage

dehydrogenation

Scheme I-32: The photolytic cleavage of the B-0O—4 bon in lignin compounds using CdS QDs. Adapted
from reference 124.

Then in 2019, Cossairt and co-workers.'>> reported the use of CdSe QDs for the
cleavage of the a C-O bonds in lignin model substrates after their oxidation to the
corresponding ketone then followed by reductive bond cleavage (Scheme I-33) under mild and
ambient temperature reaction conditions. The obtained yields were comparable to the best
transition-metal-based molecular photocatalysts (up to 100%), but CdSe QDs were used in
lower catalytic loading (0.03mol %) and consequently achieved higher turnover number
(>3000) and frequencies. Another demonstration of this work is that the use of short-chain
trans-4-cyanocinnamic acid ligand on the QDs’ surface could significantly improve the

conversion rate due to optimized QDs surface.

o
() 0,
OH CdSe QDs (0.03 moIA)= o CdSe QDs (0.03 molﬁ)= \0
Formic acid Formic acid +
0 MeCN,16h 0 MeCN,16h
\O White LEDs \0 White LEDs HO
0\
Photo-oxidation Photo-reduction

Scheme [-33: the photolytic cleavage of the a C-0 bonds in lignin substrates using CdSe QDs. Adapted
from reference 125.

I-3.6.2- Photopolymerization initiated by photoexcited QDs.
Egap and co-workers!?® investigated the use of CdSe QDs for a visible light mediated
radical polymerization of (meth)acrylates and styrene to produce block copolymers (Scheme

I-34). CdSe QDs were employed as photocatalyst for the atom transfer radical polymerization
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(ATRP) to achieve various types of polymerization reactions. CdSe QDs photocatalyzed
polymerization resulted in high conversion and narrow polydispersity. This report illustrated

that QDs are a promising catalyst in the field of photopolymerization.

CdSe QDs R
R' EtO,C Br . 9
R Ph Blue Light, r.t Ph R
16 h
-------- Monomer examples ----------o-coiiiii o
Rl
(o) (o)
MMA BMA
F

F PN
0 K Ph” XX

0 o]
EEMA BMA Styrene

Scheme 1-34: Photopolymerization of (meth)acrylates and styrene using CdSe QDs. Adapted from
reference 126.

After the report by Egap concerning the CdSe QDs-mediated photopolymerization
reactions, late in 2019 Weiss and co-workers!?’ described the use of CdSe QDs for a
photoinduced electron transfer reversible addition-fragmentation chain transfer (PET-RAFT)
polymerization reaction of a series of acrylamides and acrylates (Scheme 1-35). The
photocatalytic activity of the CdSe QDs allowed the polymerization to occur with high

efficiency and low dispersity using a very low catalyst loading.
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Scheme [-35: PET-RAFT polymerization reaction of acrylamides and acrylates using CdSe QDs. Adapted
from reference 127.

As revealed from the examples mentioned above for the QDs-photocatalyzed reaction,
the use of QDs as redox photocatalysts emerged as an efficient visible light harvesting
photocatalysts with comparable activities to the other traditional photocatalysts. The use of
Quantum Dots for organic chemistry reaction was demonstrated for already developed
reactions replacing Iridium or Ruthenium transition metal complexes. In addition, new
reactivity based on Quantum Dots-catalyzed reactions were also developed. However, up to
date, the use of QDs in photocatalysis is limited to a few types of QDs without a wide
investigation of the activity of the different possible types of existing QDs structures, and only
one type of QDs is tested per study as mentioned in the previous examples. Furthermore, in
most of the reported cases of the QD-catalyzed reaction, the obtained Quantum Yield is mainly

less than 1%.

I-4. Enhancing the photogenerated charge separation: Quantum Dots
connected to metal nanoparticles.

I-4.1. Supressing the photogenerated charge recombination in QDs.

A fundamental challenge in Quantum Dots’ photochemistry is to limit the possible
recombination processes of the photo-generated electron-hole pairs. After photoexcitation of
Quantum Dots the charge carriers can fastly recombine!?8, and then no redox reactions could
occur using the QDs’ photo-induced charges. Moroever, long reaction times and low quantum
yield of the photocatalytic reactions, typically less than 1%,°>°* is usually obtained for QDs-

photocatalyzed organic transformations due to the charges recombination processes.'?
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An effective way to improve the photocatalytic activity of Quantum dots and maximize
the charge separation is by depositing or growing noble metal nanoparticles (NPs) to the
semiconductor ones®°. In this case, it is hypothesized that formation of hybrid
heterostructures of the semiconductor and metal nanoparticles, such as Gold (Au), silver (Ag)
or platinum (Pt), would create a flow of electrons from the excited semiconductor part to the
metal nanoparticles!3!. The electrons would then be transferred and stored at the surface of

the nanoparticles, minimizing electron-hole recombination'3?. (Figure 1-12)

Fermi Level

% V.B

Semiconductor Metal nanoparticle

Figure I-12: Electron transfer from the excited semiconductor QDs to metal nanoparticle affording a
better charge separation.

Several research groups investigated the use of semiconductor-metal nanostructures
to employ them in several applications due to the expected efficient charge separation in such
well-engineered heterostructures!®?. Recently, a few methods were investigated to prepare
semiconductor-metal hybrid materials!3°, The most explored method is the deposition of
metal particles'33 or growing metalic shells'3* on the surface of the semiconductor particles.
In addition, self-assembled nanostructures driven by particles functionalized with
complementary proteins'®> or DNA bases'3¢ appeared recently also an efficient method to
prepare semiconductor-metal structures, however, these latter are not yet investigated for

charge separation and photocatalysis.

Understanding the charge carriers' transfer and their separation in the
semiconductor-metal nanostructures is essential before using them for the targeted
applications. In these semiconductor-metal nanostructures, two main mechanisms for the
charge transfer are expected depending on which domain absorbs the light. If the
semiconductor absorbs the photon, electron-hole pairs are generated, and the electrons are

transferred to the metallic part (Mechanism A- Figure 1-13). However, if the metal particles
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absorb the light, an opposite pathway is expected. In this case, an electron is generated in the
metallic particles and could be transferred to the conduction band of the semiconductor!37:138

(Mechanism B- Figure 1-13).

| Mechanism A: | Mechanism B: |

< by
Semiconductor Metal Semiconductor Metal

Figure I-13: Schematic illustration of two possible mechanisms of charge carriers transfer in
nanoparticles containing a semiconductor-metal nanostructures : mechanism-A) Absorption of light
by the semiconductor part and transfer of an electron from its conduction band to the metal part,
mechanism -B) Absorption of light by the metal part in its plasmon band and transfer of an electron to
the semiconductor.

I-4.2. Fast charge transfer from photoexcited semiconductors to metal

nanoparticles.

Researchers have paid a lot of effort to prove that charge transfer process indeed
occurs in semiconductor-metal nanoostructures. The primary method to follow the charge
transfer in these structures is to follow their optical properties upon being excited. In the
examples below, we focus on the examples corresponding to light absorption by the

semiconductor and the possible charge transfer to the metallic part.

In this context, O’connor et al.'*® prepared a ZnSe-CdS dot-in-rod semiconductor
coupled with Pt metal as heterostructure. They used ultrafast transient absorption
spectroscopy to investigate the nature of the photoinduced charge transfer processes taking
place in the semiconductor-metal nanostructures. The measurements demonstrated that the
electron-hole separation is fast and resulted in the localization of the holes in the

semiconductor domain while the electrons transferred to the metallic part. In particular, they
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showed that the photoinduced holes became localized within the ZnSe domain in less than 2

ps, while electron transfer took approximately 15 ps to transition into the Pt part (Figure I-14).

—_—ps
20ps
100 P
1000 pa

diIH} Jﬁlﬂ 5[;[! 551}
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Figure I-14: Photoinduced electron-hole separation within a ZnSe-CdS semiconductor coupled with Pt
metal nanostructure. Figure adapted from reference 139.

Chakraborty et al.'*? designed a semiconductor-metal nanostructure of colloidal CdSe
nanowires (NW) decorated with gold. They investigated the influence of the gold deposited
on CdSe on the photoconductive properties of this heterostructure. They showed that the new
CdSe-Au nanostructure has at least a ten-fold higher photocurrent than the bare CdSe (Figure

-15)

AuNP

CdSe NW

o
w
-
~

Before Au decoration 104
0,24 8]
6l After Au decoration

< 0,1 -~ 4]

E E 2]
‘E 0,0 £ o S

o ]

5.0, £

o 3 4

O 4]

0,2+ 3]

0,3+ 40

' T T T T .12-

-10 -5 0 5 10 04 92 00 02 04
Voltage (V) Voltage (V)

Figure I-15: CdSe nanowires (CdSe NW) decorated with Gold NPs (AuNP): Top: TEM images for
the obtained CdSe-Au heterostructure. Bottom: Measurement of the photocurrent of CdSe-Au
nanostructure compared to bare CdSe (before Au decoration (left) and after decoration (right).
Figure adapted from reference 140.

Page | 74



Chapter |

Moreover, in 2015 Okuhata et al.'*! prepared a hybrid nanostructure (HN) of PbS QDs
and gold nanoparticles deposited at the QDs’ surface (Figure I-16-A). They examined the
charge carriers’ dynamics by femtosecond near-IR pump-probe spectroscopy. A decrease in
band-edge bleach yields was clearly observed in PbS-Au hybrid nanostructure (HN) as
compared to bare PbS QDs under excitation. The edge bleach was more important in the case
of bigger AUNP. They compared bare PbS QDs with PbS-Au HNs with different diameters of
AuNP on the surface of the PbS QDs (Figure 1-16-B). This observation suggests the existence
of ultrafast electron transfer from PbS QDs to gold nanoparticles and more efficiently in the

case of bigger AuNP.

A) B) PbS-Au HNs C (D, : 2.6 nm)

— ]
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<

Figure I-16: PbS QDs and AuNP hybrid nanostructures. A) TEM images showing the growth of
the AuNP at the surface of the PbS QD. B) Monitoring the 1S bleach dynamics in bare QDs
compared with PbS-Au nanostructures. Adapted from reference 141.

Few years after, Okuhata et al.»*? prepared hybrid nanostructures of CdSe QDs with Au
nanoparticles grown on the QDs’ surface (See Figure I-17-A) and tested the electron transfer
from the CdSe QDs to the AuNPs using femtosecond pump-probe spectroscopy. They found
the existence of ultrafast electron transfer with a very short lifetime (<60 fs) from CdSe QDs
to Au NPs. They also tested the steady state photoluminescence quenching of bare CdSe QDs
and nanoostructures of CdSe QDs attached to different sizes of gold particles. The
nanostructures exhibited a very efficient photoluminescence quenching compared with bare
CdSe QDs (Figure 1-17-B). The observed photoluminescence quenching indicated that charge

recombination was suppressed.
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Figure I-17: CdSe QDs and AuNP hybrid nanostructures. A) TEM images showing the growth of the
AuNP at the surface of the CdSe QD. B) Monitoring the photoluminescence quenching in the CdSe-Au
nanostructures. Adapted from reference 142.

Similarly, Dana et al.}*® prepared CdSe-Au nanostructures and studied the charge
transfer from photoexcited CdSe QDs to Au NPs (Figure 1-18-A). They used time-resolved
emission and femtosecond transient absorption spectroscopy to measure ultrafast charge-
transfer dynamics from CdSe QDs to gold. The electron-transfer time from photoexcited CdSe
was found to be ~270 fs. The charge separation was confirmed by both steady-state and time-
resolved photoluminescence. The steady-state photoluminescence analysis showed a
complete quenching of the photoluminescence in the QDs-Au structure compared to the bare
CdSe QDs (Figure 1-18-B). The results were also confirmed using time-resolved
photoluminescence (Figure 1-18-B inset). All the spectroscopic analysis suggested an efficient

charge transfer from the photoexcited CdSe QDs to the attached gold nanoparticles.

400

B)

Delay time (ns)

Intensity

0 Ll Ll
500 550 600 650 700
Wavelength(nm)

Figure 1-18: CdSe QDs and AuNP hybrid nanostructures: A) TEM images showing the growth of the
AuNP at the surface of the CdSe QD. B) Monitoring the photoluminescence quenching in the CdSe-Au
nanostructures. Adapted from reference 143.
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I-4.3. Quantum Dots and metal nanoparticles hybrid structure for enhanced

photocatalytic activities.
The published findings concerning the very efficient charge separation in the

semiconductor-metal nanostructure and the possible suppressing of charge carriers’
recombination after excitation of the semiconductors encouraged researchers in the field to

test such materials as photocatalysts to photocatalyze some photocatalytic processes!**.

Recently, Nawrot et al.'*> prepared a CdS-Au nanostructure to test the charge
separation within this heterostructure as well as their photocatalytic activity. They showed
that the prepared CdS-Au nanostructure exhibits a photoluminescence quenching indicating
an efficient charge separation (See Figure [-19). They prepared CdS-Au structures with
different gold amounts and showed that the increase of concentration of Au attached at the
surface of CdS resulted in better photoluminescence quenching, suggesting more efficient
charge separation (Figure 1-19- A). For the photocatalytic activity of the CdS-Au
nanostructures, they tested the reduction of methylene blue (MB). They performed
absorption measurements under irradiation in the presence of CdS-Au nanostructures. After
one hour of irradiation, it was observed that the absorbance of MB decreased drastically in
the presence of CdS-Au nanostructures as photocatalysts (Figure I-19- B). These observations

indicate that the reduction of MB was caused by electrons effectively transferred to the
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Figure 1-19: Charge separation and photocatalytic activity of CdS-Au nanostructures. A):
photoluminescence quenching of CdS QDs when Au particles were attached on their surfaces. B)
Decomposition of Methylene Blue (MB) under the action of bare CdS or CdS-Au nanostructures under
light irradiation. Figure adapted from reference 145.

Moreover, Dana et al.'*® synthesized heterostructures of semiconductor CdSe-CdS
core Shell QDs with Au nanoparticles of different sizes grown on the QDs’ surface. The charge
separation in these heterostructures was tested using spectroscopic analysis, such as steady
state photoluminescence spectroscopy. The recorded photoluminescence intensities of the
bare QDs or of the heterostructures of QDs decorated with gold nanoparticles showed
quenched photoluminescence in the case of QDs-Au heterostructures (Figure 1-20-A),
indicating an efficient charge separation. For photocatalytic studies, they tested the reduction
of Rhodamine B (RhB) dye in the presence of bare Au nanoparticles, bare CdSe-CdS QDs, and
in the presence of the two types QDs-Au heterostructures (different sizes of AUNP). The results
showed higher efficiency of the heterostructures of QDs-Au particles compared with bare QDs

or gold (Figure 1-20-B).
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Figure 1-20: Charge separation and photocatalytic activity of CdSe-CdS-Au nanostructures. A):
photoluminescence quenching of CdSe-CdS QDs when Au particles were attached on their surfaces. B)
Decomposition of Rhodamine B (RhB) under the action of bare Au, bare QDs or QD-Au heterostructures
(HS) under light irradiation. HS 1 for the heterosturcture with smaller AuNP (1.25 nm) and HS 2 with the
bigger (2.5nm) AuNp. Figure adapted from reference 146.

In addition to the examples mentioned above for photocatalytic dyes degradation
using semiconductor-metal hybrid nanostructures, other examples were also reported. For
example, Soni et al.**’ prepared different samples of CdSe-Au hybrid nanostructures, tested

the charge separation, and showed their higher efficiency toward reducing Methylene Blue
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compared to bare CdSe counterparts. Moreover, Chauhan et al.}*® prepared nanostructures
of CdSe-CdS core-shell QDs attached to Au nanoparticles exhibiting enhanced charge
separation. Then, they showed their efficiency as photocatalysts for the degradation of
Methylene Blue and Methyl orange. Han et al.'# tested the photocatalytic activity of CdS-Au
nanostructures toward the degradation of Rhodamine B. The results showed a significant
increase in the photocatalytic degradation of Rhodamine B when using CdS-Au nanostructures

as photocatalysts compared to others tested.

Beside the use of the semiconductor-metal nanostructures in dyes and pollutants
degradation, some groups tested the photocatalytic activity of such nanostructures for other
applications such as hydrogen production. Simon et al.>® decorated CdS nanorods with
platinum nanoparticles of different morphologies. They showed that, with tip-platinum
decorated CdS nanorods (Figure I1-21-A), the quantum yield of H, production can reach nearly
90%, providing an efficient mechanism of mediated charge separation with optimized hole
extraction using hole scavengers (such as Sodium sulfite and ethanol). The comparison of the
photocatalytic H, production using bare CdS nanorods showed the highly enhanced activity in
the case of CdS-Pt cases and, in particular, when the Pt particles are attached to the tip on the

CdS rods (Figure 1-21-B).
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Figure 1-21: CdS-Pt nanostructure for photocatalytic hydrogen production. A) Schematic representation
of the structure of CdS-Pt having the Pt attached on the tip of the CdS nanorods. B) Comparison of the
photocatalytic H, production using bare CdS and two different structures of CdS-Pt. Figure adapted from
reference 150.

Therefore, as revealed from the examples mentioned above, the use of well-designed
semiconductor-metal hybrid nanostructures presents a promising route for visible-light
photocatalysis. These nanostructures exhibit a very good charge separation, thus minimizing
the recombination of the photo-induced charge carriers. The photocatalytic activity of these

hybrid nanostructures appeared to possess an enhanced activity compared to their bare
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counterparts, even though their employment in complete redox reaction for organic

transformations is still limited, which will be explored in this Thesis.

Conclusion

In conclusion, to benefit from the high energy provided by sustainable solar energy for
synthetic applications, researchers made great efforts to develop different types of visible
light harvesting photocatalysts. In this context, the use of semiconductor Quantum Dots as
photocatalysts for various photocatalytic processes showed encouraging results.
Semiconductor Quantum Dots are efficiently used for interesting oxidation and reduction
transformation. The possible use of Quantum Dots for already developed organic reaction was
proved by replacing transition metal complexes such as Iridium and Ruthenium based
photocatalysts. Quantum Dots are also used for new organic transformations such as new
radical-based reactions. Due to their electronic properties, the use of Quantum Dots for
original organic application initiated by Auger recombination and triplet excited state activity
is proved to be efficient. However, the use of Quantum Dots for organic reactions is still limited
to one type of Quantum Dots per reaction without investigating the difference between the
existing types of Quantum Dots. Therefore, the exploration of different types of Quantum Dots

for new organic reactions will be investigated in this Thesis.

Despite the promising application of semiconductor Quantum Dots, their
photocatalytic reactions exhibit low Quantum vyields, and the reactions require a long
irradiation time to complete. This is mainly attributed to the recombination of the photo-
induced charges. Therefore, the improvement of the photocatalytic activity of Quantum Dots
by minimizing their charge recombination was targeted. The preparation of heterostructures
of semiconductor Quantum Dots and metal nanoparticles represents one of the most used
methods to enhance the activity of semiconductor Quantum Dots. These nanostructures are
mainly prepared by the deposition of metal nanoparticles on the surface of the Quantum Dots.
The semiconductor-metal heterostructures induce a better charge separation by affording the
electron transfer from the photoexcited semiconductor Quantum Dots to the metal
nanoparticles. The photocatalytic activity of these heterostructures was explored especially
for pollutants degradation, and their activity is compared to the bare Quantum Dots showing
much better results. Moreover, the preparation of semiconductor-metal nanostructures using

bonds through their surface ligands is not yet well explored, and their use in photocatalysis is
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not reported. The use of such chemically assembled semiconductor-metal nanostructures will

be explored in Chapter Il of this Thesis.
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CHAPTER II:

Quantum Dots mediated photoredox C-C bonds
formation: oxidation of Aryl-amines leading to
Tropane skeletons after two successive allylations
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II-1. Introduction

This chapter presents the results corresponding to a publication that the writing of
which is in progress. The synthesis of biologically active natural products is of great interest in
the synthetic chemistry field.! In this context, Carbon-Carbon bond formation via
photoinduced process turned out recently to be one of the efficient synthetic methodologies
used for preparing this kind of natural products.? Tropane derivatives, which are nitrogenous
bicyclic alkaloids found in plants, are attractive natural compounds for their broad biological
activity and for their application as pharmaceutical products3. Recently, our collaborators
from the group of Pr. Phillippe Renaud (University of Bern-Switzerland), have demonstrated a
new methodology for the preparation of tropane derivatives based on a one-pot two-step
photoredox mediated [3+3] annulation process starting from N-Aryl amines using
Ir{dF(CF3)ppy}2(dtbpy)]PFs [Ir(Ill)] transition metal photocatalysts* (see scheme II-1). Our
group (CAMPE-CEA) collaborated in understanding the physical aspects of the different

mechanistic steps of this work by the electrochemical studies and the DFT calculations.
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}\/so Ph -
@ LED irrad LED irra n(
n=1or2
2" c-C bond
N-Aryl amine  Radical Trap 15t C-C bond formation on
Tropane Derivative
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Ir(11) = Ir{dF(CF;)ppy},(dtbpy)]PF,

Scheme II-1: Photoredox catalyzed tropane derivatives synthesis starting from tertiary arylated
amines®
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This developed annulation process relies on two oxidation steps starting from the
activation of tertiary N-aryl amines, which act as radical precursors to react afterwards with
allylic radical traps to produce a first C-C coupled intermediate product. Then, a second
oxidation process takes place to produce a new a-aminoalkyl radical, which undergoes an
intramolecular 6-endo-cyclization to form a second C-C bond and finally produces a bicyclic

skeleton of tropane derivatives (Scheme II-1).

In this chapter Il, we describe our attempts to explore the ability of semiconductor
Quantum Dots to photocatalyze the same reaction (scheme 1I-1) in similar conditions but using
Quantum Dots instead of the Ir{dF(CF3)ppy}2(dtbpy)]PF6 complex as a redox photocatalyst.
We investigate the most convenient types of QDs for this kind of reaction. Therefore, we study
the effect of both the structure and the type of the different Quantum Dots on their activity
towards the photoredox reaction by comparing simple core—structured QDs to more
elaborated core-shell QDs. Moreover, considering the catalytic mechanism, four different
radicals are expected to be generated during the different redox steps of the reaction (see
scheme at the front page of Chapter Il). Then, the ability of the QDs to perform the desired
oxidation or reduction process to close the reactions’ cycles is also targeted and compared

based on the activity of each type of QDs.

We prepared different types of cores (CdS, CdSe and InP) and core-shell Quantum Dots
(inverted Type-1 CdS-CdSe, quasi Type-ll CdSe-CdS, Type-l CdSe-ZnS and InP-ZnS) to test their
photocatalytic activity under visible light excitation. The selection of the CdSe-CdS quasi Type-
Il core-shell QDs is inspired from the reports by Peng and co-workers®® showing the possibility
of achieving very high turnovers when using this kind of QDs. We also study the activity of the
inverted Type-l CdS-CdSe QDs which was proved to efficiently enhance the photocatalytic
hydrogen production.”® Moreover, to the best of our knowledge, CdS-CdSe inverted Type-|

QDs were not reported previously for organic transformation reactions.

The photocatalytic activity of the selected QDs is tested, firstly towards the photo-
oxidation of the model N-Aryl amine substrate (1-Phenyl-pyrrolidine) by checking the possible
charge transfer from the QDs using DFT calculations to evaluate the substrates’ redox
potentials and by testing the photoluminescence quenching of the QDs. Then, we employ the
Quantum Dots in the carbon-carbon vinylation coupling reaction between 1-Phenyl-

pyrrolidine (PhPyr) and phenyl trans-styryl sulfone (Scheme 1I-2) reported by MacMillan using
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the Ir[dF(CF3)ppy]2(dtbbpy)PFs complex (Ir(Ill) catalyst)®. The idea behind testing the activity
of the prepared QDs for this reaction is that it is expected to proceed in a similar catalytic
process as for the first cycle of our new two-step reaction. In addition, this vinylation reaction
was proved to be efficiently catalyzed using Quantum Dots as Emily A.Weiss and co-workers
showed using 3.7 nm-sized CdS QDs'°, and more recently P. Pillai and co-workers using InP-

ZnS QDs*! (See Chapter I, section I-3, page 56).

P P 2

Q e

phenyl trans-styryl

1-Phenyl- lidi
enyl-pyrrolidine sulfone

Scheme I1-2: Carbon-Carbon vinylation coupling reaction between 1-Phenyl-pyrrolidine (PhPyr) and
phenyl trans-styryl sulfone. PC being the photocatalyst.

The best behaving QDs are selected for the two-step reaction developed to provide
bicyclic Tropane derivatives. Finally, after engineering the surface ligand layer of the QDs to
ensure an enhanced accessibility to the redox active QDs’ surface, we demonstrate the ability

of the QDs to accomplish the two catalytic cycles in the same reaction pot.

lI-2. Investigation of the suitable kinds of Quantum Dots for the
desired oxidations: DFT calculations for the redox potential of 1-
Phenylpyrrolidine (PhPyr).

In order to select the convenient Quantum Dots for the photocatalytic reactions,
theoretical studies were performed in the first stage before the photocatalysis tests. As the
first step in the desired reaction is the oxidation of the N-aryl amine, the possible charge
transfer between the Quantum Dots and 1-Phenyl-pyrrolidine (model substrate in the
targeted reaction) was checked by calculating the redox potential of this latter compound
towards the one-electron oxidation and then comparing it with the expected position of the
valence band edge of each kind of Quantum Dots. The Quantum Dots selected are based on
CdS, and CdSe cores as these kinds of QDs are the most used in photocatalysis for organic
transformations, in addition to InP based QDs, which were reported recently to exhibit good

photocatalytic activities.
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Then, to estimate the redox potential of the N-aryl amines in our experimental
conditions, DFT calculations were performed by Dr. Jean-Marie MOUESCA (Co-director of this
Thesis), using the ADF (Amsterdam Density Functional) code developed by E. J. Baerends and
co-workers'?, The redox potential for the one-electron oxidation of PhPyr was calculated to
be E°= 0.57 V/SCE (0.81 V/NHE) in acetonitrile (MeCN) as a solvent or E°= 0.64 V/SCE (0.88
V/NHE) in trifluorotoluene (TFT)!. The calculated redox potential was compared to the
position of the valence band edges of the bulk semiconductor counterparts of the Quantum
Dots, and also to the valence band edges of the QDs structures relying on the values reported

in the literature. The values are collected in Table II-1.

The position of the valence band corresponding to the bulk semiconductor was
reported to vary with the pH of their medium. For example, for the CdS bulk semiconductor,
the valence band at pH=1 is close to 1.86 V/SCE,* ; however, at pH= 7, it could reach 1.36
V/SCE 415, In addition, when preparing the semiconductors in the Quantum Dots structure,
the valence and conduction band positions vary according to the QDs’ sizel®'8 The
experimental estimation reported for the valence band edge of CdS QDs can be in the range
between 1.24 V/SCE *° to 1.66 V/SCE ° (See Table II-1). Similar variation of the reported
potentials of the band edges also applied for CdSe semiconductors, where the valence band
of the corresponding bulk varies between 1.36 V/SCE at pH=1'3 to 1.06 V/SCE at pH =7 1418,
Moreover, for CdSe Quantum Dots the reported valence band edge potential can be found
between 0.66 and 1.2 V/SCE depending on the measurement techniques, the variation of their

size and their surface ligands (See chapter I, section I-2, page 30).1®

Considering InP bulk semiconductor the position of the valence band was reported
only at pH=1 to be equal to 1.06 V/ SCE*>?° The two reported values for the valence band
edge position of InP based QDs are 1.09 and 1.75V / SCE'12L,

Trifluorotoluene (TFT) is a well-used solvent in industries and was selected as a less volatile
alternative to dichloromethane
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e VB (V/ SCE) VB (V/ SCE) VB (V/ SCE) E° of PhPyr Driving Force
For bulk pH=1  For bulk pH=7 For QDs V/ SCE (MeCN) AE=VB-E° (V)
CdS 1.86 1.36 1.2¢<>1.66 0.57 >0.6
CdSe 1.36 1.06 0.66 <> 1.2 0.57 >0.1
InP 1.06 - 1.09 < 1.75 0.57 >0.4

Table 1I-1: Comparison between Valence band positions and the redox potential of PhPyr calculated
by DFT. SC for semiconductor, VB for valence band, E° for oxidation potential, and SCE for potential
versus standard calomel electrode.

As presented in Table II-1, the valence band edges of CdS, CdSe, and InP semiconductor
bulk?%?2 or Quantum Dots are high enough compared with the potential of PhPyr , this
indicates that it is possible to have a good driving force for the exchange of one electron
between these Quantum Dots and the PhPyr, and therefore the possibility of an oxidation
process to take place. Thus, different types and structures of Quantum Dots based on CdS,

CdSe and InP QDs are synthesized and tested in the photocatalytic reactions.

II-3. Synthesis and characterization of the Quantum Dots.

For the photocatalysis tests, a series of Quantum Dots are synthesized, such as CdS and
CdSe core QDs, CdS-CdSe, CdSe-CdS, and CdSe-ZnS core-shell, in addition to InP core and InP-

ZnS core-shell Quantum Dots.

The semiconductor QDs were synthesized using hot-injection methods following
literature procedures with certain modifications for each type of QDs, and then characterized
by UV-Visible spectroscopy, Fluorescence spectroscopy and TEM microscopy. The exciton
position of the QDs was targeted to fit with the wavelength of our LED irradiation setups
(A=455 nm for blue light irradiation, A=528 nm for green light irradiation and A=590 nm for
yellow irradiation). The detailed procedures for the synthesis are described in the materials

and methods part in Chapter IV, section V-1, page 240.

CdS core QDs were synthesized by preparing a cadmium precursor of cadmium oleate
and a sulfur precursor of elemental sulfur in octadecene?. The growth of the CdS QDs was
monitored based on their optical properties using UV-Vis spectroscopy, and then stopped
after reaching the targeted exciton position at A=460 nm and an emission wavelength at 470
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nm (Figure 1l-1-A and D). Based on the exciton position of the QDs, the diameter (D) and
extinction coefficient () can be determined according to formulas reported by X.Peng and co-
workers?* (Detailed in the materials and methods part in chapter 1IV) to be D= 5.7 nm. The
average diameter was confirmed from the TEM images to be 5.5 + 0.9nm (Figure 11-2-A). At

the exciton position the extinction coefficient was calculated to be €= 1.2x10° M1.cm™.

CdSe core QDs were synthesized starting with cadmium oleate and then injecting a
selenium suspension prepared in octadecene?®. The growth of the QDs was kept until reaching
the desired exciton position at wavelength A= 540 nm. The corresponding emission
wavelength was obtained at A= 560 nm (Figure II-1 B and E). Considering the position of the
exciton of the CdSe QDs, the extinction coefficient was calculated to be €= 1.8 x10°> M1.cm™
by using the formula reported by Jasieniak et al.?6, and the diameter of the CdSe QDs was
calculated to be equal 3.0 nm. The average physical size observed by the TEM images was 3.1

+ 0.25nm (figure 11-2-C).

The core-shell CdS-CdSe QDs were synthesized starting from a previously prepared
sample of core CdS QDs (core diameter =5.7 nm) and then cadmium and selenium precursors
were injected in oleylamine 8. The growth of the CdSe shell was targeted for two monolayers
and red-shifted the position of the exciton to A=530 nm and the emission wavelength to A=550
nm (Figure II-1-A and D). In this case, the extinction coefficient for CdS-CdSe QDs at Aexciton=530
nm was calculated to be €= 1.7x10°> Mt.cm™ using the formula reported by Jasieniak et al.?®
by considering that the CdSe shell is the most absorbing at this wavelength (530 nm). The total
size of core-shell CdS-CdSe QDs in this case was calculated to be 6.4 nm starting from 5.7 nm
CdS core in addition to two CdSe layer each of 0.35 nm. The TEM images (Figure II-2-B) indicate
an average diameter for the CdS-CdSe QDs of 6.35 £ 0.6 nm.

CdSe-CdS core-shell QDs functionalized with oleylamine ligands were synthesized
using a method reported by Niu. et al ?’. The growth of the 3 monolayers for the CdS shell red-
shifted the position of the exciton to A=573 nm and the emission wavelength to A=590 nm
(Figure 11-1-B and E). The extinction coefficient at A=573 nm was calculated to be £= 2.4 x10°
M-1.cm™ according to Jasieniak et.al’®. The diameter of the core-shell CdSe-CdS QDs was

determined to be 5.14 + 0.4 nm using the TEM images (Figure II-2-D).
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CdSe-ZnS core-shell QDs were commercially purchased from the NN-Labs (NN-Labs
CdSe/ZnS CZ600-25). The optical characterization of the CdS-ZnS QDs showed the position of
the first exciton to be at A=600 nm and the emission wavelength to A=620 nm (Figure 1I-1-B
and E). Using again the formulas reported by Jasieniak et al.?® ,the extinction coefficient of
CdSe-ZnS QDs was calculated to be 3.6 x 10° Mt.cm™, and a total core-shell size of 10 + 1nm

was estimated from the TEM images (Figure II-2-E).

InP core QDs and InP-ZnS core-shell QDs were prepared starting from indium halide
and aminophosphine precursors in oleylamine as described by Tessier et al.%. Similar to the
previous cases of QDs synthesis, the optical properties were followed using UV-Vis absorbance
spectroscopy. The synthesis of the InP core QDs was stopped after reaching an exciton
position at A=450 nm (Figure II-1-C). The core QDs of InP are not fluorescing (this is in
agreement to what was mention in the initial publication) so no photoluminescence spectrum
was recorded for this type of QDs. Based on the position of the exciton and following the
formulas reported by Reiss et.al?° the size of the InP QDs calculated to be D=2.8 nm and the

extinction coefficient e= 1.2 x10° ML.cm™.

The growth of the ZnS shell on the InP core has induced a slight red-shift in the position
of the exciton toward A=470 nm (Figure II-1-C). The core-shell InP-ZnS QDs appeared to be
highly fluorescing, proving the shell successful growth of the ZnS Shell. The
photoluminescence spectrum with emission wavelength at A=520 nm was recorded in this
case (Figure 1l-1-F). The extinction coefficient was calculated to be e= 1.3x10°> Mt.cm™.
Considering the exciton position at 470 nm, the average diameter of the InP-ZnS QDs was
estimated from the TEM image (Figure 1I-2-F) to be 2.9 + 0.5 nm. Moreover, commercially
available oleate capped InP-ZnS core shell were purchased from NN-Labs (NN-Labs HEINP530-
10). The idea behind testing oleate capped InP-ZnS QDs is to be able to compare them with
the oleate capped Cd-based QDs. The optical properties of the commercial QDs are presented
in figure 1I-1-C and F. The exciton position of the oleate InP-ZnS QDs is at A=530 nm (Figure II-

1-C blue line) nm and their emission peak is A=550 nm (Figure II-1-F red line).
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Figure II-1: Optical properties of the Quantum Dots: A -UV-Vis absorbance spectra of CdS core and
CdS-CdSe core-shell QDs in toluene; B -UV-Vis absorbance spectra of CdSe core, CdSe-CdS and CdSe-ZnS
core shell QDs in toluene; C -UV-Vis absorbance spectra of InP core and InP-ZnS core shell QDs in
toluene. D - Photoluminescence spectra of CdS core (excited at 400 nm) and CdS-CdSe core shell QDs
(excited at 470 nm) in toluene; E-Photoluminescence spectra of CdSe core (excited at 470 nm), CdSe-

CdS (excited at 500 nm) and CdSe-ZnS core shell QDs (excited at 550 nm)

in toluene; F-

Photoluminescence spectra of InP-ZnS core shell QDs in toluene (excited at 400 nm).
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Figure II-2: Microscopic characterization of the QDs: A) TEM image of oleate capped CdS core QDs(average
diameter = 5.5 + 0.9 nm); B) TEM image of CdS-CdSe core-shell QDs (average diameter = 6.35+ 0.6 nm); C) TEM
image of oleate-capped CdSe core QDs (average diameter = 3.1 + 0.25 nm); D) TEM image of CdSe-CdS core-shell
QDs (average diameter = 5.14 + 0.4 nm); E) TEM image of CdS-ZnS core-shell QDs (average diameter =10 + 1 nm);
F) TEM image of InP-ZnS core-shell QDs (average diameter = 2.9 + 0.5 nm).
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11.4. Charge transfer between the Quantum Dots and the reaction’s
substrate.

1I-4.1.Photoluminescence Quenching of the Quantum Dots by 1-Phenyl-
pyrrolidine (PhPyr).

The possible charge transfer between the Quantum Dots and 1-Phenyl-pyrrolidine was
experimentally tested by monitoring the photoluminescence quenching of each type of
Quantum Dots. All the tested Quantum Dots have shown a quenched photoluminescence
after adding 5mM of PhPyr in trifluorotoluene as a solvent. However, the different types of
Quantum Dots exhibited different quenching efficiencies as quantified by the Stern-Volmer

plot and quenching constant.

Figure 1I-3 shows a typical example of the monitored photoluminescence quenching of
CdS QDs with the corresponding Stern-Volmer plot. In the case of CdS core QDs, the
Stern-Volmer plot (Figure 11-3-B) is approximately linear with a Stern-Volmer constant ksy =
320 L'-mol™. The bimolecular quenching constant (kq) is estimated from the relation ksy=kq x
Taps (Taps is the excited state liftetime of the QDs) to be kq=1.6x10%° L-mol=t-s™! by considering
an approximated photoluminescence lifetime for the QDs of 20 ns?*731. The diffusion rate
constant (kq) is obtained using the equation of Schmoluchowski®? to be 3.16x10%*° L-mol™t-s7!
(see Table 1I-2 entry 1). The linear shape of the Stern-Volmer plot and the fact that kq is close
to the diffusion limit (kg) indicates that the model of dynamic quenching applies in this case.
Thus a strong dynamic quenching is deduced in the case of CdS QDs and it is probable that an

efficient electron transfer from PhPyr to the CdS QDs takes place.

700

3
A 600 - B) —m=Stem-Volmer CdS QDs
——CdS QDs + 0 mM PhPyr
500 + ——CdS QDs + 1.4 mM PhPyr
——CdS QDs + 2.5 mM PhPyr
400 4 ——CdS QDs + 3.3 mM PhPyr

——CdS QDs + 5 mM PhPyr
— CdS QDs + 4.5 mM PhPyr
300 4 ——CdS QDs + 5 mM PhPyr

Photoluminescence

200

100

. = 0 i i i i .
450 500 550 600 650 700 0 1 2 3 } 5
wavelength (nm) Concentration of PhPyr (mM)

Figure I1-3: Photoluminescence quenching of CdS QDs in presence of PhPyr: A) photoluminescence spectra
of 0.5uM of CdS QDs excited at 400 nm upon successive addition of 5mM of PhPyr in trifluorotoluene. B)
Stern-Volmer plot of 1°/1 as function of the concentration of PhPyr.
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Similarly, in the case of CdSe core QDs, the Stern-Volmer plot is linear with a constant
Ks.v = 205 L-mol™ and bimolecular quenching constant kq = 1.02 x10%° L-mol™-s? (see Table II-
2 entry 3 and Figure 1I-4 red curve). The linear Stern-Volmer plot and the value of kq refer to

a strong dynamic quenching of the CdSe QDs photoluminescence.

The behavior of core-shell QDs was also tested using the inverted Type-I CdS-CdSe,
quasi Type Il CdSe-CdS and Type-I CdSe-ZnS core shell. A dynamic quenching is obtained in
the case of CdS-CdSe QDs with a Stern-Volmer constant Ksy = 210 L-mol™ and a quenching
constant kq = 1.05 x10%° L-mol™-s7!, however using CdSe-CdS QDs, lower values of the Stern-
Volmer constant (Ksy = 97 L-mol™ ) and of the quenching constant (kq = 4.8 x10° L-mol™*-s7%)
are obtained compared to those in the case of CdS-CdSe QDs, but still indicating the presence

of a dynamic quenching (Table 1I-2 entries 2 and 4, Figure 1I-4 blue and pink curves).

The quenching with the CdSe-ZnS QDs is the less efficient among the tested QDs with
a Stern-Volmer constant Ksy = 50 L-mol™ and a quenching constant be kq = 2.5 x10° L:'mol™-s7!
(see Table 1I-2 entry 5, Figure 1l-4-green curve). These results indicate the possibility of charge
transfer to PhPyr using these QDs but with an expected low efficiency in the photocatalytic

process compared to CdS, CdSe and CdS- CdSe QDs.

Moreover, the photoluminescence quenching of the two types InP-ZnS QDs with either
oleylamine or oleic acid ligands show similar quenching properties with PhPyr as quencher. In
the case of the amine capped InP-ZnS QDs, the Stern-Volmer constant is calculated to be
Ksv = 109 L-mol™ ,which leads to a bimolecular quenching constant kq = 5.4 x10%° L-mol=t-s7!
(see Table 1l-2 entry 6 and Figure 1l-4 light blue curve). In the case of the oleate capped InP-
ZnS QDs, the Stern-Volmer constant in this case is calculated to be Ksy = 130 L-mol™ which
leads to a bimolecular quenching constant kq = 6.5x10° L-mol-s7* (see Table 1I-2 entry 6 and
Figure II-4 orange curve). This means that both kinds of InP-ZnS QDs are possibly able to do a
charge transfer with Phenylpyrrolidine (The corresponding photoluminescence spectra are

collected in Figure II-A1 of the Appendix Il, page 153).

The variation in the photoluminescence quenching in the cases of the mentioned types
of QDs could be attributed to the difference in the accessibility to the charges localized within

the QDs. Then it isimportant to know the difference in the delocalization of the charge carriers
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within the structure of the QDs based on the way of the alignment of the energy levels. This

is discussed below.

Entry QDs Type Stern- Bimolecular Diffusionrate = Photoluminescence
Volmer quenching constant kg Quenching
constant ksy  constant k, (L-molt-s7?)
(L.mol?) (L-mol-s7?)
1 Cds Core 320 1.6 x10%° 3.167 x10%° Strong
dynamic
2 CdS-CdSe Inverted Type | 210 1.05 x10% 3.238 x10% Strong
core-shell .
dynamic
3 CdSe Core 205 1.025 x10%° 2.056 x10%° Strong
dynamic
4 CdSe-CdS  Quasi Type Il 97 4.8 x10° 2.837x10% Efficient
core-shell .
dynamic
5 CdSe-ZnS  Type | core- 50 2.5x10° 4.863x10%° Weak
shell .
dynamic
6 InP-ZnS Type | core- 109 5.4 x10° 2.012x10% Efficient
(amine shell dvnamic
ligands) ¥
7 InP-ZnS Type | core- 130 6.5 x10° 2.103x10% Efficient
(oleate shell dvnamic
ligands) y

Table 11-2: Stern-Volmer analysis of the QDs photoluminescence in the presence of 5mM of PhPyr:
the Stern-Volmer constant obtained by linear fitting of the plot with 1°/I =1+ k[quencher]. The
bimolecular quenching constant was calculated by taking into account the reported life time of the
photoluminescence of the QDs (~20 ns) and the diffusion rate constant was calculated using the
equation of Schmoluchowski. The dynamic quenching model was confirmed by comparing k, to kq, if kg
<kgq this indicates the validity of the dynamic quenching model.
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Figure 1I-4: Stern-Volmer plots for the photoluminescence quenching of the QDs after adding 5mM
of Phenylpyrrolidine in trifluorotoluene. Black line for 0.5uM of CdS QDs, red line for 1uM CdSe QDs,
blue line 0.5uM CdS-CdSe; pink line 0.5uM CdSe-CdS QDs, green line 0.5uM CdSe-ZnS QDs and light
blue and orange for 0.1uM of the InP-ZnS QDs. The corresponding spectra are collected in Figure A1l
in the appendix of chapter Il page 153.

11-4.1. Charge transfer from the photoexcited QDs, and the effect of the
energy levels positions in the core-shell QDs.

The efficiency of the charge transfer between the QDs and the reaction substrate
(electron donor or acceptor) primarily depends on the accessibility to the charge carriers
delocalized in the QDs. In the case of core QDs, the main limitation for the charge transfer is
the suitable position of the valence band edge for the hole (h+) transfer and the position of

the conduction band edge for the electron (e-) transfer.

However, in the case of core-shell structured QDs, the distribution of the charges
depends on the alignment of the energy bands edge of the core and the shell. According to
this alignment in the core-shell QDs, they are classified into four main types: Type-|, inverted

Type-l, Type-lI (or quasi Type-II), and inverted Type-113334,

In Type-l QDs, the band gap of the core is smaller than that of the shell, and the
position of the energy bands of the band gap of the core falls within that of the shell (See
Figure 11-5). This makes the generated charge carriers completely localized in the core of the

Type-I QDs and consequently induces difficult accessibility during the charge transfer process.
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This clear from the photoluminescence quenching of Type-l CdS-ZnS QDs with the weakest

guenching among the cases we reported here.

Interestingly, in the inverted Type-I QDs®3>36, the band gap of the core is larger than
that of the shell, and the energy bands edges of the shell are aligned within that of the core
(See Figure II-5). In such a case, the generated charges will be delocalized in the outer shell of
the QDs, which is expected to enhance the interaction with the substrate. This is the case of
the CdS-CdSe QDs, which showed a better photoluminescence quenching than the case of the
QDs with Type-| structure and also with very comparable results with that of the only-core

CdSe QpDs.

In the case of Type-Il core-shell QDs (or quasi Type-I13°), the Valence band edge of the
core is aligned within the band gap of the shell, and the conduction band edge of the shell falls
within the band gap of the core. Consequently, the hole will be maintained in the core of the
QDs and then it will be less accessible, while the electron will be delocalized between the core
and the shell. CdSe-CdS core shell QDs were tested as an example of this Type-Il QDs and their
photoluminescence quenching properties were less important than the other cases where the

hole accessibility was easier (core QDs and inverted Type-I QDs).
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Core QDs Type-l QDs Inverted Type-1 QDs Quasi Type-Il QDs

Core Core Core Core
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Figure 1I-5: The types of core-shell QDs based on conduction and valence bands alignment; where h
is for hole, e is for electron, Ecs is the energy of the conduction Band, Eis the energy of the Valence
Band and Eg is the band gap energy. Adapted from Chapter I.

1I-4. Photocatalytic activity of the Quantum Dots.

11-4.1. Screening the as-synthesized QDs for the C-C Vinylation reaction.

In order to study the photocatalytic activity of the selected Quantum Dots, we started
our investigation by employing the prepared Quantum Dots in the one-step reaction of the C-
C coupling a-vinylation reaction reported by MacMillan using an Ir(lll)-based complex®, then

by Weiss using CdS QDs*° and Pillai using InP-ZnS QDs*.

All the reactions were performed in a Nitrogen filled glovebox. In typical reaction
conditions, the total volume was fixed to 1 ml of trifluorotoluene as a reaction solvent (Solvent
optimization is summarized in the Table II-Al in the Appendix page 156 of this Chapter), and
PhPyr as a reaction substrate of 1ImM (0.001 mmol) was reacted with 1.1 equiv. of the phenyl
trans-styryl sulfone, in the presence of 1.2 equiv. of cesium acetate as a base. The
concentration of the Quantum Dots in each reaction was decided based on their extinction
coefficient and targeting an absorbance close to 1 (See Table II-3). The reaction evolution and

the product formation were analyzed using UHPLC-MS analysis, and the reaction yield was
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determined by integrating the area of UHPLC-MS peaks and comparing them to the peak of
the corresponding standard of the reaction product (Representative chromatograms and MS
spectra are presented in Figure II-A3 (page 158) and A4 (page 159) in the Appendix Il of this
Chapter).

/\' ) QDs
CsOAc 1.2 eq th + PhSOzH

N

e S

hv
0.001mmol 1.1 eq
Entry QDs Surface cat.load Irradiation Irradiation Yield % TON
Ligands % wavelength and Time for the
(Abs.) Power max. Yield
1 Cds OlAc 0.1% 455 nm 4 hours 49% 490
(A=1.1) 10 mW
2 CdS-CdSe OlAm 0.5% 528 nm 4 hours 48% 96
(A=0.9) 50 mW
3 CdSe OlAc 0.5% 528 nm 4 hours 51% 102
(A=0.9) 50 mW
4 CdSe-CdS OlAm 0.5% 528 nm 6 hours 30% 100
(A=1.2) 50 mW
5 CdSe-ZnS ODAm 0.3% 590 nm 22 hours 10% 33
(A=1.1) 20 mW
6 InP OIAm 0.7% 455 nm 6 hours 40% 57
(A=0.9) 10 mW
7 InP-ZnS OIAm 0.7% 455 nm 6 hours 42% 60
(A=0.9) 10 mW
8 InP-ZnS OlAc 0.7% 528 nm 6 hours 43% 61
(A=1) 50 mW

Table 1I-3: C-C Vinylation coupling photocatalytic results: Screening the activity of the as-synthesized
QDs toward the oxidation of PhPyr and affording the C-C vinylation bond. The formed C-C bond is
indicated in red. All the reactions run on the 0.001 mmol scale in trifluorotoluene. The catalytic loading
is computed versus the amount of the starting arylamines. The reaction yield is determined by
integrating the UHPLC-MS peaks compared to the peak of the corresponding standard of the reaction
product. Oleic acid (OlAc), oleylamine (OIAm) and octadecylamine (ODAm).The measurement of the
LEDs power is described in Chapter IV section IV-6.

The use of CdS QDs with a 5.7 nm diameter makes this kind of QDs possess a high value
for their corresponding extinction coefficient (106 M1.cm™). This offers the possibility of using
a low catalytic loading (0.1 mol % versus the PhPyr). Entry 1 of Table 1I-3 shows the
photocatalytic result using CdS QDs functionalized with their native Oleic acid (OlAc) surface
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ligands. The reaction mixture is irradiated using a blue LED (455 nm, 10 mW). After 4 hours of
irradiation, the maximum yield is obtained at 49% and achieving 490 turnover number for the
QDs. Weiss and co-workers'? obtained 50% using 0.5% CdS QDs after 7.5 hours of Irradiation.
In our experiments, the prolonged irradiation time (22 hours) led to a degradation of the C-C
coupled product (Figure II-6-A black line), which we attribute to the low stability of this kind

of products due to the presence of aryl amine and vinyl moieties.

In the case of 0.5mol % of CdSe core QDs (Entry 3 of Table II-3), irradiating the as-
synthesized QDs using a green LED, and after 4 hours the maximum vyield obtained is a 51%
with 102 turnover number for the QDs. The kinetic of the reaction over 22 hours of irradiation
is represented by the red line of figure 11-6-A, which shows the degradation of the product in

a manner similar to the previous case.

Using inverted Type-l CdS-CdSe (0.5 mol%) core-shell QDs, the reaction medium is
irradiated using a green LED (528 nm) and a maximum vyield of 48% is obtained in 4 hours, in
this case 96 turnover number was achieved for the QDs. The over-irradiation also induced

degradation of the product (Figure 11-6-B green line).

Entries 4 and 5 show the results for the core-shell CdSe-CdS QDs (0.5 mol %) and CdSe-
ZnS QDs (0.3 mol %) respectively. In the case of CdSe-CdS QDs a 30 % yield is obtained after 6
hours of irradiation (TON = 100), with comparable reaction kinetics as the previous cases
(figure 11-6B- dark blue line). However, only 10% vyield is obtained using octadecylamine
(ODAmM) capped CdSe-ZnS QDs irradiated by an orange LED (590 nm, 20 mW) for 22 hours. The

kinetics of the reaction with CdSe-ZnS QDs is represented in figure 11-6-B gray line.
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Finally, InP core QDs and InP-ZnS core-shell QDs were also tested as cadmium free QDs
examples. Entry 6 of Table II-3 represent the results for the core InP case, using 0.7 mol % of
InP core QDs irradiated by using the 455 nm LED, a maximum vyield of 40% is obtained after 6
hours of irradiation where 57 TON were achieved. With exactly the same conditions but using
oleylamine capped InP-ZnS core-shell QDs, a maximum vyield of 42% and 60 TON were
achieved after 6 hours of irradiation (Entry 7). The use of oleate capped InP-ZnS QDs (Entry 8)
results in very similar results by obtaining 43% yield and 61 TON. The kinetics using InP and
InP-ZnS QDs catalyzed reactions are represented in figure II-6-A blue line for the core InP and
Figure 11-6-B for the core-shell QDs. The use of InP-ZnS (450 nm) QDs by P. Pillai'! resulted in
a yield of 52 % after 10 hours of irradiation. This result is slightly better than ours probably

because we didn’t monitor our reaction at the 10 hours of irradiation to be exactly

comparable.
60
A) Core QDs Cds QDs B) . Core-shell QDs —=—CdS-CdSe QDs
50 —e—CdSe QDs —e— CdSe-CdS QDs
—4—|nP QDs —4— CdSe-ZnS QDs

40 —w—|nP-ZNS QDs

B
o
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C-C coupling product (yield %)
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Figure 11-6: Evolution of the C-C coupling product during the photoredox vinylation reaction: A) reaction kinetic
using the as-synthesized core-structured CdS, CdSe and InP QDs. B) reaction kinetic using the as-synthesized
core-shell CdS-CdSe, CdSe-CdS, CdSe-ZnS and InP-ZnS QDs. The data plotted are collected from the integration

of the UHPLC-MS peaks of the analyzed reaction aliquots after the comparison with the corresponding standard
sample of the product.
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11-4.2. Test of selected as-synthesized QDs for the 2-step reaction of the

synthesis of tropane derivative.

Considering the obtained photocatalytic activity of the tested QDs for the photoredox
vinylation reaction, we have selected CdS, CdSe, and InP-ZnS QDs for the first stage of tests to
check the ability of the QDs to photocatalyze the two-step reaction leading to the bicyclic
tropane derivatives skeletons. The reaction was performed starting from 1-phenylpyrrolidine
and ethyl 2-((phenylsulfonyl)methyl)acrylate as a radical trap but reacting in trifluorotoluene
(TFT). The reactions were run on a scale of 0.001 mmol of 1-phenylpyrrolidine, in the presence
of 1.1 equivalents of the radical trap and 1.2 equivalents of cesium acetate base using the as-
synthesized QDs (See the scheme of Table II-4). The results are summarized in Table 1l-4. The
reactions’ mixtures were set for irradiation under inert atmosphere in a nitrogen-filled
glovebox. The reaction yields are determined similarly to the previous cases by integrating the
UHPLC-MS peaks and comparing them to the peak of the corresponding standard of the
reaction product. (Representative chromatograms spectra are presented in the Appendix II,

Fig. A5,6 and 7).

CO,Et
[ ) M Ph
N, CO,Et QDs N QDs N
—— —>
/\/SOZPh CsOAc 1.2 eq CsOAc CO,Et
hv h
\

ethyl 2-
((phenylsulfonyl)me
thyl)acrylate

ethyl (1R,3s,55)-8-phenyl-8-
azabicyclo[3.2.1]octane-3-carboxylate

(3)

1-Phenylpyrrolidine
(1)

ethyl (S)-2-((1-phenylpyrrolidin-2-
yl)methyl)acrylate
(2)

0.001 mmol 1.1eq
Entry QDs Surface Solvent cat.load Irradiation Irradiation Intermediate  Final
Ligands % wavelength  Time for product (2)  bicyclic
(Abs.) and Power the max. Yield % product
Yield (3)
Yield %
1 Cds OIlAc TFT 0.1% 455 nm 24 hours 52% 12%
(A=1.1) 10 mW
2 CdSe OlAc TFT 0.5% 528 nm 24 hours 49% 6%
(A=0.9) 50 mW
3 InP-ZnS OlAm TFT 0.7% 455 nm 48 hours 42% 0%

(A=0.9) 10 mW

Table 11-4: The photocatalytic results of QDs for the 2-step model reaction of the Tropane derivatives
synthesis: The formed C-C bonds are indicated in red. All the reactions run on the 0.001 mmol scale in
trifluorotoluene or acetonitrile. The reaction yield is determined by integrating the UHPLC-MS peaks
compared to the peak of the corresponding standard of the reaction products.
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Entries 1 and 2 of Table II-4 show the results using CdS and CdSe QDs capped with their
native oleic acid ligands in TFT. In these cases, the reaction did not show completion to the
final bicyclic product during 24 hours of irradiation. In the case of CdS QDs, we obtained 52%
of the intermediate carbon-carbon mono-allylated product (2) and only 12% of the final
bicyclic product (3). Similarly, in the case of CdSe QDs, 49% of the intermediate product (2)
but 6 % of the final bicyclic product (3) were obtained. Using InP-ZnS QDs (Entry 3, Table II-4)
the reaction stops at the stage of the intermediate mono-allylated product without any
formation of the final bicyclic product even after 48 hours of irradiation. Despite that, the
reaction was not completed towards the desired final product, but the obtained results are
promising and indicate the need for further optimization in order to afford better yields of the

desired tropane derivatives final product.

11-4.3. Surface ligands optimization: Case of CdS and CdSe QDs.

The as-synthesized Quantum Dots are prepared with long-chain ligands on their
surface. For example, CdS and CdSe Quantum Dots are functionalized with oleic acid as surface
ligands. InP-ZnS Quantum Dots are synthesized in oleylamine, which acts as a coordinating
solvent during the synthesis and as surface ligands. These kinds of ligands contains 18-carbon
atoms chains. The long chain of the ligands functionalizing the QDs is expected to create
challenging accessibility of the reaction substrate to the surface of the QDs3’. However,
enhancing the interaction of the reaction substrate with the surface of the QDs, where the
redox processes are supposed to take place, is expected to be an important factor for the
photocatalysis with Quantum Dots. As discussed in chapter | section I-2 , it was reported by
E.A.Weiss that applying a partial ligand exchange with a shorter ligand than the native one

could induce a disordering of the ligand shell of the QDs by creating mixed ligand layers?.

Based on the mentioned literature reports, we tested the effect of the ligand exchange
on the photocatalytic activity of the QDs. We partially exchanged the oleic acid ligands (C-18
chain) functionalizing the CdS and CdSe core QDs with octylphosphonic acid ligands (C-8
chain). The molecular structures of the used ligands are presented in Scheme II-Al in the
Appendix Il, page 155. The photocatalytic activity of the QDs after the ligand exchange is

tested using the same conditions as for the previous series of reactions.
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The effect of the partial ligand exchange using OPAc ligands was investigated
systematically for CdS and CdSe QDs by mixing them with increasing quantities equivalents of
OPAc ligands with respected to the QDs’ concertation. The results are collected in Tables II-5
and 1I-6, respectively. As mentioned previously, the use of the QDs with their native ligands
leads to reactions with low efficiency for the final bicyclic product by obtaining 12% and 6%
for CdS and CdSe QDs, respectively, after 24 hours of irradiation (Entries 1, Table II-5 and 11-6).
Interestingly, the addition of 100 equiv. of OPAc ligands versus the QDs’ concetration shows
an enhancement in the yield of the final product by reaching 28% and 40% for CdS and CdSe,
respectively (Entries 2 in Tables 1I-5 and 1I-6). Increasing the equivalents of OPAc reaching 300
equiv for CdSe QDs raised the reaction to the maximum yield of the final product by reaching
72% after 24 hours of irradiation (Table II-6 entry 4). However, adding higher excess of 400
equiv OPAc in the case of the CdSe QDs did not help to obtain a higher yield for the final
product (Table 1I-6 entry 5). Then, we deduced that exchanging the as-synthesized oleate
capped CdSe QDs with 300 equiv of OPAc is the optimal condition for the CdSe QDs. Similarly,
in the case of CdS QDs the highest yield was obtained after treating the QDs with 380 equiv of
OPAc (Table II-5 entry 5) by obtaining 74%. It was not possible to afford a higher yield after
adding higher excess of 500 equiv of OPA (Table II-5 entry 6).
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CO,Et

(P BN P\
N CO,Et QDs N QDs N
@ + /\/sozph m @ ? coet
hv hv
o ethyl 2- . ethyl (1R,3s,5S)-8-phenyl-8-
1-Pheny|:)1y)rrolld|ne ((phenyls:IfonyI)me ethyl (S);;;:\(:;:;;::::I\;rt;ohd|n-2- azabicycl‘:)[(3.2.1]octz)-me|-a3-ca‘r,boxylate
thyl)acrylate @ (3)
0.001 mmol l.leq
Entry QDs Surface cat.load % Irradiation Intermediate Final bicyclic
ligands (Abs.) wavelength product (2) product (3)
and Power Yield % Yield %
1 Cds OAc 0.1% 455 nm 52% 12%
(A=1.1) 10 mW

2 Cds OAc+ 0.1% 455 nm 30% 28%
100 eq (A=1.1) 10 mW
OPAc

3 Cds OAc+ 0.1% 455 nm 10% 50%
200 eq (A=1.1) 10 mW
OPAc

4 Cds OAc+ 0.1% 455 nm 8% 60%
300 eq (A=1.1) 10 mW
OPAc

5 Cds OAc+ 0.1% 455 nm 0% 74%
380 eq (A=1.1) 10mwW
OPAc

6 Cds OAc+ 0.1% 455 nm 0% 65%
500 eq (A=1.1) 10 mW
OPAc

Table II-5: Optimization of the surface ligand layer of the CdS QDs in TFT by different equivalents of
OPAc ligands. Irradiation of 24 hours. The equivalent of the OPAc ligands is expressed versus the QDs’
concentration.
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CO,Et
Q CO,Et Qs (M Qs Ph\N
2 ,
@ * /\/SOzPh CsOAc 1.2 eq @ CsOAC CO,Et
hv hv
o ethyl 2- . ethyl (1R,3s,5S)-8-phenyl-8-
1-Pheny|:)1y)rrolld|ne ((phenyls:IfonyI)me ethyl (S)‘;IZ);T(‘(:;:;T:!::I\;:;OIM|n-2- azabicycl\za[(3.2.1]oct;ne|-a3-ca‘r,boxylate
thyl)acrylate @ (3)
0.001 mmol l.leq
Entry QDs Surface cat.load % Irradiation Intermediate Final bicyclic
ligands (Abs.) wavelength product (2) product (3)
and Power Yield % Yield %
1 CdSe OAc 0.5% 528 nm 49% 6%
(A=0.9) 50 mwW
2 CdSe OAc+ 0.5% 528 nm 27% 40%
100 eq (A=0.9) 50 mwW
OPACc
3 CdSe OAc+ 0.5% 528 nm 15% 55%
200 eq (A=0.9) 50 mwW
OPAc
4 CdSe OAc+ 0.5% 528 nm 0% 72%
300 eq (A=0.9) 50 mwW
OPAc
5 CdSe OAc+ 0.5% 528 nm 0% 68%
400 eq (A=0.9) 50 mwW
OPAc

Table 1I-6: Optimization of the surface ligand layer of the CdSe in TFT QDs by different equivelents of
OPAc ligands.Irradiation for 24 hours. The equivalent of the OPAc ligands is expressed versus the QDs’
concentration.

1I-4.4. Effect of the ligands optimization of the different QDs for the C-C

vinylation reaction.

Encouraged by the significant photocatalytic enhancement obtained using the surface
ligand optimized QDs, we tested the effect of the partial ligand exchange on the different
types and structure of the synthesized QDs. The first series of tests were done using the
optimized condition investigated in section II-4.3 and applied on the simple 1-step vinylation

reaction.

The results with surface ligands modified QDs are summarized in Table II-7. Entry 1 of
Table 1I-7 represents the results with CdS QDs treated with 380 equivalents of octylphosphonic
acid ligands (OPAc) with respect to the QDs’ concentration. The ligand optimization shows an

enhancement in the reaction yield by obtaining a maximum of 68% after 3 hours of irradiation
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and increasing the turnover number to accomplish 680 TON, compared with 49% in 4 hours
using the as-synthesized CdS QDs (See Table 1I-3). The reaction kinetics are presented in figure
II-7-A (black line), showing that in this case the maximum product formation is reached after
3 hours of irradiation. The obtained yield in this case is very close to the one obtained by Weiss
(60%) after optimizing the QDs with the same mix of ligands, but using 0.5 mol % as catalytic
loading while we used 0.1 mol % in the case of our QDs. Moreover, at this stage, the Quantum
Yield (QY) of the CdS QD-catalyzed reaction was measured to be 0.18%. The Quantum yield is
estimated using both Ferrioxalate actinometry and the physical measurement of the light
power sent by the irradiation setup used for the reaction (See Chapter IV section IV-6 for the
detailed estimation of the QY). The value of the measured Quantum yield using CdS QDs

(0.18%) is slightly lower than the value reported by Weiss (0.22%)° for the similar reaction.

Using CdSe QDs after treating their surface with 300 equiv of OPAc ligand, the yield
increased to 70 % (Entry 3 and Figure 1I-7-A red line). CdS-CdSe core-shell QDs treated with
400 equiv. of OPAc (Entry 2 and Figure 1I-7-B green line) also showed an enhancement in the
reaction yield, which increased to 69% in a very similar manner to core CdSe QDs. In the two

cases, a similar Quantum yields were measured to be 0.024% and 0.025%, respectively.

The effect of the partial ligand exchange was not significant in the case of CdSe-CdS
and CdSe-ZnS core shell QDs as shown in entries 4 and 5 where the yields increased by only
few percent to obtain a yield of 33% using CdSe-CdS QDs and 15% using CdSe-ZnS. Moreover,
the reaction kinetics were very similar to the case of the non-modified QDs’ ligands (See Figure

1I-7-B).

The amine coated InP core and InP-ZnS core shell QDs were treated with 500 equiv. of
C-8 chained octylamine ligands (OclAm) to exchange with fraction of the native oleylamine
ligands, but almost no effect was observed on the photocatalytic activity of the QDs since the
yields by obtaining 42% and 45% respectively were obtained (entries 6 and 7) are very similar
to ones obtained using the as-synthesized QDs (see Table II-3). Similar results were also
obtained in the case of the oleate capped InP-ZnS QDs treated with OPAc ligands. The vyield
didn’t improve after the partial ligand exchange as 45% yield was obtained in this case (Entry

8).
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As mentioned before, the main aim for optimizing the surface ligand layer of the QDs
is to increase the permeability of the ligand shell to the reaction substrate to enhance the
accessibility to the charge carriers and consequently the redox processes. This permeability
enhancement depends primarily on the density and the ordering of the ligands on the surface
of the QDs which could be exchanged by other ligands. Moreover, the efficient ligand

exchange relies on using a new ligand with a good binding affinity to the surface of the QDs.

The exchange with OPAc ligands seems efficient, probably due to the high affinity of the new
phosphonate ligand compared to native carboxylate or amine ligand, which makes them easily
displaced®. This applies as well to the oleate capped CdS and CdSe core QDs, and the amine
capped inverted type-l CdS-CdSe QDs with enhancement of the photocatalytic results.
However, in the case of the type-I oleate capped InP-ZnS QDs or amine capped Quasi type-ll
CdSe-CdS or type-l CdSe-ZnS QDs the exchange with OPAc was of no significant effect on the
photocatalytic activity of these QDs. Considering the InP-ZnS QDs, the oleylamine capped QDs
were partially exchanged with short octylamine ligands, but no significant improvement was
observed after the ligand exchange. Taking all together, one can conclude that the ligand
optimization can improve the photocatalytic activity of the QDs only if their charge (holes in

our reactions case) accessibility is favorable as discussed above.
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QDs
Q + Phi~gg py CSOAcl2eq th + PhSO,H
2 e
@ TFT
hv
0.001mmol 1.1eq
Entry QDs Surface Solvent cat.load Irradiation Irradiation  Yield TON
Ligands % wavelength Time for %
(Abs.) and power the max.
Yield
1 Cds OIAc + TFT 0.1% 455 nm 3 hours 68% 680
OPAc (A=1.1) 10 mW
2 CdS-CdSe OlAm + TFT 0.5% 528 nm 4 hours 69% 138
OPAc (A=0.9) 50 mW
3 CdSe OIAc + TFT 0.5% 528 nm 4 hours 70% 140
OPAc (A=0.9) 50 mW
4 CdSe-CdS OlAm + TFT 0.5% 528 nm 6 hours 33% 110
OPAc (A=1.2) 50 mW
5 CdSe-ZnS ODAmM + TFT 0.3% 590 nm 22 hours 15% 30
OPAc (A=1.1) 20 mW
6 InP OIAm + TFT 0.7% 455 nm 6 hours 42% 60
OclAm (A=0.9) 10 mW
7 InP-Zn$S OIAm + TFT 0.7% 455 nm 6 hours 45% 64
OclAm (A=0.9) 10 mW
8 InP-Zn$S OIlAc + TFT 0.7% 528 nm 6 hours 45% 64
OPAc (A=1) 50 mW
9 Cds PPAC MeCN 0.1% 455 nm 3 hours 67% 670
(A=1.1) 10 mwW
10 CdSe PPAC MeCN 0.5% 528 nm 3 hours 71% 142
(A=0.9) 50 mW

Table 1I-7: C-C vinylation coupling photocatalytic results after ligand exchange for the QDs:
Screening the activity of the surface ligands modified QDs. All the reactions run on the 0.001 mmol scale
in trifluorotoluene or acetonitrile. The reaction yield is determined by integrating the UHPLC-MS peaks
compared to the peak of the corresponding standard of the reaction product.
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Figure lI-7: Evolution of the C-C coupling product during the photoredox vinylation reaction for the QDs after
the partial ligand exchange with OPAc: A) Reaction kinetic after the partial ligand exchange for core-
structured CdS, CdSe and InP QDs. B) Reaction kinetic after the partial ligand exchange for core-shell CdS-CdSe,
CdSe-CdS, CdSe-ZnS and InP-ZnS QDs. The data plotted are collected from the integration of the UHPLC-MS
peaks of the analyzed reaction aliquots after the comparison with the corresponding standard sample of the

product.

Furthermore, a complete ligand exchange procedure was applied for CdS and CdSe

core QDs using 500 equiv. of phosphonopropanoic acid ligands (PPAc). The usage of the PPAc

ligands can afford a complete phase transfer into polar solvents. This procedure was already

reported to transfer the QDs into water using dimethylformamide as an intermediate polar

solvent3?. Using the PPAc ligands, we could disperse the CdS and CdSe core QDs in acetonitrile

and then test their photocatalytic activity. Entries 9 and 10 of Table II-7 represent the results

using the PPAc-capped CdS and CdSe QDs in acetonitrile. A good reaction yields of 67% and

71% using CdS and CdSe, respectively, are obtained after 3 hours of Irradiation. These results

show clearly that the good permeability of the ligand layer on the surface of the QDs is an

important factor to ensure a good interaction between the surface of the Quantum Dots and

the reaction substrates and consequently to enhance to photocatalytic activity of the QD.
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11-4.5. Effect of the ligands optimization of different QDs for the 2-step reaction

of the synthesis of tropane derivatives.
Considering the obtained photocatalytic activity of the tested QDs for the photoredox

vinylation reaction after the ligand optimization, we have selected CdS, CdSe, CdS-CdSe and
InP-ZnS QDs to compare their activity towards the two-step reaction leading to the bicyclic

tropane derivatives skeletons after the ligands exchange.

All the reactions were run on a scale of 0.001 mmol of 1-phenylpyrrolidine, in the
presence of 1.1 equivalents of the radical trap and 1.2 equivalents of cesium acetate base.
Two diastereoisomers were identified for the final bicyclic products (See chromatograms in
the Figure 1I-A6 in the Appendix Il). All the results are summarized in Table 1I-8 (some are re-
collected from the previous Tables for simplifying the comparison). Entries 1 and 2 of Table II-
8 show the results using CdS and CdSe QDs capped with their native oleic acid ligands in TFT

where the reaction was not successful in producing the final tropane product.

After optimizing the ligand layer of the QDs, a much better photocatalytic performance
was observed for CdS and CdSe QDs as an average of 75% and 73% yield of the final bicyclic
product were obtained, respectively (Entries 3 and 4 of Table 11-8). The reaction kinetics, in the
CdS QDs case, is presented in figure 11-8-A, which shows the complete consumption of the
starting material (PhPyr) before the first 10 hours of irradiation. At almost the same time, the
maximum formation of the mono-allylated intermediate product was reached. The conversion
of the intermediate product to the final bicyclic product was accomplished by the end of 24

hours of irradiation.
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CO,Et

M Ph\
N, CO,Et QDs N QDs N
— = —
)\/SOZPh CsOAc 1.2 eq CsOAC CO,Et
hv hv
ethyl 2- ethyl (1R,3s,55)-8-phenyl-8-

ethyl (S)-2-((1-phenylpyrrolidin-2-
yl)methyl)acrylate
(2)

1-Phenylpyrrolidine
(1)

azabicyclo[3.2.1]octane-3-carboxylate

(3)

((phenylsulfonyl)me
thyl)acrylate

0.001 mmol l.1leq
Entry QDs Surface Solvent cat.load Irradiation Irradiation Intermediate  Final
Ligands % wavelength  Time for product (2) bicyclic
(Abs.) and Power  the max. Yield % product
Yield (3)
Yield %
1 Cds OlAc TFT 0.1% 455 nm 24 hours 52% 12%
(A=1.1) 10 mW
2 CdSe OIlAc TFT 0.5% 528 nm 24 hours 49% 6%
(A=0.9) 50 mW
3 Cds OlAc + TFT 0.1% 455 nm 24 hours 0% 75%?
OPAc (A=1.1) 10 mW
4 CdSe OlAc + TFT 0.5% 528 nm 24 hours 0% 73%°
OPAC (A=0.9) 50 mW
5 CdS-CdSe  OlAm+ TFT 0.5% 528 nm 24 hours 0% 74%
OPAC (A=0.9) 50 mW
6 Cds PPAC MeCN 0.1% 455 nm 24 hours 0% 74%°
(A=1.1) 10 mW
7 CdSe PPAC MeCN 0.5% 528 nm 24 hours 0% 72%°
(A=0.9) 50 mW
8 InP-ZnS OIAm TFT 0.7% 455 nm 48 hours 42% 0%
(A=0.9) 10 mW
9 InP-ZnS  OlIAm+ TFT 0.7% 455 nm 48 hours 48% 0%
OclAm (A=0.9) 10 mW

Table 11-8: The photocatalytic results of QDs for the 2-step model reaction of the Tropane derivatives
synthesis: The formed C-C bonds are indicated in red. All the reactions run on the 0.001 mmol scale in
trifluorotoluene or acetonitrile. The reaction yield is determined by integrating the UHPLC-MS peaks
compared to the peak of the corresponding standard of the reaction products .°average of four runs .’
average of three runs. The representative UPLC-MS chromatograms are collected in the appendix Il in
figures 1I-A5, 11-A6, 11-A7 and II-A8, pages 160 to 164.

Moreover, performing the reaction in acetonitrile after exchanging the oleic acid
ligands capping the CdS and the CdSe QDs with the PPAc ligands was also efficient. After 24
hours of irradiation, the final product was obtained in a 74% and 72% yield using CdS and CdSe

QDs, respectively (Entries 6 and 7).

The use of the inverted type-I core shell CdS-CdSe QDs, resulted in very similar results
to those of core CdS and CdSe QDs as 74% yield was obtained after 24 hours of irradiation

(Entry 5). These results of these 3 types of QDs compare very well with those using Ir-(lll) for
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the same allylic radical trap, for which 60% vyield was obtained after 16 hours of irradiation
when running the reaction (but at a higher of scale 0.2 mmol, instead of 0.001 mmol in our

case).

Interestingly, by using InP-ZnS QDs, it was possible to stop the reaction at the stage of the
intermediate mono-allylated product without forming the final bicyclic product. Entry 8 shows
the result using the as-synthesized oleylamine capped InP-ZnS QDs. After 48 hours of
irradiation using blue light, the mono-allylated product was formed in a 42% yield. In addition,
treating the surface of the InP-ZnS QDs with octylamine ligands has slightly increased the yield
of the mono- allylated product to obtain a 48% yield (Entry 9). In both cases of InP-ZnS QDs,
the elongated irradiation time (48 hours) did not afford the reaction toward the formation of
final bicyclic product. The selectivity of the InP-ZnS QDs toward the first intermediated
product is attributed to the limited reducing power of their conduction band compared to the
radical to be reduced (see section II-10). The reaction kinetics in the case of entry 9 of Table

11-8 was followed during the 48 hours of irradiation and is represented in figure 11-8-B.

Therefore, these results show that it is possible to select the convenient type of QDs for
obtaining the product of interest. The CdS, CdSe and CdS-CdSe QDs reached the final bicyclic
product after passing the different redox steps of the reaction. However, by using the InP-ZnS,
it is attainable for the preparation of the C-C monoallylated product by making the reaction
stop at the first catalytic cycle. This selectivity toward the first catalytic cycle was not easy to
achieve using other molecular catalysts such as Ir{dF(CF3)ppy}2(dtbpy)]PFs as shown in the

previous work by our colleagues from the university of Bern.*
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Figure 1I-8: Typical reaction kinetics toward the formation of the final product or the selectivity to
intermediate product. A- Reaction kinetics using CdS QDs showing the complete oxidation of PhPy
(black line), the formation of the mono-allylated intermediate product (red line) , followed by the
formation of the final bicyclic product (blue line). B- The reaction kinetics using InP-ZnS QDs showing
the oxidation of the PhPyr (black line); the selective formation of the mono-allylated product (red line),
without the formation of the final bicyclic product. The data plotted are collected from the integration
of the UHPLC-MS peaks of the analyzed reaction aliquots after the comparison with the integrated peak
of the standard sample of the products.
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II-5. Scope of radical traps.
The reaction optimization with QDs as photocatalyst was done using the ethyl 2-

((phenylsulfonyl)methyl)acrylate as a sulfone-based allyl radical trap. However, using the
Iridium catalyst the validity of the annulation process in the new reaction was proved by
making 1-phenylpyrrolidine (1) react with a series of allyl radical traps bearing different leaving
groups (Y), as was demonstrated in the published work with the colleagues from the university
of Bern . Therefore, we also tested the influence of other radical traps by selecting an acetate
based radical tarp, namely ethyl 2-(acetoxymethyl)acrylate (Y = OAc) and a corresponding

sulfide radical trap (Y = S-tert-dodecyl).

In the case of the Ir-catalyzed reactions*, the use of the acetate radical gave attractive
results by affording a shorter reaction time. However, in the Quantum Dots case, the reaction
is still requiring the 24 hours of irradiation to be completed. Entries 3 and 4 of Table II-9 show
the results using CdS and CdSe QDs with the acetate radical trap. With the optimized reaction
conditions and QDs’ surface ligands, good yields were obtained with 72% and 70 % for CdS

and CdSe QDs, respectively.

In the case of the sulfide radical trap (Y= St-Do), the desired cyclized product was also
provided but with a lower reaction yield compared to the previous cases of the sulfone and
acetate radical traps, where 55% and 50% vyields were obtained using CdS and CdSe QDs
(Entries 5 and 6), respectively. This is probably due to the release of thiols during the reaction
due to the presence of the S-tert-docedyl part of this radical trap. It is well known that thiols
are good ligands for QDs on the one side, and easy to be oxidized by the QDs on the other
side3. Then, in this case, it is possible that surface layer of the QDs tends to change in the
presence of the formed thiols, or that some of the photo-induced charges tend to interact

with the thiols present during the reaction.
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CO,Et

N CO,Et QDs N QDs N

+ —_—P >
/\/Y CsOAc 1.2 eq CSOAC €O, Et
hv h
\"J

ethyl (1R,3s,55)-8-phenyl-8-

1-Pheny|:)1y)rrolidine ethyl (S)-IZ);T(‘(:t-:hI()e:!:pI\;rt;olidin-z- azabicyclo[3.2.1]octane-3-carboxylate
0.001 mmol l.1eq
Entry QDs Surface Solvent Y cat.load % Irradiation Irradiation Final
Ligands (equiv) (Abs.) wavelength Time for the bicyclic

and Power max. Yield  product

(3)

Yield %

1 Cds OAc+ TFT SO,Ph 0.1% 455 nm 24 hours 75%
OPAc (1.1) (A=1.1) 10 mW

2 CdSe OAc+ TFT SO,Ph 0.5% 528 nm 24 hours 73%
OPAc (1.1) (A=0.9) 50 mW

3 Cds OAc+ TFT OAc 0.1% 455 nm 24 hours 72%
OPAc (1.1) (A=1.1) 10 mW

4 CdSe OAc+ TFT OAc 0.5% 528 nm 24 hours 70%
OPAc (1.1) (A=0.9) 50 mW

5 Cds OAc+ TFT St-Do 0.1% 455 nm 24 hours 55%
OPAc (1.4) (A=1.1) 10 mW

6 CdSe OAc+ TFT St-Do 0.5% 528 nm 24 hours 50%
OPAc (1.4) (A=0.9) 50 mW

Table I11-9: Radical traps screening: The photocatalytic results of QDs for the reaction of the synthesis
of Tropane derivatives screening different radical traps. The formed C-C bonds are indicated in red. All
the reactions run on the 0.001 mmol scale in trifluorotoluene. The reaction yield is determined by
integrating the UHPLC-MS peaks compared to the peak of the corresponding standard of the reaction
products.

II-6. Reaction scope with different N- aryl amines.

The possibility of expanding the scope of the reaction substrates is examined by
selecting a few para-substituted N-arylpyrrolidines, in addition to some N-arylpiperidines (see
Table 1I-10 for the N-aryl amine substrates), which were shown to be efficient for the
preparation of homotropane 9-azabicyclo[3.3.1]nonane skeletons. Using the Ir(lll) catalyst*
specific para-substituents, for example methoxy or pinacolboryl moieties, were proved to be
successfully removed by deprotection methods to prepare the bicyclic alkaloid of the

Tropane®*. The results are collected in scheme 1I-3 after running the reactions in TFT or MeCN
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with CdS or CdSe QDs using optimized reaction conditions and QDs with the partial ,ligand

exchange in TFT and the complete ligand exchange in MeCN.

D0 OO0 Q

Z > N N N
N i i N
OMe Co,Me Ste to,Me o®
Redox 1a 1b 1c 1d le 1f 1g
Potential
E° v/sce
MeCN +0.57 +0.19 +0.74 +0.51 +0.17 +0.75 +0.61
TFT +0.64 +0.29 +0.89 +0.66 +0.29 +1.00 +0.72

Table 1I-10: Molecular structures and the redox potential of the N-Aryl amine substrates used for the
reaction scope: Top: scheme for 1a- Phenylpyrrolidne, 1b- p-methoxy-phenylpyrrolidne,1c-p-ester-
phenylpyrrolidne, 1d- PhenylPiperidine, 1e- p-methoxy- PhenylPiperidine, 1f- p-ester- PhenylPiperidine,
and 1g Bpin- PhenylPiperidine. Bottom Table for the summarized redox potential for the one-electron
oxidation of the reaction substrates calculated using DFT in TFT and MeCN.

Page | 128



Chapter Il

{ E 5)" CO,Et QDs Ar~y

CsOAc 1.2 i
N /\§02Ph —>S < equiv 0,Et
Ar hv
n
la-g 3a-g
0.001 mmol 1.1 equiv

a,b,c: n=1
d,e,f,g n=2

: OMe CO,Me
N N N
CO,Et [ S \ [ S \
CO,Et CO,Et

3a 3b 3c
0.1 % CdS-TFT: 75% 0.1 % CdS-TFT: 55% 0.1 % CdS-TFT: 0%
0.5 % CdSe-TFT: 73% 0.5 % CdSe-TFT: 65% 0.5 % CdSe-TFT: 0%
0.1 % CdS-MeCN: 74% 0.1 % CdS-MeCN: 58% 0.1 % CdS-MeCN: 60%
0.5 % CdSe-MeCN: 72% 0.5 % CdSe-MeCN: 66% 0.5 % CdSe-MeCN: 56%
24h 30h 24 h
OMe co,Me Bpin
CO,Et
CO,Et CO,Et CO,Et
N
- NTT N—T N—T
3d 3e 3f 3g
0.1 % CdS-TFT: 72% 0.1 % CdS-TFT: 48% 0.1 % CdS-TFT: 0% 0.1 % CdS-TFT: 0%
0.5 % CdSe-TFT: 70% 0.5 % CdSe-TFT: 64% 0.5 % CdSe-TFT: 0% 0.5 % CdSe-TFT: 0%
0.1 % CdS-MeCN: 68% 0.1 % CdS-MeCN: 55% 0.1 % CdS-MeCN: 55% 0.1 % CdS-MeCN: 0%
0.5 % CdSe-MeCN: 65% 0.5 % CdSe-MeCN: 63% 0.5 % CdSe-MeCN: 45% 0.5 % CdSe-MeCN: 0%
24h 32h 24h 24h

Scheme II-3: Reaction scope with the tested N-arylamines: the results of the final product of the
reactions tested with different substrates if N-aryl amines. . All the reactions run on the 0.001 mmol
scale in trifluorotoluene or acetonitrile. The reaction yield is determined by integrating the UHPLC-MS
peaks compared to the peak of the corresponding standard of the reaction products. (Representative
chromatograms and MS spectra are SHOWN in the Appendix Il in Figures A9 (page 165) to A18 (page
174))

The reaction worked well with the electron-rich p-methoxy-phenylpyrrolidine
leading to product 3b, which was obtained with a 55% yield using CdS QDs in TFT and 58% in
MeCN. Using CdSe QDs the reaction worked slightly better, where 65% and 66% yields were
obtained in TFT and MeCN, respectively. In this case, the presence of the methoxy substituent
(electron-donating group) is expected to ensure a lower oxidation potential than the model

N-Phenylpyrrolidines substrate. The results with the p-methoxy-phenylpyrrolidine using Ir(lIl)
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catalyst gave results similar to ours with a 56% yield but always at higher reaction (0.2 mmol).
Using DFT calculation, we calculate a redox potential of 0.19 V/SCE in MeCN and 0.29 V/SCE
in TFT. Therefore, the oxidation of the starting amine is easily accessible using both CdS and
CdSe QDs in TFT or MeCN, but a lower reaction yield was obtained compared with the case of
the unsubstituted substrates 1a, which could be related to the longer time needed or the
completion of this reaction leading to less clean reaction medium. The estimated redox

potentials of the amines are collected in Table 1I-10.

However, in the case of the electron-poor p-ester-phenylpyrrolidine where 42%
yield was obtained using Ir(lll)#, the results vary between the reactions performed in TFT and
MeCN when using CdS or CdSe QDs. The reaction worked well when using CdS and CdSe QDs
dispersed in MeCN by obtaining a yield of 60% and 56%, respectively, of the final product 3c.
On the other hand, running the reaction in TFT, the reaction did not work, and the p-ester-
phenylpyrrolidine was not oxidized as it was recovered after the irradiation time. The DFT
calculations for the oxidation potential of p-ester-phenylpyrrolidine in TFT and MeCN were
also performed, showing that it is easier to oxidize 1cin MeCN, as for this compound an
oxidation potential of 0.74 V/SCE was calculated, compared to a higher oxidation potential of
0.89 V/SCE in TFT. Then, the difference in the reaction efficiency in the case of MeCN and TFT
could be attributed to the difference in the oxidation potentials or to the better accessibility
using the QDs in MeCN after the complete ligand exchange. The impact of the para-
substituents (electron withdrawing or donating groups) on the redox potential was also

investigated by electrochemical analysis using cyclic voltammetry (See section 1I-9).

Next, the N-arylpiperidines derivatives are also tested. The reaction worked in a
similar way as in the case of N-arylpyrrolidines. The case of the unsubstituted phenylpiperidine
worked well, and good reaction yields ranging between 65% and 72% of the final
product 3d are obtained using CdS and CdSe QDs in both used solvents (MeCN and TFT).
Comparable yield is obtained in the case of Ir(lll)* by reaching 67% at a scale of 3 mmol scale
in this case. Then, with the electron-rich p-methoxy-phenylpiperidine, the reaction was
efficient leading to the final product 3e with 48-63% yield with both CdS and CdSe QDs in
MeCN or TFT. Similar to the previous case, the electron-poor p-ester-phenylpiperidine was
able to react only in MeCN and leading to the 3f in 55% and 45% vyield, using CdS and CdSe

QDs respectively. Furthermore, another electron-poor substrate was examined by testing the
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reaction with p-pinacolboryl derivative of the arylpiperidines. Even though this substrate
worked well in the case of Ir(lll) catalyzed reaction (66% yield)?, in our case the reaction never
worked with CdS or CdSe QDs and neither by changing the solvents between acetonitrile and
trifluorotoluene, despite that the redox potential estimated by the DFT calculation (See Table
[1-10) seemed to be accessible for the oxidation using the QDs . The unsuccessful reaction in
the case of the pinacolboryl derivative could be attributed the possible formation of
homocouplings as this kind of reactivity was reported to be efficient using QDs*° (See Chapter

| section I-3.1.5, page 44).

The DFT calculation for the oxidation potentials is also performed for the N-
arylpiperidines derivatives and showed clearly the effect of the p-substituents as well as the
effect of the solvents. The redox potential for the one-electron oxidation of the un-substituted
Phenylpiperidines leading to product 3d is calculated to be 0.66 V/SCE in TFT and 0.51 in
MeCN. The electron poor N- Phenylpiperidines are confirmed to be difficult to oxidize
especially in TFT, where the redox potential of the p-ester- Phenylpiperidines is calculated to

be equal to 0.75 V/SCE in MeCN and 1.00 V /SCE in TFT.

The photocatalytic results as well as the DFT calculations, show that is difficult to
photocatalyze the reaction in presence of N-arylated amines bearing an electron-poor
moieties, which make the redox potential of the substrates to be relatively high compared
with valence bands of the QDs. Moreover, the reactions could be more efficient in polar
solvents (acetonitrile for instants) as the redox potentials for the substrates are lower by an
average of 0.15 V /SCE than those in TFT as it is demonstrated by the DFT calculations.
However, it is worth mentioning that in our case the results in acetonitrile for the electron
poor substrates were not always reproducible. Not all the synthesized batches of QDs showed
the same efficiency after their transfer to acetonitrile. We attributed it to either their poor
colloidal stability, especially under long irradiation time (See section 1I-8 for the stability tests).
The variation in the reproducibility of the QDs activity was reported in previous reports in the
literature*!. On the opposite, the reaction performed in TFT after the partial ligand exchange

were always reproducible with the different batches of QDs.
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II-7: Purification and re-use of the QDs after the reactions
The separation of the reaction mixture from the catalyst used during the reaction

is a crucial step to obtain a pure product at the end of the reaction, especially for the re-use
of the catalyst. In the case of molecular catalysts, synthetic chemists need to apply some after-
reaction workup to separate the catalyst from the reaction’s products. Using molecular
photocatalysts such as Iridium-based ones, the catalyst is lost during the purification steps.
However, the simple purification during the QD-photocatalyzed reaction offers the possibility

of collecting and reusing the QDs.

Interestingly, the use of Quantum Dots for photocatalytic reactions does not
require a complicated workup to separate them from the reaction mixture at the end of the
reaction. In this case, a simple centrifugation step for the reaction mixture can afford the
precipitation of the Quantum Dots in the form of precipitate powders, and the reaction
products will remain in the solution. After centrifugation, the solution of the reaction that will

be free of Quantum Dots can then be cleanly analyzed.

11-8. Optimization of the ligand layer: Effect on the stability and the

reusability of the QDs.

As the photocatalytic results revealed, the surface ligand engineering is a crucial
parameter for the photocatalytic efficiency of the QDs. We have investigated two different
ligand exchange procedures using short-chain ligands. First, the use of C-8 octylphosphonic
acid ligands (OPAc) allowed us to perform a partial ligand exchange by replacing a portion of
the native oleate ligands. In this case, it is possible to maintain the polarity of the solvent
without the need for a complete phase transfer to other solvents. This means that, when
working in trifluorotoluene as a reaction solvent, it was possible to keep the same solvent
after treating the QDs’ surface with the OPAc ligands. Gratifyingly, the QDs were colloidally
stable in this case and could retain their optical properties (the exciton peak) after treatment
with the OPAc ligands and even after the 24 hours of irradiation during a first reaction round
(See Figure 11-9-A). The stability of the QDs in this case allowed us to re-use the QDs for several
reactions (three times were checked) and the reaction yield after the re-use of the QDs did

not drop drastically. After obtaining a 73% yield using CdS QDs in a first round, the yield was
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almost the same (75%) in a second use of the QDs. The third round with the same QDs

decreased the yield to 63% (See Figure 11-9-B).

On the other hand, by using a short C-3 phosphonopropanoic acid ligand (PPAc) a total
ligand exchange took place and a complete phase transfer occurred by transferring the QDs
into polar solvents. The shorter chain of 3-carbon atoms in the case of the PPAc ligands
compared to the 8-carbon atoms of the OPAc ligands and the 18-carbon atoms of the native
oleic acid ligands, seems to induce a poor colloidal stability of the QDs and they tend to
precipitate after a while and lose their colloidal stability. Moreover, upon irradiation (24 hours
reaction,) the PPAc-coated QDs lost their optical properties by losing the peak of their exciton
as shown in the UV-Vis spectra of Figure 11-9-C. This low stability of the PPAc- QDs made them
non reusable for further reactions, and consequently less attractive compared with the OPAc

capped QDs.

Therefore, despite the enhancement in the photocatalytic activity of the QDs after the
ligand exchange, the selection of the ligand is critical to maintain the stability and the

properties of the QDs in order to be able to re-use them in further reaction runs.
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Figure 11-9: UV-Vis analysis of the QDs dfter ligand exchange and irradiation processes: A)- UV-Vis
spectrum of the as-synthesize CdS QDs capped with oleic acid ligand (black line), then after treating the
QDs with OPAc ligands but before irradiation (red line) and after 24 hours of irradiation during a
photocatalytic reaction (blue line). B)- histogram showing the re-cycling of the CdS QDs in TFT solvent
and ligand exchanged with OPAc for the photocatalytic reaction after 3 reactions with the same QDs. C)
UV-Vis spectrum of the as-synthesize CdS QDs capped with oleic acid ligand (black line), then after
treating the QDs with PPAc ligands but before irradiation (red line) and after 24 hours of irradiation in a
photocatalytic reaction (blue line).
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11-9: Electrochemical analysis: Investigations of the mechanistic steps
(reaction’s stopping step) and impact of the para-substituents of the
N-Arylamines.

In order to investigate the effect of the para-substituents on the redox potential of the
N-arylamines and to understand certain steps of the reaction’s mechanism, electrochemical
analysis were performed using a Cyclic Voltammetry setup connected to a three-electrode
system. The three-electrodes system includes a glassy carbon disk (d=1mm) as working
electrode, a platinum wire as a counter electrode, and an Ag/AgCl reference electrode. The
experiments were performed at room temperature in an argon-filled glovebox. Potential
calibration was performed at the end of each data collection using the ferrocene/ferrocenium
couple as an internal standard (E° = 0.380 V/SCE; see Appendix Il Figure II-A2, page 157, for

the Cyclic voltammogram of the ferrocene/ferrocenium couple).

Cyclic Voltammetry for 1mM of 1-phenylpyrrolidine (1a), p-methoxy-
phenylpyrrolidine (1b), p-ester-phenylpyrrolidine (1c), and also for the final bicyclic product
resulting from the p-methoxy- phenylpyrrolidine (3b) were recorded with 0.1M of [BuaN][PFs]
supporting electrolyte in acetonitrile solution. The recorded voltammograms show that 1a
possesses an irreversible electrochemical behavior with a main oxidation wave close to 0.62
V/SCE (Figure 1I-10-A). This anodic peak is attributed to the one-electron oxidation of 1a into
its radical cation. Electrochmical irreversibility of this process strongly indicates that the
formed radical cations dimerize upon abstraction of two protons, yielding a benzidine-type
product. Additionally, the voltammogram of 1la exhibits two clear reduction peaks of
significantly lower intensity at potentials close to 0.3 V and 0.5 V. They can be tentatively
attributed to the oxidation of the benzidine-type dimerization product. Such dimerization is
made possible by the lack of substituent in the 4- position of the aromatic ring for the tertiary
amines. Upon the anodic oxidation of the 1-Phenylpyrrolidine an unstable cationic radical is
formed, which would tend to dimerize to form benzidine-based compounds 4,4'-di(pyrrolidin-

1-yl)-1,1'-biphenyl (See Scheme 11-4).4243
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Scheme II-4: Dimerization of cation radical generated from the oxidation 1-phenypyrrolidine to form
benzidine compounds.

The cyclic voltammogram of 1c exhibits a quasi-reversible oxidation event at Ei/; =
0.91V/SCE (Figure 11-10-C). Similarly, 1b and its corresponding final bicyclic product 3b exhibit
quasi-reversible oxidation waves at E1/2=0.40 and 0.43 V/SCE respectively (Figure 11-10-B &D).
These results show clearly the effect of the para-substituent of the Aryl-amines on their
oxidation potential. The presence of electron rich moiety has lowered the oxidation potential
by 0.21 V (by comparing 1a with 1b). On the other hand, the presence of electron poor moiety

increased the oxidation potential by 0.2 V which makes it more difficult to oxidize.
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Figure 11-10: Electrochemical analysis: Cyclic voltammograms of 1mM of A) 1-phenylpyrrolidine B)-p-
methoxy-phenylpyrrolidine, C) p-ester-phenylpyrrolidne and D) final bicyclic product of p-methoxy-
phenylpyrrolidine. Voltammograms were recorded at 100 mV/s scan rate in acetonitrile containing
[BusN][PFs] (0.1 M) as a supporting electrolyte. Potential calibration was performed
ferrocene/ferrocenium couple as an internal standard (E° = 0.380 V//SCE).

The values of the oxidation potential estimated from the cyclic voltammetry analysis
were compared to those calculated using DFT. Table II-11 summarizes the values of oxidation
potential for substrates 1a, 1b and 1c. The DFT-calculated oxidation potential of 1a (0.57 V vs.
SCE) was quite close to the experimental one deduced from electrochemistry (0.62 V vs SCE).
However, the values of 1b and 1c vary by around 0.2 V between the two methods, knowing

that DFT calculated values are relative values with an uncertainty of around £ 0.1 V.

N-aryl amine Calculated Eox (DFT)  Experimental Eox (electrochemistry)
V / SCE (MeCN) V / SCE (MeCN)
Phenylpyrrolidine (1a) 0.57 0.62
P-methoxy- Phenylpyrrolidine (1b) 0.19 0.4
P-ester- Phenylpyrrolidine (1c) 0.74 091

Table 1I-11: Impact of the Para-substituent on the redox potential of the arylamines. Comparison of
the oxidation potential of the N-arylamine between the DFT calculated values and the values
estimated from the cyclic voltammetry
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The voltammograms presented in figure 11-10 show different electrochemical behavior
in terms of the reversibility of the different compounds. The difference in the reversibility of
the molecules could be related to their reactivity in the reaction. In our case, we optimized
the reaction condition in the presence of a base that is supposed to deprotonate the formed
radical cation and consequently make the corresponding radical more reactive and less
electrochemically reversible. Therefore, the effect of the addition of a base is tested by
recording the cyclic voltammograms of the studied compounds in the presence of 1.2
equivalent of a base, cesium pivalate in this case, which was selected as a more soluble

alternative to cesium acetate.

The cyclic voltammogram of 1c was very sensitive to the presence of the base. The
addition of cesium pivalate leads to a new irreversible oxidation wave that appears at a slightly
lower oxidation potential and with higher oxidation current than the oxidation event of the
amine alone. This new wave is attributed to an oxidation event of the amine when it is in
interaction with cesium pivalate, and to a possible proton-coupled electron transfer process**.
Moreover, the reversibility of the oxidation event observed in the absence of base
disappeared in the presence of cesium pivalate (Figure 11-11-A1&2). The voltammograms of
1b were also sensitive to the presence of the base, but less than in the case of 1c as the newly
formed event possesses a lower oxidative current than the initial event of 1b, which still shows
a small reduction event (Figure 1I-11-B1&2). This is in agreement with the fact that the
photoredox reaction is slower in the case of 1b. The observed effect of the base on the
reversibility of the molecules shows clearly the deprotonation process that occurs during the

reactions, and its importance for the reaction to proceed.

Interestingly, the voltammograms of the final product 3b are almost not affected by
the presence of the cesium pivalate base (Figure 11-11-C1&2). This indicates that the cation
radical of 3b cannot be deprotonated by the base. This observation supports the fact the final

bicyclic product is quite stable and is not further oxidized during the reaction.
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Figure I1-11: Electrochemical study of the effect of the base on the oxidation of the N-arylamines: A)
Cyclic Voltammograms of 1mM of 1c, B): 1b, and C): 3b in presence or absence of 1.2mM of Cesium
Pivalate base and recorded in 0.1 M [Bu4N][PF¢] in acetonitrile at different scan rates.
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1I-10. Proposed catalytic mechanisms.

11-10.1. Photocatalytic mechanism for the 1-step C-C vinylation coupling

reaction.

The catalytic mechanism of the 1-step C-C vinylation coupling reaction was previously
described by MacMillan® and Weiss'®. Both MacMillan and Weiss proposed similar
mechanistic steps, but the last reduction step to close the reaction cycle was proposed

differently.

Scheme II-5 represents the catalytic mechanism as proposed by Weiss. The reaction is
photocatalyzed using Quantum Dot (QD) that are excited by the convenient light source to
create the exciton of electron-hole pair (QD [+-], in the scheme). Then, an oxidation step for
the phenylpyrrolidne (Eox= 0.64 V/ SCE) occurs to generate a cationic radical. The radical gets
deprotonated to create the neutral a-amino radical R1. The formed a-amino radical attacks
the carbon double bond of the phenyl trans-styryl sulfone, which acts as a radical trap to form
the B-sulfonyl radical R2. Finally, a single electron transfer from the QD reduces R2 (Ereq = -

0.84 V/SCE), eliminates a phenyl sulfonyl anion, and forms the C-C coupling product.
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Scheme II-5: Photocatalytic mechanism for the C-C vinylation coupling reaction as proposed by E.A
Weiss; reaction between 1- phenylpyrrolidine (PhPyr), and phenyl trans-styryl sulfone using QDs. The
redox potentials specified in the scheme are calculated by Dr. Jean Marie MOUESCA using DFT
calculations.

Scheme II-6 represents the catalytic mechanism as proposed by MacMillan. The
reaction is photocatalyzed using Ir{dF(CF3)ppy}2(dtbpy)]PFs = Ir(lll) complex. Under visible light
irradiation the Ir(lll) creates its excited-state Ir(lll)* , which is a strong oxidant. Then, from the
photoexcited complex a single-electron transfer occurs to oxidize the Phenyl pyrrolidine to
generate the a-amino radical R1 after the deprotonation of the corresponding cation. R1
reacts with the vinyl sulfone radical traps and generates the B-sulfonyl radical R2, which after
elimination of a sulfinyl radical R3 would provide the C-C vinylation product. The completion
of the photocatalytic cycle in this case is proposed to be accomplished via reduction of the
sulfinyl radical R3 (Er.q = +0.46V/SCE) to give a sulfinate anion while regenerating the

photocatalyst.

Comparing the reduction potential of R2 and R3, it is clear that the reduction of R3 (Ereq
= +0.46V /SCE) is much easier than the reduction of R2 (Ereq = -0.84V/ SCE). Then, the
mechanism proposed by MacMillan concerning the closure of the catalytic cycle seems more

likely.
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Scheme II-6: Photocatalytic mechanism for the C-C vinylation coupling reaction as proposed by
McMillan; reaction between 1- phenylpyrrolidine (PhPyr), and phenyl trans-styryl sulfone using
Ir{dF(CFs3)ppy}:(dtbpy)]PFs = Ir(lll). The redox potentials specified in the scheme are calculated by Dr.
Jean Marie MOUESCA using DFT calculations.

11-10.2. Photocatalytic mechanism for the 2-step Tropane derivatives synthesis

reaction.

Scheme 1I-7 shows the reaction mechanism proposed for the 2 catalytic cycles of
the reaction starting from 1-phenylpyrrolidine and ethyl 2-((phenylsulfonyl)methyl)acrylate
(allyl sulfone trap) leading to the bicyclic skeleton of the tropane derivative using QDs. Under
visible light irradiation, the QD create the electron-hole pair (exciton) and reach their excited
state, with an electron in the conduction band and a hole in the valence band of the QD (QD
[+-], in the scheme). At this stage the hole in the valence band of the QD is able to oxidize 1-
phenylpyrrolidine (Eox= 0.64 V/ SCE in TFT) to its a-amino radical cation, which create the a-
amino radical R1 after deprotonation. Then, this radical adds to the double bond of the allyl
sulfone radical trap, leading to an intermediate a-ester radical R4 which, after elimination of
a sulfinyl radical R3, would provide the first C-C allylation intermediate product 2. The
completion of the first photocatalytic cycle is proposed to be accomplished via reduction of
the sulfinyl radical R3 (Ereq = +0.46V V/ SCE) to give a sulfinate anion, similar to what was

proposed by MacMillan for the vinylation reaction.
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The second catalytic cycle starts after the formation of the intermediate product
2 which is ready to be oxidized by the QD. After oxidation of the intermediate product 2 by
the excited QD, a subsequent deprotonation takes place and generates the a-aminoalkyl
radical R5. Then, R5 undergoes a 6-endo-trig cyclization, leading to the bicyclic a-ester radical
R6 (calculated reduction potential Ereq = —0.77 V/SCE). At this stage, if the excited QD is
reducing enough, a reduction of the radical R6 by a single electron transfer from the
conduction band of the excited QDs takes place, thus closing the second catalytic cycle to
finally produce the desired bicyclic product 3, which was proved to be stable and not

undergoing further oxidation(see the electrochemical analysis in section 11-9).
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Scheme II-7: Photocatalytic mechanism of the 2-step Tropane derivatives reaction; reaction between
1- phenylpyrrolidine (PhPyr), and ethyl 2-((phenylsulfonyl)methyl)acrylate. The oxidation potentials Eoyx
of PhPyr is +0.64V /. SCE, the reduction potential of radical R3 Ereqis +0.46 V /SCE, the oxidation of the
intermediate product 2 is E.x =+ 0.68 V / SCE and the reduction potential of the radical R6 is Eeq = -0.77
V / SCE. The redox potentials are calculated using DFT calculations by Dr. Jean-Marie MOUESCA.

In the work by our colleagues from the University of Bern, the reaction optimizations
and investigations were done using ethyl 2-(acetoxymethyl)acrylate (acetate trap) as the
radical trap. The use of the acetate trap is expected to induce a slight difference in the
proposed catalytic mechanism, particularly in closing the first catalytic cycle. Scheme 11-8
shows the catalytic mechanism in this case. The reaction starts by oxidizing the
phenylpyrrolidine 1 to generate the radical R1. Then, R1 reacts with the acetate trap R4’ is

estimated to be Erea> —0.29 V/SCE. With this potential, such a radical is
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expected to be easily reduced by the photocatalyts, which closes the first catalytic cycle by

providing the mono-allylated pyrrolidine 2 after elimination of an acetate ion.
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Scheme II-8: Photocatalytic mechanism of the 2-step Tropane derivatives reaction proposed by the
colleagues from the group of Renaud using Ir{dF(CFs)ppy}.(dtbpy)]PFs catalyst (Ir(lll)); reaction
between 1- phenylpyrrolidine (PhPyr), and ethyl 2-(acetoxymethyl)acrylate . The oxidation potentials
Eox of PhPyr is +0.64V / SCE, the reduction potential of radical R3 Ereq is +0.46 V /SCE, the oxidation of
the intermediate product 2 is Eox = + 0.68 V / SCE and the reduction potential of the radical R6 is Eeq = -
0.77 V / SCE. The redox potentials are calculated using DFT calculations by Dr. Jean-Marie MOUESCA.

11-10.3. Selectivity of the radical formation and the stability of the final

product: pKa calculations.
One of the main factors for the success of the Tropane derivatives reaction relies on

the selectivity of the formed radicals. First, the oxidation of the mono-allylated intermediate
(2) leads to the formation of the radical cation RC2. Then, after deprotonation of RC2 it is
possible to form two different radicals R5 or R5’ (see scheme 1I-9-A). The formation of R5” will
make the cyclization step challenging and decrease the efficiency of the process to reach the
targeted bicyclic product. However, when identifying the reaction products, no products were
observed resulting from the radical R5’, even though it is not excluded that such products
could be formed in small portions. This observation of the favorable formation of R5 radical is
referred to the regioselectively deprotonated RC2 to form mainly the radical R5. To
understand the selective formation of the radicals during the reaction mechanism, Dr. Jean-
Marie MOUESCA calculated the pKa values for the deprotonation reaction of the radical
cations (See Scheme 11-9-B). The calculated pKa values for the radicals R5 and R5’ are very

close 52.7 and 51 respectively (See Scheme 1I-9-A). However, we cannot used these values to
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justify the selectivity of the formed radical. This type of selectivity for the less substituted

position is well-reported and can be explained by both steric and stereoelectronic effects*>4¢,

A CO,Et

pKa =52.7
CO,Et CQZEt
D\/& BN
—_— \ CO,Et
i: Ka =51

RC2

i@

O-

R5'

Radical not formed

B RCh ——> RC  + H+

Deprotonation reaction for which the pKa values are computed

Scheme I1-9: Selectivity of the radical formation. A) The regioselectivity of radical formation after the
deprotonation step, B) Equation of the reaction for which the pKa values are computed

Furthermore, the oxidation potential of the three amines 1 (Eox=0.64 V/SCE),
2 (Eox=0.68 V / SCE) and 3 (Eox=0.69 V/ SCE) present in the reaction solution are close to each
other and can be easily oxidized by the QDs. However, only the radical cations RC1 (calculated
pKa = 51.4) and RC2 (calculated pKa = 52.7) undergo an efficient deprotonation to generate
the corresponding a-amino radicals (See Scheme 11-10-A). The deprotonation of the bicyclic
radical RC3 (pKa 58.4) is less favorable and, indeed, no product resulting from the bicyclic

radical R3a has been observed (See Scheme 11-10-B).
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Scheme 1I-10: pKa of the generated radicals. A) oxidation of the starting material (1) and the pKa of
the corresponding radical.B) the pka of the radical possibly generated if the oxidation of the final
product (3) occurred.

Our co-workers at the Renaud group, separately attempted to afford the allylation
reaction of the pure bicyclic product 3 under standard reaction conditions. The reaction led
only to partial consumptions of the starting material (3) without the formation of any new

product.

The results of the pKa calculation with the electrochemical analysis presented in section 11-9,
indicate that the deprotonation of the radical generated by the oxidation final bicyclic product
is not favorable. This observation is the key factor of the success of the process, as the final

product of this reaction is quite stable and not transforming into other species.

11-10.4. Photocatalytic activity of the different types of QDs: Insights into the

mechanistic redox steps

The photocatalytic results reported above show a clear variation in both the efficiency
and the products’ selectivity of the different types of QDs. In the case of the core CdS and
CdSe and that of the inverted Type-l CdS-CdSe QDs, the best photocatalytic activity was
obtained. We attribute that to the accessibility of the charge carriers (mainly holes in our
reactions) is supposed to be the best among the QDs’ structures we tested. In addition, the

use of these types of QDs was helpful to expand their activity toward the 2-step tropane
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derivatives reaction. They were able to accomplish the different redox processes at different

stages of the catalytic mechanism due to their suitable oxidation and reduction capabilities.

The redox activity during the reaction starts with the first oxidation for the PhPyr (Eox =0.64 V/
SCE). Then, the QDs could close the first cycle by reducing the sulfinyl radical R3 (Ereq = +0.46
V / SCE) which is expected to be easy to reduce. A second oxidation of the intermediate
product (2) is also possible as the QDs are still able to enter a second cycle starting by a similar
oxidation process (Eox =0.68 V / SCE), which is closed by the reduction of the bicyclic a-ester
radical R6 having a reduction potential Ereq =-0.77 V/ SCE. The reduction of the R6 a-ester
radical needs a stronger reducing power by the QDs compared to that needed for the
reduction of the R3 radical. In this case, CdS, CdSe and core-shell CdS-CdSe QDs could ensure
the reduction power to accomplish the closing of the second catalytic cycle. The position of
the conduction band edge of CdS and CdSe QDs were can be estimated to be close to Ecg= -
1.4 V/SCE for CdS, by taking into account a band gap of 2.6 ev for CdS QDs (460 nm) and a
relative value of the valence band of 1.2 V/SCE. Similarly, Ecs=-1.2 V/SCE was estimated for
CdSe QDs having a band gap of 2.3 ev (540 nm) and a relative value of the valence band of 1.1
V/SCE (see Table II-1 section 1I-2).

On the other hand, using InP-ZnS QDs the reaction stopped after closing the first
catalytic cycle without producing the final bicyclic product. In the case of this type of QDs, the
conduction band of the InP-ZnS was previously estimated using electrochemical
measurements,’?! and showed that the position of the conduction band is close to -0.9
V/SCE. Then, taking into account the reported values of the conduction band of InP-ZnS, we
can suppose that the reduction of the a-ester radical R6 (Ereq =- 0.77 V / SCE) is challenging in
this case, which makes the InP-ZnS not able to close the second catalytic cycle and
consequently be more selective to the first cycle and the formation of the intermediate mono-

allylated product.
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Conclusion
In conclusion, we report the ability of semiconductor Quantum Dots (QDs) to

photocatalyze a newly developed annulation strategy for synthesizing bicyclic alkaloid
skeletons of Tropane derivatives. The reported reaction requires two successive charge
transfer processes to perform two oxidation. We study different types and structures of
Quantum Dots and show the effect of the QDs’ structure efficiency on the charge transfer with
the reaction substrate. We show that core structured CdS and CdSe QDs and inverted Type-|
CdS-CdSe core-shell QDs are able to efficiently perform all the necessary redox steps to obtain
the desired final product of the reaction with more than 70% yield. We also show that InP-ZnS
QDs were selective towards only the first reaction step, which allows us to classify the tested

Quantum Dots based on the desired photocatalytic process.

The optimization of the surface ligand layer of the Quantum Dots by mixing two ligands
of different chain lengths is of significant impact on their photocatalytic activity and enhances
their ability to produce the desired final product of the reaction. After optimizing the ligand
layers, the best Quantum yield of 0.18% was obtained using CdS QDs for the one-step
vinylation reaction. Furthermore, this partial ligand exchange retains the stability of the QDs

and allows their re-use in more than one reaction round.

The findings described in Chapter Il show that using the semiconductor QDs, it is
possible to perform the desired two photoredox catalytic cycles in one reaction pot. The
reactions are performed at a low reaction scale of 0.001 mmol, and relatively high yields are
obtained. The upscaling of the reaction to reach the preparative organic chemistry scales is

underway within the collaboration with the Renaud group at the University of Bern.

The highest Quantum Yield obtained is equal to 0.18%, which is typical for the QD-
photocatalyzed reactions reported in the literature. Therefore, attempts to enhance the
Quantum yield of the QD-photocatalyzed reactions will be explored in the next Chapter of this
Thesis.
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Appendix Chapter lI

Figure 1lI-A1: Photoluminescence Quenching of the Quantum Dots by 1-phenylpyrrolidine.
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Photoluminescence Quenching of the Quantum Dots by 1-phenylpyrrolidine.

Photoluminescence spectra of the QDs recorded during the quenching experiments upon the

successive addition of PhenylPyrrolidne (5mM in total) in trifluorotoluene, the spectra are

shown as recorded during the experiment without the correction by the dilution factor.

A)

B)

C)

D)

E)

Photoluminescence quenching spectra of 0.5uM CdS QDs in TFT excited at 400 nm in
the presence of successive addition of PhenylPyrrolidne. The evolution of the
photoluminescence intensity showed a decrease of more than 70% of the initial
intensity. The corresponding stern-volmer plot is represented in Figure I|l-4.
Photoluminescence quenching spectra of 0.5uM CdS-CdSe QDs in TFT excited at
500nm in the presence of successive addition of PhenylPyrrolidne. The evolution of
the photoluminescence intensity showed a decrease of more than 65% of the initial
intensity. The corresponding stern-volmer plot is represented in Figure 11-4.
Photoluminescence quenching spectra of 1uM CdSe QDs in TFT excited at 500 nm in
the presence of successive addition of PhenylPyrrolidne. The evolution of the
photoluminescence intensity showed a decrease of more than 65% of the initial
intensity. The corresponding stern-volmer plot is represented in Figure 11-4.
Photoluminescence quenching spectra of 0.5uM CdSe-CdS QDs in TFT excited at 500
nm in the presence of successive addition of PhenylPyrrolidne. The evolution of the
photoluminescence intensity showed a decrease of more than 50% of the initial
intensity. The corresponding stern-volmer plot is represented in Figure 11-4.
Photoluminescence quenching spectra of 0.5uM CdSe-ZnS QDs in TFT excited at 550
nm in the presence of successive addition of PhenylPyrrolidne. The evolution of the
photoluminescence intensity showed a decrease oof almost 50% of the initial
intensity.Which is at the limit of the real quenching behavior. The corresponding stern-
volmer plot is represented in Figure II-4.

Photoluminescence quenching spectra of 0.1uM InP-ZnS QDs in TFT excited at 400 nm
in the presence of successive addition of PhenylPyrrolidne. The evolution of the
photoluminescence intensity showed a decrease of more than 60% of the initial

intensity. The corresponding stern-volmer plot is represented in Figure 11-4.
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Surface Ligands used for the optimization of the Quantum Dots.

Oleic acid

Octylphosphonic acid

(0]
g
OH
3-phosphonopropionic acid
(0]
HO I>I
OH
. (0]
Oleylamine
I NHZ
Octylamine
\\v//\\w//\\v//\\//NHz

Scheme II-Al: Schematic representation of the molecular structure of the different ligands
functionalizing the QDs’ surface either during the synthesis (native ligands) or after ligand

exchange.

Table II-Al: Solvent optimization using CdS QDs for the 1-Step Vinylation reaction
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( ) CdS QDs (0.1mol%)

/~Ph 4 PhSO,H
N Ph\/\SOZPh CsOAc 1.2 eq > N 2
@ Solvent @
455 nm, 6h
0.001mmol
Entry QDs’ Surface Ligands Solvent Yield %
1 Oleic acid Dichloromethane 52%
(native ligand)
2 Oleic acid Chloroform 0%
(native ligand)
3 Oleic acid Trifluorotoluene 49%
(native ligand)
4 Phosphonopropionic acid Water 8%
(PPAC)
5 Phosphonopropionic acid Ethanol 5%
(PPAC)
6 Phosphonopropionic acid Water: Ethanol 7%
(PPAC) (50:50)
7 Phosphonopropionic acid Water: Acetonitrile 23%
(PPAC) (50:50)
8 Phosphonopropionic acid Acetonitrile 67%
(PPAC)

Table II-Al: Optimization of the reaction’s solvent investigated using CdS QDs and the C-C-

vinylation reaction. The reactions using oleic acid-capped QDs were tested without further

optimization with other ligands. The use of dichloromethane was efficient, but the fact that

this solvent is quite volatile makes the reaction’s analysis not easy to handle. The reaction in

chloroform was not successful. The use of Trifluorotoluene was efficient and easier to handle

than dichloromethane.

The use of phosphonopropionic acid ligands was efficient to transfer the QDs to polar solvents.

However, the reaction did not work well in pure water, ethanol, or in a mixture of both water

and ethanol. The use of acetonitrile was the most efficient among the tested polar solvents.
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Figure 1I-A2: Cyclic voltammograms of ferrocene/ferrocenium couple. Recorded at 100 mV/s

scan rate in acetonitrile containing [BuasN][PFs] (0.1 M) as a supporting electrolyte. Used for

the otential calibration as an internal standard.
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Figure II-A3: UHPLC -MS analysis of the Phenylpyrrolidine. Detection of corresponding UHPLC
peak of the Phenylpyrrolidine by setting the MS detection transition at m/z = 148 Da, which is
the corresponding ionized form of the Phenylpyrrolidine in the positive mode. The MS
detection was set using the SIM (single ion monitoring) scanning mode in which only the
selected mass-to-charge ratio range was detected by the instrument, as opposed to the full

spectrum range. The retention time of the detected peak is centered at 2.8 minutes.
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Figure 1lI-A4: UHPLC -MS analysis of (E)-(2-(2-phenylcyclopentyl)vinyl)benzene-the
corresponding product of the vinylation reaction between 1-Phenylpyrrolidine and the
phenyl trans-styryl sulfone . Detection of corresponding UHPLC peak of the Phenylpyrrolidine
by setting the MS detection transition at m/z = 249 Da, the corresponding ionized form of the
product in the positive mode. The MS detection was set using the SIM (single ion monitoring)
scanning mode in which only the selected mass-to-charge ratio range was detected by the
instrument, as opposed to the full spectrum range. The retention time of the detected peak is

centered at 3.3 minutes.
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Figure 1I-A5: UHPLC -MS analysis of a standard sample of the intermediate C-C mono-

allylated product of the reaction between 1-Phenylpyrrolidine and the allylic traps.

Detection of corresponding UHPLC peak of the product by setting the MS detection transition

at m/z = 260 Da, the corresponding ionized form of the product in the positive mode. The MS

detection was set using the SIM (single ion monitoring) scanning mode in which only the

selected mass-to-charge ratio range was detected by the instrument, as opposed to the full

spectrum range. The chromatogram shows one peak at a retention time of 3.5 minutes.
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Figure 1I-A6: UHPLC -MS analysis of a standard sample of the final bicyclic product of the

reaction starting from 1-Phenylpyrrolidine in the presence of the allylic traps. Detection of

corresponding UHPLC peak of the product by setting the MS detection transition at m/z = 260

Da, the corresponding ionized form of the product in the positive mode. The MS detection

was set using

the SIM (single ion monitoring) scanning mode in which only the selected mass-

to-charge ratio range was detected by the instrument, as opposed to the full spectrum range.

The chromatogram shows two peaks which correspond to the isomers of the product, one

major peak at retention time of 3.1 minutes and the minor one at 2.9 minutes.
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Figure IlI-A7: Example of the UHPLC -MS analysis for an aliquot after 8 hours of irradiation:
A) the chromatogram corresponding the phenylpyrrolidine starting material which was

detected based on the selected mass-to-charge ratio range m/z = 148 Da as showed in (C).

B) The chromatogram corresponding to the mass of the corresponding m/z = 260 Da (D) which
correspond to the reaction products. Here a mix of the products is observed, the
corresponding of the mono-allylated product at retention time of 3.5 minutes and the 2 peaks

of the isomers of the final bicyclic product at retention time 2.9 and 3.1 minutes.
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Figure 1I-A8: The monitoring of the reaction’s products evolution during the irradiation

process. The chromatograms are collected at the transitions corresponding the m/z ratio of

260 Da.

A)

B)

Q)

D)

E)

Corresponds to an aliquot taken after mixing the reaction substrates in the presence of the
QDs but before starting the irradiation (t0 minutes). In this case, no peak is observed with the
corresponding products’ mass.

Corresponds to an aliquot taken after starting the irradiation and letting the reaction run for 6
hours. In this case, one peak is observed with the corresponding products’ mass, but at the
retention time of the intermediate mono-allylated product (3.5 minutes).

Corresponds to an aliquot taken after starting the irradiation and letting the reaction run for
10 hours. In this case, 3 peaks are observed with the corresponding products’ mass, one peak
the retention time of the intermediate mono-allylated product (3.5 minutes), and the two
others at the retention time correspond to isomers of the bicyclic product (2.9 and 3.5
minutes). The peak of the intermediate product is of higher area meaning that we have more
mono-allylated product in this case.

Corresponds to an aliquot taken after starting the irradiation and letting the reaction run for
18 hours. In this case, 3 peaks are observed with the corresponding products’ mass, one peak
the retention time of the intermediate mono-allylated product (3.5 minutes), and the two
others at the retention time correspond to isomers of the bicyclic product (2.9 and 3.5
minutes). In this case, the peaks of the bicyclic product are of higher area (in total) than the
intermediate products, but still indicating that the reaction is not completed.

Corresponds to an aliquot taken after 24 hours of irradtion. In this case, 2 peaks are observed
which correspond to the mass of the reaction product and with the retention time of the
isomers of the final cyclic product. In this case, no peak of the intermediate product is

observed, indicating that the reaction is completed.
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Figure 1I-A9: UHPLC -MS analysis of a standard sample of the final bicyclic product of the
reaction starting from p-methoxy-Phenylpyrrolidine in the presence of the allylic traps.
Detection of corresponding UHPLC peak of the product by setting the MS detection transition
at m/z = 290 Da, the corresponding ionized form of the product in the positive mode. The MS
detection was set using the SIM (single ion monitoring) scanning mode in which only the
selected mass-to-charge ratio range was detected by the instrument, as opposed to the full
spectrum range. The chromatogram shows two peaks which correspond to the isomers of the

product, one major peak at retention time of 2.7 minutes and the minor one at 2.5 minutes.
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Figure 1I-A10: UHPLC -MS analysis of an aliquot of the reaction with p-methoxy-
phenylpyrrolidine after 30 hours of irradiation. The chromatogram show the peaks at
identical times of the standard sample of the product and with the corresponding m/z selected
by the mass spectrometer. The chromatogram indicates the completion of the reaction to final

product.
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Figure 1I-A11: UHPLC -MS analysis of a standard sample of the final bicyclic product of the
reaction starting from p-ester-PhenylPyrrolidine in the presence of the allylic traps.
Detection of corresponding UHPLC peak of the product by setting the MS detection transition
at m/z = 318 Da, the corresponding ionized form of the product in the positive mode. The MS
detection was set using the SIM (single ion monitoring) scanning mode in which only the
selected mass-to-charge ratio range was detected by the instrument, as opposed to the full
spectrum range. The chromatogram shows two peaks, one major peak at retention time of

2.8 minutes, and minor second peak at retention time of 2.6 minutes

Page | 167



Chapter Il

296
2400000

2200000
2000000 MeO,C
1800000 —— Final bicyclic product
1600000 of p-ester-PhenylPyrrolidine
21400000 Reaction with CdS QDs

2 N
§ 1200000
b
1000000
800000 CO,Et

600000
400000:

200000 277
076 122 159169 203 245 257 341 357 374 411 420 446 460 494 515535 565 592 607 625 652
Ot T T T T T T T T T T [T T T T e T T T [ T e e e R e e e e e e e e e e e s e e [ [ e e s e [ e e e e o e T T T

30 35 4.0 45 5.0 5.5
Time (min)

318.00

10000
9000
8000
7000
6000

5000

Intensity

4000
3000
2000
1000

Figure 1I-A12: UHPLC -MS analysis of an aliquot of the reaction with p-ester-
phenylpyrrolidine after 24 hours of irradiation. The chromatogram show the peaks at
identical times of the standard sample of the product and with the corresponding m/z selected
by the mass spectrometer. The chromatogram indicates the completion of the reaction to final

product.
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Figure 1I-A13: UHPLC -MS analysis of a standard sample of the final bicyclic product of the
reaction starting from PhenylPiperidine in the presence of the allylic traps. Detection of
corresponding UHPLC peak of the product by setting the MS detection transition at m/z =274
Da, the corresponding ionized form of the product in the positive mode. The MS detection
was set using the SIM (single ion monitoring) scanning mode in which only the selected mass-
to-charge ratio range was detected by the instrument, as opposed to the full spectrum range.

The chromatogram shows one peak at retention time of 3.55 minutes.
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Figure 1I-A14: UHPLC -MS analysis of an aliquot of the reaction with 1-phenylPiperidine after
24 hours of irradiation. The chromatogram show the peaks at identical times of the standard
sample of the product and with the corresponding m/z selected by the mass spectrometer.

The chromatogram indicates the completion of the reaction to final product.
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Figure 11-A15: UHPLC -MS analysis of a standard sample of the final bicyclic product of the
reaction starting from p-methoxy-PhenylPiperidine in the presence of the allylic traps.
Detection of corresponding UHPLC peak of the product by setting the MS detection transition
at m/z = 304 Da, the corresponding ionized form of the product in the positive mode. The MS
detection was set using the SIM (single ion monitoring) scanning mode in which only the
selected mass-to-charge ratio range was detected by the instrument, as opposed to the full

spectrum range. The chromatogram shows one peak at retention time of 3.2 minutes.
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Figure I1I-A16: UHPLC -MS analysis of an aliquot of the reaction with p-methoxy-
phenylPiperidine after 32 hours of irradiation. The chromatogram shows the peak at identical
times of the standard sample of the product and with the corresponding m/z selected by the
mass spectrometer. The chromatogram indicates the completion of the reaction to final

product.
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Figure 1I-A17: UHPLC -MS analysis of a standard sample of the final bicyclic product of the

reaction starting from p-ester-PhenylPiperidine in the presence of the allylic traps. Detection

of corresponding UHPLC peak of the product by setting the MS detection transition at m/z =

332 Da, the corresponding ionized form of the product in the positive mode. The MS detection

was set using the SIM (single ion monitoring) scanning mode in which only the selected mass-

to-charge ratio range was detected by the instrument, as opposed to the full spectrum range.

The chromatogram shows one peak at retention time of 3.1 minutes.
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Figure 11-A18: UHPLC -MS analysis of an aliquot of the reaction with p-ester-phenylPiperidine
after 24 hours of irradiation. The chromatogram shows the peak at identical times of the
standard sample of the product and with the corresponding m/z selected by the mass

spectrometer. The chromatogram indicates the completion of the reaction to final product.
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Abstract
This chapter presents the first draft of a publication that the writing of which is in

progress. In the following, the introduction is re-written in order to better connect with the

general introduction of this Thesis and with few adaptations in the main text.

In this study, we desighed a novel and modular semiconductor-metal hybrid
nanostructure by assembling semiconductor Quantum Dots (QD) to Gold nanoparticles
(AuNP). Here, we choose CdSe/ZnS QD and Gold nanoparticles to be chemically assembled by
covalent bonds using a Copper-Catalyzed Azide-Alkyne Cycloaddition Click reaction. In order
to afford the click reaction, we prepared water-soluble CdSe/ZnS QD and AuNP and then
functionalized their surfaces with ligands bearing azide and alkyne functions, respectively.
Preparing such a system aims primarily to improve the separation of the charges generated in
the photoexcited QDs by favoring the electron transfer to the Gold Nanoparticles. The charge
separation efficiency is proved by charging the Gold Nanoparticles with up to 7400
electrons/NP transferred from the QD upon their excitation. Moreover, the photocatalytic
activity of the QD-AuNP hybrid nanostructure is compared to the activity of the bare QD and
shows a significant enhancement in terms of speed and turnover number by achieving more
than 1500 TON in 10 minutes compared to a maximum of 500 TON in 3 hours for the case of
bare QD.
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lll- 1. Introduction

As mentioned in Chapter | and from our investigations in Chapter Il, the use of
semiconductor Quantum Dots for photocatalytic organic reactions is an efficient candidate for
visible light photocatalysis and affords good reaction yields. However, in most of the reported
QD-photocatalyzed organic transformations and in our case for the reactions described in
Chapter |, the Quantum Yield of the QD-catalyzed reactions is low, typically less than 1%. In
addition, the QD-photocatalyzed reactions are usually slow, as most of the reported reactions
require between 3 hours and up to 72 hours to complete the targeted reaction (See the
literature survey in Chapter |, section I-3). This is primarily attributed to the charges

recombination processes which limit the redox activity of the Quantum Dots™.

Therefore, to improve the efficiency of the QD-photocatalyzed reactions, it is crucial
to suppress or limit the photo-induced charges recombination and to enhance their
separation. One of the explored strategies to reach this objective is to design hybrid
nanostructures of semiconductor-metal nanoparticles, such as semiconductor Quantum Dots
and metal nanoparticles?™. The preparation of semiconductor-metal hybrid structures
significantly influences their optical properties>® making them act as efficient

photocatalysts*’2 (See Chapter I, section I-4).

Semiconductor-metal hybrid nanostructures can induce an enhanced charge
separation based on two different mechanisms depending on which part (the semiconductor
or the metal) absorbs the light. If the semiconductor part absorbs the light, the photoexcited
electron can be transferred to the metal part ,while the holes remain in the semiconductor*:1°
(Scheme llI-1 part A). However, if the light is absorbed by the metal part, photogenerated hot
electrons are created and may be transferred to the conduction band of the semiconductor
part, while holes remain in the metallic nanoparticle (Scheme IlI-1 part B)!"!3, Both
mechanisms promote the separation of photoexcited holes and electrons, but they induce
flows of electrons in opposite directions, as mentioned above. Then, it is essential to select

the most suited one for the targeted reaction.
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Mechanism A: Mechanism B: |

)
< by

Semiconductor Metal Semiconductor Metal

Scheme llI-1: Schematic illustration of two possible mechanisms of charge carriers transfer in
semiconductor-metal hybrid nanostructures (recalled from Chapter | section I-4) : mechanism-A)
Absorption of light by the semiconductor part and transfer of an electron from its conduction band to
the metal part, mechanism -B) Absorption of light by the metal part in its plasmon band and transfer
of an electron to the semiconductor.

Interestingly, recent reports have suggested new methodologies for preparing
semiconductor Quantum Dots-metal nanoparticles hybrid nanostructures by assembling the
particles through their surface ligands. For example, Fernandez et al.'* designed hybrid
nanostructures of CdSe/ZnS QDs and gold nanoparticles (AuNP) assembled through
complementary artificial proteins functionalizing the surface of both the QD and the AuNP.
Moreover, Sun et al.® prepared similar nanostructure of CdSe/ZnS QDs and AuNP, but
connected using complementary DNA linkers. Furthermore, Strelow et al.»> also prepared
CdSe-based Quantum Dots assembled with AuNP but through chemical bonds. They
encapsulated the QD with thiols-based PEG polymers and mixed them with citrate-capped
AuNP. The QD linked to the AuNP thanks to the good affinity of thiols to the surface of the
AuNP and formed quasi-covalent bonds. The three examples mentioned above of connected
QD-metal nanostructures were well-characterized using various methods to prove the
efficient connection between the particles and in some cases the influence on the optical
properties photo-induced charge separation. However, they were not employed in

photocatalytic applications.

In this Chapter Ill, we report our attempts to design and study a novel semiconductor-
metal hybrid nanocomposites prepared through covalent bonds using a click-chemistry
reaction. Here, CdSe/ZnS core/shell Quantum Dots were chemically assembled with gold
nanoparticles (AuNP) using a click-chemistry reaction. This project was initiated in

collaboration between the CAMPE-CEA team (Dr. Vincent MAUREL) and the OPTIMA-CNRS
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(Dr. Fabien DUBOIS) in order to prepare photocatalytically efficient hybrid nanocomposites.
The idea of preparing such a nanocomposites is to enormously improve the charge separation
of the electron-hole pairs formed in the photoexcited QD by favoring the transfer of the
electrons to AuNP following mechanism (A) described in Scheme llI-1. Then, to propose a
simple method to synthesize hybrid nanocomposite that can significantly improve the
photocatalytic properties of the QD-photocatalyzed reactions (faster reactions, high TON and

improved Quantum Yield).

In this work, water-soluble CdSe/ZnS core-shell QD (average diameter ~10 nm) and
AuNP (average diameter ~25 nm) are functionalized respectively by azide and alkyne clickable
surface ligands. Then, they are assembled in an aqueous medium at room temperature using
a CuAAC reaction (copper-catalyzed azide to alkyne cycloaddition)®. The click reaction
enables the preparation of the desired nanocomposite suspension by the covalent connection

of the QD to AuNP throughout their surface ligands.

In order to test the photocatalytic activity of the prepared QD-AuNP nanocomposite,
we employ them in a complete photoredox system in the presence of 8-oxo-2'-
deoxyguanosine (8-oxo-dG) as an electron donor and nitrophenylalanine derivatives as an
electron acceptor (Scheme 11I-2). This photocatalytic system was previously published by our
group (CAMPE-CEA), as a work within the Ph.D. Thesis of Timothée CHAUVIRE, using water-
soluble CdSe/ZnS core-shell Quantum Dots'”*8, Therefore, we compare the activity of the
newly designed QD-AuNP nanocomposites with the counterpart’s reference samples, i.e.,
bare QD, AuNP, and a mixture of non-connected QD and AuNP, as well as with the previously

published results.

The reader is kindly invited to see the general introduction page 11 for the description

of the share responsibilities between the collaborators of the following work.

Page | 182



Chapter 1l

0 HN.__NH
H o Y 0
[ NH HN—(
o= P Cdse-znS QDs HN o N
N™ “N” “NH, (0.2 mol%) %N o OH
> (o] OH /N o)
o) A =450 nm o HN{
OH
HO water NHZ
OH TON>400 OH
8-0x0-2'-deoxyguanosine Guanidinohydantoin spiroiminodihydantoin
(8-ox0-dG) 2-electron oxidation 2-electron oxidation
OMe OMe
CdSe-ZnS QDs
(0] (0.2 mol%) _ (o}
NH, NO, A=450 nm NH, NH,
water
Nitrophenylalanine Methyl Aminophenylalanine
Ester (NO,PhAlaMe) 6-electron reduction

Scheme IlI-2 : Previously reported*”'® photocatalytic redox reaction using CdSe/ZnS QD for the
simultaneous oxidation of 8-oxo-dG (electron donor) and the reduction of nitrophenylalanine
derivatives (electron acceptor). Similar reduction and oxidation reactions are used in the present study
as a model photoredox system to test QD-AuNP composites as photocatalysts.

IlI-2. Synthesis and characterization of QD-AuNP composites.

111-2.1 Synthesis and charchetrization of Gold nanoparticles (AuNP).

Gold nanoparticles (AuNP) were prepared following the Turkevich-Frens classical
method.'>?° The detailed synthesis procedure is described in Chapter IV-3, page 251 (The
preparation of the AuUNP and their characterization were done in collaboration with Dr. Fabien
DUBOIS from the OPTIMA-CNRS). This procedure is known to robustly lead to citrate-capped
nanoparticles of spherical shape, fairly monodispersed in size. The as-synthesized AuNP were
then functionalized by alkyne ligands following a typical ligand exchange process. In order to
have a good coverage of the active chemical alkyne functions for the covalent click reaction
while maintaining the colloidal stability of the suspension. A mixture of short-length chain of
functional PEG composed of a 1:1 ratio of amino-PEG-alkyne and amino-PEG-COOH was used
(Scheme 111-3), the presence of terminal carboxylic acids ensured the stabilization of the

surface charge density of the metallic nanoparticles.
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.: Starting Citrate-capped AuNP
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Scheme IlI-3: Ligand exchange of the gold nanoparticles: functionalization of the starting citrate-
capped AuNP with mixture of alkyne ligands

The characterization of the AuNP was performed before and after functionalization
using standard experimental means of UV-Visible optical spectroscopy, commercial Dynamic
Light Scattering (DLS) and Transmission and Scanning Electron Microscopy (TEM and SEM).
The TEM images of the initial AuNP (Figure IllI-1) confirm the formation of spherical particles
with an averaged physical diameter of 25 nm. Their extinction spectrum (Figure I1l-2-A-black
line) presents a band centered at 528 nm which is typical for the electrostatic plasmon
resonance of individual AuNP of a few tens of nanometer in diameter?l. Moreover, no
additional resonance is observed at higher wavelengths, indicating a stable colloidal

suspension of monodisperse AuNP.??
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Figure IlI-1: Microscopic characterization of the citrate-capped AuNP: A) TEM and B) SEM images of
the as-synthesized citrate-capped AuNP before their surface functionalization.
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After the alkyne-ligands functionalization process, the extinction spectrum of the AUNP
(Figure llI-2-A, red line) does not change much except for the presence of a small signal around
650 nm, likely to be due to the partial neutralization-aggregation process leading to the
formation of a few aggregates upon functionalization of the AuNP. In parallel, the zeta
potential increases from -24 mV for the starting citrate-capped AuNP to -12 mV after the
functionalization step (Figure IlI-2-B), thus confirming the modification of the surface

chemistry due to the presence of the PEG ligands.
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Figure IlI-2: Characterization of the initial citrate-capped (black) and functionalized with alkyne
clickable PEG ligands (red) AuNP: (A) Extinction spectra, (B) Zeta potential and (C) DLS-obtained size
distribution. The modification of the mean diameter of the AuNP upon functionalization (solid line) is
due to the formation of a few aggregates around 140 nm, that increases the value averaged over all
the AuNP, while the majority of the AuNP remain isolated with an unchanged diameter (dashed line).
This is visible on the SEM image of the functionalized AuNP (D).
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Figure 11l-2-C presents the size distribution of the hydrodynamic diameter of the AuNP
obtained from the commercial DLS experiments, i.e done in a large observation volume of a
few mm3. For the starting citrate-capped AuNP, the latter distribution is centered around 28
nm, which is in full agreement with the physical value obtained from the TEM images, the
difference between the physical and hydrodynamic diameters is attributed to the charge
layers surrounding the AuNP in suspension. After the functionalization of the AuNP, the size

distribution shifts to higher values with an average diameter of 39 nm.

To further characterize the functionalized AuNP, DLS measurements under the
confocal microscope, i.e. in a small observation volume of a few fL (femtoliter), were
conducted using a home-made setup (in the Lab of Dr. Aude BARBARA). These analyses
permitted to establish that the functionalization step induced the formation of a few large
aggregates around 140 nm in averaged size while the majority of the AuNP stay isolated with
a mean hydrodynamic diameter measured at 29 nm. These values are indicated by dashed
lines in Figure llI-2-C. The confocal DLS results are supported by the SEM image of the
functionalized AuNP essentially presenting isolated nanoparticles of around 25 nm and very

few aggregates (Figure III-2-D).

111-2.1 CdSe/ZnS core-shell Quantum Dots.

Commercial octadecylamine capped CdSe/ZnS core/shell QD (purchased from NN-
Labs) having their exciton position at 600 nm and initially dispersed in toluene were selected
for the assembly with the AuNP in this study. The octadecylamine-capped CdSe/ZnS QD were
transferred into water and then functionalized with azide clickable ligands in a two-step ligand
exchange process (Scheme llI-4). First, Histidine ligands were used to replace the native
octadecylamine ligands and afford the phase transfer from toluene into aqueous medium?3,
Second, (4-azidobenzyl)phosphonic acid ligands, prepared in pH =10 controlled aqueous
medium, were used to functionalize the water dispersed histidine-capped CdSe/ZnS QD (The
detailed ligand exchange process is described in Chapter IV, section IV-2, page 249). The
CdSe/ZnS QD were characterized by UV-Visible optical spectroscopy, steady state

fluorescence, in addition to FCS measurements under a confocal microscope.
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Scheme llI-4: Ligand exchange and surface functionalization of CdSe/ZnS core/shell QD: Top: molecular
structure of the ligands, bottom: ligand exchanges steps to replace the native octadecylamine with
histidine followed by the functionalization using the azide ligand.

After functionalization, the QD appear to retain the position of their exciton at 600 nm
as well as their good photoluminescence behaviour (Figure IlI-3). The confocal FCS
measurement? showed that the colloidal stability of the QD was also maintained upon the
functionalization process as a hydrodynamic diameter of dy=12+2 nm was measured in the
absence of the azide click ligands, while a slightly larger diameter of dy=17.8 £2 nm was

measured after the functionalization with the click ligands.

’The Detailed FCS analyses are not presented completely in this Thesis, but will be in the
corresponding publication of this chapter
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Figure Il1-3: Optical characterization of the CdSe/ZnS QD before and after ligand exchange: (Left) UV-Vis
spectra of the CdSe/ZnS initially in Toluene before the ligand exchange (red) and after ligand exchange and
phase transfer into water (black). (Right). Photoluminescence spectra of the CdSe/ZnS initially in Toluene
before the ligand exchange (red) and after ligand exchange and phase transfer into water (black).

The purpose of the selection of CdSe/ZnS QD with an exciton position at 600 nm is to primarily
target the excitation of the CdSe/ZnS QD by irradiating the assembled system (QD-AuNP) using
a 590 nm wavelength light source, as the plasmon band of the AuNP is centered mainly at 528
nm. Then, connecting the QD (600 nm) and the AuNP (528 nm) and irradiating the system
using a 590 nm wavelength light source should favor the light absorption by the QD more than
the absorption by the AuNP. Therefore, our work relies on the hypothesis that the activity of
the QD-AuNP composites is based on the charges mainly generated by the photo-excited QD
following the mechanism A (Scheme l1lI-1). Figure lllI-4 shows the extinction spectrum of the

AuNP (black line) compared to the CdSe/ZnS QD with the exciton position at 600 nm (red line).
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Figure llI-4: Normalized UV-Vis absorbance spectra of CdSe/ZnS QDs and AuNP in water: AuNP-
528nm (black line), CdSe-ZnS QD-600 nm (red line).

111-2.3. Assembly of water-soluble CdSe/ZnS QD with AuNP by click reaction.

The QD-AuNP composites were prepared using CuAAC click reaction (Copper-
Catalyzed Azide to Alkyne Cycloaddition)® to covalently connect the azide functionalized
CdSe/ZnS QD to the alkyne functionalized AuNP (Scheme III-5). Starting with the AuNP of 25
nm in diameter, it is expected that a maximum of 30 CdSe/ZnS QD of 10 nm in diameter can
cover the surface of the AUNP. To maximize the proportion of QD connected to the AuNP while
restricting the proportion of free QD in solution after the reaction, we mixed 25 molar
equivalents of QD in comparison to the concentration of AuNP. The click reaction was
performed using CuSO4/Sodium ascorbate reagents in water with a pH=10, set by the use of a
borax buffer. The in situ reduction of Cu (Il) to Cu (l) produced the copper source which is
needed to catalyze the click reaction. The reaction was performed under an inert atmosphere
in order to avoid the presence of oxygen which can decrease the amount of Cu (I) by re-
oxidizing it to Cu(ll). Reference samples where no click is expected were also prepared in the
same reaction conditions but without the presence of the azide ligands at the surface of the

CdSe/ZnS QD.
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Scheme IlI-5: Assembly of QD and AuNP by click chemistry: connection between azide-capped
CdSe/ZnS QD and alkyne-capped AuNP to prepare a QD-AuNP composite by Cu(l) catalyzed click
reaction

Field Emission Scanning Electron Microscopy (FESEM) images performed on the QD-
AuNP composite system clearly indicate the successful connection of the QD to the AuNP
(Figure 111-5-A). The sample presents composites quite heterogeneous in shape and sizes with
the presence of many small aggregates (<150 nm). As illustrated in Figure 11I-5-B, different
types of morphologies were identified: large aggregates composed of gold nanoparticles

connected to each other by QD indicating the success of the click chemistry reaction.

In addition, small aggregates such as dimers of AuNP connected by a unique QD, or
composites formed by a single or a few QD connected to a single AUNP were also observed.
On the opposite, the images obtained on the reference sample (Figure 11I-5-C) do not show
these types of composites but only the presence of small aggregates of pure AuNP or pure

Qb.
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Figure llI-5: Field Emission Scanning Electron Microscopy images of the QD-AuNP composites and
their corresponding reference samples: A) FESEM image of the QD-AuNP composites obtained by
CuCAAC reaction. (B) FESEM image zooms and schemes of the different type of morphologies formed:
multiple QD attached to multiple AuNP; dimer of AuNP sandwiching a QD and a single QD attached to
a single AuNP. In the scheme, QD (resp. AuNP) are represented by red (resp. purple) spheres. C)
Reference sample of non-cpnnected QD and AuNP.
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Moreover, the standard DLS and the extinction measurements performed after 1 day of the
samples preparation are shown in Figure IlI-6 A and B. Notably, an increase of the size
distribution is observed on the composite sample and also, though to a lesser extent, on the
reference sample, compared with the size distribution observed for pure AuNP samples. In
both cases, this is a clear indication of the formation of aggregates containing more than one
AuNP or QD and AuNP. Consistently, the extinction spectra (Figure 111-6-B) still present the
plasmon resonance of the individual AUNP as a main feature in addition to a slight broadening

of the plasmon band, which is compatible with the presence of few and small aggregates.
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Figure 1lI-6: Optical characterization of the QD-AuNP composites and the corresponding reference
samples. A) DLS size distribution and (B) Extinction spectra of the functionalized AuNP (black), of the
reference sample (green) and of the QD-AuNP composites (red) after one day of preparation. Dotted
lines in (A) indicate the mean hydrodynamic diameters obtained from confocal DLS due to the presence
of aggregates of a mean diameter of 100 nm in both samples (dashed lines) and non-aggregated AuNP
in the reference sample at 30 nm (green dashed lines) and small aggregates of 45 nm in the composite
sample (red dashed lines).

DLS and Fluorescence Correlation Spectroscopy (FCS) under a confocal microscope?
have been performed to complement these results. These experiments are here of particular
interest since they permit to selectively characterize the QD and AuNP within the same
sample. Indeed, DLS measurements are mainly sensitive to the AuNP that scatter light much

more than the QD while the FCS measurement, performed by measuring the fluorescence

3 All FCS and DLS under a confocal microscope were performed and analyzed by Dr. Aude
BARBARA from the OPTIMA-CNRS and the results, when presented, are used in this Thesis
without detailed illustration of the data treatment methods.
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signal of the QD, are only sensitive to the QD. The diffusion coefficient of the QD and that of
the AuNP can thus be obtained independently and their comparison enables to check on the
click reaction. Indeed, if the QD and the AuNP are connected they will have the same motion
and thus the same diffusion coefficient. On the contrary, if the QD and the AuNP are not
connected, they will evolve independently and therefore exhibit a different diffusion

coefficient since they do not have the same size.

Confocal DLS measurements lead to a mean hydrodynamic diameter of dy=73 nm for the
composite sample and dy=63 nm for the reference sample which are in full coherence with
the size distributions obtained from standard DLS (See Figure IlI-6-A). However, and as for the
functionalized-AuNP colloidal solutions, the data processing permits to establish that these
mean diameters are the result of the combined scattering of a few large aggregates and
primarily smaller AuNP or QD-AuNP composites. Interestingly, we observe that the larger
aggregates are similar in the composite sample and in the reference sample, with a mean
diameter around 100 nm. In the reference sample, the mean hydrodynamic diameter of the
small objects is evaluated at dy~30 nm, which corresponds to the size of isolated AuNP,
whereas a larger mean diameter of dy~45 nm is observed for the composite sample, which
would correspond well to the size of QD-AuNP composites containing one AuNP surrounded
with few QD. These values are also consistent with the FESEM observations i.e with the
formation of many small aggregates composed of 2-4 initial AUNP upon the click reaction with
the QD and to the absence of connection in the reference sample. It was established that a
dimer of AuNP with an individual physical diameter of 25 nm could exhibit an apparent
hydrodynamic diameter of 35 nm. Thus, for example a structure of 4 AUNP connected by 3 QD

forming a chain could have an apparent hydrodynamic diameter of 50 nm?*.

The DLS auto-correlation functions (ACF) corresponding to these results are presented
in Figure 1lI-7 together with FCS-ACF. For the reference sample (Figure IlI-7-A), one can see
that the DLS and FCS ACF are indeed very different, which validates the absence of a combined
motion of the AuNP and the QD. Moreover, the FCS analysis on the pure QD yields a mean
hydrodynamic diameter of the QD of 10.45 nm corresponding to the value expected for non-
aggregated QD. In contrast, the composite sample (figure 11l-7-B) present similar DLS and FCS

ACFs indicating an identical motion of the QD and the AuNP.
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These DLS and FCS results provide a robust indication of the successful click reaction
in the composite sample leading to QD-AuNP composites with a mean hydrodynamic diameter
of 45 nm and its non-occurrence in the reference sample i.e in the absence of the click ligands

that mostly contain non-aggregated AuNP and QD.
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Figure 1lI-7: Comparison of the DLS (dark) and FCS (light) ACFs measured on the reference sample

(green) and the composite sample (red). In the reference sample where no click occurred, AuNP and

QD present very different hydrodynamic behaviour due to their different diameters and their

independent motion. In the composite sample, the AuNP and the QD present the same diffusion signing

their joint motion and thus their QD-AuNP composite structure.

llI-3. Probing the efficiency of QD-AuNP composites as
photocatalysts.

111-3.1. Effect of the QD concentration when using CdSe/ZnS QD alone as
photocatalysts.

In a previous work'8, our group (CAMPE-CEA) reported the ability of water-soluble
CdSe/ZnS QD (with 1%t exciton peak lying at A=520nm) to efficiently photocatalyze the
oxidation of 8-oxo-dG and the reduction of NO,PhAla derivatives. In that previous study, the
photoredox reaction was optimized for 2 uM of CdSe/ZnS QD (520nm), 1mM of 8-oxo-dG (500
equiv. to the QD concentration), and 3mM of NO;PhAla derivatives as an electron acceptor
(1500 equiv). The reaction proved to be efficient by accomplishing a turnover number (TON)

of more than 400 in 3 hours of irradiation.
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In the new approach described here, using QD-AuNP composites, we selected the
CdSe/ZnS core-shell QD, which have their absorbance exciton peak at 600 nm in order to shift
it from the peak of AUNP plasmon band (at 528 nm) and to favor the light absorption by the
QD when irradiating the reaction mixture using a light source of wavelength of 590 nm.
Moreover, before performing photocatalysis experiments, it was checked that both 8-oxo-dG
and NO;PhAla efficiently quench the fluorescence of the selected CdSe/ZnS QD (600 nm) and
kinetic quenching constants up to 2.8 x 10%° L-mol=*s™ and 5.5 x 10° L-mol™-s7%, respectively
were obtained (the quenching experiments are described in the section A-3, page 220, of the

appendix of this chapter).

The concentration of QD in the QD-AuNP samples reported here is typically optimized
at 70nM in order to work with AuNP concentration (3nM) enabling a good colloidal stability
and with 20-30 equivalents of QD relative to AuNP (as discussed in section 1lI-2). Therefore,
we investigated first the photocatalytic activity of QD alone at such low concentrations, from
400 nM to 70 nM, and setting the number of equivalents of the reaction substrate as 500
equiv. of 8-oxo-dG with respect to the concentration of the QD (Table IlI-1). While decreasing
the concentration of the QD, the ability of the QD to catalyze the targeted reaction decreases
progressively. A TON of 325 for the conversion of 8-oxo-dG was obtained for the 400 nM
concentration of QD and dropped down to 85 TON for 70 nM concentrated QD. (The
estimation of the reactions’ substrates evolution are done based on HPLC analysis using

standard commercial samples of each substrate).

Entry [QD] [8oxodG] [NO:PhAla] [8oxodG] [8oxodG] [NO;PhAla] TON

(nM) (M) (M) conv. (uM) conv. (uM) conv. (uM) in3h
in 10 min in 3h in 3h
1 400 200 600 28 (14%) 130 (65%) 355 (59%) 325
2 200 100 300 10 (10%) 52 (52%) 150 (50%) 260
3 100 50 150 4 (8%) 12 (24%) 30 (20%) 120
4 70 35 105 ~1 (2.8%) 6 (17%) 19 (18%) 85

Table IlI-1: Impact of the reaction dilution on the photocatalytic activity of CdSe/ZnS QD on the
conversion of 8-oxo-dG and NO,PhAla. Data determined from the integration of the HPLC peaks of
each of the 8-oxo-dG and NO,PhAla based on a commercial standard of each of the molecules. All the
reaction are performed in aqueous medium under inert atmosphere and irradiated using A=590 nm
LED. TON are computed for the conversion of 8-oxo-dG. HPLC chromatograms are collected in the
appendix, Figure I11-A4-1 page 221.
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l11-3.2. Enhanced photocatalytic activity using QD-AuNP composites as

photocatalysts.
The newly designed QD-AuNP (70nM CdSe/ZnS QD assembled with 3nM AuNP,

irradiated using 590 nm LED), was tested for the same reaction and with the same conditions
as in the bare QD case (Table lll-1, entry 4). The results obtained showed much higher
efficiency than bare QD. In the QD-AuNP composite case (QD-Au in Table I1I-2), 345 TON were
achieved within the first 10 minutes and 385 TON totally in 3 hours (Table IlI-2 entry 1). In the
following, unless stated otherwise, TON are computed vs. QD to enable comparison with bare
QD case. This number is much higher than the one obtained after 3 hours (TON = 85) for the
same concentration of QD without the AuNP and is comparable to the one obtained for a
concentration of 400 nM of QD alone after three hours of irradiation. Therefore, the use of
QD-AuNP composites increases both the speed and the efficiency of the reaction. A reference
sample containing 70 nM QD and 3nM AuNP that were not assembled (QD+Au in Table 1lI-2),
was also tested. In this case, a TON of 100 for the conversion of the 8-oxo-dG was measured
after three hours (Table llI-2, entry 2). This modest improvement compared to the case of bare

QD demonstrates that the connection of QD and AuNP is important for the better efficiency.

Then, more trials were performed for optimizing the performances and the activity of
the QD-AuNP. First, the concentration of the reaction substrates (8-oxo-dG and NOzPhAla)
was set fixed, but the concentration of the QD-AuNP composite was decreased (concentration
of QD at 45nM, concentration of AUNP at 2 nM - Table IlI-2 entry 3). In this case, a higher TON
(555) was achieved for the conversion of 8-oxo-dG. Then, a higher excess of the electron
acceptor (NOzPhAla) was used in order to afford a better electron transfer from the QD and
the AuNP (entry 5). This afforded a slightly higher TON (600). Finally, both a significant molar
excess of 8-oxo-dG molecules (2600 equivalents as compared to the QD) and of NO,PhAla
molecules (6 equivalents as compared to 8-oxo-dG) were added (entry 7). Under these
conditions, a TON of 2311 was achieved for the conversion of the 8-oxo-dG molecules after 3
hours of irradiation, corresponding to a conversion rate of 86% of its initial concentration. For
these three reaction conditions, reference experiments of non-connected QD and AuNP were
tested (entries 4, 6 and 8). In each situation, the observed TON are systematically lower, by a

factor of approximatively 5, than those observed using the QD-AuNP composites.
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Regarding the kinetics of the photoredox reactions under the action of the QD-AuNP
composites, the conversion of 8-oxo-dG exhibits two different regimes, a fast one during the
first minutes of the reaction and a slower one after 20 minutes of irradiation (see Figure 1lI-8-
A). Interestingly, in the absence of molecular electron acceptor (Entry 15 and Figure 111-8-A
green plot), a fast conversion of 8-oxo-dG is also observed during the first minutes of the
reaction, then the conversion reaches a plateau up to 3 hours of irradiation. These regimes

will be discussed in section Ill-4.3, page 211.

Furthermore, since the AuNP used in the preparation of the QD-AuNP composites are
functionalized with negatively charged PEG carboxylate ligands, the electrostatic interaction
can play an important role for improving the transfer from AuNP to the electron acceptors?>2®,
To investigate this effect, three different acceptors with different expected electrostatic
interactions were tested in the optimized reaction conditions (See scheme I1lI-6). Beside
Nitrophenylalanine (NO2PhAla), Anthraquinone-2-sulfonate (AQ-2S), and Nitrophenylalanine
methyl ester (NO2PhAlaMe) at either pH=10 controlled medium or at pH=7.4 were tested.
Figure I1I-8-A shows the reaction kinetics for the conversion of the 8-oxo-dG and the deduced
TON (for the conversion of 8-oxo-dG), in each case. A similar behavior as that described for
the reaction using NO;PhAla was observed: a fast conversion during the first minutes of the
reaction followed by a progressive slow down starting after about 20 minutes and ending by
a plateau after one hour and up to three hours of irradiation, whose height varies depending

on the electron acceptor molecule.
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Scheme IlI-6: Chemical structures of the molecular electron acceptors: Nitrophenylalanine,
nitrophenylalanine methyl ester, and antraquinone-2-sulfonate.

A less good conversion of 8-oxo-dG is observed in the presence of AQ-2S molecules (Table Ill-
2 entry 9, Figure I1I-8-A, pink line) compared with NO,PhAla (Table IlI-2 entry 7, Figure 111-8-A,
black line). This is attributed to the purely repulsive electrostatic interaction between the
negatively charged ligands AuNP and the negative charge of the sulfonate moiety of AQ-2S,
while, at pH=10, a small fraction of NO2PhAla is in the zwiterionic neutral form (pKa=9.1 for
the amino group of phenylalanine moieties). NO,PhAlaMe (Table IlI-2 entry 11 and Figure Ill-
8-A, blue line) did not improve the photocatalytic activity at pH=10, compared with NO,PhAla,
in spite of the introduction of a neutral ester moiety instead of the carboxylate moiety of
NO;PhAla. This is attributed to the partial hydrolysis of this ester moiety as evidenced by HPLC
analysis (See HPLC chromatograms in the section A-2, page 219, of the Appendix of this
chapter). This hydrolysis was avoided by reducing the pH of the reaction medium to 7.4. At
such pH, the use of the electron acceptor NO;PhAlaMe enabled a higher conversion of the 8-

oxo-dG with a TON value of more than 2600 (Table I1l-2 entry 13 and Figure 1lI-8-A, red line).

The influence of the electrostatic interaction between the electron acceptor and the
AuNP and QD ligands was also clearly observed when monitoring the conversion of the
NO;PhAla and NO;PhAlaMe. As it is showed in Figure IlI-8-B, the conversion of the
NO2PhAlaMe at pH=7.4 medium (red curve) was almost 1.5 times better than at pH=10 (blue

curve), which was itself twice higher than the conversion of the NO,PhAla (black curve).
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Figure IlI-8 : Evolution of the Photocatalytic activity of the QDs-Au-NPs composite with different electron
acceptor; A) Conversion of 8-oxo-dG in the absence of any electron acceptor (green line), in the presence of
AQ-2S as electron acceptor at pH 10 (pink line), in the presence of NO,PhAla as electron acceptor at pH 10 (black
line), in the presence of NO,PhAlaMe as electron acceptor at pH=10 (blue line), and in the presence of
NO,PhAlaMe as electron acceptor at pH=7 (red line). B): conversion of electron acceptors; black line: conversion
of NOzPhAla, blue line: conversion of NO,PhAlaMe at pH 10 (calculated based on the sum of the 2 HPLC peaks
presents in the chromatograms), and red line: conversion of NO,PhAlaMe at pH 7.4 .The concentration of the
QDs was fixed at 45 nM of QDs assembled with 2 nM AuNP, the concentration of the electron donor 8-oxo-dG
was set at 120uM (~2600 Equiv) and a 720uM concentrated electron acceptor (6 equiv compared with the 8-
oxo-dG). The corresponding HPLC chromatograms are collected in the appendix of this Chapter Figures A4.2 to
A4.4, pages 221 to 224.
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111-3.3. Quantitation of the photocatalytic activity improvement — Internal QY
vs. QD absorbed photons.

In order to compare the photocatalytic performances of the bare QD or the QD-AuNP
photocatalysts, first, we estimated the internal quantum vyield (QY) using different
concentrations of bare QD. Then we computed the “internal QY vs. QD absorbed photons”,
which is obtained in the case of reactions photocatalyzed by QD-AuNP composites by
considering only the photons that would be absorbed only by QD in the absence of AuNP (the
corresponding absorbance is reported in the 4" column of Table 1lI-3). The results of these
computations of “internal QY vs. QD absorbed photons” (QY in the following) are summarized
in Table IlI-3 (See Chapter IV, section IV-6, page 254, for the detailed calculation). The QY of
the reaction performed using 400 nM QD was estimated to be 0.026% (Table IlI-3 entry 1),
which is lower than the value (0.06%) our group reported previously*® for a 2uM concentrated
QD. The further decrease in the QD concentration to 70 nM induced a lower QY of 0.006%
(Table 1lI-3, entry 2). Interestingly, in the case of the 70 nM QD-AuNP composite, the obtained
QY is 0.027% (Table 11I-3, entry 3), which is 4.5 times higher than in the case of 70 nM QD alone
and very close to the case of 400 nM QD alone. This comparison shows that the connection of
QD with AuNP, at constant QD concentration, is strongly beneficial to the photocatalytic
activity. Moreover, in the case of optimized 45nM QD-AuNP composite, the QY was further
improved up to 0.16% (Table IlI-3, entry 4), which outperforms the best results we previously

reported with QD alone (0.06%) by a factor 2.7.

Entry PhotoCat. [QD] Table AbsofQD TONvs.QD QY vs.QD
(entry) (con of
8ox0dG)
1 QD [400 nM] 1(1) 0.140 325 0.026%
2 QD [70 nM] 1(4) 0.025 85 0.006%
3 QD-AuNP [70 nM] 2(1) 0.025 385 0.027%
4 QD-AuNP [45 nM] 2(7) 0.016 2311 0.160%

Table IlI-3: Estimated Quantum Yield (QY): The estimated QY of the photoredox reaction using
different concentrations of QD (alone or in composites) by considering the conversion of 8-oxo-dG
after 3hours of irradiation
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llI-3.3. Comparison of the photocatalytic activity of QD-AuNP by using
irradiation in the QD exciton range (590nm) or in the AuNP plasmon resonance
band range (528nm).

The influence of the excitation wavelength irradiation on the catalytic activities was
studied by comparing experiments with irradiation at 590 nm (more favorable to QD
excitation) and at 528 nm (more favorable to AuNP excitation). The results obtained for QD-
AuNP composites (QD-Au) were compared with those obtained for some reference samples
(QD + AuNP mixed but not connected (QD+Au), QD alone (QD) and AuNPs alone (Au)) and

using NO,PhAlaMe electron acceptor at pH=7.4 (see Figure I1I-9).

Using the irradiation set-up at 590 nm, the higher performance of the QD-AuNP composite
system for the conversion of 8-oxo-dG clearly appears, in particular with up to 2600 TON vs.
QD (57200 TON vs AuNP) during the 3 hours of irradiation (Figure 111-9-A red curve). Much
lower values were achieved for the not connected QD and AuNP reference sample (TON=400
vs QD, TON=8800 vs AuNP blue curve), the QD alone sample (TON=500 vs QD, black curve),
and the AuNP alone sample (TON=8200 vs AuNP, pink curve). The results of the conversion of
NO.PhAlaMe (see Figure 11I-9-B) during the same reactions were also much better in the case
of the composite QD-AuNP, by a factor of three as compared to the cases of the QD alone and
that of the non-connected but mixed QD and AuNP and by a factor of six as compared to the

case of AuUNP alone.

The second set of experiments was performed with the same conditions but changing the
irradiation set-up to a 528 nm Green LED. The red curve of Figure 111-9-C shows the conversion
of 8-oxo-dG by using the QD-AuNP composites as photocatalysts: up to 1200 TON were
achieved. The QD alone case resulted in a low conversion of 8-oxo-dG with 260 TON, while
the sample of the mixed QD and AuNP was relatively better than the QD alone by reaching a
TON of 900 and pure AuNP showed a very similar photocatalytic activity. The conversion of
the NO2PhAlaMe was also monitored in these experiments(Figure 111-9-D), and the results
showed very similar trends as for the conversion of 8-oxo-dG: QD-AuNP composites are
slightly more efficient than AuNP alone, which exhibit very similar activity as the non-

connected QD and AuNP nanoparticles, and at last QD alone exhibit much lower activity.
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Noteworthy, it should be mentioned that, when irradiating at 528 nm the photocatalytic
activity of the QD-AuNP composites is not negligible (around 50% of the activity obtained
when irradiating at 590 nm) and that AuNP alone or not connected to QD also present a non-
negligible activity when irradiating at this maximum plasmon resonance band wavelength
(around 35% of the activity obtained with QD-AuNP composites when irradiating at 590 nm).
Moreover, it is worth mentioning that the green LED (A =528 nm) has a power of 2.5 times (50
mW) higher than that of the 590 nm yellow LED (20 mW) used in these experiments. Then,
when normalized to the LEDs power, the photocatalytic activity of the QD-AuNP composites
irradiated at 528 nm appears to be 20% of the activity when irradiated at 590 nm. And the
photocatalytic activity of the bare AuNP at 528 nm is only 14% compared to QD-AuNP
irradiated at 590 nm. The corresponding HPLC chromatograms of these experiments are

collected in Figures 11I-A4.4 and 111-A4.5 on pages 225 and 226.

All taken together, the results of the photocatalysis experiments reported in Figure I1I-9 show
that the enhancement obtained when using the QD-AuNP composites as a redox
photocatalyst is better when irradiating them at the wavelength of the QD exciton (590 nm).
When working at this wavelength, the connection between QD and AuNP is crucial for the
activity of the photocatalyst since non-connected particles exhibit much lower activities.Based
on these features a possible mechanism for such QD-AuNP photocatalyst is proposed in the

next section (llI-4).
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Figure I1lI-9: The HPLC monitored consumption of 8-oxo-dG and NO,PhAlaMe with the different
Photocatalysts; A) Conversion of 8-oxo-dG by irradiating at A = 590 nm: Red curve using the QD-AuNP as
photocatalyst, Blue curve using the ref of QD mixed with AuNP as photocatalyst, Black curve using the CdSe/ZnS
QD alone as photocatalyst, Pink curve using the AuNP alone as photocatalyst. B) Conversion of NO,PhAlaMe by
irradiating at A = 590 nm: Red curve using the QD-AuNP as photocatalyst, Blue curve using the ref of QD mixed
with AuNP as photocatalyst, Black curve using the CdSe/ZnS QD alone as photocatalyst, Pink curve using the
AuNP alone as photocatalyst. C) Conversion of 8-oxo-dG by irradiating at A = 528 nm: Red curve using the QD-
AuNP as photocatalyst, Blue curve using the ref of QD mixed with AuNP as photocatalyst, Black curve using the
CdSe/ZnS QD alone as photocatalyst, Pink curve using the AuNP alone as photocatalyst. D) Conversion of
NOsPhAlaMe by irradiating at A = 528 nm: Red curve using the QD-AuNP as photocatalyst, Blue curve using the
ref of QD mixed with AuNP as photocatalyst, Black curve using the CdSe/ZnS QD alone as photocatalyst, Pink
curve using the AuNP alone as photocatalyst.
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l1I-4 — Mechanistic Studies
l1I-4.1. Quenching of QD fluorescence in QD-AuNP composites.

The connection between the QD and the AuNP in the composites was intended to
enhance the charges separation of the exciton after the photoexcitation of the QD by enabling
an efficient electron transfer to the AuNP. In this hypothesis, the connection between QD and
AuNP should induce a quenching of the radiative emission of the QD after the excitation. The
fluorescence of the samples during the formation of the composites was monitored as a
function of time in the presence of two different concentrations of CuSOa/sodium ascorbate
(same concentration (1x) and two time more concentrated (2x) than the preparation of the
composite - Figure IlI-10). To ensure that the quenching observed was not due to the presence
of reagents (Cu cations, ascorbate, AuNP...), a reference experiment was performed in the
same conditions of reagents but with histidine-only capped QD (without azide ligands — Figure
[1I-10-A) or with amino-PEG-COOH-only capped AuNP (without alkyne ligands — Figure IlI-10-
B).

In the absence of one of the clickable ligands at the surface of one of the two particles, the
mixture of reagents induces a slight decrease in the fluorescence intensity as a function of
time (less than 15 % decrease in the initial intensity after 60 minutes). However, in the actual
conditions of CuUAAC reaction, the quenching of the fluorescence is clearly observed with up
50 % decrease of the initial fluorescence intensity after 60 minutes for the sample with the
highest concentration in CuSOa/sodium ascorbate. Moreover, the kinetics of the observed

fluorescence quenching depends on the concentration of the CuSOa/ascorbate reagent.

These results strongly support our conclusion that this quenching is due to the connection of
QD at the surface of AuNP by the CUAAC reaction, which enables an efficient electron transfer

from the excited QD to the AuNP.

Page | 206



=

(1/10)x100

Chapter 1l

120 -
120 #® composite 2X Cu/ascorbate ® composite 2X Cu/ascorbate
# composite 1X Cu/ascorbate B) # composite 1X Cu/ascorbate
% reference without azide 2X Culascorbate * reference without alkyne 1X Cu/ascorbate
100 % reference without azide 1X Cu/ascorbate 100 * reference without alkyne 2X Cul/ascorbate
o s
o
-
80 X 80
o
=
=
60 60
40 40
0 15 30 45 60 0 15 30 45
Times (min) Times (min)

Figure IlI-10: Monitoring of the fluorescence of CdSe/ZnS QD as a function of time during the
formation of the composite in comparison with simple mixture of QD and AuNP (without click
ligands). Aexc = 590 nm, Aem = 620 nm. A): Quenching of fluorescence during the click reaction in the
same conditions than the formation of composites (1X Cu/ascorbate - [CuSO4] = 0,67 uM and [sodium
ascorbate] = 1,33 uM- blue line) or with twice more concentrated sulfate copper and sodium ascorbate
(2X Cu/ascorbate - [CuSO4] = 1,33 uM and [sodium ascorbate] = 2,66 uM) (red line) in comparison with
reference sample without azide ligands at the surface of QD: blue dots line = same conditions of the
formation of the composite (1x Cu-ascorbate), red dots line = twice more concentrated sulfate copper
and sodium ascorbate (2x Cu/ascorbate). B): same study but by comparison with in this case no alkyne
ligands at the surface of AuUNP using same conditions as the formation of composites (1x Cu/ascorbate
— blue curve) or two more concentrated sulfate copper and sodium ascorbate (2x Cu/ascorbate-red
curve).

I1I-4.2-Blue shift of the plasmon band due to the accumulation of electrons

when irradiating QD-AuNP composites in the presence of the electron donor.

A way to study the possible charge transfer mechanisms within the QD-AuNP
composites is to monitor the plasmon extinction band of the AuNP connected to the QD while
the latter are photoexcited in the presence of the electron donors, or electron acceptors.
Indeed, if the redox reaction which takes place between the QD and the donor/acceptor
molecules gives rise to an electron transfer between the QD and the AuNP, the plasmon
extinction band will undergo a blue (or red) shift, resulting from the charging (or discharging)

of the metal nanoparticles 27-2°,

In order to investigate this phenomenon, a colloidal solution of QD-AuNP composites
was diluted to 20nM concentration in QD and irradiated using a 590 nm LED light source, in

the presence of a high excess of 8-oxo-dG molecules acting as electron donors (2600 equiv. as
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compared to the QDs concentration, i.e 52 uM in concentration). The extinction spectra of the
sample were recorded in situ in the irradiation setup and as a function of time. Figure IlI-7-A
shows the latter spectra which are dominated by the plasmon extinction band of the AuNP
around 529 nm. Upon excitation of the QD in presence of 8-oxo-dG, the plasmon extinction
band undergoes a blue-shift that reaches a maximum of 4 nm after 50 minutes of irradiation
(from A=529 nm to 525 nm, see Figure IlI-11-C). After that time, the extinction spectra of the

sample did not evolve anymore and the irradiation was stopped.

Then, NO;PhAla was added as an electron acceptor to the sample to check on the
possibility to extract the electrons stored at the AuNP surface and consequently discharge
them. As Figure llI-11-B and IlI-11-C show, as expected reverse behavior occurred: a red-shift
was observed until the return of the plasmon extinction band to its original position (529nm).
This observation indicates that the discharging process of the AuNP by the NO;PhAla electron

acceptor is efficient.
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Figure IlI-11: The time evolution of the UV-Vis absorption spectra of Au-NPs during the photochemical
charging and discharging process : (A) QD-AuNP composite sample of 20nM QDs’ concentration in the
presence of 52uM of 8-oxo-dG as electron donor and irradiated with 590 nm LED showing the charging of
the AuNP; (B) After the addition of 312uM of NO.PhAla as electron acceptor and stopping the light
irradiation which shows the discharging of the Au-NPs; C) evolution of the wavelength of the absorption
position of the AUNP during the charging/discharging process.
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Furthermore, in order to make sure that the observed charge transfer occurs between
the QD and the AuNP and via their connection, the same experiment was performed with two
test samples, (i) a colloidal solution of non-connected QD and AuNP and (ii) a colloidal solution
of AuNP. In both cases, the same concentration of 52 uM of 8-oxo-dG molecules was added
to the samples before irradiating them with a LED at 590 nm. Figure 1lI-12 shows the time
evolution of the extinction spectra for the two samples. Interestingly, no changes are observed

as a function of time, which means that no electron injection at the surface of the AuNP took

place.
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Figure 1lI-12: The evolution of the extinction spectra of reference samples irradiated in the presence
of the electron donor (A) non-connected QD and AuNP in the presence of 8-oxo-dG as electron donor
and irradiated with 590 nm LED. (B) Sample of pure AuNP in the presence of 8-oxo-dG as electron
donor and irradiated with 590 nm LED

The observed blue shift can be used to estimate the number of electrons accumulated
in the AuNP during the charging process of QD-AuNP composites by using the relationship (1)
existing between the position of the plasmon resonance extinction band and the conduction
electrons density in metal NPs (See the section A-5, page 227, in the Appendix of this chapter

for details):

A~ Ay (1 - A—”) (1)

2N;

where, Asis the maximum wavelength of the shifted plasmon extinction band after charging
process, A; is initial maximum wavelength, N;is the initial electron density of the AuNPs before

the irradiation and Ny is the final electron density after the charging process and AN = N¢-N;.
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According to equation (1), the observed blue-shift of 4 nm corresponds to a variation of 1.5%
of the electron density. The bulk electron density of Au being worth 6.10%% e/m3, this
corresponds to a variation of 9.102° e//m3i.e 7400 electrons per AUNP of mean diameter d=25

nm

llI-4.3.Proposed mechanism for the charge separation within the QD-AuNP
composite and for the charge transfers to the electron donor and acceptor
during the different kinetic regimes.

In the photocatalysis experiments performed with QD-AuNP without adding any
electron acceptor (See Figure IlI-8-A green curve), a significant conversion of 8-oxo-dG is
observed and follows a fast kinetics during the first 20 minutes. However, our group reported
previously that the CdSe/ZnS QD can not oxidize 8-oxo-dG in the absence of an appropriate
electron acceptor!”!®, These results, combined with the study of blue-shifted QD-AuNP
absorption spectrum and the fluorescence quenching, strongly suggest a mechanism in which
QD-AuNP composites photocatalyze the oxidation of 8-oxo-dG by using their AuNP
components as (multi-)electron acceptors, which are able to accumulate thousands of

electrons.

In the photocatalysis experiments performed with the complete photocatalytic system
of QD-AuNP composites in the presence of both the electron donor and the acceptor (See
Figure 111-8), a fast regime is also observed in the first 20 minutes and a slower one in the next
period of 3 hours. We propose here that the two successive kinetic regimes observed when
using QD-AuNP composites as photocatalysts can be mainly explained by the change of charge
states in their AUNP components and the corresponding rise of their Fermi level. Indeed, it
was reported previously with Au-ZnO heterostructures® that the injection of the electrons
can induce the rise of the AuNP Fermi level until it reaches an equilibration with the position

of the conduction band of the ZnO semiconductor.

Scheme IlI-7-A represents the estimated energy levels for the nanoparticles under
study prior any irradiation and the corresponding proposed mechanism for the fast regime.
For CdSe/ZnS QD under study, our group (CAMPE-CEA) previously!’ estimated experimentally
the redox potential of the valence band edge in the range (1.05 +/-0.1) V/NHE for slightly
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smaller CdSe/ZnS QD (1%t exciton at 520 nm instead of 600 nm). Since it is well-established
that the valence band of such QD varies slightly with the size of the QD3!, the valence band
edge of the QD under study is considered to lie near the same value (1.05 +/- 0.1V/NHE). The
energy level of the edge of the conduction band is then deduced to be in the range (-1.01 +/-
0.1) V/NHE by shifting from the energy corresponding to the 15t exciton absorption (600 nm
corresponding to 2.06 eV). At last the Fermi level of AuNP before any irradiation is considered

to be close to the energy level of bulk gold at (0.86 +/- 0.1)V/NHE.3%33

A | Fast regime (uncharged AuNP) |
' E (eV)
1.0 - .3.43
-0.46 -3.98
0.74 | 218
0.86 | -5.49
1.05
YE° (V/INHE)
|? Slower Regime (charged AuNP) mechanism 1: Slower Regime (charged AuNP) mechanism 2:
Back electron transfer from AuNP to QD AuNP Fermi levelrising close to the CB of QD
+E (eV)
o O & || —— RPN, - {k3.43
Eg=2.06 eV Eg=2.06 eV
-0.46| - . T | RS-, Y_— {|-3.98
NO,PhAlaMe NO,PhAlaMe
YL IS R TU— WO R S—— -5.18
0.86| ol I | =N
1.05 -5.49

E° (V/NHE)

Scheme IlI-7: Proposed mechanism and estimated Energy levels for QD, AuNP, electron donor and
acceptor during the photocatalysis with QD-AuNP composites. The energy levels considered for the
QD and AuNP are those of separated nanoparticles measured by our group (see reference 17 for the
values for QD) or from literature (for the values of the Fermi level of AuNP, see refernces 32 and 33).
For the electron donor and acceptor, they are the experimental redox potentials either measured by
our group (NO:PhAlaMe, reference 18) or from literature (8-oxo-dG>* see reference 34).
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Relying on these values and the experimental results, we propose the following
mechanism for the fast regime (see Scheme IlI-7-A). When the QD-AuNP composite is
irradiated at 590 nm an exciton is created in the QD part. Then, two electron transfer pathways
from the CB of the QD are possible (thin green arrows in Scheme 11I-7-A): a first one to the
Fermi level of the QD AuNP with a driving force close to 1.8 eV and a second one to the LUMO
level of the NO,PhAla electron donor with a driving force of 0.55 eV. We propose that both
pathways happen in the fast regime, but that the fast kinetics in mainly due to the electron
transfer to AuNP attached to the QD, rather than to the electron acceptor lying in the
surrounding solution. Moreover, as long as the AUNP component is not (or little) charged the
driving force for the back electron transfer from AuNP Fermi Level to recombine with the hole
at the valence band edge of the QD is quite small (0.2 eV). Therefore, the hole is maintained
in the QD at the edge of valence band energy level. At this stage the hole probably has a much
longer lifetime compared to a hole in an exciton for a bare QD. Then, the hole can oxidize the
8-oxo0-dG electron donor with a good efficiency and the overall kinetics is fast (thick green
arrows in Scheme 1lI-7-A). During this fast regime, the electrons transferred from the QD
conduction band to the AuNP can not be transferred further to the NO:PhAla electron
acceptor, so they most probably accumulate at the surface of AuNP and raise their Fermi level.
Then two hypotheses can be proposed that can explain the observed slower regime after 20

minutes of irradiation.

In the first hypothesis (see Scheme IlI-7-B mechanim 1), the charging of the AUNP component
during the first 20 minutes has already induced a moderate (few 100 of meV) rise of the Fermi
level. Then, the electrons following the pathway from the CB of QD to the Fermi level of AUNP
(Red arrow in scheme llI-7-B) have a sufficient driving force for back electron transfer to the
VB of the QD and so can recombine with the corresponding holes. The slower observed
kinetics would be then mainly due to the pathway in which electron are transferred from the

CB of the QD component to the NO;PhAla electron donor in the surrounding solution.

In the second hypothesis (see Scheme IlI-7-C mechanism 2), the back electron transfer from
the AuNP to the valence band of the QD is supposed to be not efficient, so that the charging
of the AuNP component during the first 20 minutes results in an important rise of the Fermi
level, which reaches a level close to that of the conduction band of the QD. Then, the AuNP

components accept more electrons from the photoexcited QD components at a slower rate
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compared with the fast regime, and they are able to transfer electron from their Fermi level
to the NO,PhAla acceptor only at a moderate rate (thin green arrows in Scheme 111-7-C). As in
the previous hypothesis, the slow kinetics pathway due to the direct transfer from the CB of
the QD component to the NO;PhAla electron donor would account for a part of the

photocatalytic activity (thin green arrows in Scheme IlI-7-C).

The mechanism proposed here for the fast kinetic regime, relying on a fast electron
transfer between the photoexcited QD and the AuNP in the composites followed by an
accumulation of electrons in the AuNP component is supported by all our experimental
results. However, it should be underlined that the two mechanistic hypotheses proposed for
the slower regime can be criticized. For the first hypothesis, if the back electron transfer is so
efficient that the Fermi level rises only by a few hundreds meV, staying well below the level
the LUMO of the NO,PhAla electron acceptor, it is difficult to understand the results of the
charging/discharging experiments, in which charged QD-AuNP composites are slowly, but
efficiently discharged by this electron acceptor. For the second hypothesis the strong increase
of the Fermi level (1.32 eV) necessary to make it lie above the LUMO of the NO,PhAla electron
acceptor seems not compatible with the 4 nm blue shift observed in the charging/discharging
experiments. Actually, Singh et al®>, observed an increase of 96 meV of the energy of the Fermi
level associated with a 2 nm blue shift of the plasmon band of citrate-caped AuNP (33 nm
diameter). Further exploration of this slower regime in order to improve the electron transfer

from AuNP to molecular electron acceptors is underway.

llI-4.4.Proposed mechanism for the absorption of light leading to

photocatalysis with the QD-AuNP composites.
The extinction coefficients of the nanoparticles used in this study at 590 nm

wavelength are 3.5.10° Mt.cm™ for CdSe/ZnS QD and 2.2 x 108 Mt.cm™ for AuNP and the QD-
AuNP composites are prepared with QD:AuNP ratio of typically 23:1. As a first approximation,
if one considers that in QD-AuNP composites, QD and AuNP absorb light as if they were not
interacting, 3.6 % of the incident light is absorbed by QD (A=0.016) and 96.4 % by AuNP
(A=0.44) in photocatalysis experiments such as those reported in Figure IlI-9. This can favor

the mechanism B starting with absorption of light by AUNP (see Scheme llI-1), instead of the
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mechanism A, starting with absorption of light by QD, which was intended when the QD-AuNP

composites were designed.

However, three experimental evidences point towards the mechanism A as being the
main pathway involved in the photocatalytic activity of QD-AuNP. First, the photocatalytic
activity of QD-AuNP is much more efficient when irradiating them at 590 nm, than when
irradiating at 528 nm (See Figure 11I-9), so a mechanism starting with the absorption of light
by the QD, which have their first exciton maximum at 600 nm, is more likely. Second, the
guenching of QD photoluminescence observed during the click chemistry reaction (see Figure
[1I-10) selectively probes photoexcited QD and show that an important fraction of QD excitons
are diverted from luminescence pathway to another one, most likely electron transfer to the
connected AuNP. Third, the charging of AUNP when irradiated QD-AuNP composites by up to
7400 electrons per AuNP, which was characterized by the blue shift of the AuNP plasmon band
(Figure 11I-11), demonstrates that electrons are efficiently transferred from photoexcited QD
to AuNP in the QD-AuNP composites. All together, these three experiments show that the
elementary steps constituting the Mechanism A are efficient when irradiating QD-AuNP

composites at 590 nm.

llI-4.5 Possible enhancement of light absorption by QD in the QD-AuNP
composites due to local electromagnetic field enhancement in the vicinity of

AuNP.
The photocatalytic activity for the conversion of 8-oxo-dG observed in the first minutes

(Fast regime) for QD-AuNP composites irradiated at 590 nm is 24 times higher than for the
bare QD irradiated in the same conditions (see Table lll-1, entry 4 and Table IlI-2 entry 1). The
near-field enhancement of the electromagnetic field in the vicinity of AUNP should contribute
by improving the absorption of light by the QD in the composites. For evaluating this
enhancement, a point-dipole approximated computation is proposed (see appendix section
A-6). This point-dipole computation was benchmarked with computing the maximal
enhancement factor obtained at a distance of 1nm for an isolated AuNP with 30nm radius in
air EFmax= 5.5 (EFmax being the enhancement of |E|? at the most favorable orientation, |E|
being the amplitude of the electric field of the incident light). This enhancement factor
compares well with the experimental measurement of enhancement factors reported by

Talley et al. for the same AuNP system (EFmax= 7.3)3°. For applying this point-dipole model to
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the QD-AuNP reported here, the QD were considered to be at approximately 3 nm from the

surface of AUNP with 12.5 nm ratio, in water medium. This leads to EFmax= 4.1 (at A=590 nm).

From this very approximate computation, it can be proposed that in the QD-AuNP composites,
the proximity of AUNP enhances the light absorption by QD by a factor up to 4, consistent with
the values reported by Coehn-Hoshen et al. for similar QD-AuNP systems3’. Then, the further
improvement of the photocatalytic activity (up to the experimental factor 24 mentionned
above) can be attributed to the better charges separation due to the efficient electron transfer

from QD to AuNP.
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Conclusion

We have developed a new methodology for preparing covalently linked semiconductor-
metal nanocomposites based on a Click chemistry approach. Using Copper-Catalyzed Azide-
Alkyne Cycloaddition reaction, we designed a modular hybrid CdSe/ZnS Quantum Dots (QD)
and Gold nanoparticles (AuNP) nanocomposite. The obtained morphologies show the
successful covalent assembly between the QD and the AuNP leading to the formation of

heterogeneous structures of AUNP connected through single or several QD.

The photocatalytic activity of the novel nanocomposite shows improved efficiency and
speed compared to the bare QD by achieving 5 times more turnover numbers in the complete
reaction’s time (3 hours), and the reaction could be 24 times faster in the first 10 minutes
compared to the bare QD. The spectroscopic measurements on the photoexcited QD-AuNP
nanocomposites suggest the accumulation of up to 7400 electrons per AuNP, which confirms
the enhanced separation of the photo-induced charges generated on the excited QD, and
supports our mechanistic propositions. Further investigation will be undertaken in our team
to enhance the extraction of the electrons from the photocharhged AuNP, and to employ the

QD-AuNP composites in organic useful reactions.
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Appendix Chapter lli:

IlI-A1- UV-Vis spectra of the tested reactions’ substrates
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Figure IlI-A1: UV-Vis spectra of the reaction tested substrates: 100 uM 8-oxo-dG (A), 70 uM
Nitrophenylalanine (B), 70 uM Nitrophenylalanine-methylester (C), and 100uM

Anthraquinone-2-sulfonate (D)
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111-A-2 HPLC chromatograms for reaction substrates
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Figure llI-A2: HPLC chromatograms for reaction substrates using HPLC detection method with
wavelength detection at 295 nm: A) Chromatogram of 120uM 8-oxo-dG in pH =10 aqueous
medium showing HPLC peak with retention time at 16 minutes, B) Chromatogram of 720uM
NO;PhAla in pH 10 aqueous medium showing HPLC peak with retention time at 18 minutes,
C) Chromatogram of 720uM NOzPhAlaMe in pH 10 aqueous medium showing 2 HPLC peak
with retention time at 18 and 39 minutes and D) Chromatogram of 720uM NO2PhAla in pH 7
aqueous medium showing HPLC peak with retention time at 39 minutes. E) Chromatogram of
720uM Anthraquinone-2-sulfonate in agueous medium showing HPLC peak with retention

time at 37 minutes.
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111-A-3 Photoluminescence Quenching of the CdSe/ZnS QD in the presence of either 8-oxo-
dG or NO2PhAla
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Figure IlI-A3: Quenching of the CdSe/ZnS (600nm) QD photoluminescence by the electron
donor (8-oxo-dG) and the electron acceptor (NO2PhAla). The fluorescence experiments were
carried for 1uM of CdSe/ZnS QD in the presence of 8-oxo-dG reaching 5mM (A) and reaching
50mM of NO2PhAla (C). Stern-Volmer plots 1°/1 = f([quencher]) are plotted for the quenching
with 8-oxo0-dG (B) and NO,PhAla (D).

The fluorescence quenching of water soluble CdSe/ZnS core-shell QD was observed by adding
5mM of 8-oxo-dG to check the possible hole transfer from the QD to the electron donor 8-
oxo-dG (frame-A). The plotted Stern-Volmer plot (frame B) is linear and its slope Ksy. = 575
L-mol™* and the bimolecular quenching constant can be estimated to be ko= 2.8 x 10%°
L-molt-s7! by considering a fluorescence lifetime of 20 ns38 for CdSe/ZnS QD. The linear shape
of the Stern-Volmer plot and as the kq is close 10'° L-mol™ s ! indicates that the fluorescence

qguenching of the CdSe/ZnS QD due the presence of 8-oxo-dG is a dynamic quenching behavior.

In addition, a quenching of the QD photoluminescence was observed by adding 50mM of
NO;PhAla to check the possible electron transfer from the QDs to the electron acceptor

(Frame C). The plotted Stern-Volmer plot (frame D) is linear and its slope Ksy. = 109 L-mol™
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and the bimolecular quenching constant can be estimated to be kq= 5.5 x 10° L:'mol™*-s™* by
considering a fluorescence lifetime of 20 ns for CdSe/ZnS QD. The linear shape of the
Stern-Volmer plot and the kq is lower than 10%° L-mol™ s ~! indicates that the fluorescence
quenching of the CdSe/ZnS QDs due the presence of NO;PhAla is a dynamic quenching
behavior.

llI-A-4 Monitoring the decay of the reactions’ substrate during the photocatalysis
experiments
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Figure lllI-A-4.1: Monitoring the decay of the reactions’ substrate of 8-oxo-dG and NO;PhAla
under the action of CdSe/ZnS QD irradiated by 590 nm LED light source using HPLC detection
with fixed wavelength at 295 nm: A) The decay of the 8-oxo-dG and NO,PhAla during the
reaction with 400 nM CdSe/ZnS QDs in the presence of 500 equiv of 8-oxo-dG and 1500 equiv
of NO2PhAla. B) The decay of the 8-oxo-dG and NO.PhAla during the reaction with 200 nM
CdSe/ZnS QD in the presence of 500 equiv of 8-oxo-dG and 1500 equiv of NO;PhAla. C) The
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decay of the 8-oxo-dG and NO,PhAla during the reaction with 100 nM CdSe/ZnS QDs in the
presence of 500 equiv of 8-oxo-dG and 1500 equiv of NO2PhAla. D) The decay of the 8-oxo-dG
and NO2PhAla during the reaction with 70 nM CdSe/ZnS QD in the presence of 500 equiv of 8-
ox0-dG and 1500 equiv of NO2PhAla.
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Figure IlI-A-4.2: Monitoring the decay of the reactions’ substrate of 8-oxo-dG and NO,PhAla
in pH=10 medium irradiated using 590 nm LED light source using HPLC detection with fixed
wavelength at 295 nm: The decay of the 8-oxo-dG and NOzPhAla in the photoredox reaction

mediated by the QD-AuNP composite as photocatalyst.
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Figure I1lI-A-4.3: Monitoring the decay of the reactions’ substrate of 8-oxo-dG and

Anthraquinone-2-sulfonate irradiated using 590 nm LED light source using HPLC detection

with fixed wavelength at 295 nm: The decay of the 8-oxo-dG in the reaction photocatalyzed

with QD-AuNP composite, and in presence of Anthraquinone-2-sulfonate as electron acceptor

which appears it corresponding HPLC peak observed to be not decreasing during the reaction.
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Figure I1lI-A-4.3: Monitoring the decay of the reactions’ substrate of 8-oxo-dG and
NO;PhAlaMe in pH 10 medium irradiated using 590 nm LED light source using HPLC detection
with fixed wavelength at 295 nm: The decay of the 8-oxo-dG in the reaction photocatalyzed
with QD-AuNP composite, and NO;PhAlaMe as electron acceptor which tends to hydrolyze at

pH=10 and forms a new HPLC peak at the retention time of NO;PhAla.
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Figure I1lI-A-4.4: Monitoring the decay of the reactions’ substrate of 8-oxo-dG and
NOzPhAlaMe in pH 7.4 controlled medium irradiated using 590 nm LED light source using HPLC
detection with fixed wavelength at 295 nm: A) the decay of the 8-oxo-dG and NO,PhAlaMe in
the photoredox reaction mediated by the QD-AuNP composite as photocatalyst, B) the decay
of the 8-oxo-dG and NO;PhAlaMe in the under the action of the reference sample of non-
connected QD and AuNP, C) the decay of the 8-oxo-dG and NO;PhAlaMe in the reaction usnig
CdSe/zZnS QD alone as photocatalyst, and D) the decay of the 8-oxo-dG and NO,PhAlaMe in

the reaction of the AuNP alone as photocatalyst.
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Figure IlI-A-4.5: Monitoring the decay photo-redox reaction substrate in pH 7.4 controlled
medium irradiated using 528 nm LED light source using HPLC detection with fixed wavelength
at 295 nm: A) the decay of the 8-oxo-dG and NO;PhAlaMe in the photoredox reaction
mediated by the QD-AuNP composite as photocatalyst, B) the decay of the 8-oxo-dG and
NO;PhAlaMe in the photoredox reaction mediated by the reference of non-connected QDs
and Au NPs as photocatalyst, C) the decay of the 8-oxo-dG and NO,PhAlaMe in the photoredox
reaction mediated by the CdSe/ZnS QD alone as photocatalyst, and D) the decay of the 8-oxo-
dG and NO;PhAlaMe in the photoredox reaction mediated by the AuNP alone as

photocatalyst.

Page | 226



Chapter 1l

I1I-A-5: Estimation of the surface charge of the AUNP obtained from their plasmon band shift.

The shift of the AuNP plasmon band upon the charging/discharging of the particles takes its
origin in the fact that the resonance frequency of the plasmon depends on the volume density
of the electrons at the Fermi level. As it was stated in section IlI-4.2 of chapter Ill, the plasmon
band of the AUNP was measured by UV-Vis optical spectrometry which gives access to the
extinction coefficient € of the particles in solution. This coefficient results from the scattering
and absorption properties of the particles and is fully described by the Mie theory for spherical
NP3°, When the NP are much smaller in diameter than the optical wavelength, the
electrostatic approximation can be applied to the Mie theory and the extinction factor of a

unique NP takes a simple and analytical expression?! given by:

.o 24m2r3el/? €' (w)
A (€' (w) + 2€,,)2 + €"*(w)

where €,,and €(w) = €'(w) + i €' (w) are the dielectric constant of the solvent and of the
Au-NPs respectively, with w = % the angular frequency, c the speed of light in vacuum, A the

optical wavelength and r is the radius of the NPs.

In the visible range, the dielectric constant of the AuNP is well described by the Drude model*°

2
Wp

wi-iwy

and expresses as: €(w) = €, — where €4, is the high frequency dielectric constant, y

2
is a damping factor and w, = /% is the bulk plasma frequency, with N the volume density
0

of the conduction electrons, m the mass of the electrons, and g, the vacuum permittivity.

The extinction coefficient is maximum at the resonance condition €'(w,es) = —2€,, Which

corresponds to the plasmon resonance of the spherical AuNP. Considering that the damping

. . . . w}
is small compared to w, this resonance condition writes as €, — —— = —2¢,, and, after

res

simple calculations, one can obtain the resonance wavelength dependency on the conduction

electron density:

__2mc meg(Ecot2€m)
Aros = £ = ¢ | e C0®2Em)

2
Wyres Ne
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As observed in the extinction spectra, this formula shows that as the AuNP are
charged/discharged, N increases/decreases and the resonance wavelength

decreases/increases.

If we note AN the variation of the conduction electron density upon a charging or a

discharging process, and N; the initial electron density, we obtain from Eq. 1 that

Ares~Ai (1 - A_N)

2N;

Where, 4; is the initial resonance wavelength when the AuNP are not charged (AN=0).

llI-A-6: Near-field enhancement of the electromagnetic field based on the point-dipole
approximation

When a metal nanoparticle (NP) is irradiated with an electromagnetic (EM) wave of a
wavelength (A), the spatial variation of the electromagnetic field at the scale of the
nanoparticle is very small and we can consider that the nanoparticle is subjected to a uniform
field. Thus, all the electrons generated in the nanoparticle will have the same behavior. Then,
the nanoparticle will polarize under the action of the electric field and will behave like a dipole

oscillating in time with dipole moment:
P = &€ EnEp

where a is the polarizability of the nanoparticle, €, is the permittivity, €,, is the dielectric

constant of the medium surrounding the nanoparticle, and E_O) the incident field.
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The electromagnetic field created by an oscillating dipole could be described as in Figure llI-
A-6

NP

v

ey

ex

Figure IlI-A-6: Nanoparticle as an oscillating dipole

In the optical near field approximation conditions the distance between the two nanoparticles
(r) is considered much smaller than the wavelength (A), r<<A, and the amplitude of the electric

field associated with the oscillating dipole is dominated by the term in 1/r3, hence we can

write:
pilki-0ty . P Li(kr-ob) . . N o
Eyp~— e (e)-—m-—Z="____ (2n.e —ngeg—ngey)_3
A€y €y 4mey €
and
2 1 P |?
Eyg | ~———— (n,.2+ng? +ny?) |5
| NF | (4meg € )3 ( r 6 Z ) r3

Then in the case of a nanoparticle the dipole momentis P = a €, €,,E| , then the electric

near field is considered as:

2 2 2 2y |51
(4Tlr + Ng + Ny ) |E0|

2 a
|Ene | ~ |
4mr3
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And the amplification of the electric near field is then:

.2 2
EF_Evrl _ | @ | (4n,%+n5%+ng?)
|,T0|2 4mr3

Moreover, from Mie theory the polarizability of a nanoparticle having a dielectric constant

€(w) is given as:

;, €(w) —€enp

= 4qq3 —— ™
¢ Ta e(w) + 2¢,,

Where a is the radius of the nanoparticle, then we can obtain that:

EF=%

e(w)—€em
r6 |7~

2
(4n,.2 +ng? +ny?)
e(w)+2en,

Considering that:

n = cosOe, — sinbe,

We can obtain finally:

_a%| e(w) — €n,

EF 7 m
e(w) + 2¢,,

e (3cos6 + 1)

Knowing that, the amplification of the field is maximal at the extremities of the dipole (6=0)

and minimal at 90°.
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Interestingly, Talley et al.3¢ experimentally measured the near field enhancement of 60 nm
AuNP irradiated at A =633 nm and obtained VEFmax=2.7 as he electric field at 1 nm from the
AuNP surface. Therefore in order to confirm the validity of the equation proposed above we
used the data from the report of Talley et al. and we calculated VEFmax =2.35 using the

proposed equation which compares well with the experimental value reported.3®

Then, we applied this equation on the case of our QD-AuNP. In our case, the size of the AUNP
are of 25 nm in diameter (a =12.5nm), the ¢,, of water is 1.77 and we propose that the QD
and the AuNP are separated by 3nm (then r=3), and at the excitation wavelength of A=590 nm

the permittivity*! e=-8.77+i1.576.

Using the point dipole approximation proposed by the dipole oscillation formula:

12.56)( (-8.77-1.77)%+1.5762

EFmax = 4(
15.56/ \(—8.77+2%1.77)2+1.5762

) 4.1

Then from the above calculation, we obtained a maximal enhancement factor of 4.1 for the

light intensity at the QDs position due to the presence of AuNP connected to them.
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CHAPTER IV:

Materials and Methods

Life is an experiment, so test your hypotheses
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Chapter IV

Abstract

In this chapter IV, we present all the experimental protocols, the instrumentation for the
experiments, and their analysis. We describe in detail the procedures used for synthesizing
the different Quantum Dots. We also show the methods followed for the ligands exchange
and the optimization of the surface ligands layer. In addition to the synthesis and
functionalization of the Gold nanoparticles, and the preparation of the nanocomposites of
Quantum Dots and gold nanoparticles. Moreover, we describe the methods used to calculate
the Quantum Dots' properties, such as their diameter, extinction coefficient, and the
reactions’ Quantum Yields. Furthermore, we describe the experimental protocols for the
photocatalysis experiments and the analysis of the reactions' outcomes. Finally, we present
all the instrumental techniques used for the characterizations and the analyses of the different

experiments performed during this Thesis.

Solvents and chemicals
All solvents and chemical reagents were purchased from commercial suppliers such as

Sigma Aldrich or Alfa Aesar and used as received without further purification. Some
commercial Quantum Dots (CdSe-ZnS and oleate-capped InP-ZnS core-shell QDs) were

purchased from the NN-Laboratories (Fayetteville, AR, USA).

In the project of the Quantum Dots-photocatalyzed Tropane derivatives synthesis
presented in Chapter Il, the substrates of the reaction, such as the N-Aryl amines, the radical
traps, and the corresponding reactions’ standard products used were synthesized and
characterized by our colleagues from the Renaud group at the University of Bern. The
complete information concerning the synthesis and the characterization data of the reactions’

standards can be found in the reference 1 (Colson et al.?)

In the project of the hybrid Quantum Dots connected to Gold nanoparticles presented
in Chapter lll. The synthesis of the Gold nanoparticles and their characterization were
performed by the OPTIMA group at the CNRS of Grenoble (See sections V-3 and 4). The azide
click ligands used for the QD functionalization were synthesized, following the procedure
described by Schénweiz et al.?2, by Maureen FUMAT, a L3 trainee student, whom | co-

supervised with Dr. Vincent MAUREL.
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IV-1. Quantum Dots’ Synthesis

The semiconductor Quantum Dots were synthesized using hot injection methods
(Figure IV-1) following literature procedures with certain modifications for each type of
Quantum Dots (QDs). During the synthesis the UV-Vis absorbance spectra were recorded in
order to stop the growth at the targeted QDs’ size (the spectra of the all the QDs are presented

in chapter I, section II-3, page 102)

Vapor outlet

Condenser

™

Temperature regulator

Precursors injections

Argon Flow \\\

3-neck flask

with magnetic stirrer
containing the reaction
mixture

Temperature probe

Heating mantel
4

i\ i—» Agitator Plate

Figure IV-1: : Quantum Dots synthesis setup. A three-necked flask in a heating mantel, with an agitator
plate, a condenser and a temperature regulator.
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IV-1.1. Synthesis and purification of CdS Quantum Dots.

CdS core Quantum Dots were synthesized by preparing a cadmium precursor of
cadmium Oleate and a sulfur precursor of elemental sulfur (S) in octadecene as a non-
coordinating solvent3*, The growth of the CdS QDs was monitored based on their optical
properties using UV-Vis spectroscopy, and then stopped after reaching the targeted exciton

position.

Preparation of the Cadmium-precursor: In a 100 ml 2-neck round bottom flask, we
prepared a mixture of 255 mg of cadmium oxide (CdO, Aldrich >99.99%), 6.3 mL of oleic acid
(technical grade 90%), and 13.7 mL of octadecene (ODE, technical grade 90%). First, the
mixture was degassed using Argon bubbling for 30 minutes while maintaining a vigorous
stirring. Then, the mixture was heated under Argon flow at 250 °C until the mixture became
completely clear (after almost 20 minutes), indicating the formation of Cadmium Oleate
(Cd(oleate)z). The temperature was fixed at 220°C to maintain the solubility of the Cd-

precursor.

Preparation of the Sulfur-precursor: In a 50 ml 2 neck-round bottom flask, we
prepared a mixture of 64 mg of elemental sulfur (99.98%) in 20 mL of octadecene and
degassed the mixture for 30 minutes using Argon bubbling. The mixture was heated at 180 °C

until the mixture became of clear yellow color (it required 25 minutes).

Quantum Dots synthesis: In a 100 ml 3-neck round bottom flask connected to a
condenser, 6 mL of octadecene were degassed for 30 minutes using Argon bubbling and then
heated under Argon flow until the temperature reached 220 °C. Next, we injected 4ml of Cd-
precursor and 2 mL of S-precursor, increased the temperature to 260 °C, and held this
temperature for 2 minutes. Then, we lowered the temperature to 220°C, added 1 mL of S-
precursor and 1 mL of Cd-precursor, and let the mixture set at 220 °C for 1 min. The injection
of cadmium and sulfur precursors induced a shift in the wavelength position of the QDs’
exciton, which indicates the successful growth of the QDs. (See figure IV-2-A). We repeated
the consecutive addition of 1ml of each precursor (Cadmium and sulfur) until the QDs reached
the desired size (5 repetitions for CdS QDs of D=5.7 nm with an exciton absorption peak at
A=460 nm). Finally, the reaction was stopped by cooling the mixture to room temperature and

adding 20 ml of pure toluene.
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Figure IV-2: Optical characterization of the CdS QDs. A) UV-Vis absorbance spectra of the CdS QDs after different
precursors injections during the synthesis. B) Photoluminescence spectra of the CdS QDs.

IV-1.2. Purification of the synthesized CdS QDs.

The QDs’ solution was separated into several centrifuge tubes, and to each tube, 5 ml
of acetone was added to every 7.5 ml of the reactions’ solution. The tubes were centrifuged
for 12 minutes at a speed of 1500 rpm. The centrifugation produced a white pellet refers to
the un-reacted Cd(oleate), and a yellow-colored supernatant with QDs. The yellow

supernatant was decanted from the white Cd(oleate); solid*.

Then, the supernatant was distributed among new centrifuge tubes, and methanol was
added to achieve a 3:1 ratio of methanol: QDs supernatant (in our case, 3ml of QDs and 9 ml
MeOH). We shook the mixture and centrifuged it at 3900 rpm for 10 min. The QDs
precipitated, forming a powder pellet of QDs and a clear supernatant. We discarded the
supernatant and dissolved the pellet in toluene. Next, we re-precipitated the QDs with a three
times excess of methanol (3:1 MeOH:toluene), shook the mixture, and centrifuged at 3900
rpm for 10 min. We discarded the supernatant and dissolved the pellet with toluene. Then, a
3:1 ratio of acetone was added to the QDs in toluene, we shook the mixture, and centrifuged
at 3900 rpm for 10 min. We discarded the supernatant and dissolved the QDs pellet with
toluene. The acetone and methanol washings were repeated five times each, and a yellow

pellet was formed after each centrifugation. Then, for the last purification step, 5 ml of

“In some cases, the centrifugation step produced a yellow pellet. This pellet was re-dispersed in 2ml toluene
and mixed with 1ml of acetone. Then, the tubes were shaken, and new centrifugation was done to obtain a
white pellet of Cd(Oleate)2 and yellow supernatant with QDs.
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acetone was added to the QDs pellet, and the tubes were sonicated for 1 minute to re-disperse
the QDs. The solution was centrifuged for 15 minutes at 3900 rpm and the acetone
supernatant was discarded. This washing with acetone was repeated five times in order to get
rid of any excess reagent (Octadecene, in particular) from the synthesis. Finally, the QDs were

stored in toluene.

IV-1.3. Synthesis of CdSe Quantum Dots.

CdSe core QDs were synthesized by preparing a cadmium precursor of cadmium oleate
and mixed with a selenium suspension prepared in octadecene®. The growth of the CdSe QDs

was monitored until reaching an exciton position at wavelength A= 540 nm.

In a 3-neck round-bottom flask, 300mg of cadmium oxide (Aldrich, >99.99%) were
added to 20 ml of octadecene (technical grade 90%) and 2 ml of oleic acid (technical grade
90%). The mixture was degassed for 30 minutes using Argon bubbling while maintaining a
vigorous stirring for the whole synthesis procedure. After degassing, the reaction flask was
kept under argon flow and then heated to 260°C. Heating was maintained until the solution
became clear, indicating the in situ formation of Cd(oleate),. The mixture was then cooled to
120°C, and Selenium (Se 100 mesh, 99.99%)) suspension in octadecene was injected while
maintaining the argon flow and the stirring. The selenium precursor was prepared by
dispersing selenium powder (100 mg) in 2ml octadecene at room temperature; the solution
was sonicated for 2 minutes then degassed for 30 minutes and sonicated for 2 more minutes

before the injection.

Then for the growth of the QDs, the temperature was raised to 250°C. The mixture's color
changed from black just after the addition of the Se powder to yellow and then to dark orange,
indicating the production and growth of the QDs. The solution temperature was maintained
at the 250-260°C range for 5 minutes to obtain QDs of the desired size (3 nm at A= 540 nm).
Finally, the reaction was stopped by cooling the mixture to room temperature and adding 20
ml of pure toluene. The synthesized CdSe QDs were purified using the same procedure as for

the CdS QDs mentioned above.
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IV-1.4. Synthesis of Inverted type-l CdS-CdSe Quantum Dots.

CdS-CdSe core-shell QDs were synthesized starting from a previously purified sample
of core CdS QDs (core diameter = 5.7 nm) and then cadmium and selenium precursors were
injected for the CdSe shell ®’. The growth of the CdSe shell was targeted for two monolayers.
As a result, after the shell growth, the exciton position is red-shifted to wavelength position

A=530.

The purified CdS core QDs (10uM) were loaded into a three-neck flask containing 16.6
mL of octadecene (ODE) and 0.9ml of (0.3M) Oleylamine (technical grade 90%). The solution
was degassed for 30 minutes using argon bubbling. Then, the mixture was maintained under
argon flow and heated to 230 °C for the shell growth. Precise amounts of cadmium and
selenium precursors in ODE solutions corresponding to one monolayer of CdSe were
alternatively injected into the solution with an equimolar ratio. The growth of each CdSe
monolayer was completed at 260 °C for 20 minutes. The CdSe shell thickness was controlled

by the amount of the precursor injected (See the calculation below).

Precursor’s preparation: 0.2 M cadmium precursor was prepared by dissolving 248 mg
of cadmium oxide in 5.6 mL of Oleic acid and 4.4 mL of ODE at 230 °C. The Se precursor (0.2M)
solution was prepared by dispersing 78 mg of selenium powder in 5ml ODE at room
temperature and degassed for 30 minutes, before the injection, the solution was sonicated

for 2 minutes.

Shell growth: When the solution of CdS core was heated to 230°C the growth of the
CdSe shell was started by adding 1:1 Cd:Se solutions. For the first monolayer, 642 ul of 0.2M
of cadmium and 642 ul of 0.2M of selenium were added at T=230°C and then the temperature
was raised to 260 °C and held for 20 minutes. Then, the second monolayer was similarly grown
by injecting 802 pl of 0.2M of cadmium and 802 ul of 0.2M of selenium and the temperature

was held at 260°c for 20 minutes.

Finally, the reaction was stopped by cooling the mixture to room temperature and adding 20
ml of pure toluene. The synthesized CdS-CdSe core-shell QDs were purified using the same

procedure as for the CdS QDs mentioned above.
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Calculations of the volumes needed for the shell growth were performed based on the

method used by Chen et al.8:
CdS core Diameter = 5.7 nm, then the radius of the CdS core = 2.85 nm

Lattice Constant (for zinc blende) = 0.608 nm

Thickness of each monolayer (t): t=v3/3 x a=0.35 nm

Molecular Weight of CdSe (M) = 191.3 g/mol

Density of CdSe (D) =5.82 g/cm?3

Moles of CdS core QDs used in this volume of stock (n1) = 1.75x107 mole

e Volume needed for the first CdSe monolayer:

Radius of core + 1 monolayer (r1): ri=ro+t=2.85 +0.35 =3.2 nm

Where rg is the radius of the CdS core, r1 is the radius of the core plus 15t monolayer and t is
the thickness of one monolayer

Then, the volume for the first layer (V1) equals V1 = 4/3 x 1t (r13-ro®) = 4.027x102° cm3

The mass of CdSe needed for the first monolayeris V1 x D = 2.34x10° g.

The number of moles of CdSe to be added per particle of CdS is 1.22 x10?! mole/particle.
Then, the number of moles of CdSe to be added to the CdS stock is 1.28 x10™* mol.

Finally, the volume needed for the first monolayer of CdSe is equal to 642 ul of 0.2M (1.28
x10* mol) of cadmium precursor and 642 pl of 0.2M of selenium precursor.

e Volume needed for the Second CdSe monolayer:

Following exactly the same calculations mentioned above but taking into account the radius
of the CdS core and the first monolayer of CdSe, the volume needed for the growth of the
second monolayer of the CdSe shell is 802 uL of 0.2M cadmium precursor and 802 pl of 0.2M

of selenium precursor.
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IV-1.5. Synthesis of Quasi Type-ll CdSe-CdS Quantum Dots.

CdSe-CdS core-shell QDs were synthesized following a one-pot method described in
literature by Peng and co-workers®. The growth of the three monolayers for the CdS resulted

in an exciton position at wavelength A=573 nm.

In order to follow the one-pot synthesis of CdSe-CdS core shell QDs, a different way
was used for the CdSe core than the one mentioned above (Section 1V-1.3). In this case, core
CdSe were synthesized starting from cadmium stearate (CdSt;) instead of cadmium oleate.
The CdSe core were prepared as follow, in a three necked flask, 132 mg of commercial
cadmium stearate (MP biomedicals, Strasbourg, France) was solubilized in 3.5 mL ODE. The
solution was degassed by Argon bubbling for 30 minutes with continuous stirring. Then, the
temperature of the mixture was increased to 250°C, until the solubility of CdSt; in ODE was
accomplished after the formation of clear solution. Selenium suspension was prepared by
dissolving 21.7 mg in 2.5 mL ODE and degassed for 30 minutes. This suspension was sonicated
for 2 minutes before the injection. The growth of the CdSe core was allowed for 8 minutes

and at 250°C.

Then for the growth of the CdS shell, in a 3-neck round bottom flask, 17.1 mL dodecane
(Aldrich 299%), 4.725 mL oleylamine, and 4.5 mL core CdSe were mixed. This mixture was
degassed using argon for 1 hour. The temperature was then progressively raised to 80°C. For
the growth of the CdS Shell, cadmium diethyldithiocarbamate (Cd(DDTC),) was used as a
source for the formation of the CdS shell. Cd(DDTC); was synthesized starting from sodium
diethyldithiocarbamate and cadmium acetate dehydrate (See below). The volumes needed
for the growth of each CdS monolayer were calculated following a similar method to the one
used for the synthesis of the inverted type | CdS-CdSe core-shell QDs (Detailed calculation is

described below).

222 plL of 0.1 M Cd(DDTC); (prepared in a mix of 1.125 mL dodecane and 0.375 mL
oleylamine) as the CdS shell precursor was quickly injected into the above mentioned mixture
containing CdSe core under Argon flow. The temperature was then increased to 160°C, while
the stirring was continued, and maintained constant at 160°C for 20 minutes for the growth
of the first monolayer of the CdS shell. Next, a second injection of 326 uL of 0.1 M Cd(DDTC);

was made while maintaining the temperature at 160°C. The temperature was held constant
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for 20 minutes for the growth of the second monolayer of CdS shell. Then a third injection was
done by injection 451l of 0.1M Cd(DDTC): for the growth of the third CdS monolayer . Finally,
the reaction mixture was cooled down and 20 ml of toluene was added to stop the reaction.

The synthesized QDs were purified and stored in Toluene.

Synthesis of cadmium diethyldithiocarbamate (Cd(DDTC)3): The synthesis procedure
used adapted from a literature method®, where 2.69 g of cadmium acetate dihydrate
(CdAc;.2H,0) was dissolved in 10 mL of distilled water in a first flask. Next, 3.42 g of sodium
diethyldithiocarbamate (NaDDTC) was dissolved in 60 mL distilled water in a second flask. The
NaDDTC solution was mixed with the cadmium acetate solution in a dropwise manner using
Pasteur Pipettes while the latter was continuously stirred. Then, formation of the white
precipitate of Cd(DDTC). was observed. The stirring was continued for 1 hour even after the
addition of NaDDTC was complete. The thick white precipitate was collected in several 50 mL
Falcon tubes, washed with distilled water and centrifuged at 3900 rpm for 10 minutes. The
clear water phase was discarded, and the process was repeated 3 times. Finally, the white

precipitate of Cd(DDTC); was collected and dried for further use.

Calculations of the volumes needed for the shell growth were performed based on the
method used by Chen et al.8 similar to the calculation described for the inverted type-I CdS-

CdSe QDs in section IV-1.4:
CdSe core Diameter = 2.87 nm, then the radius of the CdS core = 1.43 nm

Lattice Constant (for Wurtzite) = 0.6843 nm

Thickness of each monolayer (t): t= 0.34 nm

Molecular Weight of CdS (M) = 144.63 g/mol

Density of CdS (D) =4.58 g/cm3

Moles of CdSe core QDs used in this volume of stock (n1) = 1.04x107 mole

e Volume needed for the first CdSe monolayer:

Radius of core + 1 monolayer (r1): ri=ro+t=1.77 nm

Where rg is the radius of the CdSe core, r1 is the radius of the core plus 15t monolayer and t is
the thickness of one monolayer.

Then, the volume for the first layer (V1) equals V1 = 4/3 x 1t (r13-r0®) = 1.112x102° cm3
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The mass of CdS needed for the first monolayer is V1 x D = 5.09x10%° g.
The number of moles of CdS to be added per particle of CdSe is 3.52 x1022 mole/particle.
Then, the number of moles of CdS to be added to the CdSe stock is 2.2 x10° mol.

Finally, the volume needed for the first monolayer of CdS is equal to 222 ul starting from 0.1M
(2.2 x10° mol) Cd(DDTC),. It was considered that the moles of CdS is equivalent to the moles

of Cd(DDTC); since both the compounds have equal number of cadmium atoms.

e Volume needed for the Second and third CdS monolavyer:

Following exactly the same calculations mentioned above but taking into account the radius
of the CdSe core in addition to the first and second monolayer of CdS respectively, the volume
needed for the growth of the second monolayer of the CdS shell is 326uL of 0.1 M Cd(DDTC),

,and 451pl for the third monolayer.

IV-1.6. Synthesis of InP and InP-ZnS Quantum Dots.

InP core QDs and InP-ZnS core-shell QDs were prepared starting from indium bromide
as an indium precursor and aminophosphine as phosphorus precursor as described by Tessier

et al.10.

For the synthesis of the InP core QDs, 160 mg of indium bromide (Aldrich, 99.99%), as
indium precursor, and 560 mg of zinc bromide (Aldrich, 99.99%) were mixed in 5ml of
oleylamine, which is used as a coordinating solvent during this synthesis. The addition of zinc
halides in the described procedure of InP QDs was shown to assist in controlling the growth
of the QDs size. The reaction mixture is stirred and degassed for 60 minutes using Argon
bubbling. Then, the mixture was heated to 180 °C under Argon flow. Upon reaching 180 °C,
0.45 mL of tris(diethylamino)-phosphine (Aldrich 97%) as phosphorus precursor was injected
into the reaction mixture. After the injection, the temperature was maintained at 180°C for
30 minutes for the InP core QDs synthesis to proceed. At the end of the reaction, the

temperature was cooled down, and 20ml of toluene was added to stop the reaction.

Furthermore, the synthesized InP core QDs were purified as follows: the reaction
mixture was separated into different centrifuge tubes, and a ratio of 1:1 ethanol: QDs solution

was shaken and centrifuged at 3900 rpm for 10 minutes. Then, the QDs precipitate as powder
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pellet and the clear supernatant was decanted. This washing process using ethanol was

repeated three times, and finally, the QDs were stored in toluene.

Synthesis of InP-ZnS QDs: The InP-ZnS core-shell QDs were synthesized in a one-pot process.
An InP QDs synthesis was performed exactly the same as mentioned above. Then, instead of
cooling down the temperature after the 30 minutes of the core synthesis, slow injection of 1
mL of saturated TOP-S was performed. TOP-S solution was prepared by mixing 28.8 mg of
elemental sulfur in 4 mL of trioctylphosphine (TOP, technical grade 90%) under an inert
atmosphere. Then, after 60 minutes of the reaction time, the temperature was increased from
180 to 200 °C. At 120 minutes, 1 g of Zinc stearate (Zn(stearate),, 10-12% Zn basis) dissolved
in 4 mL of octadecene (ODE) was slowly injected. The temperature was raised from 200 to 220
°C. Then after 150 minutes, an injection of 0.7 mL of TOP-S was done, and the temperature
was increased from 220 to 240 °C. At 180 minutes, a slow injection of 0.5 g of Zn(stearate); in
2 mL of ODE was performed, and the temperature was increased to 260 °C. Finally, after 210
minutes of the whole synthesis time, the reaction was stopped, and the temperature was
cooled down and followed by the addition of 20 ml of toluene. InP/ZnS nanocrystals are then

purified using ethanol precipitation as mentioned for the InP core and then stored in toluene.

IV-2. Ligand exchange procedures.

IV-2.1. Ligand exchange using Histidine and (4-azidobenzyl)phosphonic acid.

The ligand exchange using Histidine ligands was applied particularly for CdSe-ZnS Core-
Shell QDs to transfer them into water. The commercially purchased CdSe-ZnS core-shell QDs
are initially coated with octadecylamine ligands, making them soluble in toluene and other
non-polar organic solvents. In this case, the ligand exchange using Histidine ligands was
performed following a procedure reported by zylstra et al.*! with slight modification. First, 500
uL of core-shell CdSe-ZnS QDs in toluene were dried using a vacuum pump and dispersed in
chloroform (CHCI3) as an intermediate solvent. Next, 500 pL of a solution with 0.1 M histidine
and 0.25 M NaOH in 3:1 methanol: H,0 is added to the QDs coated with octadecylamine
ligands in CHCIs. After mixing and being shaken for 1 minute, immediate phase separation of
QDs from the organic phase to the aqueous phase was observed forming a clear phase and

colored one. Then decantation of the clear phase with no QD was done, and 300uL of a 1mM
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histidine and 2.5 mM NaOH solution in Milli-Q water was added to the aqueous phase
containing the QDs. This aqueous solution was washed 4 times with CHCl3. The QDs were
cleaned of excess histidine through filtration with a 30 kDa centrifugal filter. Finally, the QDs
were suspended in distilled water. The absorbance spectra of the QDs before and after the

ligand exchange are presented in Chapter lll, section Il1-2.

Then in order to afford the connection of the CdSe/ZnS QDs with the gold nanoparticles
using click reaction, the CdSe/ZnS QDs were functionalized with (4-azidobenzyl)phosphonic
acid ligands in second step. The obtained water-soluble core/shell CdSe/ZnS QD were
dispersed in a pH=10 borax buffered solution. Then, 500 uM of 4-Azido-benzyl-phosphoric
acid (azido click ligand) prepared in borax buffer (pH=10 ) were added in a second partial ligand
exchange step to have CdSe/ZnS QD coated with a mix of histidine and 4-Azido-benzyl-

phosphoric acid ligands in borax buffered solution ready for the click reaction with the AuNPs.

IV-2.2. Ligand exchange using 3-phosphonoproponic (PPAc).

In order to transfer oleate-capped QDs (CdS or CdSe) from toluene into polar solvents
(such as acetonitrile), we adapted a procedure described by Calzada et al.'? First, a stock of
0.1M phosphonopropionic acid ligands was prepared in a solution of isopropanol, then 500
equivalents of PPAc were added to the QDs in toluene. A few seconds later, the QDs started
to flocculate due to the replacement of oleate ligands from the surface of the QDs by the PPAc
ligands. Then, centrifugation for the solution was done at 3900 rpm for 5 minutes, which
resulted in a clear supernatant and a precipitated QDs powder pellet. Next, we discarded the
clear supernatant and suspended the QDs in Dimethylformamide (DMF). DMF was used as an
intermediate polar solvent to re-solubilize the QDs. Then, to transfer the QDs from DMF, we
diluted the PPA-capped QDs in DMF with 10 mM KOH in water (a molar ratio KOH: PPAc of
5:1). This KOH solution was degassed using Argon bubbling for 1 hour. Finally, we removed
the DMF from the water/DMF mixture by washing the solution 3 times with chloroform. The
washing resulted in a slightly cloudy solution; then, it was degassed using Argon bubbling for
40 minutes to clarify the solution of QDs by evaporating the excess of chloroform. The QDs
were concentrated and cleaned of excess ligands via two successive filtrations with a 30 kDa
centrifugal filter and re-suspended in the polar solvent needed for the reaction, such as
acetonitrile. The absorbance spectra of the QDs before and after the ligand exchange are

presented in Chapter Il, section 1I-8.
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IV-2.3. Partial ligand exchange using octylphosphonic acid (OPAc).

The partial exchange of the native ligands of the QDs with octylphosphonic acid was
done in order to enhance the permeability of the reaction substrates to the QDs’ surface. This
ligand exchange is intended to afford a partial replacement of the native ligands on the QDs’
surface. The addition of OPAc was done as follows: First, a stock of concentrated solution of
OPAc (10mM typically) ligand was prepared under an inert atmosphere and in the same
solvent used for the photocatalytic reaction with the QDs. Then, a solution of known
concentration of QDs (e.g. 1uM of CdS QDs) was prepared in the same solvent. The number
of equivalents of OPAc was calculated and added to the QDs, taking into account the dilution
factor. The mixture was stirred in the dark under an inert atmosphere for 1 hour before
starting the photochemical reaction. The absorbance spectra of the QDs before and after the

partial ligand exchange are presented in Chapter Il, section II-8.

IV-3. Synthesis and Functionalization of Gold Nanoparticles (AuNP)

IV-3.1 Synthesis of Gold Nanoparticles
The synthesis of the Gold nanoparticles protocols are optimized and performed by Dr.
Fabien DUBOIS and Dr. Pierre BAUER from the OPTIMA team, and are reproduced here for the

better understanding of Chapter Il

The Gold nanoparticles (AuNP) are synthesized using the Turkevich-Frens classical
method!3!4, In detail, using the reduction of chloroauric acid aqueous solution in the presence
of sodium citrate, spherical citrate-capped nanoparticles are expected to grow with an
optimized relative large size. AUNP were prepared by the reduction of Tetrachloroauric acid
(HAuCl4) with Trisodium citrate at 100° C. Therefore, 100 mL of a 1.6 mM HAuCls aqueous
solution was boiled in a two-necked round flask while stirring vigorously. Then, 10 mL of a 38.8
mM trisodium citrate aqueous solution was rapidly added to the boiling mixture, resulting in
a color change from light yellow to deep red. After boiling for 10 min, the AuNP colloids were
cooled to room temperature and filtered through a 0.45 um filter before use. The
concentration of the AuNPs obtained was roughly estimated by calculating the ratio of the

total mass of gold to the mass of a 25 nm physical diameter gold sphere (Determined by the
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microscopic imaging as shown in Chapter lll) thus by neglecting the removed hypothetical

aggregates. This yields an upper-bound estimate of ~3 nM of NPs.

IV-3.1 Functionalization of Gold Nanoparticles

The prepared citrate-capped AuNP are functionalized with aqueous Alkyne ligands by a typical
exchange ligand process. In the presence of a mixture of short length chain functional PEGs
composed of an equimolar ratio of amino-PEG-alkyne and amino-PEG-COOH the AuNP are
functionalized in order to afford their connection with the CdSe-ZnS QDs. This composition
mixture presented a good coverage of the active chemical alkyne functions for the covalent
click reaction mixed with the presence of terminal carboxylic acids for stabilizing the charges

surface densities of the metallic nanoparticles.

The functionalized-AuNP were prepared one day before the CdSe-ZnS QD-AuNP composites
synthesis. The ligand functionalization started by injecting a 15/15 (uL) volumic ratio of 0.125
mM Propargyl-PEGs-amine/ Amino-PEGs-acid aqueous solutions and 10 uL of a NaOH aqueous
solution (10 mM) into 5 mL of citrate-capped AuNP. The mixture was then stirred overnight

and filtered through a 0.45 um filter before their use.

IV-4. Synthesis of CdSe/ZnS-AuNP Nanocomposites (QD-AuNP)

The CdSe/ZnS QD-AuNP composites were prepared using CuUAAC click reaction (copper
catalyzed azide to alkyne cycloaddition) using the previously prepared azide functionalized
CdSe/ZznS QD and alkyne functionalized AuNP. The reaction was performed using
CuS04/Sodium ascorbate reagents in water, under an inert atmosphere in order to avoid the
presence of oxygen which can decrease the amount of Cu(l) source by oxidizing it to Cu(ll).
Reference samples were prepared in the same conditions of reaction but without the
presence of azide ligands at the surface of the QDs (Water-soluble QDs functionalized only

histidine ligands).
Composites synthesis protocol

Typically, 500 pL of Milli-Q water, 1 mL of 3 nM functionalized amino-PEG AuNPs and 1.35 mL
of a 12.5 mM borax buffer (pH =10) were mixed. Then, 400 pL of 200 nM of CdSe/ZnS QDs
coated with histidine and 4-(Azido-benzyl)-phosphoric acid ligands in borax buffered solution

was added under agitation. The colloidal suspension was degassed using Argon bubbling for a
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few minutes to remove any traces of oxygen before the addition of 40 uL of a 0.1 mM sodium
ascorbate solution and 40 pL of a 0.05 mM copper sulfate solution, then the reaction was kept
for more than 24 hours to let the click reaction proceed. The suspensions were concentrated
and purified using Vivaspin 2 (2 mL) concentrators. Successive centrifugations (3x) were

performed at 3000 rpm for 3 min to increase the concentration of particles in suspension.

Reference samples were prepared in the same conditions than for the preparation of the
composites (same concentration of QD and AuNP, same buffer pH condition, same
concentrations of Copper sulfate and sodium sulfate reagents) but using histidine capped QDs

(without azide ligands) or using amino-PEG-COOH capped Au-NPs (without alkyne ligands).

IV-5. Estimation of the Quantum Dots characteristics: QDs’ diameter,

extinction coefficient, and concentration.

As described in Chapter | (section I-2) of this Thesis, the properties of the Quantum
Dots could be determined using the equations reported in the literature depending on the
absorption position of the QDs’ exciton. For example, considering CdS QDs, Yu et al.*® reported
the equations useful for the estimation of the CdS diameter and their extinction coefficient
depending on the exciton position (Eq.1 and Eql’). Therefore, using equation Eqg.1 for CdS QDs
having an exciton position at A=460 nm we calculated their diameter to be 5.7 nm, and using

Eq.1’ the extinction coefficient was calculated to be €= 1.18 x10° L.mol.cm™ (Table IV-1).

Deas= (-6.6521 x 10-%)A% + (1.9557 x 10%) A - (9.2352 x 102) A + (13.29) Eq.1

€= 21536 (D) 23 Eq.1’
Moreover, Jasieniak et al.'® reported the equations used for the estimation of the CdSe
QDs’ diameter the corresponding extinction coefficient based on the exciton position (Eq.2
and Eq.2’). Here, for CdSe QDs having an exciton position at A=540 nm we calculated their

diameter to be 3 nm and the extinction coefficient e= 1.78 x10° L.molt.cm™ (Table IV-1).

Dease= (1.62974 x 10°)A%— (2.85743 x 10°°)A° +(1.8873 x 10°%)A% — (0.54736)A +59.60816 Eq.2

= 13 —E(ev). ,
£ = 155 507 + 6.6705 x 10 exp (=" ) Eq.2

Similarly, Reiss and co-workers developed an equation for the estimation of the
diameter of InP based QDs in addition to an equation relating the diameter with their

extinction coefficient!’ (Eq.3 and Eqg.3’). Then, for InP QDs having an exciton position at A=450
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nm we calculated their diameter to be 2.8 nm and the corresponding extinction coefficient e=

1.2 x10° L.molt.cm™ (Table IV-1).

Dine= (-3.7707x10*)A°+(1.0262x10°%) A*-(1.0781x107%) A> +(5.4550x103)A? — (1.3122)A+119.9 Eq.3

€ = (3046.1) (D)3- (76532) (D)*+ (5.5137 x 10°) (D) - (8.9839 x 10°) Eq.3’

The same equation were used for the core-shell structured QDs in order to estimate
their diameter and the corresponding extinction coefficient. All the values were reported in
Chapter-ll, section II-3 of this Thesis. Then, after estimating the corresponding extinction
coefficient of each type of QDs, the actual concentration of each sample of QDs was calculated

following the Beer-Lambert law

Type of QDs Exciton position (A nm) Diameter (nm) g(L.molt.cm™) Band gap E; (ev)
CdS core 460 nm 5.7 nm 1.2 x10° 2.69 eV
CdSe core 540 nm 3.0nm 1.8 x10° 2.29 eV
InP core 450 nm 2.8 nm 1.2 x10° 2.75eV

Table IV-1: Summary of the properties of Quantum Dots. The obtained excition postion of the CdS,
CdSe and InP Core-QDs, thoier calculated diameter and extinction position.

IV-6. Irradiation Setups: Light power and Quantum Yield.

IV-6.1. Visible light irradiation setups.
The used irradiation setups are based on LED sources. The LED system is of Oslon4

power star type, purchased from Osram Opto-Semiconductors. The complete setup is home-
made prepared with the help of Christian LOMBARD (Engineer in the CAMPE team). The setup
consists of a LED system, a 3D-printed sample holder fitted for the reaction vial, and a metallic
heat sink (Figure IV-3). Three different setups were designed with different LED wavelengths
to be suitable for the irradiation wavelength needed for the reaction. A LED system with a
dominant emission wavelength of 455 nm was designed for the Blue light irradiation, a LED
system with a dominant emission wavelength of 528 nm for the Green light irradiation, and a
third LED system with a dominant emission wavelength of 590 nm for the Yellow light

irradiation (See Table IV-2).
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Figure IV-3: Irradiation setups. Home-made setups consist of LED systems of different wavelength.

IV-6.2. Measurement of the light power of the irradiation setups.
The power of the light sent by the irradiation setups was measured using a Thorlabs-

PM100D power meter connected to a Thorlabs-S310C power sensor head, designed for power
measurements up to 15W (Figure 1V-4). The head sensor has a built-in thermistor to control
the overheating of the sensor. The Light power measured for the different LED irradiation

setups used in our photocatalytic experiments is collected in Table IV-2.
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Irradiation setup

Power sensor

Power meter

Figure IV-4: System used for the measurement of the light power sent by the irradiation setup. System
consist of a power sensor connected to a power meter to read the measure power.

Irradiation Setup Wavelength (nm) Light Power (mW)
Blue Light 455 nm 10 mW
ILH-ONO4-DEBL-SC201
Green Light 528 nm 50 mW
ILH-ON04-TRGR-SC201
Yellow Light 590 nm 20 mW

ILH-ONO4-YELL-SC201
Table IV-2: The light power measured for the different irradiation setups with their corresponding
wavelength. The measured power is of +1 uncertainty.

IV-6.3. Calculation of the reactions’ Quantum Yield.

The Quantum Yield (QY) can be determined by the ratio of the number of moles of
product formed per second (Nproduct) to the number of moles of photons absorbed per second
(nphoton) by the photocatalyst Eq.4, Quantum Dots in our case. The number of photons
absorbed can be estimated using chemical actinometry or by measuring the power of light

sent by the used irradiation setup.
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moles of product per second (Nproduct)
Qy - Eq.4
moles of photons absorbed per second (nphoton)

IV-6.3.1 Ferrioxalate Actinometry

The number of photons absorbed during a photocatalytic reaction can be estimated
using chemical actinometry methods. A chemical actinometer constitutes a chemical system
that undergoes a light-induced reaction when irradiated at a specific wavelength and at which
the quantum yield of this reaction is known. Then, the chemical actinometry allows to
determine the intensity of the light received by a reaction medium. In our case, and for the
reactions’ mixtures irradiated using blue light (A=455 nm), we selected Ferrioxalate
Actinometry to determine the number of photons absorbed and, consequently, the Quantum
yield for the blue light QD-photocatalyzed reactions. Ferrioxalate Actinometry*®®° is an easy
to handle actinometry system and the corresponding reaction (Scheme IV-1) can be activated
by blue light irradiation. The evolution of the reaction could be followed using UV-Vis

absorbance measurements.
Ferrioxalate conversion mechanism

In order to determine the amount of Ferrioxalate converted during the irradiation, a
Ferrioxalate solution (see the synthesis below) is prepared in the same reaction vial as the one
used for the photocatalysis experiments; then, several aliquots are collected at different
irradiation times. Next, the collected aliquots are mixed with phenanthroline, which creates a
[Fe''(Phen)s]** complex (Scheme IV-1) from the [Fe'(C204)2)3]> complex generated during the
irradiation of the Ferrioxalate solution. The [Fe'"(Phen)s]** complex exhibits an absorbance
peak at a wavelength close to 510 nm. Then the evolution of the absorbance peak at 510 nm

is used for the determination of the conversion of the Ferrioxalate (See Figure IV-5).
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" 3 Blue Light " ) .
[Fe"(C,0,)51* + €0, — 5 [Fe'(C,0,),]* + 2C,0,> (2)
[Fe'(C,0,),]* +3Phen — » [Fe'(Phen);]** + 2€,0,% (3)

Scheme IV-1: Ferrioxalate actinometry mechanism. The reaction corresponding to the conversion of
the ferrioxalate during its irradiation and the complexation with Phenanthroline.

The conversion of the ferrioxalate and the formation of the [Fe'(Phen)s]?* complexes proceed
as described in Scheme IV-1. Upon irradiation, a photon reacts with the ferrioxalate complex
[Fe'"] (reaction (1)). The ferrioxalate complex is then transformed into the [Fe''] complex and
generates a radical derived from the oxalate. This radical allows the reduction of a second
ferrioxalate complex [Fe'"] into [Fe"] (reaction (2)). Then after the addition of phenanthroline,
[Fe''(Phen)s]** complex is formed (reaction (3)). The Quantum Yield of the Ferrioxalate reaction
is described in equation Eq.5. It is known from literature that, at A =455 nm the Quantum Yield

of the Ferrioxalate is to 1.1218,

moles of Ferrioxalate consumed Eq.5

QYFerrioxaIate =
moles of photons Absorbed (nphoton/ferrioxalate)
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Figure IV-5: The evolution of the UV-Vis of the [Fe"(Phen)s]** complex during the Ferrioxalate
Actinometry. The spectra recorded after the mixing the aliquots collected during the irradiation of
Ferrioxalate solution (aliquots during 180 sec of irradiation) and mixed with phenanthroline.

Synthesis of Ferrioxalate complex

Ferrioxalate complex is synthesized by reaction of iron(lll) chloride (FeCls) with
potassium oxalate K;C204. The synthesis was performed in a total volume of 25mL by mixing
6.25mL of 1M FeCls (1 volume) with 18.75mL of 1.5M K>C;04 (3 volumes). The mixture is
heated to 45°C and stirred for 6h in the dark (the flask being covered by aluminum foil to avoid
the entrance of light). The reaction resulted in green crystals of Ferrioxalate. The Ferrioxalate
crystals are then purified by performing 3 successive recrystallizations in warm water (60°C)
under red light to avoid the photodegradation of the Ferrioxalate. The synthesis took place in

a specific room equipped with red-light similar to a photography laboratory.
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Titration protocol: Ferrioxalate irradiation and addition of Phenanthroline to form the

[Fe"(Phen)3)** complex

The experiment was done in a nitrogen filled glove-box under red light to avoid the
undesired photodegradation of the Ferrioxalate. In a 2 ml HPLC vial, a solution of 0.02M
Ferrioxalate is prepared in 1 ml of 0.1M sulfuric acid (H2SO4) and irradiated using the blue LED
irradiation setup (455 nm, see section IV-6.1). The concentration of Ferrioxalate was checked

using the Beer-Lambert law (A=390nm, €390=312 + 2 L.molt.cm™).

At each irradiation time, a volume of 24l of the Ferrioxalate solution is collected and mixed
with 96uL of 0.025 M Phenanthroline prepared in distilled water, and 12uL of sodium acetate
buffer (NaOAc) prepared in 0.15 M H,SO4. The total volume of each aliquot was complete to

240ul using distilled water.

The prepared aliquots were kept in the dark for 1 hour to ensure the complexation process
between the Phenanthroline. After 1 hour, the collected samples were characterized using

the UV-Vis spectrometer, and the corresponding spectra are plotted in Figure 1V-3.

IV-6.3.2 Calculation of the Quantum Yield using the Ferrioxalate actinometry.
The absorbance peak at A=510 nm, which evolves due to the formation of the

[Fe''(Phen)s]** complex indicates the amount of Ferrioxalate [Fe''l complex consumed.
Knowing that the molar extinction coefficient of the complex Fe'(Phen)s]?* complex is
€510=11100 L.molt.cm™. Then, the amount of Ferrioxalate consumed can be estimated

according to the equation Eq.6

Asypo .V
NFerrioxalate consumed =
€s10. /

Where Asio is the absorbance Fe'(Phen)s]?* complex at A=510 nm collected from the data
represented in Figure IV-5, V is the total volume of the Ferrioxalate irradiated solution in the
reaction vial at the time of each collected aliquot and I is the light path Then, the calculated
amount of converted Ferrioxalate at each irradiation time is plotted in Figure IV-6-A. The

maximum conversion of Ferrioxalate during the 180 seconds of irradiation is 7.12x 10® mol.

Page | 260



Chapter IV

After subtracting the consumed amount of Ferrioxalate from the initial amount used at the
beginning of the irradiation (See the protocol below), we could plot the amount of consumed

or decomposed Ferrioxalate (Figure IV-6-B).
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Figure 1V-6: Evolution of the Ferrioxalate complex during the irradiation. A) Conversion of the
Ferrioxalate and B) the amount of consumed Ferrioxalate. The data are determined based on the
equation mentioned in the Text.

Then, taking equations Eq.5 and Eq.6 together we can determine the number of moles of

photon absorbed after the maximum conversion of the Ferioxalate according to equation Eq.7

moles of Ferrioxalate consumed

moles of photons Absorbed (Nnphoton/ferrioxalate) = Eq.7

QYFerrioxaIate

Then, in order to calculate the Quantum Yield of the QD-photocatalyzed reaction, we should
determine the number of moles of photons absorbed by the QDs (nphoton/aps) during the time
of the photocatalytic reaction based on the number of moles of photons calculated using the
Ferrioxalate actinometry. Therefore, the number of moles of photons absorbed by the QDs is

calculated using equation Eq.8

1-10P4s5 (@QDs)
(nphoton/QDs) = Nphoton/ferrioxalate « Eq.8

1_10-/-\455 (ferrioxalate)

Where RNphoton/ferrioxalate IS the number of moles of photon absorbed by the Ferrioxalate
calculated using Eq.7, Aass(aps) is the absorbance of the QDs during the photocatalytic reaction
at A =455 nm and A ferrioxalate is the absorbance of the Ferrioxalate solution at at A =455 nm

during the actinometry experiment.
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Finally, after calculating the number of moles of the photon absorbed by the QDs during the
photocatalytic reaction, we could estimate the Quantum yield of the reaction using the

equation Eq.9

-A
t(ferrioxalate) N product by QDs 1-107"455 (ferrioxalate)
(QYQDS) = . . . QY ferrioxalate Eq.9

t(aps) Nrerrioxalate consumed 1-10"4ss (QDs)

Sample calculation of the Quantum Yield: Case of CdS QD-photocatalyzed C-C coupling
reaction described in Chapter Il (section 1l-4.4). The reaction yield obtained is 68% on a
reaction scale of 0.001 mmol (680 TON) in 3 hours. Using equation Eq.8 we could calculate the
number of moles of photon absorbed by the CdS QDs during the 3 hours irradiation to be
3.465x10® mol.

Airrad = 455nm, AQD5= 11 (fOf‘ Cds QDS), Aferrioxalate= 1.3 (at A=455nm), /=1 cm (I|ght path |n the
reaction vial)

t=3h=10800s Moles produced = 6.8 x 10”7 mol

Ferrioxalate reaction: 180 s, Quantum Yield at 455 nm = 1.12, amount of Ferrioxalate
converted is 7.12x 10°® mol (From Figure IV-6-A).

Then using equation Eq.9 we calculated a Quantum Yield of 0.18%.

IV-6.3.3 Measurement of the 455 nm LED setup power using the Ferrioxalate actinometry.
In order to confirm the power of light measured by the power sensor (section IV-6.2),
we could calculate the power using the moles of photon absorbed during the Ferrioxalate
actinometry. The number of moles of photons per second (nphoton) could be calculated after
measuring the power of light send by the irradiation setup by the following equation (Eq.10),
where Paps (J/s) being the power of light absorbed by the sample, A is the wavelength of the
LED source in meters, Planck’s constant (h), c is the speed of light and Na being the Avogadro's

number

Pabs X A

Nphoton = — Eq.10
hc x NA
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Then, the Power of light absorbed by the sample could be represented as in equation Eq.11,
where P; is the initial incident light sent by the LED setup and A is the absorbance at the

corresponding wavelength of the LED setup.

Pabs = Pi . (1'10-A)

Eq.11
Therefore, by substituting Eq.11 in Eq.10 we can calculate the initial power using eq.12
o PabS _ nphutun hC .NA qu12
' 1-10A A.1-10

From the Ferrioxalate actinometry the Nphoton/ferrioxalete = 3.5317x10® mol calculated using Eq.7.

And the absorbance of the ferrioxalate sample at 455 nm is 1.3.

Then Pi = 9.8 mW, which is in good accordance with the power measured using the power
meter setup (10 mW) in section IV-6.2. Thus, the actinometry measurement validates the
value for the setup power measured using the power meter. Therefore for the further
calculations of the Quantum vyield for reactions under the irradiation of the green and the
yellow LEDs we rely on the power measured as mentioned in section I1V-6.2.
IV-6.3.4 Calculation of the Quantum Yield using the measured power

In order to calculate the QY of a QD-photocatalyzed reaction, we can use equation
Eq.11 to alternatively calculate the power absorbed by the QDs during the photochemical
reaction irradiated with the different LEDs, with A (in Eq.11) being the absorbance of the QDs

at the corresponding irradiation wavelength.

For example, in the case of CdS QDs with absorbance equals 1.1 at A = 455 nm we calculated

the absorbed power to be Papsiap) =9.2x103 W.

Then, using equation Eq.10 and the calculated Pabsiap),we could calculate the moles of photons
absorbed by the QDs during the photochemical reaction of the same case of CdS QDs (at A =

455 nm) to be Nphoton(ap)=3.496 x10% mol.

Taking the case of CdS QD-photocatalyzed C-C coupling reaction described in Chapter Il
(section 1l-4.4). The reaction yield obtained is 68% on a reaction scale of 0.001 mmol (680 TON)

in 3 hours, then the number of moles produced = 6.29 x 107! mol/s.

Using Eq.4 the QY is calculated to be 0.18%.
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Same way of computation was used for all the calculated Quantum Yields for the QD-
photocatalyzed reactions by taking into account the power of light measured for the green

and yellow LED setups as described in section 1V-6.2.

IV-7. Experimental protocols.

IV-7.1 Photocatalysis Experiments.
All photocatalytic reactions were carried out in a 2ml clear glass screw cap HPLC vial

(See Figure IV-7-A) under an inert atmosphere in a nitrogen-filled glovebox. All the stock
solutions of the reactions’ reagents and the Quantum Dots were dissolved in degassed
solvents placed in the glovebox. The total volume and the concentrations of the reactions’
reagent were adapted to the reaction’s scale, and the reaction medium was maintained under
continuous stirring using a magnetic stirring bar over the complete irradiation time. The
reaction mixtures were set for irradiation using the home-made irradiation setup connected
to Oslon4 power Star LED source of suitable wavelength (See section IV-6). During the
irradiation, small volume aligquots (~30ul) were taken for the analyses at specific intervals of
time during the reaction (Figure 1V-7-B). All the aliquots were taken inside the glovebox, and
the reaction vial was opened only in the glovebox. Then, samples of the collected aliquots

were injected in UV-HPLC or UHPLC-MS systems for the analyses.

A)

Figure IV-7: Reaction vessels used for the photocatalysis experiments. A) 2ml clear glass screw cap
HPLC vial with a septum bonded cap. B) Aliquots collection for the analysis.
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IV-7.2- Photoluminescence quenching.
The photoluminescence quenching experiments were carried out in a Quartz

Fluorescence micro-cuvette (Figure 1V-8). To start the quenching experiments, 120uL of the
QDs solution of known concentration and corresponding absorbance close to 0.5 at the
excitation wavelength were filled in the cuvette. Using PerkinElmer LS 55 spectrometer, the
initial photoluminescence spectrum of the QDs was recorded before the addition of the
guencher. Then, specific volumes from the stock solution of the quencher were added
consecutively to the cuvette containing the QDs solution. The photoluminescence was
recorded after each addition of the quencher. The addition of the quencher stopped after
adding up to 120uL of the quencher and taking into account the targeted concentration of the

added quencher.

Figure 1V-8: 200 ulL Quartz Fluorescence cuvette. The cuvette used for the quenching
experiments.

IV-7.3- Photochemical charging/discharging experiments in the case of QD-

AuNP nanocomposites.
The photochemical charging measurements of the AuNP (Described in Chapter lll,

section 1lI-4) were performed using a UV-Vis absorbance spectrometer connected through
fibers optics connection to a sample holder placed in a Nitrogen-filled glovebox to monitor the
evolution of the absorbance band position of the nanoparticles. The solutions were prepared
in QS 10.00mm Hellma Quartz cuvette and irradiated with the convenient irradiation setup of
590 nm yellow LED. In this particular experiment, a home-made setup was designed to
connect the sample holder (for the cuvette) to the absorbance spectrometer. For the

irradiation during the experiments, the Light was guided from the irradiation setup to the
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cuvette placed in the sample holder using a Quartz rod to ensure an efficient irradiation (see
Figure IV-9). The experimental conditions were set for a composites sample of 20nM QDs
concentrated samples for the charging of the composites experiment. Moreover, a reference
sample of non-connected of QDs with no click ligands and mixed with AuNP, and pure AuNP,
but with the same experimental conditions as in the case of the QD-AuNP nanocomposites
case were also tested. The light source was stopped for the discharging process, and 310uM
of NO,PhAla as electron acceptor was added. The UV-Vis absorbance was measured using the
same cuvette when placed and maintained at a fixed geometry in the spectrometer sample

holder.

Figure IV-9: Setup used during the photochemical charging/discharging experiments. The Light from
the irradiation setup was guided to the cuvette using Quartz rod.

IV-7.4- Cyclic voltammetry.
The cyclic voltammetry experiment were done with the supervision of Dr. Julie ANDREZ

(Researcher in the CAMPE team). Cyclic voltammetry experiments were carried out for 1mM
of the tested compounds prepared in the presence of 0.1M of [BusN][PFs] supporting
electrolyte in acetonitrile solution. All the experiments were done at room temperature in an
argon-filled glovebox. Data were collected using a BioLogic SP-300 potentiostat connected to
a three-electrodes system, including a glassy carbon disk (d=1mm) working electrode, a
platinum wire counter electrode, and an Ag/AgCl reference electrode. The voltammograms of
each compound were recorded at different scan rates (from 20 mV/s to 20 V/s). Potential
calibration was performed at the end of each data collection cycle using the

ferrocene/ferrocenium couple as an internal standard (E° = 0.630 V/NHE).
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IV-8 —Detection of reactions’ products using UV-HPLC or UHPLC-MS.

The monitoring of the reaction’s evolution and determining the corresponding
reactions’ yield were performed using UV-HPLC or UHPLC-MS analysis. For the analyses,
several aliquots were collected during the reaction using a micropipette, as shown in Figure
IV-7-B. Before the injections in the HPLC systems, the aliquots were centrifuged in order to
precipitate the QDs. After centrifugation, the samples of the reactions’ aliquots were collected
and diluted in solvents compatible with the HPLC columns such as water or acetonitrile. The
dilution was done to reach a range of 10-100 nM concentration to avoid the contamination of
the HPLC columns and for optimal detection by the MS spectrometer. The dilution in
acetonitrile was essential in the case of the reaction performed in TFT. The samples were
prepared for the HPLC injections in HPLC vial equipped with the corresponding inserts. The
optimization of the HPLC and the MS detection methods were done with help and the
supervision of Dr. Jean Luc RAVANAT (Researcher at the SYMMES unit, CIBEST team). The
injections of the samples and the instrumental usage of the HPLC systems were done with the
help of Dr. Jean Luc RAVANAT and M. Sylvain CAILLAT (Technician at the SYMMES unit, CIBEST

team).

UV-HPLC. UV-HPLC analyses were performed using an Agilent Technologies 1200
series apparatus equipped with XTerra C18 RP18, 3.5 um, 4.6x250 mm column filled with silica
beads and coupled with a photodiode array absorbance detector. In addition, the wavelength
of the absorbance detection was set to be suitable for each reaction substrate or product. For
the monitoring of the decay of 8-oxo-dG and nitrophenylalanine derivatives (described in
Chapter lll), the elution gradients were set for acetonitrile in ammonium formate (5mM) as
HPLC buffer. The elution gradients were set for acetonitrile from 0% to 15% in ammonium
formate (5mM) as HPLC buffer for the first 25 minutes and then from 15% to 80% in 15 min.
Substrates decay was monitored by absorbance detection (DAD) at wavelength A = 295 nm

and wavelength A = 230 for possible product formation.

UHPLC-MS. The UHPLC-MS analyses were performed with a triple quadrupole mass
spectrometer TSQ Quantum Ultra from Thermo Scientific connected to a Thermo Accela
pump, an Accela autosampler, an Accela photodiode array detector, and equipped with HALO
90 A Phenyl-Hexyl, 2.7uM,2.1 x 100 mm UHPLC column filled with silica beads. The elution

gradients were set for 12 minutes of total elution time (short time needed using the UHPLC
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column), starting with acetonitrile from 0% to 50% in ammonium formate (2mM) buffer for
the first 20 minutes and then reaching 80% of acetonitrile for the last 2 minutes. The mass
spectrometry detections were performed using Selected lon Monitoring (SIM) mode, which
allows the mass spectrometer to detect specific compounds with very high sensitivity. In SIM
mode, the instrument collects the data at the masses of interest instead of stepping the mass
filter over a wide range of masses. This mode of operation typically results in significantly

increased sensitivity.

IV-9. Analyses and characterization techniques.

UV-Visible Absorbance spectroscopy. The UV-Vis absorbance spectroscopic
characterizations of the Quantum Dots and other chemicals were performed using Hewlett
Packard (hp) HP 8H52 diode array spectrophotometer. The measurements were done using

guartz cuvettes and recorded over a wavelength range of 190 nm to 820 nm with a 2 nm step.

The UV-Vis absorbance measurements during the photochemical charging/discharging
experiments in the case of the QD-AuNP composites were performed using a TIDAS® S 500
MCS UV/VIS 1961 diode array spectrometer connected through fibers optics connection to a
cuvette sample holder placed in a Nitrogen-filled glovebox to monitor the evolution of the

absorbance behavior of the AuNPs.

Photoluminescence spectroscopy. The photoluminescence spectra were recorded
using a PerkinElmer LS 55 spectrometer having a wavelength range between 200 to 800 nm
and a power of 120V, 1.25 A, 50/60 Hz. The excitation wavelength, the range and the width

of the slits were adapted for each sample.

Electronic microscope imaging: Transmission electron microscopy (TEM) was
performed on a Philips CM300 microscope operating at 300 kv. The TEM grid was prepared by
depositing and drying a dilute 10 mL drop of colloidal suspension on a carbon-coated copper
grid. Images were collected on a TemCam F416 TVIPS. The samples were prepared in the
CAMPE team but the imaging were done in the OPTIMA team by Dr. Fabien DUBOIS. The data

treatment were done using Image) software.
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General Conclusion and Perspectives

This thesis explores the use of different kinds of semiconductor Quantum Dots (QDs)
as photocatalysts for organic reactions. In the first part, we show the ability of QDs to
photocatalyze a newly developed organic reaction targeting the synthesis of natural products
of Tropane derivatives. The success of this reaction requires two successive charge transfer
processes from the photoexcited QDs. Therefore, we study and compare the activity of
different types and structures of Quantum Dots to perform the desired reaction’s steps. We
show that core structured CdS and CdSe QDs are able to perform all the required redox steps

to obtain the desired final product of the reaction.

The activity of the core-shell structured QDs varies according to the delocalization and
the accessibility of the charge carriers. For example, the activity of the inverted type-I QDs,
which have the electron and the hole delocalized in the outer shell of the QDs, was efficient
and comparable to the activity of the core CdSe QDs. However, type-l and quasi type-Il QDs
show low activity for our reaction as the holes in these structures of QDs are localized in the
core of the QDs. Moreover, we show that InP-ZnS QDs were selective towards only the first

reaction step, probably due to their low reducing conduction band edge position.

The surface functionalization of the QDs by mixing two ligands of different chain
lengths (short and long) significantly influences their photocatalytic activity. This ligand layer
optimization ensures a better permeability for the reaction substrates to reach the QDs’
surface and perform the desired redox processes. In addition, this ligand layer optimization
retains the stability of the QDs and makes them reusable for more than one reaction round.
In this context, the best Quantum yield of the photocatalytic reaction is measured to be 0.18%

using CdS QDs for the one-step reaction.

As a perspective for this part, the upscaling of the QD-photocatalyzed Tropane
synthesis reaction is underway. This is taking place within the collaboration with our
colleagues for the Renaud group in Switzerland in order to run the QD-photocatalyzed

reactions on preparative chemistry scales.
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Furthermore, the investigation of the use of QDs to photocatalyze new carbon-carbon
coupling reactions starting by oxidative radical generation from sulfone or sulfinate-based

compounds is also underway in close collaboration with the Renaud group.

Quantum Dots photocatalyzed organic reactions exhibit low quantum vyields, and the
reactions require a long irradiation time to be completed. This is referred to the fast charge
recombination. Therefore, improving the charge separation in the photoexcited QDs is
essential for enhancing their photocatalytic activity. In this context, we have designed a hybrid
CdSe/ZnS Quantum Dots (QD) and Gold nanoparticles (AuNP) nanocomposite intended to
enhance the separation of the charges generated by the QDs. The QD-AuNP nanocomposites
are prepared by a new methodology based on forming covalent bonds linking the

semiconductor QDs to AuNP using a Click chemistry approach.

The photocatalytic activity of the newly designed QD-AuNP nanocomposite is tested on a
complete redox system consisting of 8-oxo-dG molecules as electron donors and
nitrophenylalanine derivatives as electron acceptors. The QD-AuNP composites exhibit higher
efficiency and speed than the bare QD by achieving 5 times more turnover numbers in the
complete reaction’s time, and the reaction is 24 times faster in the first minutes of the
irradiation time. Furthermore, the mechanistic studies on the photoexcited QD-AuNP
nanocomposites indicate the transfer of up to 7400 electrons per AuNP from the photoexcited

QDs.

The prepared QD-AuNP composites are stabilized in an aqueous medium, so the
transfer and the preparation of such QD-AuNP composites in organic solvents is considered
the next step for this project. Moreover, the use of the QD-AuNP composites for organic bond
formation reactions, such as the reactions described in Chapter Il, is also one of the main

future perspectives of this Thesis.
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Abstract

During the last decade, the development of visible-light photocatalysts has revolutionized the
synthetic organic chemistry field. Colloidal semiconductor nanocrystals, commonly known as Quantum
Dots (QDs), have shown great promise as photocatalysts for various organic transformations, including
oxidations, reductions, and, most recently, bond-forming reactions. QDs possess several encouraging
properties for photocatalysis, including their size-tunable oxidation and reduction potentials and their
high extinction coefficient values in the visible domain. In addition, due to their optical and size
properties, QDs can interact with several substrates at once using very low catalytic loadings. In this
Thesis, we have prepared different types and structures of QDs such as CdS, CdSe, and InP core-type
QDs and different types of core-shell QDs such as CdSe-CdS, CdS-CdSe, CdSe-ZnS, and InP-ZnS. We also
optimized the surface ligands layer to ensure better interaction between the QDs’ and the reaction
substrates. After testing the photophysical properties and the possible charge transfer between the
QDs and the desired reaction’s substrates, we used the prepared QDs as photocatalysts for newly
developed reactions aiming to prepare value-added natural products (such as Tropane derivatives).
Furthermore, we designed a new kind of semiconductor-metallic hybrid nanostructure by assembling
CdSe-ZnS QDs with Gold nanoparticles (AuNP). The QD-AuNP nanostructures were chemically
assembled using a click chemistry approach benefiting from the surface ligands functionalizing the QDs
and the AuNP. The prepared hybrid structure enhanced the photocatalytic catalytic activity compared
to the bare QDs-photocatalyzed reaction. The enhanced activity referred to the better charge
separation and the new optical properties in the QD-AuNP hybrid nanostructure.

Résumé

Au cours de la derniére décennie, le développement des photocatalyseurs a lumiere visible a
révolutionné le domaine de la chimie organique synthétique. Les nanocristaux semi-conductrices
colloidales, communément appelés Quantum Dots (QDs), se sont révélés tres prometteurs en tant que
photocatalyseurs pour diverses transformations organiques, notamment les oxydations, les réductions
et plus récemment, les réactions de formation de liaisons. Les QDs possedent plusieurs propriétés
encourageantes pour la photocatalyse, notamment leurs potentiels oxydation et réduction ajustables
en fonction de leurs tailles et leurs valeurs élevées de coefficient d'extinction dans le domaine visible.
De plus, grace a leurs propriétés optiques et leurs tailles, les QDs peuvent interagir avec plusieurs
substrats a la fois en utilisant de tres faibles charges catalytiques. Dans cette thése, nous avons préparé
différents types et structures de QDs tels que des QDs de type cceur CdS, CdSe et InP et différents
types de QDs cceur-coquille tels que CdSe-CdS, CdS-CdSe, CdSe-ZnS et InP-ZnS. Nous avons également
optimisé la couche de ligands de surface pour assurer une meilleure interaction entre les QDs et les
substrats de réaction. Apres avoir testé les propriétés photophysiques et le transfert de charge possible
entre les QDs et les substrats de la réaction souhaitée, nous avons utilisé les QDs préparés comme
photocatalyseurs pour des réactions nouvellement développées visant a préparer des produits
naturels a haute valeur ajoutée (tels que des dérivés de Tropane). De plus, nous avons congu un
nouveau type de nanostructure hybride semi-conducteur-métallique en assemblant des QDs CdSe-ZnS
avec des nanoparticules d'or (AuNP). Les nanostructures QD-AuNP ont été assemblées chimiquement
a l'aide d'une approche de chimie click profitant des ligands de surface fonctionnalisant les QDs et les
AuNP. La structure hybride préparée a amélioré I'activité photocatalytique par rapport a la réaction
photocatalysée par les QDs nus. L'amélioration de I'activité est due a une meilleure séparation des
charges et aux nouvelles propriétés optiques de la nanostructure hybride QD-AuNP.

Page | 276



