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“Man muss noch Chaos in sich haben, um einen
tanzenden Stern gebären zu können.”

“One must still have chaos in oneself to be able to give
birth to a dancing star.”

Friedrich Nietzsche
“Also sprach Zarathustra”, 1883–1885





Abstract

The profound impact of Quantum Dots (QDs) on both the scientific community
and high-tech daily applications echoes in the 2023 Nobel Prize. QDs are a
diverse class of nanoscale semiconductors with transformative applications
deeply rooted in the digital era and for medical applications. Challenging
conventional preparations and optimizing their synthesis is therefore crucial
for advancing next-generation technologies, particularly under scalable and
sustainable conditions.

This thesis presents an innovative approach to synthesizing chalcogenide
precursors and their application in the continuous-flow production of CdX
(X = S, Se, Te) QDs in water. Tris(2-carboxyethyl)phosphine (TCEP) is
identified as a novel, highly efficient, and water-soluble chalcogenide transfer
agent, enabling the controlled formation of CdX QDs in an aqueous medium.
A comprehensive study of critical process parameters and reaction kinetics is
conducted to optimize their preparation under continuous-flow conditions.

The research explores the seamless integration of TCEP conversion
into TCEP=X (X = S, Se, Te) species within a continuous-flow setup and
their subsequent use in CdX QD formation. Experimental conditions are
systematically optimized for high-quality QD synthesis under both microfluidic
and mesofluidic regimes. Furthermore, an in-depth mechanistic investigation
into QD formation is provided, addressing key chemical transformations and
nucleation-growth dynamics.

The thesis concludes with efforts toward the biofunctionalization of
aqueous QDs using modified biotin, highlighting their potential for biomedical
applications. Future perspectives on biofunctionalization strategies and their
broader implications are also discussed.
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Chapter 1

General introduction

1.1 Preface

This introduction chapter, dedicated to Quantum Dots (QDs) synthesis, aims
to provide the reader with a comprehensive and didactic overview of the key
concept developed in experimental chapters.

This project was initially part of a broader research program (QD3Drops
project), which aimed the development of a genetic diseases sensor. The
detection principle relied on Förster Resonance Energy Transfer (FRET).
In this context, the QDs formation lies on aqueous synthesis, as it offers
significant advantages for subsequent bio-functionalization. Consequently, the
focus of this introduction progressively shifts from general considerations to
aqueous QD synthesis under continuous conditions.

In this perspective, the introduction is structured as follow:

• Section 2: Description of the QDs, their general properties, and their
range of application.

• Section 3: Market and applications to complete the overview on
overall interest as well as application for the technology.

• Section 4: Origin of Fluorescence provides an overview of the physics
concepts that induce the QDs fluorescence, quantitative modelization
with the exception to these models as well as the solution to overcome
them.

• Section 5: QDs formation focuses in details on the crystals formation
though the various phases of the process. Bases on these description
two models global mechanism are presented an conclude on the methods
to stabilize nanocrystals and their morphology.
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• Section 6: Reactor technology provide an overview of the less
known continuous reactors converging into microfluidic systems. The
section then focuses on the key characteristics of the microfluidic
reactors under various point of view (e.g., fluid dynamic, heat transfer,
mixing, concatenation and many more.)

• Section 7: CdX QDs synthesis provides an exhaustive review on the
state of art for QDs synthsis, focusing on the precursors developed since
their discovery, both in organic and aqueous matrices conclude by the
synthesis applied to microfluidic taking advantage of section 6.

• Section 8: Project motivation highlight the weaknesses in QDs
aqueous synthesis and proposes an innovative strategy to overcome
them.

1.2 Description

QDs are nanoscale semiconductor crystals with unique size-dependent optical
and electronic properties. This main feature arises from the interplay of two
key characteristics: their nanometric dimensions, which induce quantum
confinement effects, and the semiconducting nature of their constituent
materials, which govern their optoelectronic behaviour.

QDs were first discovered in the early 1980s, when Ekimov demonstrated
size-dependent emission in semiconductor-doped glasses. [1] Independently,
Brus observed a similar phenomenon in colloidal solutions [2] and developed
the eponymous equation to describe the relationship between QD size and
electronic properties. [3] Later, Bawendi revolutionized QDs synthesis by
introducing advanced precursor chemistry and high-temperature injection
techniques, leading to high-quality, nearly monodisperse QDs with superior
optical properties. [4, 5]

The main reason for this sustained interest for the QDs comes from the
tunability of their properties. Indeed, their optoelectronic properties (i.e. the
properties involving interaction with light and electrical signals) can be
adjusted by modifying both the particle size, typically from 1.5 nm to 10 nm,
and the nature of the bulk material (semiconductor). This unique conjunction
of properties make them suitable for a broad range utilisations due to their
spectral emission, from UV to NIR, [6] as shown in Figure 1.1.

This range of size can be accessed from two approaches: (a) top down
(mechanical way) and (b) bottom up (chemical way). [8, 9] For practical
reasons, most of the current processes to access QDs involve a bottom up
approach. In practice, the monomeric units are synthesized in soluble phase,
in the presence of a ligand. This ligand acts as a stabilizing agent, binding to
the surface of forming nanoparticles and controlling their solubility. As
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Figure 1.1. QDs spectral ranges of emission for accessible for various types of
semiconductor nanoparticles. [7]

the precursor concentration surpasses the nucleation threshold, particle
formation begins, and the ligand remains adsorbed on the surface, preventing
aggregation. These surface ligands play a critical role in preserving the
nanoparticles’ optical properties, solubility, and size distribution overtime.

1.3 Market and Applications

Since their discovery in the early 1980s, the QDs have benefited of an ever
renewed interest, especially in the current context of digitalization. This
increasing interest is illustrated in Figure 1.2 by plotting the number of patent
publication featuring the keys words ”quantum dots” overtime. Indeed, the
total number of granted and applied patents increases from 653 in 2000 to
31.443 in 2024. Among the top applicants for patents in the field are major
technology companies such as Samsung, AT&T, LG Display, Apple Inc., IBM,
and Huawei, alongside leading academic institutions like the University of
California and the Massachusetts Institute of Technology (MIT). [10]

The industry’s enthusiasm for this technology is reflected in market
metrics: in 2023, the QD market was valued at approximately USD 5.69
billion and is projected to reach USD 16.59 billion by 2030, with a Compound
annual growth rate (CAGR) of 16.5%. [11] Among the materials used to
synthesize QDs, cadmium-based QDs (e.g., CdS, CdSe, CdTe) have been
overly represented due to their exceptional optical properties. [11] However,
concerns regarding the toxicity of cadmium have led to increased research and
development of cadmium-free alternatives for safer and more environmentally
friendly applications. [12]
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Figure 1.2. QDs synthesis patent analysis from their discovery to date. [10]

Figure 1.3. Overview of the QDs application. Illustration from [13].
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QDs have a wide range of applications, particularly in emerging technologies
(as summarized in Figure 1.3). They are used in photovoltaic devices such as
quantum dot-sensitized solar cells, [14, 15] as light sources in light-emitting
diode (LED) for enhanced color purity and efficiency and QLED display
monitors, or even as laser sources. [16, 17] They also serve in photodetection
for cameras and sensors, [18, 19] photocatalysis for radical generation in redox
reactions, [20, 21] as well as in bio-imaging (bio-labeling) and medicine,
notably for drug delivery. [22, 23]

Among these various fields, bio-related applications are of particular
interest in the present work. In the frame of the current project, which aims to
develop biosensors for genetic diseases, the focus is placed on bio-applications
based on FRET. This distance-dependent energy transfer mechanism relies on
non-radiative energy transfer between a donor and an acceptor species. In the
presence of the target compound, two populations of QDs embedded in
the matrix are brought into close proximity, enabling energy transfer and
resulting in the quenching of the emission of the smallest QDs. [24, 25] This
approach has demonstrated high sensitivity [26] and is readily adaptable to
biomolecule detection. [27, 28]

1.4 Origin of the QDs fluorescence

Fluorescence is the process in which a molecule, after absorbing an electro-
magnetic wave (photon), enters an excited electronic state. Upon relaxation,
it emits a photon at a longer wavelength (lower energy) due to partial energy
dissipation before emission. The phenomenon of absorption and emission of
photons happen at specific wavelengths, quantified level of energy. The
amount of energy corresponding to these transitions depends on the molecule
involved.

The interplay of various phenomenona involving the absorption or the
emission of photons can be effectively visualized using a Jablonski diagram, as
shown in Figure 1.4. [29] In this diagram, singlet electronic states are denoted
by the letter S (e.g., S0, S1, S2), while triplet states are represented by T.
When a material absorbs energy, it transitions from ground state (S0) to an
excited singlet state (S1, S2). The transition to a fundamental state can occur
through various ways:

• Fluorescence: The excited molecule relaxes to a lower electronic state
and emits a photon at a longer wavelength (lower energy) than the
absorbed one. This energy shift is known as the Stokes shift.

• Phosphorescence: In some cases, the molecule undergoes inter system
crossing (ISC) to a triplet state (T1), followed by delayed photon
emission.
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Figure 1.4. Jablonski diagram of photonic effects, adapted from [29].

• Non-radiative decay: The excited molecule can also return to the
ground state through vibrational relaxation or other non-emissive
pathways, dissipating energy as heat rather than light (not shown in
Figure 1.4).

1.4.1 Band Theory

In their solid form, the materials can be classified into three different
categories, based on their electrical conductivity: insulators, semiconductors
and conductors. This classification is determined by the electronic band
structure, specifically the valence and conduction bands. [30]

The valence band consists of energy levels occupied by electrons that are
bound to atoms, restricting their movement. In contrast, the conduction band
contains electrons that are free to move, enabling the material to conduct an
electric current. If these two bands do not overlap, the energy gap is known as
a band gap (Eg). [31] This property is characteristic of each material, as
illustrated in Figure 1.5:

a) Conductors: They are characterized by a band gap of 0 eV or nearly
zero, allowing free electron movement between the conduction and
valence bands.

b) Insulators: They have a large band gap, typically greater than 4 eV,
preventing electron flow under normal conditions.
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c) Semiconductors: They possess an intermediate band gap, usually
between 0.1 eV and 4 eV, enabling controlled conductivity.

Conductor Semiconductor Insulator
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Figure 1.5. Discretization of the materials based on their band gap properties.

The values reported for the band gap (Eg) in Figure 1.5 are primarily for
informational purposes. Their value is temperature-dependent, affecting charge
carrier mobility within the material. A commonly used model to estimate
Eg(T ) for type II-VI QDs is the Bose-Einstein equation, which explicitly
accounts for electron-phonon interactions. However, alternative approaches
such as the Varshni equation or empirical models are also frequently employed,
depending on material properties. [32]

In most cases, thermal effects generally lead to a decrease in the band
gap due to electron-phonon interactions and lattice expansion. However,
exceptions exist, particularly in certain narrow-band gap, disordered, or
low-temperature systems.

As mentioned earlier, in conductors, charge carriers (electrons) are free to
move within the material. However, in semiconductors at their fundamental
(intrinsic) state, no free charge carriers are present in the conduction band. If
the amount of energy available (under thermal or photo form) is larger
or equal to the band gap, an electron (e−) is promoted from the valence
band to the conduction band. This process generates an exciton (i.e., a
combination of an electron (e−) and a hole (h+)), considered as quasiparticle.
The electron in the conduction band and the hole in the valence band act as
charge carriers, allowing electrical conduction under specific conditions. There
is therefore coexistence of two charge carrier species, of opposite polarities, in
a close environment.
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1.4.2 Electron-hole Confinement

As depicted in the previous section, in semiconductors, the formation of an
exciton corresponds to the creation of a quasiparticle composed of an electron
and and a hole with opposite charges. Due to their opposite charges, there is
a strong Coulomb attraction between them.

For an exciton to exist, there must be a physical separation between the
electron and the hole, known as the exciton Bohr radius, which is specific to
each material. To calculate the Bohr radius, in a semiconductor, the Bohr
radius formula is adapted from hydrogen to exciton, under the denomination
of a∗

B . The modified Bohr radius formula for exciton is given by Equation 1.1.

a∗
B = 4πϵ0ϵrℏ2(

m∗
em∗

h

m∗
e + m∗

h

)
e2

(1.1)

Where:

• a∗
B: Excitonic Bohr radius [m],

• ϵ0: Permittivity of free space [F.m−1],

• ϵr: Relative permittivity of the material [unitless],

• ℏℏℏ: Reduced Planck’s constant [J.s],

• m∗
e: Effective electron mass [kg],

• m∗
h: Effective hole mass [kg],

• e: Electron charge [Coulombs].

In the case of QDs, the particles size becomes comparable to or smaller
than the exciton Bohr radius (a∗

B). This results in quantum confinement,
where the wavefunction of the electron and hole is spatially restricted, leading
to an increase in their kinetic energy and a modification of the Coulomb
interaction. Consequently, the total energy depends of the sum of the kinetic
and potential energies (Ec and Vr respectively), formally: Etot ∼ Ec + V (r).
[33] These models will be more extensively discussed in section 1.4.3.

The quantum confinement can be classified into three distinct regimes
based on the competition between the kinetic energy and the attractive
exciton potential. This classification is determined by a dimensionless
parameter, referred to as the confinement parameter (λ) which is calculated
using Equation 1.2. [34]
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λ = r

a∗
B

(1.2)

Where:

• λ: Confinement parameter [dimensionless],

• r: Radius of the QDs [m],

• a∗
B: Excitonic Bohr radius [m].

– λ ≫ 1: Weak confinement: The size of the quantum dot has
practically no effect on the band gap, and it is close to the bulk material
(∆E ≃ Eg).

– λ ≈ 1: Intermediate confinement: The contributions of both
kinetic and potential energies are comparable. The confinement has a
weak effect on the energy (∆E ≈ Eg).

– λ ≪ 1: Strong confinement: Both contributions are significantly
influenced by confinement, with a particularly strong effect on the
kinetic energy (∆E > Eg).

In addition to its effect on the band gap, quantum confinement has another
important consequence on the behaviour of quantum dots: it causes the
energy levels to become discretized. This means that as the size of the QDs
decreases, the quantization of the energy levels becomes more pronounced.
Both effects due to electron-hole confinement are shown in Figure 1.6.

The discretization of the energy levels of the quantum dots can be
explained by an analogy with quantum molecular orbitals. Semiconductor
crystallites can be seen as sp3 hybridized structures where the orbitals
form bonds between neighbouring atoms, analogous to sets of σ and σ∗

orbitals. The growth of three dimensional crystallites leads to the formation
molecular-like orbitals extending across the entire crystal. In this analogy, the
set of σ orbitals corresponds to the valence band, while the σ∗ orbitals form
the conduction band. As a corollary of this model, when the crystallites size
is reduced to the nanoscale, the energy difference between these molecular-like
orbitals increases due to quantum confinement. This leads to the discretization
of energy levels, meaning that instead of continuous bands, quantum dots
exhibit discrete electronic states. In this model, the highest occupied molecular
orbital in the σ (HOMO) set corresponds to the top of the valence band, and
the lowest unoccupied molecular orbital in the σ∗ (LUMO) set corresponds to
the bottom of the conduction band. [35]

As shown in Equation 1.2, the quantum confinement is a phenomenon that
occurs when the size of a material is reduced below the exciton Bohr radius in
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Figure 1.6. Confinement effect on the band gap and the discretization of the
quantum dots as function of particle size.

one or more dimensions. [30] Depending on the extent of confinement, four
distinct cases can be identified, as summarized in Figure 1.7:

• No confinement: When the crystal size is larger than the exciton
Bohr radius, the material behaves like its bulk counterpart, and the
band gap remains unchanged.

• Quantum well: Confinement occurs in only one dimension, while charge
carriers remain free to move in the other two dimensions. This results
in a planar structure, often used in thin films and heterostructures.

• Quantum wire: Confinement happens in two dimensions, leaving free
movement along one axis. The material has a wire-like shape.

• Quantum dots: Confinement occurs in all three dimensions, forming a
spherical nanosized particle qualified as 0D material, commonly named
quantum dot.

In the frame of the current work, mostly the case of quantum dots (0D
materials) will be discussed.
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Figure 1.7. Quantum confinement dimension effect adapted from [30].

1.4.3 The Efros model and its development into the
Brus equation

Following the identification of quantum confinement in CdS crystallites
dispersed in an aqueous phase, [2] scientists developed analytical expressions
to predict the evolution of the band gap as a function of the confinement
regime. In 1982, Efros et al. introduced a model to predict the band gap of
quantum dots for both strong and intermediate confinement regimes, [36] as
shown in Equation 1.3.

E(r) = Eg + ℏ2π2

2r2

(
1

me
+ 1

mh

)
− βe2

4πϵ0ϵrr
(1.3)

Where:

• E(r): Excitation energy as a function of radius r [J],

• Eg: Bulk band gap energy of the material [J],

• ℏℏℏ: Reduced Planck’s constant [J.s],

• me: Electron mass [kg],

• mh: Hole mass [kg],

• β: Parameters that reflect the defect and irregularities in the material
[dimensionless],

• e: Electron charge [Coulombs],

• ϵ0: Permittivity of free space [F.m−1],

• ϵr: Relative permittivity of the material [dimensionless],

• r: Radius of the nanoparticle [m].

The Efros-Shklovskii equation is actually the sum of three terms:
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– Eg: The band gap energy of the considered semiconductor.

– ℏ2π2

2r2

(
1

me
+ 1

mh

)
: Corresponds to the kinetic energy of the exciton

(Ec). This term is obtained by solving the Schrödinger equation in
the case of a particle of mass m, in a spherical box of radius R, in a
fundamental mode (n=1). [37]

– βe2

4πϵ0ϵrr : Is the Coulombian contribution for the attractive interaction
between the electron (e−) and the hole (h+), corresponding to the
potential V(r), discussed in section 1.4.2.

Building upon the work of Efros et al., Brus popularized an alternative
form of Equation 1.3 by experimentally determining the β parameter as 1.8.
This value holds true in the regime of strong quantum confinement. [3] The
corresponding expression is given in Equation 1.4.

E(r) = Eg + ℏ2π2

2r2

(
1

me
+ 1

mh

)
− 1.8e2

4πϵ0ϵrr
(1.4)

This formulation is the most commonly used, but additional terms can be
added for more accurate modelling.

In the Equation 1.4, the quantum dots radius has a double, opposite,
influence on the band gap. First, 1

r2 which increases the band gap due to
the quantum confinement and − 1

r , reducing the band gap because of the
Coulomb attraction between the electron and the hole. The overall effect can
be visualized in Figure 1.5.

1.4.4 Surface Defect Influences

The band theory applied to semiconductor, along with quantum confinement
effects, enables accurate predictions of the band gap of quantum dots using the
Brus Equation (1.4). However, these models have limitations for ultrasmall
QDs (smaller than 2 nm). At such small dimensions, surface defects may
become significant, leading to deviations from theoretical predictions. These
defects can lead to two major consequences:

• Stabilization (or pinning) of the particles emission

• Formation of mid-gap electronic sates

These states introduce additional energy levels within the band gap, altering
the optoelectronic properties of quantum dots and potentially reducing their
emission efficiency. [38, 39]
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1.4.4.1 Pinned emission

The limitation to the expansion of the band gap, illustrated in Figure 1.8,
finds its origin in a double phenomena.

Figure 1.8. Pinning of the QDs emission.

Firstly, in some cases, a rearrangement of the nanoparticles surface can
occur without disrupting the crystal lattice. This process leads to relaxed
and unrelaxed configurations of the particles. This phenomenon can shift
the relative position of the HOMO and LUMO of the clusters, commonly
referred to as ”self-healing”, by reducing surface traps and stabilizing the
electronic structure of the particles. [40] Secondly, for ultrasmall particles,
Coulomb confinement can become dominant over the kinetic energy of the
charge carriers, favouring the formation of a Wigner phase, in which electrons
organize into a crystalline-like structure due to strong repulsive interactions.
[41]

1.4.4.2 Mid-gap states formation

In addition to the pinning effect, a red shift in the emission spectrum (i.e.
the formation of mid-gap states) is often observed, generally combined
with an increased of the peak Full Width at Half Maximum (FWHM), like
summarized in Figure 1.9. This phenomenon occurs when surface molecules
contain unsaturated (dangling) bonds, creating electronic states at lower
energy levels. [42] Additionally, charge transfer at the interface between the
particle and the surface ligands or the solvent can further stabilize these
mid-gap states. [43–45]

The formation of mid-gap energy states can be partially mitigated by
passivating the surface of quantum dots. This can be achieved either by
adding ligands that bond to unsaturated surface sites, thus minimizing surface
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Figure 1.9. Realistic band gap energy diagram including mid-gap energy level
(trap states).

defects, or by growing a shell around the QD core, forming a core–shell
heterostructure.

1.4.5 Core–shell Nanocrystals and Heterostructures

The synthesis of Core–shell Semiconducting Nanocrystals (CSSNCs) involves
a multi-step process in which several layers are grown on the QD core. This
strategy can be used to improve the Photoluminescence Quantum Yield
(PLQY) by reducing the probability of exciton trapping at surface defects, to
tune the optoelectronic properties of the nanocrystals, and to enhance their
chemical and photostability.

The effect of shell growth primarily depends on the relative positions of
the electronic energy levels of the core and shell materials. For type II–VI
semiconductors, these levels are summarized in Figure 1.10. The energy levels
are given relative to the vacuum level (0 eV): the conduction band minimum
corresponds to the negative electron affinity (−χ), while the valence band
maximum is defined as −χ − Egap. The corresponding values are listed in
Table 1.1. [47]

For the type II–VI semiconductors summarized in Figure 1.10 and
Table 1.1, the bandgap decreases with increasing chalcogen size (e.g., S > Se
> Te) for a given cation. Additionally, comparing different cations shows that
zinc-based QDs exhibit a larger bandgap than cadmium-based ones.

As mentioned above, the choice of materials leads to three main types of
core–shell CSSNCs, as illustrated in Figure 1.11:

• Type I CSSNCs: This is the most common type of core–shell structure.
The core has a smaller bandgap than the shell, so the exciton remains
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Figure 1.10. Electronic energy levels of the type II–VI semiconductors, based on
valence band offsets reported in the reference [46].

Table 1.1. Material parameters of type II-VI bulk semiconductors, data compiled
from [46, 47]. 1: Two lattice parameters are listed due to the Wurtzite crystal
structure, whereas the other compounds crystallize in the Zinc Blende structure.

Material Egap [eV]
Electronic
affinity χ

[eV]

Lattice
parameter

[Å]

Density
[kg.m−3]

ZnS 3.54 4.15 5.41 4090
ZnSe 2.70 4.09 5.668 5266
ZnTe 2.26 3.73 6.104 5636
CdS 2.42 4.30 4.136/6.7141 4820
CdSe 1.74 4.53 4.3/7.011 5810
CdTe 1.50 4.28 6.482 5870
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Eg Eg Eg Eg

Figure 1.11. Schematic illustration of energy-level alignment in various core/shell
structures. The top and bottom edges of each rectangle represent the positions of
the conduction and valence band edges for the core (blue) and shell materials (red),
respectively, adapted from [47].

confined within the core, isolated from surface defects that are passivated
by the shell. Common examples include CdSe/CdS, CdSe/ZnS, among
many others. [47]

• Reverse Type I CSSNCs: In this case, the shell has a smaller
bandgap than the core, causing the exciton to be confined in the shell.
This configuration allows better control over the spatial distribution of
charge carriers. Examples include CdS/CdSe, ZnSe/CdSe, along with
many others. [47]

• Type II CSSNCs: The band alignment depends on the relative
positions of the core and shell energy levels. The electron and hole are
spatially separated, with the electron confined in the material with the
lower conduction band and the hole in the material with the higher
valence band. An example is ZnTe/CdX (X = S, Se, Te). [48]

To achieve improved synthesis of core–shell nanocrystals, it is preferable to
use materials with closely matched lattice parameters. For example, in the
case of CdSe passivation, ZnS is often used. However, its lattice mismatch is
greater than that of CdS (i.e., the difference in lattice constants between two
materials that can induce strain and defects at the core–shell interface when
the mismatch is large). For this reason, CdSe is commonly passivated using a
core–shell–shell structure (e.g., CdSe/CdS/ZnS). [49]
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1.5 QDs Formation

This section will focus exclusively on the bottom-up approach to quantum
dot synthesis. Their formation occurs according to three main stages: (a)
pre-nucleation, (b) nucleation, and (c) growth, eventually accompanied by
Ostwald ripening. A qualitative understanding of these overall processes can
be gained through the LaMer or the Finke-Watzky mechanisms, which will be
discussed in the sections 1.5.5 and 1.5.6.

1.5.1 Pre-nucleation or Phase I

At the origin of every bottom up approach, there is a pre-nucleation phase or
phase I. Indeed, the particle formation is primarily governed by the monomer
concentration and more precisely its concentration regarding to the solubility
threshold.

Since the entire process of quantum dot formation depends on the monomer
concentration, precise control of the kinetic parameters is required to maintain
the monomer concentration in solution above the solubility threshold. This
parameter is critical for controlling the subsequent nucleation and growth
steps.

In most cases, as shown in Figure 1.1, the monomeric units forming QDs
consist of heteroatomic molecules produced through chemical reactions.
The precise control of these monomeric units formation can therefore be
particularly challenging.

1.5.2 Nucleation or Phase II

This section focuses on the homogeneous Classical Nucleation Theory
(CNT), phenomenon that occurs during the formation of soluble QDs.
The nucleation process is driven by changes in Gibbs free energy (∆G).
During supersaturation, dispersed monomers spontaneously assemble into
nanocrystals. However, for these nuclei to become stable, their size must
surpass an activation barrier (∆G‡).

The general expression for the formation of a spherical nucleus containing
n monomers is given by Equation 1.5. The driving forces behind nucleation
can be divided into two main contributions: the gain in chemical energy
(released through bond formation within the crystal) and the increase in
surface energy. [50]

∆G = n(µc − µl) + 4πr2σ (1.5)
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Where:

• ∆G: Gibbs free energy [J],

• n: Number of monomeric building blocks [units],

• µc: Chemical potential of crystal phase [J.mol−1],

• µl: Chemical potential of liquid phase [J.mol−1],

• r: Nucleus radius [m],

• σ: Surface tension [N.m−1].

To express directly the Gibbs free energy variation as function of the
particle radius, the Equation 1.5 is often rewritten by posing:

∆Gv = ∆µ

Ω (1.6)

Where:

• ∆Gv: Gibbs free energy per unit volume [J.m−3],

• Ω: New phase molar volume [m3.mol−1].

and:

n =

(
4πr3

3

)
Ω (1.7)

The combination of Equation 1.6 and Equation 1.7 leads to the Equation
1.8.

n(µc − µl) = 4
3πr3∆Gv (1.8)

The final expression is given by Equation 1.9. In this form, the variations
in Gibbs free energy are directly expressed as a function of particle radius. It
appears as a sum of two terms: the volume term 4

3πr3∆Gv and the surface
term 4πr2σ.

∆G(r) = 4
3πr3∆Gv + 4πr2σ (1.9)
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Where:

• ∆G(r): Gibbs free energy as a radius function [J],

• r: Nucleus radius [m],

• ∆Gv: Gibbs free energy per unit volume [J.m−3],

• σ: Surface tension [N.m−1].

In this form, the critical radius (r∗), at which the nanocrystal spon-
taneously assembles, can be determined. Beyond this point, the system
thermodynamically evolves towards larger particles. This expression is
obtained by identifying the maximum of the ∆G(r) function using Equation
1.9.

∣∣∣∣dG

dr

∣∣∣∣
r=r∗

= 0 (1.10)

It leads that the critical radius of nanocrystal (r∗) is defined by Equation
1.11.

r∗ = 2σ

|∆Gv|
(1.11)

The injection of the critical radius (r∗) expression in Equation 1.11 allows
to calculate the nucleation activation barrier (∆G‡), leading to Equation 1.12.

∆G‡ = 16πσ3

3(∆Gv)2 (1.12)

Figure 1.12 provides a clear summary of the mathematical development of
the nucleation phenomenon, showing the variation of Gibbs free energy as a
function of particle radius. The contributions of the terms introduced in
Equation 1.9 are represented: volume (red curve), surface (black curve), and
their sum (green curve). At small radii, the surface term dominates, making
small nuclei unstable. Once the critical radius (r∗) is reached, the volume
contribution takes over, promoting the growth of the newly formed nuclei.

Note that Equation 1.9 represents an ideal case. In the presence of ions
and ligands, a polar layer may form, or complexation of the reactive species
can occur. These effects may lead to deviations from the ideal case. Therefore,
it is sometimes necessary to add a third term to Equation 1.9, called the ion
interaction energy term (Fions). In practice, this term is computed as a
volume integral of three contributions: electrostatic interactions, solvation
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Figure 1.12. Gibbs free energy (∆G) variation with particle growth.

energy, and entropy. It is challenging to calculate Fions and it is often
required to proceed through numerical simulations. [51]

Finally, the nucleation rate (J) can be determined using an Arrhenius-type
expression, as shown in Equation 1.13. [52] It explicitly depends on the
activation barrier and temperature. The pre-exponential factor is influenced
by the number of nucleation sites, the attachment rate to the nucleus, and the
probability that the radius reaches its critical value (r∗). [53, 54]

J = A. exp
(

−∆G‡

kBT

)
(1.13)

Where:

• J : Nucleation rate [s−1],

• A: Pre-exponential term [dimensionless],

• ∆G‡: Nucleation activation barrier [J],

• kB: Boltzmann constant [J.K−1],

• T: Absolute temperature [K].

The nucleation activation barrier (∆G‡) being determined by mean of
Equation 1.12, its expression is replaced in Equation 1.13, leading to the
Equation 1.14.
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J = A. exp
(

− 16πσ3

3kBT (∆Gv)2

)
(1.14)

Where:

• J : Nucleation rate [s−1],

• A: Pre-exponential term [s−1],

• σ: Surface tension [N.m−1],

• kB: Boltzmann constant [J.K−1],

• T: Absolute temperature [K],

• ∆Gv: Gibbs free energy per unit volume [J.m−3].

The discussion above focuses exclusively on homogeneous nucleation, which
competes with heterogeneous nucleation processes. As the name suggests,
heterogeneous nucleation occurs on pre-existing nucleation sites, such as
impurities or the reactor surface, and is generally favoured over homogeneous
nucleation due to its lower activation barrier. The relationship between the
two activation barriers is given by Equation 1.15, which shows that the
heterogeneous nucleation barrier is reduced relative to the homogeneous one
by a geometrical factor dependent on the contact angle between the liquid
and the solid. [53]

∆G‡
het = ∆G‡

homo, f(θ) (1.15)

Where:

• ∆G‡
het: Heterogeneous nucleation activation barrier [J],

• ∆G‡
homo: Homogeneous nucleation activation barrier [J],

• f(θ): Geometrical reduction factor for heterogeneous nucleation
[dimensionless].

The geometrical factor f(θ) corresponds to the ratio between the volume
of a spherical cap formed during heterogeneous nucleation on a solid substrate
and the volume of a complete spherical nucleus formed during homogeneous
nucleation. This factor quantifies the reduction of the nucleation energy
barrier induced by the presence of a solid surface and is given by Equation
1.16.
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f(θ) = 1
2 − 3

4 cos θ + 1
4 cos3 θ (1.16)

Where:

• f(θ): Geometrical reduction factor [dimensionless],

• θ: Contact angle between the liquid phase and the nucleation site,
determined by Young’s equation [radians].

Equation 1.16 implies that for θ ∈ [0, π], f(θ) ≤ 1, with equality only in
the limiting case of a non-wetting substrate. Consequently, the activation
energy barrier for heterogeneous nucleation is always lower than or equal
to that for homogeneous nucleation. As a result, the free energy barrier
for homogeneous nucleation (∆G‡

homo) is greater than or equal to that for
heterogeneous nucleation (∆G‡

het).

Therefore, optimizing experimental conditions to favour homogeneous
nucleation (e.g., high supersaturation, reactor wall properties, reagent purity)
is essential to minimize the impact of heterogeneous nucleation. [54]

1.5.3 Growth or Phase III

As the monomer concentration decreases below the minimum nucleation
concentration while remaining above the solubility threshold, nucleation
ceases and the excess monomers contribute to particle growth. The general
expression describing particle growth is given by Equation 1.17.

dr

dt
= ṅ

4πr2ρm
(1.17)

Where:

• r: Particle radius [m],

• t: Time [s],

• ṅ: Monomer flux [mol·s−1],

• ρm: Molar density of the solid phase [mol.m−3].

The diffusive flux of material arriving at the particle surface is governed
by Fick’s law, as expressed in Equation 1.18.
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ṅ = 4πrD(C∞ − Ci) (1.18)

Where:

• D: diffusion coefficient [m2·s−1],

• C∞: monomer concentration in the bulk solution [mol·L−1],

• Ci: monomer concentration at the particle interface [mol·L−1].

Substituting Equation 1.18 into Equation 1.17 leads to the general growth
law for quantum dots:

dr

dt
= D(C∞ − Ci)

rρm
(1.19)

Integration of Equation 1.19 yields:

r(t) =

√
r∗2 + 2D(C∞ − Ci)

ρm
t (1.20)

Equation 1.20 is valid from the formation of stable particles (i.e., particles
larger than the critical radius r∗) until another process becomes rate-limiting or
until the concentration gradient vanishes (C∞ −Ci ≤ 0). This diffusion-limited
growth regime is characterized by a r ∼ t1/2 dependence and is typically
associated with particle size broadening, i.e., an increase in the particle
FWHM, see Figure 1.13.

1.5.4 Ostwald Ripening

As the reaction proceeds, the monomer concentration in solution eventually
decreases below the solubility threshold, and particle growth becomes governed
by curvature-induced solubility effects described by the Gibbs–Thomson
relation (Equation 1.21). In this regime, the system minimizes its total
surface energy through the dissolution of smaller particles and the growth of
larger ones, a process commonly referred to Ostwald ripening. [55]

Ceq(r) = Ceq(∞) exp
(

2σVm

rkBT

)
(1.21)
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Where:

• Ceq(r): Equilibrium monomer concentration at the surface of a particle
of radius r [mol·L−1],

• Ceq(∞): Equilibrium monomer concentration at a planar interface
[mol·L−1],

• σ:Surface tension [N·m−1],

• Vm: Molar volume [m3·mol−1],

• r: Particle radius [m],

• kB: Boltzmann constant [J·K−1],

• T: Absolute temperature [K].

The Gibbs–Thomson equation predicts that, at equilibrium, the monomer
concentration surrounding smaller particles is higher than that around larger
ones. Consequently, smaller particles tend to dissolve, releasing monomeric
units that diffuse through the solution and contribute to the growth of larger
particles.

Ostwald ripening

Diffusion control

Size-focusing regime

Broadening regime

Figure 1.13. Evolution of quantum dot growth regimes as a function of particle
radius relative to the critical radius r∗.

Among the various attempts to quantitatively describe Ostwald ripening,
Lifshitz and Slyozov proposed a diffusion-limited model in which the temporal
evolution of the average particle radius is given by Equation 1.22. [56]
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⟨r⟩3 − ⟨r⟩3
0 = 8σCeqV 2

mD

9RT
, t (1.22)

Where:

• ⟨r⟩: Average particle radius [m],

• ⟨r⟩0: Initial average particle radius [m],

• σ: Surface tension [N·m−1],

• Ceq: Equilibrium monomer concentration at the particle interface
[mol·L−1],

• Vm: Molar volume [m3·mol−1],

• D: Diffusion coefficient [m2·s−1],

• R: Gas constant [J·mol−1·K−1],

• T: Absolute temperature [K],

• t: Time [s].

In this framework, Equation 1.22 predicts a growth law of the form
⟨r⟩ ∼ t1/3. Depending on the experimental conditions, Ostwald ripening may
lead either to a transient size focusing or to a broadening of the particle size
distribution. [57, 58]

The transition between growth regimes is illustrated in Figure 1.13.
Initially, particle growth is dominated by high supersaturation and diffusion-
limited monomer supply. Once the solubility threshold is crossed, the system
enters the Ostwald ripening regime, where smaller particles dissolve and feed
the growth of larger ones. Surface ligands can significantly slow down this
process by stabilizing the particle surface, thereby enhancing colloidal stability
and allowing partial control over long-term size evolution.

1.5.5 LaMer Mechanism

Originally proposed by LaMer in 1952, this model provides a conceptual
framework for understanding homogeneous nucleation across a wide spectrum
of fields, from colloid chemistry to metallurgy. [59] It describes how a new
condensed phase emerges from a supersaturated homogeneous medium.

In the context of quantum dots, the system evolves from dissolved
monomeric species toward a solid nanocrystalline phase, as illustrated in
Figure 1.14. The mechanism is classically divided into three stages. In Phase I,
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monomers are produced (typically through a chemical reaction) and gradually
accumulate in the liquid phase. When the monomer concentration reaches the
critical supersaturation threshold, spontaneous homogeneous nucleation takes
place (Phase II). During this burst nucleation event, a large number of nuclei
form over a very short period while the monomer concentration drops rapidly
below the nucleation threshold. Beyond this point, no new nuclei can form.

Under LaMer conditions, the particle concentration during the nucleation
stage can be roughly estimated by:

d[M]
dt

= −k1[M] (1.23)

Where:

• [M] = Monomer concentration [mol.L−1],

• t = Time [s],

• k1 = Kinetic constant for precursor degradation [variable],

Growth by diffusion

Nucleation

Ostwald ripening

Monomers Nuclei Nanocrystals

Critical limiting super-saturation

Minimal nucelation concentration

Solubility threshold

I

II

III

Figure 1.14. Scheme of the LaMer mechanism.

In Phase III, as long as the monomer concentration remains above the
solubility limit, the existing nuclei continue to grow by monomer addition.
Once the concentration falls below this limit, further growth may occur
through Ostwald ripening. A more detailed description of these growth
regimes is provided in the following sections.
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1.5.6 Finke-Watzky Mechanism

The Finke-Watzky mechanism (FW mechanism) mechanism was introduced in
1997 by Watzky et al. in the context of catalytic nanoparticle formation, but
it is now widely recognized as a more general and flexible description of
nucleation and growth phenomena. [60] It can be viewed as a generalization
of the ideal LaMer model.

Whereas LaMer assumes a burst, instantaneous, and purely homogeneous
nucleation event followed by growth, the FW mechanism abandoned these
constraints. In particular, it better describes systems with slow kinetics or
high activation barriers, for which nucleation is not instantaneous. As shown
in Figure 1.15, the time evolution of particle concentration displays an initial
lag phase, during which no detectable nanoparticles are formed. Nucleation
then begins and proceeds according to CNT, producing the first nanoparticles.

The FW mechanism expresses the rate of nanoparticle formation as the
combination of two parallel pathways:

d[M]
dt

= −k1[M] − k2[M][QD] (1.24)

Where:

• [M] = Monomer concentration [mol.L−1],

• t = Time [s],

• k1 = Kinetic constant for precursor degradation [variable],

• k2 = Kinetic constant for the autocatalytic reaction [variable],

• [QD] = Quantum dot concentration [mol.L−1].

Once the first nuclei are formed, their surfaces catalyze further precursor
conversion. This leads to an autocatalytic growth pathway (k2), which is
typically faster and more efficient than the homogeneous pathway described
by k1. As a result, new nuclei may continue to form throughout the reaction,
producing the characteristic sigmoidal particle concentration curve. [61]

1.5.7 QD Surface Passivation

As shown in Equation 1.9 and Figure 1.12, from a thermodynamic point of
view, once the critical radius (r∗) is exceeded, further particle growth becomes
energetically favourable. Surface ligands play a key role in moderating
this process. By reducing the interfacial tension (σ) at the crystal–solvent
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Figure 1.15. General representation of the Finke–Watzky mechanism, showing the
sigmoidal evolution of particle concentration as a function of time. Figure adapted
from [61].

interface, ligands decrease the thermodynamic driving force for nucleation
and growth. This can lead to a quasi-equilibrium state in which growth
significantly slows down or becomes kinetically limited, not due to monomer
depletion but because the surface becomes energetically saturated.

These ligands bind to the nanocrystal surface, providing steric and, in
some cases, electrostatic stabilization. They also contribute to passivating
surface defects, as discussed in Section 1.4.4.

In surface chemistry, [62–67] ligands are commonly classified into three
major types based on their binding modes, as depicted in Figure 1.16. This
classification is determined by their chemical functionality and the nature of
their interaction with the QD surface:

• L-type ligands: Neutral two-electron donors that possess a lone
electron pair, which forms a dative bond with a surface metal atom
(e.g., :PR3, :NH2R, :OPR3).

• X-type ligands: Functional groups that possess an odd number of
valence electrons in their neutral form and require one electron from the
crystal surface to form a two-electron covalent bond (e.g., -O2CR, -SR,
-O(OH)POR).
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• Z-type ligands: Ligands that possess an even number of valence
electrons in their neutral form and act as electron acceptors, forming a
coordinate covalent bond by accepting a pair of electrons from the
crystal surface, typically metal-based Lewis acids (e.g., Cd(O2CR)2,
Cd(SR)2, CdCl2, Cd(OPR3)2).

L-type
Neutral donor

Z-type
Neutral Acceptor

X-type
Terminal lattice

X-type
Bound ion pair

QD

L

MZ2

X [HB]

[X]-[HB]+ = [Cl]-[HPR3]+, [Cl]-[HPO3R]+

M = Cd

X = S, Se, Te

Z

Z = O2CR, Cl, SR, H2PO3R 

L = PR3, NH2R, OPR3 

MZ2 = Cd(O2CR)2, Cd(SR)2, CdCl2, Cd(OPR3)2

Figure 1.16. Illustration of the different coordination types of the cadmium-
chacogenide QDs surface with ligands, adapted from [64].

In practical reaction conditions, the QD surface is often covered by a
mixture of ligand types. The nature of the ligands, their concentration, and
the timing of their introduction during synthesis depend heavily on the
intended outcome. Several strategies can be adopted depending on the desired
particle properties:

• Use of weakly binding ligands during growth, which allows larger
particle formation, followed by introduction of strongly binding ligands
to halt growth and stabilize the surface.

• Use of moderate-affinity ligands throughout, which facilitates post-
synthetic ligand exchange to tune solubility or surface functionality.

• Early introduction of X-type ligands, which strongly bind to the surface
and limit particle growth, resulting in smaller QDs sizes.
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A concise overview of ligand classes and their binding characteristics is
provided in Table 1.2, helping to rationalize the chemist’s choices.

Table 1.2. Summary of ligand types, their chemical nature, interaction types with
surfaces, and relative bond strengths.

Ligand
type Ligand nature Interaction type Relative bond

strength

X-type Anionic ligand
(Lewis base)

Ionic or polarized
covalent bond Strong

L-type
Neutral donor
ligand (Lewis

base)

Covalent dative
bond (σ-donation) Moderate

Z-type
Neutral acceptor

ligand (Lewis
acid)

Back-donation or
metal-to-ligand
π-backbonding

Variable (often
weak to

moderate)

The impact of ligands on quantum dot nucleation, growth, and surface
stabilization cannot be fully decoupled from the physical conditions under
which the synthesis occurs. Temperature gradients, mixing efficiency,
and precursor delivery rates all modulate the outcome of surface–ligand
interactions.

1.5.8 Quantum Dots Morphology

As depicted in Figure 1.7, quantum confinement can occur over different
dimensionalities, leading to a wide range of optoelectronic properties. These
properties depend primarily on the synthesis pathway. In Section 1.5.3, it is
assumed that, during the growth phase, all sites where monomeric units are
deposited are equivalent. However, the parameters Ceq(∞) (equilibrium
concentration on a planar surface) and σ (surface tension), as defined in
Equation 1.21, are not necessarily identical across all crystallographic surfaces,
which can result in nanocrystals with diverse morphologies. [68] Depending on
facet availability, the growing crystal can evolve into either an isotropic
structure (e.g., 0D confinement) or an anisotropic one (e.g., 1D or 2D
confinement).

From a thermodynamic perspective, the Curie–Gibbs–Wulff theorem states
that not all facets of a growing crystal are equivalent, thereby influencing its
final morphology. [57] As discussed in Section 1.5.7 and shown in Table 1.2,
the bond strength between the surface and the ligand can either promote the
addition of monomeric units or inhibit growth on a given facet. During the
growth phase, the dynamics of ligand binding and exchange at the synthesis
temperature modulate these facet-dependent energies, thereby coupling
surface chemistry to crystal shape evolution. [69] This interplay primarily

50



Chapter 1. General introduction

affects the surface tension term σ in the thermodynamic description of
morphology. [40, 70]

In addition to these surface-related effects, the concentration of available
monomers also governs the growth regime and thus the resulting shape. It
plays a significant role in determining Ceq(∞) [71]:

• Low monomer concentration: isotropic nanocrystal growth, typically
exhibiting 0D confinement.

• Intermediate monomer concentration: anisotropic growth, often
resulting in rod-like structures (1D confinement).

• High monomer concentration: strongly anisotropic growth, poten-
tially forming tetrapods.

More generally, when nanoparticles exceed a size of approximately 10 nm,
anisotropic growth is often favoured under typical synthetic conditions,
thereby impacting the emission properties of the resulting quantum dots.

1.6 Reactors Technologies

This section is primarily based on the lectures given by Sophie Liégeois within
the framework of the ”Génie Chimique 4, Réacteurs Chimiques” course at
Meurice Institut during the 2017–2018 academic year as well as the reference
book ”Fogler, H. S. (2016). Elements of Chemical Reaction Engineering (5th

ed.)” [72]

1.6.1 Reactors Overview

The reactor is at the heart of chemical processes, where reagents are converted
into the desired products while optimizing conversion efficiency, product
selectivity, and reaction rates. Over time, various reactor types have been
developed to improve both conversion efficiency and selectivity. Inside the
reactor, many parameters, such as heat and mass transfer, residence time,
and temperature control, can significantly influence the reaction outcome.
Therefore, it is crucial to judiciously select the most suitable reactor type based
on factors such as reaction kinetics, heat and mass transfer characteristics,
and energy efficiency. [73]

Three main types of reactors have been developed, each with its distinct
operational advantages and limitations. The comparison between them is
often based on the time reaction (t for batch) or mean residence time (τ for
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Ideal Reactor

Continuous process

Time Homogeneity

CSTR PFTRBatch reactor

No Yes

No Yes

Figure 1.17. Reactor choice decision tree

continuous reactors, e.g., τ = V
V ′ , where V = reactor volume, V’ = Flow rate)

required to reach a given conversion (X). [74] Their main characteristics and
design equations are summarized below:

a) Batch reactor (BR)

They are widely used, especially in laboratory settings for R&D and in
industries such as pharmaceuticals and fine chemicals. In an ideal case,
they are perfectly mixed, ensuring uniform composition throughout the
reactor. The concentrations of the chemical species are unsteady and
change over time, as the conversion of reagents to products increases.
However, they operate in a discontinuous manner, requiring filling,
reaction, and emptying steps.

tbatch = −
∫ CAf

CA0

dCA

−rA(CA) (1.25)

b) Continuously Stirred Tank Reactor (CSTR)

Very much alike batch reactors, CSTRs are tank reactors that are
ideally perfectly mixed. However, unlike batch reactors, they operate
with a continuous inflow and outflow of reactants and products. This
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continuous operation allows them to reach and maintain a steady-state
regime under ideal conditions.

τCST R = CA0 − CAf

−rA(CAf ) (1.26)

c) Plug Flow Tubular Reactor (PFTR)

This type of reactor consists of a tubular geometry in which steady-state
conditions are maintained, while concentration and temperature vary
along the reactor length. It also operates continuously and, under ideal
conditions, assumes no axial mixing and perfect radial mixing.

τP F T R = −
∫ CAf

CA0

dCA

−rA(CA) (1.27)

Where:

• τ : The mean residence time [s],
• CA: The concentration of species A [mol.L−1],
• rA: The reaction rate of species A [mol.L−1.s−1].

As a corollary to these design equations, the relevant reaction kinetics
parameters must be known in order to select the most suitable reactor. As a
first approach to selecting the appropriate reactor technology for a given
reaction, a simplified decision tree is presented in Figure 1.17. For practical
reasons, continuous reactors are preferred over batch reactors whenever
possible because their systems are more stable over time, allowing better
control of operating conditions and thus a more homogeneous production.

1.6.2 Continuous Reactors

Both CSTR and PFTR operate in continuous mode, transforming reagents
over time. At steady state, the inlet flow rate (V’in) equals the outlet flow
rate (V’out), as illustrated in Figure 1.18. This implies that the system is
considered ideal, with no accumulation of compounds within the reactor.

Despite this common characteristic, each reactor has its own operational
properties. The following subsection compares ideal CSTR and PFTR reactors
based on the mean residence time (τ) required to achieve a given conversion
degree (X), the breakthrough curves F(t), and thermal exchanges.
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V'in

V'acc

V

V'in = V'acc+V'out

V'out

Figure 1.18. Volumetric balance inside a continuous flow reactor at steady state

1) Comparison of the mean residence time through Levenspiel
diagram

The Levenspiel diagram consists of a plot with the compound con-
centration on the x-axis (abscissa) and r−1 on the y-axis (ordinate).
Therefore, the reaction kinetics must be known beforehand.

In this diagram, the inverse of the reaction rate is plotted against the
compound concentration. This representation makes it possible to
visualize the mean residence time (τ) required to achieve the desired
compound concentration (CA).

Indeed, Equations 1.26 and 1.27 define the area corresponding to τ in
Figure 1.17, for both reactor types.

Figure 1.19. Comparison of the mean residence time τ for ideals CSTR and PFTR
to reach a CAf starting from CA0 . In the example presented above: ra = −kC2

A,
where k = 1 L.mol−1.min−1.

The example illustrated in Figure 1.19 shows a second-order reaction
where reagent A is converted into another product. The initial
concentration is CA0 = 1 mol.L−1 and the expected final concentration
is CAf

= 0.2 mol.L−1. In both cases, the kinetic constant is k = 1
L.mol−1.min−1.
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The results show that in the CSTR τ = 20 min, whereas in the PFTR τ
= 4 min. This means that to achieve the same conversion, the PFTR
requires five times less time than the CSTR.

2) Comparison of the breakthrough curves (F (t))

The breakthrough curves (F (t)) provide a useful criterion for estimating
the response time of a continuous reactor to a step injection, mathemati-
cally represented by a Heaviside function H(t). This situation often
occurs when introducing a new reagent into the reactor.

This response curve is calculated using Equation 1.28, and an example
of the response curves for both reactor types is presented in Figure 1.20.
[75]

F (t) =
∫ ti

t0

E(t)dt (1.28)

Where:

• F (t): The breakthrough curve [dimensionless],
• E(t): The residence time distribution [s−1].

Figure 1.20. Comparison of the breakthrough curves (F (t)) for ideal CSTR and
PFTR in response to a Heaviside function; in this example τ = 1 min.

The breakthrough curve, illustrating the response time at the outlet of
both the CSTR and PFTR to a step injection of a tracer compound, is
presented in Figure 1.20. In this example, the mean residence time has
been fixed to 1 min.

In the case of the CSTR, the curve takes the form of an exponential
growth function, tending toward a horizontal asymptote of 1 as time
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→ ∞. At τ = 1 min close to 60% of the outlet flow is composed of the
tracer. Therefore, it is necessary to wait several τ ’s to reach steady
state.

However, in the case of the an ideal PFTR, since the flow is a plug flow,
at τ = 1 min, the outlet flow reaches 100% tracer concentration. The
time required to reach steady state in the case of a PFTR is much
shorter than for a CSTR.

3) Comparison of the thermal transfer

In most cases, to keep at constant temperature a reactor, a Heat
Transfer Fluid (HTF) circulates around the reactor, transferring heat
toward it. This heat transfer typically occurs at an interface (often
solid/fluid, i.e., at the wall of the reactor) through a phenomenon
called convection (i.e., the combination of conduction and advection.
The general expression used to quantify the heat flux by convection is
summarized in Equation 1.29.

Q = h · Ω · (Ts − Tfl) (1.29)

Where:

• Q: Heat transfer [W],
• h: Heat transfer coefficient by convection [W.m−2.K−1],
• Ω: Exchange surface [m2],
• Ts,fl: Temperature difference between the solid and the fluid [K].

In most cases, convection around the reactor is driven by mass transfer
of the HTF. The study of the temperature evolution in such a system is
often very challenging, as it leads to differential equations that are
difficult to solve. One solution is to solve these equations numerically,
which opens the field to Computational Fluid Dynamic (CFD). However,
there is an empirical alternative involving dimensionless numbers. In
the case of forced convection, the empirical correlation is given by an
expression of the form Equation 1.30, derived using the Buckingham
theorem.

Nu = k · RemPrn (1.30)

Where:

• k,m,n: Constants depending on the geometry, flow regime, etc.
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The Nusselt number (Nu) is a dimensionless number that characterizes
the ratio of convective to conductive heat transfer at a boundary. It is
defined as:

Nu = hLc

λ
(1.31)

Where:

• h: Convective heat transfer coefficient [W.m−2.K−1],
• Lc: Characteristic length [m],
• λ: Thermal conductivity of the fluid [W.m−1.K−1].

A higher Nusselt number indicates a dominant convective heat transfer
mechanism.

The Reynolds number (Re) is a dimensionless quantity that
determines the flow regime of a fluid. It is given by:

Re = ρvLc

µ
(1.32)

Where:

• ρ: Fluid density [kg.m−3],
• v: Average velocity of the fluid [m.s−1],
• Lc: Characteristic length [m],
• µ: Dynamic viscosity [Pa.s].

The flow regime of a fluid is classified, according to the numerical value
of Re:

• Re < 2300: Laminar flow (smooth and orderly).
• 2300 < Re < 104: Transitional flow (mix of laminar and

turbulent behaviour).
• Re > 104: Turbulent flow (chaotic and highly mixing).

The Prandtl number (Pr) is a dimensionless number that represents
the ratio between momentum diffusivity (viscous effects) and thermal
diffusivity. It is given by:

Pr = µcp

λ
(1.33)
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Where:

• µ: Dynamic viscosity [Pa.s],
• cp: Specific heat capacity at constant pressure [J.kg−1.K−1],
• λ: Thermal conductivity of the fluid [W.m−1.K−1].

In order to illustrate the difference in thermal transfer between a CSTR
and a PFTR, a concrete example is shown in Figure 1.20. In this case
study, a 1 L reactor is immersed in a HTF at 80 °C, with (V’in) =
(V’out) = 75 mL.min−1, and the fluid involved is water. The purpose
of the exercise is to determine the time required to reach 80 °C. The
reactor properties are as follows:

• PFTR: internal diameter = 50 cm, ReP F T R = 1909, for laminar
flow, in a pipe, Nu = 3.66, leading to a hP F T R = 43.92 W.m−2.K−1.

• CSTR: geometry = spherical, mixing rotor at 300 rpm paddle
diameter = 3 cm. ReCST R is estimated to 14137, Pr = 7 (assumed
constant). For these conditions, the Ranz-Marshall correlation was
used (i.e., for Equation 1.30, k = 2, m = 0.5, n = 0.33). This
resolution led to hCST R = 825.5 W.m−2.K−1.

• Calculation note: The values reported above are calculated under
the assumption that the reactor wall remains at a constant
temperature (hypothesis valid only for highly conductive walls)
and that heat transfer occurs only at the reactor-liquid interface.
For a more accurate heat transfer calculation, two additional steps
must be considered: the convective heat transfer from the HTF to
the reactor wall (using the same process as in Equation 1.30) and
the thermal conductivity of the reactor material (λ).

The comparison of the heat transfer coefficient (h) is already telling:
825 W.m−2.K−1 for the CSTR vs 44 W.m−2.K−1 for the PFTR. This
significant difference can be clearly visualized in Figure 1.19: The
CSTR reaches fastly the set temperature in approximately 1 min while
the PFTR takes about 4 min. These results are mainly explained by the
turbulence in the respective reactors: ReCST R = 14137 compared to
ReP F T R = 1909. This indicates that, because the flow regime in the
PFTR is laminar, it results to a weak axial thermal dispersion.

4) Global conclusions for continuous reactors

The conclusions of the discussion to compare the CSTR and PFTR are
summarized in Table 1.3.

This comparison highlights that both technologies have their advantages
and drawbacks. However, it appears that the PFTR offers more benefits
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Figure 1.21. Exemple of thermal behaviour of the CSTR vs PFTR to reach 80 °C
starting from 20 °C

Table 1.3. Comparison between ideal CSTR and PFTR based on τ , thermal
behaviour, and fluid dynamics.

Criterion CSTR PFTR

τ in Levenspiel’s
diagram

Rectangular shape with
larger surface than the
one between r−1

a and 0

Closely follows the r−1
a

curve and minimizes τ

Fluid dynamics
Complete macroscopic
mixing, large residence

time dispersion

Laminar flow, limited
axial dispersion

Thermal
behaviour

Uniform temperature,
efficient heat transfer

Axial temperature
gradients, heat transfer

limited by geometry
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than the CSTR, except in terms of thermal exchange. This could
pose a challenge in the context of this project, as a rapid drop to the
temperature set point is crucial for achieving efficient super-saturation.
The key factor limiting heat exchange is the pipe diameter. In this
context, the emergence of microfluidic reactors could provide a promising
compromise, allowing the advantages of the PFTR while also leveraging
the benefits of microfluidics.

1.6.3 Microfluidic Reactors

Over the past two decades, the reliance on traditional glass batch reactors has
gradually shifted towards a new generation of reactors: continuous flow
reactors. In addition to inheriting the intrinsic advantages of PFTR (as
discussed above), scaling down further enhances mass and heat transfer
due to an improved surface-to-volume ratio compared to macrofluidic
systems. Furthermore, these reactors effectively integrate both technology and
chemistry, opening new avenues for innovation. A key benefit is their seamless
integration with ancillary technologies, such as advanced automation and
Process Analytical Technology (PAT). [76] Besides their inherent advantages,
continuous flow reactors also present limitations, such as handling solids or
highly viscous liquids.

It is important, when discussing scaling down, to clearly distinguish
between microfluidic and mesofluidic systems. In the case of microfluidics,
the pipe dimensions typically range from 250 µm to 750 µm in internal
diameter, while in mesofluidics, the range is from 1 mm to several cm. [77]
The following section will focus solely on microfluidics, providing an overview
of how microscale technologies can enhance chemistry research, applications,
and safety.

1) Thermal Perspective

As discussed in Section 1.6.2, PFTR reactors offer a broad range of
advantages: continuous operation, shorter mean residence time (τ ), and
reduced flow dispersion. However, their geometry often results in low
Reynolds numbers (e.g., laminar flow regime), leading to stratified fluid
streamlines. The fully developed expression for temperature evolution
along a pipe reactor is given in Equation 1.34.

∂T

∂z
= Re · Pr · R

r ·
(

1 −
( r

R

)2
) · ∂

∂r

(
r

∂T

∂r

)
(1.34)
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Where:

• T : Temperature [K],
• z: Axial position [m],
• Re: Reynolds number [dimensionless],
• Pr: Prandtl number [dimensionless],
• R: Pipe radius [m],
• r: Radial position in the pipe [m].

As shown in this equation, the pipe radius plays a crucial role in
convective heat transfer, especially under laminar flow conditions.
Reducing the internal diameter (i.d.) of a PFTR from the macroscopic
to the microscopic scale (typically below 750 µm) significantly enhances
heat transfer efficiency by increasing the surface-area-to-volume ratio.
This transition mitigates the main limitation of traditional pipe reactors
and enables more effective thermal control in continuous processes.

2) Inherent Safety

In addition to the intrinsic benefits of PFTR in microfluidics, such as
precise residence time control, optimized fluid dynamics, and efficient
thermal regulation, microfluidic reactors offer significant inherent safety
advantages due to their small scale and unique operating principles.

• Low internal volume:

– Continuous operation allows a given production rate to be
achieved with significantly smaller reactor volumes.

– Smaller reactor volumes ensure that, in processes involving
hazardous substances, only limited quantities of chemicals are
present at any given time.

– As fewer chemicals are in contact at any given time, the risk
of runaway reactions is significantly reduced.

• Fast thermal exchanges:

– High heat dissipation due to the important surface:volume
ratio. This is critical for exothermic reactions. As shown
in Equation 1.34, the reduced thermal gradient across the
microchannels enhances heat transfer, preventing thermal
runaway.

– Additionally, the convective heat transfer coefficient (h) is
increased in microfluidic systems (see Equation 1.31), as the
Nusselt number remains constant in laminar flow. The small
characteristic length (Lc) combined with tunable reactor
materials (λ) further optimizes thermal control.
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• Reduced risk of contamination and side reactions:

– The continuous flow reactors are compact and enclosed systems
reducing the potential exposure to chemical contaminants.

– The precise flow control allows a strict control on the local
stoichiometry avoiding unwanted side reactions.

• Minimal waste generation and safer handling:

– Since the reactor’s volumes are smaller, the amount of reagent
and product is reduced. Leading to less hazardous waste to
manage.

– Because the chemicals used are enclosed, it is safer to handle
and dispose the dangerous chemicals

• Scalability and modularity:

– The modular approach used to design continuous processes
allows a more easy scaling-up of the separated steps.

– The modular construction of these systems makes individual
modules easier to isolate and shut down in case of runaway
reactions, like shown in Figure 1.23.

3) Selectivity Enhancement

One of the key challenges for 21st-century chemists is to improve the
sustainability of chemical processes. In this context, replacing batch
reactors with microfluidic reactors offers significant advantages. The
precise thermal control in microfluidic systems minimizes temperature
gradients within the reactor, keeping the process closer to the set point.

This is particularly beneficial in competitive reactions, where fine
thermal regulation selectively favours one reaction pathway over another,
thereby enhancing process selectivity and overall yield, as illustrated in
Figure 1.22. [79]

4) Static Micromixers

From this point onward, the discussion shifts away from the flow dynamics
within the pipe reactor itself and instead focuses on the upstream
mixing of reactant feeds, a crucial step prior to their introduction into
the reactor. As illustrated in Figure 1.17, in the case of an ideal PFTR,
the flow regime is laminar, with limited radial diffusion of chemical
species. Since most chemical reactions involve at least two reactant
streams, proper mixing of these feeds is essential before they enter the
reactor. This requirement becomes particularly critical in microfluidics,
where precise control over local stoichiometry, often far superior to that
achievable in batch processes, can have a significant impact on reaction
selectivity.
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Figure 1.22. Illustration of the selectivity improvement by using microfluidic
PFTR (mPFTR), due to the reduction of the temperature distribution. Illustration
adapted from [78].

In this context, various types of passive and active mixers have been
developed to enhance mixing efficiency in microfluidic systems. In this
section, only liquid/liquid mixing will be considered. [80] The most
commonly used passive mixers, often regarded as the gold standard in
microfluidics, are the T-mixer, the Y-mixer, the arrowhead mixer and
helical mixer. [81]

The main parameters influencing flow patterns and, therefore, mixing
homogeneity, are the flow rates, the mixer geometry, the viscosity
of the liquids, and the temperature. However, unlike the flow in the
reactor channel itself, it is often difficult to directly assess the mixing
efficiency within the mixer. The most reliable approaches are either
experimental, through flow tests using a tracer and an output detector
(e.g., Villermaux–Dushman Test) [83, 84] or theoretical, based on finite
element simulations using CFD modeling (Comsol or Openfoam). In
most cases, simple passive mixers do not allow for complete mixing
due to the dominance of laminar flow and the limited contribution of
diffusion at small scales. To address this, the addition of embedded
obstacles and/or specific structural elements within the channel is often
necessary to enhance mixing performance. [82, 85–87]

An alternative to using additional obstacles after the mixer is to simply
coil the reactor into a small loop, thereby favouring the formation of
internal vortices induced by the centrifugal force resulting from the flow
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Table 1.4. Types of Passive Mixers in Microfluidics

Mixer Type Advantages Disadvantages Ref

T-Mixer Simple design, low
pressure drop

Incomplete mixing for
highly viscous fluids,

limited by low
Reynolds number

(laminar flow)

[80,
82]

Y-Mixer

Less pressure drop
compared to other
mixers, suitable for

mixing at low flow rates

Not suitable for very
high flow rates, limited
performance in complex

fluid dynamics

[80]

Arrowhead
Mixer

High mixing efficiency
at low flow rates,

simple geometry for
integration into

microfluidic systems

Requires more complex
fabrication, may not
work well with highly

viscous fluids

[81]

Helical Mixer

Efficient mixing for a
wide range of flow

conditions, continuous
mixing over long

distances

Higher pressure drop
compared to simple

mixers, complex
fabrication and higher

fabrication cost

[80]

rate. The intensity of the generated vortices is quantified by the Dean
number (De), a dimensionless quantity. [74, 88, 89]

This value is calculated as follows:

De = Re

√
D

R
(1.35)

Where:

• De: Dean number [dimensionless],
• Re: Reynolds number [dimensionless],
• D: Hydraulic diameter [m],
• R: Curvature radius [m].

An illustrative calculation of the Dean vortex generated in a microfluidic
pipe (750 µm in diameter), coiled into a 10 cm diameter loop, is
provided in Figure 1.22.

Under microfluidic conditions, the flow behaviour depends strongly
on the Dean number: for De < 5, the flow remains almost purely
axial; between 5 and 20, weak secondary vortices appear, allowing
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limited transverse spreading; in the range 20–100, Dean vortices are well
developed, offering a good compromise between mixing efficiency and
flow stability; finally, for De > 100, strong secondary flows dominate,
promoting efficient mixing but potentially inducing particle migration or
inertial separation effects.

Figure 1.23. Illustration of the Dean vortex inside a tube with 750 µm inner
diameter (i.d.), which is a common dimension at lab scale, curved into a 10 cm
diameter loop, crossed by a water flow of 500 µL.min−1. Note that the vortex
speeds have been scaled by a factor of 100 to improve the visual clarity.

In the example illustrated in Figure 1.23, the flow is characterized
by a Reynolds number of Re = 14.15 and a Dean number of De
= 1.73. These values indicate a laminar regime, with only minimal
Dean-induced recirculation, leading to slight broadening of the particle
front rather than significant transversal mixing.
While such secondary flows may enhance downstream particle distri-
bution, the core mixing performance of the reactor is still primarily
governed by the upstream flow characteristics. Both experimental and
computational approaches to assess mixing remain time-consuming. As
a result, researchers often rely on dimensionless numbers such as the
Reynolds number (Equation 1.32) or the Peclet number (Pe) to
estimate mixing efficiency. [80] The Peclet number expresses the ratio
of advection to diffusion and helps identify the dominant transport
mechanism: Pe ≪ 1 implies diffusion-dominated transport, while Pe ≫
1 indicates advection-dominated flow. It is defined as:

Pe = vLc

Dab
(1.36)
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Where:

• v: Average velocity of the fluid [m.s−1],
• Lc: Characteristic length [m],
• Dab: Diffusion coefficient [m2.s−1].

However, the relevance of such dimensionless numbers remains limited,
as they were primarily developed to describe fluid behaviour in simple
pipe flows, and not for complex microstructured geometries. The
information they provide should therefore be considered with caution,
particularly when applied to micromixer design and analysis.

Another dimensionless number that can be used indirectly to evaluate
mixing performance is the Damköhler number (Da). It represents
the ratio between the characteristic reaction rate and the characteristic
diffusion rate. Depending on its value, it provides insight into the
limiting mechanism of the process: for Da ≥ 1, the conversion is
primarily limited by mixing, whereas for Da ≤ 1, the reaction rate itself
is the limiting factor.

Da = krCn−1
0 L2

c

4Dab
(1.37)

Where:

• kr: Kinetic rate constant [variable],
• n: Reaction order [dimensionless],
• C0: Initial concentration [mol.L−1],
• Lc: Characteristic length [m],
• Dab: Diffusion coefficient [m2.s−1].

The estimation of the Damköhler number, downstream, provides
valuable insight into whether the overall process suffers from inadequate
mixing. [81]

From a global perspective, the mixing step upstream of a microfluidic
reactor is crucial. Depending on the reaction under consideration,
different technologies can be employed, whether a homogeneous stream
is required or, conversely, a slow diffusion at the stream interface
is desired. In any case, depending on the mixing requirements, a
preliminary study, either experimental or via CFD simulations, should
be conducted to identify the most suitable mixer for the reaction.
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5) Integration of Complex Systems

Over the past decades, microfluidic reactors have undergone significant
development and have found an increasing number of applications.
This sustained interest has driven the flow chemistry community
to continuously implement new tools, making flow-based processes
increasingly attractive.

In the following section, recent advances and trends are discussed, based
on several comprehensive reviews from the literature, [77, 90, 91] which
served as primary sources of information.

One of the key advantages of switching to flow chemistry is the
possibility of reaction telescoping, a strategy that enables either the
direct quenching of highly toxic intermediates or the seamless integration
of multiple reaction steps into a single continuous process, thereby
protecting air-sensitive compounds. A realistic example of a telescoped
process involving the formation of a harmful intermediate is presented
in Figure 1.24, illustrating how telescoping can enhance process safety.

Reagent
A

Reagent
B

Reagent
D

Quench

Reagents 
Delivery

Mixing Reactor 1 Reactor 2

Product
(quenched)

Quenching
Pressure

Regulation Collection

In-line

In-line 
Monitoring

A + B C + D E Q EQ

Potentionnally
toxic product

Quenched
product

Figure 1.24. Example of a telescoped process in which a potentially toxic
compound E is formed by the reaction of A and B, yielding intermediate C. This
intermediate then reacts with D to produce E. In-line monitoring (PAT) enables the
quantification of E, which is subsequently quenched by Q, resulting in the formation
of EQ, a harmless compound.

In addition to reaction sequencing, various tools have been developed to
broaden the scope of flow chemistry applications. Among these, Back
Pressure Regulator (BPR) are essential devices that enable high-pressure
reactions in a straightforward and controlled manner.

Three main types of BPRs can be distinguished:

(I) Spring-based regulators, which allow fluid flow only when
the pressure exceeds the spring force.
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(II) Tesla valves, passive devices with no moving parts. [92]

(III) Membrane-based systems, which require a gas cylinder and
a pressure regulator to set and control system pressure. This
configuration can also be operated remotely.

Advancements in flow technology have also driven innovations in
pumping systems. In microfluidics, pumps are generally categorized into
three main types:

• Syringe pumps offer high precision and can operate at elevated
pressures, but they are limited by the small reagent volumes they
can handle.

• HPLC pumps provide accurate control over a broad range of
flow rates and support larger volumes. However, they are sensitive
to fluid viscosity and the presence of solids, which may cause
blockages or malfunctions. Pulsations during operation may also
occur.

• Peristaltic pumps are suitable for large flow rates and hetero-
geneous feeds but are constrained by a limited pressure range.

Additionally, a variety of sensors (e.g., temperature and pressure) and
spectroscopic techniques, including UV/Vis, NIR, photoluminescence,
IR, Raman, and NMR, have been integrated to monitor reaction
conditions. These devices can be remotely controlled via computer,
allowing real-time monitoring and assessment throughout the process.

Ultimately, this approach has enabled fully automated systems capable
of completing an entire (Design of Experiments (DoE)) cycle in a single
run. When combined with artificial intelligence, such systems open the
door to self-optimizing processes, autonomously adjusting parameters
to maximize performance. [93] A key recent development involves
Dynamic Flow Experiments (DFE), which accelerate data generation
and intensification, thereby expediting material discovery. [94]

6) Non-Idealities in Continuous Flow Reactors

a) Laminar flow regime

The breakthrough curve F (t) presented in Figure 1.20 represents
the ideal case for a plug flow reactor and therefore represents an
ideal plug flow behaviour. However, in practice, the flow regime
is laminar, leading to a parabolic velocity profile. To illustrate
the non-ideal nature of the breakthrough curve in a microfluidic
reactor, an example is shown in Figure 1.25.
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Figure 1.25. Illustration of a realistic breakthrough curve in a microfluidic reactor.

In this illustration, the curve shows that due to the parabolic
velocity profile, the maximum velocity vmax occurs at the center of
the section, causing the tracer to move faster than the residence
time τ . After one equivalent residence time, around 70 % of the
outlet flow is composed of the tracer. Several residence times (τ)
are needed to obtain pure tracer in the outlet flow.

b) Axial dispersion

In addition to the parabolic velocity profile, microfluidic reactors
have a second drawback: the axial dispersion, due to the Fick’s
Law. The balance equation of the infinitesimal concentration
variation can be written, leading to breakthrough curve presented
in the Equation 1.38.

F (t) = 1
2

[
erf
(√

Bo
4

(
t

τ
− 1
))

+ erf
(√

Bo
4

)]
(1.38)

In this equation, the Bodenstein number (Bo) is introduced as
a dimensionless quantity that characterizes the tendency of the
flow to move through the reactor or to diffuse randomly. It is
given by:

Bo = vL

Dab
(1.39)
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Where:
• v: Average velocity of the fluid [m.s−1],
• L: Reactor length [m],
• Dab: Diffusion coefficient [m2.s−1].

Figure 1.26. Illustration of the impact of the axial dispersion (through the
Bodenstein number) into the breakthrough curve in a microfluidic reactor.

This integral form cannot be solved analytically and must therefore
be evaluated numerically. In the following example, the Equation
1.38 is solved for a microchannel (i.d. = 750 µm), flow rate = 500
µL.min−1. The Bodenstein value ranges through the diffusion
coefficient. The result is shown in Figure 1.26.
Based on the curves plotted in Figure 1.26, the Bodenstein number
can be described as follows:

• Bo → 0: Dab → ∞ — The reactor tends to behave like an
ideal CSTR.

• Bo → ∞: Dab → 0 — The reactor tends to behave like an
ideal PFTR.

Therefore, it is crucial to carefully select the flow velocity and
diffusion coefficient to optimize the performance of microfluidic
reactors. This ensures that the flow conditions align with the ideal
behaviour, minimizing axial species dispersion and maximizing
efficient transport within the reactor.
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7) Conclusion on Microfluidic Reactors Technology

As discussed throughout this section, PFTR technologies offer intrinsic
advantages over conventional batch and CSTR systems. They enable
continuous operation with improved control over residence time
distribution and reaction kinetics. Furthermore, they provide a better
mean residence time to reach a given conversion rate.

However, traditional macroscale PFTR are often limited by poor heat
transfer properties. The transition to microfluidic PFTR overcomes these
limitations, enabling efficient thermal management, enhanced safety,
and precise control of reaction parameters. Additionally, microfluidic
platforms offer great versatility, allowing for the integration of complex
reaction sequences (telescoped reactions), in-line sensing, and remote
control of flow rates and pressures.

Combined with automated control systems, these features facilitate
rapid process optimization, and in some cases, self-optimizing synthesis
using Machine Learning (ML).

Nevertheless, microfluidic systems are not without limitations. A
significant gap often remains between theoretical models and practical
operation, particularly regarding mixing efficiency, velocity profiles, and
axial dispersion. Moreover, microscale dimensions introduce specific
challenges, such as managing highly viscous fluids (which induce pressure
drops and exacerbate axial dispersion) or handling solid particles
(risking channel clogging).

Finally, microfluidic technologies require substantial investments,
not only in equipment but also in human resources, necessitating
multidisciplinary teams for design, operation, and maintenance.

1.7 CdX QDs Synthesis

Preface

The content of this section was later expanded into a Perspective published in
JACS Au:

Campalani, C., Petit, G., & Monbaliu, J.-C. M. (2025). Aqueous Continuous
Flow Synthesis of Cadmium Chalcogenide Quantum Dots: Opportunities and
Challenges. JACS Au, 6(1), 2025, 38–58. DOI: 10.1021/jacsau.5c01449. [95]

This section is primarily devoted to illustrating the versatility of chemical
strategies developed for the synthesis of QDs in both organic and aqueous

71



Chapter 1. General introduction

solvents. A brief subsection dedicated to microfluidic applications is presented
at the end of Section 1.7.

As most of the chemical innovations have already been introduced
in Section 1.7.2, the objective here is rather to illustrate the principles
described in Section 1.6.3, and more specifically Subsection 5) Integration
of Complex Systems, through concatenated approaches enabling the
formation of complex structures (i.e., CSSNCs).

1.7.1 Introduction

As mentioned in Section 1.2, among the various types of quantum dots
illustrated in Figure 1.1, cadmium-based quantum dots (e.g., CdS, CdSe, and
CdTe), which belong to the II-VI semiconductor family, remain among the
most widely produced, despite concerns over their toxicity. [12] These QDs
are primarily favoured for their broad emission spectra and excellent optical
properties, such as high PLQY and narrow FWHM.

From a chemical standpoint, synthesizing these materials is, in principle,
as simple as reacting Cd2+ with X2− (where X = S, Se, or Te) in the presence
of ligands. However, challenges arise when soluble precursors are required in
the chosen reaction medium, whether organic or aqueous. Finally, controlling
the reaction kinetics, first step of the LaMer mechanism, is essential to control
the overall process: the CNT and the following steps of growth process, to
achieve the formation of the QDs with the desired properties, as described in
Section 1.5.

The following sections provide a non-exhaustive overview of key advances
in the bottom-up approaches developed for the synthesis of high-quality
cadmium chalcogenide QDs (i.e., CdX, where X = S, Se, or Te).

1.7.2 Batch Applications

As mentioned above, four components are required to achieve the synthesis of
cadmium chalcogenide QDs: the cadmium and chalcogenide precursors, the
ligand(s), and the solvent. In some cases, the solvent can also acts as a ligand.
The solvent also governs the accessible synthesis methods and the nature of
the molecules used to carry the atomic precursors.

The batch synthesis of quantum dots can be broadly categorized into three
main families, based on the precursor addition sequence and the heating
strategy:

• Solvothermal methods: This approach involves mixing the precursors
at room temperature, followed by a gradual increase in temperature
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that leads to the formation of monomeric units. This category includes
the hydrothermal technique as a sub-type. [96, 97]

• Microwave-assisted methods: Similar to solvothermal synthesis, this
technique also involves mixing the precursors at room temperature, but
the heating is achieved via microwave irradiation, allowing for a rapid
and uniform temperature increase. [98, 99]

• Hot-injection methods: In this method, the solvent and/or a
thermally stable precursor is preheated to a high temperature, followed
by the rapid injection of the remaining precursor(s). [45]

However, none of the techniques described above is perfect, and a summary
of their strengths and weaknesses is provided in Table 1.5.

Table 1.5. Overview of the main bottom-up synthesis strategies for cadmium-based
quantum dots, highlighting the pros and cons for each method.

Criteria Solvothermal Microwave-
assisted Hot-injection

Temperature Medium Medium High

Duration Long Very short Very short

Size control Moderate Variable Excellent

Key advantage Simplicity Fast heating,
efficient

Highly
monodisperse

QDs

Limitations Poor control,
long duration

Low
reproducibility,
specific setup

Chemical
complexity,

organic solvents

In practice, the most commonly used techniques are the solvothermal
and hot-injection methods. The solvothermal approach is appreciated for
its simplicity, flexibility, and compatibility with aqueous media, making it
particularly suitable for biomedical applications such as bioimaging (see Figure
1.1). In such contexts, it avoids the additional ligand exchange step required
when QDs are synthesized in organic solvents, which can be time-consuming
and affect their surface and optical properties, as discussed in Section 1.4.4.

The hot-injection method, on the other hand, is widely employed for
producing high-quality, monodisperse QDs, though it is limited by its low
compatibility with aqueous precursors, which are often unstable at the
required temperatures.
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Microwave-assisted synthesis remains relatively uncommon, primarily due
to reproducibility issues and the need for specialized equipment. For these
reasons, this technique will not be covered further in the present review.

Here below, the literature review focuses on the synthesis of cadmium-
chalcogenide QDs using both hot-injection and solvothermal methods. Due to
their thermal requirements, solvothermal method is generally more suited for
aqueous precursors (note that hydrothermal synthesis at higher temperatures
than 100 °C requires autoclave batch reactors), whereas organic solvents
are typically preferred for hot-injection approaches. An illustration of an
experimental batch setup is shown in Figure 1.27.

Cd2+

X2-

CdX
Core

Organic 
Solvent

Aqueous
Solvent

X2-

Cd2+

Ligand

Inert gasInert gas

Ligand
Exchange

Figure 1.27. Typical batch synthesis process for CdX QDs (where X = S, Se, or
Te) in both organic and aqueous solvents as well as a downstream ligand exchange.

Beyond thermal consideration, another major difference between aqueous
and organic syntheses lies in the solubility of the involved species. In both
systems, the precursors and ligand(s) must be ideally soluble in the chosen
solvent, which in turn dictates the solubility of the resulting QDs in their
synthesis medium. While this solvent-specific solubility is often beneficial
during synthesis, it can limit downstream processing or application. To
address this, ligand exchange strategies have been developed to modify the
surface chemistry and tune the solubility of QDs for diverse environments and
functionalities. [100–102]

Since the solvent influences both the choice of precursors and ligands, the
following state of the art will be organized according to the solvent type used:
the organic synthesis (e.g., hot-injection and solvothermal) and the aqueous
synthesis.
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1.7.2.1 Organic solvent protocols

The pioneering work in QD synthesis using organic solvents involved the
development of a hot-injection protocol by Bawendi et al. [4] in 1993, which
remained the gold standard for quantum dot synthesis until the early 2000s.
In this method, a cadmium or chalcogen precursor is rapidly injected into a
hot solution containing the complementary precursor in the presence of a
stabilizing agent. Significant improvements were later achieved by adding a
shell to the CdX core, which greatly enhanced the PLQY. [103]

1) Solvent

Quantum dot synthesis in organic media is typically carried out under
harsh conditions, with temperatures sometimes reaching up to 350 °C
for hot-injection protocols. As a result, this method almost invariably
relies on high-boiling-point organic solvents such as Octadecene (ODE),
Trioctylphosphine oxide (TOPO), Lauric acid (LA), Stearic acid (SA),
and Hexadecylamine (HDA), among others. These solvents share a key
characteristic: they are non-polar or only weakly polar, a property that
strongly influences the choice of both precursors and ligands. In some
cases, the ligand itself may also act as the solvent.

2) Cadmium precursors

The primary commercially available cadmium source for organic
synthesis is Dimethylcadmium (Cd(Me)2). However, its high toxicity
and pyrophoric nature make its use dangerous. In addition to these
safety concerns, it has been shown that under the high-temperature
conditions of the hot-injection method, Cd(Me)2 can decompose in the
presence of TOPO, forming an insoluble metallic precipitate [104].

For these reasons, Peng et al. [105] shifted toward safer and more
controllable alternatives, notably by generating cadmium carboxylates,
phosphonates, and phosphine complexes in situ. This was achieved
through high-temperature reactions (typically above 150 °C) of primary
cadmium sources with carboxylic acids, phosphonic acids, phosphines,
xanthate salts, or mixtures thereof, as illustrated in Figure 1.28.
Common cadmium precursors used for this purpose include CdO,
Cd(OAc)2, CdCl2, Cd(NO3)2, and CdCO3.

These new precursors, however, are less reactive than Cd(Me)2, making
burst nucleation more difficult to achieve and thus reducing the repro-
ducibility of small QDs formation. The bond strength between ligands
and cadmium strongly influences the reaction rate and, consequently,
the size distribution.
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Cd(TDPA-TOPO)2

Cd(LA-TOPO)2

Cd(SA-TOPO)2

Cd(SA)2 Cd(HDPA)2

Cd(HPA)2

Cd(OA)2

Cd(Me)2Cd(SA-TOPO)2

Cd(MA)2

Cd(TOP)2

Cd(SA)2

Cd(SA-TOPO)2

Cd(EX)2

Cd(HDX)2

Cd(DX)2

CdCl2

Cd(MA)2

Cd(ODPA)2

Figure 1.28. Common commercial cadmium sources (green ellipses) used to
generate various Cd2+ precursors: blue arrow = phosphonate precursors, red
arrow = carboxylate precursors, orange arrow = xanthate precursors, purple
arrow = mixed carboxylate–phosphonate precursors, and brown arrow =
phosphine precursors.

3) Chalcogen precursors

For the preparation of chalcogen sources, three main strategies are
typically used to obtain X2− species (where X = S, Se, or Te):

a) Silylated chalcogenides
The first approach involves using commercially available sily-
lated chalcogenide compounds such as Bis(trimethylsilyl)sulfide
((TMS)2S), Bis(trimethylsilyl)selenide ((TMS)2Se), or Bis(tert-
butyldimethylsilyl) tellurium ((BDMS)2Te). However, the use of
these reagents has declined over time due to their high reactivity
and poor controllability, leading to a preference for phosphine-based
sources.

b) Phosphine-mediated reduction in-situ
In this widely adopted method, the chalcogenide precursor
is generated in situ by reducing elemental chalcogen with an
organo-soluble phosphine (e.g., Trioctylphosphine (TOP) or
Tributylphosphine (TBP)).

c) Thermal activation of elemental chalcogen
For sulfur and selenium, another approach involves heating the
elemental chalcogen in a non-reductive solvent (such as ODE,
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paraffin, or similar) at temperatures above their melting points
(115 °C for sulfur and 221 °C for selenium). Under these conditions,
the chalcogen becomes more reactive, possibly via dismutation or
thermal activation, leading to the formation of X2− species.

An overview of these strategies is provided in Table 1.6.

Table 1.6. Overview of the main approaches used to obtain reactive chalcogen
sources for hot-injection quantum dot synthesis.1Tellurium has a melting point of
450 °C, making it impractical to use in molten form.

Chalcogen Commercial
source Reduction in situ Thermal

activation in situ

Sulfur (TMS)2S :PR3 + S ∆−−−−−→
solvent

SPR3 S(s)
∆−−−−−→

solvent
S(l)

Selenium (TMS)2Se :PR3 + Se ∆−−−−−→
solvent

SePR3 Se(s)
∆−−−−−→

solvent
Se(l)

Tellurium (BDMS)2Te :PR3 + Te ∆−−−−−→
solvent

TePR3 Not accessible1

Additionally, gaseous precursors such as H2S are sometimes used,
particularly for shelling CdSe or CdTe cores with CdS or ZnS layers.
However, they are less common for core synthesis, mainly because mass
transfer is too slow for efficient nucleation, making them more suited to
growth phases.

Another, less common, alternative is to use cadmium complexes that
already contain the chalcogen source, such as cadmium xanthates (e.g.,
Cd(EX)2, Cd(DX)2, Cd(HDX)2). This approach is mostly found in
solvothermal protocols. [106, 107]

4) Ligands

As discussed in Section 1.5.7, the ligands used to stabilize the CdX
QDs must possess a functional group capable of interacting with the
nanoparticle surface, while also containing a non-polar moiety to ensure
solubility in the reaction medium. Typical ligands for this process are
amphiphilic compounds. Their polar head groups vary depending on
the intended application, and are often L-type or Z-type ligands, which
provide moderate binding and can be replaced by stronger-binding
ligands (such as 1-dodecanethiol (DDT)) or exchanged later to tailor
surface properties, by ligand exchange, like shown in Figure 1.27.

In addition to deliberately added ligands, some precursors or their
by-products can act as surface stabilizers. First generation metal and
chalcogen precursors (e.g., Cd(Me)2, silylated chalcogenides) tend to
yield volatile by products, whereas second generation systems leave
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Figure 1.29. Illustration of cadmium chalcogenide QDs stabilization via organic
synthesis. The amphiphilic molecules orient their polar heads toward the red shell
surrounding the quantum dot, while their non-polar components extend into the
green area, interacting with the organic solvent.
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non volatile species, such as cadmium carboxylates or phosphonates,
that remain bound to the QDs surface. Phosphine-based chalcogen
precursors, after delivering the chalcogen atom, can oxidize to L- type
ligands whose binding efficiency depends on steric factors such as the
Tolman cone angle. [67]

In practice, a mixture of ligand species almost always caps the QD
surface, and the composition of this ligand shell strongly affects both
the photoluminescence and the crystalline structure of the nanocrystals.
[108]

5) General considerations on hot-injection

Early publications on hot-injection protocols typically reported the
synthesis of single-core QDs stabilized by moderate-interaction ligands,
leading to poor surface passivation. This often resulted in either low
PLQY or complete absence of emission. Nonetheless, these methods
allowed access to a broad size range.

The subsequent introduction of a ZnS shell-growth step dramatically
improved PLQY, often approaching or even exceeding 100 %, while
preserving size tunability.

With the replacement of Cd(Me)2 by cadmium carboxylates, phos-
phonates, and phosphine complexes again reduces the PLQY, even
though broad size control was maintained. As before, overcoating with
ZnS restored high quantum yields. Further optimization was achieved
by ensuring crystal lattice matching in core/shell/shell architectures
(Section 1.4.5), which minimized interfacial defects.

Establishing direct correlations between thermal history and final QD
properties remains challenging, as each synthesis involves a unique
combination of precursors, ligands, solvents, thermal profile, and
residence time, leading research groups to develop tailored optimization
strategies.

6) General considerations on solvothermal synthesis

Organic solvothermal synthesis generally uses the same types of
precursors as hot-injection, but proceeds at lower temperatures over
longer reaction times (a few hours instead of minutes).

These reactions often employ more reactive or single-source precursors,
and the resulting QDs tend to have larger average core sizes than their
hot-injection counterparts. However, PLQY is usually lower, with a
typical ceiling around 65 %, likely due to less effective passivation
during slow growth and competition between growth and nucleation.
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Table 1.7 reviews the advances in organic synthesis achieved through both
hot-injection (orange rows) and solvothermal (light-orange rows) methods,
summarizing the precursor sources, ligands, solvents, synthesis temperatures,
and, when available, the size range and quantum yields obtained. All acronyms
used, along with their corresponding names and structures, are summarized in
Figure 1.30.

Table 1.7. Review of organic processes for CdX(–shell) QDs. n.a.: Not available
information, 1: Qualified as a nucleating agent, 2: Capping agent added after QD
purification (quench step), 3: Secondary ligand, 4: Common data for [109], 5:
TMPPA is used either to control the nucleation rate [110] or to influence the
crystalline structure [111], 6: Olive oil is a mixture mostly composed of OA, its
composition may vary, and other fatty acids present can act as stabilizing agents, 7:
Cd(OA)2 heated at 310 °C for 30 min to generate Cd0 nanoparticles prior to the
addition of TOPTe.

Core Cd & Chalcogen
Sources Ligands Solvent Temp

(°C)
Size
(nm)

QY
(%) Ref.

CdS

Cd(Me)2/TOP +
(TMS)2S

TOP,
TOPO

TOP,
TOPO 320-100

1.2
(100
°C)

n.a. [4]

Cd(HPA)2+TOPS HPA TOPO 250-300 n.a. n.a. [105]

Cd(TDPA)2+TOPS TDPA TOPO 250-300 n.a. n.a. [105]

Cd(OA)2+ODE–S OA ODE 300-250 2-
5.3 n.a. [112]

Cd(OAM)2 +
OAM–S OAM OAM 90-160 5.1 0.43 [113]

Cd(MA)2 + S TTDS/
DTBT 1 ODE 200-240 3.8 12 [114]

CdS/
ZnS

Cd(HDX)2+
Zn(HDX)2

HDA HDA 70-140 3.5-
5.2 2-13.9 [106]

Cd(HDX)2+
Zn(HDX)2

HDA HDA 70-140 3.5-
5.2 2-13.9 [106]

Cd(EX)2+ Zn(EX)2 HDA HDA 70-140 3.7-
4.3 1-16 [107]

Cd(DX)2+ Zn(DX)2 HDA HDA 70-140 3.7-
4.3 1-16 [107]

Cd(HDX)2+
Zn(HDX)2

HDA HDA 70-140 3.7-
4.3 1-16 [107]

CdSe Cd(Me)2/TOP +
TOPSe

TOP,
TOPO

TOP,
TOPO

300,
230-260

1.2-
11.5 9.6 [4]

Continued on next page
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Continued from previous page

Core Cd & Chalcogen
Sources Ligands Solvent Temp

(°C)
Size
(nm)

QY
(%) Ref.

CdSe

Cd(Me)2/TOP
+(TMS)2Se

TOP,
TOPO

TOP,
TOPO 320-100

1.2
(100
°C)

n.a. [4]

Cd(Me)2+(TBP)2Se TBP,
TOPO

TBP,
TOPO 350-300

0.93
-

3.35
n.a. [115]

Cd(HPA)2+TOPSe HPA TOPO 250-300 n.a. n.a. [105]

Cd(TDPA)2+TOPSe TDPA TOPO 250-300 n.a. n.a. [105]

Cd(SA/TOPO)2+
TOPSe

SA/
TOPO

SA/
TOPO 300 1.5-

254
20-
304 [109]

Cd(SA)2+TOPSe SA SA 200-320 2-25 n.a. [109]

Cd(LA/TOPO)2+
TOPSe

LA/
TOPO

LA/
TOPO

200-
3204

1.5-
254

20-
304 [109]

Cd(TOPO)2+
TOPSe TOPO TOPO 200-

3204
1.5-
254

20-
304 [109]

Cd(TDPA/TOPO)2+
TOPSe

TDPA/
TOPO

TDPA/
TOPO

200-
3204

1.5-
254

20-
304 [109]

Cd(DDA/TOPO)2+
TOPSe

DDA,
TOPO

DDA,
TOPO 220-200 n.a. n.a. [109]

Cd(SA)2+TBPSe
TOPO,
HDA,
DOA

TOPO,
HDA,
DOA

320-290 6-9 62-
100 [116]

Cd(OA)2+TOPSe OA ODE 275-265 0.8-
2.2 n.a. [117]

Cd(OA)2+
(TOP/ODE)Se

OA/
TMPPA5 ODE 300-230 3.1-

3.8 5-10 [111]

Cd(MA)2+ODE–Se OA ODE 210-220 2-
4.5 30-40 [118]

Cd(SA)2+TOPSe HH, BP HDA,
OD 340-270 2.6-

5.9 n.a. [119]

Cd(OA)2+TOPSe OA/
TMPPA5 ODE 315-190 2.4-

7 n.a. [110]

Cd(OA)2 + TOPSe OA Phenyl
ether 110-170 1.8-

2.7 n.a. [120]

Continued on next page
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Continued from previous page

Core Cd & Chalcogen
Sources Ligands Solvent Temp

(°C)
Size
(nm)

QY
(%) Ref.

CdSe/
CdS

Cd(Me)2+TOPSe/
Cd(Me)2+(TMS)2S

TOP,
TOPO/

TOP,
TOPO

TOP,
TOPO/

TOP,
TOPO

360-
290/
180

CdSe
core:
3.35-
3.5

n.a. [121]

Cd(TOP)2+TOPSe/
H2S

HDA/
TOPO/
TOP/
TDPA

HDA/
TOPO/
TOP/
TDPA

300-
260/

140-50

CdSe
core:
2.5-
5

50-85 [122]

Cd(Me)2+TOPSe/
Cd(Me)2+(TMS)2S

HDA/
TOPO/

TOP

HDA/
TOPO/

TOP

300/140-
90

CdSe
core:
3.4

73 [122]

Cd(OA)2+TOPSe/
Cd(OA)2+TOPS OA

TOPO,
ODE,
DTA,
T66

250-
150,
120

3.5-
5.2

3.3-
15.9 [123]

CdSe/
ZnS

Cd(Me)2+TOPSe/
ZnEt2+(TMS)2S

TOP,
TOPO/

TOP,
TOPO

TOP,
TOPO/

TOP,
TOPO

360-
290/

140-220

CdSe
core:
2.3-
5.5

15-50 [121]

Cd(Me)2+TOPSe/
ZnEt2+(TMS)2S

HDA,
TOP,

TOPO/
TOPO,
HDA/
DDA2,
AA2

HDA,
TOP,

TOPO/
TOPO,
HDA

300,
250-
310/
220

CdSe
core:
4.5-
5

12-66 [124]

CdSe/
ZnSe

Cd(Me)2+TOPSe/
ZnEt2+TOPSe

TOPO,
TOP /
TOP,

TOPO,
TOP/
TOP

230/
150

2-
6.8

1-
>100 [103]

Cd
(Se,Te)

Cd(HPA–TOPO)2+
TOP(Se/Te) OA ODE 300 2.7-

8.6 25-60 [125]

CdSe/
CdS/
ZnS

Cd(TOP)2+TOPSe,
H2S/

ZnEt2+(TMS)2S

HDA,
TOPO,
TOP

HDA,
TOPO,
TOP/
HDA,

TOPO,
TOP,

hexane

300/
140-90/

210

3.2/
1.2 n.a. [49]

Continued on next page
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Core Cd & Chalcogen
Sources Ligands Solvent Temp

(°C)
Size
(nm)

QY
(%) Ref.

CdSe/
ZnSe/
ZnS

Cd(Me)2+TOPSe/
ZnEt2+TOPSe/
ZnEt2+(TMS)2S

HDA,
TOPO,
TOP

HDA,
TOPO,
TOP/
HDA,

TOPO,
TOP/
HDA,

TOPO,
TOP,

hexane

200-
320/
190/

200-220

3.6 70-85 [49]

CdTe

Cd(Me)2/TOP +
TOPTe

TOP,
TOPO

TOP,
TOPO

240,
190-220 n.a. n.a. [4]

Cd(Me)2/TOP
+(BDMS)2Te

TOP,
TOPO

TOP,
TOPO 320-100

1.2
(100
°C)

n.a. [4]

Cd(HPA)2+TOPTe HPA TOPO 270-250 2-8 > 20 [105]

Cd(TDPA)2+TOPTe TDPA TOPO 270-250 2-8 > 20 [105]

Cd(Me)2 + TOPTe DDA DDA 150-220 2.5-
7 35-65 [126]

Cd(ODPA)2+TBPTe no addi-
tional ODE 240 n.a. n.a. [118]

Cd(OA)2/Cd0 7+
TOPTe OA ODE 310-260 3-

3.8 0-80 [127]
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6
P

6

6

1. Trioctylphosphine (TOP)

66

6

P

S

2. Trioctylphosphine sulfide (TOPS)

6

Se

P6

6

3. Trioctylphosphine selenide (TOPSe)

6

Te

P6

6

4. Trioctylphosphine telluride (TOPTe)

6

O

P6

6

5. Trioctylphosphine oxide (TOPO)

Si Si
S

6. Bis(trimethylsilyl)sulfide ((TMS)2S)

Si Si
Se

7. Bis(trimethylsilyl)selenide ((TMS)2Se)

Te
SiSi

8. Bis(tert-butyldimethylsilyl) tellurium
((BDMS)2Te)

2
P

2

2

9. Tributylphosphine (TBP)

2

Se

P2

2

10. Tributylphosphine selenide (TBPSe)
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Zn

11. Diethylzinc (ZnEt2)

PHO

OH

O

4

12. Hexylphosphonic acid (HPA)

PHO

OH

O

12

13. Tetradecylphosphonic acid (TDPA)

O

OH16

14. Stearic acid (SA)

NH214

15. Hexadecylamine (HDA)

H
N

77

16. Dioctylamine (DOA)

O

OH
10

17. Lauric acid (LA)

O

OH77

18. Oleic acid (OA)

15

19. Octadecene (ODE)

O
+

26.5 wt% 73.5 wt%

20. Dowtherm A (DTA)
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21. Therminol 66 (T66)

H2N

22. Allylamine (AA)

NH2
10

23. Dodecylamine (DDA)

P

O

OH

24. Bis-(2,2,4-trimethylpentyl)phosphinic
acid (TMPPA)

SH
10

25. 1-dodecanethiol (DDT)

O

N
77

26. N,N-dimethyl-oleoyl amide (DMOA)

O

27. Benzophenone (BP)

NH2

87

28. Oleylamine (OAM)

N

S

S
S

S

N

29. Tetraethylthiuram disulfides (TTDS)

S
SS

N

S

N

30. 2,2′-dithiobisbenzothiazole (DTBT)
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O

OH
12

31. Myristic acid (MA)

NH2
16

32. Octadecylamine (ODA)

O

S

SH

33. Ethyl xanthate (EX)

O

S

SH8

34. Decyl xanthate (DX)

O

S

SH10

35. Hexadecyl xanthate (HDX)

O

O
13 14

36. Hexadecyl hexadecanoate (HH)

16

37. Octadecane (OD)

P
OH

OH

O

15

38. Octadecylphosphonic acid (ODPA)

Figure 1.30. Structures and full names of the compounds corresponding to the
acronyms used in Table 1.7.

87



Chapter 1. General introduction

1.7.2.2 Aqueous protocols

The aqueous synthesis of CdX quantum dots has its rises in the early 1980s,
when CdS precipitation was first achieved on colloidal silica, which acted
as both stabilizer and support.[128] However, these early attempts did
not produce nanocrystals small enough to display quantum confinement
effects. Progress came with the use of water soluble copolymers such as
styrene/maleic acid [129] and Sodium polyphosphate (SPP), [130] which
enabled the observation of significant blue-shifts relative to bulk CdS.

These pioneering works, typically performed near neutral pH, largely
focused on CdS. During the 1990s, the introduction of diverse precursors and
stabilizers broadened the accessible cadmium-based cores and improved size
distribution control, setting the stage for more advanced aqueous protocols.

1) Solvent

In aqueous protocols, the solvent is invariably water, which must be
of the highest possible purity to avoid contamination from soluble
impurities that could interfere with nucleation and growth. The use of
double-distilled or ultra pure water is therefore strongly recommended.

Figure 1.31. Illustration of the resulting form of the stabilizing agent as function
of the reaction medium pH.

A key distinction of aqueous synthesis, compared to organic routes, is
the need to carefully control the solvent pH, typically in the range of 7
to 12. The desired value is generally obtained by the cautious addition
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of NaOH, although the use of buffered systems (e.g., phosphate, Tris)
has occasionally been reported. These buffers, however, often lead
to poor size control and optical properties. This will not be further
considered in this review.

In practice, the selected pH represents a compromise: it must ensure
the deprotonation of stabilizing ligands for efficient surface coordination,
enhance precursor reactivity, and at the same time limit unwanted side
reactions, their protonation state is illustrated in Figure 1.31. This
delicate balance highlights the central role of pH control in aqueous
CdX quantum dot synthesis. [130]

2) Cadmium precurors

In contrast to organic-phase syntheses, where cadmium precursors often
require pretreatment or custom preparation, aqueous syntheses can be
used directly in their commercial form, as inorganic cadmium salts such
as Cd(CH3COO)2, CdCl2, Cd(ClO4)2, Cd(NO3)2, or CdSO4. These
salts are typically obtained in hydrated form and should be stored in a
desiccator to preserve their stability.

Cd(NO3)2
CdSO4

Cd(CH3COO)2

CdCl2

Cd(ClO4)2

Figure 1.32. Main commercial cadmium sources (green box), soluble in water,
leading to Cd2+ ions, usable for QDs synthesis and their counteranion in the blue
arrow.

Their high water solubility makes them convenient precursors. Upon
dissolution, these salts furnish free Cd2+ ions in solution, as shown in
Figure 1.32. Under alkaline conditions, however, Cd2+ tends to form
insoluble Cd(OH)2, leading to precipitation during pH adjustment with
NaOH. To prevent this undesired process, cadmium salts are usually

89



Chapter 1. General introduction

dissolved in the presence of strongly binding ligands (often thiolates),
after which the pH of the solution can be safely adjusted.

The influence of the counteranion on cadmium specification and
reactivity will be discussed later in the section dedicated to ligands.

3) Chalcogen precurors

The chalcogen precursors represent the most challenging part for the
aqueous synthesis, except for the sulfur sources, commercially available,
the selenium and tellurium precursors must be, in most of the cases,
freshly prepared prior to the synthesis. The discussion will be therefore
split in two parts: the commercially available precursors and the in situ
preparations. These paths are summarized in Tables 1.8 and 1.9.

a) Commercial source
Only sulfur and selenium precursors are commercially available,
with sulfur offering a wider range of options. Salts containing
sulfur in its reduced form (S2– ), such as Na2S, are air stable and
provide highly reactive sulfide ions. Thiourea (TU) is another
common choice, its lower reactivity compared to Na2S makes it
attractive for more controlled crystal growth.[131] Finally, thiolates,
which are often used to stabilize cadmium precursors under basic
conditions, can also act as sulfur donors under harsher conditions.
This property can be exploited during the annealing phase, to
improve the core crystallinity and surface passivation.
Selenium sources are more limited, essentially to two organoselenium
compounds with moderate reactivity: N,N-dimethylselenourea
(NDSU) and Selenourea (SeU).

Table 1.8. Overview of the commercially available chalcogen precursors for aqueous
quantum dot synthesis. Corresponding structure and full name of the acronyms are
available in Table 1.31.

Chalcogen Commercial source

Sulfur Na2S, TU, Thiolates

Selenium NDSU, SeU

In contrast, no tellurium precursors are commercially available,
and their reactive forms must be generated in-situ, as discussed in
the following section.

b) In-situ preparation

Most in-situ preparations are necessary to obtain unstable or highly
reactive chalcogen precursors. Among the hydrogen chalcogenides,
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only H2S is commercially available. For laboratory use, however,
it is preferable to generate it directly within the reactor to
avoid handling this hazardous gas. The selenium and tellurium
counterparts, H2Se and H2Te, are obtained by the same route. In
practice, aluminium chalcogenides (Al2X3, with X = S, Se, Te) are
hydrolyzed with aqueous sulfuric acid, releasing the volatile H2X
species. Although highly reactive, this approach suffers from poor
solubility and mass transfer of the gas into aqueous solution. H2X
can be either bubbled directly into the cadmium precursor solution
(with the exhaust stream carefully neutralized in a NaOH trap), or
first absorbed in basic solution to generate soluble salts such as
Na2Se or NaHTe.
These latter compounds can also be obtained by complete reduction
of their corresponding oxyanions (Na2SeO3 or Na2TeO3), in which
the oxidation state decreases from +4 to –2. This reduction can be
achieved using strong reductants such as NaBH4, hydrazine, or
Na2SO3 (the last two reported only for selenium). Hydrazine
reduction produces highly unstable selenide species that either react
rapidly with Cd2+ or form Na2Se by binding sodium ions. The
resulting Na2Se or NaHTe solutions exhibit very high reactivity
toward CdX nanocrystal formation.
Finally, milder reducing agents such as ascorbic acid can partially
reduce Na2SeO3 or Na2TeO3, switching the oxidation state from
+4 to 0. This process generates colloidal Se0 or Te0 nanoparticles,
which are less reactive precursors. They can nevertheless be
activated by thermal treatment or undergo dismutation reactions
to provide reactive chalcogen species for CdX nucleation.

Table 1.9. Overview of the main approaches used to obtain reactive chalcogen
sources for aqueous quantum dot synthesis. n.r.: Not reported; 1: complete reduction
from +4 to –2 with NaBH4, hydrazine, or Na2SO3; 2: partial reduction from +4 to
0 using weaker reductants, followed by thermal activation or dismutation.

Chalcogen Acid hydrolysis Reduction1 Partial reduction2

Sulfur Al2S3
H2SO4−−−−−→

H2O
3 H2S n.r. n.r.

Selenium Al2Se3
H2SO4−−−−−→

H2O
3 H2Se Na2SeO3

Red−−−→
H2O

Na2Se Na2SeO3
Red−−−→
H2O

Se(0)

Tellurium Al2Te3
H2SO4−−−−−→

H2O
3 H2Te Na2TeO3

Red−−−→
H2O

NaHTe Na2TeO3
Red−−−→
H2O

Te(0)

A general consideration when selecting chalcogen precursors is the
balance between precursor reactivity and reaction temperature. In
aqueous phase, highly reactive species can undergo oxidation by the
solvent itself at elevated temperatures, which renders them ineffective
for CdX QD formation.
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4) Ligands

As mentioned in the solvent discussion, the reaction medium is typically
basic, pH 7 to 12, which favours the precipitation of Cd(OH)2. Strongly
binding ligands are therefore required to stabilize surface Cd2+ ions.
X-type ligands such as thiolates, phosphates, or deprotonated alcohols
are preferred. Neutral donors (L-type), such as non-deprotonated
alcohols or amines, can also bind but usually provide weaker passivation
and may not prevent the Cd(OH)2 formation.

Unlike in organic synthesis, ligands must be water-soluble. Hydrophobic
amphiphiles (long-chain thiols or amines) are thus not compatible.
Instead, multifunctional hydrophilic ligands are commonly employed:
thiolates compounds with a second function carboxylic acid (Thio-
glycolic acid (TGA) or 3-Mercaptopropionic acid (3-MPA)), amines
(2-Mercaptoethanol (2-ME), 2-(dimethylamino)ethanethiol (2-DET)),
among other.

Hydrosoluble polymers such as SPP or Polyvinyl alcohol (PVA) can
also act as weak coordinating ligands (L- or pseudo X-type) and provide
additional steric stabilization in aqueous dispersions.

Table 1.10. Summary of ligands and counter-ions used in aqueous synthesis of
CdX quantum dots.

Type Examples Role in CdX QDs

X-type ligands Thiolates (TGA,
3-MPA, 2-ME, 2-DET)

Strong binding to Cd2+, stabilize
surface sites and prevent Cd(OH)2
precipitation, affect nucleation and

growth

Weak L /
Pseudo-X

ligands

PVA, SPP
(hydrosoluble polymers)

Provide steric stabilization in
aqueous media, weak coordination

Counter-ions CH3COO– , Cl– ,
ClO4 – , NO3 – , SO42–

Can occupy residual coordination
sites on Cd2+, affect nucleation

and growth

Finally, the counter-anion of the cadmium salts (e.g., CH3COO– , Cl– ,
ClO4

– , NO3
– , SO4

2– ) also contributes to surface passivation. Acetate
and chloride ions coordinate strongly to Cd2+ compared to nitrate,
sulfate, or perchlorate, thereby influencing nucleation and growth. The
counter-anion contribution is further discussed more in detail in Section
3.1.2.
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5) General consideration on aqueous synthesis

Aqueous CdX QD protocols generally yield smaller core particles com-
pared to their organic counterparts. Indeed, the literature summarized
in Tables 1.7 and 1.11 show that the reported organic made core size
are often start at 3 nm diameter while aqueous ones are closer to 2 nm.
This difference introduces more surface defects (see Section 1.4.4 to the
pinned emission) for aqueous made QDs than their organic counterpart.

As a result, their PLQY remains modest, typically below 60 % and
rarely exceeding 53.3 %. Among the aqueous protocols review, the
CdTe core exhibit the most important PLQY. This results in the
absence of self-healing emission due to the use of thiol stabilizing
agent. [45] A generic method to solve this issue is the use of CSSNCs
described in Section 1.4.5. However, only a few protocols have reported
core–shell QDs in aqueous medium, in batch, and the improvements in
photoluminescence are often limited.

The small core size can be explained by the low reactivity of cadmium
precursors in aqueous media, as they are stabilized by thiolate ligands.
The Cd–S bond is particularly strong, requiring higher thermal activation
energy for monomer formation, which in turn results in slower growth
kinetics and longer reaction times.

Synthesis is usually carried out under reflux at ∼100 °C, although lower
temperatures can be employed when highly reactive precursors are used.
Some research groups have even developed hot-injection protocols
in water, reaching up to 240 °C, which require the use of autoclave
reactors. [132, 133]

Table 1.11 reviews recent advances in aqueous synthesis, summarizing
precursor sources, ligands, pH, synthesis temperatures, and, when available,
the size ranges and quantum yields obtained. All acronyms used, together
with their corresponding names and chemical structures, are summarized in
Figure 1.33.

Table 1.11. Review of hydrothermal processes for CdX QDs. n.a.: Not available
information, 1: Under nanoparticles form, obtain by ascorbic acid reduction of
X(IV), X0 is then activated by dismutation or thermal activation, 2: Solution
basified by addition of ammonia 3: Obtained by hydrazine reduction, highly unstable
either reacts fastly with Cd2+ either captures two Na+ in reaction medium.

Core Cd & Chalcogen
Sources Ligands pH Temp

(°C)
Size
(nm)

QY
(%) Ref.

CdS Cd(ClO4)2+ Na2S ClO4 – 7.2 25 n.a. n.a. [128]

Continued on next page
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Continued from previous page

Core Cd & Chalcogen
Sources Ligands pH Temp

(°C)
Size
(nm)

QY
(%) Ref.

CdS

Cd(TGL)2+ H2S TGL 11.2 100 1.3-
3.9 n.a. [130]

Cd(SPP)+ H2S SPP 11.5 100 1.3-
3.9 n.a. [130]

Cd(MPA)2+ TU MPA 8-12 100 2.4-
3.5 <2-20 [131]

CdS/
ZnS

Cd(MPA)2+ TU,
Zn(MPA)2

MPA 10.3 100

CdS
core:
3.1,

CdS/
ZnS:
3.6

22-23 [131]

CdSe

Cd(2-MA)2+ NaHSe 2-MA 11.2 100 1.4-
2.2 <0.1 [134]

Cd(TGL)2+ NaHSe TGL 11.2 100 1.4-
2.2 <0.1 [134]

Cd(TGA)2+ NaHSe TGA 11.2 100 2.1-
3.2 <0.1 [134]

Cd(TGA)2+
Na2SeSO3

TGA 11 90 2 n.a. [135]

Cd(MPA)2+ Na2Se MPA 9.3 100 <2 up to
3 [136]

Cd(Cit)+ NDSU Cit 7-11 240-200 3.5-
5

<0.1-
5.7 [137]

Cd(MPA)2+ Na2Se MPA 9-10 100 1.58-
3.42 12-43 [138]

Cd(L–Cy)2+ Se0 1 L–Cy 7-11 80 5 up to
22 [139]

Cd(MSA)2+ Se0 1 TGA 11.8 100
up
to
2.9

1.9-
22.7 [140]

Cd/PVA+ SeU TGA n.a. 2 80 6 n.a. [141]

Cd(TGA)2+ Se2– 3 TGA 8.5-11 100 1.77-
1.93 n.a. [142]

CdTe
Cd(TGA)2+H2Te TGA 11.2 100 1-2 2-47 [143]

Cd(2-ME)2+H2Te 2-ME 11.2-11.8 100 1-2 <1 [144]

Continued on next page
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Continued from previous page

Core Cd & Chalcogen
Sources Ligands pH Temp

(°C)
Size
(nm)

QY
(%) Ref.

CdTe

Cd(TGL)2+H2Te TGL 11.2-11.8 100 n.a. 3 [144]

Cd(TGL/DMP)2+H2Te TGL/ DMP 11.2-11.8 100 n.a. 6 [144]

Cd(TGA)2+H2Te TGA 11.2-11.8 100 n.a. 6 [144]

Cd(2-MA)2+H2Te 2-MA 5.6-5.9 100 n.a. 10 [144]

Cd(L–Cy)2+H2Te 2-MA 11.2-11.8 100 n.a. 10 [144]

Cd(2-DET)2+H2Te 2-DET 5-6 100 n.a. 30 [144]

Cd(TGA)2+NaHTe TGA 9 180-100 2-4 2-35 [145]

Cd(MPA)2+NaHTe MPA 9 180-100 2-4 2-35 [145]

Cd(TGL)2+NaHTe TGL 9 180-100 2-4 2-35 [145]

Cd(TGA)2+NaHTe TGA 11.2-11.8 100-200 2-6 27.4 [132]

Cd(2-MA)2+NaHTe 2-MA 5-9 240-140 2-4 5-19.7 [133]

Cd(MPA)2+NaHTe MPA/Cit 10.5 100 3.1-
6.41 n.a. [146]

Cd(TGA)2+NaHTe TGA/Cit 10.5 100 3.1-
6.41 n.a. [146]

Cd(TGA)2+Te0 1 TGA 10.5 100 2.1-
2.7

5.4-
53.3 [147]

CdTe/
CdSe

Cd(MPA)2+NaHTe,
Cd(MPA)2+Na2Se MPA/Cit 10.5 100,

150

CdTe
core:
6.41,
CdTe/
CdSe:
7.17-
8.19

44.2 [146]
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HS

O

OH

1. Thioglycolic acid (TGA)

O

OHHS

2. 3-Mercaptopropionic acid (3-MPA)

SH

OH

HO

3. 1-Thioglycerol (TGL)

SH
HO

4. 2-Mercaptoethanol (2-ME)

OHHS

SH

5. 2,3-dimercapto-1-propanol (DMP)

H2N SH

6. 2-Mercaptoethylamine (2-MA)

NH2

HS

O

OH

7. L-Cysteine (L–Cy)

N
HS

8. 2-(dimethylamino)ethanethiol (2-DET)

H2N

S

NH2

9. Thiourea (TU)

Na+

Na+

Na+
OH

O

O-

O O-
O

O-

10. Sodium citrate (Cit)

96



Chapter 1. General introduction

N

Se

NH2

11. N,N-dimethylselenourea (NDSU)

O

OH

O

HO

SH

12. Mercaptosuccinic acid (MSA)

Na+
P

O

O-
O

n

13. Sodium polyphosphate (SPP)

HO

OH

HO O
O

OH

14. Ascorbic acid (Asc Ac)

H2N NH2

15. Hydrazine (N2H4)

H2N

Se

NH2

16. Selenourea (SeU)

OH

n

17. Polyvinyl alcohol (PVA)

Figure 1.33. Structures and full names of the compounds corresponding to the
acronyms used in Table 1.11.
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1.7.3 Microfluidic Applications

In parallel of the advances made in batch reactor, the emergence of microfluidic
technologies in the early 2000s established a new foundation for customizable
and scalable production of high-quality quantum dots (QDs). Continuous
micro- and mesofluidic approaches have demonstrated clear advantages in this
context, including improved reaction control, enhanced reproducibility, and
straightforward scalability. [148]

Thanks to precise control over reaction parameters including heat transfer,
mixing efficiency and residence time, see Section 1.6.3, the Chemistry and
Chemical Engineering communities have progressively embraced microfluidic
synthesis routes. [149, 150] As discussed in Section 1.7.2, all critical parameters
for the successful QDs preparation, can be more effectively controlled through
microfluidic processes. [151–154]

Cd Pecursor

T = 160 °CSe or Te 
Pecursor

ZnS Pecursor T = 90 °C

OA/TOP

T = 25 °C Carbohydrate 
Pecursor

Core

ZnS

Core

ZnS

OA/TOP

Core

Figure 1.34. Illustration of concatenated formation of CdSe/ZnS or CdTe/ZnS
QDs process followed by a ligand-exchange with sulfur functionalized carbohydrate,
adapted from [155].

Among nanosized semiconductors, type II–VI QDs, and more specifically
cadmium chalcogenide QDs (i.e., CdX where X = S, Se, or Te), have been
extensively studied. [156] Their hot-injection synthesis is particularly amenable
to translation into flow conditions, as rapid thermal exchange enables sharper
temperature gradients than those achievable with solvothermal methods.
Microfluidics allow the straightforward implementation of concatenated
reactions, which is especially useful for CSSNCs synthesis, as illustrated in
Figure 1.34. Segmented-flow reactions can also be generated, influencing the
fluid dynamics within the segments/droplets and avoiding axial dispersion.
[157] Furthermore, the introduction of a BPR downstream facilitates high-
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pressure syntheses, including hydrothermal conditions, within microfluidic
platforms.

Furthermore, the synthesis of CdX QDs involves the use of harmful
reagents. Microfluidics is employed to reduce the risks by limiting the amount
of reagent reacting at a given moment. Additionally, the reagents are usually
pumped from a closed container, preventing the operator from coming into
contact with these chemicals.

Most of the microfluidic protocols involve the use of a soluble chalcogen
transfer agent as well as stabilizing agents. Various types of chalcogen sources,
highlighted in Subsection 1.7.2.1, have been transposed in microfluidic, such
as trioctylphosphochalcogenides [4, 153, 155, 158–161], tributylphosphochalco-
genides [152, 162] or those chelated by the solvent itself (such as octadecene
[158]).

Similarly, the cadmium precursors followed the same trend as observed in
batch: early syntheses were carried out using Cd(Me)2. Subsequently, the
precursors evolved toward less toxic compounds, prepared ex situ, as presented
in Figure 1.28. Representative synthetic protocols under flow conditions for
the preparation of QDs are illustrated in the right panel of Figure 1.35.
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Organic
conditionsflow 

technology

CdS

CdTe

CdSe

Na2S
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Cd(3-MPA)2

Na2Se

NaHTe

Cd(3-MPA)2

Cd(GSH)2 Cd(stearate)2

Cd(oleate)2

TOP/Te

Cd(methyl)2

Cd(laureate)2
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Cd(oleate)2
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TBP/Se

TOP/Se
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Cd(MPA)2

Cd(L-Cys)2

[138]

[150,151]

[150,153]

[154]

[153]

[155]

[145]

[140,145-147]

[148]

[142]

[139,149]

[146]

[142]

Figure 1.35. Protocols from the prior Art for accessing QDs with flow processes.
For each chalcogen (S, Se, Te), the precursors are summarized according to the
reaction medium (aqueous/organic).

As mentioned in Subsection 1.7.2.2, one of the main challenges in
synthesizing QDs in water lies in preparing a suitable reduced chalcogen source,
which is essential for initiating the transfer to the cadmium precursor and
producing QDs. Most reported protocols involve homogeneous chalcogenide
precursors prepared ex situ in batch, as depicted in the third column of
Table 1.9, which may be prone to decomposition. Commercial sulfur precursors
have also been employed. Typically, these protocols rely on the reduction of
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native chalcogens with ionic reductants such as NaBH4, yielding air-sensitive
ionic chalcogenides like Na2S [151, 163, 164], Na2Se [165–167], or NaHTe.
[166, 168]

The cadmium sources used under flow conditions are the same as those
employed in batch (see Figure 1.32 and Section 2 in Subsection 1.7.2.2).
Representative synthetic protocols for QD preparation under flow conditions
are illustrated in the left panel of Figure 1.35.

Moreover, reports on the aqueous preparation of QDs in flow often lack
photoluminescence data, [169] suggesting that the resulting optical properties
are poorer or, at best, comparable to those obtained in batch.

1.8 Project Motivations

The review presented in Section 1.7 highlighted a gap between aqueous and
organic syntheses in terms of accessible size range and PLQY. As mentioned
in Section 1.2 and 1.7 the ligands play a key role in the QDs synthesis but
also in their potential use. Indeed, their nature depends primary on the
solvent chosen for the synthesis. The quantum dots obtained in organic
solvents often exhibit superior emission properties and greater versatility.
Such organic-soluble particles are suitable for most quantum dot applications
and have low impact on electronic uses (e.g., solar cells, communications,
displays). However, it impacts the applications of QDs for bio-application,
where their water solubility properties are required.

Currently, two main strategies allow the production of water-soluble QDs
(see Figure 1.27 and 1.34, by an organic synthesis followed by ligand exchange,
which is an additional step that decreases the PLQY and the overall particles
properties. [170, 171]. The second approach aims to a direct aqueous synthesis.
Both approaches usually lead to lower emission performance than their organic
counterpart and thus to less sensitive bio-labels. The ideal solution would be
to by-pass the ligand-exchange step by developing an improved aqueous
synthesis method capable of achieving PLQY comparable to organic routes.

In this perspective, the review revealed that most of the drawbacks of
aqueous processes come from poor control over precursor reactivity. Cadmium
precursors tend to be insufficiently reactive, whereas chalcogen precursors are
often too reactive. The ambition of the present project is therefore to identify
a moderately reactive chalcogen precursor and to implement it within a
synthesis setup that offers greater flexibility for controlling nanoparticle
formation.

Indeed, the models discussed in Section 1.5 emphasis the importance of
controlling the saturation levels of monomeric building blocs. This goal
can be achieved only by a fine tuning of the experimental conditions (e.g.,
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residence time, temperature, local stoichiometry). It is expected that resort to
microfluidic technologies, that benefit from the advantages describes in
Section 1.6, will help to bridge the gap traditionally observed between organic
and aqueous synthesis protocols.

In addition to the fine tuning of the reaction parameters through
microfluidics, a novel water-soluble chalcogen agent is sought. Indeed, one of
the key to control the reaction kinetics and, consequently the degree of
supersaturation, lies in moderating the reactivity of the precursors. This allow
a broader parameter space and therefore a finer control over the reaction
tunability.
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Chapter 2

Innovative Chalcogenide Transfer
Agent for Improved Aqueous
Quantum Dot Synthesis

2.1 Preface

An innovative approach to chalcogenide precursor synthesis and their
subsequent use for the production of CdX (X = S, Se, Te) quantum dots
QDs in water under scalable and intensified continuous flow conditions is
introduced. Herein, Tris(2-carboxyethyl)phosphine (TCEP) is identified as a
novel, efficient and water-soluble vehicle for chalcogenide transfer to form
CdX QDs under aqueous conditions. A comprehensive exploration of critical
process parameters, including pH, chalcogen excess, and residence time,
utilizing a DoE approach is reported. Reaction kinetics are investigated in
real-time using a combination of in situ Raman spectroscopy and in-line
31P-NMR spectroscopy. The conversion of TCEP into TCEP=X (X = S, Se,
Te) species is seamlessly adapted to continuous flow conditions. TCEP=X
precursors are subsequently employed in the synthesis of CdX QDs.

2.2 General information

This chapter is a modified version of a published paper in Chemical Science:

Petit, G., Malherbe, C., Bianchi, P., & Monbaliu, J. C. M. ”An innovative
chalcogenide transfer agent for improved aqueous quantum dot synthesis”.
In: Chemical Science 15(33), 2024, 13148–13159. ISSN: 20416539. DOI:
10.1039/d4sc01135j.
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2.3 Modified version of the article

2.3.1 Introduction

As mentioned in Section 1.8, the current work aims to synthesize CdX QDs
(where X = S, Se, or Te) in aqueous media through microfluidics, with
emission properties approaching those obtained in organic processes. In this
perspective, the first step identified is the development of a novel chalcogenide
transfer agent with moderated reactivity, enabling improved control over QD
formation.

Building on unmet needs for the scalable aqueous preparation of QDs and
drawing on established expertise in flow chemistry, [1–6] a concrete solution
was pursued to develop a robust and innovative water-soluble chalcogenide
source. TCEP has emerged as a highly effective water-soluble vehicle for
reduced chalcogens, enabling the preparation of CdX (where X = S, Se, or Te)
QDs.

The impact of various parameters such as pH, chalcogen excess, and
residence time on the conversion toward TCEP=X is explored through
a DoE approach. The reduction kinetics and the formation of TCEP=X
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Figure 2.1. This work reports a fully concatenated flow process in water for
accessing CdX (where X = S, Se, Te) QDs.

species are studied via in situ Raman spectroscopy. This reaction is then
successfully adapted to continuous flow conditions with in-line low field
31P-NMR monitoring. Subsequently, these novel water-soluble chalcogenide
precursors are assessed for the synthesis of CdX QDs, like shown in figure 2.1.

2.3.2 Results and discussion

2.3.2.1 Optimization of the preparation of TCEP=X

Since its initial description by Whitesides, [7] in 1991, TCEP has found
widespread synthetic utilities for reducing disulfide bonds in biochemistry,
peptide chemistry and desulfurization/deselenization reactions. [8–15]
Subsequently, TCEP’s utility was broadened to the reduction of various
organic functional groups [16, 17] and for the coordination of metal cations.
[18] The use of TCEP in QDs synthesis, however, still remains undocumented.
The initial phase of the project therefore aimed to demonstrate the adaptability
of TCEP for reducing three key chalcogens (sulfur, selenium and tellurium)
under aqueous conditions.

Preliminary experiments highlighted a stronger resistance towards air
oxidation compared to common sodium-based chalcogenide precursors
subsubsection 6.1.4.4. Early trials also emphasized a substantial effect of the
pH on the outcomes. Indeed, TCEP is a phosphine compound bearing up to 4
exchangeable protons: 3 on the carboxylic acid moieties (pKa = 2.99, 3.67,
4.36) and 1 on the phosphorus center itself (pKa = 7.66). [19] The latter
proton plays the most influential role in modulating TCEP’s reactivity. [18]
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P

O

HO
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O OH

H

Figure 2.2. Calculation of the protonation distribution of TCEP species based on
the pKa of the four pH active functions. Source from [19].

After the identification of the pH as the most critical parameter for the
preparation of TCEP=X, a multifactorial optimization was initiated through
a DoE, under batch conditions. The reaction between TCEP and elemental
chalcogens is inherently heterogeneous, hence, apart from pH, 3 additional
parameters are likely to influence the reaction: (a) the excess chalcogen, (b)
the mixing efficiency and (c) the timeframe for the reaction.

The substantial impact of pH on TCEP’s inherent features becomes
evident when comparing the 31P-NMR chemical shifts (2.3, blue spectra) of
TCEP under acidic conditions (pH value from 5 to 7, δ = 17.5 ppm) and
alkaline conditions (pH value from 8 to 11, δ = -20.6 ppm) and TCEP’s
protonation state particularly exerts a profound influence on the reduction of
Te. For the latter, the acidic form of TCEP is unable to act as a reductant.
2.3 also presents the 31P-NMR spectra for TCEP=O (δ = 56.9 ppm at pH =
2.5 and 58.9 ppm at pH = 11), TCEP=S (δ = 52.7 ppm), TCEP=Se (δ =
41.4 ppm) and TCEP=Te (δ = -6.8 ppm). The formation of TCEP=O as a
side product is often observed when solutions of TCEP=X are exposed under
aerobic conditions, especially at pH larger than 9. Therefore, to prevent the
competing formation of TCEP=O, all reactions were carried out under an
inert atmosphere.

The multifactorial optimization started with the synthesis of TCEP=S. A
range of preliminary boundary conditions was selected, including pH values of
5 (representing a predominantly protonated form) and 11 (representing TCEP
in its deprotonated form); an excess of chalcogen (S8) ranging from 1.5 to
3 equivalents; stirring speed set between 700 to 900 rpm. Samples were
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Figure 2.3. Chemical shifts for each TCEP derivative: blue = reagents (TCEP
acid (Ac) and basic (B) forms), red = side product (TCEP=O acid (Ac) and basic
(B) forms) and green = the products of interest (TCEP=S, TCEP=Se, TCEP=Te).

collected after 20, 40 and 60 min. Crude samples were directly analysed by
high field 31P-NMR, after the addition of deuterium oxide (50:50 crude/D2O,
in volume).

The preliminary set of results from the DoE was analysed through an
effect plot, which summarizes the relative impact of each parameter on the
conversion, see Figure 2.4a. A model was derived and is summarized as
contour plots in Figure 2.4b. The effect plot shows that the most influential
parameter to enhance conversion is the excess of chalcogen, contributing to
53.6%, followed by the reaction time to 26.9%. Interestingly, pH exhibits
a quadratic effect. Indeed, it was expected that an increasing pH would
only have a positive impact; however, this was not the case, since more
alkaline conditions triggered a competitive phenomenon, i.e., chalcogen
polymerization. [20]

Mixing efficiency does not exert a significant direct impact with this range
of rpm. However, when expressed as an interaction parameter, it shows
a positive influence in conjunction with the reaction time. Moreover, pH
and excess of S8 are also associated with a positive interaction. The model
resulting from these results (2.4b.) for sulfur reduction with TCEP toward
TCEP=S anticipates full conversion with the simultaneous requirement for
extended reaction times (>40 min), a large excess of sulfur (>2.5 eq) at
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Figure 2.4. a. Plot of significant parameters influencing the formation of TCEP=S.
b. Contour plot of the model developed here developed for the conversion into
TCEP=S.
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pH values between 7.5 and 9 (graphical determination), all under vigorous
stirring.
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Figure 2.5. a. Plot of significant parameters influencing the formation of
TCEP=Se. b. Contour plot of the model developed here developed for the
conversion into TCEP=Se.

Similar behaviour can be drawn for the reduction of selenium with TCEP
toward TCEP=Se, emphasizing a significant positive effect of the excess of
Se8, and a milder positive influence of the reaction time. For the preparation
of TCEP=Se, the pH parameter exhibits a square term with an optimum
between 8 and 9.5 (graphical determination). There are also two negative
interaction parameters involving the excess Se8 vs pH or reaction time (i.e.,
pH.Eq and Eq.t, Figure 2.5a.). The model constructed for TCEP=Se predicts
complete conversion within a short reaction time (10 min) and with a lower
excess of selenium (up to 1.5 equiv.) (Figure 2.5b).

However, in the case of TCEP=Te, the optimization strategy needed
adaptation. Firstly, as the protonated form of TCEP appeared incapable of
reducing tellurium, TCEP in aqueous solution must be at a pH above 10
to react with Te0. Secondly, due to the notably faster reduction rate for
Te0, the reaction with TCEP occurred within such a short time frame that
31P-NMR reaction monitoring was not doable. Note that these preliminary
observations were made by using 200 mesh tellurium. After several trials, -18
+60 mesh tellurium was preferred for easier monitoring. Instead, we selected
in situ Raman spectroscopy (see Figure 2.6). This allowed for the assessment
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of various parameters and their influence on the reaction initial rate (vi),
including the excess of tellurium, its granulometry and mixing efficiency.

Raman

Probe

Ar(g)

a. b.

Figure 2.6. a. and b. Experimental setup with a modified three-necked bottomed
flask allowing to insert an in-line Raman probe and flushing the flask with argon.

As illustrated in Figure 2.7 a, the mixing had only a minor effect on the
reaction kinetics, with a mere 2.8% increase while transitioning from 500
to 750 rpm, which confirms the observation made on the effect diagram
for TCEP=S formation. The excess of Te8 had a positive effect on the
reaction kinetics constant, accelerating it from 3.56 10−4 mol.L−1.s−1 to 7.9
10−4 mol.L−1.s−1 when the tellurium excess was increased (1.5 to 3 equiv.).
In addition, the granulometry of tellurium had a profound impact on the
reaction. When switching from -18+60 mesh to 200 mesh, i.e., reducing the
size of particles from 454.3 µm (equivalent diameter on volume) to 44 µm, the
reaction proceeded 22.41 times faster (from 3.56 10−4 mol.L−1.s−1 with
particle sizes of 454.3 µm to 7.96 10−3 mol.L−1.s−1 with particle sizes of 44
µm), as shown in Figure 2.7 b.

a. b.

φ = 0.25 – 1 mm φ = 0.044 mm 

Figure 2.7. a. Influence of the mixing and tellurium excess on the initial reaction
speed. b. Impact of the tellurium granulometry on the initial reaction speed.

To sum up the preliminary batch optimization, pH emerged as a critical
factor for reaction rate, especially in the preparation of TCEP=Te. For sulfur
and selenium, which exhibit quadratic behaviour, synthesis at the optimum
pH, i.e. moderately basic, is also recommended. The quadratic behaviour of
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the TCEP=S, Se formation is likely to be influenced by, at lower pH, the
protonation rate of the TCEP and, at high pH, the formation of polymeric
species. [20] Mixing effects were limited, and at speeds higher than 500 rpm,
their influence became negligible. An excess of chalcogen had a positive
impact on the preparation of all 3 compounds (TCEP=S, Se, Te). The
effect of the granulometry, which was studied only for the preparation of
TCEP=Te, clearly showed that smaller particles led to a drastic increase in
kinetics, related to an increase in the surface area of the chalcogen. This is
expected in a heterogeneous process where the rate-determining step involves
homogeneous reagents (TCEP) and the chalcogen surface.

2.3.2.2 In-situ kinetics of chalcogens reduction by TCEP

Following preliminary optimization and multivariate analysis, a more refined
kinetic study was conducted for the reduction of all chalcogens with TCEP.
Prior to these experiments, a precise investigation of the optimum pH was
conducted (Figure 2.22). These experiments aimed to determine the reaction
mechanism, specific kinetics constants and apparent activation energies
associated with the rate-limiting regime. Each substrate (TCEP=S, Se, Te)
was subjected to the reaction at 30 °C, 40 °C and 50 °C, as well as 60 °C for
Se and Te.

The reactions were monitored by in situ Raman spectroscopy following a
protocol similar to Figure 2.6, with the time evolution of the Raman signal
corresponding to the P=X (X=S, Se, Te) bond (P=Te: 376 cm−1; P=Se: 428
cm−1; P=S: 578 cm−1). The results are plotted in Figure 2.8.

Figure 2.8. Crude data obtained during the kinetic monitoring, for each TCEP=X
(X = S, Se, Te) derivative.

For each series, the temperature had a positive effect on the reaction
kinetics. Similar trends were observed for the reduction of selenium and
tellurium with TCEP: the reaction initiated rapidly and then slowed down
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after reaching a concentration of 0.15 mol.L−1. The reaction with S8 followed
a different pattern (Figures 2.24, 2.25). Initially, a complex, broad signal with
characteristic peaks at 500 cm−1 and 825-870 cm−1 appeared, hypothesized
to correspond to TCEP adsorbed on the surface of sulfur particles. This
transient species eventually evolves into the expected product (TCEP=S).

The kinetic data were then used to establish the rate laws governing the
preparation of TCEP=S, Se, Te. Various models were envisaged, accounting
for the critical role of TCEP adsorption on the chalcogen surface (more
details are provided in section 2.4.0.6). Despite their complexity, none of these
models successfully fitted the kinetic data. Nonetheless, closer examination of
the data indicated that the reaction slowed down more rapidly than predicted
by the models. A plausible hypothesis to account for this deviation is a
decrease in active site accessibility on the chalcogen’s surface due to an
increase in its porosity (Figure 2.9). This effect was integrated into the model
as a decreasing exponential function (section 2.4.0.6).
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X X X X
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Figure 2.9. Hypothesized heterogeneous mechanism showing the interaction of
TCEP on the surface of the elemental chalcogen.

Based on the hypothesized mechanism presented in figure 2.9, the equation
2.1 is presented to represent the chemical rate:

r(t) = kr
kaC(t)

1 + kaC(t) + fdea(C(t)) (2.1)

Where:

• r(t): Reaction rate [mol.L−1.s−1],

• kr: Reaction rate constant [mol.L−1.s−1],

• ka: Surface affinity constant [L.mol−1],

• C(t): Concentration of TCEP [mol.L−1],

• fdea(C(t)): Surface accessibility function [dimensionless].

The model in Equation 2.1 is composed of two term. The first term
corresponds to a Langmuir-Hinshelwood-type mechanism describing the
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interfacial reaction. The second term, fdea, accounts for the progressive loss
of accessible surface sites due to surface modification during the reaction.

Empirically, the surface accessibility function fdea was determined as an
exponential function of the TCEP concentration, as shown in Equation 2.2.

fdea(C(t)) = exp(−kdea C(t)) (2.2)

Where:

• fdea(C(t)): Surface accessibility function [dimensionless],

• C(t): Concentration of TCEP [mol.L−1],

• kdea: Surface accessibility decay constant [L.mol−1].

The Equation 1.1 being unsolvable by analytical methods, the equation 2.1
has been rearranged to take in account the surface accessibility function fdea,
yielding to the equation 2.3:

C(t)
r(t) = 1

kr.ka
+ 1

kr
.C(t) + e−kdea.C(t) (2.3)

Where:

• C(t): Product concentration [mol.L−1],

• r(t): Reaction rate [mol.L−1.s−1],

• kr: Reaction rate constant [mol.L−1.s−1],

• ka: Surface affinity constant [L.mol−1],

• kdea: Deactivation constant of the chalcogen surface [L.mol−1].

The revised kinetic model (equation 2.1) was effectively used to fit the
experimental data using equation 2.3. With this approach, the kinetic
constants were derived for the preparation of TCEP=S, Se, Te at 30 °C,
40 °C, 50 °C and 60 °C (the latter temperature was only considered for
TCEP=Se, Te). These constants were next used to calculate the experimental
activation energies for the rate-determining step of the 3 processes using
Arrhenius’ equation 2.4 (Figure 2.10).

ln kr = ln A − Ea

R
· 1

T
(2.4)
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Where:

• kr: Reaction rate constant [mol.L−1.s−1],

• A: Pre-exponential factor [mol.L−1.s−1],

• Ea: Activation energy [J.mol−1],

• R: Gas constant [J.mol−1.K−1],

• T: Temperature [K].

TCEP=S
Ea = 7.15 kcal mol -1

r² = 0.816

TCEP=Se
Ea = 4.92 kcal mol -1

r² = 0.986

TCEP=Te
Ea = 2.87 kcal mol -1

r² = 0.981

Figure 2.10. Experimental constant rates and Arrhenius fit for each TCEP=X
derivative.

The values obtained for each species exhibited a periodic trend: TCEP=S
(7.2 kcal.mol−1) > TCEP=Se (4.9 kcal.mol−1) > TCEP=Te (2.9 kcal.mol−1).
These observations align well with the ones collected during the batch
optimization (full conversion was achieved faster with TCEP=Te > TCEP=Se
> TCEP=S) and are consistent literature and with Hard and soft acids and
bases (HSAB) considerations, where softer chalcogens exhibit lower activation
barriers. [21]

2.3.2.3 Transposition in flow for the preparation of TCEP=X

Considering the compelling evidence that the reaction, proceeding via the
adsorption of TCEP on the chalcogen particle surface, is dominated by
surface accessibility, there are two potential options to enhance reaction
kinetics: increasing the excess of chalcogen and/or reducing chalcogen particle
size. These attributes can be effectively combined in a packed-bed flow
configuration. Therefore, elemental chalcogen powder was considered as a
packing material suitable for packed-bed tubular flow reactors. In this setup,
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a feed solution of TCEP (0.2 M in water, pH = 10.7) is passed through the
packed-bed column containing the elemental chalcogenides.

Te8

Se8
In-line
NMR

TCEP

(0.2 M)
pH = 10.7

S8

20 °C
45 s < τ < 60 s

TCEP=X
(X=S, Se, Te)

b.  a.

Figure 2.11. a. Simplified flow chart of the automated flow system featuring 3
packed-bed reactors (filled with sulfur, selenium, or tellurium) and operated in
parallel. b. Photograph of the experimental device, emphasizing the in-line low field
benchtop 31P-NMR.

A versatile flow system was constructed, consisting of 3 columns (1/4”
stainless steel, 150 mm length) operated in parallel, each filled with either
sulfur, selenium, or tellurium, respectively (Figure 2.10 a, b). These 3 columns
were connected upstream to a single feed solution of TCEP through an
automated selection valve. The valve was remotely controlled to select the
appropriate source of chalcogen, enabling on-demand preparation, at room
temperature, of TCEP=S, TCEP=Se, and TCEP=Te. For each column, the
porosity (ϵ) was estimated to be 0.287 (S8), 0.098 (Se8) and 0.434 (Te8) (note
that -18 +60 mesh tellurium was used), respectively. The downstream section
of the flow setup featured a benchtop NMR operated in the 31P-NMR mode
to assess both productivity and stability (Figure 2.10 a, b).

For each chalcogen, a feed solution of TCEP (pH 10.7) was infused at
flow rates ranging from 0.25 mL.min−1 to 2 mL.min−1. Conversion and
space-time yield (STY), (see section 6.1.5.1 for more details) were calculated
to determine the productivity boundaries of the flow system. In the case
of sulfur, full conversion to TCEP=S was maintained within the range of
0.25 mL.min−1 to 2 mL.min−1 (STY: 45.9 g.L−1.min−1 with an estimated
residence time of 0.354 min at 2 mL.min−1). Similar results were observed for
TCEP=Te (STY: 61.5 g.L−1.min−1 and an estimated residence time of 0.534
min at 2 mL.min−1).

For TCEP=Se, full conversion was observed up to 1 mL.min−1 (STY: 26.8
g.L−1.min−1 and an estimated residence time of 0.242 min), as illustrated in
Figure 2.12. These outcomes are particularly remarkable when compared to
kinetic batch experiments, where full conversion required approximately
20, 23, and 26 min for sulfur, selenium, and tellurium, respectively. The
substantial reduction in the time frame and the outstanding productivity
metrics required to achieve full conversion emphasize the advantages of this
flow setup for the reduction of chalcogens.
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Figure 2.12. Reaction monitoring (31P-NMR) for the production of TCEP=X
(X=S, Se, Te), under various flow rate through the bed-packed reactor.

Continuous monitoring of TCEP=Te at a flow rate of 1.2 mL.min−1 was
conducted and sustained full conversion for a total operation time of 200 min,
notably in anticipation of scalability trials for CdTe QDs (see Section 6.1.5.2
and Figure 6.12).

To the best of the authors’ knowledge, the in situ preparation of precursors
upstream of QD synthesis has not yet been reported in the literature. A
direct comparison with the current state of the art is therefore challenging.

One possible method for comparison is the STY, calculated without
accounting the dead time between successive batch experiments. The
estimated STY values for the batch formation of TCEP––S, TCEP––Se, and
TCEP––Te are 2.82, 2.86, and 2.90 g.L−1.min−1, respectively.

Based on the estimated batch STY, the ratio STYmicro/STYbatch provides
a useful metric to evaluate the improvement achieved through microfluidic
transposition. The resulting values of 16.27, 9.35, and 21.14, highlight a
significant intensification of the process.

In most of the studies reviewed in Section 1.7, the preliminary formation
of the chalcogen precursor is not the primary focus and is rarely optimized.
Consequently, STY values are generally not reported and are expected to
remain close to the batch values estimated above (e.g., close to 3 g.L−1.min−1).

2.3.2.4 Concatenation to downstream preparation of Quantum
Dots

The direct concatenation of the upstream generator for TCEP=X with the
downstream preparation of CdX significantly reduces the risk of precursor
degradation and enhances the versatility of the flow setup 2.13. The aqueous
protocol for CdX synthesis was adapted to accommodate our system, taking
advantage of the distinctive features of the new chalcogenide precursor,
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TCEP=X. Typically, these protocols involve a strongly basic solution (pH >
11) and cadmium mercaptopropionate Cd(3-MPA)2 as cadmium precursor.
[22]

Te8

Se8

Cd(3-MPA)2

In-line
UV

140 °C < T < 200 °C
45 s < τ < 60 s

34 bar

V = 1.25 mL

CdXQDsTCEP

S8

20 °C
45 s < τ < 60 s

Figure 2.13. Simplified flow chart for the concatenated process towards CdS, CdSe
and CdTe QDs.

In the proposed system, the TCEP=X generator (Figure 2.13) was inserted
upstream of an additional static mixer. The latter allowed the stream of
TCEP=X to be blended with a feed solution of Cd(3-MPA)2. The resulting
reaction mixture was then directed to a heated reaction coil for QD generation.
The reactor effluent was thermally quenched and then connected to an in-line
UV-VIS spectrometer for real-time reaction monitoring.

Figure 2.14. In-line monitoring with UV/Vis. (A.u. = Absorbance units), path
length: CdS 0.5 mm, CdSe/Te: 10 mm

The results obtained during the synthesis are shown in Figure 2.14.
Overall, these results demonstrate the effectiveness of fresh TCEP=X
precursors as efficient chalcogenide carriers under aqueous conditions. They
demonstrate the capability of TCEP=X to readily transfer chalcogen (X) to
cadmium under relatively mild conditions. Furthermore, the findings highlight
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that the reactivity of TCEP=X is significantly influenced by the nature of
the chalcogen, establishing a reactivity hierarchy where softer chalcogens
(TCEP=S < TCEP=Se < TCEP=Te) require lower process temperatures
and shorter residence times.

2.3.2.5 Quantum Dots characterization

CdS CdSe CdTe

CdS CdSe CdTe

Figure 2.15. Characterizations of QDs after their production by High-resolution
transmission electron microscopy (HRTEM) as well as their plot bar summarizing
their size distribution.

HRTEM analyses were conducted to provide insights into the size and
morphology of the QDs. The HRTEM images revealed that the particles
exhibited a spherical morphology, with estimated particle sizes of 3.31 ± 0.50
nm for CdS, 3.35 ± 0.58 nm for CdSe, and 4.00± 0.52 nm for CdTe (Figure
2.15).

The normality of the size distribution shown in the second line of
Figure 2.15 was estimated by means of a Shapiro-Wilk test, with the decision
based on the resulting p-value. [23] For CdS (p-value = 0.666) and CdTe
(p-value = 0.387), the distributions can be considered normal. In the case of
CdSe, however, the p-value (0.053) is very close to the significance threshold
and may be considered suspicious. From a physical point of view, this suggests
that nucleation and growth coexist in the HRTEM sample, which deviates
from the ideal LaMer mechanism.

Subsequently, powder X-ray diffraction (P-XRD) analyses were carried out
on purified quantum dots, utilizing zero-background substrates. For all three
samples (CdX, where X = S, Se, and Te), the XRD patterns matched those of
reference samples, confirming the crystalline nature of the QDs (Figure 2.16).
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These QDs exhibited a cubic crystal system. More details on the P-XRD tune
cells are available in Figures 6.33, 6.35 and 6.37

Figure 2.16. Characterizations of QDs after their production by Powder X-ray
Diffraction analysis on QDs

2.3.2.6 Scalability trials with CdTe QDs

The synthesis of CdTe QDs required milder conditions, with temperatures
ranging from 140 °C to 150 °C, and a similar residence time (45 s). The
trends observed for CdTe paralleled those observed for CdSe: higher process
temperatures led to a decrease in concentration and an increase in size. The
new process offers several advantages over conventional methods. It allows for
lower operating temperatures and the possibility to seamlessly integrate the
precursor preparation with the QD synthesis within a mesofluidic synthesis.
Specifically, the experimental conditions for the CdTe QDs (temperature
140-150 °C, residence time 42-52 s and pressure of 7 bar) are well suited for
scalability trials in a mesofluidic reactor .

The mesofluidic setup is depicted in Figure 2.17 a,b and consists of 2
concatenated reactors. The first reactor is dedicated to producing TCEP=Te,
building upon the packed-bed methodology. The second reactor is a commercial
mesofluidic Corning® Advanced-Flow™ G1 SiC Reactor equipped with 6
Silicon Carbide fluidic modules connected in series (60 mL total internal
volume) and concerns the formation of the CdTe QDs. Downstream operations
include a cooling loop (thermal quench), a back pressure regulator, an in-line
UV/Vis flow cell (5 mm optical pathway) and off-line ultrafiltration.

During the scale-up process using our fully integrated and continuous
process, the total flow rate ranged from 70 to 86.2 mL.min−1. Notably, the
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a.

b. 

Corning® AFRTM G1 SiC

(60 mL internal volume)
FM 1 FM 2-6

Cd(3-MPA) 2

TCEP

NaOH

Off-line
ultrafiltration

CdTeTe8

T = 20 °C
τ = 45 s

V = 15 mL

Cooling loop

In-line
UV

7 bar

T = 145 °C
 τ = 51.4 s

40 mL.min-1

28.8 mL.min-1

1.2 mL.min-1

Figure 2.17. a. Simplified flow chart of the mesofluidic setup used for the
scalability trials toward CdTe. b. Photograph of the experimental setup, featuring a
Corning® Advanced-Flow Reactor™G1 SiC (60 mL of internal volume).

particles produced remained stable for at least five months, rendering them
suitable for a wide range of industrial applications. [24] As the use of high
flow rates comes inherently with an increase in size dispersion, a purification
method was sought to keep the benefits of scale-up. Ultrafiltration of the
sample collected downstream of the fluidic module was efficiently carried out
on the CdTe QDs. The combination of two filters with various pore sizes (10
kDa and 30 kDa) reduced efficiently the width of the emission peak related to
polydisperse QDs (Section 6.1.5.4). This method is therefore very convenient
and ensures high quality for the samples collected (Figure 2.18).

2.3.3 Conclusions

This study introduces a novel water-soluble chalcogen vehicle which can be
successfully transferred to a cadmium source, resulting in the formation of
CdX (X = S, Se, Te) QDs in water. The preparation of TCEP=X (X = S,
Se, Te) was optimized, with a focus on the influence of factors such as pH,
chalcogen excess, mixing efficiency, and reagent granulometry, using a DoE
approach. Following this optimization, in situ monitoring of the reaction was
carried out at various temperatures using in-situ Raman spectroscopy. The
kinetic data generated allowed for real-time observation of the formation of
TCEP=X species and the identification of the reaction mechanism, which
occurs at the surface of the chalcogen particles.
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Figure 2.18. Comparison of samples prior and after ultrafiltration.

Over time, the reaction rate decreased due to surface degradation. Based
on these observations, the process was successfully transposed in flow
conditions using a packed-bed approach. Columns were filled with elemental
chalcogens (S, Se, Te) and were operated in parallel for the on-demand
production of the desired TCEP=X (X = S, Se, Te) precursors from the same
feed of TCEP. Such an innovative approach achieved impressive productivity
levels and was eventually amenable for pilot scale production. Following the
successful transposition of precursor generation into a continuous flow system,
this step was concatenated with the preparation of CdX (X = S, Se, Te)
QDs. The resulting nanoparticles were characterized using HRTEM and
P-XRD, revealing nanosized spherical shapes with a cubic crystal lattice
structure. The entire process was transposed to pilot scale in a mesofluidic
reactor and demonstrated for the production of CdTe QDs. The pilot scale
setup produced up to 82.6 mL.min−1 of stable (>5 months) CdTe QDs.
Ultrafiltration was successfully applied to minimize dispersity related to high
flow rates. Such unprecedented processes under scalable flow conditions open
new avenues for accessing aqueous QDs.
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2.4 Complementary information

2.4.0.1 Stability study for TCEP=Te

The experimental details are available in Section 4.4.2. The samples were
analyzed by 31P-NMR (162 MHz) and exhibited two peaks at δ = 58.7 ppm
(TCEP=O) and δ = -4.88 ppm (TCEP=Te) after quantitative conversion of
TCEP (δ = -26.27 ppm) with tellurium (Figure 2.19).

Figure 2.19. Crude results of TCEP=Te degradation (31P-NMR, 162 MHz).

The 31P-NMR peaks for TCEP=O and TCEP=Te were monitored
and integrated over time, as depicted in Figure 2.20. As the conversion of
TCEP=Te increased, the appearance of a layer of Te0 was noticed.

The increase of TCEP=O over ∼2 h emphasized the critical importance of
degassing and maintaining solutions and working under argon to protect the
integrity of TCEP=X (X=S, Se, Te).

2.4.0.2 Determination of the optimum pH

Figure 2.21 was obtained upon stacking the graphs from the pH optimization
of TCEP=S, Se (section 1) and the deprotonation rate of the TCEP. An
optimum pH appeared at 10.7, mostly due to TCEP=S formation’s limitations.
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Figure 2.20. Oxidation rate of TCEP=Te towards TCEP=O

Figure 2.21. pH optimum for TCEP=X (X=S, Se, Te) formation
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2.4.0.3 Raman monitoring for the formation of TCEP=S

The formation of TCEP=S was monitored in batch through Raman spec-
troscopy. The raw data were treated with a 6th order polynomial Savitsky-Golay
baseline correction and normalization of the intensity (based on the signal
of water, assumed to remain constant, from 1635 cm−1 to 1655 cm−1).
Experimental data were then concatenated in a 3D matrix and plotted as a
heatmap (Figure 2.22). From Figure 2.22, it became clear that 4 signals were
evolving during the experiment at 875 cm−1 and 825 cm−1 (both signals seem
to be related to an intermediate hypothesized as the adsorbed form TCEP on
the sulfur surface) and 657 cm−1 (associated with the P-C bound, and thus
the disappearance of TCEP) and 578 cm−1 (associated with the P=S bond
and thus the appearance of TCEP=S).

875

825

657

578

Figure 2.22. Heatmap for the formation of TCEP=S at 40 °C

Based on these observations, the intensity profile was extracted at 875
cm−1, 657 cm−1 and 578 cm−1 (the intensities are obtained as the average on
the 3 points closest to the maximum of height of the band). Then, based on
the mass balance, the intensities are converted into a concentration profile
(Figure 2.23).

2.4.0.4 Raman monitoring for the formation of TCEP=Se

The formation of TCEP=Se was monitored in batch through Raman
spectroscopy. The raw data were treated with a 6th order polynomial
Savitsky-Golay baseline correction and normalization of the intensity (based
on the signal of water, assumed to remain constant, from 1635 cm−1 to 1655
cm−1). Experimental data were then concatenated in a 3D matrix and plotted
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Figure 2.23. Concentration profiles for the formation of TCEP=S at 40 °C

as a heatmap (Figure 2.24). From Figure 2.24, it became clear that 3 signals
were evolving during the experiment at 653 cm−1 (associated with the P-C
bond, and thus the disappearance of TCEP) and at 428 cm−1 and 455 cm−1

(associated with the P=Se bond and thus the appearance of TCEP=Se).

653

455
428

Figure 2.24. Heatmap for the formation of TCEP=Se at 40 °C

Based on these observations, the intensity profile was extracted at 653
cm−1 and 428 cm−1 (average on the 3 points closest to the maximum). Then,
based on the mass balance, the intensities are converted into a concentration
profile (Figure 2.25).
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Figure 2.25. Concentration profiles for the formation of TCEP=Se at 40 °C

2.4.0.5 Raman monitoring for the formation of TCEP=Te

The formation of TCEP=Te was monitored in batch through Raman
spectroscopy. The raw data were treated with a 6th order polynomial
Savitsky-Golay baseline correction and normalization of the intensity (based
on the signal of water, assumed to remain constant, from 1635 cm−1 to 1655
cm−1). Experimental data were then concatenated in a 3D matrix and plotted
as a heatmap (Figure 2.26). From Figure 2.26, it became clear that 5 signals
were evolving during the experiment at 494 cm−1 and 715 cm−1 (matrix
effect, probably due to tellurium dioxide, [25]) 649 cm−1 (disappearance of
the TCEP) and at 376 cm−1 and 418 cm−1 (associated with the P=Te bond
and thus the appearance of TCEP=Te).

Based on these observations, the intensity profile was extracted at 649
cm−1 and 376 cm−1 (average on the 3 points closest to the maximum). Then,
based on the mass balance, the intensities are converted into a concentration
profile (Figure 2.26).

2.4.0.6 Establishment of a kinetic model

Three models were originally developed to fit the experimental data. For the
discussion of the models, the following assumptions are made: (a) the reaction
occurs at the interface between the chalcogen and the aqueous liquid phase
when a phosphine molecule is adsorbed on the surface; and (b) the adsorption
constant (kads) and the desorption constant (kdes) of TCEP are far more
important than the constant rate (kr), see figure 2.28.

With the previous assumptions, the general kinetic equation is:
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649

494

418

376

715

Figure 2.26. Heatmap for the formation of TCEP=Te at 40 °C

Figure 2.27. Concentration profiles for the formation of TCEP=Te at 40 °C

TCEPaq

kads

kdes

TCEPads +  Xs

kr

TCEP=Xads

kads

kdes

TCEP=Xaq

X = S, Se, Te

Figure 2.28. Fundamental step of TCEP=X formation
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r(t) = −kr.θT CEP (t).θx(t) (2.5)

Where:

• r(t): Reaction rate [mol.L−1.s−1],

• kr: Reaction rate constant [variable],

• θT CEP (t): Covering rate of TCEP [dimensionless],

• θx(t): Covering rate of the chalcogen [dimensionless].

To solve the equation 2.5, three scenarios have been hypothesized:

1. In this scenario, since the powder is composed by the chalcogen, the
assumption is made that the covering rate of chalcogen θx = 1. Second
assumption, the phosphine is adsorbed on the surface according to a
Langmuir Isotherm. The kinetic equation then becomes:

r(t) = −kr.
ka.C(t)

1 + ka.C(t) (2.6)

Where:

• r(t): Reaction rate [mol.L−1.s−1],
• kr: Reaction rate constant [mol.L−1.s−1],
• ka: Affinity constant of TCEP for the chalcogen surface [L.mol−1,
• C(t): TCEP concentration [mol.L−1].

2. The surface of the chalcogen is still saturated, but all sites are not
equivalent. In this case, the hypothesis that θx = 1 is not met, expressing
the non-homogeneity of the sites on the surface. Here again, the
assumption is made that the TCEP is adsorbed following a Langmuir
Isotherm. Accordingly, the kinetic equation becomes as follows:

r(t) = −kr.
kx.kT CEP .Cx(t).CT CEP (t)

(1 + kx.Cx(t) + kT CEP .CT CEP (t))2 (2.7)

Where:

• r(t): Reaction rate [mol.L−1.s−1],
• kr: Reaction rate constant [mol.L−1.s−1],
• ka: Affinity constant of TCEP for the chalcogen surface [L.mol−1],
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• C(t): TCEP concentration [mol.L−1].

The equation 2.7 can be rewrote as follow:

r(t) = − k1CT CEP (t)
(k2 + k3.CT CEP (t))2 (2.8)

Where:

• r(t): Reaction rate [mol.L−1.s−1],
• k1: kr · kx · kT CEP · Cx(t) [variable],
• k2: 1 + kx · Cx(t) [dimensionless],
• k3: kT CEP [variable].

3. In this scenario, the founding hypothesis is that the covering rate of
chalcogen θx = 1. But in this case, the phosphine adsorbs according to
a Brunauer, Emmett and Teller theory (BET) isotherm, which leads to
the following equation [26]:

r(t) = −kr.
ks.C(t)

(1 − kl.C(t)).(1 − kl.C(t) + ks.C(t)) (2.9)

Where:

• r(t): Reaction rate [mol.L−1.s−1],
• kr: Reaction rate constant [variable],
• ks: Affinity constant of the first layer of TCEP adsorbed on the

chalcogen [variable],
• kl: Affinity constant of the upper layers of TCEP [variable].

To efficiently segregate these three models, decision was made to compare
them under the form CT CEP

r(t) . Indeed, under this form, equation 2.6 becomes
a straight line (equation 2.10, equation 2.8 becomes a parabola with all
coefficients of the same sign (equation 2.11) and equation 2.9 becomes a
parabola with variable sign coefficients (equation 2.12). These equations are
summarized below:

C(t)
r(t) = − 1

kr.ka
− 1

kr
− C(t) (2.10)

C(t)
r(t) = −k2

2
k1

− 2.k2.k3
k1

.C(t) − k2
3

k1
.C(t)2 (2.11)
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C(t)
r(t) = − 1

kr.ks
+ 2.kl − ks

kr.ks
.C(t) − k2

l − kl.ks

kr.ks
.C(t)2 (2.12)

Based on these assumptions, the expressions of C(t)
d(C(t)) f(C(t)) were plotted.

The first observation is that the values of C(t)
d(C(t)) tend quickly towards a

vertical asymptote. The first attempts to fit all the data with the three
models failed. At best, if the fit is limited to lower conversion values i.e., C <
0.1 mol/L, the early stage of the reaction can be fitted with a relative success
2.29.

Figure 2.29. Trials to fit the C(t)
d(C(t)) f(C(t)) with first and second degree

polynomials

The first row shows C(t)
d(C(t)) up to 5000, while the second row is limited to

500 to emphasize the fit quality in the early stages of the reaction. Generally
speaking, the second-order polynomial fit (second and third columns) provides
a better fit quality with a higher R2. The first-order fit (first column) only fits
a much earlier stage for the reaction.

With such poor fit quality, it became apparent that none of these models
can explain the kinetics experimental data. These models work at best for the
early stages of the experiments, then deviate significantly from the theoretical
model. Such a deviation clearly emphasizes that the experimental kinetics
slow down faster than what is predicted by all three models.

To take this observation into account, we hypothesized that surface
deactivation was involved. Since deactivation is impossible strictly speaking
with a reactive solid, it seemed more coherent to explain this reaction
rate decrease with a decreasing surface accessibility. The latter probably
arises because of an increase in surface roughness. Therefore, a decreasing
exponential contribution was empirically added for establishing a new model
2.30.
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Langmuir adsoprtion
θx = 1

Available
sites f(time) 

Figure 2.30. Modification of a first-order kinetic with a decreasing surface
availability

The experimental kinetics data were fitted with the revised model, as
illustrated in Figure 2.31, with a significant improvement. The revised models
cannot explain the decreasing rate for the late stages of the reaction but
provided excellent regressions (r2 > 0.999) up to 0.15 mol.L−1 (X = 0.75)

Figure 2.31. Modification of a first-order kinetic with a decreasing surface
availability

The merits of the fits for 1st and 2nd order being very close to each other,
we decided to fit all the experimental kinetics with the modified first-order
law (equation 2.13).

C(t)
r(t) = − 1

kr.ka
− 1

kr
.C(t) + ekdea.C(t) (2.13)

Where:

• r(t): Reaction rate [mol.L−1.s−1],

• kr: Reaction rate constant [variable],

• ka: Affinity constant of TCEP [variable],
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• kdea: Deactivation constant of the chalcogen surface [s−1].

From there, kr was extracted at each temperature and led to the
experimental determination of the corresponding activation barriers for the
formation of TCEP=X (X= S, Se, Te).

2.4.0.7 CdTe purification

1. Microfluidic samples

Our TCEP-based process already produced CdTe QDs with interesting
fluorescence properties (Figure 6.36). However, their emission peak
was still rather broad and contained some surface defects. In order
to improve their quality, a straightforward downstream purification
step was developed. Downstream purification consists in a centrifugal
filtration performed with two pore sizes (10 kDa (516-0230P) and 30
kDa (516-0232P), both purchased from VWR). 500 µL of crude sample
were placed on the top of the filter membrane in an Eppendorf vial.
The vials were then centrifugated at 10,000 rpm for 5 min. The filtrate
was collected and the collected solid was resuspended with 500 µL of
milliQ water. The corresponding post-treatment samples are illustrated
in figure

S < 
30 kDa

S < 
10 kDa

S > 
30 kDa

S > 
10 kDa

Crude
10 kDa
< S < 

30 kDa

Figure 2.32. Picture under UV 365 nm light source of the purified samples.

The influence of the purification is already obvious under UV light:
while the crude sample was yellow, filtration at 30 kDa produced green
and brown samples and the filtration at 10 kDa gave orange and green
samples. A combination of particles passing through the 30 kDa media
but retained by the 10 kDa gave a yellowish sample.

These samples were then analyzed by fluorimetry and the normalized
results are shown in figure

The filtration over 10 kDa allows to efficiently segregate the smaller
particles from the crude. The membrane of 30 kDa split almost perfectly
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Figure 2.33. Left: filtration on the 10 kDa filter, middle: filtration over 30 kDa
and on the right, sample after double filtration (30-10 kDa).

the crude in two halves. Finally, the use of the combined filters to
obtain a bandpass-like filter reduces the emission band and further
improves the optical purity of the CdTe QDs.

2. Mesofluidic samples

According to the same protocol described in section 2.4.0.7, five samples,
obtained from the scale up synthesis, were purified by ultra filtration on
various pore size membranes (10 kDa or 30 kDa). The results of these
purifications are shown in Figure 2.34, both the impact of peak position
and FWHM are summarized.

Figure 2.34. Evolution of the emission peak position (left) and of the full width
half maximum (FWHM) of the samples produced during the scale up, highlightening
the various phases isolated during the filtration steps.

Some observations can be made from these plots: the filtration of the
crude mixture over the 30 kDa membrane splits the QDs population
into two subsets with their peak position shifted below (filtrate) and
above (filter cake) of the crude mixture. The same observation can be
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done when the 30 kDa filtrate is passed through the 10 kDa media.
About the FWHM, it seems there is no systematic pattern.
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Chapter 3

QDs synthesis optimization

Preface

In Chapter 2, the results presented mainly demonstrate the efficiency of
TCEP as chalcogen transport. Indeed, the trials performed illustrate the
concept of chalcogen transfer with appropriate characterization (e.g., UV/Vis,
XRD and HRTEM). The emission properties shown by the resulting QDs are
however poor and require an advanced systematic optimization process,
appropriate for the TCEP––X derivatives.

In that perspective, the Chapter 3 is structured to provide a full overview
of the parameters influencing the QDs formation, as described in Section 1.5,
as summarized in Figure 3.1. To address these questions, the chapter begins
with a justification of choice of reagents and the limitations they entail.

After marking the reagent nature and their range of values, the optimization
of each core (e.g., CdS, CdSe and CdTe) itself was carried out. For each
system, the experimental parameters were varied and the data treatment
aimed to predict the behaviour of QD formation with models as descriptive as
possible to understand the mechanism of particle formation.

Based on the information extracted from the optimization phase, mecha-
nistic insights were sought to determine the pathway of QD formation. The
study covered the use of isotopic labelling, pH-metry, Raman monitoring and
XPS surface analysis.

Finally, the Chapter 3 is currently under consideration for publication as a
full paper.
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3.1 Parameters influencing QD formation

The versatility of TCEP as a chalcogen transfer reagent was proved in
Chapter 2. Compared to conventional, water-soluble sodium chalcogenides,
this new reagent exhibits greater air stability, as demonstrated in Figure 6.1.
Moreover, the reduction step can be carried out in flow mode using a
packed-bed column filled with elemental chalcogen. Beyond facilitating
the transition from batch to flow, this approach improves process safety
and reduces the risk of precursor degradation between their generation and
subsequent use in concatenated processes.

Screening experiments based on the work of Emonds-Alt et al. [1] further
confirmed, via UV/Vis analysis, that TCEP=X (with X = S, Se, Te) efficiently
transfers the chalcogen to the cadmium source (see Figure 2.13). However, the
resulting emission properties, not presented, remain poor, making it essential
to optimize the experimental conditions in order to meet current standards for
QDs emission performance.

3.1.1 Tunable parameters

In this section, the theoretical framework presented in Section 1.5 is connected
to the experimental conditions illustrated in Figure 3.1. the main stages of
the quantum dot formation mechanism are mapped onto the orange time line,
and experimental parameters are highlighted in red boxes. Each stage is
examined from a practical standpoint, linking theory to tunable factors.

• Reaction rate
This initial phase governs the supply of freshly formed monomers
for subsequent steps. This time step, almost invisible in the LaMer
formalism, is explicitly captured in the Finke–Watzky pathway and is
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Figure 3.1. Schematic linking Section 1.5 to the experimental conditions for QDs
formation. The main framework is shown in orange, tunable parameters in red, and
uncontrolled ones in blue.

referred to as the induction period. The reaction rate depends on
precursor concentration, temperature, residence time, and the intrinsic
reactivity of the species. The chalcogen source exhibits a fixed reactivity
(empirically correlated with the 31P-NMR chemical shift: Te > Se
> S > O), whereas the cadmium precursor reactivity can be tuned
by modifying the chemical nature of its stabilizing ligand (roughly
associated with log β).

• Nucleation
Following the induction period, nucleation occurs only above a critical
monomer concentration, which is directly linked to the reaction rate
(phase I). In the LaMer formalism, it marks the beginning of the crystal
growth and for FW mechanism it means the start of parallel reaction
path with autocatalytic path. The nucleation threshold depends on
monomer solubility and can be influenced experimentally through CNT
parameters:

– The nucleation activation barrier (∆G‡), governed by the Gibbs
free energy per unit volume (∆Gv, not directly controllable) and
the surface tension σ, which can be adjusted via the ligand to
precursor ratio (L/X).

– The total species concentration, affecting ion interaction energies
(Fions).
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• Growth
The growth rate depends on the remaining monomer concentration
and the diffusion coefficient (Dab). In practice, phases II and III
are difficult to separate experimentally because they are influenced
by similar parameters. In the Finke–Watzky framework, no strict
distinction is made between nucleation and growth, as both processes
are assumed to proceed in parallel. The growth can be moderated by
slowing the reaction rate after nucleation, either through controlled
injection of additional precursors or by lowering the temperature,
limiting supersaturation of monomeric units.

• Ostwald ripening
Ostwald ripening occurs when the medium is depleted in precursors.
Smaller particles, especially those below r∗, dissolve, while larger ones
grow. This process is difficult to control; effective surface passivation,
either via the L/X ratio during synthesis or through post-synthetic
treatment, is the main strategy to mitigate it.

In the following sections, the influence of each experimental parameter
(e.g., red boxes in Figure 3.1) is reviewed to justify the choice of reagents as
well as their reactivity limits.

3.1.2 Cadmium source

The selection of the cadmium source may seem trivial. However, a wise choice
has an important impact on the emission properties of the final product, as
well as on the growth rate.

The first requirement for the cadmium source is good water solubility.
Most of the inorganic cadmium salts fulfil this condition. However, cadmium
can easily form insoluble salts with many counter-ions, the most common
being OH– , which leads to Cd(OH)2 precipitation.

In practice, no counter-ion from the cadmium source can fully prevent
cadmium precipitation. Therefore, when the cadmium source is dissolved, an
additional stabilizing agent is added to counterbalance the effect of OH– ions
(see Section 3.1.3). These stabilizers are typically X-type ligands (Table 1.2).
At this stage, the initial counter-ions remain in the reaction medium.

During QD synthesis, these leftover ions play an important role in particle
stabilization and surface passivation, as their affinity for cadmium affects
surface–ion interactions. Two metrics can quantify these interactions: logβ
and HSAB theory. Cadmium is a soft acid, therefore, soft bases interact
strongly with it. This latter parameter can be approximated by Mulliken
electronegativity (χ), see Table 3.1. [4]
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Table 3.1. Estimated bonding strength of various counter-ions with Cd2+. n.a.:
Not available, [1] data from [2], [2] data from [3].

Counter-ion Log β[1] χ Mulliken (eV)[2]

RS– n.a. 2.0 (approx.)
Cl– CdL: 1.42, CdL2: 1.92 7.4

OAc– CdL: 1.00, CdL2: 1.90 7.5
NO3

– n.a. 7.8 (approx.)
SO4

2– CdL: 0.85 8.0 (approx.)

The results indicate that thiolate functions bind strongly to cadmium
atoms, making them excellent stabilizing agents. On the other hand, chloride
and acetate ions present moderate logβ and χ values. These characteristics
make them more suitable for CdX QD synthesis than nitrate or sulfate
ions, which interact weakly with cadmium and do not contribute to surface
passivation. [5]

Ultimately, CdCl2 and Cd(OAc)2 represent the best candidates, with
similar potential interactions with cadmium. Among them, Cd(OAc)2 was
chosen because its methylene groups may be useful for further DOSY-NMR
characterizations.

3.1.3 Cadmium - Stabilizing agent

The bibliographic review presented in Tables 1.7 and 1.11 shows that the
most sustainable stabilizing agents are the X-types and more precisely
phosphonate or thiol functional groups, which bind strongly to cadmium
cations (Cd2+). Based on this ligand screening, two stabilizing agents were
selected: 3-Phosphopropionic acid (3-PPA) and 3-Mercaptopropionic acid
(3-MPA). Both possess a propionate moiety, facilitating potential downstream
biofunctionalization while ensuring the water solubility of the nanoparticles.

3.1.3.1 3-PPA

3-Phosphopropionic acid (3-PPA) is a bifunctional molecule containing both a
carboxylic acid and a phosphonate group. Each group has its own pH-active
center, with pKa values of 2.07, 4.56, and 7.31. The phosphonate group has
two acidic protons (pKa 2.07 and 7.31), while the carboxylic acid has one
(pKa 4.56). [6]

159



Chapter 3. QDs synthesis optimization

O

HO P

O

OH

OH
Ka1

O

HO P

O

OH

O
Ka2 Ka3

O

O P

O

OH

O

O

O P

O

O

O+ H+ + H+ + H+ + H+

(3.1)

Figure 3.3 presents the species distribution as a function of pH. The first
deprotonation occurs at the phosphonate, yielding an X-type ligand (see
Table 1.2) well-suited for coordination with the soft Cd2+ ions. Subsequent
deprotonation of the carboxylic acid provides an additional anionic site (also
X-type) capable of coordinating cadmium. Finally, the second phosphonate
proton is removed, producing the dianionic phosphonate species. While
the increased negative charge enhances electrostatic attraction, the harder
character of the dianion makes it less compatible with the soft Cd2+ according
to HSAB principles. Thus, the overall interaction strength results from a
balance between charge effects and acid–base softness/hardness.

OH
OH

O

HO P

O

Figure 3.2. Species pH distribution of 3-Phosphopropionic acid (3-PPA).

In their study, Heubel et al. investigated the relationship between the
protonation state of Phosphonoacetic acid (PAA) and its 31P-NMR chemical
shift (δ). The chemical shielding of the phosphorus nucleus can be related to
the ligand ability to coordinate through an X-type bond. The resulting
curve follows a parabolic trend, with a minimum corresponding to the fully
deprotonated form of PAA (i.e., phosphonate monoanion and carboxylate
monoanion, net charge -2). [7] This behaviour is expected to apply similarly
to 3-PPA, given the structural analogy.

Later, Farmer et al. conducted a study relative on the complexation
properties of phosphonocarboxylic acids in aqueous media. [8] Their work
focused on Phosphonoformic acid (PFA), PAA, and 3-PPA. Based on their
measurements, 3-PPA was found to be the least efficient ligand for complexing
Mg2+ and Ca2+. Although no stability constants were reported for Cd-3-PPA
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system, complexation data are available for cadmium with PAA, with log Kf
= 3.9 (ML) and 1.9 (MHL). Given the functional similarity between 3-PPA
and PAA, and the weak complexation observed for Mg2+ and Ca2+, it is
reasonable to expect that 3-PPA also exhibits relatively low affinity toward
Cd2+.

This observation was confirmed experimentally: mixtures of Cd2+ and
3-PPA did not withstand the addition of NaOH and rapidly precipitated as
Cd(OH)2. To prevent this undesired precipitation, the precursor solutions
were prepared in the presence of a Tris buffer adjusted to pH = 8, which
yielded stable mixtures. These buffered precursor solutions were subsequently
used for the batch synthesis, as shown in Figure 3.3.

t = 2min t = 7min t = 9 min t = 16 min

t = 21 min t = 27 min t = 34 min t = 41 min

Reaction evolution

Reaction evolution

Figure 3.3. Batch synthesis of CdSe QDs stabilized by 3-PPA in presence of tris
buffer.

The synthesis was initially expected to proceed at 65 °C. However,
immediately after the addition of the TCEP=Se precursor, the reaction
medium began to change color, indicating that nucleation had already started
at room temperature. The experiment was monitored over time, but the
spectral data proved unusable: in the absence of controlled thermal activation
and quenching, the samples decomposed progressively, consistent with the
visual evolution shown in Figure 3.3. These observations led us to discontinue
the use of 3-PPA, as this stabilizing agent was not sufficiently strong to keep
the forming QDs soluble under these conditions.

3.1.3.2 3-MPA

3-Mercaptopropionic acid (3-MPA) is a bifunctional molecule, containing
both a carboxylic acid and a thiol group. Each has its own pH-active center
with pKa values of 4.3 and 10.8, respectively. [9] The three resulting species
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are presented in Equation 3.2, and their relative abundance as a function of
pH is shown in Figure 3.4.
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Figure 3.4. Species pH distribution of 3-MPA.

HS−(CH2)2−COOH
Ka1−−−⇀↽−−− HS−(CH2)2−COO− + H+ Ka2−−−⇀↽−−− −S−(CH2)2−COO− + H+

(3.2)

The protonation state of 3-MPA strongly influences its ability to act as a
stabilizing agent. The fully protonated form cannot bind efficiently to the
CdS surface. The first group to deprotonate is the carboxylic acid, forming a
carboxylate (X-type ligand). The second is the thiol, yielding a thiolate,
which is also an X-type ligand.

However, there is a significant difference in the Cd–ligand bond energy
between the carboxylate and thiolate groups. Density Functional Theory
(DFT) calculations estimate the Cd–O (carboxylate) bond energy to range
from 0.25 to 1 eV, depending on the chelation mode, [10] and the Cd–S
(thiolate) bond energy to range from 0.6 to 2.4 eV. [11]

These values were obtained through DFT simulations and may vary
significantly with the solvent and the ions present in the medium (e.g., the
various X-type ligands illustrated in Figure 1.16). In practice, when the pH is
sufficiently high, sulfur preferentially binds to cadmium atoms, replacing the
carboxylate group.

Based on these considerations, assuming the pH is sufficiently high to
form the thiolate form of 3-MPA, the following chelation equilibrium can be
written:

Cd2+ + −S−(CH2)2−COO− Kf1−−−⇀↽−−− [Cd−S−(CH2)2−COO] (3.3)
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This allows us to write the first equilibrium expression (Equation 3.4),
which can be simplified by substituting the concentration of RS2– by the
species from the second deprotonation step in Equation 3.2, leading to
Equation 3.4:

Kf1 = [Cd−SR]
[Cd2+][RS2−]

= [Cd−SR][H+]
[Cd2+][RSH]Ka2

(3.4)

In the literature, the logarithm of the formation constant, logKf1 , has
been estimated as 8.8 at pH 7.5. [12] This monothiol complex is poorly
soluble and forms a zwitterionic compound capable of cyclization through
interaction with the carboxylate group. This cyclization is favoured due to
formation of a stable six-membered ring, as shown in Figure 3.5.

O

OS
Cd

Cd
S

O
O

Kcy

Figure 3.5. Monothiol-Cadmium complex cyclization due to carboxylate interaction.

In a second step, if free deprotonated 3-MPA molecules remain in the
reaction medium, they can replace the carboxylate group in the cyclized
form, leading to a 1:2 complex (Cd(3-MPA)2), as shown by the chelation
equilibrium in Equation 3.5.

[Cd−S−(CH2)2−COO]+ −S−(CH2)2−COO− Kf2−−−⇀↽−−− [Cd−(S−(CH2)2−COO)2]2− (3.5)

Similarly to the 1:1 complex, the equilibrium expression can be written as
in Equation 3.6. Once again, the term [RS2– ] is replaced using the second
deprotonation step from Equation 3.2.

Kf2 = [Cd(SR)2
2−]

[CdSR][RS2−]
= [Cd(SR)2

2−][H+]
[CdSR][RSH]Ka2

(3.6)

Experimentally, a value of log Kf2 = 4.8 has been reported at pH 12.
[12] This 1:2 (Cd(3-MPA)2) complex is highly soluble in aqueous solutions,
making it a reliable precursor for QDs synthesis.

This complexation overview indicates that 3-MPA can bind strongly to
cadmium atoms through its thiolate group. Although it is difficult to directly
compare, log Kf1 and log Kf2 values obtained under different pH conditions,
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the data suggest that thiolate species preferentially bind to cadmium to form
1:1 complexes. Once all cadmium atoms are coordinated in this 1:1 form, the
excess thiolate species can further interact with these complexes to yield 1:2
Cd(3-MPA)2 species.

Based on these conclusions and in order to define the suitable pH range
for feed preparation, several pH-metric titrations of pure 3-MPA and of
3-MPA in the presence of cadmium were carried out using sodium hydroxide.
A representative titration curve is presented in Figure 3.6. Experimental
details are provided in Section 6.2.4.6.

The main observation is the clear difference between the titration of pure
3-MPA and that performed in the presence of cadmium. In the first case, a
regular pH increase is observed, whereas in the second, a significant buffering
region appears, where the pH rise is hindered until both curves converge again
above pH ≃ 11. This hysteresis behaviour results from the consumption of
thiolate species, formed upon NaOH addition, by cadmium ions, leading to
the complexation cascade previously described.

Figure 3.6. Representative pH-metric titration of pure and Cd-containing 3-MPA
solutions.

Another interesting outcome of this titration is its semi-quantitative
character. Indeed, the measured pH values can be converted into the number
of moles of H+. Integration of the hysteresis area can thus be related to the
Cd:3-MPA ratio as a function of pH, allowing the construction of Figure 3.7.
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Insoluble SolubleTransient

Figure 3.7. Calculated Cd:3-MPA ratio as a function of pH, with visual observations
of solution state.

In Figure 3.7, the visual appearance of the solutions (insoluble, transient,
or soluble) is reported together with the calculated Cd:3-MPA ratio. These
results confirm that the final complex corresponds to a 1:2 Cd:3-MPA
stoichiometry. This figure is highly valuable, as it defines the pH range
suitable for CdX QDs synthesis while maintaining cadmium in a soluble form.

3.1.4 TCEP=X reactivity

The reactivity of the TCEP=X derivatives (X = O, S, Se) plays a central role
in determining the behaviour of the overall system for CdX QDs synthesis.
This reactivity depends mostly on the position of the chemical shift (δ) in
31P-NMR, which is influenced by the electronic environment around the
phosphorus atom.

These chemical shifts are summarized in Figure 2.3: 52.7 ppm, 41.4 ppm,
and -6.8 ppm for TCEP=S, Se, Te, respectively. The shielding correlates with
the electron density at the phosphorus center and reflects the strength and
polarization of the P=X bond. This electronic effect directly influences the
rate at which each TCEP=X transfers its chalcogen to cadmium. Therefore,
in terms of reactivity: TCEP=Te > TCEP=Se > TCEP=S. This trend is
further supported by the harshness of the experimental conditions required to
produce QDs, as shown in Figure 2.14.

Finally, although the chemical shifts are relatively stable, pH variations
may cause peak shifts, indicating changes in reactivity.
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3.1.5 Cadmium to Chalcogen precursor ratio

A common approach to tune the emission properties of the generated QDs is
to vary the cadmium-to-chalcogen (Cd/X) ratio. In organic solvents, the
Cd/X ratio can be either smaller or larger than 1 (e.g., 1 ≤ Cd/X ≤ 1). In
aqueous media, however, the precursors may react with water, leading to
chalcogen oxidation and formation of its elemental form. For this reason,
hydrothermal syntheses are typically performed with an excess of cadmium
(i.e., Cd/X ≥ 1). [13]

In the case of the new chalcogenide transfer agent, besides its improved
stability (demonstrated in Figure 6.1), experiments were performed by heating
the three precursors (TCEP=X, where X = S, Se, or Te) up to 120 °C. In
all cases, within a few seconds, elemental chalcogen was observed in the
reaction medium. Therefore, as for other water soluble chalcogenide carriers,
TCEP=X derivatives appear to undergo rapid oxidation at high temperature,
according to Equation 3.7.

TCEP−−X + H2O −−⇀↽−− TCEP−−O + 2 H+ + X0 (3.7)

This oxidation may cause several side effects, detailed below:

• Unknown chalcogen excess: The formation of QDs competes
with the generation of elemental chalcogen. As a result, the effective
chalcogen excess is unknown, which may lead to poor reproducibility.

• Nucleation mechanism: As discussed in Section 1.5.2, homogeneous
nucleation is preferred, leading to soluble nuclei that sustain further
crystal growth. However, the competitive oxidation reaction produces
insoluble species, increasing the risk of heterogeneous nucleation of
CdX QDs. According to the geometrical function (f(θ)) (1.15 and
1.16), elemental X0 may act as nucleation sites for CdX monomers, or
lead to direct deposition on the inner surface of the reactor tubing
(experimentally observed).

• Crystal composition: The concurrent formation of both CdX and
X0 monomers promotes heterogeneous crystal growth and decreases
reproducibility.

Based on these observations and mechanistic considerations, the QDs
synthesis was optimized using a Cd/X ratio ≥ 1.
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3.1.6 Salt effect

This section investigates whether spectator ions influence nucleation and
growth processes. According to the LaMer mechanism, these processes depend
on the monomer concentration in the reaction medium. Spectator ions may
affect both the solubility of monomeric units and the nucleation threshold.

In this context, a synthesis of CdSe QDs was attempted in the presence of
NaCl. The first trials were conducted in a microfluidic setup, resulting in
an unstable outlet flow: alternating segments of insoluble red powder and
colorless solution. This observation indicates that nucleation occurs rapidly
(likely due to heterogeneous nucleation, see f(θ) in 1.16, on the inner pipe
surface), followed by significant crystal growth, producing segmented flow
with macro CdSe crystals and colorless segments devoid of precursors.

The experiment was repeated in a batch reactor at a lower temperature
(95 °C), yielding similar results: few nucleation events followed by substantial
crystal growth, ultimately producing bulk CdSe powder rather than colloidal
QDs. These results are likely due to two phenomena: first, the presence of
NaCl reduces the solubility of CdX building blocks; second, the charged ions
disturb the surface charge of the forming QDs, promoting aggregation.

3.1.7 Determination of experimental parameters

The review of commercially available cadmium salts identified two potential
sources: CdCl2 and Cd(OAc)2. In both cases, the counter-anions exhibit
interesting stabilizing properties for the formed QDs. Ultimately, Cd(OAc)2
was selected due to its potential for further characterization by DOSY-NMR.

The selection of a stabilizing agent to encapsulate the cadmium cation and
prevent the formation of Cd(OH)2 led to several experimental investigations,
as detailed in Section 3.1.3. Ultimately, 3-MPA was chosen as the stabilizing
agent for enhanced stability and better control over reactivity. Its use however
constraint to proceed under basic conditions, above 8, according to Figure 3.4.

The reactivity of the TCEP=X derivatives appears to be non-tunable and
must be used as-is. The only available insight comes from the phosphorus
chemical shift of each derivative, which suggests that during the optimization
phase, the reaction temperature may follow the order of the chemical shifts:
Te < Se < S.

The cadmium-to-chalcogen ratio commonly used in organic synthesis is
limited in the aqueous phase. This is due to the instability of the chalcogen
source under reaction temperatures, making the use of an excess chalcogen
impossible, which could potentially lead to reactor coating. Based on this
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observation, the cadmium-to-chalcogen ratio can vary, but always in favour of
a cadmium excess.

Finally, the presence of spectator ions affects the solubility threshold,
thereby influencing the dynamic nucleation and growth process. This
parameter can be adjusted based on the phenomenon that needs to be
favoured.

In summary, Section 3.1 helped to narrow down the system options:
Cd(OAc)2 salt will be used, with cadmium encapsulated by the 3-MPA
stabilizing agent. The TCEP=X derivatives will be used as they are. The
cadmium-chalcogen ratio can be adjusted, but always in favour of a cadmium
excess. Lastly, the concentration of spectator ions will depend on the process
to be favoured.

3.2 Microfluidic optimization

The QDs synthesis presented in Chapter 2 aimed solely to validate the new
chalcogen agent (TCEP=X, with X = S, Se, or Te). In the current section,
more focus is given to understanding the nanocrystal formation dynamics and,
when possible, to optimizing the QDs properties. Taking advantage on the
parameters narrowing performed in Section 3.1.

3.2.1 Metrics generalities

Prior to discuss the QDs synthesis, the main metrics used throughout this
work are introduced in the current subsection, including several standard
quantities, from the literature. For PLQY calculation, reference samples are
required for calibration (e.g., Fluoresceine, Rhodamine 6G, and Rhodamine
101).

1) General parameter

The first parameter introduced is the Effective residence time (ERT)
θ(t, T ). It is defined to reduce the dimensionality of the optimisation
problem by grouping the residence time (t) and the temperature (T )
into a single variable. Two empirical models are considered: the
one-parameter expression (Equation 3.8) and the three-parameter
expression (Equation 3.9), both inspired by Arrhenius-type behaviour.

θ(t, T ) = t · exp
(

− a

T

)
(3.8)
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Where:

• θ: Effective residence time [s],
• t: Residence time [s],
• T: Absolute temperature [K],
• a: Thermal sensitivity constant [K].

θ(t, T ) = tα · exp
(

− β

T

)
· T γ (3.9)

Where:

• θ: Effective residence time [s],
• t: Residence time [s],
• T: Absolute temperature [K],
• α: Time-correction constant [dimensionless],
• β: Thermal sensitivity constant [K],
• γ: Temperature-correction constant [dimensionless].

The most suitable model, either Equation 3.8 or 3.9, is selected according
to statistical criteria (i.e., by minimising both Akaike information
criterion (AIC) and Bayesian information criterion (BIC)). In both
formulations, the parameters a (one-parameter model) and β (three-
parameter model) represent the reaction thermal sensitivity and can be
related to an apparent activation energy using Equation 3.10:

a = Ea · 103

R
or β = Ea · 103

R
. (3.10)

Where:

• a = β: Thermal sensitivity constant [K],
• Ea: Apparent activation barrier [kJ.mol−1],
• R: Gas constant [J.mol−1.K−1].

In practice, the absorption peak position is analysed as a function
of the effective residence time (i.e., Emax [nm] = f(θ(t, T ))). Model
parameters are fitted by minimising an appropriate loss function.

Two empirical relationships can be considered: a linear dependence,
Emax ∼ θ(t, T ), and a logarithmic dependence, Emax ∼ ln(θ(t, T )).

A linear response of Emax is consistent with LaMer-type behaviour
(Section 1.5.5), whereas a logarithmic response reflects a sigmoidal
trend, characteristic of the FW mechanism.
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2) UV/Vis based parameters

From the absorption spectra of the experimental samples, several
quantities can be extracted:

• Position of the first excitonic peak, λmax [nm], called Emax for
convenience,

• Absorbance at Emax, Apeak [dimensionless],
• Absorbance at the first valley, Avalley [dimensionless].

The value of Apeak can be directly used, as it reflects the QD concentra-
tion in the sample, and can be plotted against parameters such as time,
temperature, or ERT.

The peak and valley absorbances can be combined to compute the peak
to valley ratio (P/V ratio), defined as:

P/V = Apeak
Avalley

(3.11)

This metric, generally greater than 1, can be related to the FWHM,
although it becomes less sensitive for larger QD diameters.

The evolution of the absorption peak energy Epeak as a function of
the ERT can then be modelled by two equations, depending on the
linearisation applied to θ(t, T ) (e.g., ERT determination).

a) Emax ∼ ln(θ(t, T )) (FW-type effective-time description):
Here, the logarithmic dependence refers to the effective-time
scaling used to rationalize the sigmoidal evolution, rather than to
a strictly logarithmic functional form.

The hypothesis that the reaction follows a FW mechanism
mechanism is strongly supported by the experimental data.
Consequently, Equation 3.12 is used to describe the evolution
of the first excitonic peak position. This function exhibits a
sigmoidal-like evolution with two horizontal asymptotes, in good
agreement with the experimental behaviour.

Although Equation 3.12 has an empirical form, the sigmoidal
evolution of Epeak does not arise from a statistical logistic function.
Instead, it exhibits a non-symmetrical shape originating from a
progressive decrease in the available surface during growth. This
behaviour emerges from a physically motivated effective time
formalism, in close analogy with the Finke-Watzky kinetic model.
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Epeak(θ(t, T )) = E0 + E∞ − E0

exp
(

α

θnorm

) (3.12)

Where:
• E0: Initial peak position [nm],
• E∞: Maximal peak position [nm],
• α: Growth-rate parameter [dimensionless],

• θnorm = θ(t, T )

θ(t, T )max
: Dimensionless extent of transformation

[dimensionless].

Here, θnorm is obtained from either Equation 3.8 or 3.9. Fitting
this model yields the parameter α, while E0 and E∞ define the
lower and upper bounds accessible under the given experimental
conditions (i.e., concentration and species ratio). The parameter α
also enables interpolation of the peak position across the explored
domain.

A dimensional form of α can be defined to give it a physical
meaning (intrinsic growth rate), using:

αphys = αfit · θ(t, T )max (3.13)

Where:
• αphys: Intrinsic growth rate [s],
• αfit: Fitted growth-rate parameter [dimensionless],
• θ(t, T )max: Maximum effective residence time [s].

b) Emax ∼ θ(t, T ):

In this restricted regime, the sigmoidal evolution can be locally
approximated, and a simplified LaMer-type mechanism becomes
relevant. This justifies the use of the straight-line approximation
given in Equation 3.14.

Epeak(θ(t, T )) = E0 + kgrowth · θ(t, T ) (3.14)

Where:
• E0: Initial peak position [nm],
• kgrowth: Growth-rate constant [nm.s−1],
• θ(t, T ): Effective residence time (ERT) [s].

Therefore, the FW-type formulation provides a unified description of
the full growth process, while the LaMer-type linear approximation
remains valid over restricted effective-time intervals.

171



Chapter 3. QDs synthesis optimization

The comparison of these empirically determined constants between
experiments must be conducted with great care, as the dynamic ranges
explored (i.e., temperature, time, peak position) and the material type
(i.e., bandgap) strongly influence the numerical values of the fitted
parameters.

3) Emission based parameters

From the emission spectra recorded, the following parameters can be
extracted:

• Position of the emission peak, E λmax [nm],
• Emission intensity at λmax, Epeak [mA or dimensionless],
• FWHM [nm].

The value of Eλmax reflects the QDs size and can be analysed as a
function of time, temperature, or ERT. Care must be taken to select
the Stokes-shifted excitonic peak rather than the broad surface-state
emission (see Figure 1.8).

The quantity Epeak corresponds to the emission intensity. Its absolute
value depends on the excitation wavelength and on the detector
characteristics, and may reflect the QDs efficiency in converting the
excitation light.

The FWHM, determined at half of the peak maximum, provides a
reliable spectroscopic estimate of the size distribution.

Additionally, for low-emission samples (i.e., PLQY, metric presented
below, of only a few percent), in which both surface and Stokes-shifted
emissions are present, an additional improvement metric was introduced.
It is based on the ratio between the integrated areas of the Stokes-shift
emission and the surface emission, as shown in Equation 3.15.

Stokes emission (%) = SStokes
SStokes + SSurface

· 100 (3.15)

Where:

• SStokes: Integrated area of the deconvoluted Stokes-shift emission
peak,

• SSurface: Integrated area of the deconvoluted surface emission
peak.

Figure 3.8 illustrates this procedure: the green area (Stokes-shift
emission) divided by the yellow area (surface emission) provides the
metric.
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.

.

EP = (Sgreen/Ssum).100

Figure 3.8. Emission metric for surface fluorescence. The peak deconvolution is
obtained by fitting the spectrum with the sum of two Gaussian functions.

A higher ratio indicates improved material quality. To optimize the
emission properties, this ratio should be as large as possible and ideally
tends toward ∞.

4) Absorption- and emission-based parameters

Some metrics combine absorption and emission data and solvent
properties. [14, 15] The absorbance of both the sample and the reference
at the excitation wavelength (ideally matched), together with their
emission spectra, are compared to standard references (i.e., Fluorescein,
Rhodamine 6G, and Rhodamine 101). The photoluminescence quantum
yield (PLQY) is calculated using Equation 3.16.

PLQY (%) = QYref · Ssample
Sref

· 1 − 10−Aref

1 − 10−Asample
·

η2
sample
η2

ref
· 100 (3.16)

Where:

• QYFluorescein: 89%,
• QYRhodamine 6G: 91%,
• QYRhodamine 101: 91.5%,
• S: Integrated emission peak,
• A: Absorbance at the excitation wavelength,
• η: Refractive index (1.360 for QDs samples or NaOH 0.1 M, 1.335

for Rhodamine samples in ethanol).
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3.2.2 CdS

The preliminary experiments conducted on CdS QD cores, summarised in
Figure 2.14, led to an effective sulfur transfer toward the cadmium atom, as
demonstrated by XRD (Figure 2.15). However, only poor-quality QDs were
produced, without providing useful reaction insights.

A new set of experiments was conducted, taking into account the metrics
introduced in Section 3.2.1. This series of experiments covered temperatures
from 170 °C to 210 °C and residence times from 30 s to 120 s. For further
experimental details, see Section 6.2.4.1.

For each experimental coordinates, samples were collected and analysed by
UV/Vis absorbance and emission spectra. The first excitonic peak metrics
were extracted (i.e., peak position, absorbance at this position and absorbance
at the first minimum). The data so produced were analysed through the
models developed in Section 3.2.1 and, finally, the results are presented in
Figures 3.9 to 3.11.

3.2.2.1 CdS peak position modelisation

Figure 3.9 presents the modelling of the CdS first excitonic peak as a function
of the DET (θnorm). The θ parametrisation was performed using the one
parameter model (AIC = 65.17, BIC = 66.59). A more detailed comparison of
the AIC/BIC values for the different θ values is provided in Section 6.2.5.2.
These θ values lead to a thermal sensitivity constant of 8067 K, corresponding
to an apparent activation energy Ea,app of 67.07 kJ.mol−1.

Based on this parameter, the CdS first excitonic peak modelling was
carried out and is shown in Figure 3.9. In this model, the minimum observed
peak position is 366 nm, which remains stable for a short time θnorm ≈ 0.0011,
which likely corresponds to the pre-nucleation (induction) regime, followed by
a rapid increase associated with burst nucleation and early growth (i.e.,
sigmoidal like shape) and tends toward 488 nm. This asymptotic value
remains slightly blue shifted from the CdS bulk bandgap (i.e., 512.4 nm)
indicating that the particles do not reach the full bulk limit under the explored
conditions.

Beyond defining the extrema of λmax, which set the accessible size range of
the nanoparticles, the dominant steps of the FW mechanism can be highlighted
through the derivatives of Epeak(θ) (see Section 6.2.5.1, Equation 6.1). Based
on these metrics, a dimensionless effective time (θnorm) can be associated with
each dominant Finke-Watzky phase:

The analysis presented in Table 3.2 confirms the predominance of the FW
mechanism: an induction phase from 0 to 0.0011 is followed by a rapid
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Figure 3.9. Modelling of the CdS QDs peak absorbance position as a function of
the dimensionless effective time. E0 = 369 nm, E∞ = 474 nm, α = 0.453.

Table 3.2. Association of dimensionless effective time θnorm with the dominant FW
mechanism phases.

Reaction Phase θnorm range

Induction phase 0 to 0.0011

Burst nucleation 0.0011

Growth acceleration 0.0011 to 0.226

vmax 0.226

Growth slow down 0.226 to 1 and beyond
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acceleration due to burst nucleation, which generates a large surface area
available for the autocatalytic reaction, resulting in growth acceleration up to
θnorm = 0.226. Beyond this point, the reaction slows down as the available
surface decreases.

3.2.2.2 CdS absorbance over growth

The second plot presents the characteristics of the first excitonic peak (i.e.,
absorbance and peak position). Each experiment is associated with its
Dimensionless effective time (DET), which reflects the harshness of the
reaction conditions (i.e., both time and temperature).

Figure 3.10. Absorbance values of CdS QDs as a function of the first excitonic
peak position, each point being associated with its DET value.

The absorbance values are linked to the QDs concentration through the
Beer-Lambert law and therefore provide an indicator of how the particle
concentration evolves with size. These results are shown in Figure 3.10.

Under ideal conditions, the absorbance is expected to decrease as particle
size increases, because the QD concentration usually declines once burst
nucleation is reached, the particles are likely to growth. This behaviour is
indeed observed between 370 nm and 390 nm. However, beyond this range
the trend breaks down, and the absorbance values become more scattered,
particularly under harsher reaction conditions.

This lack of a clear trend may arise from two main effects. First, although
growth is expected to begin around 390 nm and should be completed near
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410 nm, the observed behaviour deviates from this expected progression.
Alternatively, heterogeneous nucleation (see Equation 1.16) may occur, leading
to a less controlled nucleation process and consequently to poorly correlated
QD concentrations.

3.2.2.3 CdS Peak-to-valley ratio over growth

The last part of the results analysis relies on the P/V ratio, calculated
according to Equation 3.11. This ratio is generally a good indicator of the
particle size distribution. It is particularly useful when the emission data are
dominated by surface fluorescence, which otherwise makes discussing size
distribution impossible. Ideally, the P/V ratio should be as large as possible,
approaching one for large particle sizes, and may occasionally drop slightly
below one.

Under real experimental conditions and following the LaMer steps, the
P/V ratio is expected to decrease as particle size increases during the growth
dominated phase, and then increase again during the Ostwald ripening regime,
where size focusing occurs.

Figure 3.11. P/V ratio values of CdS QDs as a function of the first excitonic peak
position, each point being associated with its DET value.

The experimental values are shown in Figure 3.11. As expected, the P/V
ratio decreases for smaller particles and under softer experimental condition
(e.g., lower DET values). However, even upon reaching the identified Ostwald
ripening regime, the P/V ratio continues to decrease.
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This behaviour is related to the decrease of quantum confinement effects.
As the particles approach the CdS bulk bandgap, the first excitonic peak
becomes less well resolved, resulting in P/V ratio values close to or even
slightly below one.

3.2.2.4 Discussion

The analysis of the CdS QDs UV/Vis spectra highlights several key parameters,
including the first excitonic peak position, the absorbance at this wavelength,
and the absorbance at the first valley. After appropriate data treatment, these
metrics provide meaningful insights into the reaction dynamics.

In addition to the results presented above, the same data processing was
applied to the control experiments performed using 3-MPA as the sole sulfur
source (see Section 6.2.5.3). This enables a direct comparison between the two
sulfur sources, TCEP=S and 3-MPA. In both cases, CdS QDs are formed,
but the different precursor chemistries may modify the nucleation pathway
through parallel reactions, resulting in different activation barriers.

The data analysis shows that both experiments follow a sigmoidal trend
consistent with the model. The curve obtained with 3-MPA begins at a
higher initial energy (i.e., E0 = 404 nm) compared to TCEP=S, but both
converge toward a slightly blue-shifted CdS bulk bandgap (i.e., E∞ = 477 nm).
The Finke-Watzky phases are also shifted to shorter DET values. These
differences may arise from a higher initial free-cadmium concentration in the
3-MPA-based experiments.

The thermal sensitivity constants differ significantly as well, with a larger
value for 3-MPA. This directly affects the apparent activation energy, which
reaches 144.49 kJ·mol−1 compared to 67.07 kJ·mol−1 for TCEP=S. This
difference indicates that TCEP=S is a more favourable sulfur source than
3-MPA, providing valuable insights into the reaction dynamics: between
reactions 3.17 and 3.18, the latter is favoured.

Cd(3-MPA)2
∆−−−→

H2O
CdS (3.17)

Cd(3-MPA)2 + TCEP−−S ∆−−−→
H2O

CdS + 3-MPA (3.18)

As a consequence of the higher apparent activation barrier, the concentra-
tion of CdS QDs increases only under harsher reaction conditions when
3-MPA is used, since more energy is required to form the nuclei. The P/V
ratio evolves similarly for both reactions, confirming that the size distribution
trends are mainly governed by growth mechanism rather than by the sulfur
source.
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Overall, the combined analysis of the peak position modelling, absorbance
evolution, and P/V ratio metrics demonstrates that CdS QDs follow a classical
LaMer type behaviour, with clearly identifiable nucleation, growth, and
ripening stages. While the general trends align with the expected mechanisms,
several deviations from ideal behaviour highlight the influence of experimental
conditions, precursor chemistry, and quantum confinement on the reaction
pathway. Taken together, these results provide a coherent and comprehensive
picture of the CdS growth dynamics over the explored parameter space.

Additionally, the empirically determined kinetic constants offer valuable
insight into the reaction mechanism: although cadmium is solubilised through
its chelation by thiolate groups from 3-MPA, which can itself act as a sulfur
donor, TCEP=S remains the more reactive sulfur source for CdS formation.
This enhanced reactivity is consistent with the improved emission properties
observed, likely resulting from surface passivation by the reaction side product
(i.e., TCEP=O).

3.2.3 CdSe

The preliminary experiments conducted to form CdSe QDs are summarised in
Figure 2.14, successfully transferred selenium to cadmium, as proved by XRD
analysis (Figure 2.15). However, QDs were produced, without providing useful
reaction insights.

A set of experiments was performed, covering a broader range of
temperatures from 160 °C to 235 °C and residence times from 4 s to 60 s and
can take in account the metrics introduced in Section 3.2.1. Samples were
collected for each experimental coordinates, at steady state and analyzed by
UV/Vis and fluorescence spectroscopy. For further experimental details, see
Section 6.2.4.2.

The predictive modelling of the UV/Vis properties showed consistent
trends and allowed to cover a bandgap from 393 nm to 589 nm. However, the
emission properties were very poor and dominated by defect-related (pinned)
emission. Indeed, the Stokes-shift peak remained poor and improvement
could only be achieved by favouring the core growth, reducing the defects
contribution.

For this reason, a protocol for a ZnS shell growth was sought. In addition
to reduce the toxicity of the QDs, relevant for further bio-applications, it
resulted in an impressive improvement of the Stokes-shifted emission. The
experimental details are provided in Section 6.2.4.3.
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3.2.3.1 CdSe peak position modelisation

Figure 3.12 shows the evolution of the first excitonic peak of CdSe as a
function of the dimensionless time parameter θnorm. The data were fitted
using a one-parameter model (AIC = 172.47, BIC = 177.30), yielding a
thermal sensitivity constant of 8839 K and an apparent activation energy
Ea,app = 73.49 kJ·mol−1.

The lowest peak position is 393 nm, remaining nearly constant up to
θnorm ≈ 0.0006, corresponding to the pre-nucleation stage. This plateau is
followed by a rapid increase during the nucleation and early growth (i.e.,
sigmoidal behaviour), eventually approaching 589 nm. The asymptotic value
is significantly blue-shifted relative to the bulk CdSe bandgap (712 nm),
indicating that particle sizes do not reach the bulk limit under the experimental
conditions.

Figure 3.12. Modelling of the CdSe QDs peak absorbance position as a function of
the dimensionless effective time. E0 = 393 nm, E∞ = 589 nm, α = 0.082.

The analysis of derivatives of Epeak(θ) (Equations 6.1 and Section 6.2.5.1)
allow associating θnorm with the main Finke-Watzky stages. The results are
summarized in Table 3.3.

These results suggest that all the Finke-Watzky phases remain limited to
the early stages of the reaction, probably due to a faster reaction than CdS.
This suggests that the reaction proceeds rapidly at the earliest stages, in the
studied conditions, leading to an important consumption of reagents at the
beginning of the reaction. This is in good agreement with the observation
that the peak position accessible, that remain relatively far from the bulk
CdSe bandgap.
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Table 3.3. Association of dimensionless effective time θnorm with the dominant FW
mechanism phases.

Reaction Phase θnorm range

Induction phase 0 to 0.0006

Burst nucleation 0.0006

Growth acceleration 0.0006 to 0.041

vmax 0.041

Growth slow down 0.041 to 1 and beyond

3.2.3.2 CdSe absorbance over growth

Secondly, the first excitonic peak was investigated, its metrics (i.e., absorbance
and peak position) is associated with the DET. The absorbance values, that
reflects the quantum dots concentration are presented in Figure 3.13.

Figure 3.13. Absorbance values of CdSe QDs as a function of the first excitonic
peak position, each point being associated with its DET value.

In the case of the CdSe synthesis, contrary to CdS, under more severe
reaction conditions, the particles concentration increases constantly, almost in
a linear way. This observation indicates that the upper nucleation threshold
(e.g., critical limiting super-saturation in Figure 1.14) is not reach during
CdSe prepartion. Increasing the reaction conditions harshness still increases
the QDs concentration.
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3.2.3.3 CdSe Peak-to-valley ratio over growth

As an initial estimate of the size distribution, the P/V ratio was calculated for
all CdSe samples using Equation 3.11. The resulting P/V ratio values are
presented in Figure 3.14 as a function of the first excitonic peak position, each
data point being associated with its corresponding DET value.

Figure 3.14. P/V ratio values of CdSe QDs as a function of the first excitonic
peak position, each point being associated with its DET value.

Similarly to what was observed for CdS QDs, the P/V ratio steadily
decreases as growth proceeds, reaching values close to unity. This behaviour
suggests that the metric loses sensitivity once particles become larger, as the
absorbance peak broadens and the valley becomes less defined. Consequently,
the P/V ratio becomes less informative for evaluating size distribution at
advanced growth stages.

3.2.3.4 CdSe emission intensity over growth

During the synthesis of CdSe QDs, and in contrast to CdS which only
exhibited surface-related fluorescence, CdSe produced under more severe
reaction conditions shows clear Stokes-shifted emission. This contribution
becomes increasingly pronounced as the reaction conditions become harsher.
To separate this component from trap-state emission, all emission spectra
were fitted using a double Gaussian model, as illustrated in Figure 3.8. This
approach enables independent analysis of the Stokes-shift emission and the
trap-state contribution.
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The first parameter examined was the peak emission intensity, presented
in Figure 3.15.

Figure 3.15. Emission intensity of CdSe QDs as a function of the first excitonic
peak position, each point being associated with its DET value.

At early growth stages, corresponding to smaller particle sizes, the
Stokes-shifted emission remains weak or barely detectable. As growth proceeds
and the first excitonic peak red-shifts, the emission intensity increases strongly,
following an approximately exponential trend. This behaviour is consistent
with theoretical expectations: larger particles exhibit a lower surface to
volume ratio, which reduces the relative contribution of surface-related
(trap-state) emission. Consequently, the radiative recombination characteristic
of the Stokes-shifted band becomes increasingly dominant, resulting in higher
overall fluorescence intensity.

3.2.3.5 CdSe Stokes-shift emission contribution

This section examines the relative contributions of the two main emission types
observed in CdSe QDs: the Stokes-shifted band and the surface trap-state
emission. Their respective intensities were quantified using Equation 3.15.
The resulting Stokes-shift emission proportion (in %) is plotted as a function
of the emission peak position in Figure 3.16, with each data point associated
with its corresponding DET value.

The observed trend mirrors the behaviour described in Figure 3.15. At
early reaction stages, corresponding to smaller particle sizes, the Stokes-shifted
contribution is nearly zero, indicating that the emission is dominated by
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Figure 3.16. Stokes-shift emission proportion (%) of CdSe QDs as a function of
the emission peak position, each point being associated with its DET value.

surface trap states. As the reaction progresses and the emission peak red-shifts,
the Stokes-shift contribution increases sharply, approximately exponentially.
This evolution is consistent with the reduction of surface defect influence as
particle size increases, leading to a growing dominance of band-edge radiative
recombination.

3.2.3.6 CdSe FWHM

In parallel with the P/V ratio analysis, the Gaussian fitting of the emission
spectra also provides access to the Stokes-shift FWHM, which can be used as
an additional indicator of size distribution. The FWHM values are presented
in Figure 3.17 as a function of the Stokes-shift emission peak position, with
each point associated with its corresponding DET value.

Although the data show some scatter, the overall trend appears opposite
to that of the CdSe P/V ratio: the FWHM decreases steadily with increasing
particle size, following an approximately linear trajectory from about 42 nm
down to 35 nm. This behaviour reinforces the idea that the P/V ratio metric
becomes less reliable for larger particles, whereas the FWHM provides a more
consistent indication of spectral narrowing and improved size uniformity.
More generally, this confirms that increasing particle size, similarly to the
trend observed for the Stokes-shift contribution, has a beneficial effect on the
optical properties of CdSe QDs.
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Figure 3.17. FWHM values of CdSe QDs as a function of the Stokes-shift emission
peak position, each point being associated with its DET value.

3.2.3.7 Surface fluorescence issue

The conclusions are clear: increasing particle size improves the emission
properties of CdSe QDs. However, trap-state emission is not completely
suppressed, even for larger particles, and remains problematic when shorter-
wavelength emission is required. A common strategy to mitigate this issue is
the growth of a ZnS shell around the CdSe core, forming type-I CdSe/ZnS
core–shell QDs, as described in Section 1.4.5. A schematic representation of
this band-structure configuration is shown in Figure 3.18.

Eg(CdSe) 

VB

CB

Eg(ZnS) 

Figure 3.18. Bandgap scheme for type-I CdSe/ZnS core–shell QDs.

To address these limitations and fully exploit the optical potential of
CdSe QDs, the synthesis of CdSe/ZnS core–shell structures was therefore
undertaken.
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3.2.3.8 CdSe/ZnS coreshell synthesis

To clearly illustrate the effect of shell growth, the CdSe core used in this
study was synthesised at 190 °C with a residence time of 60 s. The ZnS shell
formation was directly concatenated to the CdSe core synthesis, as depicted in
Figure 3.19. Zinc chloride and thiourea (a more reactive sulfur source than
TCEP=S) were used as precursors, and the temperature of the second reactor
was kept deliberately low to avoid homogeneous nucleation of ZnS QDs.
Further experimental details are provided in Section 6.2.4.3.

17 bar

TCEP=Se

Cd(3-MPA)2

see Figure 2.11.

V = 1 mL

CdSe/ZnS

V = 0.2 mL

Cooling loop

In-line
UV

Zn(3-MPA)2

thiourea

120 °C < T < 160 °C
 τ = 5 min

T = 190 °C
 τ = 60 s

V = 6 mL

7 bar

Figure 3.19. Concatenated process with the injection of Zn(3-MPA)2 and thiourea
downstream the preparation of CdSe QDs.

Once the synthesis was completed, the samples were characterized off-line
using UV/Vis absorption and emission spectroscopy. As for the CdSe QDs, the
ratio of Stokes-shift to trap-state emission was calculated using Equation 3.15.
The results are presented in Figure 3.20, where the Stokes-shift emission
contribution is plotted as a function of the second reactor temperature
(residence time: 5 min), with each point associated with the corresponding
FWHM.

The curve exhibits a sigmoidal shape, with initial values close to 10 %
Stokes-shift emission, which gradually increase and plateau above 50 %. The
FWHM remains essentially constant, varying only slightly between 30 nm and
31 nm. This series of experiments demonstrates that the addition of a ZnS
shell significantly enhances the emission properties of CdSe QDs without
introducing notable drawbacks. Finally, it is important to note that the
emission peak remains at a constant position (± 584 nm) during shell growth,
supporting the hypothesis that core and shell growth processes are spatially
separated.

3.2.3.9 HRTEM-EDX characterization

Following the parameters screening performed for the ZnS shell growth over
the CdSe cores, the resulting nanoparticles were analysed by HRTEM and
Energy-Dispersive X-ray (EDX) spectroscopy. The microscopy aimed to
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Figure 3.20. Effect of the temperature of the second reactor on the CdSe/ZnS QDs
Stokes emission (%) and the peak FWHM. The peak position of the Stokes emission
remained almost constant at 584 nm, corresponding to the CdSe core emission.

estimate the core and shell dimensions while EDX spectroscopy provided the
elemental analysis of the atoms present in the nanoparticles.

To ensure reliable elemental analysis, the CdSe/ZnS QDs were purified by
selective precipitation, followed by removal of the supernatant to eliminate
unreacted precursors. The analytical results of the purified nanoparticles are
presented in Figure 3.21.

The first observation made on the HRTEM is the egg-shell structure.
Indeed, the CdSe cores being heavier they appear darker than the ZnS shell.
In addition, some lighter particles are also visible, which suggest that a ZnS
nucleation may occur in parallel of the shell growth.

The analysis of the HRTEM images from Figure 3.21 indicates that the
CdSe average diameter of 2.8 ± 0.2 nm and a ZnS shell thickness of 1.2 ±
0.1 nm.

The EDX spectrum confirms the microscopy observations. All the expected
elements are detected in the particles: Cd, Zn, Se, S. Traces of phosphorus are
also observed, likely due to a ligation by the TCEP=O side-produced. Finally,
the large amount of copper comes from the copper mesh grids used to support
the sample.
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CdSe/ZnS CdSe/ZnS

CdSe/ZnS

Figure 3.21. HRTEM images of CdSe/ZnS core–shell QDs (shell grown for 5 min
at 160 °C) shown at the top, with the corresponding EDX spectrum displayed below.

3.2.3.10 Discussion

The empirical modelling performed on the UV/Vis absorption peak position
for CdSe core formation shows an accessible range of bandgap accessible
from 393 nm to 589 nm. This indicate that under the considered synthesis
conditions the bulk bandgap (712 nm) cannot be reached. Furthermore, based
on the Brus equation (1.4), the corresponding CdSe core size accessible range
from 2.4 nm to 6.6 nm. Compared to the values reported in Table 1.11,
ranging from 1.4 to 6 nm, the QDs obtained with TCEP––Se precursor are
clearly in the upper size range.

The continuous increase in absorbance values (e.g., QDs concentration)
over the DET values confirms that the nucleation becomes burst-like. This
trend approaches the ideal burst nucleation predicted by LaMer.

Regarding the emission properties of the CdSe core QDs, the peak intensity
associated with the Stokes shift remains significantly limited for particles with
a short DET, while its contribution increases exponentially as DET grows.
This behaviour aligns well with the trap states described in Section 1.4.4.

Figure 3.16 highlights the dominant contribution of trap-state emission
compared to the Stokes-shift emission. The trend of the Stokes contribution
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aligns with the observed behaviour of the peak intensity. Therefore, the poor
emission properties of the small CdSe core appear to be primarily limited by
surface defects. The addition of a shell seems to be an appropriate solution to
address this issue.

The analysis of the synthesized CdSe FWHM indicates that they typically
range from 42 nm to 32 nm, with the majority falling between 40 nm and 34
nm. These values are slightly higher than those reported for the best CdSe
cores in the literature, which typically range from 20 nm to 30 nm. [16]

For the emission properties improvement of the CdSe core, decision is
made to concatenate the core formation with the growth of a ZnS shell.
The experiments mostly aimed to tune the growth temperature to improve
the Stokes emission of a given CdSe core. The results shown a significant
improvement of the Stokes-shift emission. These positive results were coupled
with consistentFWHM of around 30 nm, which aligns with the literature,
while keeping the peak emission at the same position. This suggests that the
growth shell is the only process taking place in the second reactor.

In addition to UV/Vis characterization of the CdSe/ZnS nanocrystals,
HRTEM coupled with EDX spectroscopy was performed. This confirmed the
egg-shell morphology of the QDs and allowed for the estimation of both core
and shell dimensions. Finally, the elemental EDX analysis confirmed the
presence of all the expected elements.

3.2.4 CdTe

The results obtained for CdTe QDs in the first part of this work, summarized
in Figure 6.36 have shown that this type core has lower surface emission
compared to CdS and CdSe, making it the most promising core formed.

Based on this observation, more experiments were carried out on this QD
system than on the others. A set of experiments was performed, covering a
broader range of temperatures from 130 °C to 200 °C and residence times from
15 s to 60 s, used to θ(t, T ) calculation (introduced in Section 3.2.1), as well
as the chalcogen excess, initial cadmium concentration and initial pH reaction.
Samples were collected for each experimental coordinates, at steady state and
analyzed by UV/Vis and fluorescence spectroscopy. In addition, the influence
of chalcogen excess, initial cadmium concentration, and initial reaction pH
was investigated. For further experimental details, see Section 6.2.4.4.

3.2.4.1 CdTe peak position modelisation

In this case, as for the other materials, temperature and residence time
are reduced to a single effective parameter θ(t, T ) using the one-parameter
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model given in Equation 3.8. This dimensionality reduction is applied
independently to each subset characterized by a unique combination of
precursor concentration (C), chalcogen excess (Eq), and initial pH value
(pH0). The results are presented in Figure 3.22.

Figure 3.22. Modelling of the CdTe QDs peak absorbance position as a function of
θ(t, T ).

For CdTe QDs, a different data treatment was required. The correlation
between Epeak and θ(t, T ) is linear over the explored range, indicating that
a simplified LaMer-type growth mechanism is more appropriate than a
Finke–Watzky description. Consequently, the peak position evolution was
modeled using the linear relation given in Equation 3.14, rather than the
sigmoidal FW-type expression. The resulting fit parameters are summarized
in Table 3.4.

Table 3.4. Model factors fit determined for CdTe QDs first excitonic peak, merits
are presented in Table 6.15.

C (mM) Eq pH0 a (K) E0 (nm) kgrowth (nm.s−1)

1.5 7.5 7.52 7311.16 470.2 3.28e+07

3.0 5.0 9.08 7007.54 445.7 1.27e+07

3.0 7.5 7.85 6203.52 453.7 1.63e+06

3.0 10.0 8.23 7128.14 452.9 1.50e+07

3.0 10.0 7.57 6364.32 442.5 3.07e+06

Table 3.4 highlights several trends consistent with the experimental
framework summarized in Figure 3.1. Lower cadmium concentration
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(1.5 mM Cd(3-MPA)2) leads to an initial peak position (E0) red-shifted by
approximately 20 nm compared to the 3.0 mM series, which can be attributed
to delayed nucleation resulting from reduced monomer availability.

The initial pH value also strongly influences both the effective thermal
constant and the crystal growth rate, with higher pH values (e.g., 8.23
compared to 7.57) promoting faster growth kinetics. The influence of chalcogen
excess appears to enhance reactivity as expected from kinetic considerations;
however, this effect is partially convoluted with pH variations, making its
isolated contribution more difficult to quantify.

3.2.4.2 CdTe absorbance over growth

The first excitonic peak was investigated, and its metrics (absorbance and peak
position) were used to assess the DET. In particular, the absorbance values,
which reflect the quantum dot concentration, are presented in Figure 3.23.

Figure 3.23. Absorbance values of CdTe QDs as a function of the first excitonic
peak position, each point being associated with its DET value.

In most series, the particle concentration decreases fastly with increasing
DET. The only exception is the series at C = 1.5 mM for the 45 s section,
which shows a maximum before decreasing, illustrating the dynamic nucleation
and growth processes. It is also clear that the reactions with the longest
normalized θ values correspond to the lowest initial pH values (∼7.5).

191



Chapter 3. QDs synthesis optimization

3.2.4.3 CdTe Peak-to-valley ratio over growth

Following the analysis of the absorbance values, the peak-to-valley ratio
(P/V ratio) provides an initial estimate of the QDs size distribution and
homogeneity. The P/V ratio was calculated for all CdTe samples using
Equation 3.11. The resulting P/V ratio values are presented in Figure 3.14
as a function of the first excitonic peak position, each data point being
associated with its corresponding DET value.

Figure 3.24. P/V ratio values of CdTe QDs as a function of the first excitonic
peak position, each point being associated with its DET value.

Seamlessly compared to CdS and CdSe, CdTe despite its different growth
mechanism exhibits a similar peak-to-valley behaviour, showing a continuous
decrease. This trend appears to be mainly dictated by particle growth and is
particularly relevant for smaller-sized quantum dots.

3.2.4.4 CdTe emission intensity over growth

The first parameter emission parameter that is examined is the peak emission
intensity, presented in Figure 3.25. It is a first indication of the quantum
efficiency of the particles formed. In contrast of CdS and CdSe, almost all the
emission is Stokes-shift related. Only this emission is considered.

The evolution of the peak emission intensity shows trends similar to the
absorbance values:

• A rapid increase with DET, particularly for the series with 3 mM of
Cd(3-MPA)2.
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Figure 3.25. Emission intensity of CdTe QDs as a function of the first excitonic
peak position, each point being associated with its DET value.

• Lower initial pH values tend to reduce the growth of the emission
intensity.

• The series conducted at 1.5 mM of Cd(3-MPA)2 exhibits signs of
instability, likely leading to particle degradation and a corresponding
loss of emission intensity.

Overall, the fluorescence intensity trends complement the absorbance
measurements. Calculating the PLQY will provide a more complete picture of
the emission efficiency and particle quality.

3.2.4.5 CdTe PLQY

The PLQY is a key metric that integrates information from both absorbance
and emission spectra, calculated using Equation 3.16. For CdTe QDs, which
exhibit significant emission, the PLQY provides a quantitative metric of the
evolution of the emission efficiency during growth.

As expected, the emission intensity increases with the dimensionless
effective time, indicating progressive particle growth and enhanced radiative
emission. The only exceptions correspond to lower initial pH values and lower
cadmium precursor concentrations, which limit the stability and emissive
efficiency of the nanoparticles, as discussed in the previous section.
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Figure 3.26. PLQY values of CdTe QDs as a function of the Stokes-shift emission
peak position, each point being associated with its DET value.

3.2.4.6 CdTe FWHM

The FWHM is the last key parameter used to assess the quality of the
synthesized QDs, as it reflects the size distribution of the particle population.
Ideally, this metric should be minimized. The FWHM values are presented in
Figure 3.27 as a function of the DET, with each point associated with its
corresponding emission peak position.

In this case, a lower cadmium precursor concentration and a lower initial
pH value lead to reduced FWHM values, indicating a narrower size distribution.
This behaviour can be correlated with the lower particle concentrations
observed in the absorbance measurements, which limit secondary growth and
aggregation phenomena. The clear dependence of the FWHM on the emission
peak position further confirms the strong relationship between particle size
and size distribution, consistent with classical growth broadening mechanisms
(see Figure 1.13).

3.2.4.7 Scale-up

Following the exploratory phase, a scale-up experiment was undertaken using
updated experimental conditions, selected based on the trends identified in
the previous sections.

The pilot scale-up setup is depicted in Figure 3.28 a. and b. (for more
details, see Section 6.2.4.5 ). It consists of 2 concatenated reactors: an
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Figure 3.27. FWHM values of CdTe QDs as a function of the Stokes-shift emission
peak position, each point being associated with its peak position value.

upstream generator of TCEP=Te, (see Figure 2.11), and a downstream
mesofluidic reactor for the formation of the CdTe. The latter mesofluidic
reactor is a commercial pilot scale unit (Corning® Advanced-Flow Reactor™G1
SiC, equipped with 6 Silicon Carbide fluidic modules connected in series and a
60 mL total internal volume). Post-reaction operations include a tube-in-tube
heat exchanger, an in-line UV/Vis flow cell with a 5 mm optical pathway and
a back pressure regulator prior to sample collection.

Samples were prepared at temperatures ranging from 130 °C to 190 °C,
with residence times of 45 s or 60 s. The results indicated, similar to the
lab-scale trials, that higher process temperatures and longer residence times
resulted in larger particles (Figure 3.29). This was evidenced by a red shift in
absorbance and emission peaks, along with an increased PLQY. However, this
was counterbalanced by a broader size distribution, resulting in an increase in
the FWHM.

The comparison between the results obtained with the microfluidic and
mesofluidic setups highlights disparities. Metrics achieved by the mesofluidic
reactor were lower than those observed in the microfluidic setup. Specifically,
the emission range was narrower, spanning from 500 nm to 600 nm compared
to 500 nm to 650 nm. The PLQY was also reduced, reaching approximately
18%, vs. 40% at an emission of 600 nm under microfluidic conditions.
Additionally, size distribution metrics were less favourable in the mesofluidic
setup, with a FWHM ranging from 40 nm to 70 nm compared to 35 nm to 60
nm. This disparity was attributed to the much higher turbulence within the
mesofluidic reactor. High turbulence are likely to accelerate the recombination
of nuclei, resulting in higher QD concentrations but with smaller particles
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Figure 3.28. (a) Simplified flow chart of the mesofluidic setup used for the
scalability trials toward CdTe (b) photograph of the experimental setup, featuring a
Corning® Advanced-Flow Reactor™G1 SiC (60 mL of internal volume).

Figure 3.29. Comparison of the CdTe QDs main characteristics (prepared at
temperatures ranging from 130 °C to 190 °C and residence times of 45 s or 60 s).
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under similar reaction conditions. Nevertheless, this scale-up demonstrates
the relevance of the concatenated approach, enabling the production of CdTe
QDs at a rate of 80 mL.min−1. As it is, the mesofluidic process allows the
preparation of up to 40 g.day−1 of CdTe QDs with a relative PLQY of 18%.

3.2.4.8 Discussion

The modeling performed to predict the absorbance peak position differs
from that of CdS and CdSe, as the position is a linear function of θ(t, T ),
indicating the formation of the CdTe core via an ideal LaMer mechanism.
The peak position ranges from 442 nm to 700 nm, which can be translated,
using the Brus equation, into particle sizes ranging from 1.6 nm to 6.7 nm.
This versatility is unmatched by the literature overview presented in Table
1.11, which shows, at best, a size range from 3.1 nm to 6.4 nm.

The absorbance values tend to decrease with the increase of the DET.
This is in good agreement with the LaMer mechanism: a burst nucleation
process followed by a growth phase. Under harsher conditions, nucleation is
quickly completed, leaving reagents available for further growth, while milder
conditions lead to a higher concentration of particles and less particle growth.

In the emission field, the results are in good agreement with the UV/Vis
observations. The fluorescence intensity increases with the harshness of the
experimental conditions (e.g., high temperature and high DET). This is due
to the limited surface traps, which penalize the Stokes-shift emission, induced
by significant growth.

The PLQY results emphasize the emission intensities, with values ranging
from a few percent up to 50%. These values are typically in the upper
average range for aqueous synthesis, plateauing at 53%. The results also show
that longer DET limit the improvement of PLQY, which may be due to
degradation.

The size distribution of the CdTe is, however, less favourable, with FWHM
values rising up to 120 nm. These values are far too high for sensitive
applications and should be closer to 30-40 nm. [16] These high values may be
related to an uncontrolled growth process, as described in Figure ??, leading
to a broadening regime controlled by diffusion. One possible solution could be
to improve the reactor design or attempt to spatially separate the nucleation
and growth phases, allowing them to proceed at different temperatures.

The promising results obtained regarding size range flexibility and
high PLQY make the transposition to a pilot-scale reactor interesting to
demonstrate the scalability of the process. The experiments conducted were a
transposition of one of the microfluidic cases. Overall, the reactor achieved
impressive productivity, producing up to 40 g of CdTe QDs per day. A
comparison of the metrics (e.g., size range, PLQY, and FWHM) between
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microfluidic and mesofluidic systems shows better metrics under microfluidic
conditions. These lower results must be attributed to the scale change. Indeed,
in the mesofluidic reactor, the flow regime is turbulent rather than laminar.
The thermal homogeneity in a larger reactor is also more difficult to control.
These factors may have contributed to the decline in QD quality metrics.

3.3 Mechanism insights

This section is dedicated to identifying the potential mechanistic pathway by
which the new ternary phosphine acts as a chalcogen donor to the cadmium
complex. The mechanism is here studied exclusively within the framework of
organic synthesis. It is generally accepted that the reaction proceeds as
follows: the chalcogen–ternary phosphine complex (X––PR3) coordinates to
the cadmium precursor (CdR2). The resulting complex then undergoes
thermal decomposition, yielding CdX, the oxidized phosphine (O––PR3), and,
depending on the nature of the stabilizing group (R2), possible side products,
as illustrated in Figure 3.30 [17–19].
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Figure 3.30. Mechanism formalized by Liu et al. in an organic solvent.

In this mechanism, the oxygen atoms originate from the carboxylate
functions that stabilize the cadmium precursor. In aqueous systems, however,
multiple potential oxygen sources exist, making the identification of the active
species more challenging.

3.3.1 Isotopic labelling with 18O–water

To identify the inherent mechanistic features for the preparation of CdTe, the
synthesis was performed in 18O–water. According to the literature focusing
on organic phosphine-chalcogenide sources, [18, 20] it is generally accepted
that cadmium and chalcogen sources form a complex in the initial stage of
the reaction. Subsequently, this complex encounters an oxygen donor that
polarizes the phosphorus–chalcogen bond leading to its rupture. This results
in a cadmium–chalcogen bond and the corresponding phosphine oxide (here,
TCEP––O).
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The hypothesized mechanism is illustrated in Figure 3.31. In this scenario,
the oxygen donor would be the solvent itself, water. It is supported by the pH
variation observed along the reaction (e.g., pH rises during the reaction).
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Figure 3.31. Hypothesized mechanism for CdX QDs formation in aqueous media.

To validate this hypothesis, a CdTe synthesis was carried out in 18O-labelled
water. After the reaction, the CdTe QDs were separated by sedimentation and
the supernatant was analyzed by LC-MS (Figure 3.32 and described in Section
6.2.5.8). The mass spectra are compared with a reference peak of TCEP16O.
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Figure 3.32. Mass spectra of TCEP18O obtained from synthesis using labelled
18O–water and a reference of TCEP16O.

A +2 shift in the molecular ion was observed between the reference
TCEP16O and the TCEP18O produced during the experiment. This observa-
tion confirms that in aqueous media, water serves as the oxygen donor,
whereas in organic media, acetate is typically the donor. [18, 20] It also
accounts for the pH decrease observed during our optimization under aqueous
conditions. Accordingly, the next step is to investigate the pH sensitivity of
the system and its influence on the reaction pathway.
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3.3.2 Precursors pH-titration

A first attempt to assess the pH effect on the reaction system was conducted
by acidic titration (using concentrated HCl) of various basic feeds: TCEP=X
alone, TCEP=X with Cd(3-MPA)2, and Cd(3-MPA)2 alone. The titration
was started at pH ∼12 to ensure that all pH-sensitive functions were fully
deprotonated. HCl was added gradually, and the pH was measured after each
addition. The results are presented in Figure 3.33.

A new parameter, the pH resistance (∆), is introduced in this curve. It
is defined as the variation in proton concentration, [H+], divided by the
corresponding variation in pH:

∆ = ∆[H+]
∆pH

This parameter quantifies how the proton concentration changes relative
to pH variations, providing insight into the buffering capacity of the system.
For further experimental details, see Section 6.2.4.6.

Figure 3.33. pH titration of each chalcogen transfer agent with (orange curve) and
without cadmium precursor (blue curve), and of cadmium precursor alone (green
curve) using concentrated HCl.

The orange curve (TCEP=X with Cd(3-MPA)2) is expected to correspond
to the sum of the individual titration curves of TCEP=X and Cd(3-MPA)2,
if no interaction occurs between the two species. Deviations from this additive
behavior indicate the possible formation of new pH-active functions, which
may provide insight into complexation.

The observations are split by chalcogen type:
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• Sulfur (TCEP=S): The orange curve closely matches the sum of the
individual curves of TCEP––S and Cd(3-MPA)2. In the pH range 11 to
6, a peak is visible in both TCEP=S and the mixture, corresponding to
sulfur protonation as shown in Equation 3.19. The similar behavior in
both cases suggests that no significant complexation occurs between
TCEP=S and Cd(3-MPA)2.

TCEP−−S + H+ KaS−−−⇀↽−−−
H2O

TCEP+−S−H (3.19)

• Selenium (TCEP=Se): The interpretation is less clear. The orange
curve shows partial overlap with the sum of the individual components,
but the origin of the observed peak remains ambiguous. Complementary
Raman measurements are necessary to provide a more definitive
assessment.

• Tellurium (TCEP=Te): The orange curve exhibits a new broad
pH-active signal that is absent in the individual reagents. This behavior
is consistent with the formation of a complex between TCEP––Te and
Cd(3-MPA)2, as suggested in Equation 3.20.

TCEP−−Te + Cd(3-MPA)2
KfTe−−−⇀↽−−−
H2O

TCEP−Te−Cd(3-MPA)2 (3.20)

The results obtained from the basic pH-metric titration are already
informative. While the selenium derivative yields an ambiguous interpretation,
the tellurium system exhibits a clear new pH-active signal indicative of
complex formation. To resolve the uncertainties with selenium, complementary
Raman measurements at each pH are necessary. These observations collectively
highlight the chalcogen-dependent interactions with Cd(3-MPA)2 and motivate
further mechanistic investigation, particularly for tellurium, in the following
section.

3.3.3 Precursors Raman monitoring

To extract as much information as possible, the titration was carried out in two
stages. First, the TCEP––X precursor was placed in an argon-inerted flask,
and the Cd(3-MPA)2 precursor was added stepwise to monitor any potential
chelation at basic pH (∼ 12). Second, the pH titration was performed by
gradual addition of concentrated HCl. After each addition, a Raman spectrum
was recorded from 300 cm−1 to 1800 cm−1. This procedure was repeated for
each chalcogen system. For further experimental details, see Section 6.2.4.6.

The first results analyzed were the pH-metric curves. To assess the
reproducibility of the process and to confirm the observations made in the
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Figure 3.34. pH titration of each chalcogen transfer agent using concentrated HCl
during the parallel Raman analysis.

previous section, the pH data are presented here as the pH resistance (∆) as a
function of pH, as shown in Figure 3.34.

The observations from this experiment are consistent with those in
Figure 3.33: sulfur exhibits a small signal, likely corresponding to the
protonation of TCEP––S; selenium shows a signal that remains ambiguous;
and tellurium displays a pronounced peak, likely indicative of complexation
between TCEP––Te and Cd(3-MPA)2.

Prior to the HCl addition, Cd(3-MPA)2 was incrementally added to
reach the desired stoichiometry relative to the TCEP––X species. After each
addition, a Raman spectrum was recorded, providing valuable information on
whether complexes form between Cd(3-MPA)2 and TCEP––X under basic
conditions. All spectra are presented in Figure 3.35. It should be noted that
changes in Raman intensity upon cadmium addition are mainly due to dilution
effects. Therefore, the discussion will focus primarily on spectral shifts and
the emergence of new vibrational bands rather than on intensity variations.

The discussion of the results will focus primarily on the analysis of the
P=X bond, which was thoroughly described in Section 2.3.2.2. Any shifts in
these vibrational frequencies may be attributed to the complexation involving
the P=X bond.

These results confirm that sulfur and selenium do not exhibit shifts in
their P=X bonds, reinforcing the idea that they do not interact with the
added Cd(3-MPA)2. However, in the case of tellurium, a new frequency band
appears alongside one of the P=Te bands, providing a strong indication of an
interaction between P=Te and cadmium, likely forming R3P–Te–Cd.
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Figure 3.35. Raman visualization of the interaction between TCEP=X and
Cd(3-MPA)2 as a function of cadmium equivalents for sulfur (top), selenium
(middle) and tellurium (bottom). Variations in absolute intensity are mainly
attributed to dilution effects upon cadmium addition.
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The spectra of the chalcogens also suggest that the nature of the bond
evolves with the atom period. The P–S bond shows a single frequency at
572 cm−1; given that the atoms are in the same period, which favors efficient
orbital overlap, this bond is predominantly a σ bond. Additionally, TCEP–S
was the only derivative exhibiting protonation upon HCl addition, as shown in
Figure 3.33.

Selenium exhibits a double frequency band at 427 cm−1 and 454 cm−1,
which can be assigned to π and σ contributions, respectively. During
Cd(3-MPA)2 addition, these frequencies remain stable, and no additional side
bands appear, indicating that selenium does not interact with cadmium and
therefore no complexation occurs.

Finally, the tellurium spectra also show two frequencies at 369 cm−1 and
416 cm−1, corresponding to π and σ bonds, respectively. Upon addition of
Cd(3-MPA)2, a new band grows at 442 cm−1, which can be attributed to
tellurium–cadmium complexation. This hypothesis is further supported by the
decrease in the π contribution, likely due to electron redistribution resulting
from complex formation.

After completing the addition of Cd(3-MPA)2 to the TCEP––X solution,
the mixture was acidified stepwise by HCl to reproduce the conditions shown
in Figure 3.33, while monitoring via Raman spectroscopy. Following each HCl
addition, a Raman spectrum was recorded. In these experiments, intensity
variations are only mildly affected by dilution, as the added HCl volume is
small relative to the total solution volume.

The observed changes over time are consistent with the previous discussion.
Sulfur and selenium exhibit only minor spectral variations, particularly in the
region of the P=X bond, confirming that these derivatives do not complex
with Cd(3-MPA)2. The P=X bond remains stable down to pH 6.

The tellurium spectra further confirm the previous results. The band at
442 cm−1 increases in intensity while the 369 cm−1 band decreases. Another
subtle feature appears at 1110 cm−1, corresponding to R3P––O. [21] During
HCl addition, the mixture turned yellowish, indicating that nucleation begins
at room temperature solely due to pH change. This suggests that protons
act as a catalyst for the reaction. These trends are even more apparent in
Figure 3.37.

From these data, it is clear that the P=Te π contribution is converted into
the P-Te-Cd complex (blue curve to green curve), while the TCEP=Te
reagent is consumed and converted into TCEP=O via conversion of the P-Te
σ into the P=O bond. This provides valuable mechanistic insight: at room
temperature, a simple pH increase can initiate nucleation. This confirms that
P=Te forms a complex with Cd(3-MPA)2, generating a new pH-sensitive
center. Likely, through its protonation equilibrium, it polarizes the P-Te bond,
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Figure 3.36. Raman monitoring of the interaction between TCEP=X and
Cd(3-MPA)2 as a function of medium acidification for sulfur (top), selenium
(middle) and tellurium (bottom).
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Figure 3.37. Raman intensity variations over HCl addition of various P=X related
peaks.

weakening it and facilitating oxidation of TCEP by water, as described in
Section 3.3.1.

3.3.4 XPS Surface Analysis

To further investigate the surface chemistry of the colloidal CdX (X = S, Se,
Te) nanocrystals, X-ray photoelectrons spectroscopy (XPS) measurements
were performed. Although no phosphorus 2p signals indicative of ligand–metal
interactions were observed, likely due to desorption under high vacuum,
XPS revealed unsaturated cadmium sites at the QD surface. Significant
carboxylate signals were detected, arising from surface ligands such as 3-MPA,
TCEP=O, and acetate counterions.

Quantitative analysis of the XPS spectra is summarized in Table 3.5,
which reports binding energies (B.E.), full-width at half-maximum (FWHM),
surface atomic concentrations, and Cd:X ratios.

Figure 3.38 highlights the characteristic XPS spectra for the different
orbital families across the three QD compositions. Each column represents
a distinct material, while each row corresponds to a specific orbital. The
nanocrystal surfaces are generally non-stoichiometric, with Cd:X ratios below
unity, indicative of a chalcogen-rich surface.

For CdTe, the additional Te[IV] peak (575.7 eV) signals partial surface
oxidation, which may influence electronic and chemical properties. The
C 1s and O 1s spectra reveal multiple organic functional groups, mainly
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Figure 3.38. XPS analysis of CdX core (X = S, Se, Te). Each column corresponds
to a distinct material (CdS, CdSe, CdTe), while each row represents the analyzed
orbital families: Cd 3d, chalcogen (S 2p, Se 3d, Te 3d), oxygen (O 1s), and carbon
(C 1s) signals.
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Table 3.5. XPS analysis of CdX (X = S, Se, Te) QDs: Binding energy (B.E.),
FWHM, surface atomic concentration (%), and surface atomic ratio. C 1s and O 1s
contributions mainly originate from surface ligands such as 3-MPA and TCEP.

Material Element/Group B.E.
(eV)

FWHM
(eV)

Conc.
surf.
(%)

Ratio
X/Cd

CdS S 2p3/2 161.0 1.9 17.8
1.06Cd 3d5/2 404.5 1.8 12.9

O 1s / C 1s 531.4 /
284.8

2.1 / 1.7 13.7 /
42.8

CdSe Se 3d5/2 53.5 1.7 14.7
0.38Cd 3d5/2 404.9 1.7 9.3

O 1s / C 1s 531.7 /
284.8

2.0 / 1.9 6.8 / 52.0

CdTe Te 3d5/2 (TeIV ) 575.7 1.9 0.7

0.40
Te 3d5/2 (Te0) 572.2 1.9 1.3

Cd 3d5/2 404.9 1.7 20.3

O 1s (O=C-O, C-O) 531.6 2.9 2.1

C 1s (C-(C,H), C=O) 284.8 1.8 51.1

carboxylates and carbonyls from ligands, emphasizing their role in colloidal
stability and surface chemistry. This combined analysis underscores the
chemical complexity of CdX QD surfaces and the importance of passivation
for optoelectronic properties.

3.3.4.1 Mechanism Discussion

The series of experiments described above converge toward a comprehensive
explanation of the overall reaction mechanism. A summary of the key findings
is presented below:

• Isotopic labelling:
Isotopic labelling using 18O–water revealed that the oxygen atom of
water acts as the oxidizing agent toward TCEP––X, forming TCEP––O.
As a corollary, the reaction medium becomes progressively more acidic
over time due to this oxidation.

• Precursors pH titration:
pH titrations with HCl revealed distinct behaviors for the different
chalcogen precursors. For sulfur, TCEP––S is protonated in its free
form, but it likely does not complex with Cd(3-MPA)2. The selenium
derivative shows similar behavior: no protonation of the free form
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TCEP––Se and no detectable complexation with Cd(3-MPA)2. These
selenium results are tentative and require further experiments for
confirmation.
In contrast, for tellurium, the free form TCEP––Te appears not to be
protonated by HCl. However, in the presence of Cd(3-MPA)2, a new
pH-active site emerges, likely associated with complex formation. To
confirm this hypothesis, pH titration experiments are repeated while
monitoring the system via Raman spectroscopy.

• Precursors Raman monitoring:
This experiment complements the pH titration: after each addition, a
Raman spectrum is recorded. The reaction proceeds in two stages: first,
stepwise addition of Cd(3-MPA)2, followed by HCl titration.
These experiments show that the sulfur reagent is protonated in its
free form but not complexed with Cd(3-MPA)2. Selenium is neither
protonated nor complexed by cadmium. Tellurium, however, appears
both complexed by Cd(3-MPA)2 and capable of generating a new
pH-active site, which catalyzes the formation of CdTe QDs.

• XPS surface analysis:
XPS analysis of the as-synthesized QD cores (CdS, CdSe, CdTe)
indicates that particle stabilization primarily occurs via carboxylate
ligands. Except for CdS, all cores exhibit a surface deficiency in
cadmium atoms, likely due to autocatalytic surface reactions and sample
washing prior to analysis, which may remove surface-adsorbed cadmium.
For CdTe, an additional TeIV peak is observed, indicating partial
surface oxidation. This suggests that tellurium-containing cores are
sensitive to atmospheric oxygen and can undergo oxidation under
ambient conditions.

3.4 Discussion

The various observations made in the current chapter provide good insight
into the reaction pathways, depending on the chalcogen involved in the
reaction. This discussion aims to summarize all this information to provide an
overview as complete as possible for each core.

3.4.1 CdS

The formation of CdS QDs likely proceeds through a chemical reaction between
TCEP–S and Cd(3-MPA)2, corresponding to a second-order reaction. Since
TCEP–S is pH-sensitive, it can be protonated in its free form. Under
its protonated form (TCEP–S–H), the reactivity toward Cd(3-MPA)2 is
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expected to be lower than that of the neutral TCEP––S. Consequently, the
pH of the medium should remain relatively high, especially considering the
release of protons during the reaction.

In the case of CdS QDs, TCEP––S is the less reactive TCEP=X derivative,
requiring higher temperatures to transfer the sulfur atom to the cadmium,
resulting in a longer induction period. These harsher conditions lead to
competition between 3-MPA and TCEP––S as sulfur sources. Nonetheless,
the real sulfur donor for generating CdS QDs, the reliability of TCEP––S has
been proven by its contribution to the improvement of optical properties,
suggesting its adsorption on the QDs surface, although XPS did not show its
presence.

Kinetic fitting performed during reaction optimization in the microfluidic
reactor indicates that crystal growth follows a Finke–Watzky mechanism (FW
mechanism). This implies that the initial formation of CdS nuclei via the
second-order reaction is slow. Once nucleation occurs, after the induction
period, growth accelerates due to surface autocatalysis. It is hypothesized
that after nuclei formation, Cd(3-MPA)2 adsorbs onto the particle surface,
lowering the activation barrier and allowing TCEP–S to react more efficiently
at the surface, thereby contributing to crystal growth.

Besides the accumulation of information about the formation of CdS
nanocrystals, their optical properties remained poor. The fundamental
reason behind this remains unknown. Unlike CdSe, the literature does not
mention the creation of intermediate energy levels due to the use of 3-MPA as
a stabilizing agent. However, regardless of the mechanism behind these
poor emission properties, it is likely that revealing the Stokes-shift emission
requires the use of core-shell structures.

3.4.2 CdSe

The formation of CdSe QDs also involves a reaction between TCEP––Se and
Cd(3-MPA)2. Unlike sulfur, TCEP––Se appears neither protonated under its
free form nor strongly complexed with cadmium prior to react together to
generate the CdSe monomeric blocs.

The reactivity of TCEP––Se towards Cd(3-MPA)2 remains moderate, and
high temperatures (up to 235 °C) are required to form the CdSe QDs. This
high temperature may also increase the risk of CdS formation with 3-MPA as
a sulfur donor. However, the XRD spectrum shows that the crystals are
mostly composed of CdSe molecules. If CdS molecules are formed, their
number remains marginal regarding to the CdSe ones.

Kinetic analysis indicates that CdSe growth also follows a Finke–Watzky
mechanism (FW mechanism). After the induction period, surface autocataly-
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sis accelerates growth as Cd(3-MPA)2 adsorbs onto the particle surface,
facilitating further reaction of TCEP––Se at the surface. XPS analysis shows
a slight cadmium deficiency at the surface, consistent with a Se-rich layer,
which may influence optical and electronic properties.

Regarding the optoelectronic properties, the CdSe cores themselves exhibit
surface defects, leading to the formation of trap states. This phenomenon is
attenuated by particle growth, improving the Stokes-shift emission. A second
method highlighted to minimize the pinned emission involves the addition of
a ZnS shell on the surface of the CdSe core, forming a type I core-shell
structure.

The concatenated procedure for core-shell formation was successfully
implemented and showed the growth of CdSe and ZnS to be spatially separated,
allowing for a distinctive growth nature of the molecules. In addition to the
emission improvement, HRTEM coupled with EDX characterization confirmed
the egg-shell morphology, as well as the elemental analysis, which confirmed
the addition of the ZnS shell.

3.4.3 CdTe

In the case of CdTe, the reaction between TCEP––Te and Cd(3-MPA)2 is
more complex. The sole TCEP––Te is not protonated by HCl, but in the
presence of cadmium, a new pH-active site emerges, suggesting complex
formation. This complex likely catalyzes the formation of the monomeric
CdTe building blocs especially under acidic conditions, as shown by in-situ
Raman monitoring.

The fast formation of CdTe molecules induces, as described by LaMer, a
burst nucleation. Depending on the intensity of the nucleation, particle
growth proceeds and consumes most of the remaining reagents. There is a
direct correlation between the particle size and their properties. Indeed, larger
particles exhibit better optoelectronic properties but poorer size distribution.

Since the reaction kinetics are very fast, due to the highly complex
reactivity, the reaction proceeds at a lower temperature than CdS and
CdSe. Seamlessly, due to the high reactivity of the tellurium derivatives, the
mechanism proceeds homogeneously, without requiring surface autocatalysis
for the growth step.

XPS analysis reveals a cadmium-deficient surface and the presence of
Te[IV] species, indicating partial surface oxidation. These observations
highlight the higher reactivity of the tellurium precursor and the susceptibility
of CdTe QDs to oxidation, which may affect surface chemistry and stability.
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Together, these analyses provide a coherent picture of the nucleation and
growth mechanisms of CdX QDs, highlighting the influence of chalcogen
identity on reaction kinetics, surface composition, and stability.
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3.5 Conclusions

This optimisation chapter has unveiled several key experimental insights.
Preliminary experiments identified tunable parameters and clarified the
underlying reactivity (Figure 3.1).

The choice of cadmium precursor was critical: both CdCl2 and Cd(OAc)2
provide a suitable compromise for aqueous synthesis. For further characteriza-
tion using DOSY-NMR method, Cd(OAc)2 was favoured over CdCl2.

Under basic pH, cadmium requires strong surface stabilization to prevent
Cd(OH)2 formation. Several stabilizing agent were considered. However, the
well known 3-MPA was confirmed as an effective stabilizer, with a minimal
stoichiometry of 1:2 relative to cadmium, as confirmed by pH-metry titration.

The Cd:X ratio must be carefully controlled. In the case of aqueous
synthesis, the Cd:X ratio should be equal or higher than 1. Indeed, under
high temperature, the TCEP=X precursors are unstable and form back
elemental chalcogen. These elemental chalcogen being unsoluble, they are
likely to deposit on reactor wall or promote heterogeneous nucleation.

Regarding the core synthesis, CdS and CdSe follow a Finke–Watzky
mechanism, proceeding in two stages: slow nucleation characterized by an
induction phase, followed by accelerated growth due to surface autocatalysis
on the QDs. In contrast, CdTe follows a LaMer-type mechanism, enabled by
precursor complexation and acidic catalysis, leading to rapid initial nucleation
and reduced autocatalytic contribution.

Finally, regarding the optical properties of the synthesized QDs, CdS still
exhibits an exclusive surface emission contribution, although the presence of
TCEP=X derivatives seems to enhance the surface emission intensity. CdSe,
on the other hand, shows the first traces of Stokes-shift emission. To further
boost the surface Stokes emission, type I core-shell synthesis was attempted
by adding a ZnS layer, which led to improved Stokes emission. CdTe proved
to be the most promising core, already shows good emission properties in
initial trials. An intensified optimization process resulted in particles with a
PLQY of up to 50%. This synthesis was successfully transposed to a flow
process, although a slight decrease in emission properties was observed.
Nonetheless, this scale-up successfully enabled the production of QDs with
good emission properties at a large scale.

The mechanistic investigations conducted to unveil the fundamental
steps behind particle formation revealed some interesting details. First, the
oxygen source for the TCEP oxidation was identified as the solvent, thanks to
isotopic labeling. The pH-titration, monitored by Raman in-situ, showed
that TCEP=S alone is pH-sensitive and that TCEP=Te complexes with
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Cd(3-MPA)2, leading to a new pH-active center. This pH center is crucial for
controlling the formation rate of CdTe QDs.
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Chapter 4

Conclusions

The present research project aimed to bridge part of the gap in emission
properties between quantum dots synthesized in organic solvents and those
obtained through aqueous or hydrothermal routes. In this context, a new
family of water-soluble chalcogen precursors (X = S, Se, Te) was investigated.
Analogous to trioctylphosphine (TOP) in organic-phase syntheses, tris(2-
carboxyethyl)phosphine (TCEP) was demonstrated to act as a versatile
reduced chalcogen carrier, capable of transferring sulfur, selenium, or tellurium
atoms under aqueous conditions.

The beginning of the manuscript is dedicated to an extensive and didactic
introduction aimed at providing a comprehensive overview of the nature
of quantum dots, their applications, and properties. Their nanometric
preparation is reviewed to give an overview of the synthesis methodology
and strategies to achieve high-quality nanoparticles. After a discussion of
reactor technologies with a focus on microfluidics, the introduction thoroughly
reviews the chemistry behind QD preparation. This is concluded by the
problem that the current thesis aims to address.

In a first experimental chapter, the formation of TCEP––X species was
optimized in batch using a DoE approach. Kinetic investigations were
then carried out to identify the key parameters governing reaction rate
and selectivity. These studies demonstrated that chalcogen transfer occurs
at the interface between elemental chalcogen and water, highlighting the
interfacial nature of the reaction mechanism. Importantly, this chemistry was
successfully transposed to continuous-flow conditions, leading to remarkably
high space–time yields and demonstrating compatibility with large scale
reactors. As a proof of concept, the resulting TCEP––X precursors were
subsequently employed to feed a CdX quantum dot synthesis reactor.

A systematic investigation of precursor reactivity revealed that the
nature of the chalcogen plays a decisive role in the overall reaction pathway.
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Isotopic labelling experiments confirmed that water acts as the oxidant
in the transformation of TCEP––X into TCEP––O, leading to progressive
acidification of the reaction medium. This process, combined with pH-
dependent precursor speciation, governs the availability of reactive chalcogen
species and thus controls nucleation and growth kinetics.

For CdS and CdSe, nanocrystal formation follows a Finke–Watzky-type
mechanism, characterized by slow homogeneous nucleation followed by
accelerated growth driven by surface autocatalysis. In contrast, CdTe
formation proceeds through a LaMer-type mechanism, enabled by the
complexation between cadmium and tellurium species, which introduces a
new pH-active site and promotes rapid, acid-catalyzed nucleation. This
fundamental mechanistic difference accounts for both the faster kinetics and
the enhanced optical properties observed for CdTe quantum dots.

Surface-sensitive analyses further demonstrated that all CdX nanocrystals
synthesized in aqueous media exhibit non-ideal surface stoichiometry.
XPS measurements revealed cadmium-deficient, chalcogen-rich surfaces
predominantly stabilized by carboxylate ligands, with partial oxidation
observed for tellurium-containing samples. These findings highlight the intrinsic
reactivity of aqueous-grown quantum dot surfaces and their susceptibility to
ligand exchange and oxidative processes.

From an optical standpoint, CdS nanocrystals remained dominated by
surface-related emission, despite improvements induced by the presence
of TCEP––X derivatives. CdSe showed the first evidence of Stokes-shifted
emission, which could be further enhanced by the growth of a ZnS passivation
shell. CdTe emerged as the most promising system, reaching photoluminescence
quantum yields of up to 50 % after extensive optimization. Importantly, this
synthesis was successfully translated to continuous-flow conditions, enabling
scalable production, albeit with a moderate decrease in emission efficiency.

Overall, this work establishes TCEP-based chalcogen transfer as a unified,
scalable, and mechanistically distinct strategy for the aqueous synthesis of
CdX quantum dots. Beyond providing a rational framework to understand
precursor reactivity and growth mechanisms, these results lay the foundations
for the controlled and environmentally benign production of luminescent
nanocrystals in water.
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Prospectives

Beyond its direct achievements, the present project has opened several
research directions that could not be fully explored within the timeframe of
this work. In this chapter, some of these unfinished ideas are discussed, and
preliminary results are presented where available.

5.1 Self-mapping CdX QDs

This section focuses on the advances achieved in the PAT. Most of the concepts
discussed herein build upon the developments presented in Section 1.6, with a
particular emphasis on automation. Over the past decade, the microfluidics
community has shown a growing interest in fast screening platforms. Quantum
dots constitute particularly suitable model systems for such approaches,
as downstream characterization can be readily achieved through UV/Vis
absorption and fluorescence spectroscopy, providing rich and complementary
information on the synthesized nanomaterials.

Building on this context, the present project benefited from an internship
dedicated to process automation, in-line data science, and ML at North
Carolina State University, under the supervision of Prof. Milad Abolhasani.
In this environment, automation strategies based on LabVIEW® software
were combined with data analysis and machine learning routines implemented
in Python. Elements of these approaches were already leveraged in Chapter 2
for the transposition to flow of the preparation of TCEP=X precursors (see
Figure 2.11).

The results presented in Chapter 2 highlighted the flexibility offered by the
use of TCEP as a chalcogen carrier and constitute the first building block of
the setup proposed here. This strategy significantly enhances the potential for
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fully integrated and automated microfluidic platforms incorporating feedback
control loops. Furthermore, as a proof of concept, a DoE was successfully
implemented using an automated setup (results not shown in the present
work), demonstrating the practical feasibility of such an approach.

The combination of these two developments provides a framework capable
of autonomously mapping the formation space of CdX/ZnS quantum dots. In
addition to automated reagent delivery, real-time data acquisition and analysis
enable continuous learning strategies, such as the training of neural networks.
Once trained, these models can propose new experimental conditions, which
are subsequently fed back into the system to iteratively optimize the properties
of the synthesized nanoparticles.
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Figure 5.1. Self-mapping CdX/ZnS QDs in a compact and automated setup.

Within this framework, a conceptual setup is proposed in Figure 5.1.
Taking advantage of the in-line synthesis of TCEP=X precursors, the system
is designed to pump the TCEP precursor (pump 1) through a column
containing one of the three elemental chalcogens. Depending on the desired
core composition, the flow is directed, via the controlled rotation of a switching
valve, through the appropriate column, thereby feeding the reactor with
freshly generated precursor.

Pumps 2, 3, and 4 simultaneously supply reactor 1 with NaOH solution,
water, and Cd(3-MPA)2 solution, respectively. Appropriate calculations allow
adjustment of key parameters highlighted in Figure 3.1, such as precursor
concentration, chalcogen excess, and initial pH. As demonstrated in Chapter 3,
these parameters are critical for tuning the reactivity toward the formation of
CdX quantum dots.

Downstream of reactor 1, an additional feed is introduced via pump 5
(Zn(3-MPA)2 with TU). The combined streams are then directed to reactor 2,
where the growth of a ZnS shell over the CdX core occurs, leading to an
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improvement in the PLQY. It is worth noting that, in the presence of a
residual chalcogen excess downstream of reactor 1, this excess may react with
the zinc precursor to form a ZnX interfacial layer. Such a layer is expected to
exhibit a reduced lattice mismatch with the CdX core compared to ZnS,
potentially promoting improved interfacial coherence (see Table 1.1).

Finally, the downstream section of the setup is monitored by UV/Vis
absorption and fluorescence spectroscopy, enabling full characterization based
on the metrics summarized in Section 3.2.1. These data (red arrows) are
subsequently used to train a machine learning model, which proposes new
experimental conditions that are fed back into the system (green arrows). [1]

Ultimately, this setup could be operated using DFE, which represent a
particularly powerful strategy to accelerate reaction screening in continuous-
flow systems. The concept of real flow-reactor dynamics was briefly introduced
in Section 6) through the discussion of breakthrough curves F (t). By
continuously varying the input conditions rather than performing discrete
experiments, and by explicitly accounting for the reactor response described
by F (t), DFE enables the rapid exploration of large parameter spaces while
drastically reducing reagent consumption and experimental time.

Beyond simple acceleration, DFE is especially well suited for integration
with automated and data-driven workflows. In the context of quantum dot
synthesis, where optical properties are highly sensitive to small variations in
experimental conditions, dynamic modulation of flow rates and compositions
allows the extraction of dense, information-rich datasets from a single
experiment. Such data intensification strategies have recently been shown to
be highly effective for quantum dot synthesis, enabling reductions in screening
time by one to two orders of magnitude. [2]

More broadly, the combination of DFE with real-time spectroscopic
monitoring and machine learning-assisted decision-making opens the door
to truly autonomous experimentation. In this paradigm, the reactor is no
longer operated as a static synthesis platform, but rather as an adaptive
system capable of continuously refining its operating conditions in response
to incoming data. This approach constitutes a natural evolution toward
self-driving laboratories for nanomaterial synthesis.

5.2 Kinetic model development

To begin this prospective section, it is important to clearly differentiate the
levels of modeling that can be employed to describe the formation of quantum
dots. At a basic level, models often reduce the particle to their average
properties (e.g., peak position) rather than considering the full population
through a size distribution. Such models, including LaMer or Finke–Watzky
approaches, are relatively simple to represent but do not capture the complete
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dynamics of the system. In contrast, a population-based approach, such as a
Fokker–Planck formulation, can account for the full size distribution. [3, 4]
However, this latter approach requires substantially more information about
the system and is mathematically more challenging to solve.

5.2.1 Limitations of the existing model

This section focuses on simpler models, such as LaMer or the FW mechanism.
Both approaches have been subject to criticism regarding their range of
validity. The LaMer model is criticized mainly for two reasons: Firstly,
the burst nucleation it describes does not apply to all systems, as some
exhibit a significant induction period. Secondly, it does not account for the
autocatalytic contribution to particle growth. [5, 6] The Finke–Watzky model
has also been critiqued, particularly because the autocatalytic surface area is
assumed to remain constant throughout the reaction. [7]

In this context, Perala et al. attempted to extend the FW mechanism by
including a Population Balance Models Learning (PBM) contribution, which
accounts for the variation of surface area over the course of the reaction.
However, the complexity of the PBM formulation, involving partial differential
equations similar to the Fokker–Planck approach, substantially increases the
model’s mathematical difficulty. Therefore, there is a clear motivation to
develop a new, simpler model for particle formation that can capture essential
dynamics without the full complexity of population-based methods.

5.2.2 New modeling approach

In the present work, limitations of the Finke–Watzky model were observed when
attempting to describe the evolution of the peak position during the reaction
(ERT) for CdS and CdSe QDs (see Sections 3.2.2 and 3.2.3). Specifically, the
FW mechanism predicts a symmetry between the post-nucleation acceleration
and deceleration phases, which was not observed experimentally. Empirically,
the data were better fitted using a non-symmetrical sigmoid function (see
Equation 3.12).

The Finke–Watzky formalism, however, introduces a very interesting
concept: the surface acting as a catalyst for particle growth. However, its
limitations arise from this very assumption: the surface variation. Indeed, it is
considered as constant, which, in the case of quantum dots synthesis, requires
some adjustment. The model will be therefore rethought.

From the basic chemical equations, scheme provided in Figure 5.2, the
general behaviour of diatomic nanoparticles formation can be described as
follows:
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Cd2+ + X2-
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CdX
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CdXn
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CdXn

Figure 5.2. Diatomic nanoparticles formation new mechanism proposal.

• The two atoms of interest (e.g., Cd2+ and X2−) react to form the
monomeric building block (CdX).

• The so-obtained CdX block can either undergo nucleation, if the CdX
concentration is sufficiently high, or migrate to an available surface to
participate in the growth process.

• Alternatively, in the presence of catalytic surface (e.g., nanoparticle in
formation), Cd2+ adsorbs through a Langmuir isotherm, on the surface
of the particle to generate an activated form. Once formed, the X2− can
react on the active site through a Eley-Rideal mechanism. [8] It is then
hypothesized that the newly formed CdX unit is assumed to remain on
the surface and contributes to the particle growth.

Based on the Figure 5.2, the following kinetic equations can be posed,
assuming [Cd]0 = [X]0:



d[Cd]
dt

= d[X]
dt

= −kr[X]2 − kc[QDs].[X]2

d[CdX]
dt

= kr[X]2 − kg[QDs].[CdX] − kn.[CdX]n

d(D)
dt

= kc[QDs].[X]2 + kg[QDs][CdX]

dn

dt
= kn[CdX]n

(5.1)

These equations can be rewritten by explicitly accounting for surface
chemistry, leading to effective rate laws derived from adsorption equilibria and
surface reactions.
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First, the adsorption (Langmuir isotherm) of the CdX building block on
the surface of CdX particles for growth process can be modified as follow.

kg[QDs].[CdX] = kg
ka1[CdX]

1 + ka1.[CdX] .4π.D2.n(t) (5.2)

Then, the autocatalytic reaction on the surface, issued from the FW
mechanism, reacting through Eley-Rideal mechanism is formulated as follow.

kc[QDs].[X]2 = kc.
ka,Cd.[Cd]

1 + ka,Cd.[Cd] .[X].4π.D2.n(t) (5.3)

In practice, this new formalism can be solved using much simpler methods
than those required for Fokker–Planck or PBM approaches. Specifically, the
QD diameter can be estimated using the Brus equation (Equation 1.4),
while the particle number can be inferred from the particle concentration
obtained via an empirical model for the ϵ term in the Beer–Lambert law. [9]
In practice, these differential equations cannot be solved analytically, but they
can be numerically integrated to determine the kinetic constants.

In the general case, the growth of diatomic quantum dots can be described
by a system accounting for both homogeneous monomer reactions, surface-
catalyzed growth, and nucleation. Defining the total surface available
as:

S(t) = 4πD(t)2 n(t),

The kinetic equations then become, assuming [Cd]0 = [X]0:



d[Cd]
dt

= d[X]
dt

= −kr[X]2 − kc
ka,Cd[Cd]

1 + ka,Cd[Cd] [X] S(t)

d[CdX]
dt

= kr[X]2 − kg
ka1[CdX]

1 + ka1[CdX] S(t) − kn[CdX]n

dD

dt
= kc

ka,Cd[Cd]
1 + ka,Cd[Cd] [X] S(t) + kg

ka1[CdX]
1 + ka1[CdX] S(t)

dn

dt
= kn[CdX]n

(5.4)

• S(t) = 4πD(t)2 n(t) is the total available surface for adsorption,

• k[A]
1 + k[A] describes Langmuir-type adsorption effects.
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This equation system 5.4 has the advantage of addressing the criticisms
previously raised for both the LaMer and Finke–Watzky models, while
remaining sufficiently general to reduce to either model as a limiting case.

Indeed, taking into account the limiting cases, the equation system
simplified to previously known models:

• At low surface coverage and constant surface, the autocatalytic term
from the Finke–Watzky model simplifies:

kc
ka,Cd[Cd]

1 + ka,Cd[Cd] [X].S(t) ∼ k′
c.[QDs][Cd][X] (5.5)

• In the limit of high monomer concentration, such that ka1[CdX] ≫ 1,
the surface becomes saturated with CdX units and adsorption is no
longer rate-limiting. Under these conditions, growth is controlled by the
flux of monomer from the solution to the particle surface, corresponding
to the growth regime described in the LaMer model. In this framework,
the simplification made in Equation 5.2 is no longer valid, the system
effectively reduces to the classical LaMer mechanism.

In conclusion, this approach provides a physically grounded and experi-
mentally accessible framework that reconciles classical nucleation and growth
models within a unified formalism. By explicitly accounting for surface
evolution and adsorption-controlled growth, it naturally bridges the LaMer
and Finke–Watzky models as limiting cases. This framework offers a tractable
route for extracting kinetic parameters from experimental data and can be
further extended to include more complex surface chemistries or additional
observables.

5.2.3 Full Mechanistic Proposal

Aside from the new formalism proposed to describe the evolution of mean
metrics during QD formation, the mechanistic insights discussed in Section 3.3
provide an overview of the system, although the picture remains incomplete.
In addition to crystallization-related information, purely kinetic aspects were
not explicitly considered at that stage, as a full mechanistic description
could not be established. Nevertheless, it is possible to advance further
considerations, particularly regarding monomer generation.

Based on mechanistic evidence, the following reaction schemes can be
proposed:
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• CdS and CdSe kinetics

P R2
R2

R2

X

R1 R1

Cd
+

R1 =

CdX P R2
R2R2

O
+ +

R2 =

2 R1 + 2 H

S

O

O

O

O
X = S, Se

H

H2O

(5.6)

In this proposed mechanism, valid for CdS and CdSe, the reaction is
considered second-order with respect to TCEP––X and Cd(3-MPA)2.
The reaction proceeds in water, which also acts as an oxygen source for
TCEP––X. The presence of H+ is included in the mechanism because
the sulfur derivative can be protonated, influencing its reactivity
toward Cd(3-MPA)2. The fate of 3-MPA is not explicitly known; it is
hypothesized to be released into the medium in deprotonated form and
may act as a stabilizing agent.

Based upon these information the kinetic formation of CdS and CdSe
building block can be posed as follow:

d[CdX]
dt

= keff [TCEP−−X] [Cd(3-MPA)2] (5.7)

• CdTe kinetics

P R2
R2R2

Te

R1 R1

Cd
+

R1 R1
Cd

P R2
R2

R2

Te

R1 =

CdTe P R2
R2

R2

O
+ +

R2 =

+ H2O 2 R1 + 2 H

S

O

O

O

O

H+

(5.8)

For CdTe, the reaction is considered second-order with respect to
TCEP––Te and Cd(3-MPA)2, or first-order regarding the complexation
of these two species. Water acts as an oxygen source, and H+ influences
the protonation of the pH-sensitive site created upon complexation,
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affecting the complex’s reactivity. The fate of 3-MPA is again hypothe-
sized as deprotonated in solution and acting as a stabilizing agent.

Based upon these information the kinetic formation of CdTe can be
posed as follow:

d[CdTe]
dt

= kd [TCEP−−Te · Cd(3-MPA)2] (5.9)

Using the complexation equilibrium:

[TCEP−−Te · Cd(3-MPA)2] = Kf [TCEP−−Te] [Cd(3-MPA)2] (5.10)

we obtain the final kinetic expression:

d[CdTe]
dt

= kdKf [TCEP−−Te] [Cd(3-MPA)2] (5.11)

• Experimental attempt for model solving

Based on the proposed models, experimental attempts were carried out
to numerically solve the differential equations. In agreement with the
equimolar condition ([TCEP−−X] = [Cd(3-MPA)2]), the reactions were
performed in batch and monitored by 1H-, 31P-, and 113Cd-NMR.

The main objective was to follow, via 31P-NMR, the consumption
of TCEP––X species. Quantitative signal integration combined with
mass balance allowed monitoring of reagent consumption over time.
Additional measurements in 1H- and 113Cd-NMR were performed
to obtain complementary information on the reaction progress. The
preliminary results are presented in Figures 5.3 and 5.4.

Figure 5.3. 1H-, 31P-, and 113Cd-NMR monitoring of CdSe formation over time.

The results obtained for CdSe monitoring did not strictly follow the
trends observed in the mechanistic study presented in Section 3.3.
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Over time, the TCEP––Se signal (δ = 41.4 ppm) that should convert
into TCEP––O (δ = 58.86 ppm) exhibited slight shoulders at lower
chemical shifts. These additional signals are currently unknown and
may be related to thermally activated complexation. This hypothesis is
supported by 113Cd-NMR, where the Cd(3-MPA)2 signal (δ = 15 ppm)
is consumed to form two new signals (δ = 33 ppm and δ = 2 ppm),
whose nature remains unclear. Finally, the methylene signals of 3-MPA
(ranging from 2.9 ppm to 2.42 ppm) also shift during the same time
frame.

These observations suggest that even the selenium derivative undergoes
energy-dependent complexation, forming at temperatures higher than
room temperature. The exact nature of these complexes is unknown,
but at least two distinct species appear to be formed.

6
5

 °
C

8
5

 °
C

Figure 5.4. 1H- and 31P-NMR monitoring of CdTe formation over time under
65 °C (top row) and 85 °C (bottom row).

In the case of CdTe formation monitoring, the collected information
also indicates a more complex system than initially expected. Two
experiments were performed at 65 °C and 85 °C.

At 65 °C, the observations are largely consistent with the hypothesized
mechanism: the TCEP––Te signal is broad at δ = −15.75 ppm and
gradually shifts to lower chemical shift over time, suggesting an increased
reaction rate due to medium acidification, which may indicate a catalytic
effect. The TCEP––Te signal eventually disappears as TCEP––O forms.
The methylene signals (from 2.9 ppm to 2.4 ppm) follow a similar
homogeneous trend, showing slight shifts consistent with the acidification.
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At 85 °C, however, the 1H-NMR exhibits a different pattern: the
methylene signals behave similarly to what was observed during CdSe
synthesis. In 31P-NMR, the chemical shift initially moves from -6.8 ppm
to -7.2 ppm, as seen at 65 °C, but then shifts back to -6.5 ppm before
returning toward shielding. These differences may indicate the formation
of thermally induced complexes that were not observed in Raman
spectroscopy.

• Conclusion

The modelization developed appears convincing based on the results
presented in Section 3.3. However, the transition to thermally activated
systems reveals that the true mechanism is more complex than initially
anticipated. Literature reports indicate that tellurium can undergo
metal complexation, [10] while selenium is hypothesized to require
thermal activation through various steps. [11]

These pathways have been demonstrated primarily in organic solvents.
Yet, the possibilities of complexation and activation in aqueous media
remain largely unexplored. To fully elucidate these mechanisms, a
more systematic campaign of NMR-monitored experiments should be
undertaken, including advanced 2D-NMR techniques. [12–14]

5.3 Biofunctionalization

One of the main motivations for synthesizing quantum dots in water is the
biocompatibility acquired during the process. Indeed, for bioapplications,
it is crucial to have water-soluble QDs. To avoid the ligand exchange
typically required to achieve this property, an exchange that leads to a loss of
optoelectronic properties, it is preferable to synthesize them directly in water.

Once the QDs are soluble, they can be functionalized with various types of
biomolecules, imparting unique properties that are influenced by the nature of
the molecule. There are various approaches to functionalizing QDs, either
through non-specific bonding (adsorption) or via chemical bond formation.
Among the chemical bonding methods, amide coupling involves the reaction
between a carboxylic acid group on the QD surface and an amine group on
the biomolecule. Thiol binding refers to the addition of thiol-functionalized
biomolecules to the QD solution for direct surface attachment. Lastly, click
chemistry, which typically involves azide-functionalized biomolecules reacting
with carboxylic acids, is another widely used method for QD functionalization
[15].
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CdX\3-MPA
func�onaliza�on

Adsorp�on of
bio-molecule

Covalent
bonding of bio-

molecules

Amide coupling

Thiol binding

Click chemistry

Figure 5.5. Overview of the chemical possibilities to functionalize the QDs with
biomolecules.

5.3.1 Protocol for Stable CdTe QDs at Neutral pH

The standard method to perform this coupling is in Phosphate Buffer Saline
(PBS) solution.

Initially, the crude solution was purified by precipitation, following
the protocol described in Section 6.2.5.6. The purified samples were then
solubilized back to their initial volume using three different PBS solutions, see
Section 6.3.1 for PBS solution detail.

In all three cases, the procedure led to the coalescence of the samples. To
address this issue, the hypothesis is to perform a post-treatment of the QDs
to saturate the surface with 3-MPA, which prevents coalescence due to the
moderate pH in the saline solution.

The saturate the QDs surface, the sample is purified then mixed with a
3-MPA solution, purified and finally dispersed in the three phosphate buffers,
described in the tables from 6.18 to 6.20, and kept for stability validation, see
Section 6.3.1 for additional details. The result is shown in Figure 5.6.

The results show that for phosphate buffers 1 and 3, the particle sediment
but do not lose their luminescence. However, with PBS 2, the solution
remains perfectly soluble.

In conclusion, to achieve the biofunctionalization of the homemade QDs, a
post-treatment is necessary to keep the particle soluble in a 3-MPA solution.
The particles are then stable in the functionalization reaction medium.
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Figure 5.6. Picture of the redispersed QDs, under 365 nm irradiation, in the 3
phosphate buffers and water for control.

5.3.2 Biofunctionalization with Biotin

Following the stabilization of the quantum dots in synthesis medium,
an important future direction lies in the development of strategies for
biofunctionalization using biotin. Due to its high reactivity with a broad range
of biomolecules, biotin-functionalized quantum dots represent a promising
model system for further studies in targeted biological applications.

Future work would explore the modification of biotin to introduce reactive
groups, such as thiols, that enable efficient attachment to the quantum dot
surface. [16, 17] Optimizing the functionalization strategy may improve
stability, solubility, and controlled orientation of the biomolecule on the
nanoparticle, which are critical factors for subsequent biological interactions.

One strategy considered consists of modifying biotin with 2-aminoethane-
1-thiol (cysteamine), which contains an amine group that can be linked to
biotin via an amide bond and a thiol group that can be used to functionalize
the quantum dots. After the amide bond formation, the protective group is
removed. Experimental details are provided in Section 6.3.2.

Additionally, the verification of biotin attachment remains a key step.
Techniques such as DOSY NMR or FRET with streptavidin-functionalized
dyes could provide more definitive evidence of successful functionalization
and quantify binding efficiency. Exploring these approaches would not only
confirm the functionalization but also provide insight into the dynamics and
accessibility of biotin on the quantum dot surface.

Overall, this perspective highlights potential avenues for enhancing
quantum dot biofunctionalization, focusing on methodological optimization,
stability improvements, and rigorous verification of biomolecular attachment.
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5.3.3 Biofunctionalization of QDs through
Staudinger Ligation

While the protocol described in Section 5.3.2 provides reasonable yields and
purity, it remains tedious and does not apply to a broad range of biomolecules.
Therefore, a more versatile protocol was sought to tag biomolecules with
quantum dots. One potential solution lies in Staudinger ligation, a reaction
from the click chemistry family that promotes selective bonding under mild
conditions, minimizing side reactions. The Staudinger ligation involves the
reaction between a phosphine (P(R1)3) and an azide (N3R2), leading to the
formation of an amide bond, as illustrated in Figure 5.7. [18]

1) General methodology

The strength of this strategy lies in the versatility offered by the nature
of R1 and R3. In this context, R1 can be a modified ligand on the
quantum dot (QD) surface, while R3 represents an azidized biomolecule.
This versatility is key, as the azidation process can be applied to a
wide range of biomolecules, making this approach suitable for various
bioapplications.

The selective and mild conditions of click chemistry make it particularly
attractive for biofunctionalization, avoiding the harsh conditions typical
of chemical conjugation methods. Moreover, by using click chemistry,
unwanted side reactions are minimized, preserving the integrity of both
the biomolecule and the quantum dot.

N3
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X
R2
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Ph

Ph

OO

+

- N2

R1

O

N
H

R3

H2O
+

O

X
R2

PPh Ph

O

O
H

O

Figure 5.7. General Mechanism for the Staudinger ligation (Bertozzi method),
leading to the formation of an amide bond between an azide-functionalized molecule
and a phosphine-functionalized one. In this case, X represents an undetermined
carbon chain.

2) Biomolecule Azide Modification

This methodology opens up the possibility of attaching various
biomolecules to quantum dots, including, but not limited to, proteins,
peptides, DNA, biotin, and more. The main advantage of this method
lies in the customizability of the reaction, allowing for the selective
tagging of a wide variety of biomolecules with quantum dots.

The biomolecule can be azidized through a single-step reaction using
aqueous diazo transfer via imidazole-1-sulfonyl azide hydrochloride [19].
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This reagent introduces azide groups non-specifically on lysine side
chains or on the N-terminal enzymes of the biomolecule.

The relatively mild synthesis conditions make this protocol compatible
with a broad range of biomolecules, with the reaction occurring at room
temperature in water under basic conditions, as illustrated in Figure 5.8.
In this protocol, 1 eq of imidazole-1-sulfonyl azide hydrochloride is used
for every 1.75 eq of amine in the target molecule.

NN
S

O

ON
N+

N- H Cl+
CuSO4 / K2CO3

H2O

N3

N3

N3

Figure 5.8. Azide functionalization of biomolecules by imidazole-1-sulfonyl azide
hydrochloride under mild conditions.

3) QDs Surface Modification

Finally, the QDs stabilized by 3-MPA can undergo surface modification
of their carboxylic terminal group. This modification can proceed
through EDC/NHS activation of the carboxylic acid, followed by
reaction with an amine terminal group to form an amide bond [20]. An
example of this potential reaction path is illustrated in Figure 5.9.
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H

R1 P

O O

Ph

Ph

Figure 5.9. Surface functionalization of QDs–COOH with a phosphine, through
EDC/NHS activation, in preparation for a Staudinger ligation.

4) Conclusion

In this section, we have proposed a hypothetical yet versatile protocol
for QDs–COOH biofunctionalization through Staudinger ligation. This
protocol is designed to adhere to the principles of click chemistry.
However it remains purely theoretical and experimental synthesis must
be conduced to enforce the proposed chemical pathway.
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[10] Juan Carlos Pérez-Sánchez et al. “Unravelling the role of triisopropy-
lphosphane telluride in Ag(i) complexes”. In: Inorganic Chemistry
Frontiers 10 (22 Aug. 2023), pp. 6519–6525. issn: 20521553. doi:
10.1039/d3qi01485a.

[11] Leah C. Frenette and Todd D. Krauss. “Uncovering active precursors
in colloidal quantum dot synthesis”. In: Nature Communications 8 (1
Dec. 2017). issn: 20411723. doi: 10.1038/s41467-017-01936-z.

[12] Mingyang Liu et al. “Probing intermediates of the induction period
prior to nucleation and growth of semiconductor quantum dots”.
In: Nature Communications 8 (June 2017). issn: 20411723. doi:
10.1038/ncomms15467.

[13] Laura Piveteau et al. “Resolving the Core and the Surface of CdSe
Quantum Dots and Nanoplatelets Using Dynamic Nuclear Polarization
Enhanced PASS-PIETA NMR Spectroscopy”. In: ACS Central Science
4 (9 Sept. 2018), pp. 1113–1125. issn: 23747951. doi: 10.1021/
acscentsci.8b00196.

[14] Yunhua Chen et al. “Revealing the Surface Structure of CdSe
Nanocrystals by Dynamic Nuclear Polarization-Enhanced 77Se and
113Cd Solid-State NMR Spectroscopy”. In: Journal of the American
Chemical Society 143 (23 June 2021), pp. 8747–8760. issn: 15205126.
doi: 10.1021/jacs.1c03162.

[15] Ajay Singh Karakoti et al. “Surface functionalization of quantum dots
for biological applications”. In: Advances in Colloid and Interface
Science 215 (Nov. 2015), pp. 28–45. issn: 00018686. doi: 10.1016/j.
cis.2014.11.004.

[16] Marketa Ryvolova et al. “Biotin-modified glutathione as a functional-
ized coating for bioconjugation of CdTe-based quantum dots”. In:
Electrophoresis 32 (13 2011), pp. 1619–1622. issn: 01730835. doi:
10.1002/elps.201000634.

[17] Vijaya Bharathi M. et al. “Green synthesis of highly luminescent
biotin-conjugated CdSe quantum dots for bioimaging applications”.
In: New Journal of Chemistry 44 (39 2020), pp. 16891–16899. issn:
13699261. doi: 10.1039/d0nj03075a.

[18] Christin Bednarek et al. “The Staudinger Ligation”. In: Chemical
Reviews 120 (10 2020), pp. 4301–4354. issn: 15206890. doi: 10.1021/
acs.chemrev.9b00665.

[19] Stijn F.M. Van Dongen et al. “Single-step azide introduction in
proteins via an aqueous diazo transfer”. In: Bioconjugate Chemistry 20
(1 2009), pp. 20–23. issn: 10431802. doi: 10.1021/bc8004304.
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Chapter 6

Appendices and Supplementary
Information

6.1 Chapter 2: Supplemental Materials and
Analysis

6.1.1 General information

High-field NMR experiments (structural identification of intermediates and
determination of NMR conversions for the batch experiments) were carried
out with a Bruker Avance III 400 MHz spectrometer in D2O. The chemical
shifts (δ) are reported relative to the solvent residual peak or to H3PO4
(31P-NMR). In-line monitoring with low-field 31P-NMR experiments was
carried out with a Magritek Spinsolve Ultra Phosphorus 43 MHz equipped
with a flow-through glass cell (Spinsolve RM2 kit).

Transmission electron microscopy (TEM) was performed with a LaB6-
Tecnai G2 under 180 kV acceleration voltage, in bright field mode, on 200
mesh carbon-coated cupper grids.

X-ray powder diffraction (XRD) was used to characterize the crystal
structure (Bruker AXS D8 Discover) using Cu K radiation. The samples were
analyzed on a zero background substrate.

Absorbance measurements were recorded on an AvaSpec-ULS2048XL
EV spectrometer (Ultra-low Stray light Fiber optic Spectrometer, 75 mm
AvaBench, 2048 large 500 µm pixel back-thinned CCD detector), equipped
with an AvaLight-DH-S light source (Deuterium-Halogen light source, 190-2500
nm, incl. TTL shutter). In-line absorbance measurements were carried out
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with an Avantes CUV-ALL/UV/VIS cuvette sample holder (10x10 mm),
equipped with a flow-through cell (3 in 1, Hellma 176-760-15-40). Off line
analyses were performed in PMMA cells with the Avantes. The source, the
holder and the analyzer were connected with Avantes FCB-UVIR400 fiber
optic cables (bifurcated cable 2x400 µm, 2 or 1 m length, SMA terminations).

Photoluminescence experiments were recorded offline with a Shimadzu
RF-6000 Spectrofluorimeter in Fluorescence quartz-made macro cells (Hellma
101-10-40).

Caution: This work involves the use of heavy metals (cadmium) and
chalcogens (sulfur, selenium, tellurium). These compounds should be handled
under a fume hood and with appropriate personal protective equipment (PPE).
All the effluents generated must be disposed in appropriate containers with
special labels following the instruction of EH&S authorities. All glassware
must be cleaned with commercial bleach (aqueous sodium hypochlorite for
chalcogen decontamination).

6.1.2 Reagent and solvent

The reagents and solvents were purchased from commercial sources; these
compounds are used without purification (Table 6.1).

Cadmium acetate and sodium borohydride must be stored under anhydrous
conditions and tris-(carboxyethyl)phosphine (TCEP).hydrochloride must be
stored at 4 °C.

6.1.3 Continuous flow setups

6.1.3.1 Microfluidic setups and parts

All microfluidic setups were assembled with commercially available parts.

1. Pumps
Knauer AZURA P 4.1S HPLC pumps were used to handle all the liquid
streams for microfluidic experiments.

2. PFA tubing
PFA coil reactors and collection lines were constructed from PFA tubing
(high purity PFA; 1.58 mm outer diameter, 500 µm internal diameter).

3. SS tubing
The stainless tubing reactors were built with 316 stainless steel tubing
(1.58 mm outer diameter, 500 or 750 µm internal diameter).
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Table 6.1. Solvents, chemicals and suppliers

Solvent Purity (%) CAS number Supplier

Deuterium Oxide 99.90 7789-20-0 Eur-isotop

Ethanol (absolute) 99 64-17-5 VWR

Water HiPerSolv
CHROMANORM® / 7732-18-5 VWR

Chemicals Purity (%) CAS number Supplier

3-Mercaptopropionic acid 99 107-96-0 Alfa Aesar

Cadmium acetate dihydrate 98 5743-04-4 Sigma
Aldrich

Oxalic acid anhydrous ≥ 97 144-62-7 Fluka
Analytical

Selenium powder 200 mesh 99.999 7782-49-2 Alfa Aesar

Sodium borohydride ≥ 98 16940-66-2 TCI

Sodium hydroxide ≥ 97 1310-73-2 VWR

Sulfur 99.98 7704-34-9 Aldrich

Tellurium 200 mesh 99.8 13494-80-9 Aldrich
Chemistry

Tellurium -18+60 mesh 99.999 13494-90-9 Alfa Aesar

Tris-(2-carboxyethyhl)phosphine
.hydrochloride 99.5 51805-45-9 Chem-

Impex
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4. Connectors, ferrules and mixers
Sections of the reactor that were not subjected to high temperatures
and pressures were equipped with coned PEEK fittings and micromixers.
Sections of the reactor that were subjected to high temperatures and
pressures were equipped with Valco SS fittings, ferrules and unions.
Connectors, ferrules and unions were purchased from IDEX/Upchurch
or from VICI.

5. Check valves
Check valves were inserted before the cross junction to prevent cross-
contamination of the chalcogen columns and were purchased from
IDEX/Upchurch Scientific.

6. Back pressure regulators
To control the pressure inside the reactor, back pressure regulators of
100, 250 and 500 psi were used (IDEX/Upchurch Scientific).

7. Thermoregulatory devices
Thermoregulation of PFA coil reactors was performed with a Hei-
dolph™MR Hei-Tec® equipped with a Pt-1000 temperature sensor. The
stainless steel coil reactors were embedded in a GC oven (Thermo
Finnigan Interscience GC trace).

8. Setup flow parts and vendors
Continuous flow parts and vendors are gathered in Table 6.2.

6.1.3.2 Mesofluidic setups and parts

1. Pumps
During the scalability trials at pilot scale, a Knauer AZURA P 4.1S
HPLC pump, an Isco Teledyne 5000D dual syringe pump and a Corning®

AFR™G1 dosing line (equipped with a Hastelloy HNP microgear pump)
were used to handle liquids.

2. PFA tubing
PFA coil reactors and collection lines were constructed from PFA tubing
(high purity PFA 1/8”; 3.175 mm outer diameter, 1.65 mm internal
diameter or high purity PFA 1/4”; 6.35 mm outer diameter, 3.2 mm
internal diameter), and purchased from Swagelok.

3. SS tubing
The stainless tubing reactors are built with 316 stainless steel tubing
(3.175 mm outer diameter, 1.14 mm internal diameter), and purchased
from Swagelok.
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Table 6.2. Connectors, ferules and unions

Part Details Vendor Reference

Connectors

One-Piece Fingertight, PEEK, 10-32
Coned, for 1/16” o.d.

IDEX/Upchurch
Scientific F-120X

Super Flangeless Nuts, natural PEEK
1/4-28 thread for 1/16” o.d. tubing

IDEX/Upchurch
Scientific P-255X

Super Flangeless Ferrule Tefzel (ETFE)
and SS ring 1/4-28 thread for 1/16” o.d.

tubing

IDEX/Upchurch
Scientific P-259X

303SS 10-32 NUTS for 1/16” o.d. VICI (Valco Ins.
Co. Inc.) Zn1-10

303SS union for 1/16” o.d. tubing with
0.5 mm BORE

VICI (Valco Ins.
Co. Inc.) ZU1M

316 SS column end fitting 1/4” 1/16” 4
mm 4.6 mm cone, removable 2 µm frit

VICI (Valco Ins.
Co. Inc.)

CEF
414.6F

Mixers

T-mixer, natural PEEK 1/4-28 thread
for 1/16” o.d. tubing, 0.02” through

hole

IDEX/Upchurch
Scientific P-712

Cross assembly, natural PEEK 1/4-28
thread for 1/16” o.d. tubing, 0.02”

through hole

IDEX/Upchurch
Scientific P-722

Tubing

High-purity PFA tubing, 1.58 mm outer
diameter, 500 µm internal diameter

VICI (Valco Ins.
Co. Inc.)

JR-T-
4002-
M25

316 Stainless steel tubing 1/16” o.d.
tubing, 0.03” through hole

VICI (Valco Ins.
Co. Inc.)

TSS-
130

High-purity 1/8” and 1/4” PFA tubing,
including appropriate PFA connections Swagelok

PFA-
T2-030-

100
PFA-

T4-047-
100

316/316L Stainless Steel Seamless
Tubing, 1/4 in. od x 0.035 in. Swagelok SS-T4-

S-035

Check-
valve Check-valve in-line 3 psi IDEX/Upchurch

Scientific
CV-
3315

Back
pressure
regula-

tors

BPR Assembly 100, 250, 500 psi IDEX/Upchurch
Scientific

P-787,
P-788,
P-789,
U- 610
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4. Connectors, ferrules and mixers
Sections of the reactor that were not subjected to high temperatures
were equipped with PFA Swagelok connectors. Sections of the reactor
that were subjected to high temperatures were equipped with Swagelok
SS fittings, ferrules and unions. Connectors, ferrules and unions were
purchased from IDEX/Upchurch and from Swagelok PFA fittings

5. Back pressure regulator
A dome-type BPR (BPR-1000 from Zaiput Flow Technologies) was
inserted downstream the pilot scale mesofluidic setup. Cracking pressure
setpoints were regulated with compressed nitrogen gas (AirLiquide).

6. Thermoregulatory devices
The chalcogen column was thermostated with a Huber Ministat (Lauda
Therm 180 thermal fluid). The Corning® AFR™G1 SiC reactor was
thermostated by a Lauda XT 280 thermostat (Lauda Therm 180
thermal fluid).

7. Setup flow parts and vendors
Continuous flow parts and vendors are gathered in Table 6.3.

6.1.4 Setups and protocols

6.1.4.1 Batch optimization of TCEP=S

An aqueous solution 0.2 M of TCEP was prepared by dissolving TCEP.HCl
(0.573 g, 2 mmol, 1 equiv.) with milliQ water. The pH was adjusted to the
desired value (5, 8, 11) with 2 M aqueous NaOH then the solution was filled
up to 10 mL with milliQ water in a volumetric flask. The solution was then
quickly transferred into a 25 mL round-bottom flask and degassed with a flow
of Argon) for 15 min. Then, the needed amount of chalcogen (S: 0.096 g, 3
mmol, 1.5 equiv.; 0.144 g, 4.5 mmol, 2.25 equiv.; 0.192 g, 6 mmol, 3 equiv.)
was added under inert atmosphere and the solution was stirred (750, 825 and
900 rpm) at room temperature. The reaction was carried out until reaching
the desired reaction time (20 min, 40 min, 60 min). Then, 300 µL of the
mixture was pipetted out and transferred in a NMR tube (syringe equipped
with a polysulfone filter 0.5 µm to remove the chalcogen particles), then 300
µL of degassed D2O were added. During the operation, the tube was kept
under an argon atmosphere to prevent TCEP=X oxidation (to TCEP=O).
An insert containing H3PO4 as internal standard was added in the NMR
tubes which were analyzed by high field 31P-NMR (162 MHz).
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Table 6.3. Connectors, ferules and unions

Part Details Vendor Reference

Connectors

One-Piece Fingertight, PEEK, 10-32
Coned, for 1/16” o.d.

IDEX/Upchurch
Scientific F-120X

Super Flangeless Nuts, natural PEEK
1/4-28 thread for 1/16” o.d. tubing

IDEX/Upchurch
Scientific P-255X

316 Stainless Steel Nut for 1/8 in. Tube
Fitting Swagelok SS-202-

1

316 Stainless Steel Nut for 1/4 in. Tube
Fitting Swagelok SS-402-

1

Tube Fitting, Bulkhead Union, 1/8 in.
x 1/4 in. Tube o.d. Swagelok SS-200-

61-4

PFA Tube Fitting, 1/4 in. Nut Swagelok PFA-
422-1

Mixers
T-mixer, natural PEEK 1/4-28 thread
for 1/16” o.d. tubing, 0.04” through

hole

IDEX/Upchurch
Scientific P-712

Tubing

High-purity PFA tubing, 1.58 mm outer
diameter, 500 µm internal diameter

VICI (Valco Ins.
Co. Inc.)

JR-T-
4002-
M25

High-purity 1/8” and 1/4” PFA tubing,
including appropriate PFA connections Swagelok

PFA-
T2-030-

100
PFA-

T4-047-
100

316/316L Stainless Steel Seamless
Tubing, 1/8 in. od x 0.040 in. Wall

VICI (Valco Ins.
Co. Inc.) TSS240

Back
pressure
regula-

tors

Dome type BPR Zaiput Flow
Technologies

BPR
1000
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6.1.4.2 Batch optimization of TCEP=Se

An aqueous solution 0.2 M of TCEP was prepared by dissolving TCEP.HCl
(0.573 g, 2 mmol, 1 equiv.) with milliQ water. The pH was adjusted to the
desired value (7, 8.75, 10.5) with 2 M aqueous NaOH then the solution was
filled up to 10 mL with milliQ water in a volumetric flask. The solution was
then quickly transferred into a 25 mL round-bottom flask and degassed
with a flow of Argon) for 15 min. Then, the needed amount of chalcogen
(0.160 g, 2 mmol, 1 equiv.; 0.240 g, 3 mmol, 1.5 equiv.; 0.320 g, 4 mmol, 2
equiv.) was added under inert atmosphere and the solution was stirred at 750
rpm) at room temperature. The reaction was carried out until reaching the
desired reaction time (10 min, 15 min, 20 min). Then, 300 µL of the mixture
was pipetted out and transferred in a NMR tube (syringe equipped with a
polysulfone filter 0.5 µm to remove the chalcogen particles) then 300 µL of
degassed D2O were added. During the operation, the tube is kept under an
argon atmosphere to prevent TCEP=X oxidation (to TCEP=O). An insert
containing H3PO4 as internal standard was added in the NMR tubes which
were analyzed by high field 31P-NMR (162 MHz).

6.1.4.3 Batch optimization of TCEP=Te

An aqueous solution 0.2 M of TCEP was prepared by dissolving TCEP.HCl
(1.433 g, 5 mmol, 1 equiv.) with milliQ water. The pH was adjusted to 10.7
with 2 M aqueous NaOH then the solution was filled up to 25 mL with milliQ
water in a volumetric flask. The solution was then transferred into a modified
three-necked round-bottom flask, see Figure 2.8, and degassed with a flow
of Argon over 15 min. Then, the needed amount of tellurium of various
granulometry (18-60 mesh, 200 mesh) (0.9570 g, 7.5 mmol, 1.5 equiv.; 1.4355
g, 11.25 mmol, 2.25 equiv.; 1.9140 g, 15. mmol, 3 equiv.) was added under
inert atmosphere and the solution was stirred (500 or 750 rpm) at room
temperature. The Raman probe was inserted into the solution and the mixing
was started. The reaction was monitored after the addition of tellurium
(corresponding to the initial time, t0). Spectra were recorded every 30 s
ranging from 326 cm−1 to 1805 cm−1. The signal of interest is the vibration
P-Te at 370 cm−1. For experimental details, see section 2 and figure 2.8.

6.1.4.4 Stability study for TCEP=Te

1. Stability of TCEP=Se vs NaHSe in water (open flask)

The stability of TCEP=Se was assessed by comparing it to NaHSe.
While NaHSe quickly turns red due to oxidation (Figure S1), TCEP=Se
remains transparent, indicating its higher resilience to oxidation.
Deselenization of TCEP=Se allows the oxidation of selenide (-II) into
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selenium (0), forming TCEP (P = +III) in solution. TCEP is then
further oxidized into TCEP=O (P = +V) by the oxygen in the air.
After 16 hours, less than 1% of TCEP=O was observed in a 0.02 M
solution. In a 0.5 M solution at room temperature, after 4 weeks,
98% of TCEP=Se and 2% of TCEP=O were detected (by 31P-NMR),
demonstrating the much higher stability of TCEP=Se compared to
NaHSe. This stability is advantageous for the subsequent formation of
quantum dots.

a. b.

c. d.

Figure 6.1. Stability of TCEP=Se (right) vs NaHSe (left) in aqueous solutions left
open to air after a. 30 min, b. 60 min, c. 90 min, d. 120 min.

2. Model Stability study for TCEP=Te

An aqueous solution 0.08 M of TCEP was prepared by dissolving
TCEP·HCl (1.1464 g, 4 mmol, 1 equiv.) with milliQ water. The pH
was adjusted to 10 with 1 M aqueous NaOH then the solution was filled
up to 50 mL with milliQ water in a volumetric flask. The solution was
then quickly transferred into a 100 mL round-bottom flask and degassed
with a flow of Argon for 15 min. Then, the needed amount of tellurium
(1.5312 g, 12 mmol, 3 equiv.) was added under inert atmosphere and
the solution was stirred at 50 °C under 800 rpm mixing. After 10 min of
reaction, the conversion of TCEP into TCEP=Te was confirmed by
31P-NMR (162 MHz). Finally, the stopper was removed, and a sample
was collected every 10 min for 110 min. 300 µL of the mixture was
pipetted out and transferred in a NMR tube (syringe equipped with a
polysulfone filter 0.5 µm to remove the chalcogen particles), then 300
µL of degassed D2O were added.
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6.1.4.5 Raman monitoring of TCEP=X formation

1. Preliminary pH optimization

Preliminary tests have shown that the pH had a major influence on
the conversion rate towards TCEP=X species. The optima found
with the model generated with the DoE were for sulfur 7.5-9 and
for selenium 8-9.5. However, the use of these ranges led to a lower
conversion rate than predicted. Prior to the kinetic experiments, pH
was optimized to set optimal values for the 3 precursors (TCEP=S,
TCEP=Se, TCEP=Te).

(a) Sulfur

To determine the optimum pH, experiments were realized by
varying the pH while keeping the other parameters constant
(residence time = 15 min, 0.2 M of TCEP (prepared by dissolving
TCEP·HCl (0.5732 g, 2 mmol, 1 equiv.) with milliQ water),
chalcogen excess = 1.5 equiv. (0.0962 g, 3 mmol), mixing = 850
rpm). The pH of the TCEP solution was adjusted by adding 2 M
NaOH to pH values of 9.84, 10.34, 10.72, 10.88, and 11.35. The
corresponding solutions were degassed for 15 min with argon, prior
to the addition of sulfur. After 15 min of reaction, the mixing was
stopped and then, 300 µL of the mixture was pipetted out and
transferred into a NMR tube (syringe equipped with a polysulfone
filter 0.5 µm to remove the chalcogen particles) and 300 µL of
degassed D2O were added. During the operation, the NMR tube
was kept under an argon atmosphere to prevent oxidation. An
H3PO4 insert was added as an internal standard, and the sample
was analyzed by high field 31P-NMR (162 MHz). The results are
provided in Figure 6.2.

(b) Selenium

To determine the optimum pH, experiments were realized by
varying the pH while keeping the other parameters constant
(residence time = 15 min, 0.2 M of TCEP (prepared by dissolving
TCEP·HCl (0.5732 g, 2 mmol, 1 equiv.) with milliQ), chalcogen
excess = 1.5 equiv. (0.2369 g, 3 mmol), mixing = 850 rpm). The
pH of the TCEP solution was adjusted by adding 2 M NaOH to
pH values of 10.11, 10.46, 11.07, or 11.53. Each solution was
degassed for 15 min with argon, prior to the addition of selenium.
After 15 min of reaction, 300 µL of the mixture were pipetted
out and transferred in a NMR tube (syringe equipped with a
polysulfone filter 0.5 µm to remove the chalcogen particles). 300
µL of degassed D2O were added under an argon atmosphere to
prevent oxidation. An H3PO4 insert was added as an internal
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Figure 6.2. pH optimization for TCEP=S formation

standard, and the sample was analyzed by high field 31P-NMR
(162 MHz). The results are provided in Figure 6.3.

2. Experimental setup for in-situ Raman monitoring

In situ reaction and kinetic monitoring for the formation of TCEP=X
(X = S, Se, Te) were carried out in a modified 3-neck round bottom
flask for the hosting of a 5/8” Raman probe (Avaraman-PRB-FIP-532
from Avantes) (Figure 2.8). The spectra were recorded with a Raman
spectrometer (Horiba Labram-300) excited with a DPSS laser emitting
at 532 nm (CNI optoelectronics MLL-U-532, 300 mW).

3. Monitoring of TCEP=S formation

A 0.2 M aqueous solution of TCEP was prepared by dissolving
TCEP·HCl (1.433 g, 5 mmol, 1 equiv.) with milliQ water. The pH was
adjusted to 10.7 with 2 M aqueous NaOH, then the solution was filled
up to 25 mL with milliQ water in a volumetric flask. The solution was
then transferred into a modified 3-neck round-bottom flask (Figure
6.2), degassed with a flow of argon over 15 min and immerged into
a thermostated water bath (at 30 °C, 40 °C, or 50 °C) for 10 min.
Then, sulfur (0.4812 g, 15 mmol, 3 equiv.) was added in one portion.
The Raman probe was then inserted into the solution and the mixing
restarted. The reaction was monitored, after the addition of sulfur
(corresponding to the initial time, t0). Spectra were recorded every 30 s
for 2 h, in the wavenumber range from 513 cm−1 to 1961 cm−1. The
signal of interest is the vibration P-S at 570 cm−1.
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Figure 6.3. pH optimization for TCEP=Se formation

4. Monitoring of TCEP=Se formation

An aqueous solution 0.2 M of TCEP was prepared by dissolving
TCEP·HCl (1.433 g, 5 mmol, 1 equiv.) with milliQ water. The pH was
adjusted to 10.7 with 2 M aqueous NaOH then the solution was filled
up to 25 mL with milliQ water in a volumetric flask. The solution was
then transferred into a modified 3-neck round-bottom flask (Figure
2.8), and degassed with a flow of argon over 15 min. The reactor was
thermostated at various temperatures (at 30 °C, 40 °C, 50 °C, and 60
°C) for 10 min. Then, selenium (0.5922 g, 7.5 mmol, 1.5 equiv.) was
added. The reaction was monitored, after the addition of selenium
(corresponding to the initial time, t0). Spectra were recorded every 15 s
for 2 h, in the wavenumber range from 316 cm−1 to 1805 cm−1. The
signal of interest is the vibration P-Se at 428 cm−1.

5. Monitoring of TCEP=Te formation

An aqueous solution 0.2 M of TCEP was prepared by dissolving
TCEP·HCl (1.433 g, 5 mmol, 1 equiv.) with milliQ water. The pH was
adjusted to 10.7 with 2 M aqueous NaOH then the solution was filled
up to 25 mL with milliQ water in a volumetric flask. The solution was
then transferred into a modified 3-neck round-bottom flask (Figure
2.8), and degassed with a flow of argon for 15 min and thermostated
at various temperatures (at 30 °C, 40 °C, 50 °C, and 60 °C) for 10
min. Then, tellurium (0.9570 g, 7.5 mmol, 1.5 equiv.) was added. The
reaction was monitored after the addition of tellurium (corresponding to
the initial time, t0). Spectra were recorded every 15 s for 2 h, in the
wavenumber range from 326 cm−1 to 1805 cm−1. The signal of interest
is the vibration P-Te at 376 cm−1.
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6.1.4.6 Transposition in flow of TCEP=X synthesis (lab scale)

1. Design of the chalcogenide bed-packed column

The reactors used for the flow synthesis of TCEP=X species were
constructed from SS tubing (15 cm length, SS-T4-S-065 from Swagelok)
with a 2.46 mL internal volume. Both ends of the packed-bed columns
were equipped with a column end fitting encompassing a 2 µm frit at
the outlet (CEF 414.6F) for preventing chalcogenide leaching. The 3
columns were filled with sulfur (1.91 g), selenium (3.74 g) and tellurium
(7.29 g), respectively. For each column, the dead volume was measured
and based on that, the porosity (ϵ) of each column was estimated to ϵ =
0.287, 0.098, 0.434, respectively. The reduction of elemental chalcogen
(S, Se, Te) was carried out by infusing a TCEP aqueous solution (pH =
10.7) with a Knauer Azura P4.1S HPLC pump (10 mL stainless steel
head). The TCEP feed solution was redirected through a selector valve
(Vici C25-3186), enabling the switch between the 3 packed-bed columns
filled with sulfur, selenium or tellurium, respectively. The outlet of each
column was also equipped with a check valve (IDEX/Upchurch Scientific
CV-3315) to prevent back flow and cross-contamination. The reaction
effluents converged to a cross-junction mixer and were monitored by
in-line 31P-NMR (Benchtop 43 MHz Spinsolve™spectrometer from
Magritek® equipped with a flow-through cell). The system is illustrated
in Figure 6.4. A detailed experimental setup is provided in Figure 6.5.

2. TCEP feed preparation

An aqueous solution 0.2 M of TCEP was prepared by dissolving
TCEP·HCl (14.33 g, 50 mmol, 1 equiv.) with milliQ water. The
pH was adjusted to 10.7 with 2 M aqueous NaOH, then the solution
was filled up to 250 mL with milliQ water in a volumetric flask. The
solution was then transferred into a 250 mL round-bottom flask and
degassed with argon for 20 min.

6.1.4.7 Concatenated microfluidic preparation of QDs synthesis

The setup for the concatenated synthesis of the CdX QDs (X=S, Se, Te)
consisted in two main modules: (a) the first module relied mostly on the
packed-bed system illustrated in Figure 6.4 and Figure 6.5 for the reduction
of chalcogens; (b) the second module concerned the transfer of chalcogens to a
cadmium source for the synthesis of the QDs. A cooling loop was inserted
downstream the second module for thermal quenching prior to in-line analysis
by UV/Vis spectroscopy (Figure 6.6).
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Figure 6.4. Column design in the setup
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TCEP

PFA tubing
(1/16" OD)

collection flask

on-line 
NMR

S

Se

Te

Super Flangeless Nuts, PEEK 1/4-28 thread for 1/16" OD tubing (+ferrules)

Removable 2 µm frit

Pump (Knauer AZURA P 4.1S)

Room temperature

Chalcogen loaded column

One-Piece Fingertight, PEEK, 10-32 Coned, for 1/16" OD

Union Assembly, PEEK, 0.02" through hole, for 1/16" OD

on-line 
NMR

17.4 MHz Spinsolve™ 31P-NMR spectrometer from Magritek® equipped with a flow-through cell

Selector valve (Vici C25-3186)

Check valve (IDEX/Upchurch Scientific CV-3315)

Cross Assembly PEEK, 0.02" through hole, for 1/16" OD

BPR Assembly 500 psi

Figure 6.5. Scheme of the overall setup for the transposition in flow of TCEP=X
(X = S, Se, Te) synthesis

TCEP
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Super Flangeless Nuts, PEEK 1/4-28 thread for 1/16" OD tubing (+ferrules)

Removable 2 µm frit
Pump (Knauer AZURA P 4.1S)

Room temperature

collection flask

Chalcogen loaded column

One-Piece Fingertight, PEEK, 10-32 Coned, for 1/16" OD

303SS union for 1/16” o.d. tubing with 0.5 mm bore

Selector valve (Vici C25-3186)

Check valve (IDEX/Upchurch Scientific CV-3315)

Cross Assembly, PEEK 1/4-28 thread for 1/16" tubing, 0.02" though hole
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Figure 6.6. Scheme of the overall setup for the transposition in flow of TCEP=X
(X = S, Se, Te) synthesis
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1. Setup

The elemental chalcogen reduction was carried out by infusing a TCEP
aqueous solution (pH = 10.7) with a Knauer Azura P4.1S pump (10 mL
stainless steel head). The TCEP feed solution was redirected through a
selector valve (Vici C25-3186) allowing to switch among 3 bed-packed
columns filled with sulfur, selenium or tellurium, respectively. To
prevent leaching of the elemental chalcogen, a 2 µm frit was added at the
outlet of the columns. The outlet of each column was also equipped with
a check valve (IDEX/Upchurch Scientific CV-3315) to prevent back flow
and cross-contamination. The freshly prepared solution of TCEP=X is
mixed in a T mixer with the feed aqueous solution of Cd(3-MPA)2
(handled through a Knauer Azura P4.1S pump, 10 mL stainless steel
head). Note that to ensure a more stable flow rate, both the Knauer
pumps were equipped with a 250 psi BPR. The microfluidic SS coil
reactor was thermoregulated with a Thermo Finnigan Interscience
GC oven, which allowed to reach the desired temperatures under
a back pressure of 500 psi (IDEX/Upchurch Scientific P-788). The
reactor effluent was thermally quenched and analyzed by in-line UV/Vis
spectroscopy (AvaSpec-ULS2048XL EV spectrometer equipped with a
Charge-Coupled Device detector and a deuterium-halogen light source),
as depicted in Figure 6.6.

2. In-line monitoring

The in-line monitoring was performed inside a flow-through cells (3 in
1) from Hellma Analytics (176-760-15-40) allowing to perform UV/Vis
and/or photoluminescence (5 and 10 mm pathlength) independently or
at once. This flow cell was placed inside a cuvette holder (Avantes
CUV-ALL-UV/VIS) connected to both sources (UV/Vis: Avalight
DH-S-BAL and PL: Avalight HPLED-385) with a 600 µm core optical
fibers (FC-UVIR600-1). A second type of in-line was performed by
measuring directly through a PFA tubing (500 µm ID), sandwiched
by 2, 3D printed, bloc of PLA including two SMA screws to fit the
optical fibers. The signal was monitored by a spectrophotometer
(Avaspec-ULS2048XL-EVO-RS-UA) and treated with Avasoft software.
Illustrations of the various configurations are provided in Figure 6.7.

3. Concatenated preparation of CdS

(a) Preparation of the feed solutions

A 0.02 M aqueous solution of TCEP was prepared by dissolving
TCEP·HCl (0.5732 g, 2 mmol, 1 equiv.) with milliQ water.
The pH was adjusted to 10.7 with 2 M aqueous NaOH, then the
solution was filled up to 100 mL with milliQ water in a volumetric
flask. The solution was transferred into a round-bottom flask and
degassed with a flow of argon over 15 min.
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Figure 6.7. Schemes and pictures of experimental configuration for UV/Vis and
PL measurements (scheme adapted from [1])

The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (0.3332 g, 1.25 mmol, 1 equiv.) and 3-MPA (0.3317 g,
3.125 mmol, 2.5 equiv.) in milliQ water. The pH of the solution
was adjusted to 11 by addition of 1 M aqueous NaOH. The solution
was next filled up to 250 mL with milliQ water in a volumetric
flask.

(b) Modus operandi

The TCEP feed solution was infused (flow rates of 0.25 mL.min−1

and 0.33 mL.min−1) through a column filled with elemental sulfur
(1.991 g, 62.2 mmol). The resulting stream of TCEP=S was mixed
through a T-mixer with the cadmium precursor feed solution,
which was infused at flow rates of 1 mL.min−1 and 1.33 mL.min−1,
respectively. The SS reactor coil (1.25 mL, 1/16” SS tubing) was
heated up to 170 °C, 180 °C, 190 °C, 200 °C with residence times
of 45 s and 60 s, respectively under a downstream pressure of 500
psi. The reactor effluent was thermally quenched and analyzed by
in-line UV/Vis spectroscopy (10 mm light path).

4. Concatenated preparation of CdSe

(a) Preparation of the feed solutions A 0.02 M aqueous solution of

TCEP was prepared by dissolving TCEP·HCl (0.5732 g, 2 mmol,
1 equiv.) with milliQ water. The pH was adjusted to 10.7 with
2 M aqueous NaOH, then the solution was filled up to 100 mL
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with milliQ water in a volumetric flask. The solution was then
transferred into a round-bottom flask and degassed with a flow of
argon over 15 min.
The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (0.6663 g, 2.5 mmol, 1 equiv.) and 3-MPA (0.6634 g,
6.25 mmol, 2.5 equiv) with milliQ water. The pH was adjusted to
11 by addition of 1 M aqueous NaOH, then the solution was filled
up to 500 mL with milliQ water in a volumetric flask.

(b) Modus operandi

The TCEP feed solution was infused (flow rates of 0.25 mL.min−1

and 0.33 mL.min−1) through a column filled with elemental
selenium (3.743 g, 47.4 mmol). The resulting stream of TCEP=Se
was mixed through a T-mixer with the cadmium precursor feed
solution, which was infused at flow rates of 1 mL.min−1 and 1.33
mL.min−1, respectively. The SS reactor coil (1.25 mL, 1/16” SS
tubing) was heated up to 160 °C, 170 °C, 180 °C with residence
time of 45 s and 60 s, respectively under a downstream pressure of
500 psi. The reactor effluent was thermally quenched and analyzed
by in-line UV/Vis spectroscopy (10 mm light path).

5. Concatenated preparation of CdTe

(a) Preparation of the feed solutions A 0.003 M aqueous solution of
TCEP was prepared by dissolving TCEP·HCl (0.2150 g, 0.75
mmol, 1 equiv.) with milliQ water. The pH was adjusted to 10.7
with 2 M aqueous NaOH then the solution was filled up to 250 mL
with milliQ water in a volumetric flask. The solution was then
transferred into a round-bottom flask and degassed with a flow of
argon over 15 min.
The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (0.9995 g, 3.75 mmol, 5 eq) and 3-MPA (0.9951 g, 9.375
mmol, 12.5 equiv.) with milliQ water. The pH was adjusted to
10.7 by addition of 1 M aqueous NaOH, then the solution was
filled up to 250 mL with milliQ water in a volumetric flask.

(b) Modus operandi

The TCEP feed solution was infused (flow rates of 0.625 mL.min−1

and 0.833 mL.min−1) through a column filled with elemental
tellurium (7.290 g, 57.4 mmol). The resulting stream of TCEP=Te
was mixed through a T-mixer with the cadmium precursor feed,
which was infused at flow rates of 0.625 mL.min−1 and 0.833
mL.min−1, respectively. The SS reactor coil (1.25 mL, 1/16” SS
tubing) was heated up to 140 °C, 145 °C, 150°C with a residence
time of 45 s, respectively and a downstream pressure of 500 psi.
The reactor effluent was thermally quenched and analyzed by
in-line UV/Vis spectroscopy (10 mm light path).
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6.1.4.8 Pilot scale flow synthesis of CdTe

The scalability of our protocol was validated to produce of CdTe QDs.
The pilot scale setup featured the upstream preparation of TCEP=Te, its
dilution with a 0.05 M aqueous NaOH stream and tellurium transfer with a
Cd(3-MPA)2 aqueous feed. The transfer of tellurium to cadmium occurred at
temperatures ranging from 135 °C to 145 °C in a commercial mesofluidic
Corning® AFR™G1 SiC reactor operated under 7 bar of counterpressure. The
reactor effluent was thermally quenched through a cooling loop prior to
in-line UV/Vis spectroscopy. A detailed flow chart is depicted in Figure

1. Detailed setup for the pilot scale production of CdTe

The aqueous feed solution of TCEP was pumped with a Knauer Azura
P4.1S HPLC pump (10 mL stainless steel head) through a thermostated
packed-bed column filled with tellurium (Section 4.8.2 and Figure S11
for the detailed description of the thermostated packed-bed column).
The aqueous effluent containing TCEP=Te was then diluted with a
stream of aqueous NaOH through a PEEK T-mixer (0.04” internal bore).
The NaOH feed was dosed with an Isco Teledyne 5000D dual syringe
pump. After dilution and pH adjustment, the stream of TCEP=Te was
then mixed with the aqueous cadmium feed, which was pumped with a
Corning® AFR™G1 dosing line (equipped with HNP microgear pump).
Both solutions then reacted in a mesolfuidic Corning® AFR™G1 SiC
reactor equipped with 6 Silicon Carbide fluidic modules (10 mL internal
volume each) connected in series. The temperature of the reactor was
controlled by a Lauda XT 280 thermostat (using a Lauda Therm 180
thermal fluid) at temperatures ranging from 135 to 145 °C. The entire
pilot scale setup was operated under 7 bars of counterpressure (Zaiput
BPR-1000). The reactor effluent was thermally quenched through a 1/8”
SS cooling loop (15 mL internal volume, operated at 0 °C) prior to
in-line UV/Vis analysis (Avantes Flow cell-1/4”, 5 mm pathlength).

2. Thermostated column

The packed-bed column was thermostated for long runs at pilot scale to
ensure reproducibility. The design ( Figure S11) featured a tube-in-tube
column setup. The outer tube consisted of PFA tubing (3/4 in., o.d x
0.062 in. wall, 10 cm length). The outer tube was connected to a Huber
Ministat (Lauda Therm 180 thermal fluid) for thermostatization. The
inner tube consisted of PFA tubing (1/4 in. o.d x 0.047 in. wall, 26 cm
length) and was packed with tellurium.

3. Feed preparation

A 1 M aqueous stock solution (500 mL) of NaOH 1 M was prepared by
dissolving 20.00 g (0.5 mol) of NaOH in milliQ water in a volumetric
flask.
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PFA tubing
(1/4" OD)

Collection

SS tubing
(1/8" OD)

Swagelok PFA connectors for 1/4" OD tubing

Swagelok SS reductive union 1/4" to 1/8" Pump

Dome-type back-pressure regulator

Super Flangeless Nuts, PEEK 1/4-28 thread for 1/8" OD tubing (+ferrules)

Corning®  AFRTM  G1 SiC reactor (10 mL/FM)

UV UV/Vis spectroscopy (AvaSpec-ULS2048XL  EV spectrometer)

V = 15 mL

PFA tubing

In-line
UV

Super Flangeless Nuts, PEEK 1/4-28 thread for 1/16" OD tubing (+ferrules)

Removable 2 µm frit

T-Mixer, PEEK 1/4-28 thread for 1/16" tubing, 0.04" though hole

Ice bath

Chalcogen loaded column

BPR Assembly (500 psi)

One-Piece Fingertight, PEEK, 10-32 Coned, for 1/16" OD

Thermoregulated zone

TCEP

NaOH

Cd(3-MPA)2

Te

(1/4" OD)

PFA tubing
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PFA tubing
(1/8" OD)
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Figure 6.8. Detailed setup for the scalability trials toward CdTe

SS-1210-3-6-6

CEF 414.6F

SS-400-R-6BT

PFA-T12-062-50

PFA-T4-047-100

Swagelok

Valco

IN silicone oil

OUT silicone oil

TCEP flow

TCEP=X flow

X(s)

X = S, Se, Te

Figure 6.9. Homemade tube in tube reactor for chalcogen reduction
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The aqueous 0.2 M solution of TCEP was prepared by dissolving
TCEP·HCl (5.732 g, 20 mmol, 1 equiv.) with milliQ water. The
solution was filled up to 100 mL with NaOH 1 M water in a volumetric
flask. The solution was then transferred into a round-bottom flask and
degassed with a flow of argon over 15 min.

The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (3.1984 g, 12 mmol, 1 equiv.) and 3-MPA (3.1842 g, 30
mmol, 2.5 equiv.) in milliQ water. The pH was then adjusted by the
addition of 75 mL 1 M aqueous NaOH, then the solution was filled up
to 2000 mL with milliQ water in a volumetric flask.

4. Modus operandi

The 0.2 M TCEP feed solution was infused at a flow rate of 1.2
mL.min−1 through a column filled with elemental tellurium (7.34 g, 57.8
mmol). The resulting stream of TCEP=Te was diluted and pH-adjusted
with a stream of aqueous NaOH (0.05 M) through a PEEK T-mixer
(flow rate of 28.8 mL.min−1 to 45 mL.min−1). After dilution and pH
adjustment, the stream of TCEP=Te was then mixed with the aqueous
cadmium feed, which was injected at a flow rate of 40 mL.min−1. CdTe
QDs were obtained at process temperatures ranging from 135 °C to
145 °C (7 bar of counterpressure) with a residence time of 41.7 s to
51.4 s.

6.1.5 Additional experimental details

6.1.5.1 Transposition of the TCEP=X synthesis in flow

To estimate the interest of the transposition in flow, the metric used for
comparisons is the Space-Time Yield (STY). This metric is a practical way to
compare the productivity of reactors using various designs. The space-time
yield is calculated as follows:

STY = m′

Vrea
= C · MM · V ′

max
Vrea

(2.14)

Where:

• STY: Space-time yield [g.L−1.min−1],

• m’: Mass rate [g.min−1],

• Vrea: Reactor volume [L],

• C: Product concentration [mol.L−1],
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• MM: Molar mass of the product [g.mol−1],

• V’max: Maximum flow at which total conversion was observed [L.min−1].

6.1.5.2 Productivity of TCEP=Te over time

The purpose of this experiment was to monitor the production of TCEP=Te
over time and assess whether this packed-bed approach is amenable for long
runs. Reaction monitoring was carried out by in-line 31P-NMR (Figure
6.10). The results show that up to 200 min, the conversion of TCEP towards
TCEP=Te reached completion without the formation of the degradation
product (TCEP=O). The packed-bed column setup was therefore validated to
sustain a constant production of TCEP=Te for long runs.

Figure 6.10. Monitoring of the productivity toward TCEP=Te

6.1.5.3 Control experiment for the preparation of CdS

To rule out the potential contribution of 3-MPA (3-mercaptoproponic acid)
as a potential source of sulfur in the production of CdS QDs, a control
experiment was performed in the absence of TCEP=S. Indeed, 3-MPA is used
as a capping agent and chelates the cadmium source, and could therefore
potentially transfer sulfur to cadmium under high temperatures.

The control experiment was conducted as follows: an aqueous feed of
Cd(3-MPA)2 was prepared by dissolving Cd(OAc)2 (0.3332 g, 1.25 mmol, 1
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equiv.) and 3-mercaptopropionic acid (0.4644 g, 4.375 mmol, 3.5 equiv.) in
an aqueous NaOH solution (pH = 11) in a 250 mL volumetric flask. The
resulting feed solution was injected in the same reactor setup (Figure 6.11) as
for the CdS QDs synthesis (section 6.1.4.7).

In-line
UV

500 psi

170 °C < T < 200 °C
45 s < τ < 60 s

V = 1.25 mL

CdS QDs
250 psi

Cd

O

O-S

2

Figure 6.11. Control experiment for the preparation of CdS QDs in the absence of
TCEP=S

A comparison with the control results of these experiments and the CdS
synthesis with TCEP=S is depicted in Figure 6.12. Each plot contains the
UV/Vis (left) and the photoluminescence results (right). The comparison of
these two plots leads to the following observations:

• The use of 3-MPA allows the formation of CdS QDs. They exhibit a
larger size and narrower size distribution than those synthesized with
TCEP=S, under the same conditions. However, the use of TCEP=S
allows to generate more nanoparticles (see UV/Vis spectra).

• The CdS QDs synthesized with TCEP=S as the chalcogen transfer
agent are endowed with stronger photoluminescence than QDs obtained
with 3-MPA. Both have broad emissions.

Figure 6.12. UV/Vis and fluorescence plots for: right CdS synthesis with TCEP=S,
left: CdS synthesis with 3-MPA, (A.u. = Absorbance units). Note that the UV/Vis
data from the left plot were obtained from tube through flow cell (500 µm light
path).

In conclusion, 3-MPA can potentially play the role of sulfur agent under
basic conditions at high temperatures. [2] It allows an efficient transfer of
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sulfur to cadmium (narrower size distribution and larger QDs), however, they
exhibit lower emission properties and generate less particles than TCEP=S. It
seems therefore that the use of TCEP=S improves the emission properties of
the CdS QDs and increases the particle concentration.

6.1.5.4 Additional experimental details for the scalability trials on
CdTe QDs

During the scalability experiments, the influence of various parameters such
as temperature, residence time and ionic strength (via the sodium hydroxide
flow rate) were quickly scouted with in-line UV. Representative results of
these experiments are presented in Figure 6.13.

Figure 6.13. In-line reaction monitoring through UV/Vis spectroscopy for the
pilot scale trials toward CdTe. The in-line module enabled to rapidly assess the
effect of the operating conditions (temperature and residence time) and to monitor
process stability once optimal conditions are identified

Several trends emerge from these curves. First, temperature appears
to have a limited effect on the signal intensity. However, an increase in
temperature broadens the signals and is likely to induce, in addition to the
primary exitonic peak at 415 nm, a secondary shoulder at 435 nm. This
suggests that temperature influences the size distribution of the QDs, leading
to a broader range of sizes. On the other hand, residence time exerts a notable
impact on the absorbance of the solution. A longer residence time within the
reactor results in the production of particles of similar size, thus increasing the
overall particle concentration. These promising trends need to be considered
in conjunction with the high productivity achieved by the reactor.
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6.1.5.5 Compounds characterization

P

O

O

O

O

O O

O

C9H12O7P3-

MW = 263,163

3,3’,3”-(oxo- λ5-phosphanetriyl) tripropi-
onate (TCEP=O) 1H-NMR (400 MHz,
D2O): δ 2.48 – 2.27 (m, 2H), 2.20 – 1.98 (m,
2H). 13C-NMR (101 MHz, D2O): δ 180.33
(d, J = 15.1 Hz), 28.73 (d, J = 3.5 Hz), 23.22 (d,
J = 65.5 Hz). 31P-NMR (162 MHz, D2O):
δ 58.78.

P

O

O

O

O

O O

S

C9H12O6PS3-

MW = 279,224

3,3’,3”-(thioxo- λ5-phosphanetriyl) tripro-
pionate (TCEP=S) 1H-NMR (400 MHz,
D2O): δ 2.52 – 2.40 (m, 2H), 2.29 – 2.16 (m,
2H). 13C-NMR (101 MHz, D2O): δ 180.37
(d, J = 15.9 Hz), 29.79 (d, J = 3.4 Hz), 26.09 (d,
J = 50.8 Hz). 31P-NMR (162 MHz, D2O):
δ 52.65.

P

O

O

O

O

O O

Se

C9H12O6PSe3-

MW = 326,14

3,3’,3”-(selenoxo- λ5-phosphanetriyl)
tripropionate (TCEP=Se) 1H-NMR (400
MHz, D2O): δ 2.52 – 2.40 (m, 2H), 2.38 –
2.27 (m, 2H). 13C-NMR (101 MHz, D2O): δ
180.17 (d, J = 16.3 Hz), 30.56 (d, J = 3.2 Hz),
25.85 (d, J = 44.4 Hz). 31P-NMR (162 MHz,
D2O): δ 43.42, 41.47, 39.52. 77Se-NMR (76
MHz, D2O): δ (d, J = 630.1 Hz). The NMR
data matched those reported in the literature
[3]

P

O

O

O

O

O O

Te

C9H12O6PTe3-

MW = 374,76

3,3’,3”-(telluroxo- λ5-phosphanetriyl)
tripropionate (TCEP=Te) 1H-NMR (400
MHz, D2O): δ 2.42 – 2.23 (m, 2H), 2.23 –
2.09 (m, 2H). 13C-NMR (101 MHz, D2O):
δ 180.57 (d, J = 15.4 Hz), 32.53 (d, J = 3.4
Hz), 24.88 (d, J = 26.5 Hz). 31P-NMR (162
MHz, D2O): δ -9.65.
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6.1.5.6 Copy of the spectra (NMR, Raman or UV/Vis, photolumi-
nescence)

1) TCEP

Figure 6.14. Reference Raman spectra for acidic and basic TCEP, (a.u. =
arbitrary units)

2) TCEP=O

Figure 6.15. Reference Raman spectra for acidic and basic TCEP=O, (a.u. =
arbitrary units)

262



Chapter 6. Appendices and Supplementary Information

Figure 6.16. 1H-NMR (400 MHz, D2O), of TCEP=O

Figure 6.17. 13C-NMR (101 MHz, D2O), of TCEP=O

Figure 6.18. 31P-NMR (162 MHz, D2O), of TCEP=O

263



Chapter 6. Appendices and Supplementary Information

3) TCEP=S

Figure 6.19. Reference Raman spectra for TCEP=S, (a.u. = arbitrary units)

Figure 6.20. 1H-NMR (400 MHz, D2O), of TCEP=S

Figure 6.21. 13C-NMR (101 MHz, D2O), of TCEP=S
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Figure 6.22. 31P-NMR (162 MHz, D2O), of TCEP=S

4) TCEP=Se

Figure 6.23. Reference Raman spectra for TCEP=Se, (a.u. = arbitrary units)

Figure 6.24. 1H-NMR (400 MHz, D2O), of TCEP=Se
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Figure 6.25. 13C-NMR (101 MHz, D2O), of TCEP=Se

Figure 6.26. 31P-NMR (162 MHz, D2O), of TCEP=Se

Figure 6.27. 77Se-NMR (76 MHz, D2O), of TCEP=Se
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5) TCEP=Te

Figure 6.28. Reference Raman spectra for TCEP=Te, (a.u. = arbitrary units)

Figure 6.29. 1H-NMR (400 MHz, D2O), of TCEP=Te

Figure 6.30. 13C-NMR (101 MHz, D2O), of TCEP=Te
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Figure 6.31. 31P-NMR (162 MHz, D2O), of TCEP=Te

6) CdS

Figure 6.32. UV/Vis and photoluminescence spectra for the synthesized CdS QDs,
(A.u. = Absorbance units, a.u. = arbritrary units)

Figure 6.33. Powder XRD analysis of CdS, tune cell and its peak references
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7) CdSe

Figure 6.34. UV/Vis and photoluminescence spectra for the synthesized CdSe
QDs, (A.u. = Absorbance units, a.u. = arbritrary units)

Figure 6.35. : Powder XRD analysis of CdSe, tune cell and its peak references
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8) CdTe

Figure 6.36. UV/Vis and photoluminescence spectra for the synthesized CdTe
QDs, (A.u. = Absorbance units, a.u. = arbritrary units)

Figure 6.37. : Powder XRD analysis of CdTe, tune cell and its peak references
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6.1.5.7 DFT calculations

To validate the frequencies impacted by the formation of TCEP=X from
TCEP and their corresponding bond, DFT calculations were performed to
simulate Raman spectra. Calculations were performed using the Gaussian 16
[4] package and implicit solvation (SMD, solvent = water). Optimization
and characterization with vibrational analysis of the stationary points were
carried out at the B3LYP/6-311++ G(d/p) level of theory for C, H, O, P, S
and LANL2DZ for Se and Te. The Cartesian coordinates of the optimized
molecules are provided in table 6.4.

Table 6.4. Cartesian coordinates of the optimized forms of TCEP=X (X=O, S, Se,
Te)

Molecule Cartesian coordinates

TCEP=O

C 1.85205100 0.07773900 0.74497500

H 2.20619600 1.09041200 0.95839800

H 1.97532800 -0.50556000 1.66237000

C 2.64554600 -0.54340000 -0.40682700

H 2.49919000 0.02463800 -1.33087200

H 2.29941300 -1.55919100 -0.61641900

C 4.16509700 -0.62512500 -0.18025200

C -0.18976900 1.22028200 -1.03967600

H 0.65357400 1.91141800 -1.11284100

H -0.10805600 0.52461200 -1.87936400

C -1.51084300 1.99759800 -1.11656400

H -1.65851600 2.31340500 -2.15639600

H -2.36543400 1.36775700 -0.86594500

C -0.58248700 -1.45571000 0.19938300

H -0.10925500 -1.82578700 -0.71343600

H -0.20524000 -2.06268600 1.02858600

C -2.10614600 -1.56046000 0.11007200

H -2.48496500 -0.96852600 -0.72966300

H -2.57505000 -1.14915900 1.00774700

C -2.65075200 -2.98523100 -0.08383900

Continued on next page
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Table 6.4 – Continued from previous page

Molecule Cartesian coordinates
C -1.58467000 3.28576300 -0.28208400

O -0.51697700 3.92180200 -0.05158100

O -3.90589200 -3.12257300 0.03935400

O 4.82916800 -1.20303300 -1.09350200

O -1.85087600 -3.92127500 -0.36561900

O -2.73982100 3.66249400 0.08059400

O 4.66410700 -0.12466600 0.86582400

P 0.04619000 0.23863900 0.49859200

O -0.61073400 0.88604600 1.72466000

TCEP=S

C -1.91852200 -0.20499500 0.67962100

H -2.17296200 -1.23504000 0.94163300

H -2.12662900 0.41061400 1.55809700

C -2.73539100 0.26560400 -0.52602500

H -2.53318800 -0.35631300 -1.40223900

H -2.46711700 1.28791700 -0.80819800

C -4.25980800 0.25798600 -0.31393100

C 0.24755600 -1.12643700 -1.07114200

H -0.47962800 -1.94079600 -1.10561700

H 0.00366000 -0.43854100 -1.88572300

C 1.66572700 -1.68259100 -1.24756400

H 1.84606900 -1.80805500 -2.32217400

H 2.42497300 -0.98553600 -0.89293600

C 0.34809900 1.57357300 0.16881800

H -0.25438200 1.89792200 -0.68387000

H -0.00311600 2.12249600 1.04665600

C 1.83021400 1.84472000 -0.08318300

H 2.16887500 1.33536700 -0.98988300

H 2.43789700 1.44713400 0.73480800

C 2.20251700 3.32749300 -0.24354700

Continued on next page
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Table 6.4 – Continued from previous page

Molecule Cartesian coordinates
C 1.94042600 -3.06341400 -0.63211800

O 0.98669600 -3.88716100 -0.53114700

O 3.43064400 3.56907000 -0.44880900

O -4.95863500 0.58514900 -1.32027300

O 1.29896400 4.20673900 -0.16803300

O 3.14513100 -3.31655400 -0.32763600

O -4.72729500 -0.05771400 0.81564500

P -0.08690100 -0.18841800 0.48481600

S 0.82063200 -0.92867200 2.12460400

TCEP=Se

C -1.98111700 -0.26493700 0.50555600

H -2.14315800 -1.32842200 0.69677100

H -2.17713000 0.26476800 1.44061000

C -2.89657200 0.23504400 -0.61517500

H -2.69104700 -0.28821100 -1.55284100

H -2.72869700 1.29751900 -0.81350400

C -4.40171800 0.07627600 -0.33272200

C 0.15715200 -0.90157800 -1.42116200

H -0.52704800 -1.74991700 -1.48790800

H -0.15740600 -0.16937200 -2.17007100

C 1.59340900 -1.36312600 -1.69393800

H 1.73233000 -1.39897300 -2.78127900

H 2.33015100 -0.65234300 -1.31887300

C 0.13163600 1.71412400 0.00716200

H -0.52218800 2.04641700 -0.80422800

H -0.22826600 2.17512500 0.92997100

C 1.58034700 2.11075400 -0.27381900

H 1.92794600 1.67809900 -1.21464700

H 2.24218800 1.72126100 0.50678500

C 1.82473400 3.62754200 -0.34246400

Continued on next page
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Table 6.4 – Continued from previous page

Molecule Cartesian coordinates
C 1.96489700 -2.77045400 -1.19668800

O 1.05185900 -3.63517800 -1.07500700

O 2.96469800 3.98802600 -0.76374900

O -5.17669500 0.41605800 -1.27676300

O 0.91185800 4.41687000 0.03023800

O 3.19841700 -2.99132200 -1.00412300

O -4.77917900 -0.36167400 0.78898600

P -0.17351100 -0.09024300 0.20412300

Se 0.95119800 -0.93195300 1.88500600

TCEP=Te

C 2.01090300 -0.49031400 -0.43119200

H 1.99449300 -1.57645200 -0.54582500

H 2.19975900 -0.06548100 -1.41992200

C 3.08741900 -0.06306600 0.57002700

H 2.90199000 -0.50623200 1.55253000

H 3.08275100 1.02057200 0.71598100

C 4.52338500 -0.44955700 0.17180300

C -0.00514600 -0.60741300 1.72159900

H 0.58765900 -1.51724800 1.83168000

H 0.44510300 0.15619500 2.36240300

C -1.45286600 -0.87671600 2.14270900

H -1.52563900 -0.72571800 3.22619900

H -2.15141900 -0.16819200 1.69529200

C 0.28326500 1.83418900 0.05231500

H 1.04006800 2.11735900 0.78892600

H 0.63701900 2.16050500 -0.92872300

C -1.06089200 2.47474600 0.38859100

H -1.41060400 2.15411800 1.37430200

H -1.82667300 2.15736000 -0.32538600

C -1.05382100 4.01229000 0.39051300

Continued on next page
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Table 6.4 – Continued from previous page

Molecule Cartesian coordinates
C -1.97784900 -2.30137600 1.89599200

O -1.15174200 -3.23552700 1.69905500

O -2.16059400 4.57091000 0.65642200

O 5.43415700 -0.08618200 0.97551500

O 0.01911000 4.62688800 0.13292800

O -3.23502100 -2.45140600 1.96907500

O 4.71972300 -1.08792500 -0.89913100

P 0.28533900 -0.00667100 -0.00286100

Te -1.25742400 -0.86533600 -1.69172300
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6.2 Chapter 3: Supplemental Materials and
Analysis

6.2.1 General information

High-field NMR experiments (structural identification of intermediates and
determination of NMR conversions for the batch experiments) were carried out
with a Bruker Avance III 400 MHz spectrometer in D2O. The chemical shifts
(δ) are reported relative to the solvent residual peak or to H3PO4 (31P-NMR).

High resolution transmission electron microscopy (HRTEM) was performed
with a LaB6-Tecnai G2 under 200 kV acceleration voltage, in bright field
mode, on 200 mesh carbon-coated cupper grids. The sample was deposed on a
beryllium support due to the EDX measurements.

Absorbance measurements were recorded on an AvaSpec-ULS2048XL
EV spectrometer (Ultra-low Stray light Fiber optic Spectrometer, 75 mm
AvaBench, 2048 large 500 µm pixel back-thinned CCD detector), equipped with
an AvaLight-DH-S light source (Deuterium-Halogen light source, 190-2500 nm,
incl. TTL shutter). In-line absorbance measurements were carried out with
an Avantes CUV-ALL/UV/VIS cuvette sample holder (10x10 mm), equipped
with a flow-through cell (3 in 1, Hellma 176-760-15-40). Offline analyses were
performed in PMMA cells with the Avantes. The source, the holder and the
analyzer were connected with Avantes FCB-UVIR400 fiber optic cables
(bifurcated cable 2x400 µm, 2 or 1 m length, SMA terminations). For CdSe
core QDs, the measures were acquired using a QE65000 Spectrometer from
Ocean Optics. The sample was excited by a Balanced Deuterium Tungsten
Source DH-2000-BAL (210 nm to 2500 nm), also from Ocean Optics.

Photoluminescence experiments were recorded off-line with a Shimadzu
RF-6000 Spectrofluorimeter in Fluorescence quartz-made macro cells (Hellma
101-10-40). For CdSe core QDs, Emission spectra were acquired using an
IHR-320 spectrofluorometer (Horiba) coupled with an SR-830 lock-in amplifier
(Stanford Research System). The samples were excited at 365 nm, and the
fluorescence was collected at 90° geometry.

The XPS experiments were conducted with a SSX 100/206 spectrometer
from Surface Science Instruments (USA) using a monochromatized and micro
focused Al-Kα X-ray beam operated at 10 kV, a parking chamber, and an
automatic sample analysis.

Caution: This work involves the use of heavy metals (cadmium) and
chalcogens (sulfur, selenium, tellurium). These compounds should be handled
under a fume hood and with appropriate personal protective equipment (PPE).
All the effluents generated must be disposed in appropriate containers with
special labels following the instruction of EH&S authorities. All glassware
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must be cleaned with commercial bleach (aqueous sodium hypochlorite for
chalcogen decontamination).

6.2.2 Reagent and solvent

The reagents and solvents were purchased from commercial sources; these
compounds are used without purification (Table 6.5).

Table 6.5. Solvents, chemicals and suppliers

Solvent Purity (%) CAS number Supplier
Deuterium Oxide 99.90 7789-20-0 Eurisotop

Ethanol (absolute) 99 64-17-5 VWR

18Oxygen Water 98 14314-42-2 Huayi
Isotopes

Water HiPerSolv
CHROMANORM® / 7732-18-5 VWR

Chemicals Purity (%) CAS number Supplier
3-Mercaptopropionic acid 99 107-96-0 Alfa Aesar

Borax decahydrate ≥ 99.5 1303-96-4 Sigma
Aldrich

Cadmium acetate dihydrate 98 5743-04-4 Sigma
Aldrich

Hydrochloric acid 37 7647-01-0 VWR

Fluorescein sodium salt N.A. 518-47-8 Sigma
Aldrich

Oxalic acid anhydrous ≥ 97 144-62-7 Fluka
Analytical

Rhodamine 6G 99 989-38-8 Sigma
Aldrich

Rhodamine 101 99 116450-56-7 Sigma
Aldrich

Selenium powder 200 mesh 99.999 7782-49-2 Alfa Aesar
Sodium hydroxide ≥ 97 1310-73-2 VWR

Sulfur 99.98 7704-34-9 Aldrich
Tellurium -18+60 mesh 99.999 13494-90-9 Alfa Aesar

Thiourea 98 62-56-6 UCB
Tris-(2-carboxyethyhl)phosphine

.hydrochloride 99.5 51805-45-9 Chem-
Impex

Zinc chloride N.A. 7646-85-7 Federa

Cadmium acetate and sodium borohydride must be stored under anhydrous
conditions and tris-(carboxyethyl)phosphine (TCEP).hydrochloride must be
stored at 4 °C.
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6.2.3 Continuous flow setups

6.2.3.1 Microfluidic setups and parts

All microfluidic setups were assembled with commercially available parts.

1. Pumps
Knauer AZURA P 4.1S HPLC pumps were used to handle all the liquid
streams for microfluidic experiments.

2. PFA tubing
PFA coil reactors and collection lines were constructed from PFA tubing
(high purity PFA; 1.58 mm outer diameter, 500 µm internal diameter).

3. SS tubing
The stainless tubing reactors were built with 316 stainless steel tubing
(1.58 mm outer diameter, 500 or 750 µm internal diameter).

4. Connectors, ferrules and mixers
Sections of the reactor that were not subjected to high temperatures
and pressures were equipped with coned PEEK fittings and micromixers.
Sections of the reactor that were subjected to high temperatures and
pressures were equipped with Valco SS fittings, ferrules and unions.
Connectors, ferrules and unions were purchased from IDEX/Upchurch
or from VICI.

5. Check valves
Check valves were inserted before the cross junction to prevent cross-
contamination of the chalcogen columns and were purchased from
IDEX/Upchurch Scientific.

6. Back pressure regulators
To control the pressure inside the reactor, back pressure regulators of
100, 250 and 500 psi were used (IDEX/Upchurch Scientific).

7. Thermoregulatory devices
Thermoregulation of PFA coil reactors was performed with a Hei-
dolph™MR Hei-Tec® equipped with a Pt-1000 temperature sensor. The
stainless steel coil reactors were embedded in a GC oven (Thermo
Finnigan Interscience GC trace).

8. Setup flow parts and vendors
Continuous flow parts and vendors are gathered in Table 6.6.
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Table 6.6. Connectors, mixers, tubing and BPR

Part Details Vendor Reference

Connectors

One-Piece Fingertight, PEEK, 10-32
Coned, for 1/16” o.d.

IDEX/Upchurch
Scientific F-120X

Super Flangeless Nuts, natural PEEK
1/4-28 thread for 1/16” o.d. tubing

IDEX/Upchurch
Scientific P-255X

Super Flangeless Ferrule Tefzel (ETFE)
and SS ring 1/4-28 thread for 1/16” o.d.

tubing

IDEX/Upchurch
Scientific P-259X

303SS 10-32 NUTS for 1/16” o.d. VICI (Valco Ins.
Co. Inc.) Zn1-10

303SS union for 1/16” o.d. tubing with
0.5 mm BORE

VICI (Valco Ins.
Co. Inc.) ZU1M

316 SS column end fitting 1/4” 1/16” 4
mm 4.6 mm cone, removable 2 µm frit

VICI (Valco Ins.
Co. Inc.)

CEF
414.6F

Mixers

T-mixer, natural PEEK 1/4-28 thread
for 1/16” o.d. tubing, 0.02” through

hole

IDEX/Upchurch
Scientific P-712

Cross assembly, natural PEEK 1/4-28
thread for 1/16” o.d. tubing, 0.02”

through hole

IDEX/Upchurch
Scientific P-722

Tubing

High-purity PFA tubing, 1.58 mm outer
diameter, 500 µm internal diameter

VICI (Valco Ins.
Co. Inc.)

JR-T-
4002-
M25

316 Stainless steel tubing 1/16” o.d.
tubing, 0.03” through hole

VICI (Valco Ins.
Co. Inc.)

TSS-
130

High-purity 1/8” and 1/4” PFA tubing,
including appropriate PFA connections Swagelok

PFA-
T2-030-

100
PFA-

T4-047-
100

316/316L Stainless Steel Seamless
Tubing, 1/4 in. od x 0.035 in. Swagelok SS-T4-

S-035

Check-
valve Check-valve in-line 3 psi IDEX/Upchurch

Scientific
CV-
3315

Back
pressure
regula-

tors

BPR Assembly 100, 250, 500 psi IDEX/Upchurch
Scientific

P-787,
P-788,
P-789,
U- 610
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6.2.3.2 Mesofluidic setups and parts

1. Pumps
During the scalability trials at the pilot scale, a Knauer AZURA P
4.1S HPLC pump, an Isco Teledyne 5000D dual syringe pump and a
Knauer BlueShadow 80P (with 100 mL pump head), equipped with a
Bronkhorst flow meter were used to handle liquids.

2. PFA tubing
PFA coil reactors and collection lines were constructed from PFA tubing
(high purity PFA 1/8”; 3.175 mm outer diameter, 1.65 mm internal
diameter or high purity PFA 1/4”; 6.35 mm outer diameter, 3.2 mm
internal diameter), and purchased from Swagelok.

3. SS tubing
The stainless tubing reactors are built with 316 stainless steel tubing
(3.175 mm outer diameter, 1.14 mm internal diameter), and purchased
from Swagelok.

4. Connectors, ferrules and mixers
Sections of the reactor that were not subjected to high temperatures
were equipped with PFA Swagelok connectors. Sections of the reactor
that were subjected to high temperatures were equipped with Swagelok
SS fittings, ferrules and unions. Connectors, ferrules and unions were
purchased from IDEX/Upchurch and from Swagelok PFA fittings

5. Back pressure regulator
The pressure was regulated by an Equilibar BPR (H3P) that was inserted
downstream of the pilot scale mesofluidic setup. The cracking pressure
setpoints were regulated by a Bronkhorst EL-PRESS (M23211621B)
connected to a compressed nitrogen gas cylinder (AirLiquide).

6. Thermoregulatory devices
The Corning® AFR™G1 SiC reactor was thermostated by a Lauda
XT 280 thermostat (Lauda Therm 180 thermal fluid) and the heat
exchanger was cooled down by a Lauda PRO thermostat (containing
water).

7. Setup flow parts and vendors
Continuous flow parts and vendors are gathered in Table 6.7.
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Table 6.7. Connectors, mixers, tubing and BPR

Part Details Vendor Reference

Connectors

One-Piece Fingertight, PEEK, 10-32
Coned, for 1/16” o.d.

IDEX/Upchurch
Scientific F-120X

Super Flangeless Nuts, natural PEEK
1/4-28 thread for 1/16” o.d. tubing

IDEX/Upchurch
Scientific P-255X

316 Stainless Steel Nut for 1/8 in. Tube
Fitting Swagelok SS-202-1

316 Stainless Steel Nut for 1/4 in. Tube
Fitting Swagelok SS-402-1

316 Stainless Steel Nut for 1/2 in. Tube
Fitting Swagelok SS-812-6

Tube Fitting, Bulkhead Union, 1/8 in.
x 1/4 in. Tube o.d. Swagelok SS-200-61-4

Stainless Steel Tube Fitting, Reducing
Union, 1/2 in. x 1/4 in. Tube o.d. Swagelok SS-810-6-4

PFA Tube Fitting, 1/4 in. Nut Swagelok PFA-422-1

T-junction
Stainless Steel Tube Fitting, Union Tee,

1/8 in. Tube od Swagelok SS-200-3

Stainless Steel Swagelok Tube Fitting,
Reducing Union Tee, 1/2 in. x 1/4 in.

x 1/2 in. Tube o.d.
Swagelok SS-810-3-4-8

Tubing

High-purity PFA tubing, 1.58 mm outer
diameter, 500 µm internal diameter

VICI (Valco Ins.
Co. Inc.)

JR-T-4002-
M25

High-purity 1/8” and 1/4” PFA tubing,
including appropriate PFA connections Swagelok

PFA-T2-030-
100

PFA-T4-047-
100

316 Stainless Steel Tubing, 1/8 in. o.d.
x 0.040 in. Wall

VICI (Valco Ins.
Co. Inc.) TSS240

316 Stainless Steel Tubing, 1/4 in. o.d.
x 0.049 in. Wall Swagelok SS-T4-S-049-

6ME

316 Stainless Steel Tubing, 1/2 in. o.d.
x 0.065 in. Wall Swagelok SS-T8-S-065-

6ME

Check-
valve

Stainless Steel Poppet Check Valve,
Fixed Pressure, 1/8 in. Swagelok Tube

Fitting, 1 psig (0.07 bar)
Swagelok SS-2C-1

Back
pressure
regula-

tors

High-pressure BPR Equilibar H3P1SNN8
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6.2.4 Setups and protocols

6.2.4.1 Preparation of CdS QDs

1. Preparation of the feed solutions
A 0.02 M aqueous solution of TCEP was prepared by dissolving
TCEP·HCl (0.2866 g, 1 mmol, 1 equiv.) with milliQ water. The pH
was adjusted to 10.7 with 2 M aqueous NaOH then the solution was
filled up to 50 mL with milliQ water in a volumetric flask. The solution
was then transferred into a round-bottom flask and degassed with a flow
of argon for 15 min.
The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (0.1333 g, 0.5 mmol, 1 equiv.) and 3-MPA (0.1327 g, 1.25
mmol, 1 equiv.) with milliQ water. The pH was adjusted to 11 by the
addition of 2 M aqueous NaOH, then the solution was filled up to 100
mL with milliQ water in a volumetric flask.

2. Modus operandi
The TCEP feed solution was infused (flow rates of 0.1, 0.2, 0.267 and 0.4
mL min−1) through a column filled with elemental sulfur (1.991 g, 62.2
mmol). The resulting stream of TCEP=S was mixed through a T-mixer
with the cadmium precursor that which was infused at a flow rate of 0.4,
0.8, 1.067 and 1.6 mL.min−1, respectively. The SS reactor coil (1 mL,
1/16” SS tubing) was heated up to 170 °C, 180 °C, 190 °C, 200 °C and
210 °C under a downstream pressure of 500 psi. Residence times were
fixed at 30 s, 45 s, 60 s and 120 s, respectively. The setup is detailed in
Figure 6.38. The reactor effluent was thermally quenched and analyzed
by off-line UV/Vis and emission spectroscopy (10x5 mm light path).

6.2.4.2 Preparation of CdSe QDs

1. Preparation of the feed solutions
A 0.02 M aqueous solution of TCEP was prepared by dissolving
TCEP·HCl (0.2866 g, 1 mmol, 1 equiv.) with milliQ water. The pH
was adjusted to 10.7 with 2 M aqueous NaOH then the solution was
filled up to 50 mL with milliQ water in a volumetric flask. The solution
was then transferred into a round-bottom flask and degassed with a flow
of argon for 15 min.
The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (0.1333 g, 0.5 mmol, 1 equiv.) and 3-MPA (0.1327 g, 1.25
mmol, 1 equiv.) with milliQ water. The pH was adjusted to 11 by the
addition of 2 M aqueous NaOH, then the solution was filled up to 100
mL with milliQ water in a volumetric flask.
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Figure 6.38. Setup for the preparation of CdS QDs

2. Modus operandi
The TCEP feed solution was infused (under various flow rates, see
Table 6.8 through a column filled with elemental selenium (3.743 g,
47.4 mmol). The resulting stream of TCEP=Se was mixed through a
T-mixer with the cadmium precursor that which was infused at various
flow rates, see Table 6.8. The SS reactor coil (1/16” SS tubing) was
heated up to temperature ranging from 160 °C to 235 °C (e.g. 170 °C,
180 °C, 190 °C, 200 °C, 210 °C, 215 °C, 220 °C, 225 °C, 230 °C, 235 °C)
under a downstream pressure of 500 psi. Residence times were fixed at
between 4 s to 60 s, see Table 6.8. The setup is detailed in Figure 6.39.
The reactor effluent was thermally quenched and analyzed by off-line
UV/Vis and emission spectroscopy (10x5 mm light path).

6.2.4.3 Preparation of type I CdSe/ZnS core shell QDs

A solution was sought to improve the emissivity properties of CdSe QDs
obtained through our TCEP-based concatenated protocol (see Figure 6.32). A
common way reported in the literature to improve QD emission consists of
surface passivation. One of the most efficient methods for surface passivation
relies on the addition of a ZnS shell. [5] It was therefore envisioned to
concatenate CdSe core synthesis with ZnS shell enclosure. To achieve this
goal, careful selection of the sulfur source was paramount. Indeed, to avoid
competition with potential leftovers of TCEP=Se from the upstream CdSe
synthesis, a sulfur source reacting at a lower temperature than TCEP=Se
must be selected. Thiourea [6] emerged as a convenient and widely available
sulfur source. A concatenated setup was built accordingly (Figure 6.40).
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Figure 6.39. Setup for the preparation of CdSe QDs

Table 6.8. Correspondence residence time to flow rates, based on reactor’s volume.

Time (s) Vreac (mL) FCd(3-MPA)2

(mL.min−1)
FTCEP=Se

(mL.min−1)

4 0.2 2.4 0.6

5 0.2 1.920 0.48

6 0.2 1.6 0.4

7 0.2 1.371 0.343

8 0.2 1.2 0.3

9 0.2 1.067 0.267

10 0.2 0.960 0.240

15 0.2 0.640 0.160

20 0.2 0.480 0.120

24 0.2 0.400 0.100

15 0.5 1.600 0.400

30 0.5 0.800 0.200

45 0.5 0.533 0.133

60 0.5 0.400 0.100
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1. Setup
A freshly prepared solution of TCEP=Se was infused with a Knauer
Azura P4.1S pump (10 mL stainless steel head) and mixed through
a T-mixer with the feed aqueous solution of Cd(3-MPA)2 (handled
through a Knauer Azura P4.1S pump, 10 mL stainless steel head). Note
that to ensure a stable flow rate, both the Knauer pumps were equipped
with a 250 psi BPR. Both feeds reacted in a microfluidic SS coil reactor
(1 mL internal volume) thermoregulated with a Thermo Finnigan
Interscience GC oven operated at 190 °C under 250 psi.
The reactor effluent was thermally quenched through an air-cooled SS
coil (0.2 mL, id = 500 µm), before being blended with an aqueous feed
of ZnCl2/3-MPA through a T-mixer. The ZnCl2/3-MPA feed solution
was handled through a Knauer Azura P4.1S pump, equipped with a 10
mL stainless steel head. The setup is detailed in Figure 6.40. The
reaction medium reacted next in a microfluidic PFA coil reactor (6 mL
internal volume) operated at 120 °C < T < 160 °C (heating with a
silicone oil bath) under 100 psi of counter-pressure. The reactor effluent
was collected and analysed by UV/Vis and emission spectroscopy.

CdSe/ZnS QDs

ZnCl2

thiourea
3-MPA

17 bar

120 °C < T <160 °C
τ  = 5 min

Cd/3-MPA

V = 1 mL V = 0.2 mL

GC oven Cooling loop

TCEP=Se

V = 6 mL

Silicone oil
Bath

collection flask

In-line
UV

6.9 bar

T = 190 °C
τ = 1 min

34 bar

34 bar

Super Flangeless Nuts, PEEK 1/4-28 thread for 1/16" o.d. tubing (+ferrules)

Pump (Knauer AZURA P 4.1S)

Room temperatureOne-Piece Fingertight, PEEK, 10-32 Coned, for 1/16" o.d.

303SS union for 1/16” o.d. tubing with 0.5 mm bore

BPR Assembly

T-Mixer, PEEK 1/4-28 thread for 1/16" tubing, 0.02" though hole

303SS 10-32 nuts for 1/16” o.d.

Heated parts

PFA tubing
(1/16" OD)

SS tubing
(1/16" OD)

PFA tubing
(1/16" OD)

Figure 6.40. Concatenated setup for the preparation of CdSe/ZnS.

2. Preparation of the feed solutions
The cadmium precursor Cd(3-MPA)2 feed solution was prepared by
dissolving Cd(OAc)2 (0.1333 g, 5 mmol, 5 equiv. vs TCEP) and 3-MPA
(0.1327 g, 12.5 mmol, 2.5 equiv.) with milliQ water. The pH was
adjusted to 11 by the addition of 1 M aqueous NaOH, then the solution
was filled up to 100 mL with milliQ water in a volumetric flask.
The feed solution of TCEP=Se (0.02 M) was prepared according to the
procedure described in Section 6.1.4.7 and involved the reaction of
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elemental selenium (0.1579 g, 2 mmol, 2 mmol, 2 equiv.) with an
aqueous solution of TCEP (0.2866 g, 1 mmol, 1 equiv.), prepared in a
50 mL volumetric flask (pH increased to 11 with NaOH 1 M).
The zinc shell precursor feed solution was prepared by dissolving ZnCl2
(0.1363 g, 1 mmol, 1 equiv.), thiourea (0.0761 g, 1 mmol, 1 equiv.) and
3-MPA (0.3184 g, 3 mmol, 3 equiv.) in milliQ water. The pH was then
adjusted to 11 with the addition of 3.6 mL 1 M aqueous NaOH, then the
solution was filled up to 50 mL with milliQ water in a volumetric flask.

3. Modus operandi
The 0.02 M TCEP=Se feed solution and the 0.05 M Cd(3-MPA)2 feed
solution were infused at 200 and 800 µL.min−1, respectively, through a
PEEK T-mixer and reacted at 190 °C for 1 min of residence time under
250 psi of counterpressure. After cooling down to room temperature,
the reactor effluent containing CdSe QDs was then mixed through a
PEEK T-mixer with the zinc shell precursor feed solution, infused at
200 µL.min−1. CdSe/ZnS core-shell QDs occurred at 160 °C (100 psi)
within 5 min of residence time.

6.2.4.4 Preparation of CdTe QDs

1. Preparation of the feed solutions
A 0.003 M aqueous solution of TCEP was prepared by dissolving
TCEP·HCl (0.2150 g, 0.75 mmol, 1 equiv.) with milliQ water. The
pH was adjusted to 10.7 with 2 M aqueous NaOH, then the solution
was filled up to 250 mL with milliQ water in a volumetric flask. The
solution was then transferred into a round-bottom flask and degassed
with an argon flow for 15 min.

• Cd:Te ratio 5
The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (0.9995 g, 3.75 mmol, 5 eq) and 3-MPA (0.9951 g, 9.375
mmol, 12.5 equiv.) with milliQ water. The pH was adjusted to
10.7 by the addition of 2 M aqueous NaOH, then the solution was
filled up to 250 mL with milliQ water in a volumetric flask.

• Cd:Te ratio 7.5
The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (1.4992 g, 5.625 mmol, 7.5 eq) and 3-MPA (1.4926
g, 14.063 mmol, 18.75 equiv.) with milliQ water. The pH was
adjusted to 10.7 by the addition of 2 M aqueous NaOH, then the
solution was filled up to 250 mL with milliQ water in a volumetric
flask.

• Cd:Te ratio 10
The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (1.9990 g, 7.5 mmol, 10 eq) and 3-mpa (1.9901 g, 18.75
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mmol, 25 equiv.) with milliQ water. The pH was adjusted to 10.7
by the addition of 2 M aqueous NaOH, then the solution was filled
up to 250 mL with milliQ water in a volumetric flask.

2. Modus operandi
The TCEP feed solution was infused (flow rates of 0.625 mL.min−1 and
0.833 mL.min−1) through a column filled with elemental tellurium
(7.290 g, 57.4 mmol). The resulting stream of TCEP=Te was mixed
through a T-mixer with the cadmium precursor that which was infused
at a flow rate of 0.625 mL.min−1 or 0.833 mL.min−1, respectively. The
SS reactor coil (1.25 mL, 1/16” SS tubing) was heated up to 130 °C to
200 °C (i.e., by step of 5 °C) under a downstream pressure of 250 psi.
Residence times were fixed at 45 s and 60 s, respectively. The setup is
detailed in Figure 6.41. The reactor effluent was thermally quenched
and analyzed by off-line UV/Vis and emission spectroscopy (10 mm
light path).

CdSe QDs
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V = 1.00 mL V = 0.2 mL

GC oven Cooling loop

TCEP collection flask

In-line
UV

130 °C < T < 200 °C
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Super Flangeless Nuts, PEEK 1/4-28 thread for 1/16" o.d. tubing (+ ferrules)

Pump (Knauer AZURA P 4.1S)

Room temperatureOne-Piece Fingertight, PEEK, 10-32 Coned, for 1/16" o.d.

303SS union for 1/16” o.d. tubing with 0.5 mm bore

BPR Assembly

T-Mixer, PEEK 1/4-28 thread for 1/16" tubing, 0.02" though hole
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Figure 6.41. Setup for the preparation of CdTe QDs

3. Sample analysis Each sample produced was treated as follows:

• Dilution: crude sample 100 µL + 1000 µL milliQ water
• Absorbance measurement: between 350 nm to 1000 nm
• Recording of 3D emission spectra: excitation (460 nm to 560 nm, 5

nm step), emission (470 nm to 900 nm, step 0.5 nm)
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6.2.4.5 Pilot scale flow synthesis of CdTe

The scalability of our protocol was validated to produce of CdTe QDs.
The pilot scale setup featured the upstream preparation of TCEP=Te, its
dilution with a 0.05 M aqueous NaOH stream and tellurium transfer with a
Cd(3-MPA)2 aqueous feed. The transfer of tellurium to cadmium occurred at
temperatures ranging from 135 °C to 145 °C in a commercial mesofluidic
Corning® AFR™G1 SiC reactor operated under 7 bar of counterpressure. The
reactor effluent was thermally quenched through a cooling loop prior to
in-line UV/Vis spectroscopy. A detailed flow chart is depicted in Figure

1. Detailed setup for the pilot scale production of CdTe
The aqueous feed solution of TCEP was pumped with a Knauer
Azura P4.1S HPLC pump (10 mL stainless steel head) through a
thermostated packed-bed column filled with tellurium . The aqueous
effluent containing TCEP=Te was then diluted with a stream of water
through a SS T-mixer (Swagelok). The water feed was dosed with a
Knauer BlueShadow equipped with a Bronkhorst flow meter. Both
devices were connected to LabVision, which provided a PID feedback
loop to ensure a constant flow rate. After dilution, the stream of
TCEP=Te was then mixed with the aqueous cadmium feed, which was
pumped by an Isco Teledyne 5000D dual syringe pump
Both solutions then reacted in a mesolfuidic Corning® AFR™G1 SiC
reactor equipped with 6 Silicon Carbide fluidic modules (10 mL internal
volume each) connected in series. The temperature of the reactor
was controlled by a Lauda XT 280 thermostat (using HL 60 thermal
fluid) at temperatures ranging from 130 °C to 190 °C. The entire pilot
scale setup was operated under 15.5 bar (225 psi) of counterpressure
(Equilibar H3P) regulated by a Bronkhorst EL-PRESS. The reactor
effluent was thermally quenched through a tube-in-tube heat exchanger
(15 mL internal volume, operated at 4 °C) prior to in-line UV/Vis
analysis (Avantes Flow cell-1/4”, 5 mm pathlength). The detailled setup
is shown in Figure 6.42

2. Heat exchanger
Downstream of the mesofluidic reactor, a thermal quench is performed
through a heat exchanger, which consists of a tube-in-tube exchanger.
To maximize heat dissipation, the system is entirely made of stainless
steel. The exchanger itself consists of 1 m of 1/4” tube surrounded, over
83 cm, by a 1/2” tube. Cooled water (set-point at 4 °C) circulates in
the volume around the 1/4” pipe. A scheme of this system is provided
in Figure 6.43. The heat exchange efficiency is assessed downstream by
a thermocouple. The measured temperature remained between 20 °C
and 30 °C throughout the experiments.
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3. Feed preparation
A 2 M aqueous stock solution (300 mL) of NaOH was prepared by
dissolving 24.00 g (0.6 mol) of NaOH in miliQ water in a volumetric
flask.
A 0.2 M aqueous solution of TCEP was prepared by dissolving TCEP.HCl
(5.732 g, 20 mmol, 1 equiv.) with miliQ water. The solution was
prepared by adding 54 mL with NaOH 2 M and then filling up to 100
mL with water in a volumetric flask. The solution was then transferred
into a round-bottom flask and degassed with an argon flow for 15 min.
The cadmium precursor feed solution was prepared by dissolving
Cd(OAc)2 (29.9846 g, 0.112 mol, 7.5 equiv.) and 3-MPA (29.85 g, 0.281
mol, 18.75 equiv.) in milliQ water. The pH was then adjusted with the
addition of 220 mL 2 M aqueous NaOH, then the solution was filled up
to 5000 mL with milliQ water in a volumetric flask.

4. Modus operandi
The 0.2 M TCEP feed solution was infused at a flow rate of 0.45 or 0.6
mL.min−1 through a column filled with elemental tellurium (7.34 g, 57.8
mmol). The resulting stream of TCEP=Te was diluted with a stream
of milliQ water in a T-mixer (flow rate of 29.6 mLmL.min−1 or 39.4
mL.min−1). After dilution, the stream of TCEP=Te was then mixed
with the aqueous cadmium feed, which was injected at a flow rate of 30
or 40mL.min−1. CdTe QDs were obtained at process temperatures
ranging from 130 °C to 190 °C (15.5 bar, 225 psi, of counter-pressure),
with a residence time of 45 s or 60 s.

6.2.4.6 pH Titration

1) NaOH calibration using oxalic acid in the presence of phe-
nolphthalein

First, a sodium hydroxide solution (NaOH, 2 mol.L−1, V = 100 mL)
was prepared . This stock solution was subsequently used to prepare the
titration solution: 10 mL of the stock NaOH solution were transferred
into a 250 mL volumetric flask, diluted with approximately 200 mL of
Milli-Q water, and filled to the mark.

An oxalic acid solution (0.06 mol.L−1) was prepared by dissolving
0.5443 g (6 mmol) of borax in Milli-Q water, followed by quantitative
transfer into a 100 mL volumetric flask and dilution to volume.

Samples of 20 mL of the oxalic acid solution were titrated with the
diluted NaOH solution in the presence of two drops of phenolphthalein
as indicator. This procedure was repeated four times. The results of the
calibration are summarized in Table 6.9.
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Table 6.9. Calibration results for the titration of 20 mL of oxalic acid solution with
NaOH in the presence of phenolphthalein.

Sample Equivalent
volume (mL)

[NaOH]dil
(mol.L−1)

[NaOH]conc
(mol.L−1)

1 28.5 0.0833 2.082

2 28.5 0.0833 2.082

3 28.5 0.8333 2.082

4 28.5 0.8333 2.082

The standardized NaOH concentration was determined to be 2.08 mol L−1

and was used for all subsequent titration.

2) pH titration of 3-MPA

The 3-MPA solutions (C ≈ 0.056 and 0.075 mol.L−1, V = 250 mL)
were prepared by dissolving 3-MPA (1.4992 g, n = 14 mmol or 1.99 g, n
= 18.7 mmol) with Milli-Q water, in a 250 mL volumetric flask.

For pH titration, the solution was transferred into a beaker (≈500 mL)
equipped with a magnetic stir bar. The pH electrode was immersed in
the solution, and the titration was performed by incremental addition of
standardized NaOH (2 mol.L−1) from a 25 mL burette.

3) pH titration of Cd(3-MPA)2 systems

The Cd(3-MPA)2 solutions (C ≈ 0.0225 and 0.03 mol.L−1, V = 250 mL)
were prepared by dissolving Cd(OAc)2 · 2 H2O (1.4973 g, n = 5.61 mmol
or 1.995 g, n = 7.48 mmol) and 2.5 eq of 3-MPA (1.4992 g, n = 14
mmol or 1.99 g, n = 18.7 mmol) with Milli-Q water, in a 250 mL
volumetric flask.

For pH titration, the solution was transferred into a beaker (≈500 mL)
equipped with a magnetic stir bar. The pH electrode was immersed in
the solution, and the titration was performed by incremental addition of
standardized NaOH (2 mol.L−1) from a 25 mL burette.

4) HCl calibration using borax in the presence of methyl orange

First, a hydrochloric acid solution (HCl, 2 mol.L−1) was prepared from
a 37% stock solution by diluting 83.33 mL of concentrated acid with
416.67 mL of Milli-Q water. This stock solution was subsequently used
to prepare the titration solution: 40 mL of the stock HCl solution were
transferred into a 250 mL volumetric flask, diluted with approximately
200 mL of Milli-Q water, and filled to the mark.
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A borax solution (0.12 mol.L−1) was prepared by dissolving 4.5765 g
(12 mmol) of borax in Milli-Q water, followed by quantitative transfer
into a 100 mL volumetric flask and dilution to volume.

Samples of 20 mL of the borax solution were titrated with the diluted
HCl solution in the presence of two drops of methyl orange as indicator.
This procedure was repeated four times. The results of the calibration
are summarized in Table 6.10.

Table 6.10. Calibration results for the titration of 20 mL of borax solution with
HCl in the presence of methyl orange.

Sample Equivalent
volume (mL)

[HCl]dil
(mol.L−1)

[HCl]conc
(mol.L−1)

1 32.3 0.1486 1.858

2 32.2 0.1491 1.863

3 32.2 0.1491 1.863

4 32.3 0.1486 1.858

The standardized HCl concentration was determined to be 1.86 mol L−1

and was used for all subsequent titrations.

5) pH titration of TCEP––S systems

a) TCEP––S

A TCEP––S solution (C ≈ 0.02 mol.L−1, V = 100 mL) was
prepared by dissolving TCEP · HCl (0.5732 g, n = 2 mmol) in
Milli-Q water in a 100 mL volumetric flask. The pH was adjusted
to 11 using NaOH (2 mol.L−1), and the solution was diluted to
volume with Milli-Q water. The solution was transferred into a
100 mL round-bottom flask, sealed with a septum, and purged
with argon for at least 15 min. Elemental sulfur (0.1283 g, n = 4
mmol) was then added, and the mixture was stirred vigorously
under argon for 30 min.
For pH titration, the solution was transferred into a beaker
(>100 mL) equipped with a magnetic stir bar. The pH electrode
was immersed in the solution, and the titration was performed by
incremental addition of standardized HCl (2 mol.L−1) from a
10 mL burette.

b) TCEP––S with Cd(3-MPA)2

A TCEP––S solution (C ≈ 0.04 mol.L−1, V = 50 mL) was prepared
following the same procedure as described above, using TCEP · HCl
(0.5732 g, n = 2 mmol) and adjusting the pH to 11 with NaOH
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(2 mol.L−1). After dilution to volume, the solution was transferred
into a septum-sealed flask, purged with argon, reacted with
elemental sulfur (0.1283 g, 4 mmol), and stirred for 30 min under
inert atmosphere.
A Cd(3-MPA)2 solution (C ≈ 0.04 mol.L−1, V = 50 mL) was
prepared by dissolving Cd(OAc)2 · 2 H2O (0.5331 g, n = 2 mmol)
and 3-MPA (0.5307 g, 435 µL, 5 mmol) in Milli-Q water in a
50 mL volumetric flask. The ionic strength and pH were adjusted
using NaOH (2 mol.L−1), and the solution was diluted to volume.
For titration, equal volumes of the TCEP––S and Cd(3-MPA)2
solutions were combined in a beaker (>100 mL) under stirring.
The pH electrode was immersed in the mixture, and the solution
was titrated with standardized HCl (2 mol.L−1) using a 10 mL
burette.

6) pH titration of TCEP––Se systems

a) TCEP––Se

A TCEP––Se solution (C ≈ 0.02 mol.L−1, V = 100 mL) was
prepared by dissolving TCEP · HCl (0.5732 g, n = 2 mmol) in
Milli-Q water in a 100 mL volumetric flask. The pH was adjusted
to 11 using NaOH (2 mol.L−1), and the solution was diluted to
volume with Milli-Q water. The solution was transferred into a
100 mL round-bottom flask, sealed with a septum, and purged
with argon for at least 15 min. Elemental selenium (0.3158 g, n =
4 mmol) was then added, and the mixture was stirred vigorously
under argon for 30 min.
For pH titration, the solution was transferred into a beaker
(>100 mL) equipped with a magnetic stir bar. The pH electrode
was immersed in the solution, and the titration was performed by
incremental addition of standardized HCl (2 mol.L−1) from a
10 mL burette.

b) TCEP––Se with Cd(3-MPA)2

A TCEP––Se solution (C ≈ 0.04 mol.L−1, V = 50 mL) was
prepared following the same procedure as described above, using
TCEP · HCl (0.5732 g, n = 2 mmol) and adjusting the pH to 11
with NaOH (2 mol.L−1). After dilution to volume, the solution
was transferred into a septum-sealed flask, purged with argon,
reacted with elemental selenium (0.3158 g, 4 mmol), and stirred
for 30 min under inert atmosphere.
A Cd(3-MPA)2 solution (C ≈ 0.04 mol.L−1, V = 50 mL) was
prepared by dissolving Cd(OAc)2 · 2 H2O (0.5331 g, n = 2 mmol)
and 3-MPA (0.5307 g, 435 µL, 5 mmol) in Milli-Q water in a
50 mL volumetric flask. The ionic strength and pH were adjusted
using NaOH (2 mol.L−1), and the solution was diluted to volume.
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For titration, equal volumes of the TCEP––Se and Cd(3-MPA)2
solutions were combined in a beaker (>100 mL) under stirring.
The pH electrode was immersed in the mixture, and the solution
was titrated with standardized HCl (2 mol.L−1) using a 10 mL
burette.

7) pH titration of TCEP––Te systems

a) TCEP––Te

A TCEP––Te solution (C ≈ 0.02 mol.L−1, V = 100 mL) was
prepared by dissolving TCEP · HCl (0.5732 g, n = 2 mmol) in
Milli-Q water in a 100 mL volumetric flask. The pH was adjusted
to 11 using NaOH (2 mol.L−1), and the solution was diluted to
volume with Milli-Q water. The solution was transferred into a
100 mL round-bottom flask, sealed with a septum, and purged
with argon for at least 15 min. Elemental tellurium (0.5104 g, n =
4 mmol) was then added, and the mixture was stirred vigorously
under argon for 30 min.
For pH titration, the solution was transferred into a beaker
(>100 mL) equipped with a magnetic stir bar. The pH electrode
was immersed in the solution, and the titration was performed by
incremental addition of standardized HCl (2 mol.L−1) from a
10 mL burette.

b) TCEP––Te with Cd(3-MPA)2

A TCEP––Te solution (C ≈ 0.04 mol.L−1, V = 50 mL) was
prepared following the same procedure as described above, using
TCEP · HCl (0.5732 g, n = 2 mmol) and adjusting the pH to 11
with NaOH (2 mol.L−1). After dilution to volume, the solution
was transferred into a septum-sealed flask, purged with argon,
reacted with elemental selenium (0.5104 g, 4 mmol), and stirred
for 30 min under inert atmosphere.
A Cd(3-MPA)2 solution (C ≈ 0.04 mol.L−1, V = 50 mL) was
prepared by dissolving Cd(OAc)2 · 2 H2O (0.5331 g, n = 2 mmol)
and 3-MPA (0.5307 g, 435 µL, 5 mmol) in Milli-Q water in a
50 mL volumetric flask. The ionic strength and pH were adjusted
using NaOH (2 mol.L−1), and the solution was diluted to volume.
For titration, equal volumes of the TCEP––Te and Cd(3-MPA)2
solutions were combined in a beaker (>100 mL) under stirring.
The pH electrode was immersed in the mixture, and the solution
was titrated with standardized HCl (2 mol.L−1) using a 10 mL
burette.

8) pH titration of Cd(3-MPA)2 system

A Cd(3-MPA)2 solution (C ≈ 0.04 mol.L−1, V = 50 mL) was prepared
by dissolving Cd(OAc)2 · 2 H2O (0.5331 g, n = 2 mmol) and 3-MPA
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(0.5307 g, 435 µL, 5 mmol) in Milli-Q water in a 50 mL volumetric flask.
The ionic strength and pH were adjusted using NaOH (2 mol.L−1), and
the solution was diluted to volume.

For titration, equal volumes of the Cd(3-MPA)2 solution and milliQ
water were combined in a beaker (>100 mL) under stirring. The pH
electrode was immersed in the mixture, and the solution was titrated
with standardized HCl (2 mol.L−1) using a 10 mL burette.

6.2.5 Additional experimental details

6.2.5.1 Peak position derivation (for FW mechanism)

The expression developed in Equation 3.12 can be differentiated to identify
changes in concavity and, consequently, the dominant phase of the FW
mechanism. The first derivative was calculated and is presented in Equation 6.1.

dEpeak
dθnorm

= (E∞ − E0) · exp
(

− α

θnorm

)
· α

θ2
norm

(6.1)

The first derivative allows the identification of θnorm corresponding to
Burst Nucleation (i.e., slope values significantly different from 0) and the
maximum growth rate (i.e., derivative returning to 0 after the induction
period).

6.2.5.2 Model selection for CdS

The model selection was performed by fitting the parametrized form θ(t, T ) to
the experimental evolution of E(θ). The statistical criteria used to compare
the one-parameter and three-parameter formulations are summarized in
Figure 6.44 and Table 6.11.

Table 6.11. Statistical comparison of the one- and three-parameter models for the
CdS QDs first excitonic peak.

Criterion 1 parameter 3 parameters

r2 0.87418 0.87450

RSS 887.921 885.657

AIC 65.21 65.17

BIC 66.63 66.59
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While the three-parameter model yields slightly improved RSS, r2,
AIC, and BIC values compared to the simpler one-parameter model, the
improvement is marginal. Importantly, the three-parameter model modifies
the weight of the temperature dependence through the γ exponent, reflecting
a slightly stronger role of temperature in the effective time. This adjustment
does not fundamentally change the shape or interpretation of the reaction
kinetics since the α counterbalance the γ effect.

Consequently, the one-parameter model was retained: it captures already
the kinetic trends and remains far more simple.

Figure 6.44. Statistical metrics for the CdS QDs ERT modelisation, screening a
values, optimum a = 8067.3 K.

The corresponding expression for θ(t, T ) becomes:

θ(t, T ) = t · exp
(

−8067.313
T

)
(6.2)

6.2.5.3 Control experiment for the preparation of CdS with
3-MPA

The model selection was performed by fitting the parametrized form θ(t, T ) to
the experimental evolution of E(θ(t, T )). The statistical criteria used to
compare the one parameter and three parameters formulations are summarized
in Table 6.12.
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Table 6.12. Statistical comparison of the one- and three-parameter models for the
CdS QDs, with 3-MPA, first excitonic peak.

Criterion 1 parameter 3 parameters

r2 0.9999 0.9999

RSS 0.226 0.226

AIC -11.49 -11.49

BIC -12.28 -12.28

Figure 6.45. Statistical metrics for the CdS QDs, with 3-MPA, ERT modelisation,
screening a values, optimum a = 17381.18 K.

297



Chapter 6. Appendices and Supplementary Information

The statistical analysis indicates that the three-parameter formulation
provides a marginally better description of the experimental data, based on
r2, RSS, AIC, and BIC values. The corresponding expression for θ(t, T ) is:

θ(t, T ) = t · exp
(

−17381.2
T

)
(6.3)

Figure 6.46. Modelling of the CdS QDs, formed with 3-MPA as sulfur source, peak
absorbance position as a function of the dimensionless effective time. E0 = 403 nm,
E∞ = 477 nm, α = 0.206.

Table 6.13. Association of dimensionless effective time θnorm with the dominant
FW mechanism phases.

Reaction Phase θnorm range

Induction phase 0 to 0.0006

Burst nucleation 0.0006

Growth acceleration 0.0006 to 0.103

vmax 0.103

Growth slow down 0.103 to 1 and beyond

6.2.5.4 Model selection for CdSe

The model selection was performed by fitting the parameterized form θ(t, T )
to the experimental evolution of E(θ). The statistical criteria used to compare
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Figure 6.47. Absorbance values of CdS QDs, formed with 3-MPA as sulfur source,
as a function of the first excitonic peak position, each point being associated with its
DET value.

Figure 6.48. P/V ratio values of CdS QDs, formed with 3-MPA as sulfur source,
as a function of the first excitonic peak position, each point being associated with its
DET value.
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the one-parameter and three-parameters formulations are summarized in
Table 6.14.

Table 6.14. Model selection for CdSe QDs first excitonic peak

Criteria 1 parameter 3 parameters

r2 0.87763 0.87838

RSS 4976.206 4945.575

AIC 185.36 185.13

BIC 188.58 188.35

As for CdS fit case, three-parameter model yields slightly improved RSS,
r2, AIC, and BIC values compared to the simpler one-parameter model but
the improvement is marginal. Consequently, the one-parameter model was
retained: it captures already the kinetic trends and remains far more simple.

Figure 6.49. Statistical metrics for the CdSe QDs ERT modelisation, screening a
values, optimum a = 8839.9 K.

The statistical analysis indicates that the one parameter formulation
provides an adequate description of the data. The corresponding expression
for θ(t, T ) is:

θ(t, T ) = t · exp
(

−8839.884
T

)
(6.4)
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6.2.5.5 Model selection for CdTe

Firstly, a multivariate Partial Least Squares (PLS) analysis was performed on
the data to estimate the relative influence on Epeak of temperature (T),
0.0823 for species concentration (C), 0.049 for reaction time (t), -0.108 for
chalcogen excess (Eq), and 0.0310 for final pH. Based on their absolute values,
temperature is by far the dominant factor, while the other parameters have
comparatively minor effects.

To further illustrate the influence of each variable, a 2D PLS analysis
was performed. The loadings vectors in the PLS latent space, indicate
how strongly a variable contributes to the principal latent dimensions. By
weighting these vectors with the Variable Importance in Projection (VIP)
scores, the variables that most strongly influence the model, a plot containing
the data and the vectors with the direction of their weight and intensity
provide a lot of informations. A higher VIP-weighted vector corresponds to a
greater contribution to the variation in Epeak.

C
(VIP= 0.20)

pHOut

(VIP= 0.08)

rt
(VIP= 0.13)

Eq
(VIP= 0.28)

T
(VIP= 2.20)

Figure 6.50. 2D PLS representation of loadings vectors multiplied by VIP scores
for temperature, time, species concentration, chalcogen excess, and final pH on the
T-1 and T-2 scores from PLS regression of Epeak.

In this representation (Figure 6.50), the length and orientation of the
vectors allow a quick visual assessment of which parameters are most influential.
Temperature, with both the highest standardized coefficient and a strong
VIP-weighted loading, clearly dominates. The other parameters, although
contributing to a lesser extent, can still be identified and interpreted within
this framework.

This approach not only confirms the predominance of temperature but also
provides a clear, interpretable visual tool for understanding the relative impact

301



Chapter 6. Appendices and Supplementary Information

of all experimental variables. It motivates the introduction of the reduced
parameter θ(t, T ), which combines the effects of time and temperature,
simplifying the model without losing predictive power.

Table 6.15. Model merits for the CdTe QDs first excitonic peak, showing the effect
of concentration (C), chalcogen excess (Eq) and initial pH (pH0) on the fitted
parameter a and the corresponding statistical metrics (R2, AIC, BIC).

Conditions Fit constants Merits

C Eq pH0 a (K) R2 AIC BIC

1.5 7.5 7.52 7311.16 0.9435 174.80 187.03

3.0 5.0 9.08 7007.54 0.9790 145.43 148.23

3.0 7.5 7.85 6203.52 0.9840 114.27 117.08

3.0 10.0 8.23 7128.14 0.9970 39.40 38.96

3.0 10.0 7.57 6364.32 0.9983 20.35 19.05

6.2.5.6 Determination of reaction yield

The protocol developed to estimate the reaction yield was executed as follows:

• Extended production of a given QD type (CdS, CdSe, or CdTe) to
obtain more or less 150 mL of crude QDs.

• Purification of 20 mL of the crude mix (volumetric pipette) by selectively
precipitating the QDs through the addition of 25 mL of ethanol
(antisolvent) followed by centrifugation (10 min at 5000 rpm).

• Removal of the supernatant.

• Drying of the solid residue under vacuum.

• Weighting of the container with the dried powder.

• Removal of the QDs from the container.

• Weighting of the empty container.

This operation is repeated at least 4 times. The tare executed allows to
calculate the QD mass. It is hypothesized that the weight so obtained is only
composed of the crystal material (CdS, CdSe, or CdTe). The theoretical yield
is calculated as follows:

Weightth =
n′

limiting

V ′
tot

· Vsample · MMcrystal (6.5)
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Where:

• n′: Molar flow of the limiting reagent [mol.min−1],

• V′
tot: Total flow rate in the reactor [mL.min−1],

• Vsample: Sample volume [mL],

• MMcrystal: Molar weight of the considered crystal [g.mol−1].

The yield results are presented in Table 6.16

Table 6.16. Summary of the yield results and key values

Crystal
type

ρ
(g.cm−3)

MM
(g.mol−1)

Experimental
conditions

Yield
(%)

CdS 4.826 144.48 rt = 45 s, T = 190 °C 40.3±8.8

CdSe 5.816 191.37 rt = 45 s, T = 180 °C 74.5±6.5

CdTe 5.850 240.01 rt = 45 s, T = 155 °C 64.6±4.0

6.2.5.7 Sample preparation for XPS QDs characterization

The QDs to be analyzed by XPS were purified using the process described in
Section 6.2.5.6. The obtained powders were finally deposited on a square
piece of double-sided tape and placed on an autosampler. The samples were
analysed after staying three days in a high vacuum chamber (>10−9 torr).

6.2.5.8 Isotopic labeling

Before isotopic labeling, a TCEP–– 16O reference was synthesized.

1. TCEP16O reference synthesis

The synthesis of TCEP16O was performed by oxidating TCEP.HCl
with 30 % H2O2. A 0.2 M aqueous solution of TCEP was prepared by
dissolving TCEP.HCl (0.0573 g, 0.2 mmol, 1 equiv.) in milliQ water.
Then, 30 % H2O2 (25.5 µL, 0.25 mmol, 1.25 eq) was added to the
mixture to oxidize the phosphine and generate TCEP16O. Finally, 20
µL of this solution was added to 1000 µL of milliQ water before the
analysis by HPLC-MS. The results of this analysis are provided in
Figure S32. It shows two peaks centred at 2 min and 2.3 min. The mass
analysis of these peaks matches the expected structure.
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Figure 6.51. Reference chromatogram of TCEP=O with the representative mass
spectra (positive and negative modes) of the two signals (1.97 min and 2.26 min)
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2. Isotopic labeling for CdTe QDs synthesis

The isotopic labeling experiment aimed to determine whether water
serves as the oxygen source for the TCEP=O formation, a side product
detected during the CdTe synthesis. The reaction was therefore
conducted in H18

2O, with all solutions saturated with argon and kept
under an inert atmosphere.

A 0.2 M aqueous solution of TCEP was prepared by dissolving TCEP.HCl
(0.0573 g, 0.2 mmol, 1 equiv.) and NaOH (0.03 g, 0.75 mmol, 3.75
equiv.) with 1 g of H18

2O. The solution was prepared in a 10 mL
flask under argon. Then, Te was added (0.0510 g, 0.4 mmol, 2 equiv.)
and the solution was stirred for 30 min. The product of the reaction
(TCEP=Te) was extracted, filtered through a 0.2 µm membrane, and
then added to the cadmium precursor solution.

The cadmium precursor solution was prepared by dissolving Cd(OAc)2
(0.0533 g, 0.2 mmol, 1 equiv.), 3-MPA (0.0531 g, 0.5 mol, 2.5 equiv.),
and NaOH (0.05 g, 1.25 mmol, 6.25 equiv.) with 1 g of H18

2O. The
solution was purged with argon in a 10 mL flask for 15 min before
adding TCEP=Te.

The resulting mixture is heated up to 85 °C overnight. The product
obtained is a dark viscous liquid that is filtered through a 0.2 µm
membrane, leading to a yellowish liquid. 350 µL of this crude is mixed
with 350 µL of ethanol, mixed, and centrifugated at 10 000 rpm for 5
min. 50 µL of the supernatant is diluted with 1000 µL of milliQ water
and then analysed by HPLC-MS. The results are shown in Figure . The
signal at 1.92 min was analysed and exhibited the same molecular ions
but shifted by 2 units compared to Figure .

3. HPLC-MS method

HPLC-MS analysis were performed with a Shimadzu LCMS-2020 Single
Quadrupole MS equipped with a column C18 (100 x 4.6 mm, 3 µm) at
40 °C. A gradient of eluent A (0.1% formic acid in H2O, v:v) and B
(acetonitrile) was performed.

• Eluent: A: 0.1% formic acid in H2O; B: Acetonitrile.
• Total flow rate: 1 mL.min−1.
• Gradient of the eluents:
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Figure 6.52. Chromatogram of the CdTe QDs crude supernatant with the
representative mass spectra (positive and negative modes) of the signal at 1.91 min.

Table 6.17. HPLC-MS gradient over time with relative proportion 0.1% formic
acid in H2O/acetonitrile

Time (min) A (%) B %

0.00 100 0

10.00 30 70

30.00 20 80

33.00 0 100
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6.3 Chapter 5: Supplemental Materials and
Analysis

6.3.1 Purified CdTe QDs stabilization

1) Preparation of the PBS feed

The PBS solutions were prepared by weighting the salt amounts
indicated in Tables from 6.18 to 6.20.

The PBS 1 feed is prepared with:

Table 6.18. Full PBS solution, V = 50 mL

Metric NaCl KCl NaHPO4 KH2PO4

C (mol.L−1) 0.137 0.027 0.01 0.0018

n (mmol) 6.85 1.35 0.5 0.09

MM (g.mol−1) 58.44 74.55 358.1 136.09

w (g) 0.4 0.1 0.179 0.0122

The PBS 2 feed is prepared with:

Table 6.19. Reduced saline PBS solution, V = 50 mL

Metric NaCl K2HPO4 KH2PO4

C (mol.L−1) 0.05 0.005 0.005

n (mmol) 2.5 0.25 0.25

MM (g.mol−1) 58.44 174.18 136.09

w (g) 0.146 0.044 0.034

The PB feed is prepared with:

2) 3-MPA surface saturation

To achieve the surface saturation, the mixture is purified by sedimentation
according to protocols described in Section 6.2.5.6. The crude solution
is then solubilized in a 0.0125 mol.L−1 solution of 3-MPA at pH 11 and
mixed for 24 hours at room temperature.

The QDs solution is then purified by ultrafiltration. The first step
is carried out using a 10 kDa filter, at 5000 rpm for 15 minutes at
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Table 6.20. Phosphate buffer without neutral salt solution, V = 50 mL

Metric K2HPO4 KH2PO4

C (mol.L−1) 0.005 0.005

n (mmol) 0.25 0.25

MM (g.mol−1) 174.18 136.09

w (g) 0.044 0.034

room temperature, to remove unreacted 3-MPA. A 500 µL aliquot of
the crude QDs solution is filtered. The QDs are then washed three
times with 10 mmol.L−1 PBS (pH 7.4). The upper phase is collected,
dissolved in PBS, and subjected to a second ultrafiltration step using
a 30 kDa filter. After the second ultrafiltration, the lower phase is
collected.

6.3.2 Biofunctionalization with Biotin

1) Cysteamine Thiol Protection

To enhance the regioselectivity of cysteamine coupling, the thiol group
is initially protected by a trityl group in pure trifluoroacetic acid (TFA)
with trityl chloride (Figure 6.53).

Cl

H2N
SH + H2N

STFA

Figure 6.53. Cysteamine protection of the thiol function by trityl in TFA.

a) Protocol:
50 mmol of cysteamine · HCl (5.76 g, 1 equiv.) are dissolved in 36
mL of TFA. Then, 50 mmol of trityl chloride (14.1 g, 1 equiv.) are
added, and the solution is stirred for 3 hours at 40 °C and 900
rpm. The TFA is removed by vacuum distillation (480 mbar), and
the residue is recovered in 50 mL of EtOAc, washed sequentially
with NaOH 1M, water, NaHCO3, and brine. The organic phase is
dried over MgSO4 and evaporated to yield a solid product, which
is purified by recrystallization from CH2Cl2/hexane.
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b) Observations:
During the addition of trityl chloride, the solution changes from
transparent to yellowish, and then finally brown. After the
evaporation of TFA, a viscous brownish solid remains. This
mixture is solubilized in 10 mL of CH2Cl2, and 34 mL of hexane is
added, leading to significant recrystallization. After filtration, the
solid is dried under vacuum at 30 °C, resulting in a white powder.
The yield was estimated based on the recovered product’s weight,
which was 70.1%. This result is disappointing compared to the 95%
yield reported in the publication used to develop this protocol. [7]

2) Biotin/Trityl-Cysteamine Coupling

The coupling reaction between biotin and trityl-cysteamine is carried out
using the coupling reagent HBTU (hexafluorophosphate benzotriazole
tetramethyl uranium) in the presence of DIPEA (diisopropylamine)
inside DMF (dimethylformamide), as shown in Figure 6.54.

OH

NH
O

H

HN

H S

O
H2N

S
+

S

NH

O

S

H
HN

H

O

NH

DMF

HBTU, DIPEA

Figure 6.54. Biotin/Trityl-cysteamine coupling in DMF in the presence of HBTU
and DIPEA.

a) Protocol:
0.4 mmol of trityl-cysteamine (0.127 g, 4 equiv.), 0.1 mmol of
biotin (0.025 g, 1 equiv.), and 0.16 mmol of HBTU (0.607 g, 16
equiv.) are dissolved in a minimum volume of DMF (peptide
grade). Then, 6.4 equiv. of DIPEA (0.827 g) are added to the
mixture, which is stirred overnight at room temperature. Most of
the DMF and DIPEA are removed from the crude mixture using a
rotary evaporator (rotavapor) at 40 °C and 75 mbar. The mixture
is then dissolved in 10 mL of ethyl acetate and washed with 0.1
M HCl (2 × 10 mL) and brine (1 × 15 mL). After drying over
MgSO4 and filtration, the solvent is removed (40 °C under 200
mbar). The product is finally dried under high vacuum, yielding a
brownish slurry.

b) Observations:
Biotin, trityl-cysteamine, and HBTU are weighed directly in the
reactor. Then, DMF is added slowly to dissolve the solid in a
minimal amount of solvent (around 22.5 mL). DIPEA is added
using a micropipette. During the reaction, the mixture transitions
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from transparent yellowish to brownish. The reaction is stopped
after 15 hours. Subsequently, DMF and DIPEA are removed with
the rotavapor, followed by liquid-liquid extraction. Ethyl acetate is
then evaporated under vacuum. The reaction yield is 54.6%, and
the product purity is 98.3%.

3) Biotin-Cysteamine-Trityl Deprotection

After the production and purification of the coupling product, Biotin-
Cysteamine-Trityl, the final step in the biotin modification process is the
thiol deprotection. This reaction is performed using trifluoroacetic acid
(TFA) and triisopropylsilane (TIPS), the latter acting as a scavenger,
inside dichloromethane (DCM). The reaction scheme is presented in
Figure 6.55.

SH

NH

O

S

H
HN

H

O

NHS

NH

O
S

H
HN

H

O

NH
TFA  in DCM

+ TIPS

Figure 6.55. Biotin-Cysteamine-Trityl deprotection with TFA and TIPS in DCM.

a) Protocol:
To a magnetically stirred solution of BIO-CYS-TRT (0.546 mmol,
297 mg, 1 equiv.) dissolved in CH2Cl2 (10 mL), 10 mL of TFA was
added, followed by 2 equiv. of triisopropylsilane (1.1 mmol, 173 mg,
224 µL). The reaction mixture was stirred at room temperature
for four hours. Afterward, the crude mixture was concentrated
under reduced pressure, and the residue was dissolved in 25 mL of
ethyl acetate, followed by extraction with H2O (3 × 10 mL). The
aqueous extracts were combined and lyophilized. [7, 8]

b) Observations:
The Bio-Cys-Trt was dissolved in CH2Cl2, after which TFA was
added, followed by TIPS. The reaction was performed under
stirring (450 rpm) for 2.5 hours. After the reaction, the volatile
compounds were removed under vacuum (40 °C, 200 mbar). The
residue was dried under high vacuum and dissolved in 25 mL
of ethyl acetate. The product was then extracted with milliQ
water and purified by lyophilization for three days at -47 °C under
high vacuum. The final product, a fine white powder (0.1594 g),
corresponds to a yield of 96.5%.
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4) Biofunctionalization on CdTe QDs

In order to functionalize the CdTe quantum dots (QDs) with biotin, a
modified biotin molecule with a thiol group was used. This method
allows for the binding of biotin to the surface of the quantum dots,
which is crucial for subsequent biological applications. The process
involves purified 590 nm CdTe QDs and ensuring that the surface
chemistry remains stable throughout the reaction. A scheme of the
reaction is provided in Figure 6.56.

SH

NH

O

S

H
HN

H

O

NH
+

S

NH

O

S

H
HN

H

O

NH40 °C

PBS, TCEP
SHO

O O

OHHS+

Figure 6.56. Biotin-Cysteamine-Trityl deprotection with TFA and TIPS in DCM.

a) Protocol:
For this biofunctionalization step, a modified biotin is used to bind
to the CdTe quantum dots (QDs) via its thiol group. The reaction
is carried out using purified 590 nm QDs to ensure consistent size
and surface characteristics. To prevent the formation of unwanted
disulfide bridges, 0.5 equiv. of TCEP are added to the reaction
mixture. To promote ligand exchange and facilitate binding, the
reaction mixture is heated to 40 °C and stirred at 650 rpm for one
hour, allowing for the efficient attachment of the modified biotin to
the surface of the quantum dots.

b) Observations:
The resulting mixture was a reddish liquid, which exhibited
signs of instability. The modified biotin (5 mM) showed poor
solubility in the PBS buffer, which complicated the purification
process. This low solubility caused the biotin to become trapped
in the centrifugation filter, requiring multiple washing steps to
remove excess biotin from the system. Proton NMR analysis was
performed to confirm the successful binding of the modified biotin
to the QD surface. The results are presented in Figure 6.57.
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Figure 6.57. 1H-NMR spectra of reference biotin-cysteamine (blue curve) and the
assumed CdTe-cysteamine-biotin (orange).

The direct comparison between the reference biotin-cysteamine
spectrum and the assumed CdTe-cysteamine-biotin spectrum
provides two key observations: the main signals are broader,
which suggests that the protons are attached to a larger molecule.
Additionally, the primary peaks correspond to those observed in
the reference spectrum, but they are slightly shifted or attenuated.
This finding indicates the potential functionalization, but further
confirmation is needed. One possible approach to confirm the
binding would be through a DOSY experiment, although the
results were inconclusive. An alternative solution could be to
perform a FRET experiment. By mixing the sample with an
organic dye functionalized with streptavidin, we could validate the
FRET phenomenon, thereby confirming the functionalization of
the QDs. [9]
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