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General Introduction

Scientific Context

Fluorescence is a photoluminescence process by which light is emitted after a substance has
absorbed light or other form of electromagnetic radiation. In most cases, the emitted light has
higher wavelengths than that of the excitation source, therefore lower energy.'” The
fluorescent wavelength, intensity and shape are dependent on the structure of the fluorescent
molecules/materials and the environment they are located in, such as solvent polarity, pH,
temperature and oxygen content of the medium, and so forth. Fluorescence-based techniques
with high sensitivity, selectivity, simplicity and good reproducibility have been widely
applied in the fields of chemistry, biology and materials.>” Single-molecule fluorescence
detection is a sought for challenge, very much in need for the understanding of various
biologically-relevant mechanisms. However, the detection of fluorescence at a single
molecular level is extremely limited by its low brightness, relatively high background signal

from the sample and a low photostability.°

Through plasmon resonance effects, noble metals can help tuning the fluorescence.” The
interaction between plasmons and fluorescence emission has great potential to revolutionize a
variety of research fields beyond fluorescence detection.® When the fluorescent molecules are
located in the proximity of plasmonic metals, the oscillating electrons of the metal plasmons
can induce various phenomena, including changes in the absorption and emission rates,
energy transfer between the two components, reshape of fluorescence, and strong
modifications of the radiative lifetime.”'? These interactions are complicated and strongly
dependent on the specific hybrid structure. To clarify such a mechanism is one of the most

challenging subjects in nanotechnology.

Organic molecules (fluorophores) are the most used fluorescent emitters in fluorescence-
plasmon coupling investigations.” Fluorophores display emission spectra from ultraviolet to
visible and have been widely utilized as bio-markers and in optoelectronic devices.'*'* The
fluorophores’ functional groups enable their facile binding to metal surfaces through direct
binding or via linkers. However, some fluorophores exhibit low quantum yield and
fluorescence intensity and by far they show overlapping absorption and emission spectra,

which makes it difficult to separate the emission contribution from the excitation light. The
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short working life under successive illumination also limits the systematic investigation of

. . . 15.16
fluorescence-plasmon couplings with organic fluorophores.'™

Colloidal semiconductor nanocrystals, known as quantum dots (QDs), with typical
dimensions in the range of 1-100 nm display well-tuned emission spectra from ultraviolet to
the infrared region by simply changing the size and the composition of the QDs. The emission
spectrum has a small full-width-half-maximum (FWHM) and is well-separated from its
absorption region. The photostability of QDs is greatly enhanced compared to
fluorophores.'”'® Besides this, carrier multiplication within QDs is another appealing and
valuable attribute. It is a phenomenon that the absorption of one single photon produces
multiple excitons, resulting in an internal quantum yield greater than 100%."** All of these
unique characteristics make QDs extremely ideal candidate to explore the coupling between
the fluorescence and plasmons and to instrument the so much sought for improvement in bio-

imaging and in optoelectronic devices.

Although the fluorescence of QDs is much more stable than that of organic dyes, it still
suffers from prolonged illumination (photobleaching).?’ Besides that, fluorescence
intermittency, also known as blinking, is observed at the single QD level.”> This not only
substantially limits their use as fluorescent probes for bioimaging (since a continuous
monitoring is not guaranteed), but also degrades their photoluminescence properties in

optoelectronic devices.*

Objectives of this thesis

Significant progress has been made in the understanding of the fundamental interactions
between surface plasmons and fluorescence through a number of theoretical and experimental
investigations. In numerous studies, for instance, lithographically-made or layered metals are

. 2324
applied as a source of surface plasmon resonance (SPR),™

or alternatively multiple light-
emitters are contained in one plasmonic structure.”” The difficulty in reproducing the
fabrication or the plurality of light-emitters may greatly restrict the understanding of mutual

interactions.

Colloidal single QD/gold hybrids have rarely been synthesized, although these structures

are very promising and can be handled very easily since they remain dispersed in solution.
7



One example of QD coated in a gold shell has been reported, but no evidence of plasmon

coupling between the gold shell and the QD was demonstrated.*®

SiO2 Growth Au Shell Growth
o = g e

QDb QD/SiO2 Golden QD

Figure 1. Schematic representation of the synthetic route of QD/SiO2/Au nanoshell (golden QD).

The aim of this thesis is to elaborate colloidal hybrid nanoparticles by encapsulating single
QD at the center of a bead of amorphous silica, followed by the chemical deposition of a gold
nanoshell on the silica surface as illustrated in Figure 1. The thickness of the silica and gold
layers can be tuned independently. The effect of the plasmonic gold nanoshell to the
fluorescence is thus investigated exactly at the single-QD level. The photostability is expected
to increase because the gold nanoshell can also prevent the diffusion of oxygen and other
species, which could react with the QD. Because the QD is located at the center of the silica
bead and the gold nanoshell, the electric field to which the QD is exposed is isotropic,
regardless of the direction of the incident light. A spherical model is used to describe

numerically the QD/Si0,/Au core/shell/shell nanostructure (called thereafter “golden QDs”).

Organization of the manuscript

The manuscript is organized in five chapters:

Chapter 1 introduces the basics of surface plasmons, of the fluorescence and of the

interactions between plasmons and excitons based on recent investigations.

Chapter 2 presents the synthesis of the different types of highly monodispersed QDs with

various sizes used in this work. Single CdSe/CdS core/shell QDs of two sizes is encapsulated



in one silica bead through a reverse-microemulsion solution method. The silica thickness can

be tuned by the precursor quantity.

Chapter 3 describes the synthetic process of the gold deposition on the surface of silica. A
polymer, developed in our lab, is applied to maximize the density of adsorbed Au seeds,
which act as nucleation sites for the growth of Au nanoshells on silica. Different Au shell

growth methods are also compared.

In chapter 4, the optical properties of the hybrid nanostructures are investigated by
ensemble and single golden 15 nm-in-radius-QDs measurements. The plasmonic
heterostructure system displays a stable and poissonian emission at room temperature, which
results from an enhanced emission decay rate, in very good agreement with the simulations.
The gold nanoshell also enhances the resistance of the QD fluorescence to high-power or

consecutive photoexcitation.

In chapter 5, colloidal spheres (superparticles, SPs), which contain multiple hydrophobic
nanocrystals are synthesized to achieve extremely fluorescent objects by a versatile bottom-up
self-assembly approach. A layer of silica is deposited on SPs, followed by the growth of Au
nanoshells. This object with high stability, photostability and biocompatibility shows great

potential in imaging applications.
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Chapter 1 Surface Plasmons, Fluorescence and Their
Coupling

Hybrid metal-fluorescent emitters heterostructures have attracted much attention over the
past decade because the interaction between the metal plasmons and the fluorescence excitons
provides an opportunity to tailor fluorescence. So far, different metal-fluorescence emitters
heterostructures have been investigated especially at the single fluorescent emitters level to
fully understand the interaction between plasmons and excitonic fluorescence. In this chapter,
the basic principles of surface plasmon resonance and fluorescence are introduced.
Furthermore, and based on the state of the art, the interactions between plasmons and excitons

are discussed.

1.1 Surface Plasmon Resonance

1.1.1 Introduction to Plasmon resonance

Plasmon resonance is an optical phenomenon. In metals, free electrons are not bound to a
specific metal ion but circulating in the whole metal crystal; they migrate freely on the surface
of the metal. Oscillating electric fields originating from incident light can delocalize the
electrons and force them to move away from the metal framework. This situation is short
lived: the free electrons will be pulled back because of the Coulombic attraction coming from
the positively charged cations within the crystal. The resonance condition is established when
the frequency of the incident light is coupled to the natural frequency of the electron
oscillation in the metal.' The natural frequency of the electronic oscillation for a bulk metal of
infinite size only depends on the free electron density; most metals have ultraviolet plasmonic
frequencies, except the plasmons of Au, Ag and Cu being located in the visible region.” Two
types of surface plasmons can be generated: Propagating Surface Plasmon Resonance (PSPR)
and Localized Surface Plasmon Resonance (LSPR) (which occurs in small size metal

particles).
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1.1.2 Propagating Surface Plasmon Resonance (PSPR)

PSPR occurs on extended smooth metal surfaces. Positive and negative charges are
generated as the electron density waves propagate along the metal surface under the excitation
of incident light as shown in Figure 1.1 (a).” The resulting plasmons decay evanescently in the
direction perpendicular to the metal surface with 1/e decay lengths in the range of 200 nm.
However, simple illumination with light on a smooth metal surface in air is not sufficient to

induce plasmon resonance because the momentum of the light in the interfacial plane is

always smaller than that of the SPs.

z
Dielectric
NN AW
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Figure 1.1. Schematic description of (a) propagating surface plasmon resonance (PSPR) and (b) localized

surface plasmon resonance (LSPR) of a metal nanosphere. Reprinted from Ref [3].

Auxiliary optical devices, such as a glass prism with higher refractive index than the metal
and optical grating are usually employed to generate PSPR.* In the case of a glass prism, the
light passes from the prism to the metal. Total internal reflectance will appear when the angle

of the incident light is equivalent or beyond a critical angle. New evanescent light waves

\
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propagate from the interface into the metal in a very short distance and will couple to metal
plasmons at a particular angle. The interaction between a molecular layer and the metalwill
cause the change of refractive index of the media near the metal film and therefore the
plasmon-coupled condition. This technique has been widely used in bio-analysis. When the
incident light illuminates a metal grating, the wave vector will be enlarged as a result of light
diffraction.” The wave vector of diffracted light in a specific order parallel to the interface is
in accordance with the surface plasmons; PSPR is then produced along the grating surface. It
should be emphasized that PSPR can be excited by simple illumination with light on
randomly roughened metal surfaces because diffraction effects derived from the roughness of

the metal film provide the desired wave vector compensation for plasmon resonance.

1.1.3 Localized Surface Plasmon Resonance (LSPR)

LSPR occurs in metal particles with the size smaller than the wavelength of the incident
light. Different from the previous PSPR, the oscillation of the free electrons induced by the
incident electromagnetic field is strongly confined to the volume of the metal particles. The
separation of the charges creates a dipole, whose direction can be switched with a change in
the electric field, as displayed in Figure 1.1 (b).> When the frequency of the natural dipole
oscillation is matched to the incident light, a strong light absorption appears, which is referred
as LSPR. Direct illumination of light on metal particles can produce a strong LSPR. The
electromagnetic field resides very close to the particle surface due to the localization of the
plasmon to the surface of the small metal particles, generating much higher local field

enhancements than those of PSPR.!

LSPR strongly depends on the components, size and shape of the metal particles, and the
dielectric constant of the local environment. For instance, dipole plasmons of Au nanospheres
are excited when the size is smaller than 30 nm, thus displaying one single absorption peak,
while higher order resonances can be obtained with increasing the size of Au nanospheres,
displaying multiple absorption peaks.' Thanks to the remarkable development of nanometer-
scale fabrication technologies, a variety of metals (mainly Ag and Au because of their
chemical stability and strong LSPR adsorption in the visible region) with various shapes and
sizes have been successfully synthesized. Figure 1.2 shows TEM images of Au nanorods with

various aspect ratios and corresponding absorption spectra (h).’ The plasmon absorption of
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Au nanorods splits into two bonds corresponding to the oscillation of the free electrons
parallel and perpendicular to the long axis of the Au nanorods. The transverse mode has a
similar resonance than the Au nanosphere at around 520 nm; while the resonance of the

longitudinal mode can be tuned by changing the nanorods’ aspect ratio (length/diameter).’

Nowadays, metal nanoparticles with different morphologies including nanospheres,®"!

12,13 16,17 18,19

. 14 . 1 .

nanorods, nanoprisms, bowtie nanoantennas,”> nanoshells, thin films,
. 2 21 22 . . . .

nanovoids,”® hole arrays,”' nanopatterns® et al. have been used to investigate the interaction

between plasmon and fluorescence.
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Figure 1.2. (a-g) TEM images of Au nanorods with various aspect ratio and (h) corresponding absorption
spectra. The insets of (c) and (g) show the photograph of the corresponding aqueous dispersion of gold
nanorods. (h) UV-vis-NIR spectra of gold NRs shown in a and b (red curve), ¢ and d (blue curve), e and f
(green curve), and g (black curve), respectively. Each spectrum is normalized by its absorption at 400 nm.
Scale bars: (a) 500 nm, (b) 50 nm, (c) 200 nm, (d) 50 nm, (e) 200 nm, (f) 50 nm, (g) 100 nm. Reprinted from
Ref [6].
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1.1.4 Optical properties of metal nanoshells

Metal nanoshells are a new class of nanoparticles composed of a single dielectric core
nanoparticle (such as silica) coated with a metallic shell.> The plasmon resonance of metal
nanoshells can be tuned across the visible or infrared regions by varying the size of the core
and the shell thickness. The capacity to tune plasmons resonance opens up opportunities for
applications in the biomedical and surface-enhanced Raman scattering fields. Zhou et al.
synthesized the first metal nanoshell which consisted of an Au,S core and an Au shell by
mixing chloroauric acid and sodium sulfide in one step.”* The nanoshells plasmon resonance
could be adjusted from 520 to 900 nm through variations in the ratio between the two

precursors. However, this synthetic approach lacks a precise control over the core and shell

dimensions.
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Figure 1.3: (a) Theoretically calculated optical resonances of Au nanoshells as a function of the ratio between
the silica core radius and the Au shell thickness. (b) A photograph of aqueous dispersions of Au nanoshells
with different frequencies of plasmonic resonances. (c) Plasmon hybridization in metallic nanoshells arises
from the interaction between cavity plasmons and sphere plasmons. (d) The strength of the interaction

between the sphere and cavity plasmons is dependent on the thickness of the shell. Reprinted from Ref [23,
25].
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In 1998, silica/Au core/nanoshell nanoparticles were successfully synthesized by Halas
(Figure 1.3a and b).>> The separate synthesis of the silica core and the Au nanoshell enables a
good control of their dimensions. Very tiny Au nanoparticles (seeds) are attached
electronically to the silica surface functionalized with amino-propyltriethoxysilane.
Subsequent chemical reduction of Au®" to Au’ induces a further growth of the Au seeds,
which results in the formation of continuous and polycrystalline Au nanoshells with a typical
thickness between 5 - 30 nm. During this process, as the gold seeds grow, their plasmon peak
becomes slightly red shifted; when the growing gold seeds begin to coalesce and form islands
on the nanoparticle surface, the decreasing distance among these islands lead to increased
inter-particle plasmon coupling and a red-shifted plasmon resonance.” The plasmon-derived
optical properties of metallic nanoshells can be understood in light of the plasmon
hybridization model of metallic nanoshells.”> The outer nanoshell surface can be considered
as a sphere, while the inner surface of the nanoshell can be considered as a cavity (Figure
1.3¢). Similar to the hybridization of atomic orbitals, cavity plasmons and sphere plasmons
mix and hybridize, resulting in two new resonances, the “bonding” plasmon and the “anti-
bonding” plasmon. The strength of the hybridization is determined by the thickness of the
nanoshell. Decreasing the thickness of the nanoshell leads to a stronger interaction,
corresponding to a red-shifted resonance (Figure 1.3d), which is coincident with the
theoretically calculated results. Silica/Au core/shell nanostructures display many unique
optical properties, which, among others, include photothermal performance and production of

solar steam nanobubbles. %’
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1.2 Fluorescence

1.2.1 Introduction to the fluorescence phenomenon

Nowadays, fluorescence is the most common labelling technique in biological and
chemical sciences thanks to its high sensitivity. The excitation and subsequent emission
processes of fluorophores are usually illustrated by the Jablonski diagram, as shown in Figure
1.4.% Following light absorption, fluorophores are excited to a higher vibrational energy state,
either S; or S,. Then, these fluorophores will relax to the lowest vibrational level of S;
through a rapid process called internal conversion (within 10 ps), which is much faster than
the fluorescence emission process. The process of returning from S1 to SO is the fluorescence
emission. Alternatively, fluorophores in the S1 state can also undergo a spin conversion

(intersystem crossing) to the first triplet state, T1, resulting in phosphorescence emission. >

S2
s b [E=Te
1 w)ersystem Crossing
T1
Internal Conversion
To
Absorbance
Fluorescence
hva-2" b Phosphorescence
N hvp
4
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Electronic Ground State

Figure 1.4. Fluorescence absorption and emission processes illustrated by the Jablonski diagram. The singlet
ground, first, second electronic states, triplet ground and first triplet state are depicted by So, S1, Sa, To and Ty,

respectively. Reprinted from Ref. [28].

1.2.2 Characteristics of Fluorescence Emission

Due to energy losses, the energy of the fluorescence photon is normally smaller than that of
the exciting photons. This is displayed by a longer fluorescence wavelength than that of the
exciting light (Stokes shift). In recent years, other nonlinear optical processes were discovered,
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in which the sequential absorption of two or more photons leads to the emission of light at
shorter wavelength than the excitation wavelength; this up-conversion is an anti-Stokes
emission.”® Lifetime and quantum yield are the two most important parameters of fluorescent
substances. The fluorescence lifetime (1) is defined as the time for which the fluorescence
intensity decays to 1/e of the initial intensity after excitation. It determines the decay time of
the first singlet state, in other words, an average value of the time spent in the excited state,

and it is given by,
T = 1/(ket2ky) (1-1)

where kris the radiative decay rate and Xk, is the sum of the non-radiative decay rate. The
fluorescence quantum yield (Q) is the ratio of the number of photons emitted to the number of
photons absorbed. The decay of excited molecules includes radiative and non-radiative

transition processes; hence the quantum yield is given by,
Q = k¢/(ktZky) (1-2)

Higher quantum yield represents stronger fluorescent intensity. The quantum yield can be
close to 1 if the rate of radiative decay is much larger than the non-radiative decay rate. A
variety of processes during which radiative and/or non-radiative rates are changed can
decrease the fluorescence intensity. This is referred to as quenching. It should be noted that an

increase of the radiative decay rate will result in higher quantum yields.

1.2.3 Classification of Fluorescent Substances

Fluorescent substances can be divided into several major classes.’’ Organic fluorophores
are the first observed fluorescent substances. Nowadays, commercial organic fluorophores
with emission spectra ranging from ultraviolet to near-infrared (NIR) are widely utilized as
bio-markers and in optoelectronic devices. However, organic fluorophores have broad
absorption/emission spectra and low photostability due to their intrinsic photophysical
properties. This limits the simultaneous detection of multiple signals and diminishes their
effectiveness in long-term imaging. Fluorescent proteins are another type of fluorescent
substances. Their fluorescence derives from aromatic amino acids. These fluorescent proteins

have been used as fusion tags to study protein dynamics. Such proteins are usually genetically
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encoded. This characteristic, combined with their low fluorescent intensity, limits their

practical application as injectable target-specific fluorescent probes.>”

In recent years, inorganic nanoparticles, such as semiconductor nanocrystals (quantum dots,
QDs) and up-conversion nanocrystals have been greatly developed. This was motivated by

their unique optical properties,>*

as for example, broad excitation ranges, narrow emission
peaks, spectra spanning the UV to near-infrared, high fluorescence intensity and
photostability. Furthermore, the QDs surface can be conjugated with a variety of bio-
molecules to enable their application in bio-imaging.”> In spite of their intrinsic optical
advantages, a major concern still remains around QDs, and that is their possible toxicity due
to the heavy metals contained in QDs. In the next part, the general characteristics of QDs will

be presented in detail.

1.2.4 Colloidal Semiconductors

1.2.4.1 Introduction to Colloidal Semiconductors

Colloidal semiconductors are light-emitting particles commonly synthesized in the solution
phase. In the last several decades, they have attracted considerable attention as an important
new class of materials in bio-imaging, sensitive detection and optoelectronic devices.*® When
bulk semiconductors absorb energy, an electron in the valence band (VB) can be excited to
the conduction band (CB) (the minimum energy required to excite an electron is the band gap
energy (E)), and make the semiconductor conductive. An electron-hole pair, known as the
exciton, is produced during this process. Relaxation of the excited electron back to the hole
can give rise to the photon emission. The exciton has a finite size within the crystal defined by
the Bohr exciton radius.”” When the radius of the semiconductor particle is close to or smaller
than its Bohr exciton radius, the motion of electrons and holes is greatly spatially confined.
This strong dependence on the size is called quantum confinement effect. From the molecular
orbital theory, when the crystal size is reduced to a certain value, the electron energy levels of
the semiconductor become discontinuous; as a result, the band gap energy continuously
increases as the crystal size decreases. Colloidal semiconductors with typical dimensions in
the range of 1-100 nm possess size-dependent absorption and fluorescence spectra with

discrete electronic transitions. For instance, in the case of CdSe nanocrystals, their emission
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can span almost the entire visible spectrum from blue to red simply by varying the size of the

nanocrystal from ~2.2 to ~5.5 nm, as shown in Figure 1.5.

2.2 nm Diameter (nm) 5.5 nm

Figure 1.5. lllustration of quantum confinement effects in CdSe colloidal nanocrystals. A red shift in emission

is observed for CdSe nanocrystals of increasing size.

1.2.4.2 Nanocrystal Structure

As previously discussed, due to the quantum confinement effect, the nanocrystals’ size
determines their energy band gap. The number of dimensions of the quantum confinement is
dependent on the shape of the semiconductor nanocrystals and has a strong impact on their
electronic and optical properties. Two-dimensional (nanoplatelets or quantum wells) and one-
dimensional structures (quantum nanorods or nanowires) imply the electrons are confined to

3#41 These nanostructures show light-

only one (the thickness) or two dimensions separately.
polarization optical properties as a result of their anisotropic structure. Meanwhile, zero-
dimensional structures (quantum dots) imply the electrons are confined in all three
dimensions. Increasing the number of the confined dimensions will increase the tunability of

the band gap.*

Colloidal nanocrystals are commonly dispersed in solution. Because of their tiny size, the
proportion of surface atoms in the whole nanocrystal is high, leaving many unpassivated

dangling bonds on the surface. These bonds can trap charge carriers and cause non-radiative
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decay. Ligands adsorbed on the surface of the colloidal nanocrystals can passivate them
effectively and prevent their aggregation.* The growth of an inorganic shell on nanocrystals
is another way to tailor the optical properties. The shell, which is usually another
semiconductor material can be deposited in an epitaxial manner. Shell growths with different
functions are designed on the cores on the basis of the band gap alignments. Three types can
be distinguished, referred to as type-I, type-II and reverse-type-I (Figure 1.6).** In type- I,
both the electrons and the holes are confined to the core materials because of both deeper VB
and CB than those of the shell materials, resulting in enhanced quantum yield and
photostability. In reverse type-I, a shell material with both smaller VB and CB is deposited on
the core material. This special band alignment induces the electrons and holes to be at least
partially delocalized in the shell. In type-II, electrons and holes are segregated between the
core and shell materials due to the staggering of VB and CB. A strong red-shift of emission
and longer lifetimes are observed in type-II core/shell structures, compared to the core

materials.

Band alignement

Core/shell [ Reverse-typel

h*

K Type I / \ Type I /

Figure 1.6. Schematic representation of the band alignment of valence band (VB) and conduction band (CB)

in different core/shell colloidal semiconductor structures.
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1.2.4.3 Optical properties

Colloidal semiconductors suffer from one major drawback, namely ‘blinking’.***

Revealed by single nanocrystal studies, this blinking consists in a random fluctuation of their
fluorescence intensity between a bright emissive state and a dark non-emissive state. This
phenomenon substantially limits their use in bio-imaging and in optoelectronic devices. The
blinking phenomenon is thought to arise from two different mechanisms.*® First, Auger non-
radiative processes due to charging and discharging of the nanocrystal cause the energy of the
excited exciton to the QD’s extra charge rather than radiative recombination (A-type blinking);
this process always correlates low fluorescent intensity or even no fluorescence, and short
lifetime.*”*® Second, other non-radiative processes are related to the surface state of
nanocrystals (defects, composition), by which ‘hot’ electrons can be trapped before they relax
into emitting core states (B-type blinking).*"° Substantial work has been dedicated to the
synthesis of non-blinking colloidal nanocrystals, mainly CdZnSe alloys and core/thick-shell
CdSe/CdS. Single alloyed nanocrystals do not blink due to a complete suppression of the
Auger effect.”’ With regard to thick-shell CdSe/CdS QDs, the delocalization of electrons in
the shell leads to a strong decrease of Auger recombination rates and thereby the competition
between radiative and Auger recombination, resulting in a neutral bright state and an ionized
grey state.””> Nevertheless, Javaux ef al. demonstrated that the latter is totally inhibited at 30

K, enabling non-blinking nanocrystals with a quantum yield (QY) of 100 %.>*
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Figure 1.7: Schematic representation of electronic energy relaxation and carrier multiplication in colloidal
nanocrystals. (A) An excited carrier relaxes conventionally to the band edge through release of phonons. B)
Alternatively, a biexciton is produced by transferring the excess carrier energy to another exciton. Reprinted
from Ref [36].
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Another process inverse to Auger recombination is carrier multiplication, in which a high
energy charge carrier scatters and spends its energy in the creation of a new electron-hole pair,
hence forming a biexciton, instead of relaxing to the band edge through the release of
phonons, as shown in Figure 1.7.% The generation of a biexciton or of multiple excitons from
a single high-energy photon can in principle increase the power conversion efficiency and

would ultimately improve the efficiency of third-generation solar cells.”°

1.3 The interaction between plasmons and excitons

Hybrid nanomaterials attracted great interest in recent years because they may feature
synergistic properties besides the inherent characteristics of the components.”’ Interactions
between noble plasmonic metals and excitons can give rise to a variety of interesting

phenomena. Basically, one can discern two cases: weak coupling and strong coupling.”®

1.3.1 Weak coupling between surface plasmons and excitons

In the case of weak coupling, the excitons of the fluorescent substances and the metal
surface plasmons are typically considered unperturbed. In this regime, the optical properties
of the fluorescent emitters can be controlled by the metal surface plasmons. The oscillating
electrons of the metal plasmons can induce multiple responses, such as i)fluorescence
enhancement or quenching, ii) changes in fluorescence spectra or iii) strong modification of

the radiative lifetime, depending on the hybrid structures.”

1.3.1.1 Enhancement of fluorescent intensity

Low fluorescence intensity and photostability greatly limit the applications of fluorescent
materials in bio-sensing and bio-imaging applications, as well as in light-emitting devices.®
Metal-enhanced fluorescence was first proposed in the 80s. Since then, many studies have

shown that metal plasmons exhibited a promising potential to tailor the fluorescence

61-63

behavior. In this part, the mechanism of metal-enhanced fluorescence is discussed.
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Basically, the excitation near the surface of plasmonic metals can be enhanced by the local
electric field; meanwhile the radiative and non-radiative rate of light-emitters can be increased
by the Purcell effect and the energy transfer to the metal, thereby changing the whole
quantum vyield of the light-emitters.”* Depending on the configuration of the plasmon-
fluorescence system, the combination of these two effects can result in a fluorescence

enhancement or quenching.

Figure 1.8: (a) Schematic representation of the electric field intensity spatial redistribution produced by a
monomer (left) and dimer (right) for 80-nm-diameter gold nanoparticles. The interparticle spacing of the dimer

is 23 nm. The incoming light was horizontally polarized at a wavelength of 640 nm. Reprinted from Ref [65].

Higher excitation rate implies more absorption of light and in turn higher fluorescent
intensity. The excitation rate of the fluorescent emitters is proportional to the local electric
field |E[*. When the noble metals are illuminated by the incident light, the oscillation of the
electrons will produce an electric field. This electric field can achieve a maximum, especially
when the frequency of the incident light is equal to the frequency of the metal plasmons.
Figure 1.8 shows the spatial redistribution of the electric field intensity produced by a
monomer (left) and dimer (right) for 80-nm-diameter gold nanoparticles.®” The incoming light
was horizontally polarized at a wavelength of 640 nm. It can be observed that the electric field
is maximized in the vicinity of the Au nanoparticle and that the most enhanced specific area is
dependent on the direction of the incident light even for an isotropic Au nanosphere.
Meanwhile, a domain with an extremely enhanced electric intensity is simulated in the gap of
the Au dimer. The enhancement factor E/E, (where Ey is the initial electric field) of the
excitation rate of the fluorescent emitters varies with their relative position in the local electric
field, with the wavelength of excitation, E(x4, Aex) and with the emitters orientation, e,,.

Thereby, the enhancement factor of the excitation rate can be given by,66
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X = [E(Xd, hex) €l*/|Eo|” (1-3)

In 1940s, Purcell discovered that the rate of spontaneous emission of atoms could be
modified when it was resonantly coupled in an electromagnetic cavity, a phenomenon known
as Purcell effect.*® The emitters’ own secondary field arrives back at the emitters’ location
after being scattered in the local environment; this interaction is the origin of the emission
dynamics’ modification of the light-emitter.” Meanwhile an energy transfer from the light-
emitter to the plasmons is produced due to the localization of surface plasmons generated by
the oscillating near field of the emitter. The scattering and energy transfer together modify
both the radiative and non-radiative decay rates of the light-emitter when they are placed in
the proximity of metal plasmons, resulting in the modification of the overall quantum yield. It
should be noted that the photons can be emitted by the metal through energy transfer to the
metal; these photons from the metal are difficult to distinguish from those emitted by the
light-emitter itself. The overall emission quantum yield is the sum of these two channels.” In

the presence of plasmons, the modified lifetime (t,) and quantum yield (Q,) are given below:
T, = 1/(KeptZknp) (1-4)
Qp = kep/(keptZkap) (1-5)

Where kg, i1s the modified radiative rate, k,, is the modified non-radiative rate. If the
increasing speed of the radiative decay rate is higher than that of the non-radiative decay rate,
the modified quantum yield will increase. The modification of quantum yield is highly
dependent on the intrinsic quantum yield of the light-emitters. In principle, for light-emitters
with intrinsic quantum yield close or equal to 100%, the enhancement of the fluorescent
intensity can only be achieved by enhancing the excitation rate.”® Plasmon-enhanced
fluorescence is much more effective for low quantum yields. So far the greatest enhancement,
1,300 times brighter, is accomplished when a single dye with a quantum yield of 0.07% is put
in an Au bowtie nanoantenna.'® Besides this, the enhancement of the radiative process reduces
the chance of activating photochemical reactions, which are adverse to fluorophores, and

hence decreases the photobleaching.

Combining both excitation enhancement and the modification of quantum yield, the ratio
between the fluorescence intensity in the presence (I,) and absence (Ip) of plasmons can be

given by:**
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(1-6)

The ratio depends on many parameters including the composition, geometry and size of the
metals, the spectral overlap between the plasmons and the emission and/or absorption of the
light-emitter, the spacing between the two components and the wavelength of the exciting

light.

For a light-emitter placed close to the plasmons, the light-emitter excitation rate will be
enhanced when the wavelength of the plasmon resonance is close to the excitation wavelength
of the light-emitter. The emission will be enhanced when the wavelength of the plasmon
resonance is close to the emission wavelength of the light-emitter.®® However, the emission
peak wavelength is different from the absorption peak wavelength for most light-emitters
because of the Stokes shift, so the maximum fluorescence intensity enhancement can be
generated when the peak of plasmons is located between the emission and absorption peaks.
Besides, plasmon-enhanced fluorescence can display a polarization dependence on the
averaged electric field intensity; this is because the electronic field intensity is determined by
the relative direction (to the metal) of the exciting light when the structure of the noble metal

is anisotropic (such as Au nanorods).®®

Another very important factor to be considered is the spacing between the two components.
In order to obtain the maximum enhancement of the excitation rate, the light-emitter should
be as close as possible to the surface of the metal. However, a severe quenching phenomenon
is observed when the light-emitters are close enough or ‘touch’ the metals; in this case, a
strong coupling between excitons and surface plasmons can occur. The effect of the distance
between the metal and the light-emitter was investigated by Novotny et al. utilizing the
experimental setup shown in Figure 1.9 (c).” Organic dyes are first spin coated on a cleaned
glass slide at a very low concentration so as to leave a monolayer of separated dye molecules.
The measurements at a single molecule level can be associated to a very low fluorophore
concentration. The distance between the metal and the light-emitter is controlled by attaching
an Au nanosphere to the end of a pointed optical fiber. When the Au nanosphere gets close to
the dye molecule, the fluorescence intensity continuously increases and reaches a maximum at
a distance of z = 5 nm. During this process, the excitation rate is enhanced. At the same time,

the overall quantum yield also increases because of the faster increasing speed of the radiative
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decay rate as compared to that of the non-radiative decay. However, the non-radiative decay
rate will increase rapidly if the distance z becomes even smaller, moment at which
fluorescence quenching occurs. A variety of dielectric spacer layers including silica,

polyelectrolytes or bio-molecules have been widely used to avoid quenching.'®"
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Figure 1.9. (a) Fluorescence rate as a function of particle-surface distance z between an Au nanoparticle and a
fluorescent molecule (red curve: theory, dots: experiment). (b) Fluorescence rate image of a single molecule
when z = 2nm. (¢) Schematic representation of the experimental setup; inset clearly shows that a gold particle
is attached to the end of a pointed optical fiber. Reprinted from Ref [69].

1.3.1.2 New phenomena arising from the coupling between excitons and plasmons

Besides the enhancement in fluorescence intensity, many interesting characteristics derived
from the interaction between excitons and plasmons have been observed. However, these new
phenomena should not be considered isolated from the enhancement in fluorescence intensity

because they may be simply different sides of the same underlying physical process.

Most of the fluorescence analyses are based on the fluorescence intensity. However, the
intensity is sensible to the external environments and makes the detection of the intensity

change not precise. On the other side, a spectral modification, such as a wavelength shift, can
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be detected easily. A hybrid nanostructure is fabricated by connecting Au nanospheres and
CdTe nanowires via molecular linkers (Figure 1.10a).”" The excitons in the CdTe nanowires
drift and diffuse because of the non-uniform diameter of the CdTe nanowire. In the presence
of Au nanospheres, the exciton lifetime decreases and not all excitons have enough time to
decay to the minimum potential, leading to a red emission shift. Attaching target proteins to
molecular linkers can alter the distance between Au and CdTe, and thereby result in a shift of
the emission wavelength (Figure 1.10b and c). This technology can resolve difficulties in the

quantification of fluorescence intensity under different optical conditions.
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Figure 1.10. (a) Schematic representation of a hybrid of Au nanospheres and CdTe nanowires; the increase of
the radiative decay rate leads to a blue shift of emission wavelength. (b) The separation between Au and CdTe
can be changed when target proteins are combined with molecular linkers. (c) Reversible shift of the emission
wavelength. (d) Experimental scattering spectra and (e) experimental fluorescence spectra of single dimer with
Cy3 molecules being placed in the gaps (as shown by the inset in e); the spectra with identical colors are

measured from the same dimer. Reprinted from Ref [71, 72].

The spectral shape can also be modified by the interaction between excitons and plasmons.
One example is the observation of reshaped spectral outline from dye molecules when they
are placed in the gaps of Au nanoparticle dimers (Figure 1.10 d and e).”? Decreasing the
distance between the two nanoparticles leads to a redshift in the longitudinal mode resonance;
this is due to the increasingly strong coupling between their plasmons. The dye molecules in
the gaps of Au dimers are forced to emit preferentially at the dimers’ resonance frequency.
Usually, both the ground and excited states of light emitters carry multiple vibrational energy

levels other than one excited electronic state. The decay rates of the excitons from different
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pairs of the vibrational energy levels are different; thereby the excited molecules will decay
preferentially to the transitions, which have a decay rate that matches the frequency of the

dimers’ plasmons, thus displaying a reshape in emission spectra.

As mentioned above, photons can be emitted from light-emitters into free space or by
transferring the energy of the excitons to the metal. In most studies, the independent sources
of these radiations are difficult to distinguish. Lukin et al. managed to observe the photon
emitting at the end of Ag nanowire by locating a quantum dot in the proximity of an Ag
nanowire (Figure 1.11).” Due to the thin Ag nanowires’ tight field confinement and the low
velocity of plasmons, the Ag nanowire can directly capture most of the emission from the
QDs into the guided surface plasmons, and release these energies to photons at the tip of the
Ag nanowire. This will make the tips of the Ag nanowire to light up. When the QD in the red
circle in Figure 1.11 b is uniquely excited by a laser, the other two bright spots are exactly
located at the tips of the coupled Ag nanowire (Channel IIT). The energy of the excitons can

also be transferred to a metal film and emit plasmon-coupled photons.”

Figure 1.11. (a) The QD can emit into the free space directly or into the guided surface plasmons of the Ag
nanowire by radiative coupling due to the tight field confinement and low velocity of plasmons. (b) Channel |: Ag
nanowire image. Channel II: optical images of QDs; the red circle marks the location of the coupled QD.
Channel IlIl: Only the QD in the red circle is excited by a laser; the bright spot in the red circle corresponds to
the free emission of QD; while the other two bright spots arise from the radiative coupling between QD and the

Ag nanowire. Reprinted from Ref [73].

Optical metallic plasmonic nanoantennas attracted great attentions in recent years because
of their ability to control and manipulate optical fields at the nanometer scale. The
nanoantenna is a transducer between free radiation and localized energy; they can highly

enhance local fields and direct single-molecule emission.”” Locating a quantum dot in the near
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field of a nanofabricated Yagi-Uda antenna can strongly polarize and direct the fluorescence
of the quantum dot into a narrow direction, which can be controlled by tuning the size and

structure of the antenna.’®

The optical properties of quantum dots including blinking and carrier multiplication can
also be changed by the adjacent plasmonic metals. When single thick-shell CdSe/CdS
nanocrystals or QD/SiO, nanoparticles are deposited on an Au film, extremely reduced
blinking is observed.'®”” The suppressed fluctuation of the fluorescence can be explained by
the accelerated radiative decay rate, which makes the radiative decay surpass the Auger non-
radiative decay. Surface plasmons of a rough Au film can also significantly enhance multi-
photon emission of nearby coupled QDs while suppressing the single photon emission at the

same time.”S

1.3.2 Strong coupling between surface plasmons and excitons

In the regime of strong coupling, surface plasmons and excitons are coupled directly; both
the exciton wave functions and surface plasmon modes are modified. A new exciton-photon
coupled state, the polariton is formed. In this polariton state, the energy is shared and
oscillates in the two components. As of today, organic dyes and QDs have been used to obtain
a strong coupling with metal films."*'*” Specifically, selective growth of gold tips onto
semiconductor nanorods and tetrapods was accomplished by Banin et al.***' However, almost
no fluorescence can be detected in such semiconductor/metal heterostructures. Recent studies
on the hybrid CdS/Au nanostructures indicate that ultrafast energy transfer from the
semiconductor to the metal causes fluorescence quenching.®® On the opposite, it has also been
shown that the mixing of electronic states at the interface between semiconductorsian d
metals leads to the significant suppression of both plasmon and exciton emission.*® In situ
studies of nucleation and growth of Au on CdSe/CdS nanorods by Shevchenko et al. indicate
that rapid formation of Au—S sites at the surface of CdSe/CdS nanorods during the synthesis
acts as a trap for the hole (faster than 3 ps), and thereby causes a marked photoluminescence
quenching.84 The strong coupling between excitons and plasmons provides a fundamental
framework for applications that rely on optimizing nanoscale light-matter interactions, such as

optical nonlinear devices.™
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Chapter 2 Synthesis of Quantum Dots and Their

Incorporation in Silica

2.1 Synthesis of QDs

2.1.1 Introduction

Since the breakthrough of the synthesis of high quality colloidal QDs (such as CdS, CdSe
and CdTe) by injecting organometallic precursors into the growth solution at high temperature
was first reported by Murray ef al.,' synthetic methods for the production of QDs have been
greatly developed to improve the physical properties of core-only nanoparticles. The synthesis
of core/shell nanoparticles, which involves the homogeneous growth of a crystalline structure
on top of a core, is one of the most effective strategies to tune the final nanoparticles’
properties.”™ The epitaxial overgrowth with another semiconductor shell can not only serve to
passivate the surface of the core, but can also enlarge the obtained emission spectral range by
a selective choice of the core and shell materials.”® A method named Successive Ion Layer
Adsorption Reaction (SILAR) process was developed to synthesize high quality core/shell
QDs. Nanoparticles’ size dispersion and secondary nucleation can be controlled through this
method.”® Recently, core/thick-shell CdSe/CdS nanocrystals have attracted interest in virtue
of their reduced blinking.”'* In this case, the growth of a thick CdS shell via the SILAR
method would be extremely time-consuming because of the high number of injections with
long time intervals that would be required. A protocol, which relies upon the continuous
injection of shell precursors to the core solution has been developed in our lab to produce

these core/thick shell QDs within a few hours.""

In this section, we show the synthesis of the different QD types used in this thesis.
CdSe/CdS core/shell QDs were synthesized by depositing a shell of CdS with different
thicknesses via successive injection of the precursors on CdSe nanocrystals. CdSe/CdS/ZnS
core/shell/shell QDs were obtained by combining the injection method for the growth of CdS
with the SILAR process for the growth of ZnS.
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2.1.2 Precursors preparation

S-ODE: A sulfur stock solution in 1-octadecene (ODE) was prepared by heating 320 mg of
sulfur in 100 mL of degassed ODE at 120 °C until complete dissolution. The concentration of
S-ODE is 0.1 M.

Se-ODE: A selenium stock solution in ODE (Se-ODE 0.1 M) was prepared by first
suspending 790 mg of selenium in 10 mL of ODE. This mixture was then injected in small
quantities to 90 mL of degassed ODE at 170 °C while rising progressively the temperature
until 205°C. The solution was then kept at 205 °C for 30 min.

Cadmium oleate: 0.5 M Cd(oleate), in oleic acid was synthesized by heating 3.2 g of CdO
m 50 mL of oleic acid at 160 °C under Ar for 1 h until all the CdO was dissolved. Then, this

solution was degassed under vacuum at 70 °C for 30 min.

Cadmium myristate was prepared following a previously published procedure. 1.23 g of
cadmium nitrate tetrahydrate (5.0 mmol) was dissolved in 40 ml of methanol; another solution
was made by dissolving 3.13 mg of sodium myristate (13.1 mmol) in 250 ml of methanol.
After complete dissolution, the cadmium nitrate solution was mixed with the sodium
myristate solution, giving a white precipitate. This precipitate is filtered, washed with

methanol and dried under vacuum for one night.

Zinc oleate: 0.5 M Zn(oleate); in oleic acid was synthesized by heating 2.03 g of ZnO in 50
mL of oleic acid at 280 °C under Ar for 45 min until all the ZnO was dissolved. This solution

was then degassed under vacuum at 80 °C for 30 min.

2.1.3 Synthesis of 6 nm-in-radius-CdSe/CdS core/shell QDs

2.1.3.1 Synthesis of CdSe QDs

CdSe nanocrystals were prepared following a protocol invented by Cao.* 0.3 mmol of
cadmium myristate and 0.15 mmol of selenium powder were dispersed in 16 mL of ODE,
degassed under vacuum at room temperature for 30 min, and heated up to 240 °C under argon
flow for 8 min. 200 puL of oleic acid were added and the solution was cooled down to room

temperature. CdSe nanocrystals (emission Am.x = 564 nm) were obtained as a colloidal

41



suspension in ODE (C = 2.86x10° M, radius = 1.55 nm)"*'* and used directly for the CdS

shell growth as follows.

2.1.3.2 Formation of a CdS shell on CdSe cores

A precursor solution for the growth of the CdS shell was made by mixing 24 mL of 0.1 M
S-ODE in ODE and 5 mL of'a 0.5 M solution of Cd(oleate), in oleic acid. 2 mL of oleylamine
were added to 4 mL of the CdSe nanocrystals solution in ODE (C = 2.86x10~> M) and heated
to 260 °C for 20 min under Ar flow. 4.5 mL of the precursor solution were added dropwise
within 2 h. The temperature was raised up to 310 °C and another 22.5 mL of the precursor
solution was injected at a rate of 15 mL/h. The mixture was cooled down to room temperature
and the nanocrystals dispersed in ODE were precipitated with ethanol. The precipitate was
taken up in 10 mL of hexane and 40 mL of ethanol were added to precipitate the QDs. This
washing process was repeated one more time. The CdSe/CdS QDs were taken up in hexane
and characterized optically and by electronic microscopy (Figure 2.1). Their final radius was

6.0£0.5 nm, corresponding to a CdS shell thickness of 4.5+0.5 nm.
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Figure 2.1. Absorption and photoluminescence spectra (left) and TEM image (right) of 6-nm-in-radius
CdSe/CdS core/shell QDs.
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2.1.4 Synthesis of 15 nm-in-radius-CdSe/CdS core/shell QDs

2.1.4.1 Synthesis of CdSe cores

CdSe cores were synthesized as per a protocol adapted by Mahler from Yang et al. with
slight modifications.'*"> A dispersion of selenium powder (12 mg) in ODE (8 mL) was added
in a three-necked flask to cadmium myristate (174 mg) and additional ODE (8 mL) was
further introduced. The mixture was degassed for 30 min under vacuum and then the flask
was filled with argon and heated up to 240 °C. After 25 min, 570-nm-emitting cores were
obtained. Oleic acid (200 pL) was injected at this temperature and the solution was heated up
to 260 °C. At this temperature, oleylamine (2 mL) was injected and the reaction was further
stirred for 20 min. The temperature was raised to 280 °C and 4 mL of a mixture of Se-ODE
(0.1 M, 5 mL) and cadmium oleate (0.5 M, 1 mL) were injected dropwise (36 mL/h), while
progressively rising the temperature until 305 °C. After the addition of the precursors, the
solution was rapidly cooled down to room temperature. The 630-nm-emitting CdSe QDs (2.9

nm in radius) were washed with ethanol and then taken up in hexane (10 mL).

2.1.4.2 Formation of a CdS shell on CdSe cores

In a three-necked flask, a mixture of freshly-made CdSe cores (40 nmol), ODE (5 mL) and
cadmium myristate (10 mg) was degassed for 30 min at 70 °C under vacuum. The flask was
then filled with argon and heated up to 260 °C. At this temperature, oleylamine (2 mL) was
injected and the reaction was further stirred for 20 min. 4.5 mL of a mixture of S-ODE (0.1 M,
16.5 mL) and cadmium oleate (0.5 M, 3.5 mL) were added dropwise (2.25 mL/h). After
injection, the temperature was raised to 310 °C. At this temperature, the remaining 15.5 mL of
the precursor solution were added dropwise (7 mL/h). After injection, 22 mL of the reaction
medium were withdrawn, and another 20 mL of a mixture of S-ODE (0.1 M, 16.5 mL) and
cadmium oleate (0.5 M, 3.5 mL) were added dropwise (7 mL/h) to the QDs remaining in the
flask. The solution was then cooled down to room temperature. The core/shell CdSe/CdS QDs
were finally washed with ethanol and redispersed in hexane (QDs concentration: 1.42 uM).
The CdSe/CdS QDs were characterized optically and by electronic microscopy (Figure 2.2).

Their final radius was ~ 15 nm, corresponding to a CdS shell thickness of 12.1 nm.
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Figure 2.2. Photoluminescence (PL) and PL Excitation (PLE) spectra (Left) and TEM image (Right) of
CdSe/CdS 15 nm-in-radius-QDs.

2.1.5 Synthesis of CdSe/CdS/ZnS

2.1.5.1 Synthesis of CdSe/CdS

The synthesis of the cores was carried out in a 100 ml three-necked round-bottomed flask
under argon atmosphere. 170 mg of Cd(myristate), (0.3 mmol) were introduced in the flask
and then 7.5 mL of ODE were added. The mixture was stirred and degased under vacuum at
room temperature for 30 min. The reaction was then put under Ar and heated up to 240°C,
followed by the injection of 12 mg of Se dispersed in 1 mL of ODE. The reaction was heated
for 5 min. Then, 100 pL of oleic acid were added, followed by the addition of 10 mL of ODE
and 10 mL of oleylamine. Thereafter, a Cd(OA),/S-ODE mixture was injected at 9 mL/h. The
reaction was monitored to stop the injection once 610 nm of emission was achieved. The
reaction was left to cool down to room temperature. The CdSe/CdS QDs were washed with

ethanol and then dispersed into 10 mL of ODE for the next step.

CdSe/CdS QDs with emission peaks at 550 and 650 nm were synthesized by tuning the size
of CdSe. The deposition of CdS was performed as the synthesis of QD-610 nm; the reaction

was monitored to stop the injection once 550 or 650 nm of emission was achieved.
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2.1.5.2 ZnS shell growth

The shell growth of two and a half monolayers of ZnS was done by SILAR.® The amount
of Zn(oleate), 0.1M in ODE and S-ODE 0.1M required for each monolayer were calculated
from the concentration and size of the CdSe cores previously estimated. 600 nmol of
CdSe/CdS QDs were introduced in a 100 ml three-necked flask and diluted with ODE to a
total volume of 20 mL, followed by the addition of 10 mL of oleylamine. The solution was
degased under vacuum at room temperature for 30 min. The reaction was then put under
Argon. The amounts of 0.1 M Zn(oleate), in ODE and of 0.1 M S-ODE required for the
formation of the first ZnS monolayer were introduced with syringes. The reaction was heated
at 230°C for 20 min. The amount of 0.1 M Zn(oleate), necessary for the formation of the next
layer was injected over 30 seconds. After 10 min at 230°C, the amount of 0.1 M S-ODE
required for the formation of the next layer was injected over 30 seconds and the reaction was
left 10 min at 230°C. Finally, the amount of 0.1 M Zn(oleate), necessary for the formation of
the last layer was injected over 30 seconds and the reaction was left 10 min at 230°C. The
reaction was finally cooled down to room temperature. The CdSe/CdS/ZnS core/shell/shell
QDs were washed with ethanol and then dispersed into 10 mL of hexane. Figure 2.3 shows
the TEM images and emission spectra of the obtained monodispersed CdSe/CdS/ZnS QDs.
The average sizes of QDs with emission colors at 550, 610 and 650 nm are 15, 12 and 15 nm

respectively.

550 610 650

[
/

500 600 700
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Figure 2.3. TEM images of CdSe/CdS/ZnS QDs with emissions at a) 550 nm; b) 610 nm; c) 650 nm; d)
corresponding photoluminescence spectra. Scale bars: 50 nm.
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2.2 Synthesis of QD/SiO;

2.2.1 Introduction

Silica coating techniques for nanoparticles (NPs) are attractive since the silica shell can
protect the NPs from the external environment, thus improving their chemical and physical
stability.''® The surface chemistry of SiO, facilitates the functionalization with many groups

19-22

for further use. Besides, it is especially important for in vivo applications since the cross-

linked SiO; shell can decrease toxicity arising from the release of heavy metal ions.”

The coating of hydrophobic QDs by a thin layer of silica was initially achieved through a
ligand exchange with thiol-silanes, followed by the polymerization of the siloxane function.**
Further growth and tuning of the silica shell could then be performed using tetraethyl
orthosilicate (TEOS) as the SiO, precursor (Stober method).” As a representative example,
Nann et al. succeeded in encapsulating CdSe/ZnS QDs in silica shells having a thickness
ranging from 15 to 40 nm.*> Bakalova developed another method: single QD micelles were
first stabilized by hydrophobic silica precursors, followed by an extension of the silica layer to
form a silica shell around the micelle. Up to 92% of obtained QD/S10, consists of one single
QD in the SiO, shell.?® However, these multi-steps approaches require a careful control over

the experimental conditions, such as the pH value, the quantity of silanes or of TEOS.

QDs/SiO; can also be obtained by applying water-in-oil (W/O) reverse micro-emulsion
solution methods. Both hydrophilic and hydrophobic QDs have been successfully
encapsulated in SiO, beads via this method.'®'®#2® The incorporation mechanism of

hydrophobic QDs in SiO; is illustrated in Scheme 2.1 by Meijerink et al.*

First, the original
organic ligands on the hydrophobic QDs surface are replaced by the surfactant or by
hydrolyzed TEOS molecules. The introduction of ammonia will produce more hydrolyzed
TEOS molecules, which will replace all the surfactant molecules around QDs. Water and
ammonia molecules are present between the TEOS-coated QD and the surfactant molecules
layer, where the SiO, growth takes place via further hydrolysis and condensation of TEOS.
Compared to the ligand exchange method, the reverse-emulsion method is less complicated
without ligands exchange and much more reproducible. The obtained QD/SiO, NPs display
highly uniform dispersion and the thickness of SiO, can be tuned easily and precisely by

changing the quantity of TEOS.
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In this section, our synthetic approach towards the obtainment of monodisperse, size-
tunable SiO, nanospheres is presented. These nanoparticles contain unique pre-synthesized
CdSe/CdS QDs (two radius: 6 and 15 nm) exactly at their center and are made by the reverse
emulsion solution method. The SiO; layer thickness was regulated from 12 to 60 nm. Thicker
SiO, layers can be obtained by further growth of SiO, via the Stober method. The QD/SiO,
core/shell nanoparticles will be referred to as ‘R/T; nanoparticles’, where R and T, are the

CdSe/CdS QD radius and the SiO; shell thickness, respectively, expressed in nanometer (nm).

Scheme 2.1: Schematic representation of the incorporation mechanism of hydrophobic QDs (in orange) in
SiO2 spheres by the reverse microemulsion method. Reprinted from [30].
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2.2.2 Selection of surfactant

The reverse emulsion solution is generally formed from polyoxyethylene (5)
nonylphenylether (Igepal CO-520) or poly(ethylene glycol) p-(1,1,3,3-tetramethylbutyl)-
phenyl ether (Triton X-100) as the surfactant.'®** First of all, Igepal CO-520 and Triton X-
100 were used and compared with regard to their effect on the final QD/Si0, size.
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2.2.2.1 Synthesis of QD/SiO, NPs with Igepal CO-520

In a typical synthesis, 350 mg of Igepal CO-520 were dissolved in 6 mL of cyclohexane.
Subsequently, 0.20 nmol of 6 nm-in-radius-QDs (in 100 uL of hexane) were added, followed
by the addition of 200 uL of ammonia solution (29.4 wt % in water) and 20 uL of TEOS under
stirring. The mixture was stirred for 12 hours at room temperature. Then, depending on the
desired SiO; shell thickness, variable amounts of TEOS were added, and the solution was
further stirred for 12 h to bring about the encapsulation process. The QD/SiO, nanoparticles
were precipitated by adding 3 mL of ethanol to the reaction solution. This solution was
centrifuged and the supernatant was removed. The QD/SiO; were washed successively with
20 mL of a butanol/hexane 1/1 mixture (v/v), 20 mL of an isopropanol/hexane 1/1 mixture
(v/v), 20 mL of an ethanol/hexane 1/1 mixture (v/v), and 20 mL of ethanol. QD/SiO; NPs were
dispersed in 10 mL of water, further washed twice with water and finally redispersed in 15

mL of methanol.
2.2.2.2 Synthesis of QD/SiO, NPs with Triton X-100

The procedure is similar to the protocol in the section 2.2.2.1. The quantities of the
reaction materials are as follows: 6 nm-in-radius-QDs, 0.16 nmol (in 75 uL of hexane) or 15
nm-in-radius-QDs, 0.16 nmol (in 120 uL of hexane); Triton X-100, 1.89 g; hexanol, 1.47 g;
cyclohexane, 7.5 mL; water, 0.38 mL; NH,OH (29.4 wt % in water), 60 ulL; TEOS, 60 uL.
Variable amounts of TEOS (from 70 to 640 ul) depending on the desired SiO; shell thickness
were added and the solution was further stirred for 24 h at room temperature to achieve the

encapsulation process.

2.2.2.3 The effect of the surfactant on the QD/SiO, NPs size

As shown in Figure 2.4 a, 6/12 QD/SiO, NPs were successfully synthesized through a one-
step TEOS addition (20 pL) when Igepal CO-520 was used as the surfactant; more than 95%
of SiO, beads contain only one QD at the center. The SiO; thickness can be increased to 19
nm by the second addition of 30 uL of TEOS (Figure 2.4 b). However, the SiO; thickness did
not increase when more TEOS was introduced to the growth solution. The emulsion system
with Igepal CO-520 is sensitive to the alcohol content; the high concentration of TEOS will

produce much ethanol, which can increase the polydispersity of QD/SiO, NPs or even destroy
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the micelle system.” Osseao-Asare et al. demonstrated that monodispersed SiO, nanospheres
with radii in the range of 20 to 35 nm were synthesized within reverse Igepal CO-520
micelles by tuning the ratio between the quantities of water and surfactant.’® In the case of
QD/Si0; synthesis, however, it appears complicated to adjust the QDs quantity to the ratio

between water and Igepal CO-520 so as to make SiO, beads containing a unique QD.

Figure 2.5. TEM images of 6/T1 QD/SiO2 NPs synthesized in a Triton X-100 emulsion solution with various
SiO; thicknesses obtained through the addition of the corresponding amount of TEOS: a) 21.5 nm (60 pL); b)
29 nm (130 pL); c) 42 nm (310 pL); d) 60 nm (700 pL).
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When Triton X-100 was used as the surfactant, the introduction of 1-hexanol helped Triton
X-100 dissolving in cyclohexane and also acted as a co-surfactant, which can improve the
uniformity of the emulsion system. This micro-emulsion was less sensitive to the alcohol
produced by the TEOS hydrolysis.” The first addition of TEOS (60 L) made the SiO, layer
grow to 21.5 nm (Figure 2.5 a) (diameter of the resulting QD/SiO, NPs: 55 nm). Different
amounts of TEOS were added (from 70 to 640 pL) to obtain thicker SiO, layers (from 31.5 to
60 nm), as shown in Figure 2.5. 95% of obtained QD/Si0; beads contained only one dot at the
center. Note that the maximal SiO, thickness accessible via this protocol is 60 nm, as shown
in Figure 2.5d, most probably due to the size of the surfactant micelles. When 15-nm-in-
radius-QDs were added to the emulsion solution, as shown in Figure 2.6, these huge QDs
were also successfully coated with SiO, shells. Less than 5% of individual QD/SiO; contained
two or three QDs at the center. The thickness of SiO, was tuned from 12 to 50 nm by adding
different quantities of TEOS.

Figure 2.6. TEM images of 15/T1 QD/SiO2 NPs synthesized in a Triton X-100 emulsion solution with various
SiO; thicknesses obtained through the addition of the corresponding amount of TEOS: a) 12 nm (60 pL); b)
27.5 nm (240 pL); c) 35 nm (460 pL); d) 47 nm (940 pL). Scale bars: 200 nm
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2.2.3 Effect of the QDs amount

In last section, more than 95% of individual QD/SiO; contained only single QDs at the
center can be obtained. These QD/SiO, NPs will be covered with a continuous gold nanoshell,
which enables us to study the coupling of plasmons and fluorescence at single particle level.
In order to clarify the effect of the QDs amount on the QDs number incorporated in SiO;
beads, different quantities of 15-nm-in-radius-QDs were added to the reverse emulsion
solution of the protocol in the section 2.2.2.2. When the amount of QDs was increased from
0.16 nmol to 0.26 nmol, the corresponding amount of TEOS was also increased in the same
ratio. TEM images of the obtained QD/SiO, NPs are presented in Figure 2.7. The proportion
of QD/S10; beads containing multiple QDs at their center did not increase significantly within

the investigated QD quantity range. These results combined with the incorporation of QDs of

different sizes indicate that QDs act as heterogeneous nucleation points for SiO, deposition,
730

which is consistent with the mechanism elucidated by Meijerink et a

“0
S

Figure 2.7. TEM images of 15-nm-in-radius-QD/SiO, when QDs of different amounts were added: a) 0.16
nmol; b) 0.21 nmol; ¢) 0.26 nmol.

However, when 1.2 nmol of 6-nm-in-radius-QDs were introduced (10 times higher than
that used in the section 2.2.2.2), the proportion of QD/SiO, NPs which contained multiple
QDs increased and the morphology of QD/Si0, became irregular (Figure 2.8a). When the
QD amount continuously increased to 2.4 nmol (20 times higher than that used in the section
2.2.2.2), the high QD concentration made the micelle system unstable, resulting in serious
aggregation of QD/SiO, (Figure 2.8b). This indicates that SiO, nanospheres that have
multiple QDs encapsulated at their center cannot be achieved by simply increasing the QDs

amount in this reverse emulsion system.
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Figure 2.8. TEM images of 6-nm-in-radius-QD/SiO, when QDs of different amounts were added: a) 1.2 nmol;
b) 2.4 nmol.

2.2.4 Growth of thicker SiO, layer via Stober method

As explained in the previous paragraph, there was a limit in the achievable SiO; size when
using the reverse emulsion method. The conventional Stéber method could then be used to
obtain larger silica nanoparticles, starting from the QD/SiO, beads synthesized via reverse
micro-emulsion.’” Two sizes of QD/Si0, NPs were chosen to act as seeds: 25 and 62 nm in

radius.

2.2.4.1 Regrowth of silica on QD/SiO, NPs (radius-62 nm)

6 nm-in-radius-QD/SiO; NPs (radius: 62 nm, 1.0 mL from the previously-described 15-mL
methanol dispersion) were centrifuged and redispersed in 8.0 mL of water. This solution was
then slowly added to a mixture of 40.0 mL of ethanol and 600 uL of ammonia solution (29.4
wt % in water). When this solution became homogeneous, 44, 49 and 54 uL of TEOS in
ethanol (v/v = 1/9) were added every 4 hours. The reaction solution was kept stirring

overnight in a closed system.

2.2.4.2 Regrowth of silica on QD/SiO, NPs (radius-25 nm)

The procedure is similar to the protocol in the section 2.2.4.1; the quantities of the reaction

materials are as follows: 6 nm-in-radius-QD/SiO; NPs (radius: 25 nm) from the previously-
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described 15-mL methanol dispersion, 300 uL,; water, 2.47 mL, ethanol, 12.8 mL; ammonia
solution (29.4 wt % in water), 185 mL; and 15 uL of TEOS in ethanol (v/v = 1/9) were added.
Another 15 uL of TEOS in ethanol (v/v = 1/9) were added after 4 hours. The reaction solution

was kept stirring overnight in a closed system.

2.2.4.3 The effect of the QD/SiO, starting size on the silica regrowth

As an example, 6/60 QD/SiO, NPs were grown to 6/65 NPs (Figure 2.9); although a slight
NPs aggregation could be observed. It should be noted that this effect is all the more
important as the size of starting QD/SiO, NPs decreases: when 6/19 NPs were regrown, the
thickness of the SiO, layer effectively became bigger after the addition of TEOS, but severe
aggregation and no separated QD/SiO; beads occurred (Figure 2.10). The distance between
two adjacent QD cores in each aggregate being approximately 50 nm (which equals the
diameter of QD/Si0, NPs before regrowth) indicates that the beads were already aggregated
before TEOS addition. This could be explained by surfactant molecules coming from the
emulsion process and remaining onto the silica surface of the NPs. Compared to small
QD/Si10, NPs, big QD/Si0, beads are easier to separate via sonication. The separation of
QD/Si10, NPs favors the removal of the surfactant, and thereby decreases the aggregation of
QD/Si10; NPs before the regrowth of SiO,.

Figure 2.9. TEM images of 6/60 QD/SiO, NPs regrown via the Stdber method.
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Figure 2.10. TEM images of 6/19 QD/SiO2 NPs regrown the via Stéber method.

2.2.5 Conclusions

A variety of core/shell QDs including CdSe/CdS and CdSe/CdS/ZnS have been synthesized.
These monodispersed QDs have different sizes (resulting from the core size and the shell
thickness) and emission colors. They serve as core materials for the various encapsulation

strategies described in this thesis.

Two types of CdSe/CdS QDs (radius: 6 and 15 nm) have been successfully encapsulated in
Si0, beads through a reverse micro-emulsion method. Under optimized conditions, 95% of
QD/Si0, beads contain unique QD at their center, a fact that facilitates coupling
investigations at single QD level. As we will show in the following chapter, these QD/Si0O,
NPs can be covered by a continuous gold nanoshell to realize the coupling between QD
emission and plasmon resonance in gold nanoshells. The thickness of the SiO, layer — one
important parameter to maximize the plasmon coupling — can be precisely adjusted by tuning

the quantity of the SiO, precursor TEOS.
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Chapter 3 Generalized Synthesis of QD/SiO,/Au
Core/shell/shell Nanoparticles

3.1 Introduction

Most of the studies on the coupling between QDs excitons and metallic plasmons have used
metallic films, patterned metals or metal nanoparticles as the plasmon sources, while colloidal
discrete single QD/metal hybrids would be extremely attractive for both fundamental research
and practical applications.'” We particularly focused on the synthesis of QD/metal core/shell
colloidal heterostructures. The plasmonic gold layer could indeed increase the excitation rate
and decrease the fluorescence lifetimes of the QD, conferring new optical properties to the
fluorescent nanocrystal.®” On another hand, the gold layer could act as a shield (due to the
inertness of this material) to prevent the effect of fluorescence quenchers such as oxygen, and
thereby increase the photochemical robustness of the corresponding nanoparticle.® The
plasmon resonance of the metallic nanoshell can be adjusted easily, in a broad range from
visible light to the infrared region, by tuning the ratio between the internal and the external
radii of the gold layer.”'® This rather facile adjustment makes easier the optimization of the

coupling between the QD exciton and gold surface plasmons.

To the best of our knowledge, only two significant studies have led so far to single
QD/metal hybrids. First integrated single core/shell QD/gold nanoparticles were synthesized
by Gao and co-workers, and published in 2009."" A 2-3-nm gold shell could be formed by the
reduction of gold(Ill) ions immobilized by a cationic polymer (poly-L-histidine, PLH)
adsorbed on CdSe/ZnS-based micelle-like structures. Spacing between the QD core and the
gold shell could be adjusted by using an extra layer-by-layer coating of polyelectrolyte
bilayers, before the cationic polymer adsorption (Figure 3.1). This led to QD/Au nanoparticles
displaying both fluorescence and scattering properties, with increased photostability. However,
this process showed some technical limitations. The bilayer coating proved to be extremely
time-consuming and low-yielding, and limited to two rounds. On the other hand, it does not
seem effective to allow access to a wide variety of distances between the fluorophore and the

plasmonic shell, since the polymeric bilayer is no more than 1-nm thick. Tuning of the gold
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shell thickness appears also to be a tough work, due to the single layer adsorption of the gold
ions leading to the gold shell. Eventually, no effective coupling between plasmons of the gold
nanoshell and the fluorescence of QDs was demonstrated. Zhang et al. managed to grow a
gold nanoshell on NaYF4/SiO, NPs by applying PLH as the template, but we were not able to

reproduce these results.
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Figure 3.1. (a) Scheme of Au-shell-encapsulated QDs synthesized by Gao et al. A lipid-PEG-COOH
(purple) was used to make hydrophobic QDs water-soluble. This was followed by the adsorption of a
polymer (PLH, blue) for the immobilization of Au* ions. Au nucleation was formed on the PLH template by
introducing the reducing agent, leading to the formation of a thin gold shell. (b) Molecular structures of
lipid-PEG-COOH and PLH. (c) TEM and HRTEM images of the synthesized QD/Au core/shell NPs.
Reprinted from Ref [11].

More recently, Dasgupta et al. presented a method to cover Si QDs with gold nanoshells.'
The Si QDs were synthesized by etching of the silica layer of Si/SiO; core/shell NPs,
resulting in Si QDs surfaces that were rich in Si-H bonds. Exposing these new-made Si QDs
to mild UV light in an aqueous solution caused the dissociation the surface Si-H bonds and
gave rise to dangling bonds, which provided preferential sites for gold NPs nucleation and
growth in a non-epitaxial manner, leading to gold nanoshells. Clear signatures of QD/Au
core/shell nanostructures were identified on the basis of HRTEM observations. The gold
coverage enhanced the photostability of Si QDs. However, both the lifetime and the
fluorescence intensity decreased, because the gold nanoshell was in direct contact with the Si
QD surface and created new non-radiative decay routes. This effect is well-known in the case
of other semiconductor QDs, where this direct contact between gold and QDs can lead to a
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total quenching of the fluorescence.'>'* Additionally, it has been shown that the fluorescence
of QDs dispersed using small mercapto-molecules could be completely quenched by Au’

jons because these quenchers could access the QD surface too easily during the synthesis."!

Besides, the ability of adjusting the plasmon resonance is limited in both the above-
mentioned examples, due to the difficulty to control the dimensions of the gold layer and the
spacing between the QDs and the plasmon source. These limitations prevent the adjustment of
the coupling because the plasmon resonance, the QDs absorption and emission wavelengths

cannot be tuned easily.

In this chapter, we describe a general method for the chemical deposition of a gold shell on
the previously synthesized QD/SiO, NPs to obtain single colloidal QD/Si0,/Au
core/shell/shell heterostructures (their fluorescent and plasmonic properties will be the subject
of the next chapter). In particular, we will show that the gold shell thickness can be finely

controlled. The gold nanoshell growth process itself was inspired by the work of Halas et
11516

QD/SiO2 QD/SiO2PVIS QD/SiOz2/Auseeds Golden QD

Figure 3.2. Scheme of the different steps leading from QD/SiO; to golden QDs (Au-shell-encapsulated QDs);
PVIS: poly(1-vinylimidazole-co-vinyltrimethoxysilane).

The synthetic route is a three-step process (Figure 3.2). First, QD/SiO, NPs are
functionalized with chemical moieties having a strong affinity for gold. Then, tiny gold
nanoparticles (“gold seeds”) are adsorbed onto the NPs, to act as nucleation sites for the
deposition of the gold nanoshell. Finally, these gold seeds are grown and merged by the
reduction of gold(IIl) ions to gold(0). The synthesis results in a continuous polycrystalline
gold shell around QD/SiO, NPs. In this section, unless otherwise specified, we will illustrate
the deposition of gold onto QD/SiO, NPs having a diameter of 100 nm. In the following, the
QD/Si0,/Au core/shell/shell nanoparticles (“golden QDs”) will be referred to as ‘R/T/T»
nanoparticles’, where R, T and T, are respectively the CdSe/CdS QD radius, the silica shell
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thickness and the gold shell thickness, expressed in nanometers (nm). 100-nm-in-diameter

QD/Si0; NPs will thus be described as 15/35 NPs.

More specifically in our study, a polymer has been developed to maximize the density of
the gold seeds adsorbed onto the surface of silica. We will show that it helps to improve the
homogeneity of the corresponding gold nanoshell and to get thin gold nanoshells. The rate of
gold(IIT) reduction can also be controlled to give a fine tuning of the gold layer thickness. We
now propose to underline the effects of these various experimental parameters on the final

thickness and texture of the gold nanoshell.

3.2 Functionalization of QD/SiO; NPs

First, we started with the functionalization of QD/SiO, NPs as illustrated below:

QD/SiO2 QD/SiO2/PVIS or APTMS

Figure 3.3. Scheme of the functionalization of QD/SiO, NPs with silanes for the adsorption of the gold seeds;

PVIS: poly(1-vinylimidazole-co-vinyltrimethoxysilane); APTMS: aminopropyltrimethoxysilane.

Aminosilanes, such as (3-aminopropyl)trimethoxysilane (APTMS) and (3-aminopropyl)-
triethoxysilane (APTES) have been widely used to functionalize the surface of SiO, beads
(through covalent siloxane linkage) in order to adsorb gold seeds.'® Under the adsorption
conditions (pH = 4.5), the amine moieties grafted on silica are fully protonated, but they can
still immobilize tris(hydroxymethyl)phosphine-coated gold seeds (see section 3.3.1) via
hydrogen bonds between the amino and the hydroxyl groups. Note that direct complexation of
gold by the amine lone pair of electrons cannot be totally excluded, provided proton
exchanges take place (which is likely to occur between the protonated amino group and the

hydroxymethyl function). The surface coverage amounts up to 25-30%. %"’

However, to improve the homogeneity of the gold layer, and access thin gold shells, a

higher adsorption and coverage of gold seeds is required. Matsui et al. took advantage of
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imidazole strong affinity for gold to fabricate gold nanowires from histidine-rich peptide
nanotubes.'"'®!"" Based on the same rationale, we synthesized a polymer, the poly(1-
vinylimidazole-co-vinyltrimethoxysilane), we called PVIS, to maximize the adsorption of the

gold seeds, and compared its properties to these of APTMS.

PVIS is a polymer resulting from the statistical copolymerization of 1-vinylimidazole (to
adsorb gold seeds) and vinyltrimethoxysilane (to attach onto silica) in a 93/7 ratio (see
reaction and structure in Figure 3.3). Compared to aminosilanes, PVIS can still be covalently

bound to silica beads, but affords a higher density of adsorbing functions.

3.2.1 Synthesis of poly(1-vinylimidazole-co-vinyltrimethoxysilane), PVIS

X
\ N AIBN 93 7
/OCH3 _— s /OCH3

EtOH
(47 HicO  OCH; (J H,CO OCHy

Figure 3.4. Synthesis and structure of poly(1-vinylimidazole-co-vinyltrimethoxysilane): PVIS.

1-vinylimidazole (4.38 g, 46.5 mmol) and vinyltrimethoxysilane (0.519 g, 3.5 mmol) were
dissolved in ethanol (10 mL). The solution was degassed under argon for 30 min and then
heated at 75 °C. A solution of recrystallized AIBN (25 mg, 0.15 mmol) in ethanol (5 mL) was
injected into the reaction medium. After 24 h, the polymer was precipitated into diethyl ether
(500 mL), washed with diethyl ether and finally dried under vacuum. Thermogravimetric
analysis confirmed the respective monomer incorporations into the statistical copolymer were

in agreement with the ratio initially introduced (I-vinylimidazolelvinyltrimethoxysilane:

93/7).%°

After this synthesis, PVIS was covalently grafted (via siloxane bridges) onto the silica
surface of QD/Si0, NPs. In parallel, APTMS, a typical aminosilane used for the adsorption of

gold seeds, was grafted onto QD/SiO, NPs in the same way for later comparison.
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3.2.2 Functionalization of the surface of QD/SiO, NPs with PVIS or
APTMS

OD/SiO, NPs (2 mL from the previous 15-mL methanol dispersion in Chapter 2, estimated
concentration C = 4.0 nM) were dispersed in methanol (10 mL), followed by the addition of
either of or PVIS (5 mg/m’ silica, determined using gold seeds adsorption, see section 3.2.2.3)
or APTMS (1.6 uL, 5 mg/m’ silica).”® Then the mixture was heated up to 65 °C for 1.5 h. The
reacting medium was cooled down to room temperature, and either QD/SiO,/PVIS NPs or
OD/SiOx/APTMS NPs were washed 4 times with methanol. The respective NPs were finally
redispersed in methanol (2 mL).

Once the functionalization of the silica has been achieved, tiny gold seeds were adsorbed

onto the surface of QD/SiO,/silane NPs.

3.3 Gold seeds adsorption

The adsorption of the gold seeds consists in two steps: first, the preparation of the small

gold colloids; second, the adsorption itself on functionalized QD/Si0, NPs (Figure 3.5).

QD/SiO2/PVIS or APTMS QD/SiO2/Auseeds

Figure 3.5. Scheme of the gold seeds adsorption onto QD/SiO-/silane NPs.

3.3.1 Preparation of the gold seeds solution

The gold colloids we will later use as seeds (1-3 nm in diameter) were prepared according
to Duff ez al.,*' by the reduction of gold(IIT) ions using THPC in an alkaline solution. The
reducing agent THPC is a hydroxymethyl-substituted phosphonium. The mechanism of the
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gold(III) reduction by THPC is still unclear but some reactions that are likely to occur can be

deduced from the known THPC chemistry as followed (equations 4-1 and 4-2):*'
P(CH,OH),  + OH — P(CH,OH); + CH,0 + H,0 (4-1)
3 P(CH,OH); +2 AuCly + 6 HO® — 3 O=P(CH,OH); +2 Au+8Cl +3 H,0  (4-2)

The most active reducing agent, namely the phosphine P(CH,OH)s, is generated by the
alkaline elimination of one hydroxymethyl moiety. But the reduction of gold (III) is probably
assisted by the other reducing agent formed according to equation 4-1, formaldehyde CH,O.
Indeed, this mild reducing species is known to reduce gold(IIl) in the presence of gold(0).%
Consequently, the phosphine P(CH,OH); is not totally consumed by the reduction reaction
and the remaining molecules can adsorb onto the gold seeds formed: they act as ligands via
the complexation of gold by the phosphine free electron pair, making the seeds well dispersed
in water. Nevertheless, in alkaline conditions, this phosphine derived from THPC has also a
reducing ability that can cause water reduction into hydrogen according to the following

chemical equation (4-3):
P(CH,OH); + H,O — O=P(CH,OH); + H, (4-3)

Consequently, the THPC-alkali solution will deactivate over time and must be used directly

after the preparation.

Typically, under rapid stirring, NaOH (0.2 M in water, 450 ul) and THPC (68 mM in
water, 300 uL; stock solution prepared by diluting 120 uL of a 80 wt.% THPC aqueous
solution into 10 mL of water) were successively added to water (13.65 mL), and the mixture
was stirred for 5 min. HAuCly (25 mM in water, 600 uL) was added dropwise and the solution
was stirred for 15 min. The gold seeds solution obtained was aged at 4 °C for at least 2 weeks

before use. When stored at 4 °C, this gold seeds suspension could be used within 3 months.

Gold colloids quality can be monitored by UV-Vis spectroscopy (Figure 3.6): the
appearance of a plasmonic peak at ~ 530 nm indicates that the seeds have ripened (a
plasmonic resonance appears for gold NPs having a diameter at least ~ 4 nm)** and are not

suitable anymore for the growth of a gold shell."
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Figure 3.6. Absorption spectra of gold seeds solutions aged for 2 weeks (black line) or 1 year (red line).

Unless otherwise specified, only gold seeds with aging time between 2 weeks and 3 months
were used in the different adsorption experiments presented below. Note that no difference in

the behavior of these gold seeds could be observed within this aging time range.

3.3.2 Adsorption of the gold seeds onto QD/SiO, NPs

Either OD/SiO,/PVIS or QD/SiO/APTMS NPs (100 uL from the previous 2-mL methanol
dispersion, estimated concentration C = 4 nM) were dispersed in the gold colloids (3 mL) and
stirred for 1 h at room temperature. All of the free gold seeds remaining in solution were
removed by 2-3 washings with water. QD/SiOj/Auseeqs NPs were finally redispersed in water
(1 mL) and used directly after preparation to grow the gold nanoshell.
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3.3.3 Determination of the optimal amount of PVIS for the functionalization

of QD/SiO; NPs

We first examined the quantity of PVIS required to saturate the surface of QD/SiO, NPs
(Figure 3.7), following the corresponding adsorption of aged gold seeds. We proceeded using
increasing amounts of polymer relative to QD/Si0, NPs during the functionalization step, and
monitored the volume of gold adsorbed after the seeds adsorption using UV-Vis spectroscopy.
Indeed, Mie theory indicates that the volume of gold can be estimated from its UV absorption
at 350 nm, once the QDs absorption has been deconvoluted.* Indeed, for nanoparticles whose
size is smaller than the light wavelength (here, gold seeds), on the basis of Mie scattering
theory, the absorption value is only determined by the volume of the nanoparticles. However,
in the case of plasmonic nanoparticles, the absorption value used for the volume calculation
should be away from the plasmon absorption. Thereby, we pick the absorption value at 350

nm to assess the quantity of adsorbed gold seeds.
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Figure 3.7. Extinction spectra of QD/SiO2/PVIS/Auseeds NPs for increasing surface concentrations of PVIS

(from 0.5 mg to 50 mg per silica surface unit, same concentrations of NPs in each case).

In each case, the QD/SiO, NPs concentration was the same. Thereby, we can compare the
relative quantities of adsorbed gold seeds using directly the absorption value of
QD/Si0,/Augeeds at 350 nm. Beyond 5 mg of polymer per square meter of silica surface, no
significant increase in the absorption of the NPs at 350 nm was observed, indicating that the

volume of gold seeds adsorbed per NP has reached a maximum. In other words, the silica is
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fully functionalized for such a surface concentration of PVIS. Consequently we used this

surface concentration of PVIS for all next adsorption experiments.

3.3.4 Effect of the functionalizing agent on the amount of adsorbed gold
seeds

Either PVIS or APTMS were grafted on QD/SiO, NPs under the same conditions (see
section 3.2.2), and the respective functionalized NPs were incubated with an aged gold seeds
dispersion. After careful washings, corresponding typical TEM images (Figure 3.8a and b)
illustrate that the density of adsorbed gold seeds is much higher in the case of PVIS-
functionalized QD/Si0; beads than in the case of APTMS functionalization.

More quantitatively, the absorption spectra shown in Figure 3.8c allow distinguishing
between the absorption due to QDs (non-functionalized NPs, dashed lines) and the absorption
due to gold seeds (supplementary absorption represented by solid lines compared to
respective dashed lines). The concentrations in NPs being identical in each case, we can thus
estimate the respective gold amounts per NP: PVIS leads to an unprecedented seed coverage
that is 3.2 times higher than in the case of APTMS functionalization. As the average seeds
coverage is ~ 25% in the case of aminosilane-type functionalizing agents,”'® we can thus

estimate the seeds coverage to be ~ 80% with PVIS.

Cc

—— QDISIO/APTMS/Au seeds
—— QD/SiO,/PVIS/Au seeds
1.01 --=- QDISIO/APTMS

-+~ QDISIO/PVIS
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Figure 3.8. Typical TEM images of 15/35 QD/SiO2/Auscess NPs with a) APTMS or b) PVIS as the
functionalizing agent; c) Corresponding extinction spectra before (dashed lines) and after (solid lines)

adsorption of aged old seeds at the same NPs concentration. Scale bars: 20 nm.
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Thanks to a higher density of adsorbing functions (here, imidazole moieties), it is thus
possible to enhance the number of seeds adsorbed per NP. This major result has a great
importance concerning the growth and the thickness of the gold nanoshell. But the effect of
gold seed coverage on the formation of the nanoshell will be discussed in a later section (see

section 3.4.4.1), once the other parameters of the growth process have been optimized.

Using PVIS, we assume that the main interaction which drives the gold seeds adsorption is
the complexation of gold by the imidazole moieties, thanks to the m-electron system of their
aromatic ring. Indeed, at the adsorption pH (~ 4.5), the imidazole group (pK, ~ 5) is only
partially protonated and thereby hydrogen bonds, which are not particularly favored, cannot

be considered as the major interactions involved.

To further try and increase the number of gold seeds adsorbed with PVIS, we turned to

adsorption experiments performed at a lower pH.

3.3.5 Effect of the pH on the amount of adsorbed gold seeds

3.3.5.1 PVIS-functionalized QD/SiO, NPs

The pH of the seeds solution was lowered from 4.5 to a value of 3.5, at which we can
expect the imidazole groups to be fully protonated. We could thus combine their electrostatic
properties (hydrogen bond with phosphine-coated gold seeds via the interaction between the
protonated imidazole groups and the hydroxyl groups of P(CH,OH);) with the already

existing complexation interaction.

The adsorption solution of pH = 3.5 was prepared by introducing 15 uL of 0.1 M aqueous
HCl into 1.5 mL of 2-week-aged gold seeds solution; then, the adsorption of gold seeds on
OD/SiO; was performed according to the protocol described in section 3.3.2.

QD/Si0,/PVIS/Auseeds NPs resulting from these modified adsorption conditions have been
characterized by TEM and compared to the NPs obtained at pH = 4.5 (Figure 3.9). The
corresponding images show in both cases a dense coverage of gold seeds, which seems to be
slightly enhanced at pH = 3.5 compared to pH = 4.5. However, it is difficult to conclude with
certainty on the influence of pH from the TEM images observation. That is the reason why we

moved to a more quantitative analysis.
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Figure 3.9. Typical TEM images of 15/35 QD/SiO2/PVIS/Auscess NPs obtained using an aged gold seeds
solution at pH ~4.5 (a) and 3.5 (b).

In order to clarify the adsorption behavior of the gold seeds, the adsorption isotherms of
aged gold seeds were measured in solutions at pH = 3.5 or 4.5. These adsorption isotherms
represent the amount of adsorbed seeds as a function of the amount of non-adsorbed seeds. As
already mentioned, they can be constructed using gold absorption at 350 nm, since the seeds
absorption at 350 nm is proportional to the gold volume. Note that to extract the absorption of
the gold seeds from the UV-Vis spectrum, the absorption value at 350 nm of our NPs was
deconvoluted from the QD absorption, and normalized by the concentration of the

QD/S iOz/AuseedS NPS.

Various amounts of QD/SiO/PVIS NPs (from 140 to 15 uL, estimated concentrations: 4
nM) were dispersed in 1.5 mL of aged gold colloids. This solution was stirred for 1 h and
centrifuged. For each sample, the supernatant was separated and the absorption spectrum
was measured. Then the QD/SiOy/Ausecqss NPs were washed with water 3 times and
redispersed in 1.9 mL of water. 200 uL of this QD/SiO/Auseeqs Solution were dispersed in 1.8
mL of water and the absorption spectrum was measured. The absorption value of adsorbed
Au seeds was normalized to the same QD/SiO,/PVIS NPs concentration as when 100 uL of
OD/SiO,/PVIS NPs were used.

The resulting adsorption isotherms at pH = 4.5 and 3.5 are presented below (Figure 3.10).
They show in both cases that the average number of adsorbed seeds keeps relatively stable
(taking into account measurements uncertainties) as the ratio between the volume of
QD/Si0,/PVIS NPs and the volume of the gold seeds solution changes. So, even for the

lowest amount of seeds introduced, the adsorption has already reached a saturation plateau,
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indicating that there is a monolayer adsorption in both cases. But the absorption value at 350
nm corresponding to this plateau is 1.3 times higher at pH = 3.5 than at pH = 4.5.
Consequently, these results demonstrate that the seeds coverage at pH = 3.5 is slightly denser

than at pH =4.5.
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Figure 3.10. Adsorption isotherm of aged gold seeds on 6/44 QD/SiO2/PVIS NPs at pH =3.5 (red dots) and
pH = 4.5 (black squares). The absorption of adsorbed gold seeds was calculated as follows: the absorption
value at 350 nm of QD/SiO2 NPs was subtracted from the absorption value of QD/SiO2/Auseeds NPs at 350 nm.
The inset volumes indicate the quantities of QD/SiO2/PVIS NPs used.

These conclusions are in agreement with the assumptions we made concerning the behavior
of PVIS. Nevertheless, the quite weak difference between the adsorptions at pH = 3.5 or 4.5
indicates the complexation by the imidazole group predominates over the electrostatic

interactions.

To further confirm our rationale and for comparison, we also carried out the adsorption of

seeds at pH = 3.5 on APTMS-functionalized QD/SiO, NPs.

3.3.5.2 APTMS-functionalized QD/SiO, NPs

The protocol used for the adsorption of seeds at pH = 3.5 using APTMS-functionalized
NPs was identical to the one described in previous section 3.3.5.1. In that case, as the amine

function (pK, ~ 10) is already fully protonated at pH = 4.5 and as the adsorption completely
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relies on electrostatic interactions, we do not expect any dramatic change in the gold seeds

adsorption.

The TEM image of the resulting QD/Si0,/APTMS/Auseeqs NPs are presented below (Figure
3.11), and compared to the results obtained at pH = 4.5. As expected, when APTMS was used
as the functionalizing agent, no significant change in the gold seeds adsorption could be

observed as the pH decreased.

50 nm

50

Figure 3.11. Typical TEM image of 15/35 QD/SiO/APTMS/Auscess NPs obtained using a 2-week-aged gold
seeds solution at pH = ~4.5 (a) and 3.5 (b).

As explicitly indicated in section 3.3.1, all preceding experiments have been performed
using aged gold seeds. Here we want to show the properties of freshly-made seeds
(immediately used after the preparation) toward adsorption, compared to the aged one and as

a function of a few parameters tested above (functionalizing agent, pH).

3.3.6 Fresh gold seeds adsorption

3.3.6.1 Effect of the functionalizing agent on the amount of adsorbed fresh gold

seeds

Applying the protocol described above (section 3.3.2, pH = 4.5), freshly-made seeds could
also adsorb onto silica. The resulting NPs are illustrated by the TEM images below (Figure
3.12). As for aged gold seeds, the coverage obtained with PVIS-functionalized QD/SiO, NPs
is much higher than with APTMS-functionalized NPs.
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Figure 3.12. Typical TEM images of 6/42 QD/SiO./fresh Auseeds NPs obtained with a) APTMS or b) PVIS as
the functionalizing agent at pH = ~4.5. Scale bars: 20 nm.

The behavior of fresh gold seeds toward the adsorption seems so far quite similar to the
behavior of aged gold seeds. Let us now compare their respective adsorption properties with

the same functionalizing agent, namely PVIS.

3.3.6.2 Effect of the gold seeds aging on the amount of PVIS-adsorbed gold seeds

In order to compare the adsorption behavior of the freshly-made and aged gold seeds, the

adsorption isotherms were measured in the respective colloidal suspensions at pH =4.5.

Various amounts of QD/SiOy/PVIS NPs (from 90 to 15 ulL, estimated concentration C = 4
nM) were dispersed in 1.5 mL of new-made gold colloids. This solution was stirred for 1 h
and centrifuged. Then the adsorption isotherms were obtained in the same method as section

3.3.5.1. The absorption value of adsorbed Au seeds was normalized to the same

QD/SiOy/PVIS NPs concentration as whenl00 uL of QD/SiO,/PVIS NPs were used.

The resulting adsorption isotherms of freshly-made and aged gold seeds at pH = 4.5 are
presented in Figure 3.13. As the ratio between the volume of QD/SiO,/PVIS NPs and the
volume of the gold seeds solution changes, the average number of adsorbed seeds in both
cases keeps relatively stable (taking into account measurements uncertainties), indicating that
there is a monolayer adsorption in both cases. However the coverage of gold seeds obtained

with the freshly-made gold seeds solution is slightly higher. We have seen above (see section
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3.3.1) that the phosphine ligands (P(CH,OH)s;) can be oxidized to phosphine oxides
(O=P(CH,OH)3) in water, which probably takes place during the aging process. This
oxidation would lead to a less strong complexation of gold seeds by O=P(CH,OH);
(coordination by one electron lone pair of the oxide oxygen) instead of the original
complexation between gold and P(CH,OH)s. Consequently, the phosphine oxide ligands are
mostly displaced when the aged gold seeds are complexed by the imidazole groups of PVIS,
whereas part of the phosphine ligands can stay on the freshly-made gold seeds and favor
electrostatic interactions via hydrogen bonds, thus enhancing a little the seeds coverage in this

latter case.
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Figure 3.13. Adsorption isotherm of aged gold seeds (red dots) or fresh gold seeds (black squares) on 6/44
QD/SiO2/PVIS NPs at pH = 4.5. The adsorbed gold seeds absorption was calculated as follows: the
absorption value at 350 nm of QD/SiO, NPs was subtracted from the absorption value of QD/SiO2/Auseeds NPs
at 350 nm. The inset volumes indicate the quantities QD/SiO2/PVIS NPs used.

As a higher H' concentration would promote the protonation of PVIS imidazole groups and
therefore, increase the gold seeds coverage (see the experiment with aged seeds in section
3.3.2), we decided to try and perform the adsorption of freshly-made gold seeds at a lower pH
(~3.5).
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3.3.6.3 Effect of the pH on the amount of PVIS-adsorbed fresh gold seeds

As discussed above, we can expect the imidazole groups to be fully protonated when the
pH of the seeds solution is lowered from 4.5 to 3.5. In order to clarify the adsorption behavior
of the fresh gold seeds, the adsorption isotherms of fresh gold seeds were measured in

solutions at pH = 3.5 or 4.5 as in section 3.3.5.1.

Various amounts of QD/SiO,/PVIS NPs (from 140 to 15 uL, estimated concentrations: 4
nM) were dispersed in 1.5 mL of new-made gold colloids at pH = 4.5 or 3.5. Then the
adsorption isotherms were obtained in the same method as section 3.3.5.1. The absorption

value of adsorbed Au seeds was normalized to the same QD/SiO,/PVIS NPs concentration as

when 100 uL of QD/SiO,/PVIS NPs were used.

The resulting adsorption isotherms at pH = 4.5 and 3.5 are presented in Figure 3.14.
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Figure 3.14. Adsorption isotherms of the freshly-made gold seeds on 6/44 QD/SiO,/PVIS NPs at pH = 4.5
(red dots) or pH = 3.5 (black squares). The adsorbed gold seeds absorption was calculated as follows: the
absorption value at 350 nm of QD/SiO», NPs was subtracted from the absorption value of QD/SiO2/Auseeds NPs
at 350 nm. The inset volumes indicate the quantities QD/SiO»/PVIS NPs used.

Compared to pH = 4.5 (monolayer adsorption at this pH value, as shown in section 3.3.6.2),
the average quantity of adsorbed fresh gold seeds increased rapidly as the volume of

QD/Si0,/PVIS NPs decreased from 140 pL to 15 pL in 1.5 mL of freshly-made gold colloids
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at pH = 3.5 and no saturation plateau was observed. The line shape of the isotherm is the
characteristic of a multilayer adsorption, which is confirmed by the TEM image of the
corresponding QD/S10,/Augeeqs NPs (for a volume of 15 pL. of NPs added at pH = 3.5, Figure
3.14) as shown in Figure 3.15. According to the size of the seeds (2-3 nm in diameter), the

thickness of the seeds shell is ~ 12 nm, corresponding to ~ 5-6 layers of seeds.

Figure 3.15. Typical TEM images of 6/44 QD/SiOa/fresh Auseeds Obtained after adsorption at (a) pH = 4.5 (for a
volume of 15 pL of NPs added, Figure 3.14) and (b) pH = 3.5 (for a volume of 15 pL of NPs, Figure 3.14).

The mechanism of this multilayer adsorption remains unclear to us. But a possible
explanation is proposed below. When the pH of the freshly-made gold seeds solution was
adjusted to 3.5, the complexation interaction (between imidazole groups and gold) and the
hydrogen bond interaction (between hydroxyl groups in P(CH,OH); on gold and protonated
imidazole groups) can together lead to a very dense layer of gold seeds. Thus, another very
dense P(CH,OH);-coated seeds layer can be obtained via hydrogen bonds, this time between

the hydroxyl groups themselves, resulting in a multilayer adsorption of gold seeds.

When the freshly-made gold seeds solution was used at pH = 4.5, the imidazole groups
were poorly protonated and the adsorption of gold seeds was only due to the complexation of
gold by the imidazole groups. In this case, the layer of adsorbed gold seeds may be not dense
enough to have a dense external P(CH,OH); layer, resulting in a monolayer gold seeds
adsorption. Another explanation would involve more directly the pH value (3.5) that could
favor the formation of hydrogen bonds between the hydroxyl functions of the phosphine
ligands.
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In this part, we showed that the polymer we have synthesized, PVIS, enables us to achieve
a much higher gold seeds coverage than APTMS, one of the most used aminosilanes for the
adsorption of gold seeds, regardless of the pH value. The adsorption experiments involving
aged or freshly-made gold seeds, at pH = 4.5 or 3.5, do not make appear important differences,
except at pH = 3.5 for the freshly-made seeds (multilayer adsorption).

However, in the typical conditions of a gold nanoshell growth from QD/SiO,/PVIS/Auseeds
NPs (see next section), the fresh gold seeds proved to be much less prompt to gold deposition
than the aged ones: when aged gold seeds were used, the color of the medium changed from
almost colorless to blue (the color of golden QDs in aqueous solution) only 20 min after the
introduction of CH,O; on the contrary, when the fresh gold seeds were used, it took much
more time to obtain this blue color. Moreover, adsorbed freshly-made seeds lead to an
important side self-nucleation of gold during the gold growth; most probably because they are
more easily displaced than the aged ones from the surface of QD/SiO, NPs (see section
3.3.6.2). A possible explanation can be deduced from Oldenberg hypotheses, based on the
gold seeds preparation chemistry.”* The phosphine ligand obtained as a product in the
chemical equation 4-2 can strongly bind to gold and form a protecting layer on the gold seed
surface, allowing only hydrogen bond between P(CH,OH); and the imidazole groups (no
complexation of gold possible). During aging, oxidation of this phosphine would lead to a less
bound phosphine oxide ligand (more easily displaced) that would not prevent the
complexation of the seeds by the imidazole function. Consequently, aging would afford

strongly adsorbed aged gold seeds that do not detach during the gold growth.

For the reasons indicated above, the freshly-made seeds were not considered as suitable for
the growth of gold nanoshells."> We will therefore discuss the formation of continuous gold
nanoshells and its optimization on QD/SiO;/Aug.eqs NPs obtained using PVIS as the
functionalization agent and an aged gold seeds dispersion at pH = 4.5 (Figure 3.8b). The
effect of the gold seeds coverage (density and number of layers) on the formation of the
nanoshell will be discussed in a later section, once the optimization of the growth process has

been discussed.
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3.4 Growth of the gold nanoshell from QD/SiO,/Augeeqs NPs

Gold nanoshells are generally grown by the reduction of a gold plating solution on gold-
seeded NPs as shown in Figure 3.16. Consequently, the choices of the reducing agent and
method are essential. As examples, formaldehyde is a typical reducing agent used by Halas
and co-workers, due to its mild reducing power;'’*> whereas van Blaaderen et al. employed a
stronger reducing agent, hydroxylamine hydrochloride, to grow gold nanoshells via an

dropwise injection method.*

In this section, unless otherwise specified, we will show the optimization of the gold layer

deposition on QD/S10,/PVIS/aged Augeeqs NPs at pH =4.5.

QD/SiO2/Auseeds Golden QD

Figure 3.16. Scheme showing the formation of a continuous gold nanoshell from a QD/SiO2/Auseeds NP.

3.4.1 Reduction methods tested

We tested three methods, ordered by increasing reducing power: method 1 was based on a
one-shot injection of formaldehyde in a QD/SiO/Augeess NPs dispersion in the gold plating
solution; method 2 consisted in a dropwise co-addition of hydroxylamine and the gold plating
solution to the NPs dispersion, followed by a one-shot injection of formaldehyde; and method
3 proceeded via a dropwise addition of hydroxylamine in the gold plating solution NPs

dispersion.

Preparation of the gold plating solution: the gold plating solution was prepared by adding
HAuCly (25 mM in water, 750 uL) to K;CO; (1.8 mM in water, 50 mL). After 30 min of

stirring (the light yellow solution turned to colorless), the plating solution was stored at 4 °C
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for a minimum of 24 h before use. When stored at 4 °C, this solution was to be used within 1

month after the preparation.

Method 1: fast addition of CH,0. QD/SiO,/PVIS/Ausecas NPs (100 uL from the 1-mL water
dispersion, estimated concentration C = 0.4 nM) were added to gold plating solution (2.5 mL),
then CH>0 (37 wt.% in water, 12.5 uL) was added in one portion under stirring within 15 min.
OD/SiOy/Au nanoshells hybrids were centrifuged, washed with water, and redispersed in
water (2 mL).

Method 2: dropwise co-addition of NH,OH and the gold plating solution, followed by fast
addition of CH,0. QD/SiO,/PVIS/Augecas (800 uL from the 1-mL water dispersion, estimated
concentration C = (.4 nM) were dispersed in water (1.2 mL), then gold plating solution (4 mL)
and NH,OH*HCI (5 mM in water, 480 uL) were added dropwise to the dispersion within 20
min, at the same time but using separate syringes. The mixture was stirred for 5 min and
centrifuged. The NPs were washed with water and redispersed in water (1.6 mL). 100 uL of
this NPs dispersion were added to gold plating solution (2.0 mL), and CH,0 (37 wt.% in
water, 11.25 ul) was added dropwise under stirring within 15 min. The dispersion was
centrifuged, and the QD/SiO./Au nanoshells hybrids were washed with water and redispersed
in water (2 mL).

Method 3: slow addition of NH,OH. QD/SiO./PVIS/Ausecas (100 uL from the 1-mL water
dispersion, estimated concentration C = (.4 nM) were dispersed in gold plating solution (2.5
mlL), and NH;OH*HCI (1.87 mM in water, 1.25 mL) was added dropwise within 45 min. The
mixture was stirred for 10 min and centrifuged. The QD/SiO,/Au nanoshells hybrids were

washed with water and redispersed in water (2 mL).

The NPs obtained after the gold nanoshell growth are QD/SiO,/Au nanoshells hybrids,
which will be called thereafter “golden QDs”.

The aim of these three methods was to grow gold nanoshells that are continuous, as smooth
as possible, and whose thicknesses are identical for all of the NPs. Method 1 should proceed
smoothly, with a slow growth of the seeds, thus favoring a simultaneous growth. In method 2,
the objective is to grow the seeds as rapidly and simultaneously as possible until they merge,
using a strong reducing agent, and finish the growth with a smooth thickening of the shell.

Using method 3, we wanted to verify if the growth of the seeds using a strong reducing agent
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could be better controlled by a dropwise addition. In other words, the global objective of this
set of experiments was to be able to avoid any overgrowth of certain seeds, that is, to make all
the seeds grow at the same rate, so that the resulting gold shell is as thin and smooth as

possible.

3.4.2 Results, interpretations and choice of the reduction method

SEM images of golden QDs synthesized via methods 1, 2 and 3 (Figure 3.17 a, b and ¢
respectively) show that all the gold nanoshells are continuous, but have different

characteristics as far as the roughness and the shell thickness are concerned.

From the SEM analysis, gold nanoshells synthesized via method 1 display a smooth surface
and a narrow size distribution; those obtained via method 2 show a narrow size distribution as
well, but exhibit a rough gold surface; and in the case of method 3, the gold nanoshell growth
leads to a quite wide size range of the corresponding NPs, and their surface state varies from
smooth to rough. As a conclusion, we can say from the SEM observation that hydroxylamine
(the strong reducing agent) leads to the overgrowth of some seeds, resulting in particularly

rough surfaces. So far, method 1 is thus the one that best fits our specifications.

04— r r r v
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Figure 3.17. Influence of the reduction method on the gold nanoshell growth. SEM images of golden
QDs NPs synthesized by a) Method 1: one-shot injection of CH2O; b) Method 2: co-addition of hydroxylamine
and the gold plating solution, followed by one-shot injection of CH,O; ¢) Method 3: dropwise addition of
hydroxylamine; and the corresponding extinction spectra without normalization (d, same NPs concentration for

each method). Scale bars: 100 nm.

More precisely, the absorption spectra corresponding to the NPs obtained via the three
methods allow us to better understand and interpret what occurs during these syntheses.

Indeed, the absorption spectrum of our golden QDs has been modeled by B. Habert during his
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PhD (see the simulation part in the appendix; collaboration with Francois Marquier and Jean-
Jacques Greffet from the Institut d’Optique Graduate School) and the main conclusions
follow. To sum up: i) as already indicated, the extinction at 350 nm (once the absorption of
the QD has been removed) is proportional to the amount of gold on the NP; ii) the full width
at half maximum increases when the size dispersion widen; and iii) NPs that have aggregated

to form dimers absorb at near-infrared wavelengths (~ 1100 nm).

Let us now analyze these three parts of the absorption spectra. As these spectra have been
recorded with the same concentration in NPs, the QDs contribution in the absorption at 350
nm is identical in all cases (Figure 3.17d). We can thus deduce that the NPs resulting from
method 1 incorporated more gold than the NPs obtained via method 2, themselves including
more gold than the ones grown with method 3. Method 1 is therefore the most efficient, since
it allows the best incorporation of gold from the reduction of gold ions. This analysis is
further confirmed by the extent of the side self-nucleation of gold nanoparticles observed
during the growth process: the self-nucleation was more important with method 3 than with

method 2, and more important with method 2 than with method 1.
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Figure 3.18. Extinction spectra of gold nanoshells obtained via the three different methods, being

normalized by a) extinction values at plasmonic peak maximum wavelength and b) extinction values at 350
nm.

The plasmonic peaks are located almost at the same wavelength for the three methods and
the full widths at half maximum of the plasmonic peaks for methods 1, 2 and 3 are
respectively 222, 268 and 271 nm. They can be compared more directly if the extinction

spectra are normalized at the plasmonic peak maximum absorption (Figure 3.18a). This
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indicates that gold nanoshells grown by method 1 are much more monodispersed than the

others. In other words, their thickness distribution is narrower.

Finally, during the deposition of the gold layer, the formation of dimers (that absorbs at ~
1100 nm from the simulations) could be observed (see SEM images in Figure 3.17).
According to the extinction spectra of the NPs synthesized by methods 1, 2 and 3 normalized
at the extinction value at 350 nm (Figure 3.18b), the gold nanoshells obtained using method 1
suffered less from aggregation during the growth process than those synthesized by method 2

and 3 (~ same amount of dimers, judging from the absorption at 1100 nm).

Based on the above analyses that confirm the first SEM observations, reduction method 1 is
the one that affords the best control of the growth of the gold nanoshells. Consequently, this

method was chosen to further optimize our gold growth process.

3.4.3 PVP-K12-assisted gold nanoshell growth

The size of starting gold seeds (~ 2-3 nm in diameter) makes it theoretically possible to get
very thin gold nanoshells. However, the growth of the seeds is individually hardly controlled,
resulting in an inhomogeneous growth that requires often additional gold precursor to obtain a
continuous shell. In this case unfortunately, side self-nucleation of gold nanoparticles

dramatically increases, thus preventing efficient growth of the gold layer.

On another hand, in a general manner, as-synthesized golden QDs NPs suffer from facile
aggregation (even if stored at 4°C) because there are almost no more ligands remaining on
their surface. In order to further improve growth method 1 and overcome these limitations, a
polymer, poly(vinylpyrrolidone) (PVP-K12; number average molecular weight: 3,500 g/mol;
Figure 3.19), was introduced during the growth process. PVP is a water-soluble polymer
bearing hydrophilic lactam (cyclic amide) functions, thus favoring the dispersion in water.
Additionally, PVP can absorb onto specific crystal faces as ligands and thereby should
improve the colloidal stability of golden QDs.?’
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Figure 3.19. Structure of poly(vinylpyrrolidone), PVP.

Kim et al. introduced PVP to bind to gold(Ill) during a gold shell growth process, thus
allowing an adjustment of the reduction rate to have a good control of the gold deposition.*®
So we try to grow gold nanoshell using a PVP-modified version of method 1. For fair

comparison, identical gold nanoshell growths were carried out without the addition of PVP.

A OD/SiO/PVIS/Auseeas NPs dispersion (100 uL from the 1-mL water dispersion, estimated
concentration C = 0.4 nM) was diluted in gold plating solution (resp. 1 mL or 3 mL), followed
by the addition of PVP-K12 (0.35 wt.% in water, resp. 40 uL or 120 ulL). CH,O (37 wt.% in
water, 5 uL per mL of gold plating solution) was added in one portion, and stirred for 30 min
under stirring and the dispersion was centrifuged. Golden QDs were washed with water and
redispersed in water (2 mL). For the gold nanoshell growths carried out without the addition

of PVP (identical process), the reaction solution was stirred for 15 min after the addition of

CH>O0.

The resulting golden QDs (TEM images) and their absorption spectra are presented in
Figure 3.20 below. As shown in Figures 3.20 al and bl, for 1 mL of gold plating solution, no
continuous gold nanoshell could be obtained without PVP; whereas in the presence of PVP,
all of the gold nanoshells were already continuous, with a thickness around 12 nm. In both

cases, self-nucleation was negligible.

Increasing the volume of the gold plating solution to 3 mL allowed, in the absence of PVP,
to obtain a complete and relatively smooth nanoshell (thickness ~ 24 nm, Figure 3.20 a2),
while PVP-assisted growth gave once again a continuous shell, whose thickness is
comparable to the latter (~ 24 nm), but exhibits a more pronounced roughness (Figure 3.20
b2). As evidenced by the higher extinction value at 350 nm (Figure 3.20, right), the volume of
gold in NPs grown with PVP is greater than for those grown without, which is consistent with
the important side self-nucleation of gold particles observed in the latter case (no secondary
nucleation in the PVP-assisted process). Nevertheless, it may appear contradictory with the

same apparent shell thicknesses observed in both cases. We assume that the roughness of the
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PVP-grown shell can account for its unexpectedly low apparent thickness, compared to NPs
grown without PVP. The plasmonic resonance of PVP-grown shells is also consistent with
this assumption. As the corresponding NPs incorporated more gold than those grown without
PVP (for a continuous shell in both cases), we could expect the plasmonic resonance of the
former to be more blue-shifted than that of the latter (see section 1.1.4 in Chapter 1). However,
simulated extinction spectra taking into account the gold roughness (see the simulation part in
the appendix) showed this blue-shift effect is much less important with such a gold surface

state.
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Figure 3.20. Effect of PVP-K12 on gold growth. Left: SEM images of golden QDs NPs synthesized from
QD/SiO2 NPs without (a) or with PVP (b), and 1 mL (1) or 3 mL (2) of gold plating solution (washed
samples). Scale bars: 100 nm. Right: corresponding extinction spectra without normalization, but for the

same NPs concentration.

As far as the ligand properties of PVP are concerned, golden QDs NPs prepared with PVP
show a long-term colloidal stability when dispersed in polar solvents: at least ~ 1 year when

stored at 4 °C, compared to a few days without PVP.

PVP thus plays two major roles during the gold growth. First, it can complex gold(III) ions,
slowing down their reduction rate. The growth rate of the gold seeds is consequently better
controlled and homogeneous, which allows access to thin continuous gold shells, as well as
much less gold waste through secondary self-nucleation. Second, PVP can adsorb onto the

gold surface of golden QDs NPs and act as stabilizing ligand, thus conferring to the NPs an
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enhanced colloidal stability in water. This adsorption may also account for the roughness

observed, which could arise from a PVP-directed growth of gold at specific crystal facets.

The effect of PVP on the growth rate can be compared to a side effect of PVIS we had
observed at the beginning of our study. We noticed that, when a large excess of PVIS was
used during the functionalization process, no gold shell growth could be obtained from
QD/Si0,/Augeqs NPs. We can indeed expect that an excess of PVIS has a similar effect to
PVP and slows the growth rate, down to complete inhibition of the process in this case: PVIS
can probably bind more tightly to the seeds and consequently, totally prevent their growth. As
complementary results in the case of PVP, the use of an excess of PVP-K12 or the use of
PVP-K15 (number average molecular weight = 10,000 g/mol) at the same concentration as in
the authentic process greatly decreased the growth rate of the gold seeds and thereby extended
the reaction time obviously (the beginning of the reaction is clearly marked by the appearance
of a characteristic blue color). Although slower, these processes did not afford any particular
improvement in the formation of the gold nanoshells. As gold(IIl) ions are fluorescence
quenchers, a too slow reduction of gold(IIl) ions could be detrimental to the QDs fluorescence

and should be avoided. Hence, we neither used neither an excess of PVP-K12 nor PVP-K15.

So far, PVP-K12-assisted gold nanoshell growth via method 1 has proved to be the most
efficient to control the gold nanoshell growth. In the following sections, we will therefore
study the effect of the gold seeds coverage on the gold nanoshells formation using this

optimized method.

3.4.4 Effect of the gold seeds coverage density

3.4.4.1 Gold seeds coverages obtained with APTMS or PVIS

The optimized gold nanoshell growth (PVP-assisted method 1) was performed on
QD/Si10,/Augeqs NPs samples obtained from the functionalization with either APTMS or
PVIS.

100 uL of QD/SiO/Auseeas NPs having either low (APTMS) or high coverage of gold seeds

(PVIS) (estimated concentration C = 0.4 nM) were mixed respectively with the same amount
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of gold plating solution and a nanoshell was grown following PVP-assisted method I (see
section 3.4.3).

The experiment was repeated with increasing amounts of the gold plating solution (from
0.75 to 3 mL), and the resulting extinction and SEM images of golden QDs with 1 and 3 mL
of gold plating solution are illustrated in Figure 3.21. To be clearer, the corresponding
plasmon resonance wavelength was reported as a function of the volume of the gold plating

solution introduced in the process (Figure 3.22).
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Figure 3.21. Effect of the coverage of gold seeds to the formation of the gold nanoshells. Left:
Evolution of the extinction spectra of the golden QDs as a function of the volume of the gold plating solution
for golden QDs grown from QD/SiO2/APTMS/aged Auscess NPs (dashed line) or QD/SiO2/PVIS/aged Auseeds
NPs (solid line) at pH = 4.5; the volume of QD/SiO2/Auseeds used was 100 pL. Right: SEM images of the

golden QDs corresponding to different points of the figure shown on the left. Scale bars: 100 nm.

According to section 1.1.4 in Chapter 1, during gold nanoshell growth, the reduction of
gold ions enlarges gold seeds and progressively decreases the distance between them: the
interparticle plasmon coupling increases, resulting in a red-shift of the plasmon resonance.
Once the nanoshell is continuous, further deposition of gold increases the thickness of the
gold layer and causes a blue-shift of the plasmon absorption.'® The continuity and thickening

of the growing gold nanoshell can thus be monitored using absorption measurements.

As suggested above, the maximum wavelength reached by the gold nanoshells before blue-

shift indicates that the gold shell is continuous; and the higher is the wavelength, the thinner is
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the shell. Experimentally, PVIS-coated QD/SiOy/Ausess NPs can be embedded in a
continuous shell using a lesser amount of gold (1 mL of gold plating solution, P1, confirmed
by SEM image) than for APTMS-coated NPs (1.5 mL of gold plating solution, A1.5; SEM
confirmed the nanoshell are not continuous for 1 mL of gold plating solution, Al).
Consequently, a high coverage of gold seeds allows access to thinner complete gold shells (as
confirmed by plasmon resonance at 908 nm, P1) compared to a lower coverage of seeds (805
nm, Al.5). Functionalization of the silica surface by PVIS, through the density of seeds

adsorbed, thus affords an important control on the thickness of the gold layer deposited.
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Figure 3.22. Effect of the coverage of gold seeds on the formation of the gold nanoshells. Evolution of
the surface plasmon resonance wavelength of the gold nanoshells as a function of the amount of gold plating
solution introduced when APTMS (black curve and squares) or PVIS (red curve and dots) was used as the

functionalization agent (volume of QD/SiOz/aged Auseeds = 100 pL), pH = 4.5); A1, A3, P1, P3: SEM images of

the golden QDs associated to the corresponding points of the figure. Scale bars: 50 nm.

Then, for increasing amounts of gold, the respective gold nanoshells are thicker (lower
corresponding plasmon resonance wavelengths) and comparable thicknesses of the shells are
obtained for 3 mL of the gold plating solution (resonances at ~ 800 nm, P3, A3 and associated
SEM images, Figure 3.22).
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According to this discussion, using the dense coverage of gold seeds afforded by PVIS-
functionalization enables a better tuning of the thickness of the gold layer deposited, since
thinner shells are accessible, compared to the coverage obtained with APTMS

functionalization.

3.4.4.2 Gold seeds coverages obtained with PVIS at different pH values

As discussed in section 3.3.5, the addition of HCI (pH = 3.5) could slightly increase the
aged gold seeds coverage on silica when PVIS was used as the functionalization agent. In
order to determine whether this slightly higher gold seeds coverage had a significant effect on
the gold growth, gold nanoshells were deposited on the QD/SiO,/PVIS/aged Augseeqs NPs
obtained from the gold seeds adsorption at pH = 3.5 (see Figure 3.9). The procedure was
identical to that of the preceding section. The results were then compared to the gold
nanoshells grown from QD/Si0,/PVIS/aged Augeqs NPs obtained from the gold seeds
adsorption at pH =4.5.

100 uL of QD/SiOy/PVIS/Augeeqs NPs (obtained from the aged gold seeds adsorption at pH
= 3.5, estimated concentration C = 0.4 nM) were mixed with the gold plating solution and a

nanoshell was grown following PVP-assisted method 1, as in section 3.4.4.1.

The evolutions of the extinction spectra and of the gold nanoshells surface plasmon
resonance as a function of the volume of gold plating solution are shown in Figure 3.23 (a)
and (b) respectively, and compared to the results obtained at pH = 4.5. They prove that
QD/Si10,/PVIS NPs covered with a slightly higher density of gold seeds (resulting from the
adsorption of aged gold colloids at pH = 3.5) do not improve significantly the adjustment of
the thickness of the deposited gold layer. Indeed, the highest plasmon resonance wavelength
observed (corresponding to the thinnest shell accessible) is almost the same (~ 900 nm) in
both cases. Furthermore, the thickening of the shell, indicated by the consecutive blue-shift of
the plasmon resonance, is faster with the gold-seeded NPs obtained at pH = 3.5 than with
those obtained at pH = 4.5. The control of the thickness of the gold layer is consequently a
little less fine and the gold-seeded NPs formed at pH = 4.5 still afford the best control of the
gold growth.
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Figure 3.23. Effect of the coverage of gold seeds on the formation of gold nanoshells. a): Evolution of
the extinction spectrum of the golden QDs as a function of the volume of the gold plating solution for golden
QDs grown from QD/SiO2/PVIS/aged Auseess NPs at pH = 3.5; the volume of QD/SiO2/Ausceds NPs used was
100 pL. b) Evolution of the surface plasmon resonance wavelength of the gold nanoshells grown from
QD/SiO2/PVIS/aged Auseeds NPs obtained at pH = 4.5 (black squares) or pH = 3.5 (red dots) as a function of

the amount of gold plating solution.

3.4.5 Effect of the monolayer/multilayer adsorption of the freshly-made
gold seeds

On the basis of the results presented in section 3.3.6.3, QD/SiO,/PVIS NPs covered with a
monolayer of gold seeds (pH = 4.5) or a multilayer of gold seeds (pH = 3.5) can be formed
from freshly-made gold seeds. These QD/Si0,/PVIS/fresh Augeqs NPs were used to study the
effect of the gold seeds monolayer or multilayer adsorption on the formation of the gold
nanoshells. Please note that the gold nanoshell growth from the fresh gold seeds took longer
times compared to the aged gold seeds (fresh gold seeds are indeed less reactive, as already

discussed in section 3.3.6.1).

QD/SiO; NPs with a monolayer of adsorbed gold seeds (Figure 3.14: fresh gold seeds;, pH
= 4.5; OD/SiO»/PVIS NPs volume: 15 uL) or a multilayer of gold seeds (Figure 3.14: fresh
gold seeds; pH = 3.5, QD/SiO,/PVIS NPs volume: 15 uL) were used for the growth of gold
nanoshells at the same QD/SiO, NPs concentration. 100 uL of QD/SiO; with monolayer or
multilayer gold seeds were dispersed in 1.0 mL of Au plating solution, then 5 uL of CH;O
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(37 %) were added, stirred for 60 min and centrifuged (method 1 without the addition of
PVP-K12). For each sample, the supernatant was separated and its absorption spectrum was
measured to determine the amount of gold self-nucleation. Then the golden QDs nanoshells
were washed with water once, redispersed in 1.0 mL of water and their extinction spectrum

was measured.

As shown by the corresponding extinction spectra in Figure 3.24, the golden QDs obtained
from QD/SiOy/monolayer Ause.qs NPs incorporate a greater gold volume (extinction value at
350 nm) than those obtained from QD/SiO,/multilayer Augeeqs NPs. This is consistent with the
respective amount of gold self-nucleation observed in the two cases (plasmon resonance at ~
520 nm). According to the results of the previous experiments, the gold nanoshells obtained
when 1 mL of the gold plating solution is used for 100 pL of QD/Si02/Auseeqs NPs are not
continuous (which is the case here). Consequently, as the golden QDs resulting from
QD/Si10,/monolayer Ause.eds NPs have a plasmonic resonance at a longer wavelength than
those resulting from QD/Si10,/multilayer Augeeqs NPs, this indicates that more continuous gold

nanoshells are obtained in the case of QD/Si0,/monolayer Augeeqs NPs.
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Figure 3.24. Effect of the monolayer/multilayer adsorption of the freshly-made gold seeds on the
formation of the gold nanoshells. Extinction spectra without normalization of the QD/SiO2/Au nanoshells
(solid lines) and the corresponding supernatants (dashed lines) during the growth process from QD/SiO, NPs
covered with a multilayer (black) or monolayer (red) of fresh gold seeds. The concentration of QD/SiO2/Au

NPs was the same in both cases.
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The gold seeds adsorbed as a multilayer led to such an amount of self-nucleation of gold
NPs because they were not strongly attached onto the silica surface (the multilayer adsorption
results most likely from interactions via hydrogen bonds); as a consequence, a non negligible
part of grown gold seeds could drop off during the growth process. Note that this self-
nucleation becomes extremely important when the ratio between the quantity of gold plating

solution and QD/SiO, NPs gets higher.

QD/Si0; NPs covered by gold seeds as a monolayer are consequently more suitable for the

growth of gold shells than those covered by a multilayer of gold seeds.

To sum up, we optimized different synthesis conditions (such as the functionalization agent,
the gold seeds adsorption conditions and the formation of gold nanoshells) to deposit
continuous gold layers on QD/SiO, NPs with a radius of 50 nm. In the following sections, we
will show that, under these optimized conditions (adsorption of aged gold seeds at pH = 4.5,
with PVIS as the functionalizing agent, and a PVP-assisted gold growth using formaldehyde

as the reducing agent), we can synthesize golden QDs with tailored gold and silica thicknesses.

3.4.6 Synthesis of golden QDs with tailored thicknesses of gold and silica

In this part, the method developed previously was applied to synthesize golden QDs NPs

with well controlled dimensions.

3.4.6.1 Adjustment of the gold nanoshell thickness on QD/SiO, NPs with a fixed

size

The gold nanoshell thickness can be tuned by changing the ratio between the quantity of
gold ions and QD/SiO2/Augeeds NPs. To get thicker gold shells around QD/SiO, NPs, the
amount of gold plating solution needs to be increased with respect to NPs concentration.
However, as already mentioned, this can lead to important side self-nucleation of gold
nanoparticles (even if PVP is used to control the reduction rate), and eventually, to inefficient
growth of the gold layer. Non-negligible self-nucleation of gold nanoparticles was observed
when more than 3 mL of gold plating solution were used for the growth of gold nanoshells
from 100 pL of QD/Si0,/Auseeds NPs (estimated concentration: 0.4 nM). This problem could
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be solved by performing the synthesis of thicker gold nanoshells via a multi-step process,

proceeding by successive additions of gold plating solution.

OD/SiO,/PVIS/Augeeas NPs dispersion (100 uL from the 1-mL water dispersion, estimated
concentration: 0.4 nM) were diluted in 2.0 mL of gold plating solution, followed by the
addition 80 uL of PVP-KI12 (0.35 wt.% in water). 10.0 uL of CH>O (37 wt.% in water) was
added in one shot under stirring; 15 min later, the second addition of 2.0 mL of gold plating
solution and 80 uL of PVP-KI2 were performed. This was repeated for another time. The

solution was stirred for 30 min and centrifuged. Golden QDs were washed with water and

redispersed in water (2 mL).

This way, the ratio between the quantity of gold ions and the QD/Si10,/Augeeqs NPs could be
maintained below a certain value (typically, Au’/(QD/SiO2/Aueess NPs) < 3.0x10'") and the
self-nucleation of gold nanoparticles could be avoided. As shown in Figure 3.25, gold
nanoshells obtained via three successive additions of 2 mL of the gold plating solution have a
plasmonic peak at 695 nm. This indicates that thicker gold nanoshells were obtained,
compared to the golden QDs of Figure 3.21, P3: the plasmonic peak (695 nm) is indeed more
blue-shifted in the former case than in the latter; and SEM characterization reveals that

continuous gold nanoshells with a thickness of 30 nm have been grown efficiently.

1.0

695 a

Extinction (a. u.)
o o
£ i

o
N
Il

400 600 800 1000 1200
Wavelenath (nm)

Figure 3.25 Extinction spectrum (a) and SEM image (b) of golden QDs with thicker gold nanoshells,
obtained via a multi-step process.
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With all the above optimized synthetic parameters, 15/35/T, QD/Si0,/Au nanoshells with

various gold thicknesses (T,) could be synthesized successfully by tuning the ratio between

the quantity of QD/SiO,/Auseeds NPs and the gold plating solution, as shown in Figure 3.26.

Figure 3.26. SEM images of 15/35/T, QD/SiO2/Au nanoshells with various gold thicknesses T». a) 12
nm; b) 16 nm; ¢) 24 nm; d) 30 nm. Scale bars: 100 nm.

3.4.6.2 Gold nanoshell formation on QD/SiO, with various silica thicknesses

Figure 3.27 shows gold nanoshells of similar thicknesses grown on QD/Si0, NPs having
different diameters. As the size of QD/SiO, decreased from 85 nm (Figure 3.27c) to 75 nm
(Figure 3.27b), the quantity of dimeric or trimeric NPs resulting from aggregation increased.
And we did not manage to synthesize individual golden QDs from 55-nm-in-diameter
QD/Si10; NP. Korgel et al. found that silica NPs were highly prone to aggregate due to a low
electrostatic double-layer potential.”’ Besides, this can also be explained by QD/SiO, beads
that have already aggregated right after the encapsulation into silica, as proposed in the last

chapter when the smaller QD/S10, beads were used to try and regrow silica.

Figure 3.27. SEM images of R/T1/T, QD/SiO2/Au NPs with various silica thicknesses T, and similar
gold thicknesses T»; a) 6/21.5/14; b) 6/31.5/10; c) 6/37/15; d) 6/59/12. Scale bars: 100 nm.
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3.5 Conclusion

In this chapter, colloidal single QD/SiO,/Au core/shell/shell heterostructures were
synthesized via a general method consisting in three steps: functionalization of QD/SiO, NPs
by an adsorbing agent, adsorption of gold seeds and growth of the seeds to form a continuous
shell. Several experimental parameters were explored to improve the synthesis. A dense
coverage of gold seeds onto the surface of SiO, was obtained thanks to a polymer we have
developed, namely PVIS. After comparison between different reducing processes, a reducing
agent, CH,O, was chosen and employed in a one-shot injection method. PVP was introduced
to obtain a controlled and homogeneous growth of the gold seeds, leading also to a better
dispersion of the gold nanoshells in water. All of these improvements enable a facile and
efficient control of the deposition of the gold layer around silica, which greatly facilitates the
adjustement of the coupling between the fluorescence of QDs and the surface plasmons of the

gold nanoshells.
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Chapter 4 Optical Properties of Golden QDs

4.1 Introduction

The fluorescence of QDs is much more stable than that of organic dyes,' but is still
subject to two important limitations: i) under prolonged illumination or in presence of certain
chemical moieties, the QDs’ chemical composition degrades” and they eventually lose their
fluorescent emission; and ii) at the single particle level, the QDs’ fluorescence intensity
fluctuates.” The first limitation is intrinsic to the QD. The nanocrystal is not chemically inert
and some atoms or molecules may adsorb onto the QD surface, producing etching and charge
carrier traps that can strongly alter the QD fluorescence emission.*” In addition, chemical
modification of the volume composition can result from the diffusion of ions present in the
environment, as for example in the case of cation exchange.® The second limitation is mainly
due to non-radiative Auger recombination.” For a neutral exciton, the bright state is dominated
by the radiative recombination, which correlates long lifetime and high fluorescence intensity;
when the exciton is charged, the recombination energy of the exciton is used to excite the
remaining charge non-radiatively, and the latter will then relax intra-band without emitting
photons; this process opens a fast, non-radiative channel, causing a short lifetime and low
fluorescence intensity or even completely quenching.® It can be overcome if the Auger
recombination is forbidden or if the Auger recombination happens in a time-scale longer than

9,10

the radiative lifetime, so that even if the QD is charged, the exciton will recombine

radiatively, with the quantum yield up to 100%.’

The Golden QDs synthesized in the previous chapters are proposed to simultaneously
circumvent these two limitations. In such a hybrid system, the gold nanoshell has two major
roles. First, it acts as a barrier that greatly improves the QDs’ photochemical robustness.
Second, the metallic shell acts as a plasmon resonator that both increases the excitation field
and the local density of states, resulting in much shorter fluorescence lifetime (Purcell
effect).’ Auger process become negligible compared to radiative recombination thanks to this

Purcell effect.

As a matter of fact, the idea of coupling fluorescence emission and plasmon resonance is

not new. Such hybrid systems have been studied for decades,'? and it has been shown to
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enhance by several orders of magnitude the fluorescence emission,">™'® or to quench it almost
completely.'” The enhancement or quenching depends mostly on the control of the distance
and the orientation of the fluorophore with respect to the metal surface, as well as on the

topology of the metal surface. In the case of fluorescent nanocrystals, many studies have

18-21 22-24

shown that QDs placed on/near metal films, patterned metallic surfaces, or at
proximity of gold nanoparticles®>* have their fluorescence emission modified. But colloidal
single QD/gold hybrids have rarely been synthesized, although these structures are very
promising optically and can be handled very easily, since they remain dispersed in solution.
One example of QD coated with a gold shell has been reported,*’ but no evidence of plasmon

coupling between the gold shell and the QD was demonstrated.'*°

Here in this part, we investigated optical properties of single non-blinking plasmonic
golden 15 nm-in-radius QDs heterostructure (synthesized in chapter 3). In addition, I will
present a numerical simulation developed in collaboration with the group of Jean-Jacques
Greffet at Laboratoire Charles Fabry, Institut d’Optique Graduate School, in order to model
this QD/SiO»/Au nanoshell system.”!

4.2 Optical study of golden 15 nm-in-radius-QDs

With a fine tuning of the various parameters used during the synthesis, such as the molar
ratio between the nanoparticles and the silica precursor or the gold(IIl) salt solution, the
thicknesses of the silica and the gold layers — two important parameters of the golden QDs —
can be tailored independently to various dimensions. For the golden QDs studied below, the
thicknesses of the silica and the gold shells were tuned respectively to 35 nm and 18 nm
(Figure 4.1), in order to maximize the coupling between QD emission and the resonance of
the plasmon modes of the gold nanoshell. The corresponding extinction spectrum exhibits a

strong and broad plasmonic resonance around 750 nm (Figure 4.2a).
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Figure 4.1 SEM image of the golden QDs (for a silica thickness of 35 nm and a gold thickness of 20 nm).
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Figure 4.2 Simulations. a. Extinction spectrum of a solution of golden QDs and its fit with 2-parameter
spherical model using Mie theory. We attribute the second resonance at A = 1200 nm to the presence of
dimers in solution (see the simulation part). b. Intensity distribution when the structure is illuminated at the

wavelength of the main dipolar mode (A = 750 nm).

To numerically compute the gold nanostructure and its extinction spectrum, a multilayer
spherical model (Mie theory) has been used.’” Using these above experimental parameters (a
silica thickness of 35 nm and a gold nanoshell thickness of 18 nm) and a bulk dielectric
function for the gold shell, a mismatch was observed between the experimental and
theoretical resonance of the structure (Figure 4.2, Model 1). Since this model with smooth
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interfaces and bulk optical properties for the gold layer could not fit the experimental
extinction spectrum, it has been necessary to include the effect of gold roughness (revealed by
the corresponding SEM image, Figure 4.1) and electron scattering in the shell by introducing
two additional parameters (see the simulation section in the appendix). In order to simulate
the gold roughness, the gold layer can be considered as consisting of two layers: an inner
dense layer and an outer porous layer, as shown in Figure 4.2b. The gold roughness and
electron scattering allow an excellent agreement with the experimental data around the
plasmon resonance wavelength as seen in figure 4.2a (Model 2). The difference at high
wavelength (~ 1,100 nm) in the spectrum can be attributed to the gold nanoshell dimer
extinction (the model of the dimer in Figure 4.2a). Figure 4.2b shows the intensity distribution
when the structure is illuminated at the wavelength of the main dipolar mode (A = 750 nm).
Once these parameters are adjusted by fitting the ensemble spectrum, we use them to predict
the modification of the single particle lifetime and fluorescence intensity. In the following, we
first discussed the mechanisms of the fluorescence emission for CdSe/CdS QDs and for
golden QDs, followed by the investigation of the golden QDs system through both ensemble

and single optical measurements, and also their photostability.

4.2.1 Mechanisms of the fluorescence emission for CdSe/CdS QDs and for
golden QDs.

In a pulsed low-excitation regime (repetition rate R), the fluorescence intensity S (in
photons per second) for a single QD can be written in the form (see simulation part in the

appendix):

I
S = L — Rx f X1,
F +r f;all exc

T nr

where f.on is the collection efficiency and me. the probability for the QD to be in its excited
state after the pulse. I'; is the radiative decay rate and I'y the decay rate associated with
intrinsic non-radiative channels (e.g. Auger recombination in the case of a charged QD). 1/(I';
+ I'nr) = I/l 1s the measured fluorescence lifetime. In the presence of a plasmonic resonator,
the fluorescence mechanism is modified, as depicted in Figure 4.3. First, the incident intensity

at the center of the QD is enhanced by a factor K (denoting the excitation intensity increase),
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then the emitter couples to the plasmon with an increased decay rate Fpl'; (where Fp is the
Purcell factor) due to the enhanced local density of states. The plasmon decays subsequently
either by emitting a photon with a plasmon radiative efficiency m,, or by Joule effect with the
probability 1 — n,. In a pulsed low-excitation regime, the fluorescence signal in the presence

of the nanoshell, denoted by S*, is thus given by:

N EL
S :77p F F +r, R -f::oll ﬂ-axc K
por nr

In a strong Purcell factor configuration (Fp Iy >> I'";), the intrinsic non-radiative channels can

be bypassed and the nanoshell imposes its radiative efficiency:
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Figure 4.3. Mechanisms of the fluorescence emission for CdSe/CdS QDs (upper part) and for golden QDs
(lower part).

4.2.2 Ensemble measurements

The optical measurements were performed in solution on an ensemble of nanoparticles. The
PL lifetimes were measured in different buffers either in a cuvette with a fluorometer F900
(Edinburgh instrument) with a pulsed laser diode at 397 nm, or in a liquid droplet using a

fluorescent microscope in a Microtime 200 setup (PicoQuant, with a Hanbury Brown and
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Twiss setup (SPAD PDM; time resolution, 50 ps)) with a 405-nm pulsed laser diode. The
fluorescence was collected with an air objective and sent into the confocal microscope. The

signal was recorded using a HydraHarp 400 module in a time-tagged, time-resolved mode.
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Figure 4.4. Evolution of the fluorescence lifetime of an ensemble of nanoparticles during golden QDs’
synthesis.

The evolution of the QDs’ fluorescence lifetime at each step that leads to golden QDs was
first characterized by ensemble measurements (Figure 4.4 and Table 4.1). We show in this
paragraph that we actually controlled the plasmonic coupling between a single QD and the
gold nanoshell, and a final Purcell factor of ~ 6 was obtained. In the following table we

summarize the experimental lifetime obtained for ensemble of QDs.

As already reported, thick-shell QD fluorescence lifetime is long ~ 160 ns, in good
agreement with the quasi-type I band-alignment of the CdSe/CdS structure at room
temperature.”® The encapsulation of our thick-shell QDs in silica does not affect their
fluorescence lifetime (from 165 to 160 ns). However, the following washing procedure leads
to an irreversible shortening of the fluorescence lifetime to 123 ns. This value remains stable

over time, even after the functionalization of the silica surface with PVIS.
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Table 4.1. QD Fluorescence lifetimes 1, at different stages of the synthesis of golden QDs. The last two
measurements correspond to a single particle on a glass slide. Numerical calculations of lifetime are added when

available.

Nanoparticle Experimental conditions T (ns)
® QD (CdSe/CdS) as-synthesized, in hexane / cuvette 165
‘ L as-synthesized, in ethanol / cuvette 160
{ - QD/SiO,
after washing, in water / cuvette 123
QD/Si0O,/PVIS as-synthesized, in ethanol / cuvette 123
QD/Si0,/Augeeds as-synthesized, in water / cuvette 84
as-synthesized, in water (n = 1.33) / droplet 20
Golden QD
numerical simulation 20.7
Single as-synthesized, on glass slide, dried 12
Golden QD numerical simulation 12.4
Single as-synthesized, on glass slide, covered with oil 28.3
Golden QD numerical simulation 27.8

When gold seeds are added onto the surface of the SiO, beads, the average PL lifetime
decreases from 123 ns to 84 ns. This is attributed to the opening of new decay channels.
Indeed, tiny gold nanoparticles are known to absorb efficiently and to have a negligible
scattering cross section (see the simulation section in the appendix). As discussed in the
simulation, this decay acceleration corresponds to the absorption by ~ 2700 gold seeds of 3
nm in diameter, which is consistent with the TEM images of QD/S10,/Auscqs (see Figure 3.8b
in chapter 3). After the growth of the gold nanoshell, the PL lifetime goes down to 20 ns in
water. Such a strong PL lifetime decrease could result from the diffusion in the silica bead of
the gold(Ill) ions used during the nanoshell growth. In order to be sure that this lifetime
decrease does not come from any new non-radiative channels opened during the gold ions

deposition, a control experiment that QD/Si02/Augeeds hybrids being mixed gold(IIl) salt
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solution without the reducing agent (CH,O) was performed. This mixed solution has the same
fluorescence emission than a solution of QD/SiO,/Auseeds hybrids only (Figure 4.5). We thus
conclude from the data in Table 1 that the lifetime decay change from 123 ns (QD/SiO>) to 20
ns (golden QDs) is due solely to the coupling of the gold nanoshell plasmons with the QD
fluorescence. In order to confirm the electromagnetic origin of the spontaneous emission rate
acceleration, we performed a numerical simulation. Using QD/SiO, in water as the reference,
we found a Purcell factor of 6 for the golden QDs, corresponding to a value of 20.7 ns for the
decay time, in excellent agreement with the experimental data. We further confirmed this
electromagnetic origin of the increase in the decay rate by measuring the lifetime of a single
golden QD in two different optical environments. The QD is first deposited on a glass
substrate in air and then covered with oil. The lifetime we measured in air (resp. in oil) is 12
ns (resp. 28.3 ns), that is the value expected from the electromagnetic simulations including

the effect of the glass substrate (see the simulation part) predict 12.4 ns (resp. 27.9 ns).
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Figure 4.5. Photoluminescence evolution over time of QD/SiO; (black squares) and QD/SiO2/Auseeqs hybrids

(red circles) incubated with the gold(lll) salt solution used for the synthesis (PL normalized at t = 0).

To summarize, the spontaneous emission acceleration we observe is well explained by the
modification of the local density of states (Purcell effect) due to the plasmonic resonator.
According to the synthetic process, 95 % of the separated golden QDs contain unique QD. In
order to further explore the effect of plasmonic gold nanoshell on the QDs’ fluorescence
behavior (such as fluorescence trace and photostability), we now turn to the detailed analysis

of the fluorescence intensity at the single nanoparticle level.
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4.2.3 Single nanoparticle measurements

In order to ensure the optical study at single molecule level, all the studied golden QDs’
solutions have been dispersed over home-made gridded glass coverslip. Hybrid nanocrystals
are first observed on a confocal microscope (raster scan in Figure 4.6a) and analyzed
individually. Afterwards, a study on a scanning electron microscope (SEM) allows us to

clearly distinguish individual nanoparticles from aggregates (Figure 4.6b).

10 ym

Figure 4.6. SEM/fluorescence correlation image for a typical sample of golden QDs. a. Fluorescence
image of a square containing golden QDs spread on a TEM grid. b. SEM of the same region. ¢. Same as a.
after SEM imaging.

Figure 4.7 shows the typical photoluminescence (PL) intensity and lifetime traces of single
QD, QD/SiO,/Augeeds and golden QD nanoparticles evaporated from a diluted solution on a

glass slide. The emission intensity of a single 15-nm-in-radius thick-shell QD (Figure 4.7a,
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red trace) oscillates between two states that correspond to a grey state (charged) and a bright
state (neutral QD), as already reported for this kind of nanoparticles.” The total fluorescence
lifetimes can be extracted using a bi-exponential decay fit (Figure 4.7b, red trace): 1/TiotNn =
160 ns for the neutral state (N) and 1/T'yrc = 6 ns for the charged state (C). Using the same
method as the one developed in Spinicelli ez al.,'® we extract from the experimental trace of a
CdSe/CdS QDs (Figure 4.7a) the quantum yield of the QD in the charged state S¢/Sx =
Irc/Toc = 0.32, and then the decay rates I'c = (19 ns) ' and Tyec = (9 ns) ' of the charged

state. We attribute this non-radiative channel to Auger processes.

When the gold seeds coat the QD/SiO, nanoparticle, we observe a modification of the QD
emission. A typical time trace of this hybrid structure (Figure 4.7a, grey trace) displays less
intensity fluctuations, but the average intensity is lower than when no gold seeds are adsorbed.
We also observe that the fluorescence lifetimes of these hybrid objects shorten. As we already
discussed in the previous paragraph, this variation can be explained by the adsorption of the
tiny gold nanoparticles. Since their effect is only efficient lights absorption, we suppose that

they do not introduce any additional loss channels.
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Figure 4.7. Single particle spectroscopy. a. Fluorescence intensity as a function of time (sampling time:
10 ms) for CdSe/CdS QDs (red trace), for QD/SiO2/Auseeds Nanoparticles (grey trace) and for golden QDs
(yellow trace); b. Corresponding fluorescence decay of the excitonic state for the three nanoparticles of

figure 2b; excitation with a 405 nm diode laser, average intensity of few hundreds of pW, R =10 MHz.

A different behavior is observed after the formation of the continuous gold shell, which acts
as a resonator. The PL intensity shows no detectable fluctuation at the resolution of our setup
(of the order of few ms for this kind of fluorescent emitters) as further confirmed by the fact
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that the intensity distribution of nearly 85% of the golden QDs we studied (over ~ 25
nanoparticles observed) show a poissonian distribution (Figure 4.7a, yellow trace). This can
be interpreted as follows; the neutral and charged states that we found in bare QDs now have
comparable radiative efficiencies so that they do not appear any more as two distinguished
emitting levels in the fluorescence signal. In other words, the emission intensities of the
charged and neutral states were in a ratio of ~ 3 for the isolated QD and become almost equal
in the presence of the plasmonic shell, resulting in a non-blinking fluorescent emitter. Due to
the Purcell effect, Auger processes in the charged state are completely overcome by the
radiative recombination. From the analysis of the lifetime for all the studied individual golden
QDs, we obtained the lifetime for the bright state: ~12 ns, which is consistent with the one
acquired from simulations (12.4 ns). Figure 4.7b shows a comparison of the typical decay

time-traces for an individual QD, QD/Si0; and golden QDs.

Moreover, we can deduce the excitation intensity enhancement from PL measurements
(Figure 4.7a). The PL intensity of the neutral state is slightly higher with the plasmonic shell
(Sn*) than without (Sy). With an average on ~30 individual golden QDs, we find that Sny*/Sn
= npK = 1.12. The plasmon radiative efficiency is found to be 1, = 35% from numerical
simulations using the parameters taken from the fit of ensemble measurements. We can thus
deduce from the preceding measurement that the gold nanoshell enhances the incident
intensity by a factor K = 3.2. Calculations performed at a wavelength Acxc = 405 nm with a

plane wave (instead of the Gaussian beam used in the experiment) yielded a value of K =2.7.

4.2.4 Photostability

The poissonian trace shown in Figure 4.7a (yellow trace) is to the best of our knowledge
the first perfectly stable trace of single QD obtained at room temperature. This behavior
results from the enhanced optical density of states created by the gold nanoshell. However,
the gold nanoshell has another role: it increases the photostability both versus time and versus
the excitation power of the thick-shell CdSe/CdS QDs — which are already amongst the most
robust QDs in terms of photostability. A diluted QDs or golden QDs ethanol solution were
diluted and deposited by drop-casting on a glass substrate. The fluorescence intensity of QDs
or golden QDs of an ensemble of single nanoparticles under continuous excitation (40mW)

versus time was acquired by a charge-coupled device camera (Cascade 512B, Roper Scientific)
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in an 8§ mmx8 mm window. In Figure 4.8 we show the evolution of integrated PL intensity of
several individual nanoparticles as a function of time under continuous UV excitation at high
power (40 mW). While for bare CdSe/CdS nanocrystals we observe a dramatic fall of PL
intensity after just 1 h, the signal of the golden QDs only decrease by 20% after the first few
hours, and then remained stable for up to 16 h. The initial small loss of PL intensity can be
explained by the presence of a small amount of particles with a non-perfectly continuous gold
layer. In Figure 4.9 we show the fluorescence time trace of an Individual golden QD subjected
to CW ultraviolet light (~ 1 mW) before and after 24 h of continuous excitation. We observe
an average loss of intensity limited to 20% of the initial signal. A slight fluorescence
fluctuation was observed in the trace, which probably because the multi-exciton emissions
arising from the high excitation intensity. The increased photostability of the golden QDs is

most probably due to the gold nanoshell that acts as a barrier against photo-oxidation.
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Figure 4.8. Normalized fluorescence intensity of an ensemble of single nanoparticles under continuous
excitation (40mW), as a function of time. The golden QDs (yellow) are remarkably more stable over time
than isolated QDs (red).
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Figure 4.9. Fluorescence intensity of a typical single golden QD subjected to CW ultraviolet light (~1 mW)
before and after 24 h of continuous excitation. In average, we observe an average loss of intensity limited to

20% of the initial signal.

In Figure 4.10, we compare the PL evolution versus the excitation power for bare and
golden QDs. In the linear regime, i.e. less than 1 photon absorbed per pulse, the respective
fluorescence intensities of both emitters have similar behavior (Sx*/Sny ~ 1, as discussed
previously; Figure 4.10b, inset). As soon as we further increase the excitation intensity, the
multi-excitonic radiative recombination becomes not negligible and thus the PL evolution is
no more linear. Moreover in the case of golden QDs, due to plasmonic coupling, the local
density of states increases also for multi-excitons, so their radiative recombination is found to
be much more efficient in golden QDs than in the bare ones.”' Hence, the PL is significantly
enhanced for golden QDs at similar excitation powers. This greater PL intensity in the non-
linear regime comes with an increase in fluorescence stability. Indeed, golden QDs can
withstand more than ten times the excitation power compared to CdSe/CdS QDs, once the PL
has finally stabilized at a saturation plateau. This increased robustness of golden QDs is
furthermore highlighted by SEM/fluorescence correlation experiments (see Figure 4.6), where
we showed that their optical properties are not modified after electron beam excitation with an
energy in the range of a few keV. A deeper study on single nanocrystals demonstrates that
their optical properties (both average intensity and lifetime) have been perfectly preserved

after the SEM study.
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Figure 4.10. Evolution of fluorescence intensity of a single object as a function of excitation mean power in a

pulsed regime (R = 10 MHz).

4.3 Conclusion

In this chapter we showed fluorescent quantum dots were coupled to the plasmon mode of
gold nanoshells and displayed a 6-time shorter lifetime. The faster radiative emission rate
becomes much faster than the one associated with the Auger recombination, which become
very improbable. This results in non-blinking emitters. The photostability in time and in
intensity of golden QDs was dramatically enhanced because of the separation of QDs from
the external environment created by the continuous gold nanoshell and due to the radiative
rate increase resulting from the plasmon coupling. This technique offers a general route to
encapsulate the fluorophore in an electromagnetic cavity with the fluorescence being retained
and has a great potential of applications in a variety of research fields. Golden QDs are indeed
promising probes for biological media, since they offer biocompatibility, reduced toxicity (no
or less release of toxic materials) and easy bio-functionalization using thiol-based ligands.
They also demonstrated excellent photo- and electro-stability enabling technological

applications such as electronic lithography.
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Chapter 5 Self-assembled Colloidal Superparticles

5.1 Introduction

Colloidal semiconductor quantum dots (QDs) attract great attention due to their exceptional
optical properties including high photostability and narrow emission in wide spectral range.'
However, their emission intensity strongly depends on their charging state and their local
environment.”” This dependence leads to blinking at single particle level or even complete
fluorescence quenching, and limits the applications of QDs when used as fluorescent
particles.” Blinking and related intensity fluctuations have been reduced using core/shell QDs

7,8
1,

with a thick shell,>° a composition gradient between the core and the shell,”® or coupling to

gold surface plasmons.’

A simple way to overcome this drawback is to assemble multiple QDs into higher-ordered
colloidal architectures (superparticles, SPs). Besides, the fluorescence intensity of these SPs
can be extremely bright, which is extraordinary important when they are used as imaging
markers. Moreover, multi-functional SPs can also be fabricated by assembling QDs with
different emission colors or other nanoparticles, such as plasmonic and/or magnetic
nanocrystals, and may have great potentials in a variety of applications including catalysis,
optoelectronics and biological labeling.''* To date, SPs with well-controlled size and shape
have been fabricated by micro-emulsion-droplet-template method and controlled induction of
solvophobic interactions method."”"” The formation of SPs was driven by the solvophobic
interactions between the original hydrophobic ligands on the surface of component building
blocks. The surfactant (such as cetyltrimethylammonium bromide, CTAB) or polymer
molecules (like poly(N-vinylpyrrolidone), PVP) absorb on the surface of SPs and make them

>17 However, these SPs will decompose after long time storage

8

be dispersed in polar solvents.
or in the presence of organic solvents, due to the weak interaction inside the SPs themselves. '

The stability of SPs needs to be enhanced.

In this chapter, we applied the micro-emulsion-droplet-template method to synthesize
relatively monodispersed SPs from hydrophobic QDs with different emission colors and sizes.

The size of SPs could be well tuned in a wide range. Magnetic SPs could also be obtained by
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mixing QDs and magnetic nanocrystals. A silica layer was deposited on SPs, which extremely
enhances the stability of SPs. This was also followed by the growth of a gold nanoshell on
SPs/Si0, NPs through the method we previously developed. The schematic representation of
the synthesis is shown in Figure 5.1. The improved optical properties of these SPs/Si0, and
golden SPs including high fluorescence intensity, non-blinking, high stability and/or plasmon-
coupled fluorescence, make them highly suitable in a variety of applications from biosensing

and targeting to nanophotonics engineering.
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Figure 5.1. Schematic Representation of the steps in the synthesis of golden SPs NPs. First, SPs are
synthesized through a micro-emulsion-droplet-template method. PVP molecules adsorb on SPs for the
subsequent silica deposition via Stdber method. Golden SPs NPs are obtained through the method we

previously developed. PVP: poly(N-vinylpyrrolidone); TEOS: tetraethyl orthosilicate.

5.2 Synthesis of SPs

5.2.1 Self-assembly of hydrophobic nanocrystals: the mechanism

We applied a micro-emulsion-droplet-template method developed by Li et al. with slight
modifications."> The basic synthesis mechanism of the self-assembled colloidal SPs is
presented in Scheme 5.1. The oil phase solution which contained pre-synthesized well-
dispersed nanocrystals was added to the aqueous solution containing the surfactant. Stable
oil/water (O/W) micro-emulsions droplets were obtained through an emulsification process
under vigorous stirring. The alkane chain of the surfactant points toward the interior of the
droplet whereas the polar end of the surfactant makes the droplet disperse in water.
Subsequently, the oil phase was evaporated completely by heating at the temperature which

did not damage the O/W micelle stability. In this process, the interparticle distance decreased
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and eventually SPs with a supercrystalline structure were formed. These 3D colloidal spheres

were separated and redispersed in water.

In our synthesis, we applied chloroform as the organic phase and DTAB as the surfactant.
First, we started the synthesis of colloidal SPs with CdSe/CdS/ZnS QDs (PL-610 nm) as

follows.

Scheme 5.1. Schematic representation of the synthesis mechanism of self-assembled colloidal superparticles
by the micro-emulsion-droplet-template method. Reprinted from Ref [15].
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5.2.2 Synthesis of colloidal SPs via self-assembly of QDs.

14 mg of ODs (CdSe/CdS/ZnS, PL-610 nm, dispersed in hexane) were precipitated with
ethanol and redispersed in 1.0 mL of CHCI3, and then this solution was added to 1.5 mL of
water which contained 60 mg of dodecyltrimethylammonium bromide (DTAB). This solution
was mixed through vortex (30 s), stirred for 30 min at the speed of RPM (rounds per minute)
2000 (the mixing manner). All of the CHCI; were removed by heating this solution at 80 °C

for 15 min. The volume of this micelle solution was around 1.0 mL.
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The QD micelles solution was centrifuged (RPM 5000, 10-15 min). The supernatant was
removed and the solid was redispersed in 1.0 mL of water. Then this aqueous solution was
injected to ethylene glycol (EG) with PVP (molecular weight: 55,000, 2 mM) (the injection
solution) and stirred for 30 min. The SPs were precipitated, washed with ethanol for 3 times

and redispersed in 7.0 mL of ethanol.

Typical TEM images of SPs reveal that 3D assembled colloidal SPs display a relatively
mono-dispersed size in the range of 70 - 90 nm and hexagonal shape, in which the minimum
surface energy can be accomplished (Figure 5.2). Super-crystalline can also be distinguished.
However, these colloidal SPs don’t have good dispersion in water and seem to aggregate
according to the TEM images. Afterward, SPs aqueous solution was injected to ethylene
glycol solution with PVP. The high solubility of the surfactant DTAB in ethylene glycol will
cause the loss of DTAB and thereby weaken the van der Walls interactions between SPs and
DTAB. The polymer molecules PVP will replace the surfactant and adsorb on the surface of
SPs.17 Corresponding TEM images of SPs/PVP are presented in Figure 5.3. The SPs/PVP
NPs maintain the original shape and are well separated with each other. The adsorption of
PVP greatly improves the stability. However, SPs/PVP NPs still disassemble when they are
dispersed in water or ethanol for weeks even stored at 4 oC, indicating the desorption of PVP

molecules.

Figure 5.2. Typical TEM images of SPs NPs from CdSe/CdS/ZnS QDs.
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Figure 5.3. Typical TEM images of SPs/PVP NPs from CdSe/CdS/ZnS QDs.

5.2.3 Adjustment of the size of SPs

The size of the colloidal SPs can be tuned by the regulation of the emulsification process,
such as the nanocrystal quantity, the surfactant concentration, the oil-to-water ratio and the
way of mixing the oil phase and the water phase. Here, we show the size adjustment by

changing the surfactant amount and the way the aqueous and organic solutions are mixed.

The size adjustment of SPs by changing the surfactant quantity. Different DTAB amounts
(40, 20 and 12 mg) were applied to tune the size of the resulting SPs in a similar procedure in
the section 5.2.2.

The size adjustment of SPs by changing the way the aqueous and organic solutions are
mixed. 14 mg of ODs-610 nm, 1.0 mL of CHCI3, 12 mg of DTAB and 1.5 mL of water were
used in this protocol. The two solutions were mixed through vortex (30 s), followed by a
strong probe-immersed sonication for 120 seconds. Then the same procedure was applied as

the section 5.2.2.

First we show that the SPs size is adjusted by changing the ratio between the quantity of the
nanocrystals and the surfactant. In our synthesis, we tuned this ratio by fixing the quantity of
QDs (14 mg) and changing the amount of the surfactant. As shown in figure 5.4, the SPs is
around 100 - 130 nm when 40 mg of DTAB were used. When the amount of DTAB is further
decreased to 20 mg and 12 mg, the diameter of SPs increased to 160 - 300 nm and 250 - 400
nm respectively. It should be noted that there were always some SPs with smaller size, which

can be easily removed by a size-sorting procedure. The mechanism of the size adjustment of
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the SPs can be understood that smaller SPs expose more surfaces to the aqueous phase than

those of larger SPs and therefor more surfactants are required in the former case.

The mixing way also has a strong influence on the size of SPs. When the micelle solution

was sonicated for 2 minutes instead of stirring, the size of the obtained SPs is around 45 - 70

nm, as shown in Figure 5.5, which is much smaller than SPs synthesized under the same
condition but stirring is employed (Figure 5.4c¢).
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Figure 5.4. TEM images of SPs NPs with adjustment of sizes by changing the amount of DTAB: a) 40 mg; b)

20 mg; c) 12 mg.
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Figure 5.5. Typical TEM images of SPs/PVP NPs synthesized through strong-sonication-assisted mixing.

5.3 The incorporation of SPs in silica

The adsorption of PVP not only improves the dispersion of SPs in polar solvent (such as
water and ethanol), but also acts as the nucleation site for the silica deposition, due to the
sufficiently high affinity of PVP-passivated SPs surface to silica.'” Thereby, a silica layer can
be deposited on SPs/PVP NPs directly via the Stober method.?

Silica deposition on SPs/PVP NPs. SPs/PVP NPs ethanol solution (5 mL from the 7-mL
ethanol dispersion) was added in 10 mL of ethanol which contained 660 uL of NH,OH (29%
in water) with a final volume concentration of 4.2%, followed by the dropwise injection of 1.0
mL of TEOS/ethanol (v/v = 1:9) in 2 hours. The solution was stirred overnight. SPs/SiO; NPs

were washed with ethanol for 2 times and redispersed in 5.0 mL of ethanol.

5.3.1 The effect of injection solvent on the silica shell growth

We find that the injection solvent has an important effect on the morphology of the silica.
SPs aqueous solution were injected into three solvents (water, ethanol and ethylene glycol) at
the same concentration of PVP (MW = 55,000). Then the silica shell deposition was
performed. According to the TEM images of SPs (Figure 5.6a, 5.7a and 5.8a), more

aggregated SPs can be observed when water or ethanol is used respect to SPs synthesized with
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ethylene glycol. The aggregation becomes more serious when silica is deposited on those SPs

as shown in Figure 5.6b, 5.7b, compared to SPs/SiO, NPs in Figure 5.8b.

Figure 5.6. Typical TEM images of SPs/PVP NPs (a) obtained by injecting SPs into PVP/H,O and
corresponding SPs/SiO2 NPs (b).
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Figure 5.7. Typical TEM images of SPs/PVP NPs (a) obtained by injecting SPs into PVP/ethanol and
corresponding SPs/SiO2 NPs (b).
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Figure 5.8. Typical TEM images of SPs/PVP NPs (a) obtained by injecting SPs into PVP/EG and
corresponding SPs/SiO2 NPs (b).
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5.3.2 The effect of PVP molecular weight on the silica shell growth

The molecular weight of PVP was also tested for the growth of silica. It is difficult to
distinguish the difference of SPs/PVP from the TEM images when PVP with small molecular
weight (PVP-K12, the average molecular weight is about 10, 000 g/mol) (Figure 5.9a) or
large molecular weight (PVP, the average molecular weight is about 55, 000 g/mol) were used
(Figure 5.8a). However, the aggregation appears after the deposition of silica on SPs with
PVP-K12 as stabilizing agent as illustrated in Figure 5.9b. Apparently, PVP with small
molecular weight cannot sufficiently stabilize SPs during the growth of silica, possibly

because the PVP cannot sufficiently shield the large van der Waals forces between the SPs."”

&
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Figure 5.9. Typical TEM images of SPs/PVP NPs (a) obtained by injecting SPs into PVP-K12/EG and
corresponding SPs/SiO2 NPs (b).

k.

5.3.3 Growth of thick silica shell on SPs/SiO,

Thicker silica shell can be obtained by using these SPs/SiO, NPs as nucleation seeds in

isopropanol through a fast silica growth process.

SPs/SiO;> NPs (1 mL from the 5-mL ethanol dispersion) were precipitated and redispersed
in 14 mL of isopropanol, followed by the addition of 0.24 mL of NH,OH (29% in water), and
then 30 uL of TEOS were added under stirring. The obtained NPs were collected in 2 hours.
The SPs/SiO; NPs were washed with ethanol for 3 times and redispersed in 2.0 mL of ethanol.
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As shown in Figure 5.10, the silica thickness increased to about 100 nm and the surface is

'.w"'

very smooth.

a % 2

Figure 5.10. Typical TEM images of SPs/SiO2 NPs through the regrowth of silica.

5.4 Synthesis of SPs and SPs/SiO, from different types of nanocrystals

Here we show a generalized method for preparing colloidal spheres from hydrophobic
nanocrystals building blocks. In particular, QDs with different emission colors and sizes can
act as the building blocks. Through this approach, multicolored SPs can be obtained by
mixing QDs with different emission colors through this approach. Moreover, multi-functional
SPs with both magnetism and fluorescence can also be synthesized by using QDs and

magnetic nanocrystals.

Synthesis of SPs/PVP and SPs/SiO, NPs from various hydrophobic nanocrystals. 4
variety of hydrophobic ODs and magnetic nanocrystals bellows were used to synthesize SPs
in the previous synthetic route. 1) 14 mg of ODs (CdSe/CdS/ZnS, PL-550 nm); 2) 14 mg of
ODs (CdSe/CdS/ZnS, PL-650 nm); 3) 5.95 mg of ODs (PL-550 nm), 3.64 mg of ODs (PL-610
nm), and 4.52 mg of QDs (PL-650 nm): QDs with three different colors were mixed with
equal fluorescence intensity, 4) 14 mg of QDs (PL-670 nm, 30 nm in diameter, in this case, 30
and 15 mg of DTAB were used.) 5) 13 mg of QDs (CdSe/CdS/ZnS, PL-610 nm) and 1 mg of
Fe;04 (8 nm) 6) 11 mg of ODs (CdSe/CdS/ZnS, PL-610 nm) and 3 mg of Fe;O4 (8 nm); 7) 14
mg of CdSe nanoplatelets (PL-510 nm); 8) 14 mg of CdSe/CdS core/crown nanoplatelets. The
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quantity of DTAB was 60 mg if not specified. The obtained SPs/PVP NPs were washed with

ethanol, followed by the silica deposition.
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Figure 5.11. Typical TEM images of SPs (1) and corresponding SPs/SiO; (2) from different types of
hydrophobic nanocrystals: a) QDs-550 nm, D: ~ 8 nm; b) QDs-650 nm, D: ~ 12 nm; c) mixed QDs,
550/610/650 nm; d) QDs-670 nm, D: ~ 30 nm, DTAB: 30 mg; e) QDs-670 nm, D: ~ 30 nm, DTAB: 15 mg; f)
QDs-610 nm: 13 mg, FesO4 (D: ~ 8 nm): 1 mg; g) QDs-610 nm: 11 mg, FesO4 (D: ~ 8 nm): 3 mg; h) CdSe

nanoplatelets; i) CdSe/CdS core/crown nanoplatelets.
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Figure 5.11 shows the SPs synthesis with different types of nanocrystals and also the
followed silica shell growth. All of the obtained SPs display nearly spherical shape, regardless
of the morphology of the building blocks. The (QDs and Fe3;04)/SiO, SPs preserve both
magnetic and fluorescent features, as presented in figure 5.12. Specifically, SPs synthesized
from CdSe nanoplaelets (figure 5.11 hl) and CdSe/CdS core/crown (figure 5.11 il) did not
have visible fluorescence any more. This fluorescence quenching happened when the
nanoplatelets chloroform solution was mixed with the aqueous surfactant solution. The
fluorescence of nanoplatelets structures is more sensible to the external environments than

that of QDs and can be completely quenched by the introduction of water.*'*

Figure 5.12. Pictures of (QDs and Fes04)/SiO, SPs (Figure 5.10 g2) with a magnet under visible light (left)
and under UV light (Right). A fluorescence signal clearly appears under UV light excitation.

5.5 Synthesis of SPs/SiO,/Au nanoshells (golden SPs)

The SPs/Si0; can be further covered by a gold nanoshell through the previously developed
approach. First, SPs/Si0, were functionalized by a polymer, PVIS, followed by the adsorption
of tiny gold seeds which acted as the nucleation sites for the growth of gold.

1) Functionalization of SPs/SiO, NPs with PVIS. SPs/SiO, NPs (2.0 mL from the previous
5-mL ethanol dispersion) were dispersed in 7.0 mL of ethanol which contained 1 mg of PVIS.
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This solution was heated at 80 °C for 1 hour. SPs/SiO/PVIS NPs were washed with ethanol

for three times and redispersed in 2.0 mL of ethanol.

2) Synthesis of gold-seed-decorated SPs/SiO; NPs. SPs/SiO,/PVIS NPs (150 uL from the
previous 2-mL ethanol dispersion) were added in 3.0 mL of two-week-aged Au seeds solution

and stirred for 1 hour. Free Au seeds were removed by washing with water for three times.

SPs/SiO,/PVIS/Augeeds were redispersed in 300 uL of water.

3) Growth of Au nanoshells on SPs/SiO,/Au seeds NPs. SPs/SiO»/Auseeas NPs (150 uL
from the previous 300-uL ethanol dispersion) were added to 1.0 or 2.0 mL of gold plating
solution; and then 50 or 100 uL of PVP (mw: 3,500, 0.35 wt%) was added and stirred for 2
min, followed by the addition of 5.0 or 10.0 uL of CH,O respectively. The solution was stirred

for 1 hour. Golden SPs were washed one time with water and redispersed in 2.0 mL of water.

As shown in Figure 5.13, the coverage of adsorbed Au seeds was dense and uniform.
Continuous gold nanoshells were fabricated by reducing more gold ions. The plasmonic peak
corresponding to the thickness of gold nanoshells can be tuned by changing the amount of
gold ions. When 1.0 mL of Au plating solution was used for 100 pL of SPs/Si0,/Augeeds NPs,
the golden SPs displays a plasmonic adsorption at ~ 850 nm (Figure 5.14 Left); the gold layer
was continuous and had a thickness of around 20 nm (Figure 5.14a). Increasing the volume of
gold plating solution to 2.0 mL, the plasmonic peak shifted to red and located at ~ 800 nm,
corresponding to a gold layer thickness of 26 nm (Figure 5.14b).

Figure 5.13. Typical TEM images of SPs/SiO2/Auseeds NPs
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Figure 5.14. Left: Extinction spectra of golden SPs synthesized with a) 1.0 mL; b) 2.0 mL of gold plating
solution. Right: corresponding TEM images of golden SPs at different resolutions.

5.6 Conclusion

In this chapter, based on the micro-emulsion-droplet-template, a versatile bottom-up self-
assembly approach is developed to assemble hydrophobic QDs to colloidal spherical
superparticles, followed by the deposition of a silica layer. The multiple QDs make the SPs
display non-blinking fluorescence and high brightness, which are extremely suitable for
imaging applications. The surrounded silica layer prevents the decomposition of SPs and
thereby enhances the SPs stability when stored for a long time or in the presence of organic
solvents. Moreover, through this approach, QDs with different emission colors or other types
of nanocrystals can be assembled in one single colloidal sphere, which can possess multiple
properties, such as fluorescence and magnetism. The SPs/SiO; can also be covered by a gold
nanoshell, which can accelerate the radiative decay rate via the plasmon-fluorescence

coupling, and also further raise the SPs’ photostability and improve the biocompatibility.
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General Conclusion and Perspectives

General conclusion

During this three-year research work, we have synthesized QD/SiO,/Au core/shell/shell
hybrid nanostructures (golden QDs) and studied the coupling between QD exciton and
metallic plasmons. The work has started with the colloidal synthesis of CdSe/CdS core/shell
QDs. It continued with their incorporation into silica and the subsequent coverage by a gold
nanoshell to form the desired golden QDs. Then, these hybrid nanostructures were thoroughly
characterized optically. Finally, we concluded with the self-assembly of QDs and/or other

hydrophobic nanocrystals into colloidal superparticles (SPs).

First, we synthesized CdSe nanocrystals with two different radii: ~ 3 and 6 nm; then, a CdS
shell was deposited via a continuous injection of the shell precursors into the CdSe core
solution. This method, developed in our lab, produced CdSe/CdS core/thick shell QDs with
final radii of 6 and 15 nm respectively. These hydrophobic QDs were individually
encapsulated in silica beads via a reverse microemulsion method. The silica thickness — the
first important parameter of the golden QDs — could be precisely tuned in the 10-60 nm range

by changing the amount of the silica precursor TEOS in the emulsion solution.

In the second section, we presented the synthesis of golden QDs via a multi-step process.
We explored several experimental parameters to improve the synthesis. A polymer, PVIS,
was developed to functionalize the previously synthesized QD/SiO, NPs and adsorb aged
gold seeds so that they cover up to ~ 80% of the silica surface. For the gold nanoshells
formation process, a one-shot injection method using CH,O as the reducing agent was chosen;
thanks to the introduction of PVP, a controlled and homogeneous growth of the gold seeds
could be obtained, resulting in continuous and monodispersed gold nanoshells with improved
dispersion in water. With a fine tuning of the molar ratio between the QD/SiO, NPs and the
gold(IIT) salt solution, the thicknesses of the gold layer — the second important parameter of

the golden QDs — could be tailored to various dimensions.

Next, we studied the optical properties of golden QDs (QDs radius: 15 nm) with the
thicknesses of the silica and the gold shells tuned respectively to 35 nm and 20 nm. Both
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ensemble and single optical measurements were performed. The fluorescent QDs were
coupled to the plasmon mode of gold nanoshells and displayed a 6-time shorter lifetime.
When the QDs are in the charged state, the accelerated radiative recombination can
completely overcome the Auger processes, resulting in radiative efficiencies that are similar
to those measured when the QDs are in the neutral state. Hence, a fluorescence intensity trace
with no detectable fluctuation over time was observed. The gold nanoshell acts also as a
shield that protects the QD fluorescence and enhances its resistance to high-power
photoexcitation or high-energy electron beams. This novel kind of hybrid object is, to the best
of our knowledge, the first example of colloidal material that brings together a QD and a

metal nanoshell in a resonant manner.

In the last section, we managed to assemble hydrophobic QDs into colloidal superparticles
(SPs) via a micro-emulsion-droplet-templated method. The SPs size could be tuned by
changing the surfactant quantity and the way the aqueous and organic solutions were mixed.
These SPs were highly fluorescent and non-blinking. Multi-functional SPs could also be
obtained by assembling fluorescent and magnetic nanocrystals. The SPs dispersion in water
was improved by the adsorption of a polymer (PVP), which also provided nucleation sites for
the subsequent SiO, growth. The SiO, shell conferred to the SPs a long-term stability. The
coverage of SP/Si0, NPs by gold was also demonstrated.

Perspectives

The QDs fluorescence is quenched (especially for small QDs) when QD/SiO, NPs are
washed with water because the water molecules can diffuse through the porous SiO; layer and
reach the QDs surface. The protocol of the silica growth needs to be improved to maintain the
QDs fluorescence. For instance, a more dense silica layer can be used to prevent the water
diffusion; besides, QDs with a cross-linked polymer shell (ACS Nano, 6, 3346) show
extremely stable fluorescence and can be a choice for the synthesis of golden QDs without
degraded fluorescence. In order to obtain a stronger Purcell effect using golden QDs, the
distance between gold and QDs (the thickness of silica in our case) needs to be decreased.
However, we observed an important aggregation during the gold seeds growth process when
QD/Si0, NPs were small. Experimental conditions need to be optimized to synthesize well

separated smaller golden QDs. The Purcell effect on the fluorescence of small QDs
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(compared to the giant core/thick shell CdSe/CdS QDs) would also be interesting to study.
Thanks to the continuous gold nanoshell which acts as a shield from the external environment,
the golden QDs can be excited by the laser with much more higher power, which is necessary
to give rise to the multi-exciton. The multi-exciton can be coupled with metallic plasmons
more efficiently than mono-exciton and shows great potential to improve the efficiency of the
third-generation solar cells. Furthermore, the SPs could make up some of these shortcomings,
as well as blinking and low fluorescence intensity when single QDs are used as bioimaging

markers, and would be very promising nanostructures in diverse practical applications.
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Appendices

Al-Simulation part: numerical model

By Benjamin Habert, Francois Marquier, Jean-Jacques Greffet

1 Calculation of extinction spectrum

We use a multilayer spherical system to describe numerically the QD/SiO,/Au Shell
nanostructure. We use SEM images to measure the diameters of the quantum-dot and silica
bead as well as the total thickness of the gold shell (Hgpen = 18 nm). Using these measured
parameters and a bulk dielectric function for the gold shell, we observe a mismatch between
the experimental and theoretical resonance of the structure (see model 1 in Figure 1, dashed
blue line). We consequently implement a more accurate numerical model (see model 2 in
Figure 1, solid black line). The consecutive layers of this model are: quantum-dot (n = 2.8,

Dgp = 30 nm), silica core (n=1.47(1), Deore = 99 nm), continuous gold layer (eauw(®, Cr),

thickness »x Hg,,,), porous gold layer (%(8 w(@,CL)+¢

ext

), thickness = (1-r)xHg, ). The

model has two free parameters: Cr and r. Cr takes into account the surface scattering of
electrons in the gold shell and introduces homogenous broadening of the plasmonic
resonance.”” Using this parameter, the dielectric function for gold is the sum of an interband

contribution and a modified Drude model dielectric function:

@ 2
€ (a)’ CF) = Einter (60) * [1 - —p}

o +il,,,Cr

Where &

inter

(w) and the Drude model parameters (®,, I}, ) are extracted from experimental

data (Christy 1972).* To account for its roughness, the gold shell is divided in two layers of

different composition. The first one (thicknessrx Hg, ) is a continuous gold layer whereas

the second one (thickness (1-r)xHy,, ) is considered a mixture of gold and water

(surrounding medium). The dielectric function for this layer is thus % (64 (0,C)+¢,,).
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Mie theory calculations were used to compute the extinction spectrum of the multilayer
system. A fit against an experimental extinction spectrum allowed us to extract the value of
the two parameters: C. =0.54and » =0.65 (see Figure 1). We use these adjusted parameters

in the calculation of Purcell factor. The experimental extinction spectrum shows a second

resonance around A = 1200 nm that we attribute to the presence of dimers in the solution.

We checked that this model could reproduce accurately the extinction spectra measured for
several core/shell systems (Dore ranging from 86 to 125 nm, Hgpey from 13 to 30 nm). We
also checked that the width of the plasmonic resonance could not be attributed to

inhomogeneous broadening caused by size polydispersity.

T T T T T T T T I
measured
model 2 (params. r, Cr)

- --model 1 (no param.) |
— - dimer

Toxt (a.1.)

A (nm)

Figure 1. Measured (gold dots) and calculated extinction spectra for the QD/SiO2/Au Shell structure. For the
dashed blue line we used the bulk dielectric function of gold and obtain a mismatch for the position and width
of the resonance. Black line is the two-parameter model used in the article where surface scattering of
electrons and shell roughness is taken into account. The calculated extinction spectrum for a dimer

(magenta) shows a second resonance around 1100nm.

2 Purcell Factor for a nanoshell on a glass slab

We use a classical electromagnetic simulation to compute how the multilayer spherical

structure can modify the lifetime t of the quantum-dot. In such a simulation, the two-level
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system is represented by a point dipole placed at the center of the multilayered spherical
system and the power P emitted by this dipole is calculated (including losses in the metal).
We use the equivalence Fpyrenl = To/T = P/Py to deduce from the calculation the modification of
lifetime. In the previous equation the subscript 0 corresponds to the reference: quantum-dot

without the core/shell structure.

Using Mie theory, it is straightforward to compute the power emitted by the dipole in the
multilayer spherical system in a homogeneous environment. However, the lifetime
measurements were performed in a fluorescence microscopy setup: the emitter is deposited on
a glass slab. Accounting for the interface is important as it modifies significantly the local
density of states. We used the method described in references to account for the interface.”
The basic idea of the method is to replace the nanoshell by an ensemble of effective dipolar
scatterers located on a sphere of radius 3 nm. The polarizability of these dipoles is adjusted in
order to reproduce the field scattered by the nanoshell in a homogeneous environment. The
advantage of the technique is that the influence of the interface on dipoles can then be
included easily. In our case, we found that 20 dipolar scatterers were enough to compute

accurately the emitted power.

3 Influence of gold seeds on QD lifetime

The decay rate of the QD/SiO; system in water is [y = 1/123 ns”. When gold nanoparticles
(seeds) are deposited on the silica surface, the decay rates increases to I'* = 1/84 ns™. This can
be interpreted by the presence of a non-radiative decay channel characterized by the rate I'ng
=I*-Ty=1/265 ns”'. We will show here that this additional decay rate can be attributed to
the light absorption by the nanoparticles, thus proving that the QD is not chemically altered
during this step.

Let us consider a dipole emitter (A = 670 nm) at the center of the QD/SiO, structure. We
first compute the power radiated by this dipole Pr.q. We now consider a gold nanoparticle
(radius rseeq = 1.5nm) deposited on the silica bead and we compute the electric field Ej at its

position. The power absorbed by this nanoparticle is given by:

P

abs

= —% w Re{p.Eg}
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Where the dipole moment induced in the nanoparticle is given by its polarisability o

D = &y& 0k,
Ep—¢
a= 4727/;‘?;6d = “
& t2e,,
Where ¢, =1.77 and ¢,, =—13.3+4.4i are the dielectric functions of the surrounding

medium (water) and the gold nanoparticle (we use the same dielectric functions as in section
1). The power scattered by this small nanoparticle is negligible:’

4.6
o, k'r P
scatt - seed ~ 10

o kr

abs seed

We can now compare the power absorbed by the gold nanoparticle to the total power radiated

by the source dipole:

@=1.7x10‘4
P

We now estimate the amount N of gold nanoparticles required to explain the experimental

modification of decay rate:

NMlare L _ .46
rad 1—‘0

This yields N = 2700 nanoparticles, which would cover 62% of the silica surface and
represent a volume of 3.8x10™ um’ of gold. This is consistent with what is observed using
SEM imaging of the QD/SiO,/Au seeds structures. The shortening of fluorescence lifetime
from 123 ns to 84 ns can consequently be attributed to the absorption of light by the gold

nanoparticles.
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4 Fluorescence signal in a pulsed excitation regime

We derive in this section a model for the fluorescence signal under a pulsed excitation. This

will be applied to the low-excitation regime.

Considering an ensemble of N, , emitters, we first derive the number of emitters in the

excited state as a function of time N, (¢) . We consider periodic pulses with a repetition rate R
of small duration J¢ that excite emitters in the ground state with a probability 7. Let N,(07) be

the number of excited emitters before the pulse; the number of excited emitters after the pulse

1s thus:

N (0")=N,(0")+7zx(N,

ot

—N,(07))
This population decays with a rate I and the number of excited emitters at the end of a cycle
1s:

N,(t=1/R)=N,(0")e """

Because the excitation is periodic, we have N,(#=1/R)=N,(07). We consequently derive

the number of excited emitters as a function of time:

N,(®)=N,(0")e ™",

N,(0")=N,, —=

r

1-(1-7)e ®

We can now use the population to derive the emitted intensity. The radiative decay rate of the
emitter is I, and the collection efficiency of the system is f, ,. During an excitation cycle, the

mean intensity collected (photons.s-1) is:

I=R["T, f,, N, (),
which yields: "

I T -
1=?’R Seon Nm,—r[l—e RJ @)
1-(1-7)e ®
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We can further extend the relevance of this model by providing the excitation probability as a

function of pump irradiance ¢, and absorption cross-section o,, . During the excitation

mc

(duration 6t), the population equation is:

dN, o, 9
£ =M "RN, —-N,@))-T,.N,(1).
dt ha) ( tot e()) tot e()

inc

We solve this equation for N, (0) = 0. The transition probability 7 for an emitter initially in its

ground state can then be cast in the form:

dxo
N 514 1 —7”1”%0
7(@,.) = ]e\f( )= T l—e " T
tot 1+ a)inc
O-abs ¢inc

This expression can be simplified when the duration of the pulse is short compared to the

lifetime of the emitter (o <<1), which is often verified during measurements. The probability

becomes:

ho

A==€ ), with ¢, = (2)

abs

Equations (1) and (2) give us a model for the fluorescence collected in a pulsed excitation

regime, regardless of the relative magnitude of the repetition rate R and decay rate I'. In the

case of a low-excitation regime (@, ./ ¢, <<1, and consequently 7 <<1), we get:

mc

r
I: 1—}: Rf;olthotﬂ-

which corresponds to the formula used in the article for a single emitter. (Note that we obtain

. .. r
the same expression in the case of a small repetition rate (E >> IJ, regardless of the pump
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irradiance). As explained in the article, we can take into account the presence of the gold shell
by modifying the values of I' and T';.. The gold shell also changes the excitation probability m;

in the low-excitation regime, the probability is simply multiplied by a constant

K =0/ 5% as 1 is proportional to the absorption cross-section of the emitter. Although it

abs abs

is not the case for this structure, an antenna can also modify the emission pattern and thus

increase the collection rate f, .
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A2-List of abbreviations

Ag

AIBN
APTES
APTMS

Au

CdS

CdSe

CdTe

CH»0O
CTAB
DTAB

EG

Fe;04
ESPCI
FWHM
Golden QDs
Igepal CO-520
LPEM
NH,;OH-HCI
NH4OH

PL

PLE

PSPR

PVP

LSPR

NPs

PVIS

Silver

Azobisisobutyronitrile
3-aminopropyl)triethoxysilane
3-aminopropyl)trimethoxysilane

Gold

Cadmium sulfide

Cadmium selenide

Cadmium telluride

Formaldehyde
Cetyltrimethylammonium bromide,
Dodecyltrimethylammonium bromide
Ethylene glycol

Iron(I1, I1T) oxide

Ecole Supérieure de Physique et de Chimie Industrielles
Full width at half maximum
QD/Si0,/Au nanoshell
Polyoxyethylene (5) nonylphenylether
Laboratoire de Physique et d’Etude des Matériaux
Hydroxylammonium chloride
Ammonium hydroxide
Photoluminescence
Photoluminescence excitation
Propagating surface plasmon resonance
Poly(N-vinylpyrrolidone)

Localized surface plasmon resonance
Nanoparticles

Poly(1-vinylimidazole-co-vinyltrimethoxysilane)
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QDs Quantum dots

QY Quantum yield

RPM Rounds per minute

SEM Scanning electron microscopy

SILAR Successive ion layer adsorption reaction

SiO, Silica

SPR Surface plasmon resonance

SPs Superparticles

TEM Transmission electron microscopy

TEOS Tetraethyl orthosilicate

THPC Tetrakis(hydroxymethyl)phosphonium chloride
Triton X-100 Poly(ethylene glycol) p-(1,1,3,3-tetramethylbutyl)-phenyl ether
Zn0O Zinc oxide

ZnS Zinc sulfide
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Abstract

Due to the surface plasmons in metallic nanostructures and the exceptional optical and
electrical properties of colloidal semiconductor quantum dots (QDs), QD/metal hybrid
nanostructures have attracted much attention over the past decade because of their diverse
potential applications. However, colloidal single QD/gold hybrids have rarely been
synthesized, although these structures are very promising optically and can be handled very

easily, since they remain dispersed in solution.

In this work, we managed to develop for the first time a generalized synthetic route to
synthesize a QD/S10,/Au core/shell/shell hybrid structure (golden QDs). First, hydrophobic
QDs were individually encapsulated in silica beads via a reverse microemulsion method. The
obtained QD/Si10, nanoparticles were then coated with a continuous gold nanoshell using a
solution deposition process. The thicknesses of the silica and the gold layers — two important
parameters of the golden QDs — could be tailored independently to various dimensions. We
showed that single golden thick-shell CdSe/CdS QDs provided a system with a stable and
poissonian emission at room temperature and a high photostability. This novel hybrid golden
QD structure behaved as a plasmonic resonator with a strong (~ 6) Purcell factor, in very good

agreement with simulations.

We also present the self-assembly of hydrophobic QDs into colloidal superparticles (SPs).
With a fine choice of QDs, SPs could indeed possess outstanding properties including non-
blinking fluorescence, high fluorescence intensity and multi-color emission. Multi-functional
SPs could also be obtained by mixing fluorescent or magnetic nanocrystals. The subsequent
growth of a silica shell on the SPs allowed an enhancement of their stability and we
demonstrated this silica shell could itself be covered by a gold nanoshell to further improve

the SPs photostability and biocompatibility.

Keywords

Nanomaterials; semiconductor nanocrystals; quantum dots; fluorescence; silica; gold
nanoshell; plasmon resonance; optical coupling; Purcell effect; core/shell structures; self-

assembly.
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Résumé

Grace aux plasmons de surface des nanoparticules métalliques et aux propriétés optiques et
¢lectroniques exceptionnelles des quantum dots (QDs), les nanostructures hybrides QD/métal
ont suscité beaucoup d’intérét depuis une dizaine d’années en raison de leurs nombreuses
applications potentielles. Cependant, les hybrides QD/or colloidaux n’ont été que rarement
obtenus bien que ces structures soient particulierement prometteuses du point de vue optique

et qu’elles puissent étre manipulées tres facilement, car dispersées en solution.

Dans cette étude, nous avons réussi a mettre au point pour la premiere fois une méthode de
synthése généralisée permettant d’obtenir des structures hybrides cceur/coque/coque
QD/Si10,/Au (autrement appelés QDs dorés). Tout d’abord, les QDs hydrophobes ont été
encapsulés individuellement dans des billes de silice par une méthode d’émulsion inverse. Les
nanoparticules QDs/Si0; ainsi obtenues ont ensuite été recouvertes d’une nanocoque continue
d’or via un processus de dépot en solution. Les épaisseurs de la silice et de la couche d’or —
deux parametres importants pour les QDs dorés — peuvent étre ajustées indépendamment afin
d’obtenir les dimensions souhaitées. Nous avons montré que les QDs dorés individuels a base
de QDs CdSe/CdS a coque épaisse possedent une ¢émission stable et poissonienne a
température ambiante et sont trés photostables. Cette nouvelle structure de QDs dorés se
comporte comme un résonateur plasmonique avec un facteur de Purcell élevé (~6), en tres

bon accord avec les simulations.

Nous présentons également des auto-assemblages de QDs hydrophobes en superparticules
(SPs). Un choix judicieux de QDs donne aux SPs des propriétés exceptionnelles telles qu'une
émission de fluorescence intense, non-clignotante et multicolore. Des SPs multifonctionnelles
peuvent aussi étre obtenues en associant des nanocristaux magnétiques et fluorescents. La
croissance d’une coque de silice sur les SPs a permis d’augmenter leur stabilité et nous avons
démontré que cette couche de silice pouvait elle-méme étre recouverte d’une nanocoque d’or

pour améliorer la photostabilité et la biocompatibilité¢ de ces SPs.
Mots-clés

Nanomatériaux ; nanocristaux semiconducteurs ; quantums dots; fluorescence ; silice ;
nanocoque d’or ; résonance plasmon ; couplage optique ; effet Purcell ; structure cceur/coque ;

auto-assemblage.
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