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Résumé

Grace aux nombreuses propriétés optiques, chimiques, et aussi magnétiques, les nanoparticules
inorganiques sont récemment devenues extraordinairement populaires pour une grande variété
d’applications. En particulier, en raison des effets associés & 'excitation d’oscillation d’électrons
libres (plasmons), les nanostructures d’or sont a présent largement utilisés pour I'imagerie bi-
ologique et la thérapie, les biosensors ultra-sensibles, la diffusion Raman exaltée par effet de
surface (SERS), la nanoélectronique, le photovoltaique, et beaucoup d’autres applications. Mal-
gré le fait que I'or massif ne posséde pas de propriétés catalytiques, les nanoparticules d’or se
révélent étre d’efficace catalyseurs d’oxydation de monoxyde de carbone & basse température.

D’autres nanostructures telles que les nanoparticules de silicium (Si) possédent de remar-
quables propriétés. Ces particules de semi-conducteurs, ayant la taille inférieure a 10 nm, mon-
trent d’'important effets quantiques, ce qui leur valurent le nom de boites quantiques. En partic-
ulier, la fluorescence de ces nanoparticules est liée & ces effets. Les nanoparticules de Si possédent
les mémes propriétés optiques que les boites quantiques « classiques » (notamment CdSe, CdTe,
ZnS), mais en plus grace a l'absence de métaux lourds dans leur composition elles sont bio-
compatibles. Elles ont la capacité de se décomposer dans les organismes vivants jusqu’a ’acide
orthosilicique (Si(OH)4) qui peut étre facilement excrété du corps. Ainsi les nanomatériaux a
base de Si sont trés prometteurs pour la bioimagerie, I’administration de médicaments et les
thérapies photo-induites (thérapie photodynamique et photothermique).

Le probléme majeur de 1'utilisation de nanoparticules inorganiques est leur pureté. Les méth-
odes de synthése chimiques généralement utilisées laissent une contamination des nanoparticules
avec des produits de départ n’ayant pas réagi, de sous-produits, d’ions et d’agents tensioactifs,
compliquant leurs utilisation leurs application. A titre d’exemple, les agents tensioactifs et les ions
peuvent induire une toxicité secondaire de matériaux & la base non-toxiques. La présence d’une
contamination sur la surface des nanoparticules d’or risque de réduire leur activité catalytique
et d’affecter les signaux Raman par de forts signaux de bruit.

Dans ce contexte 1'objectif de notre travail est le développement d’une procédure de synthése

pures de nanoparticules d’or et de silicium par ablation laser ultra-bréve. L’ablation laser dans le
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milieu liquide émerge comme une alternative « écologique » aux moyens de synthéses chimiques,
permettant la fabrication de nanomatériaux dans un environnement pure et controlé. Cette
technique est basée sur lirradiation avec un laser impulsionnel d’une cible immergée dans un
liquide. Le matériau est ablaté sous forme de clusters qui en fondant forment des nanoparticules.
Généralement l'irradiation avec des impulsions lasers « longues » (nanoseconde, microseconde)
méne a la génération de nanoparticules partiellement agrégées, dont les tailles sont largement
dispersées et difficiles & controler sans usage additionnel de ligands. L’utilisation d’impulsions
« ultra-courtes » (femtoseconde) permet de réduire la dispersion de taille et de proposer un

controle des caractéristiques des particules produites.

Pour perfectionner la distribution des tailles et obtenir un controle plus ample des propriétés
des nanoparticules, la fragmentation laser de colloides déja formés a été proposée. Cette méthode
implique l'irradiation laser de micro- et nanoparticules suspendues dans une solution. Elle profite
de la géométrie d’ablation dans le volume, qui permet d’avoir des conditions de formation de

particules plus homogénes par rapport & I'ablation d’une cible solide.

Dans ce travail nous combinons les avantages de 'utilisation d’impulsions ultra-courtes avec
la fragmentation laser. De plus, 'interaction entre les impulsions femtosecondes et le liquide
provoque des effets non-linéaires, notamment la génération d’un supercontinuum de lumiére
blanche. Par conséquent, le spectre de 'impulsion se retrouve considérablement élargi et as-
sure l'efficacité de I'absorption de I’énergie de I'impulsion par les particules. La lumiére blanche
n’est alors pas localisée dans le point focal ce qui crée des conditions plus uniformes pour la

fragmentation des particules.

Les processus de génération des nanoparticules par ablation et de fragmentation laser dans
le liquide sont trés complexes et beaucoup de paramétres expérimentaux peuvent influencer la
formation des particules et leur caractéristiques. Dans ce travail nous étudions 'effet de certains

d’entre eux afin de permettre le controle de la taille et de la composition des nanoparticules.

Pour la synthése des nanoparticules d’or, nous étudions une approche composée de deux
étapes : I'ablation préliminaire d’une cible solide suivie par la fragmentation des colloides obtenus.
En controlant ’énergie de 'impulsion a I’étape de la fragmentation, nous pouvons obtenir des
nanoparticules d’or avec une taille moyenne variable entre 7 et 50 nm et une distribution des
tailles étroite. De plus, cette méthode nous permet de fabriquer des nanoparticules d’alliages

bimétalliques et générer des complexes d’or avec des polymeéres et des oligosaccharides.

Nous développons une nouvelle méthode de synthése de nanoparticules & base de Si constituée
de la fragmentation par laser femtoseconde des microparticules de Si préalablement broyées mé-

caniquement et dispersées dans ’eau. En variant différents paramétres, nous pouvons controler
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la taille et la composition de nanoparticules obtenues. Notamment ’alternance de la concentra-
tion de microparticules initiale nous permet de maitriser la taille des nanoparticules et de la
varier entre 1-2 et 20-25 nm. Le changement de pH des solutions nous permet aussi de controler
finement la taille de celles-ci. En outre, en effectuant la fragmentation en conditions ambiantes
ou désaérées, nous pouvons modifier I'épaisseur et la composition de la couche d’oxyde sur la
surface des nanoparticules.

Pour finir, nous démontrons le potentiel des nanoparticules synthétisées selon les méthodes
établies au cours de ce travail pour les applications optiques, catalytiques et biomédicales. En
particulier, grace a la propreté des nanoparticules d’or et d’alliage or-palladium fabriquées par
I’ablation laser, leur activités catalytiques sont augmentées par rapport aux nanoparticules pro-
duites par voie chimique. Le SERS et ’extinction de fluorescence sur la surface des nanoparticules
d’or sont améliorés grace & leur non-contamination. De plus, la surface propre des nanoparticules
fabriquées par laser permet de les modifier facilement et de former des complexes avec les agents
tensioactifs photosensibles menant & la création de structures plasmoniques controlable par la
lumiére. Nous montrons que les nanoparticules d’or et de silicium synthétisées par I'ablation
laser sont non-toxiques pour les cellules humaines et peuvent étre utilisées pour des applica-
tions biomédicales, telles que les vecteurs de médicaments et les sensibilisants pour la thérapie

hyperthermique induite par les fréquences radio.
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Introduction

The past few decades are marked with a real boom of the nanotechnologies. In general it deals
with the creation and exploitation of the materials with structural features between those of
atoms and bulk materials, with dimensions typically spanning from sub-nanometer to several
hundreds of nanometers. A fascinating aspect of the nanomaterials consists in the size effects.
Indeed, materials at the micrometer scale mostly exhibit the same properties as the bulk form;
while at the nanometer scale the materials can possess completely different structural, thermo-
dynamic, electronic, spectroscopic, electromagnetic and chemical features. Besides, high surface-
to-volume ratio enhances all surface processes. For example, crystals at the nanometer scale have
a low melting point (the difference can be as high as 1000 K) and reduced lattice constants, since
the number of surface atoms becomes a significant fraction of the total atom number, and the
surface energy plays a considerable role in thermal stability [1]. Bulk semiconductors become
insulators when the characteristic dimensions are sufficiently small (a couple of nanometers) [2].
Although the bulk gold does not exhibit catalytic activity, Au nanoparticles appear to be an
excellent low temperature catalyst [3-5]. Despite the attractive properties of the nanomaterials,

their fabrication meets a number of challenges [1], such as:

e Overcoming the large surface energy, a result of enormous surface area and large surface-

to-volume ratio;

e Ensuring that all nanomaterials have desired size, narrow size distribution, morphology,
crystallinity, chemical composition and microstructure, that altogether result in desired

physical properties;

e Making stable nanomaterials and preventing them from coarsening and agglomeration in

time.

There are two approaches to the synthesis of the nanomaterials: top-down and bottom-up.
Generally, a top-down approach corresponds to the creation of nanoscaled structures with the

desired shapes and characteristics starting from larger dimensions and reducing them to the
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required values. On the other hand, bottom-up approach seeks to have molecular or atomic
components built up into more complex nanoscaled assemblies [6]. Both approaches play an
important role in the nanotechnology, but both of them have their own advantages and disad-

vantages.

One of the well-known and well-studied examples of nanomaterials is the gold nanoparticles.
The ancient Chineses and Romans used Au nanoparticles as an inorganic dye to introduce red

color into their porcelain and glass thousand years ago. The famous Lycurgus Cup, 4"

-century
Roman glass cup, which shows a different color depending on how the light is passing through it
(Figure 1), contains small fractions of Au and Ag nanoparticles dispersed in the glass that are
responsible for this optic effect. The modern scientific evaluation of Au nanoparticles began with
Michael Faraday’s works in 1850s [7]. The colloidal dispersion, which he has prepared in 1857,
was stable for almost a century before it was destroyed during the World War II. The colloidal
gold is widely used for medical applications [8]. It was, and is still used for the treatment of

arthritis. A number of diseases were diagnosed by the interaction of colloidal gold with spinal

fluids obtained from the patient [9].

Figure 1: Lycurgus Cup lit from in front (left) and from behind (right), showing different colors depending
on the position of the viewer and the light source. This effect owes its appearance to the presence of the
small amount of Au and Ag nanoparticles in the composition of glass. Now exposed in British Museum,
London.

Gold nanoparticles owe their unique properties due to the quantum size effect. This effect
manifests itself when the de Broglie wavelength of the valence electrons is of the same order than
the size of a nanoparticle itself. Free mobile electrons are trapped in “metal boxes” and show
characteristic collective oscillations of the electron gas at the surface of the nanoparticles, giving

rise to so-called plasmon resonance band near 530 nm for 5-50 nm Au nanoparticles.
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The plasmonic properties of Au nanoparticles give rise to their multiple applications. For ex-
ample, the surface plasmons can offer attractive applications in nano-optics and nano-electronics,
e.g. as optical circuits below the diffraction limit [10,11]. Due to their strong light-absorption
properties and excellent biocompatibility, Au nanoparticles are important for biomedical appli-
cations as contrast agents in diagnostic imaging [12,13], nanoscale heat sources and sensitizers
of light-induced hyperthermia to trigger cancer cell death and tumor remission [14,15]. Gold
nanostructures can also serve as nanoscale devices for improved therapy and diagnostics [16] and
as drug-carriers to improve the biodistribution of drugs to diseased organs [17,18]. Plasmonic
nanoparticles are known to drastically enhance local electric field that is used for the surface-
enhanced Raman scattering (SERS) spectroscopy, which makes possible ultra-sensitive analysis
of various molecules down to single molecule level [19,20]. Biosensing that exploits the detection
of changes of the refractive index around Au nanoparticles is another area of development [21,22].
Au nanoparticles can also be employed for photovoltaic applications, which imply the conver-
sion of sunlight into electricity. Au nanoparticles can improve the absorption of photovoltaic
devices [23| or behave as plasmon-assisted optical antennas |24, 25|, where light is concentrated
into a subwavelength volume to convert the incident light to amplified electric fields. Finally,
gold nanoparticles can be an excellent catalyst for the heterogeneous low-temperature CO and

CH3OH oxidation resulting in the formation of COy [26].

Silicon nanoparticles present another prominent example of an extremely important nanoma-
terial. Small semiconductor nanoparticles, also called quantum dots, show large size-dependent
changes in their fluorescent properties below a radius of a few nm [2]. While molecules have
discrete energy level spectra and solids have continuous bands of energy levels, nanoparticles
occupy the intermediate position and can be considered either as large molecules or small pieces
of solids. Absorption of light in semiconductors promotes an electron to a higher energy level
and creates an unoccupied orbital at lower energy (a “hole”), which behaves as a mobile positive
charge. When the radius of a wavefunction describing the electron-hole pair (exciton) is larger
than the particle size, strong confinement effects can take place. Thus, Si nanoparticles can
demonstrate similar behavior as “classical” semiconductor quantum dots (ZnS, CdSe, CdTe) as
emitters or photocatalysis agents, but Si nanoparticles have a number of advantages. First of all,
they are free of highly toxic heavy metal ions, and are naturally biocompatible [27]. Second, Si
and its oxides SiO, are biodegradable as in biological tissues they are normally decomposed to
orthosilicic acid (Si(OH)4) that is extracted from the body with the urine [28|. Finally, the robust
surface chemistry of Si nanoparticles gives a lot of possibilities for their further modification and

conjugation [29]. Excellent biocompatibility and biodegradability combined with optical proper-
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ties enables the application of Si-based nanomaterials as luminescent labels for bioimaging [30,31]
or as carriers in drug vectoring [31,32]. Moreover, Si nanoparticles can act as photosensitizers
in photodynamic therapy of cancer [33,34]: electrons and holes created under illumination can
react with oxygen on the particle surface and generate reactive oxygen species and/or free rad-
icals yielding the cell apoptosis. Finally, photothermal therapy based on Si nanoparticles relies
on the light-induced heating of the nanoparticles that can also induce the cancer cell kill [35,36].

One of the main issues in applications of the nanoparticles is related to their purity. In-
deed, conventional chemical methods of synthesis of Au nanoparticles include the reduction of
gold precursors in the presence of capping ligands [37, 38|, but this procedure often leads to a
contamination of nanoparticles surface by non-reacted starting reagents, by-products, ions and
surfactants [39,40]. Alternative chemical pathways such as template growth [41], electrochem-
ical routes [42|, seed-mediated growth [43|, etc. are also not capable to provide the required
purity. In the case of Si nanoparticles, the most popular methods of synthesis include chemical
reduction [44] or electrochemical etching |28, 34, 35,45-47|, which also lead to a contamination
by by-products. The presence of residual organic and non-organic contaminants complicates
many application prospects of chemically synthesized Au and Si nanoparticles. As an example,
some products (mostly surfactants [48] and ions [40]) can cause so-called secondary toxicity of a
priori non-toxic materials, which complicates their biomedical applications. In addition, efficient
Si nanoparticles fabrication strategies normally imply a mechanical milling of a porous silicon
skeleton, which leads to a wide dispersion of both size and shape of the formed elements, with the
mean size reaching several pym [28|. In general, such structural characteristics are not consistent
with tasks of delivery in vivo. Another prominent example is catalysis using Au nanoparticles: as
the catalytic activity critically depends on surface states [49], it can be strongly affected by the
presence of surface contaminants. Finally, the surface contamination of plasmonic nanoparticles
can strongly decrease the efficiency of SERS: as its signals from target molecules are strongly
affected by amplified noise signals from residual contaminants [50].

Laser ablation in liquid ambience has recently emerged as a physical alternative to conven-
tional chemical synthesis [51-57]. This method is based on direct radiation-induced removal
(ablation) of material from bulk target yielding the formation of nanoclusters that are released
to water and coalesce to form a nanoparticle solution [58]. From the point of view of the nanofab-
rication, pulsed laser ablation in liquids can be considered as a hybrid technique between the

top-down and bottom-up synthetic approaches [59]. This method has a number of advantages:

e Laser ablation can be performed in ultrapure environment, excluding any residual contami-

nation of the nanomaterials [56,57,60]. Such “bare” surface of the nanoparticles can exhibit
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different surface chemistry and reactivity compared to conventional colloid material [61];

e It is compatible with 12 principles of “green chemistry” [62], because it does not necessarily

require chemicals and does not necessarily produce waste;

e [t makes possible one-step coating of the inorganic nanoparticles with organic molecules,

either in situ (i.e. during the synthesis) [63,64] or ex situ (i.e. after the synthesis) [65,66];

e [t is a relatively low cost method, because manual operation and the experimental set-up

are minimal, while bulk materials replace chemical precursors and other expensive reagents;

e Laser ablation in liquids is one of the fastest and cleanest routes to produce colloidal

solutions of nanomaterials with sizes below 100 nm on the milligram scale [67].

However, the control of the size distribution during laser ablation synthesis is much more
complicated, compared to the state of the art wet chemistry methods. First of all, it concerns the
control of the nanoparticles size characteristics during the laser-ablative fabrication in the absence
of reactive species. Conventional “long pulse” ablation (nanosecond, microsecond, continuous
wave) in aqueous or organic environment, which was employed in a large majority of studies,
usually leads to the formation of widely size-dispersed, partially agglomerated nanoparticles
with the mean size varying from few tens to hundreds of nm [51-55,68-74|. Size properties
of laser-produced nanomaterials can be significantly improved by the employment of ultrashort
laser radiation [56,57,60,75-79]. Indeed, due to the minimal laser-plasma plume interaction and
the reduction of the heat-affected zone, ultrashort laser irradiation can narrow down the size
dispersion and offer an efficient control of the nanoparticle mean size [56,60].

Laser fragmentation of already formed colloidal solutions offers another opportunity to im-
prove the size distribution of the nanoparticles [80-82]. This approach implies pulsed laser
irradiation of the solutions containing preliminary prepared particles. This technique benefits
from 3D “volume” geometry, which enables more homogeneous conditions of ablation and parti-
cles formation, compared to conventional “planar” geometry of the laser ablation from the bulk
target. As a result, more precise size tuning and narrow size distributions can be achieved [82,83|.

The objective of this work is to develop techniques of the controlled laser ablation synthesis
of Au- and Si-based nanoparticles. Our approach is based on the ultrafast (femtosecond) pulsed
laser ablation of materials. Here we consider both direct geometry of femtosecond laser ablation
from a solid target and the “volume” geometry of femtosecond laser fragmentation. The latter
configuration implies a preliminary formation of initial particles either by the laser ablation from
a solid target (in the case of Au nanoparticles) or mechanical milling (for Si-based nanoparti-

cles), followed by the femtosecond laser fragmentation of the obtained colloids. This method
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profits from “fine” ultrashort laser ablation, characterized by a much lower deposited energy
and reduced cavitation phenomena, and a broad spectrum of pumping light used for ablation.
The later property is due to the generation of white light supercontinuum, which arises in wa-
ter as a result of non-linear fs laser — liquid interaction. We explore the opportunities of the
control of the nanoparticles size characteristics by varying the experimental parameters of the
synthesis, namely the pulse energy, the initial particles concentration, the focusing conditions,
etc. Besides, we introduce a femtosecond laser ablation-based technique of the generation of the
bimetallic nanoparticles and complexes of the nanoparticles with polymers and oligosaccharides.
We elucidate the influence of the conditions of fragmentation, on the nanoparticles structure and
composition. Finally, we consider a series of applications of laser-synthesized Au and Si-based
nanomaterials in biomedical and catalysis tasks.

This manuscript is composed of four chapters. First, in order to gain a better insight of
the influence of the experimental parameters on the nanoparticles generation and formation, we
overview the main physical processes, that occur during the laser ablation of the solid target
and colloidal solutions. Here we pay a particular attention to the employment of ultrashort laser
pulses, which provide quite different physics of laser-matter interaction compared to “long pulse”
ablation. Then we turn to the experimental results on the laser generation of the nanoparticles
in liquids. Chapter 2 is devoted to the synthesis of gold nanoparticles. After a brief discussion of
the previous studies on the laser-based fabrication of Au nanoparticles and the influence of the
experimental parameters on nanoparticles growth we present our results on the synthesis of Au
nanoparticles by femtosecond laser ablation and fragmentation. In particular, we demonstrate
the efficient size tuning between a few nm and some tens of nm and we discuss the possible
mechanisms of the size control. We also show the potential of the two-step femtosecond ablation-
fragmentation technique for the synthesis of capped and bimetallic nanoparticles. In Chapter 3
we introduce a laser-ablative methodology for the synthesis of Si-based nanoparticles based on
the employment of ultrashort laser ablation from preliminary prepared Si microparticles. We
investigate the influence of the conditions of the laser fragmentation on the size and structural
characteristics of the formed nanoparticles. In Chapter 4 we demonstrate the potential of the
nanoparticles, designed and synthesized according to the techniques developed in this study, for
the biomedical, catalytic and optical applications. Finally, a general conclusion of this thesis and

the perspectives of the future work are summarized.
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Chapter 1: Main mechanisms of nanoparticles generation by laser ablation 10

1.1 Introduction

Synthesis of nanoparticles by laser ablation in liquid media is a complex process, which includes
the absorption of laser energy, cleavage of the chemical bonds leading to the detachment of the
part of a material in a form of ions and hot clusters, which further interact with each others and
the surrounding medium forming the nanoparticles. The generation of nanoparticles by laser
ablation implies at the same time both the disassembling of a bulk material into sub-nanometer
structures and the assembling of smaller clusters into nano-objects. That is why we can consider
this technique as a combination of both physical top-down and chemical bottom-up synthetic

approaches.

For a successful nanoparticles manipulation and size control, it is essential to understand the
mechanisms of the nanoparticles generation under different laser and experimental parameters.
In this chapter we will discuss the basics of the processes that occur during the fabrication of the
nanoparticles in liquids during both the ablation of a solid target and the pulsed laser irradiation

of colloidal solutions.

We will pay special attention to the properties of ultrashort (femtosecond) laser ablation,
which implies a fast energy transfer (faster than the thermal relaxation time). Therefore, fem-
tosecond laser radiation cannot be considered as a “thermal source”, as in the case of longer pulse
durations. In addition, high intensities of the ultrashort laser irradiation yield the appearance of
non-linear phenomena, such as white light supercontinuum generation. The processes discussed

in this chapter will mainly concern ultrashort laser ablation.

1.2 Laser ablation from a solid target

Laser ablation from a bulk target in liquid medium includes several consecutive stages. After
the absorption of laser radiation by a bulk target, the plasma plume containing the ablated
species expands into the surrounding liquid and this process is accompanied by the generation
of a shockwave. Then, the expanding plasma plume cools down and releases the energy to
the surrounding medium, leading to the formation of a cavitation bubble. The cavitation bubble
expands in the liquid and then collapses on the timescale of the order of hundreds of microseconds
releasing a huge amount of mechanical energy.

We will review main processes taking place during the laser ablation as a temporal evolution
of physicochemical phenomena when a single pulse hits the target. The time ¢ = 0 corresponds

to the moment when the laser pulse hits the target.



Chapter 1: Main mechanisms of nanoparticles generation by laser ablation 11

1.2.1 t < 0: penetration in the liquid

For effective laser ablation, the energy of a pulse should be delivered to the target and not
to the surrounding liquid. The optical breakdown of the liquid should be avoided to reduce
losses of the radiation energy [84-86]. Additionally, in the case of femtosecond laser pulses non-
linear effects, like self-focusing can be observed at relatively low laser fluences [87,88]. Besides,
certain threshold fluence should not be exceeded in order to avoid the triggering of multiphoton
absorption in the liquid [89].

Ideally, the surrounding medium must be transparent for the laser wavelength, which is not
always feasible. For instance, water has certain absorption at 1025 nm, but the energy absorbed
by the solvent is several orders of magnitude weaker compared to the energy delivered to the
target. When already formed nanoparticles and some solutes are present, the absorption and
scattering of the surrounding medium can be significant, and the energy delivered to the target

can be significantly reduced [59].

1.2.2 From t =0 to 107! s: laser pulse absorption and energy deposition

Electromagnetic radiation can interact only with electrons of the material, because much heavier
nuclei cannot respond to high light frequencies. Core electrons have too high binding energy
compared to energies provided by visible and near-infrared light (NIR). Therefore, core electrons
interact weakly with the electromagnetic wave below the resonance, and only free electrons can
be responsible for the absorption of laser energy. When a laser beam hits the surface of a target,
the charge carriers absorb laser energy through the inverse Bremsstrahlung effect. While the
metals have free electrons (Fermi electron gas) naturally at ambient conditions, semiconductors
have them only in the valence band (under normal conditions). Therefore, the origin of charge
carriers responsible for the absorption of the laser energy is different for semiconductors and
metals, and the scenario of light absorption is different as well.

In the non-excited state, semiconductors have electrons only in the valence band (where
the electrons are “bond”) and the conduction band (where electrons are free as in metals) is
empty. The absorption of laser energy induces the transition of an electron from the valence
to the conductive band. Besides, depending on the resonant frequency of the electromagnetic
irradiation, this transition can occur within one band (intraband) or within different bands
(interband). The interband transitions can also be of two types: direct and indirect. When an
incident photon with an energy equal or higher than the material band gap (3.4 eV for Si that
corresponds to wavelengths of ~360 nm and shorter) excites an electron and transfers it directly

to conduction band, this process is known as the direct transition. At non-zero temperature
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there is a number of phonons that can mediate the interaction between a photon and an electron,
lowering the energy required for the electron transition (down to 1.1 eV for Si corresponding to
wavelengths of ~1130 nm). This process is referred as the indirect transition. As the indirect
transition in crystalline silicon requires a simultaneous annihilation of a photon and a phonon,
its probability is much lower than for the direct transition. Therefore, the absorption of the

photons with energies below the direct band gap is low at normal conditions.

However, in the case of ultrashort laser pulses, the absorption at visible and NIR ranges is
significant due to multiple effects. Here, depending on the peak laser intensity the pulse energy
can be absorbed by one-, two- or multiphoton ionization. Avalanche ionization is another possible
process, in which a conduction band electron directly absorbs additional photons and then collides
with a valence electron resulting in two electrons at the bottom of the conduction band, which
start the process once again [90]. It was demonstrated that the two-photon absorption was
a dominant mechanism for 620-nm 100-fs laser pulses [91], while for 800-nm 100-fs pulses the
absorption was governed by the avalanche ionization [90]. These phenomena become relevant at
high intensities of laser radiation, which is characteristic for ultrashort laser-matter interactions.
Upon the ionization of semiconductors free charge carriers are created consisting of a pare of an
electron and a corresponding hole. The holes tend to be mobile and behave like free electrons
with an opposite charge contributing to the absorption process. It should be noted that the
ionization and band transitions occur within few femtoseconds [92-94|, and then the electrons

and holes behave like free electrons in metals.

The energy transfer from a femtosecond laser radiation to a solid target can be divided
into three steps. First, the absorption of the laser pulse energy by free charge carriers leads to
the thermalization of the electronic subsystem. Then, the electron relaxation occurs and the
electronic subsystem reaches the equilibrium, The electron equilibration time is of the order of
magnitude of the reverse plasma frequency, i.e. ~ 1072 fs, which is much faster than the pulse
duration. However, at this moment hot electrons or electron-hole plasma still co-exist with “cold”
ions. The thermal diffusion is the last step, which transfers energy from electrons to ions. The
electrons and the ions reach a thermal equilibrium through electron-ions collisions. However, this

process takes much longer time than the pulse duration (usually at the order of picoseconds).

A two-temperature model is applied to describe such processes as heating, melting and ma-
terial ablation. This model was first proposed by Landau and Kaganov [95] and then applied by
Anisimov to laser-matter interactions [96]. The model is valid under the assumption that the
thermalization within the electron subsystem is fast and the pulse duration exceeds electrons

equilibration time. Electron and lattice subsystems can be characterized by their temperatures
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(T, and T;), and the energy transport can be described by the following equations:

oT, 0
Cet = - %iz) T, —T) + S (1.1)
oT;
G =T~ 1) (1.2)
T,
Q(Z) = _keg (1'3)
S =1I(t)Aa e** (1.4)

Here, C. and C; are the heat capacities of the electron and lattice subsystems, z is the
direction perpendicular to the target surface, v is the parameter characterizing the electron-
lattice coupling, k. is the electron thermal conductivity, A and « are the surface absorptivity
and the material absorption coefficients. @) is the heat flux. S is the laser energy term absorbed
by the material. Generally, a Beer-Lambert law is applicable to describe the energy absorption
in the material. I(t) represents temporal evolution of laser pulse. The temporal shape of the
pulse can be described as an increasing exponential function I(t) = Ioet/™ for the ¢t < 0, where

Tp is the pulse duration. At the moment ¢ = 0, the laser pulse is switched off.

Thermodynamic parameters C, and k. depend on the electrons and lattice temperatures.
When the electron energy remains smaller than the Fermi energy C, = C.T, (where C. is con-
stant) and ke = ko(T;) Te/T; (where ko(T;) is the conventional equilibrium thermal conductivity).
At electron temperatures higher than the Fermi temperature, C. is determined as C, = 3N .kp/2

(Ne is the electron density and kp is the Boltzmann constant), k. can be described as ke ~ Tj 2

Equations (1.1-1.3) have three characteristic time scales: t., t; and 7,, where t, = C./v is
the electron cooling time, t; = C;/v is the lattice heating time (¢; > t.) and 7, is the duration

of the laser pulse. In the femtosecond regime, the condition t; > t. > 7, is fulfilled.

Nolte et al. [97] provided an analytical solution of this system in the case of ultrashort laser
pulses. They neglected the first stage of the laser heating where the electrons are out of equilib-
rium. The heat capacity, the electron thermal conductivity and the electron thermal diffusivity
D = k./C. were assumed constant. To solve the equations, they used initial temperature and

the continuity of electronic temperature as boundary conditions:

Te(z,t = —0) = Ti(z,t = —00) =Ty = 0 (1.5)
0T, o7,
= = 1.
0z z=0 0z 2=00 ! ( 6)
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According to the solution of the equations proposed by Nolte et al. [97], the spatial profile of

the lattice temperature after the reaching the equilibrium is described as follows:

Fa 1 —z —z
E(Z):am<le /1—58 /5), (17)

where Fy, = IpAT), is the laser fluence absorbed by the target, = 1/a and [ are optical and
heat penetration depths. Here, it is implied that the electronic and lattice temperatures evolve
linearly.

It is worth noting that the two-temperature model for the description of the pulse absorption
properties is rather simplified and cannot be used for precise simulations. However, it can explain
some experimental tendencies. For more accurate description, the solution of the system should
be completed by the equation of state for the ablation of material. Another problem is that
properties of the material strongly depend on its temperature. During the laser irradiation, the
increase of electronic temperature causes variations of the absorption coefficient and of surface
absorptivity [98].

Despite its simplicity, the two-temperature model is frequently used as a basis for more com-
plex modeling for studies of molecular dynamics [99-102] or hydrodynamic [103,104] modeling
of material ablation. Some studies [105] propose a solution of the problem taking into account
temperature dependences of thermodynamic parameters. This model is in good agreement with
ablation threshold values found experimentally. The two-temperature model is also used as a
starting point for models describing precisely the thermodynamic evolution of material, including
phase transitions, structure transformations and non-equilibrium processes [99-101]. In addition,
this model was applied for an interpretation of pump-probe measurements and determination of
thermal conductivity and electron-phonon coupling coefficient [105-108|. Finally, it was used to
predict the threshold fluence for damage or fusion [97,105,109], to describe the species desorption

from a metal surface [110] or ions ejection dynamics during the laser ablation [111].

1.2.3 t=10"" to 107'Y s: ejection of ablated material

After laser energy absorption followed by the ionization (in the case of the semiconductors and
insulators), free carriers thermalization, and the transfer of the energy to the lattice, the material
ablation occurs. The mechanisms that govern the material ablation under the femtosecond regime

are still under discussion. We can list several possibilities:

e Thermal mechanisms: fast heating of material results in the vaporization or thermody-
namically instable liquid phase explosion, and leads to the ejection of a vapor-liquid mix-

ture [99,101,112,113].
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e Electrostatic mechanism: electric field of laser radiation induces the ejection of electrons
from the material, leading to the formation electric field on the surface of the target. Under

the action of this field, ions are accelerated and ejected from the target [114,115].

e Coulomb explosion: electric field of laser radiation induces the ejection of electrons from
the material, leading to its charging. Repulsion forces between ions of the lattice increase

and lead to bond ruptures and the explosion of the lattice [116,117].

e Photomechanical mechanisms: the shock wave propagation in material induces an expan-
sion wave that can lead to the ejection of material in the form of nanometric or bigger

fragments [112,113,118|

A concrete scenario for ablation mechanism strongly depends on the nature of material and
laser parameters. Numerical simulations take into account several possible ablation mechanisms
and use different methods such as: molecular dynamics [99,102,112,119], hydrodynamic methods
[103,104,120] and direct simulation Monte Carlo [113].

In the frame of the thermodynamic approach, three types of processes are typically considered
for the description of material ejection: evaporation, normal boiling and “explosive boiling” [121].
Explosive boiling, also called “phase explosion”, occurs when a solid target is rapidly superheated
up to the critical temperature, leading to its spinoidal decomposition in liquid and vapor phases
by homogeneous nucleation [121|. However, when the energy is deposited to the target by ul-
trashort laser radiation, molecular dynamics simulations demonstrate that the material ejection
is too fast and far from the thermodynamic equilibrium to be described as the explosive boil-
ing [119,122-124]. In this case, the ablation mechanism is referred as “fragmentation”* and
involves the ejection of hot atoms, vapors and liquid droplets under non-equilibrium condi-
tions [124]. Snapshots of the fragmentation process obtained by molecular dynamics simulations
are presented in Figure 1.1.

In contrast to the atomistic approach of molecular dynamic simulations where each atom or
particle is considered separately, hydrodynamic calculations are based on the complete equation
of state considering the system in general. Numerical studies of the femtosecond ablation of
metals demonstrated three possible ablation mechanisms: (i) direct atomization; (ii) thermal
decomposition through the phase explosion and (iii) mechanical decomposition through the frag-

mentation of the metastable liquid. The third mechanism was found to be dominant at laser

“In the literature there is some confusion in the employment of the term “fragmentation”. Some authors
refer to it as a process of non-equilibrium material ejection. In other papers the fragmentation is related to the
transformation, in particular size reduction, of the colloidal nanoparticles under the laser irradiation. Except
current section devoted to the ablation mechanisms, in this thesis we will follow the second definition of the
fragmentation.
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Figure 1.1: Molecular dynamics simulations of the ablation of the Si by 500 fs laser pulses. Green:
crystalline semiconducting Si, red: liquid metallic Si. From Ref. [124].

fluences from 0.1 to 5 J/cm? [104].

We can apply the two-temperature model to get an estimation of the quantity of the ablated
material and minimal fluences values that are needed to trigger the ablation. In the work of
Nolte et al. [97] it was assumed that the ablation occurs through the thermal mechanism. Based
on this supposition they considered two separate cases when the optical penetration depth is
much smaller or much larger than the heat penetration depth, yielding the following expressions

for the ablation depth L:

L~dh (F,JF;Z) (6> 1) (1.8)

L~ (Fa/th) (6 <) (1.9)



Chapter 1: Main mechanisms of nanoparticles generation by laser ablation 17

The optical regime of ablation takes place at low laser fluences. Here, due to relatively low
electron temperature, a thermal diffusion is less significant. In contrast, at high fluences heat
penetration process becomes dominant. Indeed, at higher fluences the electronic diffusion is
more significant, and the quantity of the ablated material is larger. Under some conditions,
the absorbed laser fluence can be higher than the threshold fluence. Expressions for the fluence

thresholds in “optical” and “heat” regimes are determined as:

6 __
F = (1.10)
Ql
o= 22 1.11
th A ( )

Here, p is the density of the material, and €2 is the specific heat of the evaporation per mass
unit. We can apply formulae (1.10) and (1.11) to estimate the ablation thresholds for gold. € and
p of gold are 19.3 x 10® g/m? and 1698 kJ /kg, respectively [125]. The optical penetration depth is
0 = 13 nm [125], electronic heat penetration depth was estimated as [ ~ 80 nm [97]. We fixed the
absorptivity A at 20%, that is significantly higher than tabulated value of 1.9% at 1000 nm [126]
or A = 0.6% estimated according to the Drude model [127]. Here, we assumed that electron
temperature significantly affects the material properties, and the value of the absorptivity can
considerably increase during the action of the laser pulse [98]. Thus, the calculations give us the
threshold values of ng = 0.21 J/cm? for the “optical” regime of ablation and Ftlh = 1.3 J/cm?

for the “heat” regime.

The model proposed by Nolte et al. [97] is based on the hypothesis of thermal evaporation,
without taking into account other possible mechanisms of ablation. Gamaly et al. [114,115]
proposed that femtosecond ablation can occur through the electrostatic mechanism, which is
based on the supposition that the ions are triggered out of the target by energetic electrons.
Thus, we have the following ablation conditions: by the end of the laser pulse the electron
energy (€.) must reach the value equal to the sum of the atomic binding energy (e,) and the

energy that electron needs to escape the solid, namely the work function (€gsc):

2 Al
3 ON,

€e = €p Tt €csc =

(1.12)

The threshold fluence for the electrostatic ablation can be described as:

3 AN,
Fte}f = IOTp ~ g(ﬁb + 6esc) 27: (113)
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This formula explains the experimentally observed dependence of the threshold fluence on
the laser wavelength A\. Thus, the estimation of the ablation threshold according to the model
proposed by Gamaly et al. [114,115] gives the value of 0.5 J/cm? for 1053 nm ultrashort pulses,
which is rather close to the experimental value of 0.45 + 0.1 J/cm? [128].

These models are rather precise for the estimation of the ablation threshold for metals.
However, in the case of the semiconductors, the energy required for the ionization and creation
of charge carriers should also be taken into account. Experimental thresholds for the femtosecond
ablation of silicon are in the range of 0.2-0.3 J/cm? for 5-500 fs pulses at 800 nm [129, 130].

The role of the photoionization during the material ejection seems to be insignificant. Indeed,
a high carrier mobility in metals and semiconductors inhibits the charging of the material neces-
sary to the charge-related material detachment through the Coulomb explosion or electrostatic
ablation [116]. Simultaneously to the ablation process two shock waves are formed: one prop-
agates into the target and the another goes into the liquid solution with a supersonic velocity.
Shockwave propagation can heat the liquid and the target, which can provide the detachment
of material from the target [131-133]. The ablated material is composed of ionized species due
to high temperature and photoionization [131]. A fraction of the material is atomized, while
another one is ejected in the form of clusters and particles, as demonstrated by molecular dy-
namics simulations [124]. Besides, the plasma plume can also contain molten drops and solid
fragments [112,134]. When the pulse duration is of the order of tens of picoseconds or longer,
laser pulse can overlap with the plasma plume, reducing the amount of energy delivered to the
target. This effect is called “plasma shielding”. However, in femtosecond regime the plasma is

formed after the end of the pulse and plasma shielding effect is negligible.

1.2.4 t = 107! to 107% s: expansion and quenching of the plasma plume,

nucleation, cavitation bubble formation

After 10710 s the plasma plume expands adiabatically behind the shockwave and it cools down
in the solution by releasing its energy to the liquid and the solid target. The liquid is heated
to temperatures of the plasma plume, i.e. ~1000 K, that can induce the pyrolysis, degradation
and ionization of the solution and solvent molecules (if any) [135]. If the pulse intensity is high
enough, a cavitation bubble is formed in the liquid, while the plasma expands inside it [136,137].

At the stage of the plume expansion, the plasma number density is high, and temperature
is low, especially in the case of short and ultrashort laser pulses. These conditions are favorable
for the nucleation and formation of small primary nanoparticles. The size of the nanoparticles

is controlled by the free energy:
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AG(n,c) = —nkT In 4 amr?n?o, (1.14)
Co

where n is the number of monomers in the nucleus, k is the Boltzmann constant, r is the
effective radius of the plume species (gold or Si atoms), ¢ is the concentration of the species, ¢
is the equilibrium concentration, and o is the effective surface tension. The nuclei can evaporate
or grow due to the addition of monomers or clusters. These clusters are seeds for the following
longer nucleation and growth when the plasma plume starts to cool down and the ablation species
mix with the solution species [133].

As demonstrated by hydrodynamic calculations [103], in the case of the ultrafast ablation
the major part of the primary nanoparticles originates from the ejection and fragmentation of
a liquid layer during the material removal stage, while a smaller fraction of nanoparticles comes
from the condensation inside the cavitation bubble. Therefore, the nuclei are produced directly
during the material ejection, and the particle growth and coalescence occur during the further
stages of the extension of the plasma plume and mixing of the plasma species with ones from
the solution. However, the ionization state of the solution species during the stage of the plume
expansion is still unclear. The relative contribution of the liquid droplets present in the plasma
plume also needs to be clarified. For example, it is not clear if the molten material solidifies or
it is further vaporized with subsequent nucleation and particles growth. It is also not clear if
the liquid nuclei undergo the coalescence and aggregation if the number of the produced nuclei
is high enough for collisions between them.

The polycristallinity of nanoparticles obtained by laser ablation indicates the coalescence of
the nuclei [71,74]. The regular spherical shape of the nanoparticles (especially for those produced
by the femtosecond laser ablation [56,60]) reveals that the nuclei coalesce when they are still in
the liquid phase, or when their temperature is high enough to allow the rearrangement of the

surface atoms.

1.2.5 ¢t=10"%—-10"* s: expansion and collapse of the cavitation bubble

Perturbations of the pressure during the expansion and quenching of the plasma plume lead to
the formation of a cavitation bubble. We consider this effect as a separate event because the
expansion and collapse of the bubble occur after the disappearance of the laser plume. The
bubble arises at the time scale of 10=7 — 107 s [138,139] and expands up to the times of order
of 107* s. During the expansion of the bubble, the inner temperature drops and the pressure
decreases to values lower than the surrounding liquid. This leads to the collapse of the bubble

and the generation of a second shock wave.
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A fraction of nanoparticles is formed inside the cavitation bubble during its expansion, as
it was demonstrated in several works [123, 133,136, 140]. However, it was also found that the
nanoparticles could also traverse the borders of the expanding cavitation bubble [141]|. The con-
centration of the solution species inside the cavitation bubble is much lower than in surrounding
liquid, and they are in higher energetic states. Moreover, temperature inside the bubble is higher,
and the thermal conductivity of the gas is lower than that of the liquid. All these facts tend to
prove that if nanoclusters are released from the plasma plume and trapped inside the bubble,
they remain “hot” for a long time and can continue to undergo the nucleation and condensa-
tion [59]. It should be noted that for the moment of the formation and expansion of the bubble

the majority of the nanoparticles are already formed and dispersed inside the solution volume.

The second shockwave generated after the bubble collapse can have drastic impact on the
nanoparticles formation [142]. For example, it can cause the mechanical detachment of the

material from the solid target [139,143] yielding a secondary formation of nanoparticles.

1.2.6 t>10"* s: growth and agglomeration of the nanoparticles

After the second shock wave, the system returns to a stable physical and chemical state. Only
slight modifications of the nanoparticles can occur due to the remaining ablated atoms and
clusters. Further processes such as aggregation in the case of unstable systems, are governed by
chemical kinetics and usually occur on a timescale of several minutes. Surface oxidation of the

nanoparticles is also possible at this stage [59].

1.3 Laser irradiation of colloidal solutions

1.3.1 Propagation of the laser pulse in a liquid medium

When a focused femtosecond laser beam propagates through a condensed medium, two non-linear
effects occur: the optical breakdown of the liquid and the filamentation [86,144]. The optical
breakdown is related to the absorption of the pulse energy by the liquid and plasma generation.
The plasma energy is transmitted to the surrounding liquid inducing the vaporization and the
formation of a cavitation bubble and a shockwave. The filamentation results from the balance
between self-focusing of a laser pulse and the defocusing effect of the plasma generated at high
intensities [87]. The filamentation is accompanied by the broadening of the spectrum of the
laser radiation, leading to its extension from ultraviolet (UV) to NIR, which is also called the

supercontinuum generation [88].
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1.3.1.1 Optical breakdown

The optical breakdown starts from the multiphoton ionization or excitation, followed by the
inverse Bremsstrahlung and a cascade ionization resulting in the generation of a strongly ionized
plasma [145]. The number of free electrons increases during the avalanche ionization according

the exponential law:

Ne(t) = N e, (1.15)
where N, g is the background initial density and v; is the ionization frequency. The ionization
frequency can be found as:

v

1 e?F? (1.16)
= — . y .
Wy 2m (wd +v2) °

where W, is the material band gap, E is the electric field amplitude, wq is the laser central
frequency, m and e are the electron mass and charge. v, is the electron collision frequency, which
is proportional to the square root of the laser intensity. Since laser intensity can be expressed
through the electric field amplitude as I = 0.5cegn|E|? (where c is the speed of light in the
vacuum, n is the refractive index and ¢ is the vacuum permitivity), the avalanche ionization
frequency is proportional to the laser intensity: v; ~ I3/2. Consequently, the threshold of the
optical breakdown depends on the laser intensity.

Different definitions of the electron density threshold for optical breakdown generation can

be found:

e “bubble” endpoint: the appearance of the vapor bubbles in water [146|;
e “flash” endpoint: the appearance of visible emission [146];

e critical density of plasma N, = 7 m ¢/ (62)\121)), where )y, is the laser wavelength [147].

The “bubble” threshold is often used for the ultrashort pulses, while the “flash” one is normally
applied in cases of long (nanosecond) pulse durations. The choice of the threshold depends on
experimental technique employed for the breakdown detection. In our work, we detected the
optical breakdown by the acoustic signal accompanying the bubble collapse, in accordance with
the first definition. The threshold breakdown electron density found by Kennedy et al. [146]
is equal to Ney, ~ 10'8 cm™3. Liu et al. [86] estimated the threshold breakdown intensity for
810-nm, 45 fs pulses Iy, = 8.8 x 102 W/cm?. In the work [145] the calculated threshold intensity

for 580-nm 400 fs pulses was equal to Iy, = 2.7 x 102 W /cm?.
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According to Ref. [148], we have the following evolution of process. During the absorption
of the laser pulse, the ionization occurs and the electron plasma is formed at the timescale
of the laser pulse (in the range of few hundreds of fs). After a small delay of about 20 ps,
necessary for the electron-ion energy transfer the plasma plume starts to expand. The expansion
of the plasma occurs on the timescale of 30—200 ps, and it expands with a supersonic velocity
of 30 pm/ns. Effects such as light scattering and reflection, heating of the surrounding liquid,
plasma radiation and the formation of a pressure wave are associated with the formation and
expansion of the plasma plume. After 800 ps, the pressure wave separates from the initial
bubble and travels at the speed of sound in water. At the timescale of 10 ns the initial bubble
starts to expand as a cavitation bubble. The cavitation bubble reaches its maximum at 5 ps
and collapses by 11 ps. The collapse is accompanied by shock wave emission, that can be
detected as acoustic signals. However, the conversion efficiency of the transformation of the laser
pulse energy into the mechanical energy (via the cavitation bubble formation and shock wave
generation) does not exceed 25% and remains low compared to the conversion efficiency obtained

for longer pulses [149].

1.3.1.2 Filamentation and supercontinuum generation

Two main mechanisms are responsible for the generation of the femtosecond continuum: self-
phase modulation and self-focusing [88|. These effects are associated with the Kerr nonlinearity
that consists in the change of the refraction index in response to the applied strong electric field.

In a Kerr medium the refraction index is determined as:

n =mng+ nal, (1.17)

where ng is the linear index of refraction, no is the nonlinear index of refraction and [ is the
field intensity. In the same manner the temporal distribution of the non-linear phase of the laser
beam leads to the self-phase modulation. During the propagation through the medium with
refraction index of n = ng + nol by a distance L, a laser pulse with intensity distribution I(z,t)

gains nonlinear phase distribution:

L
oni(t) = [ nal(e,) 2 (1.18)
0

where wy is the laser frequency and c is the speed of light in vacuum. The spectrum covers
frequencies in the range from maximum Stokes extent to the minimum one with a width of each

side:
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(1.19)

where z is the propagation coordinate and k is the wave number. According to this model,
the spectral broadening is symmetric relatively to the peak of the pulse. Self-phase modulation is
extremely strong in the femtosecond regime, because the Stokes and anti-Stokes broadening are
inversely proportional to the pulse duration. Free-electron generation arising due to the multi-
photon ionization of the surrounding medium contributes greatly to the spectral transformation.
The frequency deviation (Eq. (1.19)) is positive due to a negative contribution of ny from free
electrons. Therefore, the spectral broadening is asymmetric and blue shifted relatively to the
laser peak.

Simple self-phase modulation cannot explain the frequency deviation up to hundreds of nm
observed in the experiments. It is accepted that the self-focusing also contributes to the spectral

broadening. It occurs when the power exceeds the critical power [88]:

377N

Pcrit = ;
8 nono

(1.20)

where \g is the laser wavelength. Without external focusing a Gaussian beam with a power

P focuses at the distance:

0.367ka?
2 (P) = ° 5 (1.21)

2
[( P/ Poyit — 0.852) - 0.0219]

where k = 27 /)¢ is the wave number and ag is the beam radius at the 1/e level of the beam
profile. When a lens with a focal length f is used for external focusing, the position of the

self-focus changes to:

2z f

S (1.22)

I
Zf—

With a positive focusing, z} < f, and self-focusing occurs before the geometrical focus. Free
electrons arising from multi-photon and avalanche ionization can also influence the self-focusing
in condensed media. Free electrons induce a negative change in refraction index. At electron
densities at the level of 10'7 — 10'® cm™3 the Kerr index nol is canceled and the self-focusing
stops [88]. The critical power P for the self-focusing during the propagation of the 140-fs laser
pulse at Ao = 796 nm in water was found to be equal to 4.2 MW, which roughly corresponds to
the critical power for the generation of the supercontinuum [150].

The femtosecond continuum has several characteristic features [87]: (i) the spectral width
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of the supercontinuum depends on the medium in which it is generated; (ii) this spectrum is
modulated; (iii) the continuum is polarized in the same direction as the input laser pulse. When
the femtosecond continuum is generated in water, the effect of the conical emission is observed,
which manifests itself as a white spot surrounded by the rainbow circles when projected on a
screen.

The supercontinuum generation and optical breakdown usually coexist during the propaga-
tion of the femtosecond laser pulse in water. However, the threshold for the optical breakdown is
determined by the intensity, while the supercontinuum generation is defined by the laser power.
This means that the competition between these two effects depends on the focusing geometry.
Tight focusing facilitates the intensity increase and favors the optical breakdown. In the case of
week focusing, the threshold power for the optical breakdown increases, and under some condi-
tions it can overcome the threshold for the supercontinuum generation. Therefore, by changing

the focusing geometry and pulse energy, we can foster one or another mechanism [86].

1.3.2 Interaction of femtosecond laser radiation with colloidal particles

Numerous works demonstrated that the pulsed laser irradiation of a colloidal solution can affect
nanoparticle growth [54,80-82, 151-154]. The size of the nanoparticles is often reduced [80,
83,151] and the size distribution is narrowed, leading to an increased stability of nanoparticle
solutions [81,82]. The laser post-irradiation can also induce shape changes, similarly to how it
was observed in the case of gold nanorods transforming into spherical nanoparticles [152,155,156].
The mechanism of the interaction of the nanoparticles with the laser pulse is not the same as for
the bulk material, first of all because of the small size of the nanoparticles, and the new properties
of the material arising at the nanometric scale. Three mechanisms of the interaction between gold
nanoparticles and pulsed laser irradiation were proposed: photothermal mechanism, Coulomb

explosion and near-field ablation [160].

1.3.2.1 Photothermal mechanism

Koda et al. [151] proposed a photothermal concept in order to explain the observed size reduction
of chemically prepared gold nanoparticles under laser irradiation. This model is based on the
assumption that the laser pulse energy absorbed by a nanoparticle is consumed via the heating-
melting-evaporation process. The energy absorbed by a nanoparticle can be determined as:

Eaps = JC (1.23)

abs>

where J is the laser fluence and C’;‘b is the particle absorption cross section. It should

S
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be noticed that the absorption cross section depends strongly on the laser wavelength and the
particle size. Depending on the amount of the laser energy absorbed, different processes can
occur. At very low laser fluences only particles heating is expected, while when more energy
is absorbed, the melting occurs, and finally at high energies, the particle reaches the boiling

temperature and evaporates. Roughly this process can be described as:

JCX. = my [(Hr,, — Ho) + AH,, + (Hp, — Hr,,) + AHepap) (1.24)

where m,), is the mass of one particle, AH,, and AH,, are melting and boiling enthalpies,
respectively. (Hp,, — Hp) is the enthalpy change during the heating from the initial temperature
to the melting point, and (Hr, — Hr,,,) is the enthalpy change during the heating from melting
to the boiling point. Apart from particles phase transitions the absorbed laser energy can be
dissipated to heat losses. Usually two effects are responsible for that: radiative cooling and heat
transfer between a particle and the liquid medium.

Further investigations revealed that the photothermal size reduction happens through the
layer-by-layer mechanism [157]. In addition, it was demonstrated that the pumping wavelength
plays an important role in the efficiency of this process. Pyatenko et al. [154,158| supposed that
the excitation by 532-nm wavelength (that is close to the plasmonic absorption band of gold
nanoparticles) is more effective that one for 1064 or 355-nm wavelengths. On the other hand,
Werner et al. [159] found that the interband excitation is more effective that the excitation at
local surface plasmon resonance.

The scenario of the photothermal size reduction mechanism can be described by a scheme
presented in Figure 1.2 [160]. During laser-induced heating of a nanoparticle, thermal energy is
transferred to the surrounding liquid. Under fast heating, water undergoes explosive evaporation,
and a “hot” high-pressure bubble rapidly expands. If the laser intensity is high enough to heat up
thermally insulated nanoparticles to the boiling point, surface evaporation and consequently size
reduction of initial Au nanoparticles occur. The generated fragments may form aggregates due to
a low permittivity inside the bubble. Finally, after the collapse of the bubble the nanoparticles
cool down to the ambient temperature. Therefore, “nanonetwork” and “snake-like” structures

often coexist after the laser irradiation of gold colloids [54, 161].

1.3.2.2 Coulomb explosion

In the Section 1.2.3 we discussed the Coulomb explosion mechanism in terms of laser ablation
from a bulk target. We mentioned that due to high carriers mobility the probability and efficiency

of this mechanism is low for metal or semiconductor targets. These limitations are less restrictive
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Figure 1.2: Scheme of the nanoparticles size reduction based on the photothermal mechanism. From
Ref. [160].

when the nanoparticles interact with a laser pulse, due to their small size. Indeed, there is no
source of free electrons from the bulk material to compensate the electrons removal, and therefore

the particle charging can occur, followed by the lattice explosion.

The Coulomb explosion mechanism involves the excitation and ejection of the free electrons
from the nanoparticle. This leads to the formation of multiple ionized nanoparticles that undergo
spontaneous fission due to the charge repulsion. Kamat et al. [162| provided an experimental
evidence of this mechanism, namely they detected hydrated electrons during 355-nm picosecond
irradiation of gold nanoparticles. Yamada et al. [163,164] also observed the hydrated electrons
under intense nanosecond irradiation of gold colloids. They also detected positively charged Au

ions with the help of the mass-spectroscopy.

Werner and Hashimoto [165] provided temperature calculations to elucidate the precise mech-
anism of laser-nanoparticle interactions and its dependence on the pulse duration, laser energy
and the excitation wavelength. They applied a two-temperature model to describe the electron-
lattice heating and the liquid-droplet model to describe the fragmentation. Three temperatures
were considered: the electron temperature (T¢), the lattice temperature (7;) and the tempera-
ture of the medium surrounding the nanoparticle (75,,). Here, one should take into account that
a fraction of energy F' is transferred between the particle and its surroundings. Therefore, the

following system describes the evolution of electron and lattice temperatures:
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T,
Ce% =T, —T) + S (1.25)
028 =TT - F (1.26)
T, 10 50T,
Cmﬁ = 7"2 87" (k:mr 87" > +F (127)

The equation (1.27) describes temperature on an external spherical surface dependent on
time and the distance from the particle center, where C,,, and k,, are the heat capacity and
the thermal conductivity of the medium, respectively. The heat transfer from the lattice to the
surrounding medium F' is described as:

_hAy

F 7}9[1} ~ T (R)], (1.28)

where h is the interface thermal conductivity, A, and V), are the particle surface area and
the volume respectively. T,,(R) is the maximum water temperature at the nanoparticle-water
interface, where R is the radius of the nanoparticle.

The Coulomb explosion mechanism is possible when the electron temperature exceeds a
certain threshold value. At the electronic temperature as high as 5000 K, the energetic electrons
have enough energy to escape from the surface. To cause the Coulomb explosion, charge repulsion
forces should overcome the surface tension, so that the droplet undergoes the explosion. This
effect is known as the Rayleigh instability. Werner et al. [165] estimated the threshold, after which
the electron temperature is high enough for the emission of a sufficient number of electrons and
the production of the Rayleigh instability. For example, the electron temperature threshold for
the fragmentation go 60-nm gold nanoparticles is 7300 K in the liquid state and 8200 K in the
solid state. It is worth noting that the Coulomb explosion occurs more easily when a nanoparticle
is in the liquid phase, i.e. when it is present in the form of a liquid droplet. There are two reasons
for this effect. First, in liquids the charge carriers are less mobile that facilitates a strong localized
charging of the material. Second, the liquid droplet is less stable than the solid matter because
of the reduced surface energy; therefore the Rayleigh instability is more easily achieved.

Werner et al. [166] described the evolution of processes during nanoparticles fragmentation
through the Coulomb explosion. This time evolution of the process is shown schematically
in Figure 1.3. At the fluences higher than the fragmentation threshold (6 mJ/cm? for the
fragmentation of 60-nm nanoparticles by irradiation with a 400-nm laser wavelength) laser energy
is absorbed by electrons and the electronic temperature rises over 7300 K that is high enough

to induce the thermionic electron emission. The lattice temperature increases up to 1337 K (the
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melting point for gold) and a phase transformation from solid to liquid occurs within 3-10 ps.
When the charge repulsion energy exceeds the Rayleigh instability threshold, the liquid droplet

divides into smaller ones that separate into individual clusters at the timescale of 100 ps.
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Figure 1.3: Scheme of the Coulomb explosion mechanism of the nanoparticles fragmentation. From
Ref. [166].

Photothermal and Coulomb explosion mechanisms are often investigated individually, and
there is no established concept to separate them. The model calculations presented in Ref. [165]
demonstrated that the fragmentation mechanism depends on the pulse duration. The Coulomb
explosion mechanism prevailed for the femtosecond fragmentation at 400 nm, while for 355 nm
nanosecond excitation the photothermal evaporation mechanism was considered as the dominant

one. At picosecond regime both mechanisms are possible depending on the laser fluence.

1.3.2.3 Near-field ablation

The third fragmentation mechanism was proposed for the femtosecond laser fragmentation at
extremely high laser intensities (over 90 GW /cm? of the peak power). Near-field ablation of the
gold nanoparticles is based on the fact that due to collective surface plasmon oscillations gold
nanoparticles enhance dramatically the local electric field [167]. Plech et al. [168] analyzed time-
resolved Bragg reflection intensity during the irradiation of gold colloids with 100-fs laser pulses
and 400-nm excitation wavelength. They observed a mass removal from the poles of spherical
nanoparticles when they were still at the solid state. They supposed that this shape change
could be caused by the surface ablation from the particles through the near-field enhancement
of the incident laser light.

However, this mechanism is still under discussion. First, it contradicts to results of Link [169]
and Zijlstra [156], who considered the melting and shape transformations of gold nanorods under
laser irradiation. Gold nanorods provide much stronger local-field enhancment effect than gold

nanoparticles. However, in these experiments the nanorods could undergo direct melting and
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transformation into spherical nanoparticles without any fragmentation. The calculations of the
field intensity on the surface of 60-nm gold nanoparticles demonstrated that the field magnitude

was not high enough to initiate sufficient ion emission [166].

1.3.2.4 Other processes

Apart the fragmentation of nanoparticles, other processes can take place under the pulsed laser
irradiation of colloidal solutions. First, we cannot neglect the heat transfer from the excited
nanoparticles to the surrounding liquid. This process is described by the equation (1.28). If we
take into account that for a sphere with a radius R, the surface area is A, = 47 R? and the
volume V,, equals 4/ 37 R3, we can simplify the equation to:

_ 3h

F = 2T - T(R) (1.29)

One can see that the temperature loss is proportional to the temperature gradient between
the lattice and the surrounding medium. F' is also inversely proportional to the particle radius.
It means that smaller nanoparticles dissipate more energy to the surrounding water. In the case
of femtosecond laser heating, the thermal equilibrium between the lattice and the medium is
achieved after 600 ps. Also it is worth noting that the heat dissipation in femtosecond regime is
much smaller than the one during the nanosecond-laser heating.

Heat transfer from the laser-heated nanoparticles to the surrounding medium leads to the
formation of cavitation bubbles. Plech et al. [170,171] experimentally studied the growth of
the cavitation bubble upon the irradiation of the nanoparticles with 100-fs laser pulses. The
bubble reaches its maximum size at the delay of 250 ps and collapses after 600 ps. The pressure
increase caused by the bubble collapse initiates the formation of a smaller secondary bubble,
which collapses at the nanosecond timescale.

Several groups observed the formation of larger nanoparticles under the nano- and picosecond
laser irradiation [172-177|. In these studies, the irradiation of capped nanoparticles leads to
the formation of larger nanoparticles up to a sub-micron size. The effect of the nanoparticles
growth was explained by the phenomenon of a laser-induced fusion (melting) of the nanoparticles.
However, the nanosecond irradiation of uncapped nanoparticles results in the agglomeration of
the nanoparticles, yielding the destabilization of nanoparticles and their immediate precipitation
[176]. As we will describe in Chapter 2, in our work we managed to increase the size of bare
uncapped nanoparticles up to 40 nm under the femtosecond laser irradiation.

Si nanoparticles undergo the fragmentation under the laser irradiation as well as Au nanopar-

ticles [73,178]. However, the interaction of Si particles with a laser pulse has not been enough



Chapter 1: Main mechanisms of nanoparticles generation by laser ablation 30

studied, and there is no appropriate model for such interaction in the literature. We suppose that
main mechanisms of the fragmentation of Au nanoparticles such as photothermal mechanism and

Coulomb explosion are also applicable in the case of Si-based colloids.

1.4 Conclusion

Pulsed laser ablation involves complex physical and chemical processes, including heating, melt-
ing, ejection of species, vaporization, shock wave formation and propagation, plasma creation
and expansion, and finally chemical reactions. Parameters of the produced nanoparticles are
determined primarily by the mechanism of the ablation, which depends on pulse characteristics,
such as the pulse duration and pulse energy. Ultrashort laser ablation has a number of specific
features, that distinguish it from “long” pulse ablation. When pulse duration is shorter than
lattice heating time, we can consider the femtosecond ablation as a non-thermal phenomenon.

Thus, this regime has several practical advantages for the generation of nanoparticles in liquids:

e Reduction of the pulse energy that is required to induce ablation at fixed laser wavelength

and focusing conditions;
e Minimization the laser-plume interaction and elimination of the heat affected zone;
e Separation in time of laser energy absorption and ablation;

e As the peak intensity of the femtosecond laser (> 102 W /cm?) at the focal point is much
higher than that of the nanosecond laser (< 10'® W /cm?), the femtosecond laser can create

extreme conditions;

e Femtosecond laser induces non-linear phenomena (supercontinuum generation) and multi-
photon absorption that can be beneficial for the interaction with particles dispersed in the

solution.

However, the common model and a detailed mechanism of the pulsed laser-induced generation
of the nanoparticles in liquids, especially in the case of ultrashort laser pulses, is still under

discussion.
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2.1 Introduction

Metal nanoparticles are in the very focus of research related to the development of laser ablative
synthesis. The interest to the fabrication of these nanoparticles is due to their potential appli-
cations in biomedicine, catalysis, nano-optics and nano-electronics, etc. In addition, a relative
simplicity of control of parameters of metal nanoparticles (e.g. Au, Ag) by means of electronic
microscopy or optical methods facilitates the optimization of the laser synthesis procedure.

In this Chapter, we will first overview previous works on the generation of Au nanoparticles
in liquid media. Here, we will pay a particular attention to the influence of various experimental
parameters on characteristics of synthesized nanoparticles. In the second part of this Chapter
we will present our results on the development of femtosecond laser ablation and fragmentation
methods for the synthesis of Au-based colloids. We will demonstrate the potential of ultra-
short pulsed laser ablation for the controlled synthesis of bare gold nanoparticles and gold alloy

nanoparticles, as well as gold-polymer complexes.

2.2 Context

Laser-ablative synthesis is characterized by a variety of factors, which can influence size charac-
teristics of produced nanoparticles. Therefore, numerous approaches to tune nanoparticles size
and composition are considered. One can divide the methods for the control of the nanoparticles
parameters into two groups: physical and chemical. The physical methods imply size control by
a variation of purely physical parameters (laser energy, focusing in liquid ambience), while the
chemical methods involve various chemically active species, which interact with laser produced
nanoclusters and thus affect their growth [59,183].

We can separately identify a method of the laser irradiation of preliminary produced colloids
(laser fragmentation), as laser interaction with nanoscale objects differs from the interaction with
a bulk material. Despite the difference, similar physical and chemical methods for the control of
nanoparticles size characteristics are applicable in this case.

In this chapter, we will review previous works on the size reduction and shape transformation

of Au nanoparticles under laser ablation and fragmentation.
2.2.1 Influence of physical parameters

2.2.1.1 Pumping laser wavelength

For the laser ablation from the bulk target, the choice of the wavelength is important due to

several reasons. The absorption coefficient of the target depends strongly on the laser wave-
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length. UV radiation is typically easily absorbed by interband transitions in metals [123|. More
reactive species are produced by the UV ablation, and consequently more reactions between
the target and solvent species occur. On the other hand, NIR pulses are absorbed by the de-
fects and impurities on the metal target, and the absorption coefficient at longer wavelength is
smaller [123]. At high intensities provided by ultrashort laser pulses, the multiphoton absorption
and photoionization become the primary mechanisms of light absorption, even for NIR-range
wavelengths [179]. Conventional laser systems used for ablation experiments operate at the vis-
ible (532 nm, second harmonic of the neodymium-doped yttrium aluminium garnet (Nd:YAG)
laser) [53,153,180,181] or NIR (1064 nm, fundamental wavelength of Nd:YAG laser or 800 nm
of Ti:sapphire laser) [56,60,66, 135,161, 182-184] wavelengths.

As soon as the nanoparticles absorb energy of laser irradiation, they can undergo further
modifications [183,185,186]. If the concentration of the produced nanoparticles is relatively high,
a significant part of the laser energy can also be absorbed by the nanoparticles in the solution
before the laser pulse hits the target. For example, as 532 and 355 nm radiation interacts
easily with gold nanoparticles, the photofragmentation of colloids takes place simultaneously
with the laser ablation process [183]. The overlapping of two processes often results in the
broadening of size distribution, lower ablation yields and the decrease of the nanoparticles average

size [183,185,186].

2.2.1.2 Laser energy

The amount of deposited laser energy critically affects the efficiency of ablation process and
ablation mechanisms [104, 124]. The ablation yield increases linearly with the increase of the
pulse energy [187], but this phenomenon also leads to the increase of the particles size and the
broadening of size dispersion. This is a complementary effect of the larger amount of ablated
material yielding higher concentration of nanoclusters in the plasma plume, which favors their
further growth. At high fluences multiple mechanisms of material ablation are possible simulta-
neously, which can result in appearance of different populations of nanoparticles (e.g. bimodal
distribution) [56,57]. Meanwhile monomodal size distribution can be achieved at low fluences
when the only mechanism of the nanoparticles formation is possible, as numerical simulations
confirm [103].

From the thermodynamic point of view during the femtosecond laser ablation at low fluences
(near the threshold) the system undergoes isochoric heating forming a metastable metallic liquid.
The liquid is adiabatically cooled down to the liquid-vapor phase where it is subjected to the

phase explosion. The nanoparticles result from the liquid layer fragmentation and ejection from
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the metastable liquid below the critical point. At higher fluences the front layers appear at
near-critical or supercritical states, and the mass fraction of the liquid-gas mixture increases.
The ablation involves both the fragmentation of the supercritical liquid, resulting in bigger
nanoparticles, and formation of smaller nanoparticles from the liquid-gas mixture [103,124].

At high fluences, an additional mechanism related to the formation of plasma can take place,
yielding the appearance of a separate population of nanoparticles having a relatively large mean
size and a strong size dispersion. Energy form the hot plasma is transferred to the liquid yielding
its local vaporization. The vapors then combine to a big cavitation bubble, which releases a huge
amount of energy during its collapse (100-150 us) which can lead to secondary ablation and the

appearance of additional population of nanoparticles.

2.2.1.3 Pulse duration

The pulse duration has a significant effect on the nanoparticles size, the size distribution and
nanoparticles structure. Different ablation mechanisms are responsible for the material ablation
at “long” (nanosecond) and “short” (pico- and femtosecond) pulse durations. While increasing
the pulse length, thermal mechanisms are prevailing over the photoionization mechanisms [119,
122,124,179].

Nanosecond laser ablation can be considered as the heating ablation regime. Absorbed laser
energy first heats the target surface up to the melting point, and then up to the vaporization
temperature [123,188]. As during nanosecond ablation there is enough time for heat conduction
into the target to create a large layer of the melted material, the evaporation occurs from the
liquid metal [121]. As an evidence of thermal nature of nanosecond ablation regime, craters left
after the ablation (Figure 2.1(A)) typically have rough borders, carrying the marks of the ejected
metallic liquid [189].

Nanosecond pulse is long enough to be temporally overlapped with the plasma plume, result-
ing in increased temperature, pressure and lifetime of the plasma. Thus, the extended plasma
lifetime leads to the interaction of the ablated material with plasma, leading to, for example, the
vaporization of melted droplets [112,134]. Moreover, the shock wave induced by the laser can
cause a “secondary” mechanical ablation leading to the formation of big fragments of irregular
shape [139,143]. Table 2.1 summarizes the results on the ablation of a gold target in pure water.
Nanosecond ablation often results in 10-30 nm nanoparticles, but without additional stabilizing
molecules or subsequent particles reshaping, the nanoparticles have broad size distribution and
demonstrate poor stability. An example of the nanoparticles produced by the nanosecond laser

ablation is shown in Figure 2.2.
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Figure 2.1: Scanning electron microscope pictures of the craters on metal target after laser ablation in
gas with (A) 3.3 ns, 780 nm, 1 mJ and (B) 180 fs, 780 nm, 70 mJ pulses. From Ref. [189].

Figure 2.2: Transmission electron microscope image of the nanoparticles produced by the nanosecond
ablation of a gold target (1064 nm, 9 ns, 10-20 J/cm?). From Ref. [65].

On the other hand, due to a short timescale involved, the ablation process at the femtosecond
regime can be considered as an ultrafast local heating leading to a direct solid-vapor transition.
The heat is conducted to the lattice at the picosecond timescale after the end of the laser pulse.
Under these conditions, thermal conduction into the target can be neglected. Smooth shape
and borders of craters formed by the femtosecond ablation, with no signs of heat-affected zone
(Figure 2.1(B)), indicate that the ablation process is dominated by the direct photoionization
[189]. This regime is also called “cold ablation”.

The results of the ablation of a gold target in pure water with femtosecond laser pulses are
presented in Table 2.1. In most cases the nanoparticles produced by the femtosecond ablation
are relatively small (less then 10 nm) and they are characterized by a narrow size dispersion.
The colloids produced by the femtosecond ablation are stable even without any special treatment
or addition of stabilizing molecules [56,57]. However, at high laser fluences (>100 J/cm?) the
particles exist in the the form of two populations: small particles with an average size around
5-10 nm and a narrow size distribution and a much larger (10-80 nm) and widely dispersed
nanoparticles [56]. An example of a transmission electron microscope image of the two families
of the nanoparticles obtained during the femtosecond ablation at 160 J /cm? and a corresponding

size diagram demonstrating bimodal size distribution are shown in Figure 2.3. The reason for the
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Nanoparticles size Wavelength, Pulse Fluence, Reference
nm duration  J/cm?
Nanosecond ablation
7-30 nm 1064 9 ns 10-20 [65]
10-30 nm 532 5 ns 0.2-1 [190]
20-40 nm (aggregated, elongated) 510 20 ns 1-2 [68]
2-32 nm (depending on laser fluence and 1064/532 10 ns 7-88 [191]
wavelength)
9-23 nm 1064 7 ns 25 [192]
14-27 nm 1064 10 ns 2.5 [161]
12-24 nm 1064 10 ns 36 [194]

Femtosecond ablation

310 nm 527 300 fs 1 [195]
3-5 nm 800 800 fs 60 [56]
two populations of 5-7 and 10-30 nm 800 800 fs 160 [56]
30-300 nm 800 800 fs 1000 [56]
20 nm 1045 700 fs 1 [196]
5-30 nm (depending on laser fluence, rep- 800 100 fs 25-1000  [186]
etition rate and focusing conditions)

two populations of 10-20 and 40-70 nm 800 120 fs 830 [57]

Table 2.1: Table of gold nanoparticles produced by nano- and femtosecond ablation in pure
water.

appearance of two different size distributions lies in the coexistence of two different mechanisms of
the ablation. Based on the shape of clean craters with no sign of heat-affected zone, Kabashin and
Meunier [56] supposed that at low laser fluences the ablation was due to the direct radiation-
related photoionization. However, at higher fluences the crater had the traces of the molten
material associated with the presence of the plasma-related mechanism of laser ablation (see
details in the Section 2.2.1.2). Numerical simulations confirmed that due to the different ablation
mechanisms acting during femtosecond ablation at high fluences, a bimodal size distribution was

possible [103].

2.2.1.4 Spot size and focusing conditions

When the size of the spot is increased while keeping the same fluence, the ablation yield rises.
Moreover, the experiments on the changing the spot size during the nanosecond ablation demon-
strated that the bigger spot size leads to larger nanoparticles and broader size distributions [186].
If more energy is delivered to the surface by increasing the spot size, concentration of the ab-
lated species in a unit volume is higher and the formation of larger particles is favorable. Higher
energies also lead to multiple ablation mechanisms yielding broad size distributions.

The positioning of the target about 400 pum before the geometrical focus leads to more intense
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Figure 2.3: Transmission electron microscope image and a corresponding size distribution diagram of
the nanoparticles produced by the femtosecond ablation of a gold target (800 nm, 120 fs, 880 J/cm?).
From Ref. [57].

plasma and consequently to higher nanoparticles productivity, large particles size and broader
size distribution [57]. Under the femtosecond ablation regime one also should take into account
the non-linear self-focusing effects (before the geometrical focus), yielding the generation of white-
light supercontinuum, which appears as a broad (from UV to NIR) spectrum of the femtosecond
length [86]. Further moving of the target from the focal plane decreases the fluence and leads to
opposite tendencies for nanoparticles size and size distribution. As a general rule the effects of the
spot size and the focusing conditions are tightly related to the incident fluence, and the fluence
is of great importance for the plasma intensity, the ablation mechanism, the mean particles size

and size dispersion.

2.2.1.5 Repetition rate and number of pulses

It is obvious that higher repetition rates should increase the efficiency of nanoparticles production.
However, there is a limitation related to the production of the cavitation bubble. When the
interval between two pulses is shorter than the cavitation bubble lifetime, the laser pulse can
overlap with it. The bubble causes a strong light scattering and reduces the laser energy reaching
the target. Moreover, inside the bubble, there is a low-density gaseous phase. The ablation inside
the bubble is similar to the ablation in gaseous phase, for example the plasma confinement effect
is limited compared to the ablation in the liquid medium. The cavitation bubble lifetime is about
10~* — 1073 s, therefore the maximum repetition rate at which the ablation is not perturbed by
a cavitation bubble is 1-5 kHz [143].

The amount of the ablated material increases with the number of laser pulses, but a large
number of laser pulses can modify the target (either its morphology of its composition as a

result of its interaction with species from a solution) [187]. These two processes are favored by
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high temperature and pressure generated during laser ablation process. Therefore, for identical
ablation conditions it is essential to continuously move the target in order to avoid the ablation
from the same area.

Finally high repetition rates and long ablation time can lead to the increase of local concen-
tration of nanoclusters in a limited volume near the target, which maximizes their coalescence
and agglomeration, as well as leads to light scattering and absorption. Typically, these phenom-
ena lead to a broadening of nanoparticles size distribution. However, the problem of the high
local concentration of the nanoparticles can be resolved by using a liquid flow cell [184]. At long
ablation times formed gold nanoparticles interact with a laser pulses and undergo a laser-induced
modification [186]. One can take advantage of the post-ablation laser-induced modification of
gold nanoparticles, which often results in smaller nanoparticles with narrow size distribution and

enhanced stability.

2.2.1.6 External temperature and pressure

Besides the laser parameters, external factors such as temperature and external pressure have
minor influences on the ablation process. Temperature affects the properties of the liquid, such as
viscosity, density, refractive index, surface tension and compressibility. In turn, these parameters
play an important role in plasma confinement, generation of cavitation bubble and nanoclusters
formation. For instance, the variations of the liquid compressibility related to the temperature

changes influence the hydrodynamic diameters of gold nanoparticles [197].

2.2.2 Influence of chemical parameters
2.2.2.1 Solvent

Chemical parameters of the system, such as the composition of the surrounding medium, includ-
ing the nature of the solvent and the presence of solutes, are also of great importance for the
manipulation of the nanoparticles properties. In most cases, the ablation is carried out in pure
water. The surface of the nanoparticles produced under these conditions is slightly oxidized,
containing Au-O~ groups and carrying a negative charge that ensures high colloidal stability
of the nanoparticles in the absence of other stabilizing molecules [61,193]. Mafuné et al. [193]
estimated that 3.3-6.6 % of the surface gold atoms were oxidized in water.

In the case of polar organic solvents, such as ethanol (CoH5—OH), tetrahydrofuran (C4HgO,
THF), dimethylsulfoxide ((CH3)2SO, DMSO), acetonitrile (CH3~CN) and dymethylformamide
(HCO-N(CHs)2) the produced nanoparticles are usually smaller, while the fraction of the ag-
gregated particles is larger [190,198]; the stability of the colloids tends to be lower than in the
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case of aqueous solutions. Smaller size of the nanoparticles in the case of organic solvents can
be explained by the interaction between the growing nucleus and the solvents or by-products,
yielding to the inhibition of the nucleus growth and a relatively irregular shape of the nanopar-
ticles. In this case, the irregular shape of the nanoparticles can be due to incomplete coating of
nanoclusters, which favors the growth of the nanocrystals only in the direction where the surface
remains uncovered.

On the other hand, lower stability of nanoparticles in organic solvents and their lower (-
potential can be due to the capping of nanoparticles by solvent and by-products molecules. In
addition, electrostatic repulsion energy, related to the solvent polarity can influence the growth of
the nanocrystals [199]. In particular the mean size of the nanoparticles increased up to 35 nm in
polar solvents, such as methanol (CH3OH) and isopropanol ((CH3)2CHOH), while in less- or non
polar solvents like n-hexane (CgHyy4), toluene (C7Hg), diethyl ether (CoH50CoHs) and acetone
the particles size remained unchanged regardless the solvent and did not exceed 10 nm [199].

Giorgetti et al. [200] reported that the ablation in the acetone ((CHg)2CO) results in more
stable colloids than in other organic solvents, although the process was accompanied by the
formation of enolates and amorphous carbon. Such enhanced stability was explained by the
complexation of the nanoparticles with enolate anions. On the other hand, ablation of gold
target in toluene results in the trapping of the nanoparticles by the by-products of the solvent
degradation, if special precautions are not taken [135]. Aromatic solvents are subjected to
pyrolysis yielding to graphitic materials when they are heated over 1000 K in the lack of oxygen.
Therefore, under the laser irradiation the toluene is decomposed, and produced gold nanoclusters
are embedded into a graphitic matrix, resulting in small (around 1 nm) nanoparticles [135]. It is
likely that the growth of the nuclei is stopped at the early stages by the rapidly forming graphitic
network. When the ablation of the gold target is performed in chloroform (CHCIs3), no metal
nanoparticles are formed [190]. Under the high local temperature and pressure induced by the
laser irradiation Au reacts with CHCl3 yielding in AuCls compound.

Nanoparticles generated by the laser ablation in liquid n-alkanes, such as n-pentane (CsHjs),
n-hexane (CgHi4), n-heptane (C7Hig) and n-decane (CipHaz), have a specific elongated form.
Besides the shorter carbon chain of the hydrocarbon induces higher aspect ratio compared to

longer hydrocarbons [181].

2.2.2.2 Presence of the solutes

Laser ablation in the presence of solutes is another powerful instrument for manipulations of the

nanoparticles size. The solutes can influence the nanoparticles formation on different levels. First,
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they can change some properties of the liquid, such as viscosity, density and surface tension [201].
Therefore, it can play a role in the formation of the cavitation bubble and in the confinement of
plasma near the ablation crater. For example, the enhanced stability of the bubbles can template

the formation of the nanoparticles leading to hollow structures [202].

However, the direct interaction of the solutes with the nanoparticles appears to be more im-
portant. First attempts to tune the nanoparticles size and properties and improve the stability
were based on the employment of surfactants. The classical example used in many works is the
sodium dodecyl sulfate (SDS) (see the structure in Figure 2.4) [83,161,187,203]. SDS is an an-
ionic surfactant that coordinates on the surface of the nanoparticles by electrostatic interactions
and forms a molecular layer, preventing the coagulation and the growth of the nanoparticles
through the adsorption of free atoms or clusters. SDS also improves the stability of the nanopar-
ticles and prevents their agglomeration and precipitation. For example, the addition of SDS
at the concentration of 10741072 M allows one to reduce of the final size of the nanoparticles
produced by the ablation from 15-30 to 3-5 nm under a significant decrease of the size dispersion
and improved the colloidal stability [187,203,204]. Cetyltrimethylammonim bromide (CTAB) is
another example of the surfactant used to manipulate the formation of the nanoparticles (Fig-
ure 2.4). CTAB belongs to the group of cationic surfactants, but the principle of its interaction
with nanoparticles is the same as for SDS. The ablation in 0.1-1 mM aqueous CTAB solutions
results in the formation of small (4-6 nm) Au nanoparticles with enhanced stability of their

colloidal solutions [205,206].

The disadvantage of the use of surfactants for the nanoparticles synthesis is their toxicity that
restricts the application of the nanoparticles for any biological or biomedical task. To overcome
the toxicity issue, Besner et al. [63] proposed to perform the synthesis of nanoparticles in the
presence of dextran or polyethylene glycol (PEG), which are considered to be completely safe
for the living organisms. Interestingly, the presence of the polymers in the solution can influence
the size of the nanoparticles. Depending on the concentration of PEG or dextran and its ratio
to the amount of gold atoms, the size of the nanoparticles can be tuned between ~2 and 80 nm.
Similar effect was observed when the ablation of the nanoparticles was performed in the solution

of cyclodextrins (Figure 2.4) [64,207].

The ablation of the bulk gold target in the presence of dendrimers (poly(amidoamine), PA-
MAM, Figure 2.4) results in the stabilization of sub-nanometer clusters and Au®" ions as a result
of their trapping inside the dendrimers cavities [153,208]. The outer functional groups of the

dendrimers allows the formation and stabilization of small 2-5 nm nanoparticles [153,209].

Laser synthesis of the nanoparticles opens up opportunities for a one-step functionalization
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Figure 2.4: Examples of the solutes used for the modification and size control of the gold nanoparticles:
sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB), polyethylene glycol (PEG),
B—cyclodextrin, dextran, poly(amidoamine) (PAMAM).

and conjugation of the particles with biomolecules. Such approach gives two advantages: first,
it enables a direct formation of gold-based bioconjugates, and second, it gives the possibility of
the tuning of the particles size and size dispersion due to easy absorption of biomolecules on
the surface of the nanoparticles and the inhibition of the seed growth. Thus, small monodis-
persed Au nanoparticles conjugated with oligonucleotides [210,211] or proteins [65,66,212] were
obtained simply by performing the laser ablation of a metallic target in solutions, containing the
biomolecules of interest.

Normally the ligands are attached to the nanoparticles surface through the electrostatic inter-
actions. The ligands can also form of chemical bonds with the surface atoms of the nanoparticles.
The example of this type of interaction is the nanoparticles caping with thiolated ligands. For
instance, the size of the nanoparticles can be reduced down to 2 nm in thiol-alkane solutions [213].

Laser ablation in the presence of the electrolytes offers another possibility for the manip-
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ulation of the nanoparticles parameters [61,66, 183]. The presence of the electrolytes usually
destabilizes the nanoparticles solutions, because they screen the nanoparticles charge and break
the electrostatic stabilization. However, size reduction and narrow size distributions of the laser-
ablated Au nanoparticles were observed at the addition of many electrolytes (C1~, Br™, POf’f,
HPO?™ /HoPO;) at low concentrations [66]. Furthermore, at low concentrations, the C1~ and
OH™ can enhance the nanoparticles stability and improve the ablation rate [61]. These results
can be explained by a partial oxidation of the surface of gold nanoparticles. C1~ and OH™ ions

react with surface atoms according to the following scheme:

Au-O-Au + ClIm — Au-O™ + Au-Cl
Au-O-Au + OH™ — Au-O~ + Au-OH

Cl~ and OH™ anions produce a net charge on the surface of the nanoparticles and prevent
them from the agglomeration [61]. Moreover, Amendola and Meneghetti [65] used the addition
of KCl and THF to aqueous solutions of nanoparticles to induce their controlled agglomeration

and thus get larger nanoparticles (up to 50 nm).

2.2.3 Laser fragmentation

Kurita et al. [80] first reported the effect of the size reduction of chemically prepared gold nanopar-
ticles after their irradiation with 532-nm nanosecond pulses. The size of the nanoparticles was
reduced from 60 to less than 20 nm while the shape of the nanoparticles changed from irreg-
ular to almost spherical one [80]. The shape transformation from gold nanorods into spherical
nanoparticles was observed under femtosecond [152, 155, 169], picosecond [214] and nanosec-
ond [152,155,215] laser irradiation. The dynamics of the shape transformation was studied by
Ziljstra et al. [156]. They observed a gradual rod-to-sphere metamorphosis from a long and thin
rod into shorter and thicker one, which finally collapsed forming a spherical structure. These
results demonstrate that under both long and short laser irradiation, and for wavelengths varying
from 355 to 1064 nm, gold nanostructures interact with laser pulses while their shape becomes
spherical after the fragmentation process.

As it was discussed in Section 2.2.1.3, the nanoparticles obtained by the nanosecond laser
ablation of a gold target are often characterized by a limited stability, which is explained by a large
size dispersion of the particles. Pulsed laser post-irradiation is a powerful tool to reduce the mean
size of the nanoparticles [151,203| and narrow down the size dispersion in order to improve the

stability of the colloids in the absence of any additional reagents [68]. An example of an evolution
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of nanoparticles size distribution under laser post-irradiation of colloidal solutions is shown in
Figure 2.5. It is important that the size reduction and reshaping laser irradiation take place not
only in water, but also in a number of organic solvents, such as DMSO, THF and acetonitrile [198|.
The study of Kawasaki and Masuda demonstrated that even micrometric size metallic flakes could
be reduced down to 10 nm spherical particles under 532-nm nanosecond irradiation in deaerated

conditions, but dissolved oxygen promoted the irreversible coagulation [216].
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Figure 2.5: Transmission electron microscope images and corresponding size distributions of the gold
nanoparticles produced (A) by the nanosecond ablation (1064 nm, 7 ns, 220 J/cm?) in pure water; and
(B) the same sample after 120 minutes of 532 nm nanosecond irradiation (532 nm, 7 ns, 24 J/cm?). From
Ref. [203].

The choice of the wavelength during the nanosecond fragmentation of the uncapped nanopar-
ticles is of great importance for nanoparticles size manipulations and stability of the resulting
nanomaterials. Kim et al. [192] demonstrated that the post-irradiation at 355 nm was the most
effective to narrow down the size dispersion and hence to improve the stability of the nanoparti-
cles. The post-irradiation at 1064 nm had no visible effect, and the irradiation at 532 nm triggered
an aggregation of Au atoms and clusters and significantly decreased the solutions stability [192].
One can see a discrepancy between these results, showing the destabilization of the colloids dur-
ing the irradiation at 532 nm, and a number of other studies, where a 532 nm second harmonic
of a Nd:YAG nanosecond laser is used for efficient size reduction [54,65,80,83,151,161,203]. In
reality, second harmonic of the Nd:YAG laser is close to the surface plasmon resonance peak
of the Au nanoparticles, and the choice of this wavelength allows the most efficient absorption.
Therefore, any variations of radiation parameters (fluence, pulse duration) can have a decisive

impact on final size of nanostructures. As an example, Kim et al. [192] demonstrated that for
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irradiation at 532 nm, the fragmentation process is fluence-dependent, and only the irradiation
at the fluence range about 13-20 mJ/cm? induced the aggregation, while at higher and lower

fluences no aggregation was observed.

Werner and Hashimoto [217] studied effect of the laser intensity, external pressure and exci-
tation wavelength on the nanosecond fragmentation of 100 nm commercial gold nanoparticles.
They tuned the particles size in the range from 30 to 90 nm while keeping them highly monodis-
persed, with a size variation not higher that 5%. They demonstrated that increase of the laser
fluence from 43 to 136 mJ/cm? induced the gradual decrease of the final nanoparticles diameter
from 90 to 35 nm. The nanoparticles produced under 355-nm irradiation were slightly smaller
compared to ones produced under 532-nm irradiation. For increasing external pressure (from 30
to 100 MPa) higher laser intensities were required to obtain similar particles sizes. The fluence
dependence of the nanoparticles size during the fragmentation can be explained by the difference

of Au boiling points at different pressures [217].

Surfactants and polymers are often used to tune the nanoparticles size during the fragmenta-
tion process. Small (up to 5 nm) nanoparticles with a narrow size distribution could be obtained
by the nanosecond fragmentation in SDS solutions. Here, the size control can be achieved by tun-
ing the laser fluence and varying SDS concentration [54,83,203]. It was also demonstrated that
under certain conditions the SDS-capped gold nanoparticles could aggregate and form wire-like

structures and networks after the 532-nm nanosecond irradiation [54,161,204].

As we mentioned in the Section 1.3.2.1, the fragmentation under the nanosecond laser irra-
diation occurs through the photothermal mechanism. It means that after a pulse absorption,
nanoparticles gradually pass through the melting and vaporization steps. If “parent” nanopar-
ticles are aggregated, nanosecond laser-induced heating can lead to the annealing and fusion
of smaller particles, resulting in the nanoparticles size increase. For example, Amendola and
Meneghetti [65] provoked the aggregation of the laser-synthesized Au nanoparticles by the addi-
tion of THF and KCIl. After consequent nanosecond irradiation (532 nm, 9 ns, 1 mJ/cm?) the
mean size of the nanoparticles increased from 18 to 40 nm [65]. Boyer and Meunier [199] demon-
strated that the annealing of the laser-generated Au nanoparticles in methanol with an unfocused
nanosecond laser beam at 532 nm resulted in nanoparticles growth from 50 to 120 nm. The ir-
radiation with a non-focused 532-nm nanosecond laser beam (532 nm, 8 ns, 40-100 mJ/cm?) of
citrate-stabilized gold nanoparticles induces the successive nanoparticles aggregation and fusion,
yielding the sub-micron size particles [194]. When capped with thionicotinamide nanoparti-
cles undergo fusion after the first minutes of picosecond 532 nm irradiation, although they get

fragmented into smaller particles after 30 minutes [172].
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Stable sub-nanometer gold clusters present another family of the nanomaterials that can be
generated as a result of laser irradiation of the colloidal solutions. Gold clusters composed of 5-13
atoms possess the properties of the quantum dots and can be strongly fluorescent in blue-green
region of the spectrum [218|. Such stable photofragments were detected during the picosecond
irradiation (355 nm, 15 ps, 8 mJ/pulse) of dendrimer-capped gold nanoparticles [153,208]. Sub-
nanometer particles were also observed after the 532-nm nanosecond irradiation (532 nm, 6 ns,
130 mJ/cm?) of 20-nm chemically prepared Au particles covered with 4-aminothiophenol and
dispersed in toluene [153]. Thiolated ligands and inner cavities of the dendrimers are typically

required to stabilize such small photofragments.

Laser-induced photothermal melting/vaporization and Coulomb explosion-related fragmen-
tation of metallic particles suspended in water also provide an efficient pathway for alloying of
nanoparticles. The irradiation of a mixture of two colloids leads to its instantaneous fragmenta-
tion into free atoms and atomic clusters, which can then form alloys during further condensation
process. Co-fragmentation of two types of metallic particles can give rise to the formation of alloy
nanoparticles of various composition, such as Au-Ag, Au-Pd, Ag-Pd and Au-Pt [180,219-222|.
In many cases core-shell structures (Ag@Au, Au@Ag, Fe@Au and Pt@Au) are formed instead
of alloys [223-225].

In contrast to nanosecond laser case, the fragmentation with femtosecond pulses is based on
the mechanism of Coulomb explosion, which implies an ejection of electrons from the nanoparti-
cles and the formation of a positive charge at the nanoparticle lattice. When the charge repulsion
forces exceed the surface tension, the particle explodes into multiple smaller fragments. At the
picosecond regime, usually two mechanisms are possible depending on the laser energy. In partic-
ular, 355-nm picosecond irradiation (30 ps, 14-43 mJ/cm?) of gold colloids results in a bimodal

size distribution with two peaks, one at 6 nm and another at 16-24 nm [157].

Femtosecond laser fragmentation (800 nm, 140 fs, 500 1J /pulse) induces the reduction of the
mean nanoparticles size from 30-120 to 20-30 nm with a narrow size distribution and enhanced
stability [81,82]. The size of the nanoparticles after the femtosecond laser treatment depends
strongly on the presence of chemical species. The addition of polymers such as dextran or
PEG during the femtosecond fragmentation procedure makes possible a precise tuning of the

nanoparticles size from 2 to 70 nm [63,81].

Interestingly, the femtosecond laser fragmentation is possible for NIR pumping wavelengths,
while 1064-nm irradiation has no effect on gold nanoparticles during the laser treatment with
nano- and picosecond pulses [153,192|. It is known that 5-100 nm nanoparticles have a strong

absorption in the visible range around 520-560 nm due to the excitation of the surface plasmons,



Chapter 2: Synthesis of the gold nanoparticles by laser ablation 46

while their absorption at wavelength longer than 700 nm is negligible. Therefore, the most
works the post-irradiation the modification of Au nanoparticles were carried out using the second
harmonic of Nd:YAG laser (532 nm) corresponding to the plasmonic absorption band or the third
harmonic of Nd:YAG laser (355 nm) corresponding to the interband transition of gold. However,
in the case of 800-nm femtosecond irradiation, the phenomenon of supercontinuum can provide

white light spectrum, in particular in the region of plasmon-related absorption.

2.3 Materials and methods

2.3.1 Materials

Gold and platinum foils, 99.95% pure, used in our experiments as solid targets were purchased
from GoodFellow. Polyethylene glycol (PEG, molar mass 20000), dextran from Leuconostoc spp.
(molar mass 40000), S-cyclodextrin were purchased from Sigma-Aldrich. All the solutions were

prepared with 18 M() deionized water.

2.3.2 Ablation from the bulk target

The scheme of an experimental set-up used both for the ablation and fragmentation experiments
is presented in Figure 2.6. A target (10 x 10 mm and 2 mm thick in the case of Au, 10 x 10 mm
and 0.5 mm thick in the case Pd) was placed on the bottom of a vessel filled with deionized
water. The level of the liquid above the target was kept about 10 mm. The vessel was placed
on a translation stage that performed the movement in XY-direction, perpendicular to the laser
beam. The target was moved at a speed of 0.75 mm/s to avoid the ablation from the same
area. The position of the target was adjusted with a micrometric screw to find optimal focal
conditions. To determine the amount of the ablated material the target was weighted before and

after the ablation with a microbalance.
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Figure 2.6: Scheme of the experimental set-up. \/2 — half-wave plate; BP — Brewster polarizer.



Chapter 2: Synthesis of the gold nanoparticles by laser ablation 47

We used an S-Pulse Yb:KGW (ytterbium-doped potassium-gadolinium tungstate) femtosec-
ond laser (Amplitude Systems) to ablate the target. The laser operated at the fundamental
wavelength of 1025 nm, the pulse duration was 450 fs, and repetition rate was 1 kHz. The laser
beam with an initial diameter 2.3 mm was focused slightly below the target surface with a 75 mm

lens. Pulse energy used during the ablation was 120 pJ/pulse.

2.3.3 Laser fragmentation and alloying

Colloidal solutions obtained after the ablation from the target were transferred into a quartz
cuvette. The same laser beam (450 fs pulse width, 1025 nm, 1 kHz repetition rate) was focused
with a 75 mm lens into the center of the cuvette (unless specifically mentioned) filled up with
the colloidal solutions, while the solution was stirred with a magnetic stirrer to homogenize the
ablation process. The scheme of the set-up used for the fragmentation step is illustrated in

Figure 2.6. We varied the laser energy from 5 to 120 nJ/pulse with a half-wave plate.

2.3.4 Measurements

In order to study the phenomena accompanying the laser ablation process, we recorded the
supercontinuum spectra with a spectrometer Ocean Optics HR2000+CG-UV-NIR placed above
the cuvette, as it shown on the scheme (Figure 2.6). The formation of the cavitation bubble
was detected by the acoustic wave generated when the bubble collapses. The acoustic signal was

registered with a microphone immersed into the solution.

Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) measurements
were performed using JEOL JEM 3010 system operating at 300 kV. A drop of freshly prepared
solution was placed onto a carbon-coated copper grid and dried at ambient conditions before
the examination by TEM. To calculate size-distribution diagrams for each sample an overall
1000 particles were analyzed with Image-Pro Plus software. Dynamic light scattering (DLS)
measurements were additionally performed using a Zetasizer Nano ZS instrument at 25°C in
order to determine nanoparticles size characteristics in the solution. Absorbance spectra was
measured with a Varian Cary Win UV-Vis spectrometer. Fluorescence spectra were registered
with a Varian Cary Eclipse fluorometer. Fluorescence excitation and emission slits were 5 mm;

the measurements were taken in 1 ¢cm path length quartz cells.
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2.4 Laser synthesis of gold nanoparticles

2.4.1 Ablation from a bulk target

The formation of the nanoparticles during the ablation process was visible as reddish plume.
The visible coloration of the solution occurred within a few minutes. The resulting solution was
deep red with yellow metallic tints, as it is presented in Figure 2.7. Yellow tints are usually
associated with relatively broad size distribution of nanoparticles. The solutions were stable,

but after several days of storage we observed some precipitation.

Figure 2.7: Colloidal solution of the gold nanoparticles obtained after the ablation from a bulk target.

We used a fundamental laser wavelength (1025 nm), which is relatively far from plasmonic
absorption band of Au nanoparticles. The production rate in our conditions was 15.6 pg/min
when we used the laser energy of 120 pJ/pulse or 15 J/cm? of laser fluence at the focal spot
(for a lens with the focal distance of f = 75 mm). Such production rate is comparable which
was previously reported for 800-nm femtosecond laser ablation (13.2 pg/min at repetition rate
of 1 kHz) [184].

In our experiments we irradiated the target with a femtosecond laser beam having the energy
of 120 pJ at 1 kHz repetition rate. Therefore, overall 7.2 J of energy was delivered to the system
per minute, which corresponds to the ablation efficiency of 2.17 ng/J. Such efficiency of the
femtosecond ablation from a metal target is higher that the one of pico- and nanosecond ablation
regimes, which do not exceed 1.5 pg/J [184] and 0.9 pg/J [89] respectively. Higher production
efficiency is typical for femtosecond laser ablation, which is characterized by a higher intensity
compared to nano- and picosecond ablation cases (10'2 — 10'* W/cm? vs. 107 — 1012 W /cm?).
In addition, femtosecond laser pulse does not interact with generated plasma, and pulse energy

is not absorbed or scattered by this phenomenon. Nevertheless the efficiency of the ablation
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in water is 4-20 times lower compared to this parameter in the case of ablation in air [226].
It should be noticed that during the ablation in liquids, plasma confinement effects are more
important than in gaseous phase.

A TEM microphotograph and corresponding distribution diagram for the nanoparticles pre-
pared by a direct ablation from a gold target in deionized water are presented in Figure 2.8.
One can see that the particles form two populations with a mean size around 7 and 29 nm. A
bimodal size distribution is typical for the ultrafast laser ablation at high fluences due to multiple

competing ablation mechanisms [56,60].
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Figure 2.8: TEM microphotograph and a corresponding size distribution diagram for the gold nanopar-
ticles obtained by the ablation from a bulk target.

2.4.2 Laser fragmentation

2.4.2.1 Size and structure of the nanoparticles prepared after the laser fragmenta-

tion

We performed the fragmentation of gold nanoparticles at different incident laser energies varying
from 5 to 120 pJ/pulse that corresponds to 0.63-15 J/cm? of fluence. The typical TEM images

and corresponding size distribution diagrams of the nanoparticles after the fragmentation of
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various laser energies are presented in Figure 2.9. At low pulse energies (below 65 pJ/pulse) the
particles diameter was in the range of 7-10 nm, while the standard deviation did not exceed 70%
of the mean particles size. As the TEM microphotographs illustrate (Figure 2.9(A) and (B))
the nanoparticles have regular spherical shape. The increase of the pumping energy over 70 pJ
led to the increase of the nanoparticles size up to 40-50 nm, while the size dispersion remained
at the level of 40-60% (Figure 2.9(C)). After further increase of the incident laser energy above
85 pJ, the particles size decreased down to 20-25 nm, and the size dispersion did not exceed 70%
(Figure 2.9(D)). Besides, the fragmentation at high laser energies influenced the morphology of
the nanoparticles. The resulting nanoparticles were of irregular shapes; they were linked together
through the nanowires, forming gold nanonetworks (Figure 2.9(D)). The resulting solutions were
reddish-violet, but they were stable and did not precipitate or agglomerate within several months.
Similar structures were previously observed during the fragmentation of the nanoparticles in the
nanosecond regime in SDS solutions [161]. In our experiments we obtained stable nanonetworks
of bare gold in pure water.

Our experiments also showed that the formation of spherical nanoparticles and nanonetworks
was reversible if one properly selected pumping laser energy. As shown in Figure 2.10, after the
irradiation of the solution containing gold nano-networks (obtained at 115 pJ) with the laser beam
at 55 pJ, the particles were transformed into regular-shaped spheres with mean size 9 = 3 nm.
After the treatment of this solution once again with laser radiation with energy of 115 pJ, the
spherical particles were again transformed into nanonetworks. Notice, that even the particles
of irregular shape are stable throughout the storage at ambient conditions. The interchanges
between spherical nanoparticles and nanowires can be easily made throughout several cycles
without affecting the size distribution or stability of the nanoparticles.

Figure 2.11(A, B) summarizes the dependence of nanoparticle size characteristics on energy
of laser pulse applied for the fragmentation process. One can see that the values of mean size
and size dispersion (in full width at half maximum, FWHM) follow the same tendency, while the
size dispersion does not exceed 70% of the mean size for the whole range of laser energies. Such
weak size dispersion looks as one of advantages of femtosecond laser fragmentation over most
other laser-ablative and chemical synthesis pathways. Based on the analysis of plots depicted in
Figure 2.11 and the morphology of the produced nanoparticles, one can distinguish three regimes

of laser fragmentation:

e 10-70 pJ/pulse: generation of small nanoparticles (less than 10 nm), size is independent

from the pumping laser energy;

e 70-90 pnJ/pulse: ascending growth, size of the particles increases rapidly with the increase
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Figure 2.9: Typical TEM images of the nanoparticles and corresponding size distribution diagrams after
the fragmentation at 11.5 (A), 55 (B), 85 (C) and 109 (D) nJ of the input laser pulse energy.
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Figure 2.10: TEM microphotographs and the scheme of the reversible changes of the nanoparticles
structure after the fragmentation at 120 and 5 pJ/pulse.

of the laser energy;

e >90 pJ/pulse: descending growth, size of the particles decreases with the increase of the
pulse energy. This regime also involves the modification of the morphology of the nanopar-

ticles, suggesting the existence of the additional nanoparticles treatment mechanism.

It is important that despite the existence of different regimes associated with the involve-
ment of different fragmentation mechanisms, we were able to efficiently control nanoparticle size
characteristics in the absence of reactive chemical species by varying a purely physical parameter

(laser energy).

2.4.2.2 Effects accompanying the fragmentation

To clarify mechanisms responsible for different fragmentation regimes, we examined various phe-
nomena, which accompany the interaction of ultrashort laser radiation with liquids. As we
discussed previously (Section 1.3.1), the propagation of the laser pulse in water is often accom-
panied by two phenomena. The first one is the generation of the supercontinuum. The critical
peak power for the generation of the supercontinuum is 4.4 MW [150] that corresponds to 2.1 pJ
of the pulse energy for the 450 fs laser pulses. In our experiments we always observed the for-

mation of the supercontinuum even with the naked eye as a white spot with rainbow circles on
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Figure 2.11: (A) The mean size of the nanoparticles after the laser fragmentation as a function of the
input laser energy; the error bar corresponds to the standard deviation. The points corresponding to
the images and size distribution diagrams in Figure 2.9 are marked with circles. (B) Size dispersion (in
FWHM) of the size distribution of the nanoparticles after the fragmentation as a function of the input
laser energy.

the black screen behind the vessel. We recorded white light for the whole range of used energies,
the total emission increased with the increase of the energy pulse and stabilized for the energies
about 65-70 pJ/pulse.

As the Figure 2.12(A) demonstrates, the spectrum of the supercontinuum in pure water

(black line) has a wide spectral band ranging from 400 to 900 nm. While the plasmon-related

absorption of gold nanoparticles is situated at 520-530 nm (red curve) and it is far from the
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fundamental wavelength of the laser, it appears to be within the supercontinuum spectrum. As
one can see, in the presence of Au nanoparticles the spectra contain a dip ranging from 450 to

630 nm, which gives an evidence of the nanoparticles absorption in this range.

The spectra of the supercontinuum generated in the particles solution, registered in the
real time during the fragmentation process, allowed us to calculate the nanoparticles extinction
spectra and see its evolution in time. As it is shown in Figure 2.12(B) the fragmentation process
leads to a relative increase of absorption at 450 nm (A450) compared to the surface plasmon
resonance absorption (Agpr). The increase of the ratio As50/Agpr is typically attributed to the
decrease of the mean size of the nanoparticles [227]. Another important feature consists in the
shift of the maximum of the absorption from 528 to 515 nm after 30 minutes of the fragmentation.
Such a blue shift of a plasmonic peak is also usually attributed to a decrease of the particles
size [228]. Our TEM measurements confirmed this tendency evidencing the reduction of the
mean nanoparticles size from ~ 30 to 8 nm. Figure 2.13 illustrates how the values of Ay50/Aspr
and Asgg/As15 evolve in time. The most remarkable changes in spectral characteristics of the
nanoparticles occur within the first 7 minutes of the fragmentation, and there are practically no
changes after 25 minutes of the laser irradiation, thus we can consider that 30 minutes of the

irradiation is enough to subject all the nanoparticles to the fragmentation.

As follows from Figure 2.12(A) our experiments with 1025 nm fundamental harmonic were
accompanied by the efficient generation of the supercontinuum. Furthermore, supercontinuum
spectra are clearly modified when the nanoparticles present in the solution evidencing the ab-
sorption process. As it was claimed earlier [81,82] and then confirmed independently in the
Ref. [229], the fragmentation of the nanoparticles under the femtosecond irradiation at 800 nm
occurs due to the supercontinuum generation. It was demonstrated that the absorption of the
broadband white light could be 24 times more efficient than the absorption of the main harmonic
at 800 nm [82]. Taking into account that 1025-nm fundamental harmonic is even further from
the plasmonic absorption band of Au nanoparticles than 800-nm wavelength of the Ti:Sapphire

laser, we may state that the supercontinuum-based absorption can take place in our experiments.

Optical breakdown is another phenomenon taking place during the propagation of the laser
pulse in the liquid. As we discussed in Section 1.3.1 this phenomenon is related to the absorption
of light energy by the liquid yielding the plasma generation. The energy of the plasma is then
transferred to the liquid leading to its vaporization and the formation of the cavitation bubble
[149]. The bubble expands, and when temperature inside the bubble and the inner pressure
decrease to the values lower than the surrounding liquid, the bubble collapses at a microsecond

timescale (after the laser pulse) [148,149]. The collapse of the cavitation bubble releases a
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Figure 2.12: A. Spectra of the supercontinuum generated in pure water (black) and in gold colloids,
recorded after 2, 10 and 20 min of the laser irradiation; typical absorption spectrum for 20-nm gold
nanoparticles is presented in red. B. Extinction spectra of gold colloids calculated from the spectra of
supercontinuum recorded after 2, 4, 6, 8, 10, 15, 20, 25 and 30 min of the irradiation. The inset represents
a closer look at 500-550 nm region; the spectra in the inset are shifted over the Y-axis for clarity.
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Figure 2.13: Evolution of the absorbance spectra of Au nanoparticles during the fragmentation as a
function of irradiation time.

huge amount of energy and thus provides a secondary mechanism of the nanoparticles ablation
[56,57,60]. The collapse of the cavitation bubble is normally accompanied by the generation
of acoustic noise, which can be registered by a microphone [57]. Indeed, we registered with a
microphone an acoustic signal, and we detected the signals at high frequencies of 9-20 kHz,
that are normally associated with the collapse of the cavitation bubble [230]. The spectrum of
the sound registered during the propagation of the laser pulse in water at the pulse energies 5—
60 pJ /pulse is presented in Figure 2.14. The acoustic signal was recorded starting from energies
of 7 nJ/pulse and then gradually raised and saturated at 85-90 nJ/pulse. As far as the effects
associated with the optical breakdown were observed throughout the fragmentation process, we
can suppose that the plasma- and cavitation-related phenomena might affect the formation and

modification of the nanoparticles.

2.4.2.3 Possible mechanisms of femtosecond laser fragmentation

It is known that 5-100 nm Au nanoparticles have a strong absorption in the visible range
around 520-560 nm due to the excitation surface plasmons, while the their absorption at longer
wavelengths (>650 nm) becomes negligible (see an example of absorption spectrum for 20 nm

nanoparticles in Figure 2.12(A)). Since fundamental harmonics of most popular femtosecond
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Figure 2.14: Spectrum of the acoustic signal registered during the propagation of the laser pulse in water
at different laser pulse energies.

lasers (Ti:Sapphire laser: 800 nm; Yb:KGW: 1025 nm) are far from the plasmon-related absorp-
tion, the direct absorption light by the nanoparticles looks hardly probable. The light absorption
mechanisms during Ti:Sapphire fragmentation were considered in detail in Refs. [81,82] and then
independently verified in Ref. [229]. It was concluded that the absorption at the fundamental
harmonic is possible only if the colloids coagulate to form quasi-nanorod structures that often
takes place during the first laser ablation step [82]. However, these coagulated structures typi-
cally water-disperse after the very first moments of the fragmentation process, while separated
nanoparticles cannot absorb radiation at main radiation harmonic (second harmonic and multi-
photon absorptions were also found to be negligible [81,82]). Nevertheless, it was found that
the nanoparticles can still efficiently absorb white supercontinuum generated during the propa-
gation of femtosecond laser pulse in water [82,229]. Indeed, depending on the initial laser energy
and, focusing geometry up to 10% of the laser energy is transformed in the spectral band of
400-650 nm [81]. Under these conditions, the absorption of the broad-band white light can be
24 times more efficient that the absorption of main harmonic at 800 nm [82]. As follows from
Figure 2.12(A), our experiments with 1025 nm fundamental harmonic were also accompanied
efficient generation of supercontinuum. Furthermore, we could clearly observe modifications in
the supercontinuum spectrum due to the presence of nanoparticles (Figure 2.12(B)), evidencing
the absorption process. Taking into account that 1025-nm fundamental laser harmonic is ever
further from plasmonic absorption band of Au nanoparticles than the 800-nm wavelength of the
Ti:Sapphire laser, we may state that the supercontinuum-based absorption could indeed be one

of the main mechanisms.
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Optical breakdown is expected to provide another possible mechanism of nanoparticle frag-
mentation. The breakdown in water may take place under certain laser energy and focusing
conditions, yielding to the production of hot laser-induced plasma. Due to a relatively high
hydrodynamic pressure, the plasma region generates a shock wave and gradually transmits its
energy to the liquid. Such energy transfer leads to a liquid vaporization and the formation of the
cavitation bubble, which finally collapses 10-100 us after the beginning of the laser pulse [149].
Here, one can suppose the fragmentation or modification of nanoparticles by the absorption of
thermal energy during the plasma ignition stage or mechanical energy during the collapse of the
cavitation bubble. In this case the superheated surface of the nanoparticles can enhance the

cavitation effects.

As soon as energy is transferred to nanoparticles, they experience fragmentation and further
re-growth. As we discussed in Section 1.3.2, three possible scenarios are typically considered.
First is the concept of photothermal melting-evaporation proposed by Koda et al. [151]. This
mechanism consists in consequent heating, melting and evaporation of the particles when the
temperature reaches the boiling point due to photothermal effects. Such mechanism is relevant
for long pulse duration (nanosecond) and low pulse energies [158]. Another possible mechanism is
near-field ablation; it presumes that plasmonic near-field enhancement causes the nanoparticles
fragmentation due to intense electric fields [168]. Third concept is Coulomb explosion of a gold
nanoparticle as a result of particle-pulse interaction. This model implies the quick ejection
of a large number of electrons and a formation of multiple charged nanoparticles. Charged
nanoparticles then undergo fission due to the charge repulsion. This mechanism is typically
considered as dominant for the femtosecond fragmentation [166]. The absence of medium-size

nanoparticles gives an indirect evidence for the Coulomb explosion mechanism in our experiments.

We can distinguish three regimes of the fragmentation, described in the Section 2.4.2.1. At
laser energies below 80 uJ the fragmentation occurs only due to the direct interaction of the
nanoparticles with white light supercontinuum. Nanoparticles absorb white light of the super-
continuum and ~100 ps after the pulse the fragmentation takes place according to the Coulomb
explosion mechanism, followed by the re-nucleation of nanoclusters in the surrounding medium.
The fragmentation under this regime is characterized by a small nanoparticles size (<10 nm) and
weak size dispersion. We believe that such “fine” fragmentation is due to supercontinuum-based
ablation. In contrast to fundamental radiation harmonics, white light of supercontinuum can irra-
diate the solution in the whole experimental cuvette, creating uniform conditions for nanoparticle
fragmentation in a large volume area and thus offering “fine” fragmentation regime. As the pulse

energy increases, the efficiency of the optical breakdown becomes more important. Our tests
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showed that at laser energy of 85 pJ/pulse the sound intensity reaches its maximum, suggesting
the maximization of cavitation-related phenomena. As shown in Ref. [136] for solid target ge-
ometry, the cavitation bubble can play an important role in the generation of nanoparticles. The
nanoparticles can be trapped inside the bubble to initiate a secondary nucleation, yielding to
the formation of large 40-60 nm aggregates [136]. It seems that our fragmentation experiments
involve the same mechanism of secondary nucleation inside the bubble. Indeed, the enhance-
ment of cavitation phenomena at energies about 80-85 uJ/pulse leads to a gradual increase of
nanoparticle size from 8-10 to 40-45 nm, which roughly corresponds to numbers recorded in
Ref. [136]. It should be noted that in contrast to solid target case laser fragmentation uses 3D
ablation geometry [178|, which should favor the penetration of clusters into the bubble, as well as
the release and faster cooling of the formed aggregates. At very high energies (>90 nJ/pulse) we
evidenced the third fragmentation regime, which was characterized by a decrease of the nanopar-
ticles size and assembling of particles into nanowires and nanonetworks (Figure 2.9(D)). Usually
the mechanism of formation of similar structures involves the aggregation of thermally excited
nanoparticles and small fragments emitted in the course of the fragmentation, giving evidence for
the involvement of thermal phenomena in laser-induced plasma. As the cooling of plasma region
can take up to few us [148|, the plasma-trapped nanoparticles can undergo surface melting and
sintering [231].

It is important that due to the combination of different phenomena taking place during the
propagation of femtosecond pulse in liquid, we can control mean particles size without using
any ligands. Since the coexistence of the optical breakdown and supercontinuum generation is
conditioned by the focusing geometry, one can have the opportunity for the purely physical size

control of the nanoparticle growth.

2.4.3 Capped gold nanoparticles
2.4.3.1 PEG- and dextran-covered gold nanoparticles

The nanoparticles capped with biocompatible polymers demonstrated narrow monomodal size
distribution even after the ablation from the solid target in a solution of the polymers, without
the fragmentation step. The conditions for the ablations were the same, as for the fabrication of
the nanoparticles in pure water. In order to obtain polymer-capped nanoparticles, the ablation
was performed in diluted solutions of PEG (M.W. ~ 20 000) and dextran (M.W. ~ 40 000). The
solutions after the ablation were deep red, without characteristic yellow metallic tints, which we
observed after the ablation in pure water (Figure 2.15). The absence of the yellow tints usually

indicates the narrow size distribution. The prepared solutions were stable, and did not show
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any signs of the precipitation or agglomeration within several months of storage at the ambient
conditions. As it is shown in Figure 2.16 the nanoparticles prepared in the solution of PEG and
dextran were spherical, with mean nanoparticles size 4-10 nm for PEG solutions and 15-25 nm
for dextran solutions. Notice that nanoparticles prepared in the solutions of the polymers are
smaller than those prepared in pure water under identical conditions. Moreover, they exhibit
monomodal narrow size distribution even without the fragmentation step. These results can
be explained by the interactions between the polymers and nanoparticles that inhibit the seed
growth, thus leading to the decreasing of nanoparticles diameter, narrowing the size dispersion

and eventually to the improvement of stability of the nanoparticles solutions [63].

Figure 2.15: A photo of gold nanoparticles solution obtained by the ablation of a bulk target in aqueous
PEG solution.

The values of the nanoparticles size, determined by the DLS measurements, were 45 + 5 nm
for the Au-PEG complexes and 46 + 2 nm for Au-dextran nanoparticles. As one can see, the
mean size of the polymer-capped nanoparticles are at least twice as big the one obtained from
the TEM measurements. In contrast to TEM, which provides the real size of gold particles,
DLS measurements give their hydrodynamic size. This value usually indicates the core of the
particles and the shell, formed by the absorbed molecules, including the molecules of the solvent
attached to the surface. This is the reason why DLS measurements normally give larger sizes
of nanoparticles than those observed by TEM. Even the nanoparticles prepared in pure water
have characteristic size of 25 nm, and DLS measurements give the value of 27 nm, which is
about 10% larger due to the influence of the hydration shell. However, significant difference
between the hydrodynamic and microscopic size of the nanoparticles prepared in the solutions
of PEG and dextran indicates the adsorption of the large number of polymer molecules on
the surface of the nanoparticles and the formation of the gold-polymer complexes. As it was
demonstrated previously, laser-synthesized Au nanoparticles have Au-O~ and Au-OH groups on

their surface [61]. The presence of these groups facilitates the formation of the hydrogen bonds
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Figure 2.16: TEM microphotographs and corresponding size distributions of the gold nanoparticles
obtained in aqueous (A) PEG and (B) dextran solutions.

with hydroxyl groups of PEG and dextran. Non-oxidized gold atoms can bind with OH groups

of the polymers through a soft acid — hard base interaction [232].

2.4.3.2 Cyclodextrin-covered gold nanoparticles

The synthesis of the nanoparticles in the presence of cyclodextrins (CD) is another promis-
ing approach to control nanoparticles size through their capping with biocompatible molecules.

Cyclodextrins are the cyclic oligosaccharides, composed of a-D-glucopyranose bonded together
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through 1—4 linkages. In our work we used 5-CD, which contains 7 glucose residues forming a
toroid structure (Figure 2.17). Cyclodextrins are widely used in pharmaceutic industry and for
drug delivery [233,234]. In particular, 8-CD covered gold nanoparticles were employed for the
targeted delivery of anti-cancer drugs [235-237].
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Figure 2.17: Chemical structure of 5-CD and a schematic representation of its 3D toroid structure [238].

We performed the ablation of a gold target in 0.1 and 10 mM aqueous solutions of 3-CD.
The obtained nanoparticles were monodispersed, with relatively narrow size distribution. The
mean size of the particles depended on the concetration of the CD. Here, we observed 8 +
3 nm particles in 0.1 mM solutions, while at higher concentrations of 5-CD the particles were
smaller, with a mean diameter of 3.5 + 0.5 nm. TEM images and size distributions of CD-
capped Au nanoparticles are shown in Figure 2.18. Notice that the nanoparticles obtained in
CD solutions were stable, regardless the concentration of the oligosaccharides implied. These
results are consistent with previously reported works by Kabashin et al. [64,207], where the
authors managed to tune the size of Au nanoparticles between 2 and 20 nm, while keeping
narrow size dispersion, by varying concentration of cyclodextrins between 0.1 and 10 mM. The
size reduction in the presence of CD indicates a strong interaction between Au nanoparticles
and the CD. The capping of a nucleus during its growth strongly inhibits the seed growth, while

higher concentrations of CDs lead to more efficient growth inhibition.

B-CD concentration 0.lmM 10 mM
Ablation in 8-CD solution 8+3nm 3.5+£0.5nm
Ablation in S-CD solution + fragmentation 94+2nm 6+2nm
Ablation in water + fragmentation in 8-CD solution 9+4nm 641 nm

Table 2.2: Table of mean nanoparticles diameters after the ablation and/or fragmentation in the

presence of B-cyclodextrin.

The colloids obtained by laser ablation in S-CD solutions were then subjected to the laser

irradiation for 30 minutes at 85 pJ of the pulse energy. TEM images and corresponding size
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Figure 2.18: TEM images and corresponding size distributions of gold nanoparticles obtained after the
ablation of a bulk target in (A) 0.1 mM, (B) 10 mM S-cyclodextrin solution.

distributions of nanoparticles after the fragmentation are shown in Figure 2.19. The mean
diameter was 9 + 2 nm in 0.1 mM solution of 8-CD and 6 + 2 nm in 10 mM G-CD solution,
as Figure 2.19 demonstrates. A comparison of nanoparticles parameters before and after the
fragmentation is presented in Table 2.2. One can see that for low concentrations of 8-CD, the
mean nanoparticles size remained almost unchanged, while for more concentrated solutions the
mean size of the nanoparticles increased twofold, but still remained slightly lower than in the case
of 0.1 mM f-CD solution. To explain the reason of the size increase during the fragmentation in
the presence of CD, one has to consider the mechanism of the fragmentation. Mafuné et al. [161]
supposed that during the laser irradiation of SDS-covered Au nanoparticles, a part of the SDS
molecules is detached from the surface in the course of the fragmentation. We believe that the
same process could take place in the case of the B-CD covered nanoparticles. On the other
hand, the Coulomb explosion is the principal mechanism of the Au nanoparticles fragmentation
under the femtosecond laser irradiation, which results in the fission of nanoparticles into smaller

fragments. Thus, a certain amount of free CD molecules and gold nanoclusters are formed in the
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solution as a result of a laser pulse interaction with 8-CD-capped Au nanoparticles. In contrast to
laser ablation from the target, the fragmentation deals with ablation and nanoparticles growth in
volume. Such process can be accompanied by a quite different ratio between the amount of gold
nuclei and S-CD molecules, which affects the equilibrium between the growth of the nuclei and
the nanoparticles capping with CD molecules, resulting in different size of formed nanoparticles.
At low concentrations of 8-CD the same processes take place, but the difference in local Au
nuclei/B-CD ratio for the fragmentation and ablation cases is less dramatic, and therefore the

mean size of nanoparticles is less affected.
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Figure 2.19: TEM images and corresponding size distributions of gold nanoparticles obtained after the
ablation and fragmentation in (A) 0.1 mM, (B) 10 mM S-cyclodextrin solution.

We finally studied the effect of the 5-CD presence on the nanoparticles prepared in pure
water. First, we ablated a gold target in pure water, then we added S-CD at concentration of 0.1
or 10 mM to this primary solution and irradiated them with a femtosecond laser for 30 minutes
at the energy of 85 nJ/pulse. Typical TEM images of the obtained nanoparticles are shown in
Figure 2.20. As it is summarized in Table 2.2, the formed nanoparticles are almost identical to

those produced by the fragmentation of 5-CD-capped nanoparticles.
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Preliminary prepared gold nanoparticles may form complexes with 5-CD after the addition of
the oligosaccharides. It should be noted that chemically-synthesized gold nanoparticles typically
do not react with unmodified CDs directly [236,237], but this is not the case of laser-synthesized
counterparts, as these nanoparticles have quite different surface chemistry [61]. When CDs
molecules present in the solution, bound to the nanoparticles or not, one can obtain the same
parameters of final Au-G-CD complexes. The latter experimental fact confirms our supposition
that the rearrangement of the complexes occurs during the laser fragmentation due to a different

ratio between “parent” Au particles and -CD.
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Figure 2.20: TEM images and corresponding size distributions of the gold nanoparticles obtained after
the ablation of a bulk target in water followed by the fragmentation in the presence of the S-cyclodextrin;
the concentration of the 8-cyclodextrin was (A) 0.1 mM, (B) 10 mM.

2.4.4 Alloy nanoparticles

We found that the laser ablation technique can be used for the formation of alloys by a co-
fragmentation of the mixture of two types of metallic nanoparticles. Here, the first step was to
obtain initial colloids by the laser ablation from the solid target. The fabrication of the gold
colloids was performed under in the same conditions as described in the Section 2.4.1. To prepare

the palladium (Pd) colloids, a bulk metal target was immersed in deionized water and irradiated
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with 1025 nm, Yb:KGW femtosecond laser, at 15 J/cm? of the laser fluence, similarly to how it
was done in the case of gold. The resulting solution of Pd nanoparticles was grey and opaque.
For the co-fragmentation, Au and Pd colloids were mixed at 1:1 molar ratio of Au and Pd
atoms and irradiated with 1025-nm femtosecond laser pulses, at the 55 pnJ of the pulse energy.
After 45 minutes of laser the fragmentation, the color of the mixture of two types of nanoparticles

changed from reddish-grey to light brown, as it is visible in the photo of Figure 2.21.
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Figure 2.21: Photography of the mixture of Au and Pd nanoparticles before (left) and after 45 min
(right) of the irradiation and UV-Vis absorption spectra of the mixture of Au and Pd nanoparticles
before and after the irradiation.

Figure 2.21 shows a temporal evolution of UV-Vis absorption spectra of the mixture of Au
and Pd nanoparticles under its laser irradiation. One can see that the maximum of absorption
at 520 nm, associated with a plasmonic absorption of gold nanoparticles, completely disappears
after 45 minutes of the fragmentation. The changes of the color and absorption spectra of the
mixture of the nanoparticles are consistent with the alloying of metallic nanoparticles. TEM
measurements demonstrated that the mean size of AuPd nanoparticles was 5 + 3 nm, while the
particles had a spherical shape and were well dispersed, as one can see in Figure 2.22. The mean
size of alloy nanoparticles was smaller than the size of the initial particles, which is consistent
with the physics of fragmentation phenomenon.

If we take a closer look on the produced AuPd nano-alloys, we can state that the produced
nanoparticles are polycrystalline. One can clearly see the fringes on the HRTEM images. Inter-
planar spacing for adjacent crystal planes was 2.3 A. These value corresponds to the (111) plane
of face-centered cubic Au and Pd [239]|. This value is also the same for the (111) crystal plane
of AuPd alloy [239]. Polycrystalline structure of alloy nanoparticles is typical for the ultrashort

pulse ablation/fragmentation. This structure arises from the coalescence of small fragments
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Figure 2.22: TEM image and a corresponding size distribution of AuPd alloy nanoparticles.

formed during the fission of the nanoparticles. Smaller clusters and isolated atoms participate in
the smoothing of the nanoparticle surface. During the interaction with a laser pulse both Au and
Pd nanoparticles get dispersed at the same rate through the Coulomb explosion mechanism. The
produced small fragments, clusters and atoms of both types of metals are mixed together, and
they re-aggregate and form bimetallic nanoparticles. Co-fragmentation in the solution provides

homogeneous conditions for the formation of uniform bimetallic nanoparticles.

2.4.5 Optical properties

We examined optical properties of three types of nanoparticles: the nanoparticles produced by
laser ablation from a bulk target, 25-nm monodispersed particles obtained by the femtosecond
fragmentation, and the nano-aggregates obtained by the fragmentation at high fluences. Fig-
ure 2.24 shows the absorption, fluorescence and excitation spectra of monodispersed 25-nm gold
nanoparticles. Narrow absorption peak is typical for narrow size distribution of gold nanoparti-
cles. Smallest nanoparticles give the absorption shoulder at smaller wavelength. The absorption
peak at 241 nm (5.1 V) is related to the electron work function of gold, i.e. this absorption band
is due to the interband transition. The extinction in the 400—-800 nm region can be well modeled
according to the Mie-Gans theory [240], and they are in good consistence with size distribution

of gold nanoparticles obtained from TEM measurements.
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Figure 2.23: HRTEM image of AuPd alloy nanoparticle.
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Figure 2.24: Emission and excitation spectra of gold nanoparticles obtained after laser fragmentation,
spectra recorded at excitation wavelength Aex = 296 nm and emission wavelength A\e, = 410 nm respec-

tively; absorption spectrum is shown as gray background; theoretical Mie-Gans fit is shown in red dotted
line.

Fluorescence and excitation spectra of gold are governed by the electron transition from Fermi
level to d-bands. In particular a mechanism involving 5 d' — 6 (sp)! interband transition
was suggested [241]. Strong emission at 410 nm was observed when the nanoparticles were
excited with 290-300 nm wavelengths with an excitation maximum at 296 nm. The fluorescence
properties and a plateau region in the extinction spectrum can be explained by the presence of
sub-nanometer size gold particulates. Indeed, when the size of the nanoparticles is smaller that

1-2 nm, the absorption becomes strong and spectrally featureless [242,243|.
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Figure 2.25: Simulated extinction spectra of gold nanoparticles after (A) ablation from a solid target
and (B) fragmentation at high laser pulse energies (120 nJ/pulse).

Figure 2.25 shows simulated extinction spectra for normally distributed spherical gold nanopar-
ticles using full Mie theory and hemispherically capped cylindrical rods using electrostatically
approximated Mie-Gans theory; the mean and standard deviation of radius and aspect ratio
are shown in the figure. Sample of the nanoparticles produced by the laser ablation from a
solid target is dominated by spherical particles, which have a large size distribution 15 £ 14 nm
(Figure 2.25(A)). The simulation fit in Figure 2.25(A) was achieved by Mie theory [240]. The
double feature in the extinction of nanoparticles obtained after the fragmentation at high flu-
ences is consistent with elliptical particles (rod-shaped were used in modeling) of small aspect
ratio ~2 recognizable in related TEM images (Figure 2.25(B)). A quantitative match is achiev-
able when the size distribution is extracted from TEM observations. Nanoparticles produced
by laser ablation at high fluences have spherical and rod-like shapes of aspect ratio close to
2 (Figure 2.25(B)). The shoulders at the longer wavelengths are due to the presence of ellip-

tical and spherical nanoparticles, while at the shorter wavelength, a contribution of smaller



Chapter 2: Synthesis of the gold nanoparticles by laser ablation 70

few-nanometer-diameter nanoparticles is present. The smallest nanoparticles are absorptive and

luminescent.

2.5 Conclusion

e We introduced a novel method for size-controllable synthesis of stable aqueous solutions
of ultrapure low-size-dispersed Au nanoparticles by femtosecond laser fragmentation from
preliminary formed colloids. Such approach makes possible the tuning of mean nanopar-
ticle size between a few nm and several tens of nm under the size dispersion lower than
70% by varying the fluence of pumping radiation during the fragmentation procedure. The
efficient size control was explained by 3D geometry of laser fragmentation by femtosec-
ond laser-induced white light supercontinuum and cavitation phenomena. The fabricated
nanoparticles have a series of unique properties, which are not reproducible with conven-
tional chemical synthesis pathways. These properties include: (i) pure, uncontaminated
surface as a result of nanoparticles synthesis in pure environment (deionized water); (ii)
“bare” surface of nanoparticles, which can have different reactivity and surface chemistry
constants, compared to conventional colloidal nanomaterials; (iii) strong negative charg-
ing of nanoparticles, which appears as a result of particular physicochemical conditions of
nanoparticles growth and contributes to a strong electrostatic stabilization of nanoparticles

in the solution even in the absence of protective ligands.

e We extended femtosecond laser fragmentation procedure on the fabrication of metal alloy
nanoparticles. In particular, we report the fabrication of Au-Pd alloy nanoparticles with
the mean size of 5 nm. In this case, two preliminary prepared metal nanoparticles (Au and

Pd) are mixed together and irradiated by a femtosecond laser.

e We developed a methodology for laser-ablative synthesis of polymer- and cyclodextrin-
capped Au nanoparticles. The polymers and olygosaccharides interact with nanoparticles
through hydrogen bonding and a soft acid — hard base interaction, which leads to an
efficient size control and stabilization of nanoparticles solutions. The functionalization of

nanoparticles with biocompatible molecules enables prospective biomedical applications.

e We characterized the synthesized nanoparticles by a variety of structural (TEM, DLS) and

optical methods (optical absorption, fluorescence).
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3.1 Introduction

In this Chapter, we will present our results on the development of femtosecond laser fragmentation-
based technique for the synthesis of Si nanoparticles. We combined the advantages of ultrashort
laser ablation, which is characterized by a high crystallinity and enhanced stability of nano-
materials produced, and a 3D “volume” geometry of the ablation of preliminary prepared Si
microcolloids. This technique allows us to overcome the restrictions of “planar” geometry of the
ablation from a solid target, which provides a large gradients in the concentration of ablated
material, leading to the uncontrolled seed growth.

First, we will review the previous works on the fabrication of Si colloids with laser ablation
in liquids. In general, the same rules that we discussed in previous chapter, govern the influence
of the experimental parameters on the properties of produced nanoparticles. That is why we will
not repeat the basic physics of this phenomenon in present Chapter and we will overview only
the recent advances and the challenges in the fabrication of Si nanoparticles by the pulsed laser

ablation in liquids.

3.2 Context

Pulsed-laser deposition (PLD) in vacuum [244] or gaseous environment [245-247| are common
laser-based techniques of the production of pure Si nanoparticles. However, to further prepare
a colloidal solution of Si nanocrystals, one has to mill the deposited layers and disperse them in
aqueous solutions. Alternatively, Si nanoparticles can be produced by laser ablation in super-
critical COy [248].

Laser ablation in liquids remains a promising technique to the fabrication of stable colloidal
solutions of Si nanoparticles with smooth spherical shape. As in the case of metallic nanoparticles,
the laser ablation with “long” pulses of a solid Si target in liquid medium results in large (up to
100 nm) and size dispersed nanoparticles [69,70,72,74,249]. Moreover, the particles are partially
amorphous and tend to aggregate forming mixed nanonetworks [69,70,249|. The laser fabrication
in organic solvents can result in smaller nanoparticles with a narrower size distribution, as it was
demonstrated in ablation experiments with ethanol [77,250]. However, high laser intensities
delivered to a limited volume of liquid can induce the pyrolysis of an organic solvent, leading to
the formation of SiC inclusions or graphitic multilayer structures [77,251-253|.

In addition, the energy of the laser pulse has a significant effect on the particles size distri-
bution. In particular, under some conditions of “long” ablation, higher laser energies can lead to

a decrease of mean nanoparticles size [69,250], but this phenomenon is often accompanied by a
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strong nanoparticles aggregation [69].

Ultrashort laser irradiation is known to result in the formation of the nanoparticles with
improved characteristics. Indeed the ablation with femtosecond pulses leads to the formation of
nanoparticles with a larger portion of crystalline phase and higher stability towards the aggrega-
tion [75-79,254]. The influence of the pulse duration on the size of the nanoparticles was studied
by Kuzmin et al. [77]. The mean size of the nanoparticles decreased from ~60 to ~20 nm as the
pulse length decreased from 900 to 35 fs. A significant size decrease was observed for <100 fs
pulses, whereas the size remained quasi-constant when the pulses with durations in the range
of 200-900 fs were applied [77]. The mechanism of the formation of nanoparticles in the case
of the femtosecond ablation is different from the long-pulse ablation. As it is described in the
Section 1.2.3, isochoric heating of the lattice results in ultrafast non-thermal heating and the
formation of a superheated liquid [255,256]. This results in a direct ejection of the material in
the form nanoclusters [112,122|, while in the case of the nanosecond ablation, the nanoparticles
are formed through the vaporization, followed by the condensation during the adiabatic cooling
of the expanding plasma plume. Melting and vaporization under the nanosecond ablation regime
lead to the formation of micron size particles (“liquid” droplets), which contribute to the broad-
ening of the size distribution. Combined molecular dynamics and direct simulation Monte Carlo
calculations demonstrated that two mechanisms of the formation of the nanoparticles under the
femtosecond ablation regime can take place: small particles are directly ejected from the target,
while larger particles are formed by condensation and evaporation inside the ablated plasma

plume [113,133].

A proper mechanism of the nanoparticles formation under femtosecond ablation regime in-
duces a particular dependence of nanoparticles size on laser fluence. The ablation at low laser
intensities typically yields small (2-3 nm) Si nanoparticles with narrow size dispersion, whereas
the increase of the laser fluence results in the size increase up to few tens of nm and broadened
size distribution [75,79]. Hence, the size control based on the variation of laser intensity, which

was efficient in the case of gold [56,57|, seems to be hardly useful for silicon.

In order to control the size distribution of the nanoparticles, several techniques were pro-
posed. Similar to the case of gold nanoparticles, the nanosecond ablation in the presence of SDS
results in 20-nm nanoparticles with relatively narrow size dispersion |71]. In situ conjugation
with oligonucleotides during the laser ablation allows one to obtain small (3.5 nm) and uniform
nanoparticles [78|. However, the treatment of the nanoparticles with stabilizing molecules leads
to the loss of the advantages of bare nanoparticles surface and limits the possibilities of their

further modification.
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Post-ablation manipulations can also reduce the nanoparticles size and size dispersion. Ultra-
sonic treatment combined with HF etching [74] or filtration [254] results in ultrasmall (1-5.5 nm)
monodispersed Si nanocrystals. In addition, it was noticed that increase of irradiation time dur-
ing the fragmentation procedure led to the narrowing of the size distribution, suggesting strong
interaction of the laser beam with the produced nanoparticles [76]. In particular, it was demon-
strated the nanosecond laser irradiation of particles prepared by mechanical milling resulted in
the formation of regular spherical nanoparticles 73], such homogenization of nanoparticles size
confirms the interaction of the laser pulse with colloidal particles. The combination of the advan-
tages of the femtosecond laser ablation and 3D geometry of laser fragmentation offers an efficient

way to the facile size-controllable synthesis of pure Si nanoparticles.

3.3 Materials and methods

3.3.1 Synthesis of Si nanoparticles

The first step to the laser-assisted synthesis of Si nanoparticles was the production of the suspen-
sion of “parent” particles. First, p-type B-doped silicon wafer with specific resistivity of about
1-10 2 -cm purchased from Siltronix (France) was crashed with a hammer in order to get a
powder with particle size ~1 mm. The particles were dispersed in deionized water to the con-
centration 10 g/L. Then the particles suspension was milled in a Fritsch Pulverisette 7 planetary
ball mill with 5-mm WC grinding balls. The milling time and rotation speed were 5 minutes
and 1000 rpm, respectively. The milled nanoparticles were of irregular form and normally size
dispersed between few tens of nm and 1 ym with the mean size around 500 nm, as shown in

Figure 3.1. The final Si particles solution was dark grey.
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Figure 3.1: TEM image and a size distribution of Si particles after the mechanical milling.

The second step was the femtosecond laser fragmentation of “parent” colloids. The aqueous
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suspension of Si particles obtained by mechanical milling were diluted with deionized water to
different concentrations from 0.08 to 1 g/L. In some cases the pH of the solutions were adjusted
with NaOH or HNOj3. The suspensions were transferred into a glass cuvette and subjected to
the laser irradiation with Yb:KGW femtosecond laser (Amplitude Systems, 1025 nm, 480 fs,
1 kHz), the same that we used for the fabrication of Au nanoparticles. The laser beam with
initial diameter of 2.3 mm was focused by a 75-mm lens onto the center of the solution, while
it was stirred continuously with a magnetic stirrer to homogenize the fragmentation process.
The duration of the laser irradiation step was chosen to ensure an equilibrium size distribution
of the prepared colloids, which depended on the concentration and varied from 45 minutes for
0.08 g/L to 5 hours for 1 g/L solutions. The experiments were carried out both under the ambient
conditions, when water was saturated with air, and in deoxygenated conditions, where a nitrogen

was bubbled through the solutions prior and during the laser irradiation.

3.3.2 Measurements

TEM and HRTEM studies were performed using JEOL JEM 3010 system operating at 300 kV
in imaging and diffraction modes. The samples for the TEM measurements were prepared as it
was described in the Section 2.3.4. X-ray photoelectron spectroscopy (XPS) investigations were
carried out in an ultrahigh vacuum system ESCALAB210 (base pressure 1.0 x 107!% mbar) from
Thermo VG Scientific. The colloids were dropped on the Cu substrate prior the measurements.
The measurements were taken over an area of 1 mm? of the covered Cu substrate. Photoelectrons
were excited by using Mg Ka line (1253.6 €V). The photoluminescence spectra were registered
for the ~0.5 mL of the colloidal solutions transferred into a quartz cuvette under the excitation
with continuous wave radiation of an Ar-ion laser (364 nm, 10 mW, spot diameter ~1 mm).
Photoluminescence signals were recorded using a grating monochromator (MS750, SOLAR, TII)

equipped with a CCD array. The optical measurements were done at room temperature.

3.4 Synthesis of Si-based nanoparticles by the fragmentation of

Si colloids

3.4.1 Fragmentation of Si colloids. Influence of the initial particles concen-

tration

Laser treatment of suspensions of Si particles leads to a significant change in the color of the
solutions: from opaque and deep-gray to completely transparent and light-brown (when the solu-

tion was preliminary deaerated) or colorless (when water was saturated with air). The solutions
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after laser irradiation remained stable without any signs of the precipitation. As Figure 3.2
demonstrates, the irradiation of the suspensions containing relatively low amount of “parent”
particles (0.08-0.1 g/L) resulted in small (2-3 nm) nanoparticles (Figure 3.2(A)). The full width
at half maximum (FWHM) lower than 2.5 nm evidences a low size dispersion of the formed
nanoparticles. However, a 6-times increase of the concentration of initial colloids resulted in
nanoparticles with mean size of 20-25 nm and a size dispersion lower that 10 nm FWHM (Fig-
ure 3.2(B)). Additionally, we estimated the stability of the colloids produced by the femtosecond
fragmentation. Aging for 2 month in sealed glass did not reveal any signs of the precipitation.
TEM measurements did not demonstrate the changes in the nanoparticles size distribution nor

the agglomeration effects.

We believe that narrow size distributions results from the 3D volume ablation geometry. Un-
der femtosecond irradiation, the silicon particles can absorb both the main radiation harmonics
(1025 nm) and white-light radiation from the supercontinuum, leading to their fragmentation and
formation of nanoclusters. The nuclei then coalesce forming bigger nanoparticles. The process
of the growth is diffusion-limited, and the final size of the particles depends on the concentration
of the nuclei in the given volume. In the case of the ablation from the bulk target, the action
of a laser pulse leads to the ejection of a considerable amount of Si atoms and clusters into
limited volume near the focal spot. This causes a gradient of the nanoclusters concentration
and thus different conditions of the nanoparticles growth, even though the seed growth continues
for hundreds of nanoseconds after the laser pulse [53,187|. Significant broadening of the size
distribution, observed in many studies |76-79|, can originate from the non-homogenous condi-
tions for the nanoparticles formation. In contrast, in the employed “volume” geometry of laser
ablation of Si nanoparticles suspended in water, the nanoclusters are quasi-uniformly produced
in a relatively large liquid volume, roughly corresponding to the size of the laser caustics (a few
tens of microns). This leads to the homogeneous conditions of seed growth and a relatively uni-
form size of formed nanoparticles. Since the coalescence and size of final nanoparticles depend
on the nuclei concentration, the variations of the initial particles concentration allow the size
control of the nanoparticles, because of the different amount of the nanoclusters generated per
pulse. As shown in Figure 3.3 for the range of the “parent” particles concentration used, the
nanoparticles mean size increased linearly as the initial concentration increased, thus allowing
us to efficiently tune the size of final nanoparticles from 1-2 to 20-25 nm. The femtosecond
irradiation results in the fragmentation of the Si powders, yielding much smaller nanoparticles
compared to the nanosecond irradiation case, which is characterized by nanoparticles heating

and reshaping, resulting in the formation of sub-micron size Si spheres [73].
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Figure 3.2: TEM images and size distribution of Si nanoparticles after the laser irradiation at (A) low
(0.08 g/L) and (B) high (0.5 g/L) concentration of initial Si powder.

As shown in Figures 3.4(A) and (B), characteristic fringes can be easily seen on the high
resolution TEM images of both small and large Si nanoparticles. The presence of these fringes
indicates high crystallinity of the produced particles. Besides, one can see that large particles
obtained by the fragmentation of Si particles at high concentrations are composed of multiple
crystalline domains. Such structures are probably formed through to the fragmentation of big
crystalline “parent” particles into smaller clusters, that further coalesce to form small nanoparti-

cles. The electron diffraction images confirmed the polycrystalline cubic structure of Si nanopar-
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Figure 3.3: Mean nanoparticles size after the after the laser fragmentation as a function of the initial
concentration of Si particles suspension. The error bar corresponds to the standard deviation of the
nanoparticles diameter.

ticles produced by the laser treatment (Figure 3.4(C)). Here, the observed rings corresponded
to the following crystal plane orientations: 2.12 A for (111), 1.92 A for (200), 1.35 A for (220)
and 1.16 A for (113). Fast Fourier Transform (FFT) images have also confirmed the presence of
(111) crystal planes, with an interplanar distance of 2.1 A

3.4.2 Influence of the pH

Laser fragmentation from colloids allows facile control of the size of the produced nanoparticles
through varying the parameters of the initial solutions. pH of the solution is another parameter
that can be easily varied during the synthesis. We performed the laser fragmentation of Si
particles at two concentrations: high (0.5 g/L) and low (0.08 g/L); and at three pH values: acidic
(pH 3.0), neutral (pure water, pH 7.4) and alkaline (pH 11.0). TEM images and size distributions
of the produced nanoparticles are presented in Figure 3.5. The data of the mean nanoparticles
size and size distribution are summarized in the Table 3.1. As one can see, the fragmentation of
“parent” Si particles at low concentrations resulted in small nanoparticles of the size about 1.5-
5 nm (Figure 3.5(A—C)). The fragmentation in acidic medium yielded slightly bigger particles
(~5 nm) as comparied to the particles obtained in pure water. In contrast, increase of the
pH led to smaller nanoparticles. Moreover, the fragmentation in alkaline medium resulted in
a significantly narrower size distribution (Figure 3.5(C)). In the case of high concentrations of
initial colloids, the mean size of the particles after the fragmentation remained always in the range
of 20-25 nm, regardless of the pH of the medium (Figure 3.5(D-F)). The results are summarized
in the Table 3.1
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10 nm

Figure 3.4: HRTEM images of (A) small Si nanoparticles obtained after the fragmentation of 0.08 g/L
suspension of Si powder, (B) large Si nanoparticles after the fragmentation of 0.5 g/L suspension; the
insets in (A) and (B) represent the FFT images of the selected region. (C) Electron diffraction pattern
of Si nanoparticles after the fragmentation.
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Figure 3.5: TEM images and corresponding size distributions of Si nanoparticles after the laser frag-
mentation at (A—C) low (0.08 g/L) and (D-F) high (0.5 g/L) concentrations of the initial colloids and
(A, D) pH 3.0, (B, E) pH 7.0 and (C, F) pH 11.0.

It was previously demonstrated that the size of the oxide nanoparticles depended strongly on
the pH of the solution under the supposition that the nanoparticles growth occurs through the

adsorption of the atoms on a nucleus surface [257,258]. The particles size R is proportional to:

3Cv o
~F [10(pH—14)a]’ (3.1)

R

where I is the Faraday constant, C is the concentration of the material species (ions or
atoms) in the solution, o is the molar volume of the oxide, o is the surface charge density, and
0 < a < 1 is a coefficient depicting the ability of the interface to extend by adsorption. This

dependence was obtained when the nanoparticles are formed in the solution by the precipitation
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Si particles concentration 0.08 g/L 0.5 g/L

pH 3.0 5+ 2 nm 20+ 3 nm
pH 7.4 3+ 1.5 nm 22+ 5 nm
pH 11.0 1.7+0.3nm 23+4 nm

Table 3.1: Table of mean Si nanoparticles diameters after the laser fragmentation under different
pH values. The data are given for initial concentrations of colloids of 0.08 g/L and 0.5 g/L.

from the metal salts [257]. However, under certain assumptions we can apply it for our case of the
growth of Si/SiO, nanoparticles from the fragments obtained by the laser fragmentation of large
particles. According to the equation (3.1), alkaline media with higher pH favor the formation of
smaller particles. The value of the pH influences significantly on the particles parameters, when
it is higher than the point of zero charge (PZC) of the material [257]. PZC for SiOj is typically
estimated at the level of 2.9-3.5 depending on the phase [259]. Therefore, increasing the pH of
the medium above ~3, we can expect the decrease of the size of the Si-based nanoparticles. This
is consistent with our results (Table 3.1), when we observed the decrease of the nanoparticles
size from 5 to 1.7 nm while the pH was increased from 3.0 to 11.0. Additionally, relation (3.1)
predicts a linear dependance of nanoparticle size on concentration of the particle precursors that
we observed in our tests (Figure 3.3).

Effect of the pH on the particles formation is significant for the oxide nanoparticles or when
the portion of the oxide in the composition of a particle is relatively large. However, as it will be
discussed in details in next paragraph, Si nanoparticles produced by the laser fragmentation are
composed of a crystalline Si core and a surface oxide layer. For large nanoparticles (produced
from more concentrated initial colloids) the ratio between Si® and SiO, can be larger, compared
to the 2-5 nm nanoparticles, just due to a smaller surface area/volume ratio. Therefore, the effect
of the pH variations on the concentrated initial solutions should be less significant. Nevertheless,
the variations of the pH, at which the fragmentation of Si particles is performed, is a useful tool

for fine tuning of the size of small Si-based nanoparticles.

3.4.3 Effect of the dissolved oxygen

We observed a change of color of the solutions during the fragmentation process. Here the final
solution color depended if the nitrogen was bubbled through the solution before and during the
experiment or not. The solutions were colorless in the case of the fragmentation in aerated water,
but they became brown-gray (but more transparent) when the solutions were deoxygenated. XPS
revealed a strong influence of the amount of the oxygen dissolved in water on the composition of

laser-synthesized nanoparticles. The deconvolution by Gaussian contours of Si 2p XPS spectra
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of the solutions before and after the fragmentation in deoxygenated conditions (Figure 3.6(A),
black and blue circles respectively) demonstrated the presence of three bands, including a low
intensity band at ~99.0 eV, an intense band at ~101.0 eV, and another intense band at ~103.0 V.
These bands correspond to crystalline unoxidized silicon Si°, silicon monoxide Si** (SiO) and
completely oxidized silicon Si** (SiOg). The peaks assignment is in complete accordance with
the data from the literature (Si® = 98.9 eV, Sil* = 100.0 ¢V, Si?* = 101.1 eV, Si** = 102.0 eV,
Si*t = 103.2 eV) [260]. XPS spectrum after the laser fragmentation in air-saturated water (red
circles in Figure 3.6(A)) contained only two bands at 101.0 eV (low intensity) and 104.3 eV (high
intensity). First low-intensity band can be assigned to Si at Si?* oxidation state. We believe
that the second band at 104.3 eV can belong to the completely oxidized silicon in the form of
Si02. We suppose that more than 1 eV shift of Si 2p electrons binding energy compared to
the literature data (Si** = 103.2 eV) can be explained by the charging effects, in particular by
positive charging of SiOy layer as the electrons escape from it. Such charging can lead to the
increase of binding energy of Si** electrons [261-263]. In our case the binding energy difference
between Si*T and Si’ increases from 4.3 eV for the particles produced in deoxygenated water
to 5.3 eV for the nanoparticles obtained in ambient conditions. This fact serves the evidence of
the formation of much thicker SiO2 layer around the Si core when the particles are produced in

air-saturated water.

To study the nature of the oxide structures, we additionally measured the O 1s XPS spec-
tra (Figure 3.6(B)). The broad and diffused O 1s spectrum of initial Si particles (black line in
Figure 3.6(B)) can be assigned to the presence of sub-stoichiometric natural silicon oxides (SiO
and possibly to oxygen absorbed on the sample holder (the band near 527 ¢V). Whereas the
O 1s spectra of Si nanoparticles after the fragmentation (red and blue curves in Figure 3.6(B))
reflect an increase in the oxidation degree of the nanoparticle surface with the amount of oxy-
gen dissolved in water. The O 1s spectrum of the nanoparticles produced in deaerated water
(blue curve) demonstrates the presence of the peak at 531 eV, which can be assigned to OH™
groups [264, 265|. However, when the nanoparticles are produced in air-saturated water (red
curve), the O 1s spectrum is dominated by a peak at 533.6 eV, which corresponds to SiOs con-
figuration. Thus, our tests show that the thickness of the SiO9 layer for the Si nanoparticles can
be controlled by varying the concentration of dissolved molecular oxygen in water. We believe
that the disappearance of the grey color of the solution during the fragmentation in ambient

conditions is related to the oxidation effect.

It should be noted that XPS data are collected only from the superficial layer of the particles,

while internal layers are beyond the reach of the method. In our case the inelastic mean-free
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Figure 3.6: (A) Si 2p, (B) O 1s and (C) survey XPS spectra of Si particles before (black) and after
the laser fragmentation in deaerated (blue) and air-saturated (red) deionized water. Experimentally
measured spectra are fitted by Gaussian curves (dotted lines) whose sum spectra are shown in with black
solid lines. The peaks identified on the survey spectra are labeled. The positions of W 4f and B 1s lines,
which were not observed in our case, are indicates with red vertical dotted lines. Two Fe 2p lines belong
to the sample holder (SH).

path of Si 2p photoelectrons in Si and SiO2, Asi and Asio,, are estimated as 0.80 and 0.92 nm
respectively [266]. The probe depth in XPS measurements is usually defined as the depth from
which 95% of all photoelectrons are scattered by the time they reach the surface, and it is equal
to 3X [266]. Thus, the maximum depth from which XPS can get the signal is 2.40 nm for Si
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and 2.76 nm for SiOs. Since the size of the synthesized nanoparticles was in the range 3-25 nm,
therefore the probe depth for Si 2p electrons was not enough to fully characterize the composition
of internal nanoparticle layer. However, our electron diffusion studies demonstrated the presence
of crystalline Si core even in strongly oxidized nanoparticles.

It is important that XPS measurement did not reveal the traces of the contamination on
the surface of the nanoparticles. As Figure 3.6(C) demonstrates, the survey XPS spectra of
the nanoparticles do not possess any peaks associated with the presence of W (potential con-
tamination from the mill balls used for the mechanical milling step in the fabrication of the Si

nanoparticles), B (a doping element in Si wafers), or other contaminating atoms.

3.4.4 Optical properties

Silicon nanocrystals prepared by the laser ablation in liquid medium were reported to have
photoluminescent (PL) properties end emit a strong luminesce signal [69, 70, 72,267]. In our
experiments we also observed remarkable PL signals with two main peaks at about 450 and
900 nm for the nanoparticles prepared by the fragmentation in air-saturated water (red curve
in Figure 3.7). However, in the case of the Si particles prepared in liquid, the signal is weaker
compared to the electrochemically prepared porous silicon [45], or nanostructures formed by
the laser ablation in gaseous environment [268,269]. In addition, the nanoparticles prepared in
deoxygenated solution exhibited much weaker photoluminescence (blue curve in Figure 3.7). It
can be explained by an insufficient passivation of the nonradiative surface states of the formed
nanoparticles by formed SiOs. This supposition is confirmed by a much weaker Si** peak in
the Si 2p XPS spectrum compared to the case of the laser fragmentation in air-saturated water
(Figure 3.6(A)). A certain level of the oxidation is required for efficient PL, as for example it
was demonstrated in the case when the aging associated with nanoparticles oxidation in solution

significantly enhanced the luminescence signal [71].

3.5 Conclusion

We proposed a new method of the synthesis of pure Si-based nanoparticles, which consists in the
femtosecond laser ablation from preliminary water-dispersed micron size particles. This method
can provide stable concentrated colloidal solutions of non-agglomerated, spherical and low size-
dispersed nanoparticles exhibiting prominent luminescent characteristics. Besides, we can control
the size and the surface composition of the nanoparticles by varying several parameters of the

system, such as:
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Figure 3.7: Room temperature photoluminescence spectra of Si particles before (black) and after the
laser fragmentation in deoxygenated (blue) and air-saturated (red) deionized water.
e The variations of the concentration of the initial colloids allowed us to tune the size of the

nanoparticles from 1-2 to 20-25 nm;

e Additionally, changing the pH of the solutions we could perform “fine” tuning of the size
of the nanoparticles;

e By performing the fragmentation in ambient or deaerated conditions we managed to alter

the depth and the composition of the oxide layer on the surface of the nanoparticles.

Due to exceptional purity, biocompatibility and biodegradability laser-synthesized Si nanopar-

ticles present a unique object for biomedical applications, which cannot be reproduced by con-

ventional chemical or electrochemical pathways.
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4.1 Introduction

Laser-synthesized nanoparticles are unique objects due to their bare surface and the absence of
any contamination. These properties are typically not possible with conventional chemically-
synthesized nanoparticles, which makes laser-synthesized particles a promising material for mul-
tiple applications. For instance, their purity ensures their biocompatibility and opens the way
for multiple biological and biomedical applications. Additionally, the bare surface enhances the
processes that take place on the interface between the nanoparticle and surrounding medium.
Thus, it can promote their catalytic and plasmonic properties.

In this chapter we will demonstrate the potential of the nanoparticles that were designed and
synthesized according the techniques described in Chapters 2 and 3, for the applications in drug

delivery, hyperthermia therapy, electro-catalysis and also their plasmon-related properties.

4.2 Gold nanoparticles for fluorescence quenching and surface-

enhanced Raman spectroscopy”

Gold nanoparticles exhibit unique optical properties due to the excitations of plasmons. For
instance, efficient optical absorption/scattering allows the employment for the optical contrast
in biological imaging [12,270]. Besides, strong electric field enhancement near gold nanoparticles
is actively used for surface-enhanced Raman spectroscopy to detect and identify biological and
chemical species [19,20,271,272|. In the case of the nanoparticles obtained by the laser ablation,
pure surface and unique surface chemistry serves a distinct advantage for the applications in
SERS and fluorescence microscope and imaging. First, the absence of surface contamination
excludes the presence of parasitic signals in Raman spectra. Secondly, bare surface and negative
charge on it facilitates the conjugation of gold nanoparticles with molecules of interest and the
interaction between the adsorbed molecules and nanoparticles. In frame of our work we examined
Raman scattering of gold nanoparticles obtained by femtosecond laser ablation and fluorescence
lifetime of dyes in their presence.

In order to prepare SERS samples, laser-synthesized Au nanoparticles were immobilized to
the surface of a silicon wafer through a mercaptosilane ((3-mercaptopropyl)trimethoxysilane,
3MPTS) cross linkers. Then the sample was soaked in aqueous solution of rhodamine 6G (Rh6G)
and rinsed with water prior to collecting SERS spectra. Thus, immobilized gold nanoparticles

are supposed to act as an SERS substrate [273]. The recorded spectrum of the nanoparticles

*This study was done in collaboration with Centre for Micro-Photonics and Industrial Research Institute Swin-
burne, Swinburne University of Technology, Australia and Laboratory of Biomedical Physics, Vilnius University
Institute of Oncology, Lithuania
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exposed to the Rh6G solution is shown in Figure 4.1(A). The spectra possess Rh6G signature
peaks with a small shift from those in solution [274] at: 611 (614 in solution), 773 (774), 1124
(1129), 1185 (1183), 1312 (1310), 1364 (1363), 1506 (1509), and 1645 (1650) cm~'. Small shifts
of spectral positions of the peaks are related to changes in the state of the Rh6G molecules
when the are adsorbed on the surface of the substrate. The differential spectrum (Figure 4.1(B))
clearly reveals Rh6G and demonstrates the feasibility of using the Au nanoparticles synthesized

by the laser ablation for SERS sensing.
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Figure 4.1: (A) Surface-enhance Raman spectra of gold nanoparticles treated with mercaptosilane
(3MPTS) and with rhodamine 6G (Rh6G). (B) Raman spectrum of gold nanoparticles treated with
Rh6G after subtracting the mercaptosilane background.

We studied the behavior of rhodamine 6G, common fluorescent dye in the presence of laser-
synthesized gold nanoparticles. In our tests we used two types of particles: obtained after a
simple ablation from a bulk target, and the nanoparticles produced by the two step ablation-
fragmentation technique, the second fragmentation step was performed at high laser intensities
(120 pJ/pulse). Fluorescence lifetime imaging microscopy (FLIM) demonstrated that the fluo-
rescence of Rh6G is quenched in the presence of Au nanoparticles. The calculated lifetimes for

Rh6G solution mixed with two types of the nanoparticles are shown in Figure 4.2. In the case
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of 20-nm Au nanoparticles obtained after the laser fragmentation (Figure 4.2(A)), the lifetime
of 12 nM Rh6G is 4.2 ns and it does not depend on the concentration of gold nanoparticles. In
contrast, for 2.5 nM Rh6G the similar lifetime was observed; however, when the concentration
of Au nanoparticles exceeds 200 ppm, fluorescence lifetime significantly decreases. It indicates
that 20-nm Au nanoparticles can quench the fluorescence of Rh6G in the solution. For the
large size-dispersed nanoparticles, produced by simple femtosecond laser ablation from a solid
target (Figure 4.2(B)), the fluorescence lifetime of 12.5 nM Rh6G solution remained unchanged
while increasing the concentration of the nanoparticles. However, the Rh6G solution is strongly
quenched (lifetime ~2 ns) by the nanoparticles at all concentrations tested. Fluorescence quench-

ing is consistent with pure-metallic nature of Au nanoparticles [275].
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Figure 4.2: Rhodamine 6G fluorescence lifetime vs. concentration of gold nanoparticles, at two dye
concentrations for gold nanoparticles prepared by (A) laser ablation followed by the fragmentation at
high laser intensities (120 pJ/pulse), and (B) laser ablation from a bulk target.

The quenching occurs only at low Rh6G concentrations, when dye molecules form complexes
with Au nanoparticles. At higher Rh6G concentrations, the surface of the nanoparticles is
saturated, and a portion of free Rh6G, which is not subjected to quenching, increases and
dominates the total fluorescence signal. Hence only the fluorophore molecules that are in tight
contact with the nanoparticles are quenched, suggesting the short-range mechanism, namely
electron transfer [276]. This quenching process is well known for Rh6G and it plays an important
role in single molecule spectroscopy [19,277]. The different behavior of the nanoparticles after
the ablation and the fragmentation can be referred to this mechanism by the different surface

availabilities for Rh6G.
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4.3 Light controlled surface plasmon properties of gold nanopar-

ticles™

Bare negatively-charged surface of laser-synthesized gold nanoparticles opens the way to the
multiple post-synthetic modifications in order to impart them additional properties. Besides,
full-physical preparation enable the control over the size characteristics without affecting their
surface composition. As an interesting example of nanoparticles modification we studied the
formation of photo-sensitive complexes of laser-prepared gold nanoparticles linked to cationic
surfactant containing azobenzene group. Surfactants containing azobenzene groups attract great
interest for the applications in the field of light-controlled transformations of nanoobjects. These
surfactants contain a charged head group, hydrophobic tail and a photosensitive azobenzene
group, as it is presented in Figure 4.3. Under UV irradiation the azobenzene undergoes photo-
isomerization from stable trans-conformation to cis-state. The back isomerization from cis- to
trans-form happens spontaneously in darkness by the thermal relaxation, or it can be triggered
by the visible light. We studied the formation of the complex between laser-synthesized Au
nanoparticles and cationic azobenzene containing surfactant (whose structure is presented in
Figure 4.3). Gold nanoparticles synthesized by the laser ablation in liquid are of great interest
for this kind of applications, because of their pure negatively-charged surface, which enables
the electrostatic interaction with positively charged surfactant and the saturation of the particle

surface with surfactants molecules.
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Figure 4.3: Structure of azobenzene-containing photosensitive cationic surfactant and its trans-cis iso-
merization.

*This study was performed in the collaboration with the research group of Prof. S. Santer, University of
Potsdam, Germany.
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In our experiments we used 10-nm Au nanoparticles, obtained according the described in
Section 2 femtosecond laser ablation-fragmentation technique. To prepare complexes between
Au nanoparticles and azobenzene-containing surfactants, aqueous solutions of both components
were mixed and incubated for 30 minutes at room temperature to let them fully react. The
maximum of the plasmonic absorption Agp of the employed pure Au nanoparticles was lo-
cated at 523 nm (Figure 4.4(A)). The characteristic absorption peaks of trans- and cis-forms
of azobenzene-modified surfactants do not overlap with surface plasmon-related absorption peak
of Au nanoparticles (Figure 4.4(B)), that allowed us to track the spectral position and intensity of
all three peaks: trans-isomer (Atrans = 353 nm) and cis-isomer (AL, = 313 nm and A%, = 437 nm)
of the surfactant and gold nanoparticles at Agp = 523 nm. We used the value of the surfactant

loading o, which designates the number of the surfactant molecules per surface gold atom, and

it was calculated as:

. Chzo R . Chazo
B C’Au 3dAu B C’Au

o - 5.4,

where Cp,, and Ca, are the molar concentrations of gold atoms and surfactants, R is the
radius of a nanoparticle (R = 5+ 1 nm), and da, ~ 0.28 nm is the diameter of a gold atom.
We examined a series of solution with a constant concentration of Au nanoparticles and varying
amount of the surfactant, resulting in various o. At extremely low concentrations of the surfac-
tant (o = 0.0002) the plasmon peak of gold nanoparticles remains unaffected. At higher o values
it shifts to the longer wavelengths (from 523 to 527 nm). Surface plasmon effects are extremely
sensitive to the refractive index of the local medium. The adsorption of the surfactant on the
nanoparticles induces the changes in the refractive index of the medium near the nanoparticles
that reflects in the shift of the maximum of the plasmonic absorption. At o between 0.002 and 0.5,
the intensity of the plasmonic peak decreases and a second peak at longer wavelengths (>600 nm)
grows with the increasing o. For even higher concentrations of the surfactant (o > 0.5), second
absorption peak disappears.

Depending on the ratio between surfactant and Au nanoparticles, the position of the absorp-
tion peak and the value of (-potential (characterizing the surface charge of the particles) changed
(Figure 4.5(A) and (B)). We could identify three regions of the molar ratio, associated to the
different complex constitutions. We described the complexes formation with a corresponding

phase diagram (Figure 4.5(D)):

e At low surfactant concentrations o < 0.01 (region I of the phase diagram in Figure 4.5(D))
gold nanoparticles are still negatively charged, which is illustrated by (-potential values.

The nanoparticles existe as single specimens and they are only partially covered with surfac-
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Figure 4.4: UV-Vis absorption spectra of (A) 10-nm laser-synthesized Au nanoparticles at the concentra-
tion of gold 0.5 mM (black), 0.25 mM (blue) and 0.125 mM (red), (B) azobenzene containing surfactant
at concentration 0.04 mM in trans- (black) and cis-conformations (red), (C) complexes between 10-nm
laser-synthesized Au nanoparticles and azobenzene-containing surfactant at different concentrations of
the surfactant (spectra are normalized to the intensity of plasmon peak of the gold at 523 nm). Insets in
Figures (A) and (B) show pink color of Au colloids and yellow color of azobenzene-containing surfactant
solution.
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tant. As one can see on the photographs of the samples (Figure 4.5(C)) at low concentration

of the surfactants, the solutions keep the typical pink color of Au nanoparticles.

e On the further addition of the surfactant (region II), the negative charge of the nanopar-
ticles is totally neutralized. We assume that at o between 0.01 and 0.5 the surface of the
particles is saturated with surfactant molecules. The formed complexes are hydrophobic
due to the tails of the surfactant that causes the inevitable aggregation of the nanoparti-
cles. It is reflected in the appearance of the second peak in the absorption spectrum at
A > 600 nm and blue color of the solutions (Figure 4.5(C)), which is often a sign of the

formation of large aggregates of gold nanoparticles.

e At high concentrations of the surfactant (o > 0.5) the nanoparticles are positively charged.
A whole shell of surfactant molecules is assembled and they are situated tail to tail with a
cationic group pointing outside (region III of the phase diagram in Figure 4.5(D)). Second
absorption peak at long wavelengths disappears, indicating the formation of isolated Au
nanoparticles. The color of the solution recovers to initial pink color of Au colloids, and
it turns to orange at high o because of the domination of the color of free azobenzene-
containing surfactant. Once the complexes are formed (after a small period of incubation),
the binding of the trans-isomer to the gold nanoparticles appears to be rather strong and
cannot be reversed by either dilution or change of the net molar ratio of particles and

surfactants.

Additionally, we found that the lifetime of the cis-isomer of the azobenzene containing surfac-
tants is significantly changed when it is attached to the gold nanoparticles. The kinetics of the
isomerization is shown in Figure 4.6. One can see how the intensity of the peak at A = 353 nm,
which is characteristic of trans-isomer, increases demonstrating a fast transition of the surfactant
back to trans-form in the presence of Au nanoparticles. Upon interaction of the cis-isomers with
gold nanoparticles, the thermal relaxation time to the trans-state is less than 2 minutes, while 48
hours is needed for the same process without nanoparticles. This indicates that the surfactant
molecules attached to the gold nanoparticles are preferentially all in the trans-conformation.

The surfactants used in our work are photosensitive, thus we can change the structure of the
formed complexes and therefore the plasmonic properties of Au nanoparticles. Figure 4.7 shows
the absorption spectra of the complexes of Au nanoparticles cis-isomer of azobenzene-containing
surfactant before and after UV irradiation. The value of ¢ in this case was 0.45, that is on the
border between regions II and III. The appearance of the peak at 680 nm after 5 minutes of the

UV irradiation and change of the color of the solution from pink to blue indicate that our system
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Figure 4.5: (A) Position of the first plasmonic peak at ~520 nm (squares) and second plasmonic peak at
A > 600 nm (circles), which appears at o between 0.01 and 0.5, as a function of surfactant loading o. (B)
¢-Potential of gold-surfactant complexes as a function of surfactant loading o. (C) Photographs of the
solutions of gold-surfactant complexes at various o. (D) Schematic representation of the configurations
of gold-surfactant complexes.

was shifted from region III to region II without altering the total surfactant concentration. We
believe that the UV illumination reduces the concentration of the trans-isomers in the surfactant
shell covering the nanoparticles, hence the shell around the gold nanoparticles is destabilized.
Under the irradiation the trans-isomer turns into the cis-form, which detaches from the stabilizing

shell resulting in nanoparticles aggregation.

Thus, we demonstrated that gold nanoparticles produced by the laser ablation can be easily
modified with photosensitive polymers, yielding the complexes of various structure, composition
and optical properties. The formed complexes can be easily transformed from one into another
simply by the irradiation with UV light, that benefits in the perspectives of the creation of

light-controlled plasmonic nanosystems.
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Figure 4.6: Temporal evolution of UV-vis spectra of complexes of gold nanoparticles with cis-isomer of
the surfactant. The inset shows the time dependance of the optical density at 376 nm and illustrates fast
transition of cis-isomer into trans-form in the presence of Au nanoparticles.
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Figure 4.7: UV-Vis absorption spectra of the nanoparticles-surfactant complex at o = 0.45 as-prepared
(black) and after the illumination with UV light (red and blue). The inset shows change in the color of
the nanoparticle-surfactant solution during the UV irradiation.
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4.4 Gold nanoparticles for biomedical applications*

Small size, large specific surface area, multiple functionalization possibilities make nanoparticles
a promising material for the biomedical applications [278,279], for instance for the vectorization
of the molecules (as nanocarriers), for the bioimaging and as terranostic agents [16,17,280]. In
particular, gold nanoparticles are in the focus of the attention in nanomedicine. Their efficient
optical absorption, with typically ~10°-fold higher cross section than absorbing dyes, has been
employed for light-induced hyperthermia of solid tumors [270,281,282]. Gold nanoparticles can
also provide the contrast for cancer imaging through photoacoustic [283] or light scattering [12],
as well as mobile surface enhanced Raman scattering-based tags for cancer targeting and di-
agnostics [272]. However, the issue of the toxicity of employed inorganic nanoparticles always
arises [284—286]. The usage of an inappropriate method of synthesis results in the contamination
of the nanoparticles with by-products, which in turn causes so-called secondary toxicity of the
nanoparticles [48|. Synthesis by the laser ablation can suggest the solution of the problem of the
biocompatibilty. We examined the toxicological and biological characteristics of Au nanoparti-
cles, prepared by the laser ablation-fragmentation technique. Their potential for the biomedical
research was evaluated.

In our test we used three types of gold nanoparticles: monodispersed 20-nm nanoparticles
prepared in pure water (Au-NPw), and nanoparticles conjugated with PEG (Au-NPp) and dex-
tran (Au-NPd) according the methodic described in the Section 2.4. First, the safety of the
laser-synthesized gold nanoparticles was verified. The results of the survival of two cancer cell
lines (neuroblastoma cell line SK-N-SH and glioblastoma cell line U87-MG) after 72 hours of
the incubation with three types of Au nanoparticles are shown in Figure 4.8. All three types of
nanoparticles showed no toxicity at all concentrations tested, ranging from 0.1 to 10 000 ug/L.

In the terms of future use of Au nanoparticles as drug delivery systems in cancer therapy,
we studied the uptake of all three types of laser-produced nanoparticles in living cells. As one
can see on TEM images (Figure 4.9(A-C)), Au nanoparticles were internalized in neuroblastoma
cells after the incubation for 24 hours independently whether they were covered with a polymer
or not. The cell uptake occurs through endocytosis; the TEM micrographs in Figure 4.9(D) and
(E) illustrate the moment when the nanoparticles enter a cell inside an endocytotic vesicle. Au
nanoparticles could enter both types of cancer cells tested (neuroblastoma and glioblastoma),
thus the uptake is not cell type specific. Furthermore, the size of the nanoparticles did not

influence the cell uptake neither. We found that all types of laser-synthesized Au nanoparticles

*This study was done in collaboration with research groups of Prof. D. Braguer (CRO2 laboratory, Aix-
Marseille University, France) and Prof. M. Gingras (CINaM laboratory, Aix-Marseille University, France). All
biological tests were done in CRO2 facilities.
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Figure 4.8: Cell survival after 72-h incubation of (A) SK-N-SH neuroblastoma cells and (B) U87-MG

glioblastoma cells with Au nanoparticles prepared in pure water (Au-NPw), capped with dextran (Au-
NPd) and PEG (Au-NPp).

tested, bare or coupled with dextran or PEG, with size ranging from 5 to 20 nm could enter
human cancer cells.

The behavior of the nanoparticles in biological media should be also studied in order to
evaluate the feasibility of the usage of the laser-synthesized nanoparticles in vivo. When the
nanoparticles are incubated in biological fluid, for example in a culture media containing the
serum, proteins bind to the nanoparticles surface to make a protein corona. We found that stable
protein corona is formed on the surface of all the three types of tested nanoparticles already after
30 minutes of the incubation. We also examined the composition of the protein corona by the
mass-spectroscopy. About 100 different proteins were adsorbed on the surface of dextran-coated
nanoparticles, agains almost 80 for PEGylated and bare nanoparticles (Figure 4.10(A)). The most
abundant protein was serum albumin, its content was 25% of the total amount of proteins for Au-
NPd and ~10% for Au-NPw and Au-NPp (Figure 4.10(B)). The serum protein is hydrophobic and
could facilitate the stability of hydrophobic drug-nanoparticles complex. Moreover, complexation
with albumin enables to prolongate the nanoparticles circulation time in blood [287]. In addition
to albumin, apolipoproteins (Apo) were bound at the surface of the nanoparticles, especially a
higher amount of this kind of proteins was observed in the case of dextran-coated Au particles
(Figure 4.10(C)). These proteins are involved in intracellular trafficking and they allow crossing
some biological barriers. Apolipoprotein E (ApoE) and apolipoprotein A-I (ApoA-I) bound to a
nanoparticle enable their interaction with some brain endothelial cells [288]. Hence the binding
with proteins can make the nanoparticles able to cross blood-brain barrier. Together with their
ability to enter glioblastoma cells, we can suggest them as good candidates for brain tumor
treatment.

Coagulation proteins (e.g. fibrinogen, antithrombin III, coagulation factor VIII, hemoglobin)

and complement C3 were also found on the surface of all three types of nanoparticles. At the
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Figure 4.9: TEM images of neuroblastoma cells incubated with different types of laser-synthesized
nanoparticles: (A) bare, conjugated with (B) PEG and (C) dextran. TEM images of bare Au nanoparti-
cles enclosed in edocytic vesicles close to the cell membrane in (D) neuroblastoma and (E) glioblastoma
cells.
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Figure 4.10: Histograms representing the composition of protein corona on the surface of three types
of nanoparticles: produced in pure water (Au-NPw), capped with PEG (Au-NPp) and dextran (Au-
NPd). (A) Total number of proteins adsorbed of the surface of the nanoparticles. Amount of (B) serum
albumin, (C) apolipoprotein A-I (ApoA-I) and apolipoprotein E (ApoE) and (D) complement C adsorbed
on different Au nanoparticles.
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same time less complement C3 was adsorbed at the surface of dextran-coated nanoparticles,
compared to bare and PEGylated particles (Figure 4.10(D)). Binding complement factors and
fibrinogen are known to promote the ingestion of the particles by the phagocytes, and the eventual
removal of the particles from the systemic circulation by the cells of microphage system. Then
particles are rapidly sequesters from this kind of cells and accumulated in liver and spleen [289].
Thus, lower amount of complement C3 adsorbed on the dextran-coated Au nanoparticles make
us believe that it might limit the hepatic accumulation of gold and subsequent liver toxicity.
To conclude, gold nanoparticles prepared by femtosecond laser ablation were proven to be
biologically safe and biocompatible, and they can be easily internalized inside human cancer
cells. The rapid formation of the protein corona on the surface of the nanoparticles plays an
important role in the biological behavior of the nanoparticles. Thus, we demonstrated that
laser-synthesized nanoparticles, pure and in situ modified with biocompatible polymers, can
be a promising material for cell targeting and delivery of nanoparticle-drug conjugates to fight

cancer with a nanomedicine approach.

4.5 Sinanoparticles for radio-frequency radiation-induced hyper-

thermia*

An ability of radio frequency (RF) to heat human tissues is known for a long time. The ef-
ficiency of RF-based cancer therapy can be enhanced by using sensitizers, specially designed
agents, which are targeted into a tumor area, then absorb RF radiation to heat cancer cell and
induce their selective destruction. Such effect can be achieved by using electrically-conductive
nanoparticles [290,291]. It is considered that the nanoparticles produce Joule heating through
RF-induced generation of local electrical currents over a particle volume [290]. The employment
of Si nanoparticles for cancer treatment tasks can bring a number of advantages. Si nanoparti-
cles are known to be biocompatible [292], and besides in biological tissues Si nanoparticles are
dissolved to orthosilicic acid Si(OH)4, which is normally extracted from the body with urine [28].
Second, Si nanoparticles possess a series of unique properties, such as room temperature photo-
luminescence [28,292| and singlet oxygen generation [292| under photoexcitation, suggesting the
possibility to combine RF hyperthermia with diagnostics and other treatment modalities.

In our work we tested RF-induced properties of 25-nm Si nanoparticles, produced by the

laser ablation according the methodology described in Chapter 3, and evaluated the prospects of

*This work was done in collaboration with groups of Prof. V. Timoshenko, Lomonosov Moscow State University,
Russia and Prof. A. Ivanov, Blokhin Cancer Research Center, Moscow, Russia. All biological tests were performed
in the Blokhin Cancer Research Center.
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Figure 4.11: Temperature growth of aqueous colloid of laser-synthesized Si nanoparticles at concentration
of 12 mg/L (blue) and distilled water (black) under RF irradiation with intensity 5 W/cm?. The inset
shows a glass vial with Si nanoparticles produced by the laser fragmentation of Si powder in water.

the application of laser-synthesized Si nanoparticles in RF-induced hyperthermia cancer treat-
ment. Figure 4.11 shows the time dependence of the temperature growth of Si nanoparticles
colloids and deionized water for comparison under the exposure to radio frequency irradiation
with intensity of 5 W/cm?. Estimated heating rate of the Si nanoparticles solution at the con-
centration of ~12 mg/L was 1.3 K/min, while for deionized water this value was 0.7 K/min.
Previously published works on RF radiation-induced heating of gold nanoparticles reported the
heating rate ~1.7 K/min for considerably more concentrated solutions (~50 mg/L) [290,293|.
Thus, Si nanoparticles exhibit similar heating rates as gold nanoparticles, which are widely used
for hyperthermia applications. However, Si-based nanoparticles are characterized by poor elec-
trical conductivity, compared to Au-based particles. We suppose that Joule heating under RF
irradiation occurs because of the local electric currents around the nanoparticles rather than over
nanoparticles volume. In the electric field of RF radiation the nanoparticles-solution interface
is rapidly polarized and then an electrical double layer around a nanoparticle is formed. This
model is independent of bulk electrical conductivity of nanoparticles and it explains effective

Joule heating of weakly conductive Si nanoparticles.

As a first step to the application of the nanoparticles in vivo we evaluated in vitro cytotoxicity
of laser-synthesized Si nanoparticles. Human Hep-2 cells were incubated for 24 hours with
colloidal solutions of 25-nm Si nanoparticles produced by the laser fragmentation of Si powder

in water. As a control we used phosphate buffered saline (PBS), which normally has no effect
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Figure 4.12: Viability of human Hep-2 cells in cultural medium (A) without and (B) with Si nanopar-
ticles.

on the cells viability. The results are shown in Figure 4.12. As one can see, Si nanoparticles
do not influence the cells proliferation in the tested range of concentrations. A slight difference
in absolute values of the ratio between final and initial amounts of cells in the case of laser
synthesized Si nanoparticles and control sample is explained by taking into account that cell
cultures for the experiments were taken at different (but close) points of cell proliferation curve.
In conclusion, Si nanoparticles produced by laser ablation are safe for human cells, when no

additional treatment is employed.

We also studied in vitro the cumulated effect of Si nanoparticles and RF radiation on the
living cells. Optical image in Figure 4.13(A) demonstrates 3T3 fibroblast cells treated only
with RF radiation (1 min, 2 W/cm?). Obviously, radio frequency radiation itself does not
harm the cells, just like the nanoparticles, as we showed above. In contrast, the image in
Figure 4.13(B) illustrates the effect of RF radiation on the cells incubated with a solution of laser-
synthesized Si nanoparticles. After the RF radiation in the presence of Si nanoparticles, only
large Si agglomerates with parts of dead cells can be seen. This result demonstrates perfectly the
potential of the RF radiation-induced hyperthermia enhanced by the Si nanoparticles produced
by laser ablation. Importantly, two components of the hyperthermia therapy (nanoparticles and
RF radiation) are harmless for the living cells when they are applied separately, which enables

an efficient targeted treatment of a tumor with minimal side effects.

To verify the consistency of the proposed therapy approach we carried out in vivo tests of
hyperthermia treatment of cancer tumors using small animal model. Aqueous colloids of Si-
based nanoparticles or equal volumes of a sterile water (as a control) were injected into the lung
carcinoma (3LL) tumors located in the mice. 15 — 20 minutes later the mice were immobilized
and subjected to RF radiation for 2 minutes. Just after the RF irradiation the tumors, which

were treated beforehand with Si nanoparticles as sensitizers, experienced a disaggregation and
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Figure 4.13: Optical large-scale images of 3T3 fibrblast cells (A) after RF irradiation (1 min, 2 W /cm?)
and (B) the same after the incubation with laser-synthesized Si nanoparticles followed by the RF irradi-
ation. The scale bars correspond to 100 pm.

it progressed for next several days after the hyperthermia treatment procedure. The results of
the treatment were quantified by the evolution of total volume occupied by tumor cells. The

inhibition of tumor growth was calculated as:

Inhibition = (1 — K) -100%,
Vo

where V' and Vj are the averaged tumor volumes for the experimental and control groups of
mice, respectively. The positive value of inhibition indicates the suppression of tumor growth,
while negative one means that the average tumor volume of the exposed mice was bigger than in
the control group. For in in vivo tests we used two types of Si nanoparticles: 25 nm in diameter,
produced by the laser fragmentation of Si powder in water (abl. Si), and nanoparticles obtained
by mechanical milling of electrochemically-prepared porous silicon (PSi). Porous Si nanoparticles
used in our experiments were larger, with a mean size of ~50 nm, wide size-dispersed with a
significant fraction of bigger (up to several hundreds of nm) and of irregular shape. As shown
in Figure 4.14, PSi nanoparticles can slightly inhibit the tumor growth themselves. This can
be explained by the toxic effect of free radicals and residues from the electrochemical etching
process, remaining on the surface of the particles. Similar slight inhibition of tumor growth took
place under the action of RF radiation alone, which is consistent with previous studies [294-296].
However, the combined action of Si nanoparticles and RF radiation could drastically amplify the
effect leading to a much stronger inhibition of the tumor growth. This effect was observed both for
laser-synthesized and PSi nanoparticles. Besides, in the case of laser-produced nanoparticles the

inhibition of the tumor growth was even more considerable, while the dose and the concentration
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Figure 4.14: Inhibition of the tumor growth after the various treatments: open circles — injection of
solution of PSi nanoparticles (0.5 mL, concentration 1 g/L); blue stars — RF radiation only; red circles —
injection of solution of PSi nanoparticles (0.5 mL, concentration 1 g/L) followed by RF irradiation; black
squares — injection of laser-produced Si nanoparticles (0.2 mL, concentration 0.4 g/L) followed by RF
irradiation.

of the nanoparticles solutions were lower, compared to those for PSi particles (Figure 4.14).
The obtained results show that Si-based nanoparticles can serve as an efficient sensitizers for
the RF-induced cancer therapy. We believe that the observed effect of the suppression of the
tumor growth can be attributed to a local hyperthermia-based destruction of cancer cells due
to the RF-induced heating sensitized by the Si nanoparticles. Laser-synthesized particles look
especially promising for these tasks. First, due to their even higher activity in RF-related tumor
suppression, compared to PSi. And second, because they do not contain any residual contaminant
on their surface [60], they are characterized with ideal round smooth shape, controlled mean size

and low size dispersion that allows their better delivery and uptake in vivo.

4.6 Au and AuPd nanoparticles as electro-catalyst*

We studied the potential of the application of laser-synthesized Au and AuPd alloy nanoparticles
as an electro-catalyst of glucose oxidation for biofuel cell applications. Typical biofuel cells are
designed to convert the chemical energy of biofuels (such as sugars or ethanol) into electrical
energy via electrochemical reactions with the help of enzymes [297-299|. A principle scheme of

a biofuel cell is shown in Figure 4.15. An anode reaction includes the oxidation of the organic

*This work was done in collaboration with the group of Dr. T.W. Napporn, IC2MP (Institut de Chimie des
Millieux et Matériaux de Poitiers), Poitiers University, France. All electrochemical test were done in IC2MP
facilities.
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Figure 4.15: Scheme of a biofuel cell based on the glucose oxidation.

fuel (glucose is the most often used one); a cathode reaction implies the reduction of the oxygen
to HoO. Normally enzymes are used for both types of the reaction. However, the employment
of the enzymes is related to several difficulties, such as the necessity of the immobilization and
stabilization of the enzymes, lower efficiency of the electron transport in comparison to metallic
catalysts, and short active lifetime [297]. The alternative to classical enzymatic biofuel cells is
hybrid schemes, in which abiotic catalyst is used to oxidize glucose instead of enzymes [300]. The
pure noble metal nanoparticles are of particular interest because of their good catalytic activity,
which originates from high energy surface states [49,301|. Thus, the performance of nanoparticle-
based electrode depends on their surface conditions, namely the purity of the nanoparticles.
We examined the catalytic properties of Au nanoparticles obtained by the laser ablation
followed by the femtosecond laser fragmentation (according to the developed method, described
in Chapter 2) towards the electrooxidation of glucose using cyclic voltammetry (CV). For the
comparison the same tests were made with chemically-synthesized Au nanoparticles (CS-Au
NPs). The evolution of the first ten cyclic voltammograms of chemically synthesized nanopar-
ticles and first and second cycles of the nanopartilces prepared by laser ablation (LA-Au NPs)
are shown in Figure 4.16. As follows from the Figure 4.16, the chemically synthesized nanopar-
ticles demonstrate a very low electrochemical response for the first CV cycles, which is related
to the contamination with organic molecules adsorbed on the surface of the nanoparticles, in-
evitable during the chemical synthesis. Nevertheless, the current densities corresponding to the
oxide formation increase from the first to the tenth cycle showing a gradual cleaning of such
nanoparticles. In contrast, laser-ablated nanoparticles (LA-Au NPs) demonstrate excellent elec-
trochemical response starting from 1-2 CV cycles, suggesting an exceptional purity of LA-Au
NPs (Figure 4.16). In fact, the tenth cycle of CS-Au NPs is similar to the first-second cycle of
nanoparticles prepared by laser ablation. It is important that LA-Au NPs demonstrate excel-

lent oxidation properties from the very first cycles due to their high purity and the absence of
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Figure 4.16: Cyclic voltammograms using electrodes formed by laser-ablated (LA-Au NPs, red) and
chemically-synthesized (CS-Au NPs, 1-9 cycles indicted by dotted black, 10th cycle by blue) nanoparticles
in 0.1 mol/L NaOH recorded at 20 mV /s and at controlled temperature of 25°C.

chemical species adsorbed on the surface.

Figure 4.17 represents the cyclic voltammogram of the AuNPs electrode in alkaline medium
containing glucose. The first peak is associated with the oxidative transformation of glucose to
gluconolactone [302,303]. Then the lactone is successively oxidized in the broad potential from
0.8 to 1.35 V with oxidation maximum at E;, = 1.2 V vs. reversible hydrogen electrode (RHE).
The corresponding current density is 2.65 A/cm?. mg that equates 65 A/g of mass activity.
This value of catalytic activity is 3.3 and 2.6 times higher than those found in the literature
for Au/Vulcan and AuzgPt3g/Vulcan bimetallic catalyst (the best from these kinds of catalysts)

synthesized by chemical method [304] and highly improved compared to others [305, 306].

Other noble metals nanoparticles can also exhibit catalytic properties towards biofuel cell
applications. In particular, Pt and Pd are effective in the reaction of the glucose oxidation to
gluconolactone due to their dehydrogenating capacity [307-310]. Pd is considered as especially
perspective catalytic material, because it is 50 times more abundant on the earth [310] and two
times less expensive than Pt, while having similar dehydrogenating properties [307, 308, 310].
The addition of Au to Pd significantly increases the catalytic activity and poising tolerance of
Pd electrocatalysis [309,311-313]. In view of the unique catalytic properties of nanoscale gold
and the high catalytic hydrogenation/dehydrogenation activity of palladium, Pd-Au bimetallic

nanoparticles of controllable composition may serve as a synergetic catalyst system [314-318].

We have synthesized bimetallic AuPd nanoparticles by the co-fragmentation of the colloids
prepared by the laser ablation of a solid metallic target. By varying the ratio between initial

Au and Pd nanoparticles, we obtained the nanoparticles of various composition, in particular
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Figure 4.17: Voltammogram of the AuNPs electrode in 0.1 mol/L NaOH recorded at 20 mV/s and at
25°C in the presence of 10 mmol/L glucose.

PdsoAusg and PdggAusg nanoparticles with the Au:Pd ratio 1:1 and 1:4 respectively. The com-
position was confirmed by the energy-dispersive spectroscopy (EDS). It should be noticed that
no surfactants or other extraneous substance were used during the laser synthesis, ensuring the
purity of the nanoparticles surface and that of catalytic sites. Laser-synthesized bimetallic AuPd
and pure Pd nanoparticles of various composition were used as an unsupported anode catalyst

for the glucose electrooxidation in alkaline medium.

Figure 4.18 shows the voltammograms of Pd and bimetallic catalysts in alkaline glucose
solutions. During the positive going sweep rate a shoulder at ~0.6 V is followed by the main
oxidation peak centered at 0.8 V vs. RHE. One can see that the current densities increase
with the increasing of the Au content in the nanoparticles: 10 A/g on Pd, increases twofold
on the PdggAuyg electrode and reaches ~60 A/g on the PdsgAusp catalyst. As a result, the
PdspAusg nanoparticles exhibit the best electroactivity among the anode materials synthesized
towards the glucose oxidation. It can be stated that Au content promotes remarkably palladium
anodes in the glucose oxidative reaction process when taking into account the current at Pd-
only (28 A/g herein at 0.8 V). More importantly, the current densities obtained herein at 0.8 V
vs. RHE for PdsgAusg nanopartilces are 2.4 times higher than those found recently under
the same electrochemical conditions on the AuzoPtsp/C catalyst prepared from a soft chemical
method [304]. Additionally, the dehydrogenating properties of Pd allow performing the oxidation
of the glucose at lower potential, compared to pure Au nanoparticles, hence leading to higher

voltage in the application in biofuel cells.
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Figure 4.18: Cyclic voltammograms of (A) Pd, (B) PdggAugy and (C) PdsgAusg electrodes recorded at
20 mV/s and at 25°C in a 0.1 mol/L NaOH solution containing 10 mmol/L glucose.

4.7

Conclusion

We prepared bare and functionalized Au- and Si-based nanoparticles by the femtosecond laser

ablation-fragmentation according the techniques developed in our work, and assessed their po-

tentia

1 for important biomedical and electrocatalytic applications. Our tests revealed a series of

unique properties of laser-synthesized materials, which include:

SERS and fluorescence quenching on the surface of Au nanoparticles are improved due to

their uncontaminated nature.

Bare surface of laser-produced Au nanoparticles enables their easy functionalization and
complexation with photosensitive surfactants, leading to the formation of light-controlled

plasmonic nano-architectures.

The absence of residual contamination of pure and polymer-protected Au nanoparticles
synthesized by the femtosecond laser ablation make them innocuous for human cells. At the
same time Au nanoparticles can easily enter the cells. Besides they interact with biological
media, forming a protein corona around the nanoparticles, which in its turn may facilitate
the internalization into the cells and crossing the physiological barriers. It illustrates the
prospects of the utilization of laser-produced Au nanoparticles for biomedicine and as drug-

carriers.

Laser synthesized Si nanoparticles themselves are harmless for the human cells. However,
under radio frequency irradiation they exhibit Joule heating, which can induce the inhibi-
tion of the tumor growth in vivo. Thus, even without any special modification or targeting,
Si nanoparticles behave as promising sensitizer for radio-frequency induced hyperthermia

therapy.
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e Pure surface of Au and AuPd laser-synthesized nanoparticles increase their catalytic ac-

tivity for the glucose electrooxydation.



Chapter 4: Applications of the laser-produced nanoparticles 110




Conclusion

The aim of this thesis was the development of novel laser-ablative approaches for the fabrication
of Au and Si nanoparticles for biomedical applications. In view of the potential applications, the
purity of the obtained nanomaterials and the possibility of controlling their size and composition
are of main importance. In our work, we managed to overcome the challenges of the controlled
manipulation of the nanoparticles parameters by the using of ultrafast laser ablation.

We used two configurations of laser-ablation synthesis of Au nanoparticles: femtosecond laser
ablation from a solid target in aqueous media and femtosecond fragmentation of the colloidal
solutions. The first geometry served us to prepare primary solutions of pure Au particles and the
second one allowed us to improve size characteristics and stability of the prepared colloids. We
elucidated the influence of the experimental parameters, such as focusing conditions and laser
pulse energy, on the properties of the obtained nanoparticles. In particular, we demonstrated
that the variation of the incident laser energy during the fragmentation step enables an efficient
size control of the particles in the range of 7-50 nm in the absence of any ligands. In addition,
we applied the femtosecond laser ablation for the synthesis of the complexes of Au nanoparticles
with polymers and oligosaccharides and AuPd bimetallic nano-alloys, which are of great interest
for catalytic and biomedical applications.

On the other hand, we introduced a new method for a fast synthesis of ultrapure Si-based
nanoparticles based on femtosecond laser ablation from preliminary prepared water-dispersed mi-
crocolloids. This method yields stable concentrated solutions of spherical and low size-dispersed
Si nanoparticles with prominent fluorescence characteristics. Furthermore, this method offers an
easy and efficient control of the size and surface composition of the produced nanoparticles by
adjusting the conditions of laser ablation. In particular, changing the initial concentration of
the microcolloids allowed us to vary the size of the nanoparticles from 1-2 to 30-40 nm. This
technique can be combined with the variations of the pH of the solutions in order to achieve
more precise tuning of the nanoparticles size. Moreover, by changing the amount of dissolved
oxygen, we can vary the depth and the composition of the oxide layer.

Finally, we assessed the potential of laser-synthesized Au and Si nanoparticles for a series of

111
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applications in biomedicine and electrocatalysis. First of all, we demonstrated the innocuity of
the produced nanoparticles for living cells. We then showed that in biological media a protein
corona is formed around pure and polymer-protected Au nanoparticles, facilitating the internal-
ization of laser-synthesized particles by the cells. Furthermore, Si nanoparticles produced by the
laser ablation exhibited excellent sensitizing properties for radio-frequency induced hyperthermia
therapy. The range of potential biomedical applications of laser-synthesized was also supple-
mented by the possibility of using gold nanoparticles for SERS spectroscopy and fluorescence
lifetime imaging microscopy. In addition, we demonstrated that bare surface of laser-produced
Au nanoparticles allows their easy functionalization with photosensitive surfactants enabling the
fabrication of light-controlled plasmonic nano-devices. Finally, we demonstrated that due to the
unique bare surface of laser-synthesized Au and AuPd nanoparticles they manifest exceptional
catalytic properties for the electrooxidation of glucose, opening the way for the development of
efficient biofuel cells.

We believe that the obtained results on the laser synthesis of novel biocompatible nanoma-
terials and their successful tests in biological models can provide an important basis for future
development of laser-ablative nanofabrication methods. It should be noted that our study was
mainly focused on the synthesis of Au- and Si-based nanomaterials. However, the general strate-
gies for nanoparticles synthesis proposed in our work can be extended toward the fabrication
of other types of metal and oxide nanoparticles. In addition, future works should address the

clarification of the following phenomena:

e Physical aspects of inorganic nanoparticle growth are not completely understood. In par-
ticular, more data should be obtained on mechanisms of laser ablation and cluster growth,

impact of cavitation phenomena, energetic and angular distribution of nanoclusters, etc.

e Chemical properties of laser-synthesized nanomaterials are not yet well studied. The
uniqueness of laser-ablative synthesis consists in the possibility of achieving “bare” nanopar-
ticle surfaces. Furthermore, the laser-synthesized nanomaterials can have quite different
surface chemistry compared to classical chemical counterparts. The chemistry of laser-
synthesized inorganic nanomaterials still remains a “white spot” requiring further detailed

investigation.

e The interaction of laser-synthesized materials with biological systems should be studied in

more detail, although our first results are extremely encouraging.

In general, we anticipate the following directions for the future advancement of laser-ablative

approach: (i) synthesis of nanomaterials with unique size and structural characteristics, which
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are not reproducible by conventional colloidal chemistry; (ii) “green” synthesis of various nano-
materials; (iii) employment of novel chemical approaches due to different surface chemistry of
laser-synthesized nanoparticles compared to chemically-synthesized counterparts. From the ap-
plication standpoint, the laser-synthesized nanomaterials promise a breakthrough in the solution
of toxicity problem in in vivo applications of inorganic nanoparticles and a significant advance-
ment of nanoparticle-based modalities of biological imaging and therapy. The laser ablation-
based approach is unique in avoiding secondary toxicity arising when chemical synthesis is used
to make nanoclusters. Therefore, it is especially effective in the case of nanomaterials, which are
biocompatible by their nature. This includes the fabrication of some semiconductor, metal NPs,
as well as hybrid structures (alloys, core-shells, organic-inorganic complexes). In addition, the
development of biological imaging or treatment methods employing nanoparticles can profit from
novel optical, chemical and photochemical properties of the laser-synthesized nanomaterials.

As future trends of laser-ablative nanosynthesis for biomedical applications, we see the fol-

lowing;:

Production of novel non-toxic, biocompatible and biodegradable materials;

e Improvement of optical characteristics (e.g., maximization of quantum yield of fluores-
cence and singlet oxygen release in photo dynamic therapy, improvement of sensitivity in

biosensing relying on refractive index monitoring);
e Exploration of novel optical properties, which could provide contrast in imaging;

e Synthesis of theragnostics agents, capable of simultaneously providing imaging and thera-

peutic tools;

e Creation of complex biomolecular architectures, providing improved sensitivity (contrast)
and novel functionalities (e.g., size selection in sensing, additional channels in sensing and

imaging, etc.)
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Appendix A

Plasmonic properties of Au

nanoparticles

The deep-red color of Au nanoparticles in aqueous solutions reflects the surface plasmon band, a
broad absorption band in the visible region around 520 nm. The surface plasmon band is related
to excitation of the collective oscillations of the electron gas at the surface of the nanoparticles
upon to the interaction of Au nanoparticles with the electromagnetic field of light, exhibiting a

resonance frequency at 510-550 nm depending on the size of the nanoparticles.

The classical interaction of the nanoparticles with incident light and the resulting optical
properties are described by an electromagnetic function e. Often it is represented as a function
of the angular frequency of light w = 27¢/A (where A is wavelength and c is the speed of light
in vacuum). The dielectric function of gold is defined as the sum of the inter band term, eg(w),
which considers the response of 5d electrons to the 6sp conduction band, and the Drude term,
ep(w) which considers free electrons according to Drude model (6s electrons of the conduction

band of gold). Thus, dielectric function can be determined as:

6((4}) = eIB(w) + eD(w) (Al)

The localized surface plasmon resonance, representing the optical properties of gold, origi-
nates from the photoexcitation of free electrons, i.e. the second term in the equation. Each term
of the dielectric function is divided into a real part (e1(w) = n? — k?) and an imaginary part

(e2(w) = 2nk), where n represents the refractive index and x — the extinction coefficient of the

metal [160].

Plasmonic nanoparticles with the diameter less that the electron-mean-free path (~40 nm

for Au) allow the confinement of free electrons. According to the simplest model, the electrons
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are damped by a inelastic scattering process at the inner surface of the nanoparticles, resulting
in an increased relaxation frequency or a higher damping constant I': the relaxation time of
the free-electron gas is reduced. Accordingly, the dielectric function of a bulk metal has to be

modified, giving rise to a size-dependent dielectric function €(w, R):

e(w,R) = ®(w) — 2™ (w) + ep(w, R) (A.2)

In this equation €”"*(w) describes the dielectric function of bulk gold calculated from n and
k, which can be found experimentally. In order to obtain a size-dependent dielectric function,
Drude’s dielectric function of a free electron gas of bulk metal (e2"¥(w), second term) is replaced
by the one for a nanoparticle with radius R (ep(w, R), third term in the equation). e2*¥(w) and

ep(w, R) can be found as:

w?

6%1111{(&]) =1- m (A3>

wQ

R)=1———2 A4

“o(w, R) W +iT(R)w’ (A.4)
where w), is the plasma frequency of the free electron gas (w, = 1.38 x 10'6 s~=! for Au). The
damping constant I is described as I' = vg/l (I = 1.07 x 1014 s7! for Au) for the bulk metal and
I'(R) = vp(1/l+ A -1/R) for the nanospheres smaller than electron-mean-free path. Here, v is
the Fermi velocity (vp = 1.4 x 106 m/s for Au), [ is electron-mean-free path (I = 3.8 x 1078 m for

Au), R is the radius of a nanoparticle, and A is the proportionality constant (A = 1 for isotropic

electron scattering) [160].

The absorption and scattering properties of spherical metal nanoparticles are described by
the Mie theory [319]. The Mie theory provides exact analytical solution to Maxwell’s equations
for spheres with different diameters. The absorption and scattering features are presented by
the cross-sections, Caps and Cgen, respectively. The extinction cross-section Ceyt is a sum of
both, absorption and scattering (Cext = Caps + Csca). The cross-section C of any optical event

is defined as:

I = Ipe NCe, (A.5)

where I represents the intensity of incident light, I is the intensity of transmitted light, N is
the number density of the particles, and z is the optical pass length. Basically, equation (A.5)

expresses the Beer-Lambert law. According to the Mie theory, the absorption and scattering of
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light originate from the oscillation of free electrons driven by the oscillating electromagnetic fields
of the incident light. For large nanoparticles, the oscillations of higher orders, such as quadrupole
and octapole oscillations can occur, as well as dipole mode. However, for nanoparticles signif-
icantly smaller than the wavelength of light only dipole oscillations contribute significantly to
the extinction cross-section, and the Mie theory in the dipole approximation can be simpli-
fied [240,319|. The input parameters for Mie theory calculations are as follows: the particles
dielectric function €; +iez(w), composed of real and imaginary refractive indexes, particles radius
R and the permittivity of the surrounding medium €,,. Thus, following relationships express the

extinction and scattering cross-sections in dipole approximation:

127wR3 6%{262 (w)
Cext = 5 5 (A.6)
Co [61 (w) + 2€m] + €2 (w)
Cron = 1287 ROe2, [ (€1(w) — €m)? + ea(w)? (A7)
3A4 (€1(w) + 2€1,)? + €2(w)?
Here, c is the speed of light in vacuum.The resonance condition is fulfilled when € (w) = —2¢,

if €9 is small or weakly dependent on w.

Shape effects are significantly pronounced in the optical absorption spectrum of Au nanopar-
ticles. The plasmon resonance absorption band splits into two bands as the particles become
more elongated along one axis. The shape of the nanorods or cylindrical nanoparticles is char-
acterized with an aspect ratio value, which is expressed as the length (long axis) divided by the
width (short axis) of a nanorod. The high-energy band absorbing at ~520 nm corresponds to the
oscillations of free electrons perpendicular to long rod axis, and this band is relatively insensitive
to the aspect ratio. The other absorption band at lower energies is caused by the oscillations
of free electrons along the long axis. This band is typically red-shifted when the aspect ratio

increases (240, 319|.

The optical absorption spectrum of randomly oriented gold nanorods with aspect ratio K
can be modeled using an extension of the Mie theory combined with the dipole approximation
according to Gans [240,319|. The extinction cross-section Ceyq for elongated ellipsoids is given

by the following equation:

" (1/P?)es(w)
= —¢3/2 -
Coxt = 3 € sz: {e1 (W) + [(1 = P)/Pjlem}? + e2(w)?

(A.8)

Here, V' is the volume of a nanorod and P; are the depolarization factors along the three axes

A, B and C of the nanorod with A > B = C. P; are defined as:
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1—e2[1 1+e
Py= — —1 A.
A €2 [2€ln (1 - e) } (4.9)
1-P
Py =FPo=— A (A.10)

and the aspect ratio K is included in e as follows:

()

In addition to strongly enhanced absorption and scattering of the nanoparticles, the excitation

1/2

<1 _ ;)1/2 (A.11)

of the large optical polarization associated to the localized surface plasmon resonance occurs. It

results in the large local electromagnetic field enhancement at the nanoparticles surface [160].
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Abstract

Synthesis of novel nanomaterials for biomedical applications by ultrashort
laser ablation in liquids

Inorganic nanomaterials are of a major interest for numerous applications, specifically bioimag-
ing, biomedicine, catalysis, and also surface enhanced-Raman scattering spectroscopy. In most
cases, the purity of the employed material is a key factor. Often the conventional chemical ways
of synthesis cannot provide the desirable cleanliness. The aim of this thesis is to investigate
and develop a laser-based synthetic concept for the fabrication of Au and Si-based nanoparticles
with controlled parameters, free of surfactants and toxic by-products. The engaged approach
includes two steps: 1) the generation of a raw suspension of micro- and nanoparticles by either
mechanical milling or preliminary ablation of a target; 2) ultrafast laser-induced fragmentation
from the suspended colloids leading to the formation of stable, non-aggregated, low-size dispersed
and crystalline nanoparticles. In particular, we focus on the technique of the synthesis of bare
Au nanoparticles with tunable size between 7 and 50 nm in the absence of any ligands. More-
over, this technique allows performing the in situ coupling of the Au nanoparticles with organic
molecules and alloying at the nanoscale. Furthermore, we show the possibility of tuning the mean
size and the thickness of the oxide shell of Si nanoparticles by varying the initial concentration
of microparticles, the pH and the amount of dissolved oxygen. Finally, we demonstrate the optic
and plasmonic properties of the nanoparticles synthesized by the techniques established in our
work and their potential for the applications in catalysis and biomedicine.

Keywords: nanoparticles, femtosecond laser, laser ablation in liquids, green chemistry,
biomedical applications



Résumé

Synthése de nouveaux nanomatériaux par ablation laser ultra-bréve en milieu
liquide pour des applications biomédicales

De nos jours, les nanomatériaux inorganiques sont devenus des objets importants pour de
nombreuses applications, particuliérement dans des domaines comme la bioimagerie, la biomédecine,
la catalyse, ou encore la spectroscopie de diffusion Raman exaltée par effet de surface. La pureté
du matériau employé est le facteur clé, et souvent les méthodes de synthése chimiques ne peu-
vent assurer ’absence d’une contamination résiduelle. Dans ce contexte, nous avons investigué et
développé la synthése par laser de nanoparticules d’or et de silicium en contrélant la composition
et de nombreux paramétres. Exemptes d’agents tensioactifs et de sous-produits toxiques, cette
technique se révéle étre une approche entiérement physique de la fabrication des nanoparticules
pures. L’approche engagé comprend deux étapes : 1) la génération de la suspension brute de
micro- et nanoparticules par broyage mécanique, et par ablation préliminaire d’une cible solide
dans un liquide ; 2) la fragmentation laser ultra-rapide de colloides en suspension qui aboutit &
la formation de nanoparticules stables, non agrégées, cristallines et avec une faible dispersion de
taille. Ce travail se concentre particuliérement sur la synthése de nanoparticules d’or pures de
taille controlable entre 7 et 50 nm en absence de ligands. De plus, cette technique nous permet
d’obtenir des nano-alliages bimétalliques et d’effectuer un couplage in situ de nanoparticules d’or
avec des molécules organiques. Ensuite nous montrons la possibilité d’ajuster la taille moyenne
et I'épaisseur de la couche d’oxyde des nanoparticules de Si en variant la concertation des par-
ticules initiale, le pH et la quantité d’oxygéne dissoutes. Enfin, nous démontrons les propriétés
optiques et plasmoniques des nanoparticules synthétisées selon les techniques établies au cours
de ce travail et leur potentiel pour les applications catalytiques et biomédicales.

Mots-cléfs : nanoparticules, laser femtoseconde, ablation en milieu liquide, chimie verte,
applications biomédicales

Ce travail a été réalisé au laboratoire LP3 Lasers, Plasma et Procédés Photoniques, UMR 7341,
Parc Scientifique et Technologique de Luminy, 163 avenue de Luminy, case 917, 13288 Marseille
Cedex 9.
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