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Abstract

This diploma thesis focuses on the preparation of stable gold nanoparticles (NPs)
by femtosecond laser ablation in water and in a homologous series of primary alco-
hols. The impact of various parameters on the sol properties was also studied and
assessed. Focus was especially dedicated to the optimization of the pulse properties
to achieve efficient production of stable gold hydrosols and organosols. With respect
to that, a new ablation cell was designed and constructed to improve the efficiency
and reproducibility of the prepared sols, as well as to monitor the ablation process in
situ.

Femtosecond laser ablation proved to be an efficient method for the preparation
of stable gold NP sols in all tested environments. It was also shown that the major
parameters influencing the efficiency of the ablation process and the quality of pre-
pared sols are laser beam intensity in the solvent and laser fluence on the gold target.
The results indicate that plasma and white light continuum generation in the solvent
hinder the ablation efficiency and reduce the sol stability. Prolonging the compressed
femtosecond pulse into the range of 1-3 ps leads to a significant improvement of the
ablation process. A fluence optimum of 875 mJ/cm2 was determined for the pulse
duration of 1800 fs. A relationship between absolute gold content in the sol and the
height of the surface plasmon extinction (SPE) band was also identified for water and
all of the tested alcohols, which enables quick and simple estimation of gold content
from in situ SPE spectra.

A series of sols was prepared by laser ablation in various alcohols. The ablation
yield decreased significantly with increasing alkyl chain length. It was demonstrated
that this effect is related mainly to the viscosity of the solvent. The prepared NPs
in alcohols are stable for several months and can even be redispersed if they sedi-
ment. Joint results from TEM, SERS and stability measurements indicate that the
NPs are covered by a protective layer of alcohols, which improves their stability but
also makes their application in SERS challenging. A possibility how to bypass this
effect by laser ablation directly in the adsorbate solution was presented.

Keywords Gold nanoparticles, laser ablation, plasmonic
nanoparticles, organosol, hydrosol, SERS, Atomic
absorption



Abstrakt

Tato diplomová práce se zabývá přípravou stabilních zlatých nanočástic (NČ) fem-
tosekundovou laserovou ablací ve vodě a homologické řadě primárních alkoholů.
Dále byl studován a hodnocen vliv různých parametrů na vlastnosti připravených
koloidů a na účinnot ablačního procesu. Zvláštní pozornost byla věnována opti-
malizaci parametrů laserového pulzu ve snaze dosáhnout účinné přípravy stabilních
zlatých hydrosolů a organosolů. Pro tyto účely byla navržena a vyrobena nová ablační
cela, která umožnila zvýšit účinnost ablace i reprodukovatelnost vlastností Au koloidů
a zároveň umožnila sledování ablačního procesu in situ.

Femtosekundová laserová ablace se ukázala být efektivní metodou pro přípravu
stabilních zlatých koloidů ve všech testovaných rozpouštědlech. Jako hlavní parame-
try ovlivňující efektivity ablace a kvalitu vznikajících koloidů byly určeny inten-
zita laserového paprsku v rozpouštědle a laserová expozice zlatého plíšku. Dále
bylo ukázáno, že generace plasmy a bílého kontinua v rozpouštědle značně omezuje
účinnost ablace a zhoršuje stabilitu solu. Významného zlepšení ablační efektivity
lze dosáhnout prodloužením komprimovaného femtosekundového pulzu do inter-
valu 1-3 ps. Optimální expozice (fluence) pro pulz délky 1800 fs byla určena jako
875 mJ/cm2. Dále byl nalezen vztah mezi absolutním obsahem zlata v přípravených
koloidech a výškou pásu jeho plasmonové extinkce pro vodu i všechny testované
alkoholy. To umožňuje rychlý a jednoduchý odhad obsahu zlata v koloidu podle jeho
extinkce.

Laseovou ablací byla připravena série koloidů v různých alkoholech. Ablační účin-
nost výrazně klesala s rostoucí délkou alkylového řetězce alkoholu. Bylo ukázáno,
že tento trend je způsoben zejména viskozitou alkoholu. Připravené organosoly byly
stabilní po dobu několika měsíců a navíc je bylo možné snadno redispergovat, pokud
sedimentovaly. Dílčí výsledky z měření stabilit koloidů, TEM a SERS měření nazna-
čují, že NČ jsou pravděpodobně pokryté ochrannou vrstvou alkoholu, která zvyšuje
jejich stabilitu, ale zároveň znesnadňuje jejich použití pro SERS měření. Byla ukázána
možnost, jak tento jev alespoň v případě některých adsorbátů obejít pomocí ablace
přímo v roztoku adsorbátu.

Klíčová slova Zlaté nanočástice, laserová ablace, plasmonic-
ké nanočástice, organosol, hydrosol, SERS,
Atomová absorpce
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Chapter 1
Introduction

Nanoparticle science is a prominent field of present research, thanks to the attractive
properties these particles possess. Even though no universally-accepted definition of
a nanoparticle (NP) exists, most sources state the condition that all dimensions of the
given particle should range between 1 nm and 100 nm. When the length across the
longest axis exceeds the length over the other axes significantly, the term nanorod is
often used. Likewise, when two dimensions are significantly larger than the third one,
the term nanoplate is generally utilized. [1] These arbitrary bounds of 1 and 100 nm
were not set randomly.1 They respect the fact that in this size region particles begin to
manifest different chemical and physical properties from bulk material. This unique
behavior can be attributed to the fact that, unlike in bulk material, the portion of
atoms located on the NP surface becomes significant. [3] In addition, these novel
properties become size-dependent, which explains the attractivity of NP science –
the physical properties of NPs can be tailored simply by adjusting their size. For this
reason, a lot of effort is currently dedicated to the research of novel NP synthesis
routes and their optimization.

1.1. Properties of Nanoparticles

Even though NP science encompasses a large variety of materials, the key mutual
property of NPs is the size-dependence of their chemical and physical properties
over nanoscale range. For instance, the melting point of certain NPs exhibits a sig-
nificant decrease with diminishing particle size, as demonstrated by Buffat et al. [4]

1It is noteworthy that the same limits were already mentioned in Wolfgang Ostwald’s famous book
on colloid science [2] over 100 years ago. Ostwald also realized, as many do nowadays, that the
border between nanoparticles and bulk material is not sharp and the transition from bulk material
to NP dimensions and properties is gradual.
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on gold NPs and by Jiang and coworkers [5] on tin NPs. The magnetic properties of
NPs also change with size – Seo et al. [6] observed a proportionality of the blocking
temperature of manganese oxide superparamagnetic NPs with respect to their size.
This fact was attributed to the presence of non-compensated surface spins at the NP
surface. Since the specific surface of NPs is inversely proportional to their size, the
fraction of non-compensated spins on the NPs is also expected to vary with their size,
leading to a shift in the blocking temperature. Other size-dependent magnetic prop-
erties were observed on bismuth ferrite [7, 8] and iron oxide [9] NPs. The catalytic
activity of NPs also varies with their size, as exhibited by Narayanan and El-Sayed
on platinum NPs. [10]

Nanoparticles also manifest interesting optical properties, such as scattering or ab-
sorption. In the beginning of the 20th century, Gustav Mie [11] presented his solution
to Maxwells’ equations concerning the scattering and absorption of spherical parti-
cles. This theory, along with its modifications and approximations by Rayleigh, Gans
and others, still remains influential nowadays and is often used to explain the scat-
tering behavior of small particles. In addition, modern approaches in computational
chemistry resulted in the possibility to predict scattering parameters for particles of
various shapes and in different environments. [12] Moreover, this approach may also
be reversed: particle properties such as size and shape can be estimated from their
optical properties [13], which is particularly useful in analytical applications.

1.1.1. Properties of Gold Nanoparticles

In addition to the above-mentioned properties, metal NPs exhibit another interesting
optical phenomenon: plasmon resonance. This phenomenon occurs when metal NPs
are irradiated by light of an appropriate wavelength. When the oscillating electric
field generated by the incoming photons has an appropriate frequency, it can cause
the free electrons in the metal NP to oscillate coherently. Upon interaction with the
electric field, the center of the electron cloud shifts from the center of the particle.
The Coulomb interaction between the electron cloud and the core of the particle then
attempts to restore the electron distribution. If the rate of such a restoration matches
the frequency of the incoming radiation, resonant excitation is formed. This case is
schematically depicted in figure 1.1. The resonant frequency depends on the follow-
ing factors: electron density, effective electron mass and charge distribution. [12]
The resonant frequency is therefore affected by the shape, size and material the NP
is made from, causing different NPs to absorb at significantly different wavelengths.
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Figure 1.1.: Cartoon illustration the formation of a localized surface plasmon
(adapted from ref. [14])

For instance, the surface plasmon band for separated, 10nm spherical NPs is usu-
ally centered around 520 nm in the case of gold and 400 nm in the case of silver
dispersed in water. The impact of size is also very notable, which can be illustrated
by the following studies for silver [15] and gold [16] NPs. The plasmon resonance
phenomenon is therefore responsible for the various colors that metal NP sols can
achieve. From the chemical point of view, however, the plasmon resonance is more
interesting due to the local electric field amplification, which is a basis of surface-
enhanced spectroscopy.

In addition to the plasmon resonance, gold NPs also exhibit considerable chemical
stability. They can resist oxidation, the majority of acids and elevated temperatures.
[17] This chemical stability of the NP surface is a precious property when considering
the use of gold NPs in catalysis. Furthermore, no severe cytotoxicity of gold NPs has
been reported. [18] These properties combined predetermine gold NPs for a wide
range of applications, which are briefly discussed in the following section.
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1.2. Applications of Nanoparticles

The unique properties of nanoparticles lead to a wide range of applications. For in-
stance, the specific surface of NPs is inversely proportional to their size. NPs thus
have an extremely large surface area, which opens the possibility to use NPs effec-
tively in catalysis. Transition metal and metal oxide NPs have been successfully
used in a variety of chemical processes, including the Fisher-Tropsch synthesis, NO
reduction, CO oxidation and others. [19] This exceptional surface-to-volume ratio
also enables the application of silver NPs for antimicrobial purposes. Silver NPs
have have been applied for the coating of medical devices, treatment of water, burns
or chronic wounds. [20] Finally, NPs were also introduced into many objects of daily
use. Nanosize ZnO and TiO2 were successfully applied in sun lotions thanks to their
ability to absorb ultraviolet light. Likewise, gold NPs can be incorporated into plastic
lens of sunglasses to improve their ability to block UV and near-infrared light. [21]

A combination of large specific surface and high thermal conductivity of metallic
NPs opens up application possibilities in energy-efficient heat transfer. In 1995, Choi
et al. [22] first proposed to use a metallic NP suspension to create a “nanofluid” with
high heat transfer efficiency. The use of these fluids in industrial applications can
improve significantly the efficiency of the heat exchanger. [22] For instance, the use
of 0.1 % mass fraction of TiO2 NPs in refrigerator working fluids can reduce their
energy consumption by 26.1 %. [23]

Nanoparticles can also be used to improve the visualization of latent fingerprints.
Gold NPs stabilized by n-alkanethiols adhere selectively to the ridges of the finger-
prints, where they can catalyze deposition of silver NPs, which visualize the finger-
print. Another route to employ NPs in latent fingerprint visualization is to use CdSe
and ZnS nanoparticles. These NPs are fluorescent under UV light and the fingerprints
can thus be viewed directly. [24]

1.2.1. Applications of Gold Nanoparticles

As noted above, gold NPs benefit from an additional effect: plasmon resonance. This
phenomenon leads to a new set of potential applications: surface-enhanced methods.
In 2012, Zhang et al. noted that “Metal nanoparticles are widely used to construct
structures that possess unique electric, photonic and catalytic properties such as local
surface plasmon resonance (LSPR), surface-enhanced Raman scattering (SERS), and
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surface-enhanced fluorescence (SEF). [25] These novel spectral methods take advan-
tage of the local-field amplification thanks to the local plasmon and have attracted
considerable attention in the last decades. Apart from the surface-enhanced meth-
ods, the biocompatibility of gold NPs [18] leads to countless medical applications.
Target drug delivery, cancer photodynamic therapy and magnetic resonance imaging
are among the most promising areas. [26]

1.3. Methods of Nanoparticle Preparation

Nanoparticles can be prepared by many different methods based on the nature of the
material and the intended application. These approaches can be divided into two cat-
egories: bottom-up and top-down methods. The most important top-down2 approach
is attrition [27] – mechanical grinding of bulk material in a mill to produce NPs. Al-
ternatively, there are many bottom-up3 processes which can be used for preparation
of NPs. These include, among others, inert gas condensation [28] , flame spray py-
rolysis, [29], γ-radiolysis method [30, 31] and others [32].

However, for the purpose of surface-enhanced spectroscopy and formation of com-
posite materials – the two applications studied in this thesis – it is essential to prepare
NPs suspended in a liquid media: sols. The currently most prominent method of sol
preparation is chemical reduction, followed by laser ablation. Both of these methods
offer a relatively easy preparation of NPs suspended in liquid media, which is an es-
sential step both for their further incorporation into composite materials as well as
for the preparation of substrates for surface-enhanced spectroscopy. For this reason,
the possibilities to prepare gold NPs by both methods will be discussed in detail in
the following section.

1.3.1. Preparation of Gold Nanoparticles by Chemical
Reduction

The most frequently-used method to prepare gold NPs suspended in liquid media
(gold sols) is by a chemical reduction of a gold precursor. This method is very well
established on the field and countless synthesis routes have been published to date.

2A top-down technique starts with a bulk material, which is reduced into a desired shape and size
by some process.

3A bottom-up process is based on assembly or synthesis of the desired product from smaller parts.
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These routes vary in the choice of the gold precursor, reducing agent, use of stabiliz-
ing agents and reaction conditions, such as temperature and solvent choice. The most
famous approach is the Turkevich method. [33] This method is based on the reduc-
tion of chlorauric acid by trisodium citrate in water at high temperatures. The citrate
anions simultaneously serve as stabilizers of the formed gold NPs. This method has
been repeatedly refined and the mechanism of particle growth is currently well un-
derstood and described as follows:

At first, a small fraction of the gold precursor is reduced. The reduced atoms form
small clusters, which in turn form particle seeds with a diameter of about 3 nm. In
the next stage, the remaining gold is gradually reduced and the atoms grow on top of
the seeds until the precursor is depleted. This mechanism is what promotes the low
size dispersity of the formed sol: even though seeds with different sizes are initially
formed, they grow under same conditions for the majority of the reduction period.
[34]

An alternative approach for gold hydrosol preparation is reduction of chlorauric
acid by sodium borohydride. Sodium borohydride is a very strong reducing agent,
so the reduction has to be carried out slowly and at low temperatures. In addition,
the presence of a stabilizer is required to obtain stable sols. [17] On the other hand,
the use a strong reducing agent can result in smaller particle seeds. [35] The size
distribution of the resulting sol, however, depends on the combination of many pa-
rameters.

The majority of chemical reduction methods take place in an aqueous environ-
ment. Nevertheless, several possibilities to prepare gold NPs in organic media exist.
These usually consist of a two-phase synthesis (water and organic solvent) and in-
clude a phase transfer agent (for example tetraoctylammonium bromide) which helps
to transfer the gold precursor into the organic phase. The Brust-Schiffrin method [36]
is a good example of a 2-phase synthesis of thiol-stabilized gold NPs in toluene.

Preparation of gold NPs by chemical reduction methods has several advantages.
The methods are well-established and by tuning the reaction conditions they offer
significant control over the particle size and shape. More importantly, the particle
size distribution using the Turkevich method is very narrow, which can be beneficial
for instance when arranging NPs into arrays. In addition, a wide range of ligands
can be used to modify the particle surface during their preparation. Finally, the re-
duction methods are rather straightforward and the sol can be prepared in substantial
quantities in a one-pot synthesis.

On the other hand, chemical reduction methods have several limitations which re-
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volve around the purity of the NP surface. Regardless of the reduction method, there
are always reaction by-products present in the reaction mixture. In addition, most re-
duction techniques depend on the use of stabilizing agents. These can be replaced by
suitable ligands to enable further particle functionalization or transfer to non-aqueous
media. Purification of the surface, on the other hand, is slow, costly and generates
a substantial amount of waste. [17, 18] This hinders the use of chemically-reduced
gold NPs in applications which require a clean particle surface. This is the case of
catalysis, which requires the reactants to bind directly to the catalyst surface, as well
as surface-enhanced spectroscopy, where the analyte must be located in the proximity
of the NP surface to experience the signal enhancement. Finally, chemical reduction
methods are largely limited to the preparation of hydrosols and preparation of sols in
organic media is complicated. For these reasons combined, an alternative synthesis
route to chemical reduction would be helpful for the preparation of NPs with a clean
surface and in a variety of solvents.

1.3.2. Preparation of Nanoparticles by Laser Ablation

An alternative method of NP preparation is laser ablation. This method is based on
irradiation of a target by a focused laser beam. When exposed to a laser pulse of
sufficient energy, particles are ejected from the bulk material, leading to the modi-
fication of the target surface and simultaneously to the formation of small particles.
This method can thus be used both for surface engraving and NP preparation. Laser
ablation can be carried out either in vacuum, gas or in a liquid environment, which is
the dominant route for NP preparation. The mechanism of laser ablation in vacuum,
however, is substantially more simple. For this reason, laser ablation in vacuum will
be mentioned first when discussing the ablation mechanism.

1.3.3. Mechanism of Laser Ablation in Vacuum

The principles of laser ablation have been extensively studied during the last decades
and the laser ablation mechanism in vacuum is presently well understood. Laser ab-
lation in vacuum was studied extensively by Chichkov et al., who published a math-
ematical model explaining the experimental results of laser ablation with different
pulse lengths in 1996. [37] The model is based on the description of the laser-matter
interaction and the energy transfer from the laser pulse to the target for different pulse
lengths. The energy transfer process consists of the following steps: absorption of
the laser energy by the free electrons in the target, thermalization within the electron
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subsystem, energy transfer to the lattice and heat dissipation in the target. Depending
on the relative time scales of said processes, Chichkov et al. propose a different ab-
lation mechanism for nanosecond, picosecond and femtosecond pulses, respectively.
A summary of the proposed ablation mechanisms is presented below; for a more
rigorous derivation please consult ref. [37].

In the case of femtosecond pulses, the laser pulse duration is significantly shorter
than the characteristic time scale of the electron-lattice heat transfer, which occurs in
the range of picoseconds. The whole laser energy is thus transferred to the lattice on a
picosecond time scale and a direct solid-plasma or solid-vapor transition occurs if the
laser energy exceeds the ablation threshold.4 Due to the picosecond time scale of the
whole process, heat transfer to the bulk material is negligible. Femtosecond ablation
in vacuum thus leads to the formation of a quickly-expanding plasma or vapor cloud
and a well-defined ablation crater on the target.

The situation is dramatically different in the case of nanosecond ablation. Here,
the pulse duration exceeds heavily the electron-lattice heat transfer time. For this rea-
son, the lattice temperature rises gradually within the laser pulse duration. Provided
that the pulse energy is sufficient, the irradiated area reaches the melting point and
the molten area continues to heat up until the boiling point is reached and a liquid-
vapor transition occurs. Due to the longer time scale of this process, a thermal wave
propagates into the target, resulting in a larger area of melted material with no clear
borders.

Laser ablation on a picosecond time scale is a more complex process than the limit
cases mentioned above. The pulse length is comparable to the electron relaxation
time so the electron temperature during the pulse can be solved by a quasi-stationary
approximation. The ablation mechanism under this approximation is the same as in
the case of femtosecond ablation: direct solid-vapor transition. Electron heat con-
duction is neglected in this approximation, however, and a small amount of molten
material due to heat transfer was observed during experiments with picosecond ab-
lation.

1.3.4. Preparation of Nanoparticles by Laser Ablation in
Liquid Media

Laser ablation in liquid media is a perspective alternative to chemical reduction meth-
ods for the preparation of sols. Introduced by Fojtik and Henglein [38] in 1993, laser

4The ablation threshold indicates the minimum laser fluence required to observe any ablation.
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ablation in liquid media has grown in popularity due to the versatility of this approach
with respect to the target material and solvent choice. The same laser setup can be
readily used for the synthesis of NPs of different materials in various solvents. In
addition, laser ablation uses pure metals as the NP precursor. This has several ad-
vantages: pure metals can be obtained at a very high purity and they are cheaper and
more environment-friendly than metallic salts used in chemical reduction methods.
[13] In addition, no reaction side products are formed, which allows for preparation
of NPs with a clean surface in a pure solvent. This is essential for effective applica-
tion of the sols in fields where a direct contact between the NPs and other molecules
is needed, such as catalysis and surface-enhanced spectroscopy.

While laser ablation in vacuum is well understood, the situation is much more com-
plex in the case of laser ablation in liquid media. The presence of the liquid medium
affects the process in several ways. At first, the laser pulse can interact with the liq-
uid prior to reaching the target. Secondly, the liquid medium strongly interacts with
the ejected particles from the target. While these can freely expand in vacuum, the
presence of a liquid medium surrounding the target confines the expanding plasma
or vapor into a small area, resulting in new interactions among the ejected particles
themselves, ejected particles and the target, and ejected particles and the laser beam.
Finally, there is dissipation of energy from the target into the the liquid environment.
All these interactions can influence the ablation process, which makes laser ablation
in liquid media substantially more complex.

The interaction of the solvent and laser beam can have several forms. When the
laser pulse enters the liquid environment, part of the laser beam may be reflected
on the boundary. The transmitted photons are also refracted on the phase boundary
based on the refractive index of the medium, which shifts the focal point of the laser
beam respectively. Finally, the laser beam can be scattered by particles present in
the solvent. These phenomena altogether have a significant impact on the ablation
efficiency. For instance, a five-fold increase in the ablation threshold compared to
vacuum has been reported for femtosecond ablation of silver [39] and gold [40] in
water.

The presence of the solvent also has a strong influence on the plasma formed dur-
ing the ablation. While the plasma expands rapidly and does not interact with the
bulk in the case of laser ablation in vacuum [37], the presence of the solvent confines
the formed plasma near to the target. This leads to enhanced interaction and recom-
bination of the excited species [41] in the plasma plume. The solvent also keeps the
formed NPs in the laser beam trajectory, which can lead to scattering of the inci-
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dent laser pulses, photoinduced laser fragmentation5 or reflection of the beam by the
plasma plume.

The confined plasma plume can also interact with the target, which leads to dif-
ferences in the ablation mechanism for different experimental conditions. Based on
the laser fluence,6 Kabashin and Meunier [40] proposed two different mechanisms
of femtosecond ablation in liquid media. For lower fluences (< 100 J/cm2 ), they
advocated the same mechanism that takes place in ablation in vacuum–direct vapor-
ization of the target and ejection of particles from the bulk. The NPs obtained by this
procedure are relatively small and with a narrow size distribution. When the same
ablation is performed at higher fluences, however, larger particles with a broader
size distribution appear alongside the smaller particles. The authors suggested that
the appearance of the larger particles is due to ablation of the target by the heated
and pressurized plasma plume itself. This hypothesis was consistent with scanning
electron microscopy images of the metal target, which revealed molten areas in the
ablation craters. These can not be caused by heat transfer of the laser energy into
the bulk, as heat transfer is not possible in the femtosecond regime, as discussed in
subsection 1.3.2. Altogether, the presence of the solvent has a strong influence on
both the ablation mechanism and the formation of the sol.

1.3.5. Standard Ablation Setup

A typical setup for laser ablation in solution consists of a pulsed laser, optical compo-
nents that focus the laser beam onto the target and the ablation cell (usually an optical
cuvette) containing the target submerged in the solvent. The target is usually placed
slightly before the focal point of the lens to avoid optical breakdown of the solvent.
This setup was used for example in [39, 40, 42, 43] and others. Amendola et al. also
note that “Almost all scientists reported the utilization of a similar setup, except for
few minor details.” [17] These deviations can include some form of stirring of the
solution or movement of the target. Occasionally, some form of heating of the cell
[44] or coupling of the ablation experiments with in situ plasmon extinction mea-
surements [45] is reported. An example of a typical ablation setup including stirring
is presented in figure 1.2. The main advantage of this setup is that it is very simple
and easy to build. However, there are several limitation of this setup: (i) Even when
this setup is equipped with a magnetic stirring bar, the mixing is rather ineffective,
especially above the target. This is a major drawback, because the lack of mixing can

5Photoinduced laser fragmentation is treated in subsection1.3.6.
6Laser fluence is defined as the energy delivered per pulse per unit of surface.
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Figure 1.2.: A cartoon of a classical ablation setup including stirring

decrease the ablation yield [46] and reproducibility of the sol properties. [47] (ii)
Stirring could lead to undesired, fluctuation refraction of the laser beam on the air-
solvent interface. Efficient mixing in an open cell leads to the formation of a vortex
which distorts the interface and makes the requirement of a well-defined interface
hard to fulfill. (iii) Rapid expansion of the plasma plume often leads to sputtering of
the solvent outside of the cuvette, which leads to a loss of the product and can also
damage the optics. (iv) The ablation volumes in such experimental setups are usually
only around 2 mL. This amount is rather low and it does not allow characterizing the
same sample by several techniques simultaneously.7 For this reason, an ablation cell
that would maintain the advantages of the currently-used cell and allow for effective
mixing, a well-defined interface and a larger sample volume would be beneficial.

7For instance, DLS, AAS or UV-Vis measurements require about 2 mL of the sample, each. In
addition, it is advantageous to store some of the sample for future measurements.
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1.3.6. Parameters of Laser Ablation in Liquid Media

Apart from the ablation setup discussed in the previous section, there are many other
parameters that influence laser ablation. Understanding the impact of these variables
on laser ablation is central to exert at least moderate control over the particles size,
size distribution, NP stability and ablation efficiency. Several of these parameters are
related to the laser settings, namely the repetition rate, pulse duration, laser fluence
and laser wavelength. Another significant parameter is the solvent choice. To date,
there is moderate understanding of the underlying processes which relate the various
settings to the ablation outcome; the next section deals with the possible impacts of
the listed parameters on the resulting sol properties.

Before presenting the review of laser ablation parameters on the formed NPs, it is
essential to introduce one more phenomenon: laser-induced fragmentation. Laser-
induced fragmentation is a process, when already formed NPs absorb energy from the
laser pulse and transform into smaller particles. The key parameter for effective frag-
mentation is the incident radiation wavelength – the NPs have significant absorption
cross sections only for wavelength corresponding to their localized surface plasmon
resonance or interband transition frequencies. [48] To date, several mechanisms of
laser-induced fragmentation have been suggested. The first one is a photothermal
process. When the NPs absorb the laser energy, they can heat up above their boiling
point by the photothermal process. The particles then vaporize and recondensate to
form new, smaller particles. This mechanism is proposed by Takami et al. [49] for
nanosecond fragmentation of gold NPs.

The alternative fragmentation mechanism to the photothermal process is Coulom-
bic explosion. [50] This mechanism suggests that the NP electrons are heated to such
an extent that many of them are ejected from the particle by thermionic emission. The
NP is thus left with a significant positive charge and spontaneous fission occurs due
to Coulombic repulsion. [45] This mechanism is advocated by several research teams
[45, 48, 51] for fragmentation of gold NPs by femtosecond pulses. The simulations
of Werner et al. also suggest that both processes may occur, depending on the pulse
duration. [45]

Pulse duration and fluence

Pulse duration and laser fluence co-determine the ablation mechanism by which NPs
are formed (for details see subsection 1.3.2 and subsection 1.3.4) and as such can have
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a cardinal influence on the NP properties. To draw universally-valid conclusions as to
the exact impact of pulse duration and energy on the sol properties is rather challeng-
ing, because there are several other relevant factors present. Nevertheless, as a rule of
thumb, the ablation efficiency, average NP size and size distribution tend to increase
with increasing laser fluence. This applies especially in the case of femtosecond ab-
lation, where higher fluence leads to ablation by the confined plasma plume and thus
to a significant increase in the ablation efficiency. [40]

Laser wavelength

The impact of laser wavelength on the ablation process has been examined by various
studies. Tsuji et al. first demonstrated the impact of laser wavelength on the size dis-
tribution of silver NPs in 2002. [52] When changing the incident laser wavelength
of a nanosecond Nd:YAG laser from 1064 to 532 and 355 nm, a gradual decrease
in the particle mean size and narrowing of the size distribution was observed. In
addition, the ablation efficiency reduced significantly. Both of these effects were re-
lated to self-absorption. Because the localized surface plasmon resonance frequency
of silver NPs lies around 400 nm, the self-absorption efficiency increases dramat-
ically with decreasing laser wavelength. Increased self-absorption can explain the
decrease of mean particle size due to fragmentation, as discussed in the paragraph
above. Likewise, it can lead to a decreased ablation efficiency due to a drop in the
laser energy reaching the target. A similar effect was also observed by Mafuné et al.
[53] for gold NPs.

Pulse number

The number of pulses definitely influences the concentration of the sol. As the ab-
lation progresses, material is continuously ejected from the target and the amount
of ablated material in the liquid medium increases. The rate of ablation gradually
decreases, as self-absorption and scattering caused by formed NPs decrease the ef-
fective laser power reaching the target. The number of pulses, however, also has an
impact on the NP size, as first observed by Procházka et al. [46, 52] on the formation
of silver NPs. Procházka observed that the average size of NPs decreased with the in-
creasing number of pulses. This phenomenon was also attributed to self-absorption
of the laser pulses and consequent fragmentation. This hypothesis was confirmed by
irradiating the sample in the absence of the gold target and observing the same size
reduction effect. [46]
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Solvent effects

The choice of the ablation medium has been of interest ever since the introduction
of laser ablation. Even Fojtik and Henglein, in their pioneer work on laser ablation
[38], already reported ablation in three different solvents and ablation experiments
in many different solvents have been conducted to date. The choice of the solvent
is essential from two different perspectives – NP formation and further application.
The prepared NPs may be utilized for many purposes: preparation of films, elec-
trophoretic deposition, further functionalization, preparation of composite systems
or simply kept suspended in the solvent for catalytical or spectroscopic purposes.
Depending on their use, solvents with various physical and chemical properties may
be beneficial. Factors like solubility of various chemical compounds, viscosity, boil-
ing point, dielectric properties and solvent-NP interactions have to be taken into ac-
count when choosing an appropriate ablation medium with respect to the desired NP
applications.

The specific ablation medium, however, does not only determine the potential
applications of the sols. It can also have a direct impact on the ablation process.
Oseguera-Galindo et al. noted that the use of different solvents in an otherwise iden-
tical ablation experiment can lead to different mean particle size of the sol. Fur-
thermore, the stability of the sols varies significantly. The authors proposed that the
dipole moment and viscosity coefficient could play a key role in the stability of the
sol. [54] The value of the dipole moment relates to the strength of the repulsive elec-
tric double layer on the surface of the NPs. Solvents with a higher dipole moment
could thus exhibit greater stability thanks to a stronger repulsion force among indi-
vidual NPs. [55] Viscosity, on the other hand, reduces the mobility of NPs in the
medium and as such also the kinetic energy of NP collisions. Increasing the elec-
tric double layer and simultaneously reducing the kinetic energy of NP collisions
thus seems to be a good approach to achieve improved stability of the sols by solvent
choice. Nevertheless, there is considerable disaccord in the literature as to the stabil-
ity of NPs in various solvents. For instance, Besner et al. [48] report that gold NPs
prepared by femtosecond ablation in ultra-pure water collapse within several hours
and propose a fragmentation treatment to improve their stability. On the other hand,
gold hydrosols prepared in this thesis are stable for many months. Sylvestre et al.
suggest that besides other factors, the laser beam focusing can influence the stability
of the sols. [56]



Chapter 2
Objectives

Nanoparticle science is a rapidly expanding field of contemporary research. A rela-
tively new method of NP preparation is laser ablation. This method allows NP prepa-
ration directly from pure metals with no contamination of NP surface, but there is
currently limited control over the NP properties. This is due to the fact that the ab-
lation outcome depends on many variables and the ablation process is not fully un-
derstood. Systematic studies of these parameters are rare and mostly performed in
water. Preparation of NPs by laser ablation in organic media, however, is very attrac-
tive because it can enable interaction of NPs with adsorbates insoluble in water. For
these reasons, a procedure for efficient preparation of stable organosols, as well as a
systematic study of the impact of various parameters on the ablation process, could
be of high value. This thesis attempts to meet these needs by the following aims:

I Construction of a new ablation cell and ablation apparatus allowing prepa-
ration of higher volumes (more than 5 mL) of stable gold sols and enabling in situ
monitoring of the ablation process

II Systematic assessment of the parameters influencing the ablation process
(beam focusing, pulse duration, pulse energy, stirring speed) and their optimization
for the preparation of stable and reproducible gold sols

III Preparation of gold sols in alcohols, their characterization and assessment
of the impact of the solvent properties on the ablation process

IIII Laser ablation in the presence of organic adsorbates to improve the in-
teraction between the adsorbate and NP surface

Note: Sols are intrinsically meta-stable systems, the term “stable sol” in the ob-
jectives implies that the sol does not precipitate and maintains similar characteristics
over an extended time period.



Chapter 3
Experimental

3.1. Construction of a New Ablation Cell

In order to eliminate the disadvantages of the classical laser ablation setup (presented
in subsection 1.3.5), we decided to construct a new, custom ablation cell. A photo-
graph of the fabricated ablation cell and the whole setup is displayed in figure 3.1.
The ablation vessel was manufactured from a commercially-available crystallization
beaker (Glassco Boro 3.3). The beaker diameter is 7 cm and its height was reduced
to 29 mm in a glass workshop to set the ablation volume to ∼50 mL. The ablation
tube was prepared by welding a flat circle of borosilicate glass into a tube of the
same material. The edges of the tube were then abraded off to prevent the trapping
of bubbles on the bottom side of the glass tube. The lid of the ablation vessel was
made from poly(tetraflouroethene), which provides good chemical stability as well
as mechanical properties and does not insert ions into the system. A circular trench
on the bottom side of the lid was made to ensure stable alignment of the lid on the
vessel. In addition, three holes were made into the lid with a lathe and smoothed by
a triangular file. Technical drawings of the lid are presented in Appendix A.

The first hole accommodates the glass tube, which is secured in position by a
poly(propene) M4 screw mounted in a thread. The second hole serves to secure the
passage of the 5-sided glass cuvette into the ablation cell. The vertical position of the
cuvette is fixed by a strip of a heat-shrinkable plastic tube. The third hole serves to
insert the gold plate into the cell. The dimensions of the gold plate are 52×10×0.6
mm and the plate is folded at a right angle to form a 22×10 mm bottom area. The
gold plate is immobilized by another poly(propene) M4 screw mounted in a horizon-
tal thread (see image).

The whole cell is inserted in a poly(propene) ring in order to fix its position. The
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Figure 3.1.: Photograph of the ablation cell and the whole ablation setup

inner edges of the ring copy the curvature of the ablation vessel to ensure a stable
position of the cell during the ablation experiments. The ring is connected by an M5
screw to a brass rod fixed to a magnetic stand. A magnetic stirrer (VELP Scientifica)
is placed on an adjustable stand just below the ring.1 Two holes were drilled into
the magnetic stirrer lid to enable the in situ UV-Vis spectra measurement, which is
described in section §3.5. The first hole was made into the top of the lid to enable
the UV-Vis beam to pass through the cell and back into the optical fiber. The second
hole was drilled into the back side to allow the insertion of the optical fiber holder
into the magnetic stirrer. In addition, the magnetic stirrer rotation was calibrated, as
explained in section §3.2.

The optical cable holder was also designed and manufactured specially for this cell.
The core of the holder is made from duraluminium and includes a set of collinear
M10 threads in the top and bottom side. A collimator was mounted into each of
these threads to warrant the passage of a collimated beam through the optical cuvette,
ablation vessel and back into the optic fiber and to the detector. The third thread
serves to attach the optical fiber holder to a brass rod held by another magnetic stand.
To prevent possible dangerous reflection of the laser beam from the shiny surface, the
optical fiber holder was sprayed by a carbon-based universal black dye to reduce the
reflectance of the surface. Before the application of the dye, the duraluminium was
shortly treated in an oxidation bath to roughen the surface and improve the adhesion
of dyes. The threads were also sealed with wax prior to this process to prevent their
damage.

1Even though both components are close to each other, the magnetic stirrer does not support the
weight of the cell, which is fully held by the ring.
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3.2. Magnetic Stirrer Calibration

Stirring of the liquid during laser ablation is often poorly quantified or neglected
altogether in similar studies. It appears, however, that stirring of the liquid medium
has an impact on the ablation and a further study is presented in this thesis. For
this reason, the magnetic stirrer calibration was necessary.2 The rotations per minute
(RPM) of the magnetic stirrer used in the ablation setup were calibrated with the use
of the stroboscopic effect. A strong, white light diode was connected to a source of
square functions (Agilent 33200A 20 MHz Function Generator). The duty cycle was
set to 10 % to obtain a series of short flashes with a repetition rate tunable by the
instrument. The electric pulse frequency was then set to 6.66 Hz.3 Having turned
the lights off, the speed of rotation was slowly increased until an apparent stop of the
stirring bar movement was observed. The electric pulse frequency was then doubled
to ascertain that the rotation of the stirring bar between two consecutive flashes was
only 180∘. This was confirmed by observing a rotation of the stirring bar between two
consecutive flashes by 90∘. The magnetic stirrer speed of rotation corresponding to
6.66 Hz flashes is 200 RPM. The potentiometer position for given speed of rotation
was labeled for future experiments. In an identical manner, pulse frequencies of
12.33, 20.00, 26.66 and 32.33 Hz were used to identify the potentiometer positions
corresponding to 400, 600, 800 and 1000 RPM, respectively. The calibrated values
of the potentiometer positions were then used in all following experiments to set the
desired speed of rotation.

3.3. Laser System Specification

The laser pulses used for the ablation experiments were generated by a mode-locked
Ti:sapphire oscillator (Mantis-5E, Coherent), with a repetition rate of 80 MHz, mode-
locked power 479 mW and FWHM bandwidth range of 768-848 nm. The Ti:sapphire
oscillator was seeded by a Verdi G pump laser (Coherent). The generated laser pulses
were amplified by a Ti:sapphire regenerative amplifier (Legend Elite L-1K-HE, Co-
herent). The laser pulses delivered by the Legend regenerative amplifier, which were
used for the ablation experiments, had a central wavelength of 800 nm, minimal pulse
duration of 32 fs, maximum energy of 4.6 mJ and a repetition rate of 1 kHz. The

2The magnetic stirred used in the ablation experiments is controlled by a potentiometer and does not
indicate the rotation speed.

3This frequency corresponds to 200 RPM when the stirring bar rotates by 180∘ between two con-
secutive flashes.
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maximum laser power was reduced by a polarizer to an intended value; the pulse
duration was adjusted by shifting the alignment of the diffraction grating in the pulse
compressor in the regenerative amplifier.

3.4. Standard Ablation Experiment

A typical ablation experiment was performed by the following procedure: A glass-
coated magnetic stirrer (20 mm long rod with 4 mm in diameter) was inserted into
the ablation cell. Next, 50 mL of the solvent were added into the ablation cell, the cell
was closed with the assembled lid and placed onto the cell holder (see figure 3.1).
The distance from the lid to the lens was then remeasured to confirm that the focusing
of the laser beam is set to the required value. The alignment of the cell with respect
to the optical fiber holder was then optimized to secure a strong UV-Vis signal for the
in situ measurements. Next, the magnetic stirrer was activated and a reference and
dark spectrum for the UV-Vis detection were taken. The output of the laser was set to
the intended value. The unfocused laser beam was always stopped by a beam blocker
prior to the experiment. After double-checking the alignment of the cell, the UV-Vis
recording was started and the beam stopper was removed. During longer ablation ex-
periments, the irradiated spot on the gold plate was occasionally adjusted by a tiltable
mirror to prevent perforation of the gold plate. After achieving the desired concen-
tration of the sol (measured in situ by the height of the plasmon extinction band) or
after a specific amount of time, the UV-Vis recording was stopped. Next, the laser
beam was blocked and the cell taken out from the stand. Depending on the nature of
the experiment, various samples were taken for further analysis. Finally, the vessel
was thoroughly cleaned prior to the next experiment, as described in section §3.12.

3.4.1. Ablation Experiments with Controlled Temperature

Several ablation experiments were carried out under different than ambient temper-
ature. These experiments were conducted in the standard ablation setup with several
modifications. To stabilize the temperature in the ablation cell during the experi-
ments, 1 meter of an enameled resistance wire (ISOTAN, R = 9.8Ω/m) was wound
around the cell and secured with duct tape. In addition, the cell was covered with a
cellulose strip to reduce the heat loss. The heating was powered by a DC generator.
Prior to the ablation experiments, the voltage necessary to maintain constant temper-
ature in the cell was determined by the following procedure: 50 ml of water were
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added to the ablation cell and heated to 30 ∘C on a heater. The cell was then inserted
into the stand, insulated by the cellulose strip and the heating activated. The evolu-
tion of the temperature in the cell was measured by a thermometer and the heating
output regulated accordingly to maintain a stable temperature of 30 ∘C. The power
necessary to keep a stable temperature of 30 ∘C in the cell was determined as 2.5 W.

During the actual ablation experiments, the cell was filled with the solvent of
choice, heated to the intended temperature on a heater and then carried to the ab-
lation cell holder. The wires were then attached to the electric source to activate the
heating. The ablation experiment was then carried out in a standard way. At the end
of the experiment, the temperature of the solvent was remeasured to ensure that the
temperature did not change during the experiment. The final temperature was always
in a 1∘C range from the initial settings.

3.5. Plasmon Extinction Measurements

Plasmon extinction spectra were measured by UV-Vis spectroscopy with a Mikropack
DH-2000 UV-Vis-NIR light source and an Ocean Optics ADC1000 detector. The
spectra were recorded and exported using OceanView 1.5.0 software. The plasmon
extinction spectra were measured in two different setups: in situ measurements dur-
ing the ablation experiments and measurements in cuvettes when monitoring the sta-
bility of the sols over time.

The ablation cell setup depicting also the in situ extinction measurements setup is
shown in figure 1.2. Briefly, an optical fiber was attached to a collimator mounted in
the optical fiber holder. The collimator formed a collinear beam that passed through
the bottom of a 5-window optical cuvette, a 10 mm thick layer of the solution, the
bottom of the ablation cell and then was gathered by a second collimator back into
the optical fiber and directed onto the detector. Prior to each ablation experiment,
the spectrum of the pure solvent was measured as a blank. In most ablation exper-
iments, the spectra were collected automatically every minute. The measurements
in cuvettes were performed in a cuvette holder with the collimated beam passing
transversely through a 10mm polystyrene cuvette. In this setup, a different cuvette
with the pure solvent corresponding to that of the sol was used as a blank prior to
each measurement. The integration time was set in such a manner to maximize the
signal without saturating the detector. In both types of measurements, the spectra
were collected from 100 runs with an integration time of around 5 ms. If the detector
was saturated even in case of the minimal accumulation time of 3 ms, neutral density
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filters with various optical density were used to reduce the signal intensity. A sharp
emission peak of the source lamp located at 655 nm deformed the extinction spec-
trum at this specific wavelength; the data at this wavelength were disregarded and the
spectra manually corrected in Origin 9 during their evaluation.

3.6. Emission Spectra Measurements

Emission spectra of the laser beam were measured when investigating the nonlinear
optical properties of a focused, femtosecond laser beam. In this experiment, the laser
beam was directed by a set of mirrors onto a plano-convex lens, identical to the ab-
lation experiment. The confocal laser beam was then directed through a glass tube
(identical to the ablation experiments) filled with 3 cm of water. The transmitted
beam was captured by polyethylene foam located below the glass tube to avoid pos-
sible dangerous reflection of the beam. An optical fiber terminated with a collimator
was suspended by a holder and aimed towards the glass tube filled with the solvent.
Emission spectra of the laser beam passing through the solvent were recorded in
darkness with an integration time of 200 ms and averaging over 20 spectra.

3.7. Pulse Duration Measurement

The laser pulse duration was measured indirectly using a second order optical pro-
cess. The experimental setup available for transient optical absorption was used as
an autocorrelator. For the measurement of the autocorrelation, the laser beam of in-
terest was split into two beams, which were both directed into a second harmonic
generation (SHG) crystal with an adjustable time delay. The intensity of the second
harmonic generation was measured indirectly by recording the depletion of the fun-
damental (probe) beam intensity over a range of relative time delays. The specific
setup for the pulse duration measurement was as follows:

The laser beam from the regenerative amplifier (LEGEND Elite USP, Coherent
Inc.) passed through a beam splitter. This formed two temporally identical replicas
of the output pulse train, called the pump and probe beam. The pump beam then
passed through a 2mm BBO (β−barium borate) crystal, a neutral density filter and
a half-wave wave-plate and then was directed into an SHG crystal phase matched for
incident light of 800 nm (BBO crystal, 6×6×2 mm, Eksmaoptics BBO-605H, Type
1). The probe beam was directed to a retroreflector mounted on a mobile stage, passed
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through a neutral density filter and then was also directed into the SHG crystal at an
angle of about 10ř with respect to the pump beam. Part of the energy of the incident
beams was up-converted in crystal by the SHG process into a third beam. Due to the
mobile stage, the beams were permitted to enter into the SHG crystal with a relative
time delay. The energy of the pump and probe beam entering the SHG crystal was
860 nJ and 90 nJ, respectively. The relative polarization of the beams was optimized
by the wave-plate in order to maximize the efficiency of the SHG process.

After passing through the SHG crystal, the probe beam passed through an iris
and a neutral density filter and then was diffracted on a diffraction grating onto a
UV-Vis detector (HELIOS Transient absorption spectrometer CAM-VIS-2, Ultrafast
Systems) where the photon flux was measured. The reference value was set as the
photon flux of the probe beam passing through the SHG crystal in the absence of the
pump beam. The pump beam was then activated and the mobile retroreflector moved
step-wise through a set region, changing the relative time delay of the pump pulse
with respect to the probe pulse. The absorbance of the probe pulse was recorded
throughout the experiment in the range of 770-845 nm and for a selected range of
relative time delays. The minimal time step available was 16 fs; this step was in-
creased for longer pulses to maintain a reasonable duration of the experiment.

3.8. Spot Size Measurements

The laser spot size was measured by two complementary approaches: measurement
of the crater size on the gold plate and measurement of the evaporated area of spray-
coated gold on a glass slide. The crater size measurement was conducted in an iden-
tical setup to a standard ablation experiment. A smooth part of the gold foil was
placed into the ablation cell, submerged under deionized water and irradiated by a
single laser pulse of 1.5 mJ. Preliminary tests revealed that a single pulse does not
create a visible spot on the surface. For this reason, the smooth gold surface was
exposed to ~1000 pulses. After irradiation, the gold foil was dried and placed into
an optical microscope (Carl Zeiss Jena). The craters were located on the surface and
pictures were taken using a Nikon D300 digital camera with a magnification factor
of 32. Images of a reference grating were taken to calibrate the window size.

The spot size was also measured by observing the impact of the laser beam on a
thin layer of gold deposited on a glass slide by vacuum evaporation. The gold-coated
glass slide was immerged into the ablation cell, placed on top of the gold target and
exposed to a single laser pulse of 1.5 mJ. The laser pulse was then readjusted to a
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Figure 3.2.: Evaluation of the laser spot size from gold-coated slides. Yellow circles
indicate the estimated spot size.

different spot and another single pulse was shot. This procedure was repeated several
times to obtain multiple irradiated sites. Then, the slide was dried by air and placed
into the optical microscope. The irradiated areas were clearly visible on the slide and
images of said regions were taken. The exposed areas feature a transparent domain
covered with a pattern of gold spots. The calculation of the spot size was conducted
under the assumption that these patterns are caused by post-pulse deposition of the
evaporated gold back to the surface. The spot size is therefore related to the full
diameter of the affected area. Previous tests using photosensitive paper revealed that
the beam is indeed circular and without any distortion. An example of the spot size
evaluation is presented in figure 3.2.

3.9. Atomic Absorption Measurements

Atomic absorption spectroscopy (AAS) measurements of the gold content in the pre-
pared sols were conducted on a GBC 933 AA instrument (GBC Scientific) with an
air-acetylene flame type. Lamp current was set to 4.0 mA. Spectra were collected
at 242.8 nm with a slit width of 0.5 nm. Sampling was performed manually with
an integration time of 3.0 s. Each measurement consisted of 3 runs, from which the
instrument calculated the mean value and standard deviation. Prior to the measure-
ments, the instrument was calibrated by a blank (deionized water) and a set of 4 gold
standards in the range of 0-10 mg/L. Pure 1-pentanol and a set of 3 solutions of aqua
regia in deionized water with a concentration of 10, 20 and 30 % were also measured
to calibrate the response of the instrument to these solvents. In the middle of the mea-
surement, and at its end, the blank and one standard were remeasured to verify the
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stability of signal detection. No trending of the data was observed. AAS measure-
ments were performed on two types of samples: native sols and gold solutions in
diluted aqua regia.

3.9.1. Preparation of AAS Samples

Preparation of samples for AAS measurements of gold sols consisted of diluting
the native sol with a suitable solvent: deionized water for NPs suspended in water,
methanol, ethanol and 1-propanol, and 1-pentanol for NPs suspended in 1-butanol,
1-pentanol, 1-hexanol and 1-octanol. In a typical experiment, 0.5 ml of the prepared
sol was transferred into a clean 4ml glass vial by an automatic pipette. The sol was
then diluted to obtain a gold concentration of approximately 5-10 mg/L. The dilution
ratio was estimated from preliminary AAS measurements and the plasmon band of
the respective sols.

An alternative sample preparation route consisted of evaporating the solvent from
a small sample of the sol and dissolving the precipitate in a solution of aqua regia.
Typically, 0.5 ml of the native sol was transferred into a clean glass vial by an au-
tomatic pipette. The vial was then placed onto a heater located in a fume hood and
its temperature slowly increased to the solvent boiling point. The solvent was slowly
evaporated and the vial was left to cool down. Next, 0.5 ml of concentrated aqua
regia was added to dissolve the gold sediment. After complete dissolution of the
gold, the solution was diluted with deionized water to reach a suitable concentration
for AAS measurements, as described above. The only exception to this procedure
was made with NPs suspended in 1-octanol. In the evaporation step, a small shard of
clean glass was added into the vial to eliminate sputtering of the solvent due to flash
boiling. In addition, the vials were covered with an aluminium foil to decrease the
heat losses and reduce the recondensation of the solvent on the top of the vial.

3.10. TEM Measurements

Samples for TEM imaging were prepared from 2 µL of a freshly-prepared colloid,
which was transferred by an automatic pipette onto the carbon-coated side of a com-
mercial carbon-coated copper grid (Electron Microscopy Sciences, CF400-CU) and
left to evaporate for several minutes. The remaining solvent was then carefully re-
moved from the bottom side by a piece of filtration paper. The samples were then
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placed into a designated case and stored until the sample imaging. The TEM imag-
ing was performed using a Tencai G2 Spirit Transmission Electron Microscope (FEI)
with accelerating voltage of 120 kV. At first, the carbon grid was screened to record
the typical size distribution and agglomeration state of the deposited NPs. Then, de-
tailed images with a magnification ratio of 195 000 and 235 000 were taken from
several representative windows for size distribution analysis. The images were then
edited in an open license software, ImageJ. The same software was used for the NP
size distribution analysis, which was always performed on 5-10 images with a total
of at least 300 NPs . The size distribution evaluation is described in detail in the next
paragraph.

3.10.1. Nanoparticle Size Distribution Analysis

The NP size distribution analysis was performed in an open license software ImageJ
and involved a series of steps. The procedure described below is based on ref. [57]
and the individual steps are illustrated by corresponding images in figure 3.3. Part A
represents the original image as obtained from the microscope. At first, the contrast
and brightness of the image were adjusted to improve the contrast of the NPs with
respect to the background (part B). Next, the image was converted into a binary repre-
sentation by setting an appropriate threshold for the NP contrast (part C). The ImageJ
functions Erode and Dilate were then applied to remove unwanted background from
the image (part D). Essentially, a combination of these two functions removes 1-pixel
noise which can appear during the transformation to the binary image. The ImageJ
function Watershed was then used to automatically separate adjacent particles (part
E). As a final step, the image from part E was used to analyze the particle sizes. The
particle analysis settings were set up based on ref. [57] with a minimum circularity
threshold of 0.8 to eliminate the analysis of unseparated particles. The particles de-
termined by the software are presented as part F of figure 3.3. From the comparison
of part A (original image) and part F (particles determined by the software) it is vis-
ible that the procedure did not bias the size distribution of the NPs. In addition, a
comparison of the original image and the output of the size distribution procedure
was performed for each analyzed image. If some particles were missing in the final
output, they were manually measured in the original image and added to the sam-
ple. The automated procedure provides the area A of the nanoparticles, which was
converted into particle diameter d by the following formula: d = 2

√
A/π . The size

distribution analysis was then carried out in Origin 9.
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Figure 3.3.: Images of individual steps of the size distribution analysis of gold NPs
using ImageJ software
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3.11. Surface-enhanced Raman Scattering
Measurements

Surface-enhanced Raman scattering (SERS) measurements were carried out on a
DXT Raman microspectrometer (Thermo Scientific). At the beginning of each mea-
surement, the instrument optics were aligned and the detector was calibrated by run-
ning the protocol supplied by the manufacturer. The SERS measurements were car-
ried out in two different experimental setups: measurements of SERS spectra from
the sols in a quartz cuvette and from precipitated NPs on glass slides. The excitation
wavelengths used were 532 nm and 633 nm (which coincide well with the plasmon
band of the NPs) for SERS measurements and 780 nm for the measurement of the Ra-
man spectrum of the cationic polymer (PTeH) to reduce the fluorescent background.

3.11.1. SERS measurements from vials

In a typical experiment, 2 ml of the sample were pipetted into a quartz cell by an
automatic pipette. The cuvette was inserted into the instrument and the alignment of
the cuvette with respect to the laser beam was optimized with respect to the signal
intensity. The spectrum was then recorded at the maximum power (10 mW for 532
nm and 8 mW for 633 nm excitation) with a collection time of 1 second and 64
exposures.

3.11.2. Preparation of gold aggregates for SERS
measurements

The gold aggregates were prepared from adsorbate solutions of the same concentra-
tion as used for the measurements from cuvettes. In a typical procedure, 20 µL of
the stock solution of the adsorbate were added by an automatic pipette into a glass
vial containing 2 mL of the sol. The sols were then left overnight to aggregate. In
some cases, spontaneous precipitation of the sol occurred after the addition of the
adsorbate; the other samples were placed into an ultrasound bath and exposed to ul-
trasound of high intensity for 10 minutes in an attempt to induce the aggregation. In
the next step, 20 µL of 1 M hydrochloric acid were added to the sols which did not
indicate any precipitation after the ultrasound procedure. These samples were then
returned to the ultrasound bath for additional 10 minutes and then left overnight. This
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procedure successfully induced precipitation of NPs suspended in ethanol, 1-butanol
and 1-hexanol at some stage; NPs suspended in 1-octanol did not precipitate during
this procedure.

An alternative precipitation procedure consisted of centrifugation of the sols. In
a typical procedure, 2 mL of the sample were pipetted into an Eppendorf tube by an
automatic pipette. The samples were then centrifuged for 5 minutes at 12 000 rpm.
This procedure resulted in a sedimentation of NPs in all of the samples: ethanol,
1-butanol, 1-hexanol, 1-octanol and water for reference. The 1-octanol sample, how-
ever, maintained a faint pink color, indicating that the sedimentation was not com-
plete.Altogether, gold aggregates were prepared from each tested sol by at least one
procedure; the prepared aggregates were then used for measurements of SERS spec-
tra from glass slides, as described in the following paragraph.

3.11.3. SERS measurements from glass slides

The SERS measurements from gold NP aggregates on glass slides were performed
using a lens with a magnification factor of 50. In a typical experiment, the gold
precipitate was carefully collected by a small automatic pipette from the bottom of
the vessel and dropped on the glass slide. The solvent was then left to evaporate at
room temperature. The spectra were recorded with excitation at 532 and 633 nm
with an output varying between 0.1 and 1.0 mW. The output was set to maximize the
signal intensity, but avoid thermal decomposition of the sample. The spectra were
collected from 64 exposures of 2 seconds each.

3.12. Glassware Cleaning

The cleanness of all used glassware is of principal importance since even traces of
impurities can cause the aggregation of the sols as well as affect the results of SERS
measurements. To ensure adequate cleanness of the glassware, the following proce-
dure was was applied to all glassware prior to their use.

At first, the glassware was thoroughly cleaned with warm water. Next, the glass-
ware was filled for 5 minutes with a mixture of concentrated sulfuric acid with 30%
hydrogen peroxide in a ratio 1:1 to remove organic species. The glassware was then
rinsed several times with distilled water. Next, it was filled for 5 minutes with aqua
regia – a mixture of concentrated nitric and hydrochloric acids in a ratio 1:3 to re-
move traces of gold. The glassware was then rinsed several times with deionized
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water, filled with deionized water for 5 minutes and then rinsed again. Finally, it
was rinsed with ultra-pure water, filled with ultra-pure water for 5 minutes and then
rinsed with ultra-pure water. The glassware was then left to dry at room temperature.
The dry glassware was then rinsed with the appropriate solvent prior to its use.

3.13. Chemicals

∙ gold foil (99.99%, SAFINA)

∙ deionized water (Milli-Q ultra-pure water with specific resistance of 18.2 MΩcm−1)

∙ methanol (Riedel de Haën, Spectranal)

∙ ethanol (Sigma-Aldrich, Chromasolv, for HPLC)

∙ 1-propanol (Sigma-Aldrich, Chromasolv, for HPLC)

∙ 2-propanol (Roth, Rotisolv HPLC)

∙ 1-butanol (Acros Organics, extra pure)

∙ 1-pentanol (Sigma-Aldrich, for GC)

∙ 1-hexanol (Fluka, for GC)

∙ 1-octanol (Sigma-Aldrich, spectrophotometric grade)

∙ 2-methyl-2-propanol (Sigma-Aldrich)

∙ 2,2’-bipyridine (Sigma-Aldrich, 99% purity)

∙ 5,10,15,20-tetraphenyl-21H,23H-porphine copper(II) (Sigma-Aldrich)

∙ 5,10,15,20-tetrakis(1-methyl-4-pyridumyl)-21H, 23H porphine (Sigma-Aldrich)

∙ poly{3-[6-(triethyl-phosphonium)hexyl]thiophene-2,5-diyl hexafluorophosphate}

∙ nitric acid (Lachner, 65 %, p.a.)

∙ sulfuric acid (Lachner, 96 %. p.a.)

∙ hydrogen peroxide (Lachner, 30 %, p.a.)

∙ hydrochloric acid (Lachner, 35 %, p.a.)



Chapter 4
Results and Discussion

This chapter starts with the construction of a novel ablation cell, optimization of its
setup and a measurement of the spot size on the gold target. The impact of several
parameters (beam focusing, pulse energy, pulse duration and stirring) on the ablation
process is then measured and discussed. Based on these results, an optimal proce-
dure for efficient preparation of stable sols is suggested. Throughout the chapter,
the ablation efficiency is quantified by the height of the surface plasmon extinction
band. This procedure is justified by atomic absorption measurements presented in
section §4.9. The optimized settings for the ablation process are then used for the
ablation in alcohols, which starts in section §4.10.

4.1. Construction of the Ablation Cell

The first fundamental step towards the planned systematic study of various param-
eters of femtosecond laser ablation in liquid media was the construction of a novel
ablation cell. To date, ablation cells reported in the majority of published articles
are rather simple (see subsection 1.3.5 for details). While this may bring advantages
in the cell fabrication and maintenance, the simplicity of such cells hinders accurate
assessment of the impact of distinct parameters on laser ablation as well as effective
preparation of hydrosols and organosols on a larger scale. The most crucial draw-
backs of the majority of published ablation cells are the following: the inability to
collect information about the ablation process in situ (for instance by UV-Vis spec-
troscopy), inefficient or no mixing during ablation and a poorly defined air:liquid
medium interface on the laser beam trajectory. With respect to the mentioned draw-
backs, the first objective was to construct a cell that would eliminate these weak-
nesses. In addition, considerable effort was exerted to design a cell with a larger



Results and Discussion 32

Figure 4.1.: New ablation cell design

ablation volume than in a cuvette setup to allow for the preparation of sols on a larger
scale.

A schematic design and a picture of the assembled ablation setup are presented
in figure 4.1 and the technical specifications discussed in section §3.1. The core of
the new cell consists of a glass beaker with a flat bottom. The beaker is covered
with a lid which holds the gold target, ablation tube and a cuvette used for in situ
UV-Vis spectroscopy. The whole cell is suspended above a magnetic stirrer and a
custom-made optical fiber holder is inserted below the ablation cell.

The ablation tube is used to control the length of the laser beam pathway through
the solvent before reaching the target and the stability of the interface. In most ab-
lation setups, the laser beam passes through an air:solvent boundary. In this case, it
is difficult to ensure a flat interface, as mixing of the solution or simply the ablation
itself causes ripples on the surface or sputtering of the solvent out of the cell. In a
similar fashion, the cuvette defines the optical pathway of a collimated beam through
the solvent and ensures the stability of the interface. The stirring bar is placed away
from the trajectory of both the laser beam and the UV-Vis optical beam. Altogether,
this setup allows for ablation experiments with a well-defined optical path and in-
terface and, simultaneously, it enables effective mixing and a considerable ablation
volume.

4.2. Optimizing the Ablation Experiment Setup

The first essential step towards a systematic study of the parameters affecting laser
ablation is to define and optimize the setup geometry. Preliminary ablation experi-
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ments were therefore carried out to optimize the focal length of the lens, the distance
between the glass tube and the gold target and the relative position of the gold target
with respect to the focal point of the lens. The final setup is presented in figure 4.1
and the technical details summarized in subsection 1.3.5; the following paragraphs
discuss the rationale behind the optimized setup.

During out preliminary experiments, intensive interaction of the laser beam with
the solvent or the bottom side of the glass tube was often observed. To reduce the
interaction of the intense laser beam with the glass:solvent interface, the focal length
of the utilized lens was reduced from 250 to 125 mm. By employing a stronger lens,
the beam was made more divergent in the proximity of the focal point which leads to
a peak intensity at the glass:solvent interface. This improvement did indeed reduce
our issues with the optical breakdown of the glass tube.

Direct interaction of the laser beam with the glass is not the only possible source
of damage to the glass. Glass (or quartz) objects placed in the vicinity of the target
may also suffer from a shock wave created after the impact of the laser pulse on
the gold target and propagating in the medium. Placing the gold plate further from
the interface reduces this risk significantly. In addition, the possibility of adhesion
of formed NPs onto the bottom of the glass tube is limited. On the other hand, a
long optical pathway in the solvent is not desirable. The formed NPs can scatter the
incident light. The longer the optical pathway of the pulse in the solvent, the more of
the incoming laser power is dispersed before reaching the target and the ablation is
less efficient. After a series of tests, an optimum of 6 mm was found for the distance
between the glass tube and the target. This value is comparable with the optical
pathway used in the classical setups with an air:solvent interface (subsection 1.3.5
and figure 1.2 on page 12). A common problem of this setup is that when the optical
pathway is reduced, the expanding plasma plume causes sputtering of the solvent
from the cell and a loss of the sample. In addition, it is very difficult to exert control
over the quality of the interface due to the sputtering caused by the laser impact on
the target as well as a vortex originating from mixing of the solvent, if applied. The
introduction of the glass tube into the ablation setup prevents both the sputtering of
the solvent and refraction and scattering of the beam at the interface.

Another important parameter for laser ablation is the relative position of the focal
point with respect to the gold target. Putting the gold target directly into the focal
point is not practical, because the laser beam can reflect directly back into the laser
optics and cause damage to the mirrors. For this reason, we decided to place the target
before the focal point. This placement also reduces the interaction of the focused
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laser beam with the solvent accompanied by potential plasma generation. Finally,
putting the target before the focal point decreases additionally the beam intensity at
the glass:solvent interface. On the other hand, putting the target before the focal point
reduces significantly the laser fluence, as the spot size increases dramatically. In the
optimal position of the target the laser beam does not damage the glass, but it is still
focused enough for effective ablation to proceed. After a series of preliminary tests,
the optimal position of the gold target was determined as 4 mm in front of the focal
point. These settings were used in all further experiments, unless otherwise noted.
The optimal position may be influenced by laser parameters such as pulse power
and pulse duration. The impact of these parameters is discussed in the following
paragraphs.

4.3. Spot Size Measurements

The laser beam spot size (the area on the target irradiated by the laser pulse) is an
important parameter for laser ablation because, together with the laser power, it co-
determines the laser fluence on the target surface. The value of the laser fluence is
an important parameter in laser ablation. When the laser fluence is below the abla-
tion threshold, no ablation occurs. In addition, the laser fluence drives the ablation
mechanism in the case of femtosecond laser ablation. [40] For these reasons, mea-
surements of the spot size were carried out. The spot size was determined by means
of optical microscopy in two setups: from ablation craters on a gold foil and from
spots on gold-coated glass slides. In addition, these results were compared with a
geometric optics calculations.

The optical microscopy measurements are described in detail in section §3.8. Es-
sentially, a smooth part of the gold target was irradiated by the laser and then the
crater size was measured. Images of the resulting craters are presented in figure 4.2.

The obtained images indicate that the spot size is about 0.5 mm in diameter. How-
ever, these craters were formed by a series of laser pulses since a single pulse did not
leave a visible mark on the target. Possibly, the spot size itself could be smaller if the
energy distribution at the impacted spot was not constant for subsequent pulses. To
confirm that the obtained spot size is not upwardly biased, the spot size on a glass
slide coated with a thin layer of gold was also measured. Here, a single pulse was suf-
ficient to evaporate the gold layer and form a transparent spot on the glass slide. The
resulting spot sizes from glass slides (presented in section §3.8) are in good accord
with the size of the craters.
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Figure 4.2.: Optical images of craters in the gold foil after irradiation

A final check was performed by a geometric optical calculation. By taking into
account the width of the laser beam, the focal length of the lens, the distance be-
tween the lens and the target and refractive indices of the glass tube and the liquid
environment, we calculated the expected spot size diameter. The calculated spot size
(excluding non-linear optical effects such as self focusing) is 0.49 mm for ablation in
water. The spot size varies slightly depending on the refractive index of the solvent,
which is summarized in table 4.1. This table also reveals one important implication
of the solvent choice: under the same laser settings, the gold foil is exposed to a beam
of a different fluence when performing ablations in various solvents. The dispersion
of estimated fluences by this trivial calculation is 10 %. Essentially, the energy per
pulse remains the same, but it is focused on a slightly smaller area. This may be one
of the aspects that have an influence on the ablation efficiency in different solvents,
which is discussed in detail in section §4.10.

4.4. Pulse Duration Measurements

The pulse duration is a critical parameter with respect to laser ablation. First of
all, the pulse duration has a significant influence on the peak power of the pulse.
The peak power is a driving force of non-linear optical effects, such as self-focusing
[58, 59] and white light continuum (WLC) generation. [60] Self-focusing refers to
a phenomenon, when a strong, monochromatic beam experiences a change in the
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Solvent Refractive index Spot size diameter (mm) Normalized fluence
water 1.3325 0.49 1.00

methanol 1.3271 0.49 1.01
ethanol 1.3596 0.50 0.97

1-propanol 1.3840 0.50 0.94
1-butanol 1.3976 0.51 0.93
1-pentanol 1.4082 0.51 0.92
1-hexanol 1.4180 0.51 0.91
1-octanol 1.4277 0.51 0.90

Table 4.1.: Dependence of the laser beam spot size on the solvent refractive index

refractive index caused by the third-order non-linear polarization of the medium by
the propagating beam. Due to the transverse intensity profile of the beam, which
is usually Gaussian, these changes in the refractive index can cause a lens-like ef-
fect which may focus the beam. [61] Changes in the pulse duration can thus have
a significant impact of the interaction of the laser beam with the liquid medium. In
addition, the duration of the interaction of the laser pulse with the target determines
the ablation mechanism, as discussed in subsection 1.3.3. For this reason, a method
to characterize the pulse duration was sought for in this work.

The employed pulse duration measurement is based on a second harmonic gen-
eration frequency-resolved optical gating (SHG FROG) experiment, as described in
ref. [62]. In this experiment, the laser pulse is split into two two temporally identi-
cal replicas of the original pulse. These are mixed with a tunable time delay in an
SHG crystal, yielding a third beam with a double frequency by an SHG process. The
efficiency of the SHG process depends on the square of the instantaneous intensity
in the combined incident laser pulses, actually measuring the autocorrelation func-
tion. Therefore, it is possible to use the intensity of SHG beam as a measure of the
temporal profile of the incident pulses, by scanning their mutual delay. The setup
applied in this work is described in detail in section §3.7; a simple description of the
experiment follows.

Briefly, the laser beam was split into a pump and probe beam. The pump beam was
directed into an SHG crystal. The probe beam was directed onto a mobile retroreflec-
tor and then also directed onto the SHG crystal with a controlled time delay. When
the laser pulses from both beams temporally overlapped in the crystal, a second har-
monic beam was formed. The transmitted probe beam was directed through an iris
and a diffraction grating onto a detector. The intensity of the SHG phenomenon



Results and Discussion 37

Figure 4.3.: Examples of the depletion of the fundamental beam intensity in the pulse
duration measurements. Left side: 3D map exhibiting the absorbance
dependence on the wavelength (horizontal axis) and time delay (vertical
axis). Right side: Absorbance dependence on the time delay for a se-
lected wavelength. Yellow line is the current measurement; white line is
the average over all previous measurements.

was thus detected as a drop in the probe beam intensity.1 The baseline was set with
the pump beam blocked. Then, the pump beam was activated and the retroreflector
mounted on the mobile stage moved step-wise through a set region to change the rel-
ative time delay of the two pulses in the SHG crystal. The absorbance of the probe
beam was measured in the desired region of relative time delays for wavelength in
the range of 770 – 845 nm. The measurement thus resulted in a 3D map demon-
strating the dependence of the probe beam depletion (detected as absorbance A by
the detector) on a range of time delays and wavelengths. Examples of such mea-
surements are presented in figure 4.3. The left side displays plots of the depletion of
the probe beam intensity depending on the irradiation wavelength (horizontal axis)
and relative time delay (vertical axis) for different pulse duration. On the right hand
side the absorbance profile with an increasing relative time delay is presented for a
specific wavelength (indicated in red in the corresponding 3D map image). The most
significant difference between both images is the tilting of the absorbance “peak” in

1This is an alternation to the traditional SHG FROG experiment, where the intensity of the second
harmonic beam is measured.
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the bottom one. This is likely caused by a chirp2 of the laser pulse, which occurs
when the pulse is not perfectly tuned.

The laser pulse duration was varied by adjusting the position of the compressor
station in the LEGEND regenerative amplifier. The laser is constructed to minimize
the chirp for maximal pulse compression. When the pulse duration was prolonged
by changing the alignment of the compressor station, shorter wavelengths start to
slightly precede the longer wavelengths, leading to a positive chirp a side effect. For
this reason, the absorbance peaks for shorter wavelengths (higher frequencies) ap-
pear with a shorter relative time delay. This effect complicates the assessment of
the actual pulse duration, since the pulse overlap for a specific wavelength (as plot-
ted on the right hand side of figure 4.3) does not represent the full duration of the
pulse overlap. To compensate for this effect, the following procedure was developed
and adopted to evaluate the true overlap duration of the two laser pulses. As a first
step, the 3D plot was inspected and the absorbance peak located. Then, an interval
of wavelengths was selected in such a way to include the whole absorbance peak.
The remaining wavelengths were cut off to reduce the noise in the spectra. Next,
the signal was averaged across the selected wavelength region and the resulting sig-
nal was fitted with a Gaussian curve. Examples of the resulting fits are presented
in figure 4.4. These fits, however, are not true estimates of the pulse duration; they
represent the overĺap time of two pulses. An overlap (autocorrelation) of two pulses
with the same Gaussian profile has twice the variance of the individual pulse. Since
the full width at half maximum (FWHM) is proportional to the standard deviation
of the distribution, the pulse duration FWHM is equal to 1/

√
2 of the pulse overlap

FWHM. The pulse duration calculated by this procedure may still be biased slightly
upward due to the fact that the beam passes through 2 BBO crystals, which leads to
an additional stretching of the pulse. [62] Nevertheless, we believe that this tech-
nique provides sufficient insight into the approximate pulse duration and allows for a
sufficiently-accurate characterization of the pulse duration for our research purposes.

4.5. Impact of the Laser Pulse Duration

To explore the effect of the pulse duration on laser ablation, a series of ablation experi-
ments with increasing pulse duration and otherwise identical settings was conducted.
The ablation was carried out in ultra-pure water for 15 minutes with a pulse energy
of 1.5 mJ and the stirring set to 800 RPM. To start off, the Pockels cells and the pulse

2Chirp is a common expression for temporal variation of the frequency throughout the laser pulse.
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Figure 4.4.: Gaussian fit of the absorbance dependence on the relative time delay

compressor were set to maximize the pulse compression, which was verified acousti-
cally by the intensity of plasma formed in air by a focused beam. The pulse duration
was then characterized by the procedure explained in section §4.4 and an ablation
with in situ UV-Vis absorption measurement was carried out. Next, the pulse was
prolonged slightly by shifting the position of the grating in the laser compressor. The
pulse duration was then characterized and an ablation with given pulse duration was
carried out. This approach was used to obtain a series of ablation experiments for
pulse duration in the range of 50-3000 fs.

We observed a major influence of the pulse duration on the ablation efficiency.
To quantify this effect, the in situ surface plasmon extinction (SPE) spectra were
recorded throughout the experiment. The temporal evolutions of the SPE spectra,
presented on the left side of figure 4.5, demonstrate a steady increase of the plasmon
band during the experiment. The evolution of the height of the SPE band3 for each
set of spectra is presented on the right side of the figure. An identical evaluation was
performed for all pulse durations and the results are plotted with a linear fit in part a
of figure 4.6. It is clearly visible that different pulse durations lead to a significantly
different ablation rate. This fact is summarized in part (b) of the figure, which shows
the plot of ablation efficiency on pulse duration, as well as in table 4.2.

As visible from figure 4.6, the ablation proceeds very slowly for the maximal pulse
compression (shortest pulses). The ablation speed then increases as the pulse dura-
tion rises and culminates for pulse duration around 1800 fs. The ablation efficiency
for even longer pulses starts to decrease; several ablations for even longer pulses were
carried out and the ablation efficiency continued to decrease. The data is not included
in the table because the temporal characterization of these long pulses fell below our
detection limits due to low efficiency of the non-linear optical process in the SHG
crystal at longer pulse duration.

3We demonstrate that the SPE band height is a good proxy for the sol concentration in section §4.9.
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Figure 4.5.: Evaluating the ablation efficiency: examples of in situ SPE spectra (left)
and corresponding temporal evolution of the SPE band height (right) for
laser ablation in ultra-pure water with energy of 1.5 mJ per pulse and
pulse duration FWHM 680 and 1800 fs, respectively.

(a) Temporal evolution of the SPE band height for
different pulse durations

(b) Ablation efficiency plot for different pulse du-
rations

Figure 4.6.: Ablation efficiency review for laser ablation in ultra-pure water with dif-
ferent pulse durations and pulse energy 1.5 mJ.
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Pulse duration (fs, at FWHM) Ablation efficiency (∆SPE ·103/min)
50 1.68
680 18.6
1100 34.0
1800 42.8
3000 28.3

Table 4.2.: Dependence of the ablation efficiency on pulse duration for a laser abla-
tion experiment in ultra-pure water with pulse energy 1.5 mJ

The gradual decrease of the ablation efficiency for longer pulses is in accord with
our expectations. When the pulse duration increases, the laser fluence decreases and
the ablation efficiency gradually decreases. For extremely long pulses, the fluence
may drop below the ablation threshold and ablation does not occur.4

On the other hand, the drop in the ablation for short pulses was quite surpris-
ing. We suggest that this effect is related to the non-linear optical effects connected
to the high peak power of a compressed laser beam. During ablation experiments
with a compressed pulse (~50 fs), we observed an intense formation of plasma in the
solvent slightly above the metal. The plasma formation is demonstrated in part (a)
of figure 4.7. We speculate that the plasma formation in the solvent is due to self-
focusing of the laser beam. The radiation formed by the plasma then propagates in
all directions, thus effectively reducing the laser energy reaching the target. When
the pulse duration was slowly increased, the plasma formation gradually vanished.
The situation when plasma is just about vanishing corresponds to the pulse duration
of ~ 680 fs. For longer pulse durations, the visible white light in the ablation cell
vanished and a violet spot on the metal was observed, as depicted in part (b) of fig-
ure 4.7. Simultaneously, the laser ablation efficiency increased significantly, which
we relate to the absence of the plasma formation in the solvent and an increase in the
pulse energy reaching the target.

Apart from the lower ablation efficiency of the compressed fs pulse, the stability of
the sols was also lower and both samples precipitated overnight. Further experiments
were made in an attempt to eliminate the presence of plasma for the compressed pulse
and assess the influence of the pulse energy; these are presented in the following
section.

4We did not reach sufficiently-long pulses to observe this phenomenon.
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(a) Ablation with 50 fs laser pulses (b) Ablation with 1100 fs laser pulses

Figure 4.7.: Images of the ablation process with different pulse durations

Figure 4.8.: Evolution of the extinction spectrum with 2-minute increments during
ablation in water for pulse energy of 0.5 mJ (left) and 1.5 mJ (right)

4.6. Influence of the Laser Pulse Energy

The impact of pulse energy is another crucial parameter for laser ablation. For this
reason, a series of ablations with varying pulse power was conducted. The first series
was carried out for the previously-determined optimal pulse duration of 1800 fs. The
ablation efficiency was evaluated the same way as in the previous section: the in situ
extinction spectra (such as in figure 4.8) were collected and the height of the plasmon
band was plotted against time for each pulse power. The resulting data points were
fitted with a linear function to obtain the ablation efficiency as an average increment
of extinction per minute. The results are summarized in figure 4.9.

As visible from figure 4.9, the ablation threshold for given pulse duration and
focusing is around 0.25 mJ per pulse, which corresponds to laser fluence of 125
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Pulse energy (mJ) Laser fluence (mJ/cm2) Ablation efficiency (∆SPE ·103/min)
0.25 125 0.28
0.50 250 1.85
0.75 375 6.12
1.00 500 12.1
1.25 625 31.8
1.50 750 43.3
1.75 875 62.8

Figure 4.9.: Ablation efficiency of 1800 fs pulses with different pulse energy in water
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(a) Height of the SPE band maximum over time (b) Plasmon band after a 20-minute ablation for dif-
ferent pulse energies

Figure 4.10.: Ablation in ultra-pure water with a 1800 fs pulse for high pulse energies

mJ/cm2. Then, the ablation efficiency increases significantly with increasing pulse
power and reaches its maximum around 1.75 mJ (875 mJ/cm2) per pulse. When the
power is increased beyond this threshold, the ablation efficiency starts to decrease,
as demonstrated on the left side of figure 4.10. This effect is likely caused by the
formation of plasma in the solvent which was observed during ablations at these
pulse energies. This phenomenon not only reduces the energy of the pulse reaching
the target, but also has a negative impact on the stability of the forming sols. This
is visible from the plasmon extinction band of the 2 mJ sol ( figure 4.10 b). The
broadening of the plasmon band indicates the formation of large aggregates in the
sol during ablation. The same effect is apparent from the decrease of the plasmon
band maximum in figure 4.9 a. A similar situation occurs for the ablation efficiency
with pulses with energy of 2.25 mJ/pulse. In this case, the shift in the plasmon band
is less apparent during the ablation. Nevertheless, both of the sols prepared using
pulse with energy 2 and 2.25 mJ/pulse precipitated completely overnight. The sols
prepared with lower pulse energies remained stable, as seen in figure 4.11.

The same experiment with increasing pulse power and 1800 fs pulses was con-
ducted in ethanol and similar results were observed. An ablation threshold below
which no organosol is formed was determined as 0.5 mJ (250 mJ/cm2) per pulse and
a maximum in the ablation efficiency was determined as 2 mJ (1000 mJ/cm2) per
pulse. When this upper threshold was surpassed, plasma formation in the solvent
was observed and the sols prepared with pulse energies above this limit exhibited
lower ablation efficiency as well as lower stability. A graph depicting the ablation
efficiency and demonstrating these effects is presented in figure 4.12; a photograph
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Figure 4.11.: Hydrosol samples formed by ablation with 1800 fs pulses at various
pulse energies 2 days after preparation. Pulse energy increases from
left to right with an increment of 0.25 mJ.

Figure 4.12.: Development of the SPE height for laser ablation in ethanol with vari-
ous pulse energies

of the prepared organosols is depicted in figure 4.13.

The ablation efficiency profile was also examined for the maximal pulse compres-
sion (∼50 fs). The compressed pulse proved to be inefficient during the previous
testing of the ablation efficiency for various pulse durations and pulse energy of 1.5
mJ. At this pulse energy, the short pulse generated significant plasma in the solvent.
It is therefore possible that at lower pulse energies the short pulse duration could be
more feasible.

The ablation series with a 50 fs pulse was started at a power of 0.5 mJ/pulse. A
plasma plume was observed propagating from the target and no formation of the
plasma within the solvent was observed. This situation is illustrated by figure 4.14a.
The ablation, however, did not proceed at an observable rate. After 20 minutes, no
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Figure 4.13.: Photograph depicting the prepared organosols by laser ablation with
1800 fs pulses in ethanol. Pulse energy increases from left (0.5 mJ) to
right with a 0.25 mJ increment.

plasmon band was detected by the instrument and no color tint was observable by the
naked eye. Nevertheless, a small spot was noticeable on the gold target, indicating
that limited ablation did indeed occur. Next, the power was step-wise increased to
0.75 and 1.0 mJ with a similar result noted: even though a small spot was located
on the Au target after ablation, the amount of generated NPs in the solvent was un-
traceable. This result, however, was quite surprising. Previous experiments with the
same pulse energy and a longer pulse duration resulted in efficient ablation. In this
case, no formation of the plasma in the solvent – the previous hypothesis explaining
the inefficient ablation – was observed. Essentially, the same pulse energy should
have been delivered to the target, solely on a shorter time scale, which should result
in a comparable rate of ablation. To ensure that other conditions remained equal,
the pulse duration was increased to the previously-used 1800 fs and an ablation was
carried out with pulse energy 1.0 mJ/pulse. This ablation resulted in the formation
of a sol, reproducing previous results.

Upon closer inspection of the compressed pulse ablation progress, several differ-
ences compared to the 1800 fs ablation were noted. First of all, the negative ab-
sorbance peak around 800 nm in the UV-Vis spectra, which is related to the scatter-
ing of the incident laser beam, was significantly lower. Secondly, a faint glimmer of
white light was observed in the solvent. This effect was almost invisible due to the
light propagating from the target. When the laser beam was shifted from the target,
however, the beam of light was clearly visible, as shown in figure 4.14b.

The observed white beams appeared to be coherent and with a broad spectrum over
the visible range, which are both characteristics of white light continuum (WLC). In
addition, WLC generation would explain the decrease in the negative absorbance
peak in the in situ UV-Vis spectra. originating from the scattered light from the laser
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(a) Plasma generated on the gold surface (b) White light continuum propagating in the sol-
vent

Figure 4.14.: Pictures of laser ablation with a 50 fs laser beam

beam. To verify that the observed effect is indeed generated WLC, an additional
experiment was carried out and is presented in the following section.

4.6.1. Confirmation of White Light Continuum Generation

A supplementary experiment was designed to verify the broad spectrum and collinear-
ity of the beam observed during laser ablation with a compressed pulse. A glass tube
used in the ablation experiment was secured by a holder into the position where the
ablation cell is usually located. The laser beam was then directed through the tube
as described in section §3.6 on page 22. A paper was placed below the tube to de-
termine whether a distinct laser spot is formed after the passage of the laser beam
through the solvent. Simultaneously, the emission spectrum of the beam passing
through the solvent was measured by UV-Vis spectroscopy.

The passing beam did indeed leave make a clear mark on the paper below the tube,
indicating that the white beam passing through the solvent maintained its collinear-
ity. The emission spectra recorded from the beam passing through the solvent are
presented on the left side of figure 4.15. As visible from the figure, 50 fs pulses
with energy 1 mJ/pulse (black line) exhibit a broad emission spectrum. The same
spectrum, presented on the right hand side in logarithmic scale, is very similar to the
emission spectra obtained by Kandidov et al. for the propagation of a Ti:sapphire
laser pulse (800 nm, 170 fs, 2-200 µJ) through water (figure 7 in [63]). The authors
attribute the spectral broadening of their pulse to WLC generation.

The emission spectrum is significantly different for an 1800 fs pulse of the same
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Figure 4.15.: Emission spectra of various pulses passing through water

energy (red line). This emission spectrum matches the output spectrum of the Leg-
end laser and no changes to the spectral characteristics occur when the beam passes
through the solvent. Finally, an emission spectrum of a weak 50 fs pulse was recorded
by dramatically reducing the laser intensity passing through the solvent. This was
done by inserting a thin, translucent paper into the laser trajectory in front of the
focusing lens. This spectrum is presented in blue and also has the same spectral
properties as the original laser output.

The results of this experiment suggest that when the optical intensity of the laser
beam exceeds a certain threshold, WLC is generated in the solvent. This is in line with
experimental results as well as simulations of Liu et al. [64] We observed that this
boundary can be surpassed by using a high-power, compressed femtosecond pulse.
On the other hand, we demonstrate that WLC generation can be avoided either by
reducing the laser power or by prolonging the pulse duration. Since the generation
of WLC seems to inhibit the ablation efficiency, adopting one of these measures
appears to be a promising step towards efficient laser ablation if solution.

4.7. Manipulating the Peak Power

A laser beam with very high intensity can interact with the solvent and lead to plasma
generation (optical breakdown of the solvent) or WLC generation. [64] We observed
that plasma generation in the solvent decreases the ablation efficiency. In addition,
the stability of the sols prepared by this technique was visibly inferior. Finally, plasma
generation in the solvent can reflect the incident laser beam and cause damage to the
laser system. Next, we demonstrated that WLC generation in the solvent has a highly
negative impact on the ablation efficiency as well. On the other hand, pulses with
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laser fluence at the target below the ablation threshold result in no ablation whatso-
ever. For these reasons, it is of vital importance for laser ablation in liquid media to
be able to tune the laser beam intensity in the solvent and laser fluence at the target
surface during the ablation.

There are essentially three parameters which can be manipulated within our setup
that co-determine the laser intensity maximum in the solvent and laser fluence at
the target: laser beam focusing, pulse energy and pulse duration. The laser beam
focusing was optimized in section §4.2. Essentially, the gold target was placed in
front of the focal point to obtain a reasonable spot size and avoid strong interaction
between the laser beam and solvent due to the presence of the focal point in the
solvent. Even in this setup, however, plasma generation and/or WLC generation were
observed for high laser beam intensities.

The laser peak power can be tuned by changing the laser power and/or prolonging
the pulse duration. This situation is schematically drawn in figure 4.16, which depicts
peak power isoquants5 based on pulse energy and duration. We suggest that in order
to achieve efficient ablation, the laser beam intensity should be within the ablation
threshold and WLC generation threshold. This can be achieved either by using short
fs pulses with low energy (upper left region of figure 4.16) or longer fs pulses with
higher energy (bottom right area of figure 4.16). Based on our findings, we suggest
that prolonging the laser pulse is a superior approach to decreasing the laser power
for efficient production of sols on a larger scale. When the pulse duration remains
within a few ps, the ablation mechanism remains virtually the same (subsection 1.3.3
and [37]) and the energy per pulse delivered to the target is significantly higher. This
ablation regime is indicated by the green area in figure 4.16. The optimal laser set-
tings for our setup were determined in the previous sections as the following: pulse
duration ∼ 1800 fs and pulse energy 1.50 mJ per pulse, corresponding to laser flu-
ence of 750 mJ/cm2 at the target surface. These laser parameters were used in the
following experiments, unless otherwise noted.

4.8. Impact of Stirring on Laser Ablation

One of the expected advantages of the novel ablation cell constructed for this work
is the capability of efficient and controlled stirring of the sol during laser ablation,
which could have a positive effect on the course of the ablation and NP properties.

5An isoquant is a line connecting a set of point with the same value of certain variable.
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Figure 4.16.: Laser beam intensity optimization

For instance, an improvement of the ablation yield [46, 47, 65] and reproducibility
[47, 65] of NPs prepared by laser ablation of silver with stirring have previously been
reported. For this reason, experiments with different stirring speeds were carried out
to monitor the impact of stirring on the ablation outcome.

The first series of ablations was carried out in ultra-pure water with the ablation
geometry specified in section §4.2, pulse energy of 1.5 mJ, pulse duration of 1800 fs,
ablation time of 20 minutes and different angular speed of the stirring bar. The results
of this experiment are presented in figure 4.17. It is clearly visible that the presence
of mixing has a positive impact on the hydrosol formation speed. We suggest that this
effect is related to the convection of formed NPs away from the laser beam trajectory.
When no mixing is present, the formed NPs can diffuse into the bulk solution only
by concentration or thermal gradients. [47] When stirring is activated, however, the
formed convection can reduce the time that formed NPs spend in the beam trajectory
and decrease the scattering and absorption of the incident light they cause. When
stirring was activated and deactivated repeatedly during preliminary experiments, a
decrease in the scattering above the target was indeed observed when the stirring was
activated. Simultaneously, a soft, high-pitched sound typical for the ablation began
to resonate from the cell when stirring was activated, indicating a higher impact of
the laser beam on the metal surface.
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Figure 4.17.: Dependence of ablation efficiency on stirring bar rotation speed for ab-
lation in ultra-pure water.

ablation efficiency (∆SPE ·103/min) 0 RPM 400 RPM 800 RPM
methanol 29 41 43
1-butanol 43 46 53
1-octanol 2.5 4.7 5.7

Table 4.3.: Ablation efficiency for various alcohols based on stirring bar rotation
speed

A similar experiment to assess the impact of stirring on the formation of organosols
was conducted for methanol, 1-butanol and 1-octanol. In all cases, increased stirring
speed resulted in faster formation of the sol, as presented in table 4.3. This effect
was the most profound in the case of 1-octanol, where intensive stirring increased
the ablation speed by more than 100 %. This could be related to the high viscosity
of 1-octanol, which decreases the natural diffusion speed of NPs and thus augments
the importance of stirring as a mechanism to remove NPs from the beam trajectory.
Apart from the impact of mixing, the data indicate that the ablation speed in alcohols
can depend heavily on the choice of the solvent. The impact of solvent choice on
ablation will be discussed in detail in 4.9.

4.9. Atomic Absorption Measurements

So far, the height of surface plasmon extinction (SPE) band of the NPs was used to
evaluate the concentration of the sol during the ablation experiments. Even though
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this is a common procedure in the literature ([39, 52, 43, 66] and others), we decided
to justify this approach by relating the height of the SPE band to the absolute con-
centration of gold in the sol. A series of sols with different concentrations and in
different liquid media was prepared by laser ablation and the concentration of gold
in these sols was measured by atomic absorption spectroscopy (AAS). Our aim was
to determine whether the maximum of the SPE band height is proportional to the ac-
tual gold concentration in the sols and also to discover if the plasmon band maximum
depends on the liquid medium in which the NPs are suspended.

At first, the samples for AAS measurements were prepared by laser ablation, which
was carried out with in situ UV-Vis detection in order to monitor the plasmon band
during the ablation experiment. When the plasmon band maximum reached 0.1, 0.2,
0.3, 0.4 and 0.5 extinction, respectively, the ablation was paused and sample of the sol
was taken. By this procedure, we obtained a series of sols with different concentration
for ultra-pure water, methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol, 1-hexanol
and 1-octanol.

Based on the results from preliminary AAS measurements, the prepared sols with
0.5 extinction were diluted in an attempt to reduce the gold concentration to the cali-
brated range (0-10 mg/L). In addition, a complementary procedure for the preparation
of AAS samples was suggested, as described in subsection 3.9.1. At first, the sols
were heated until the solvent fully evaporated. Next, aqua regia was added to the
vial to dissolve the gold precipitate. Finally, the gold solution was diluted by ultra-
pure water to achieve the desired concentration. This approach was used to prepare
the samples originating from sols with different SPE, used for the concentration-
dependence study presented in the next paragraph.

The dependence of the gold content on the SPE band height for all measured sol-
vents is presented in figure 4.18. The data points in the graph corresponding to each
solvent were then fitted with a linear function; the slope parameters of these fits are
presented in table 4.4. Both the graph and the standard deviations r of the fit (r <2
for all measurements) indicate that the SPE maximum is indeed proportional to the
actual gold content. This is key information as it allows for accurate monitoring of
the sol concentration in situ by UV-Vis spectroscopy.

As expected, the gold content in sols with the same SPE also depends on the sol-
vent. Or rather vice versa, sols with the same gold content but in a different liquid
medium give rise to a different intensity of the SPE band. In addition, the plasmon
band maximum is slightly red-shifted with increasing alkyl chain length of the al-
cohols. The same observations were made by Underwood and Mulvaney [68] when
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Figure 4.18.: Dependence of the gold content on the height of the SPE band for a set
of solvents

Liquid medium Gold content per
unitary SPE (mg/L)

SPE maximum (nm) Refractive index6

water 73 518 1.332
methanol 92 521 1.327
ethanol 75 524 1.359

1-propanol 77 525 1.384
1-butanol 66 526 1.397
1-pentanol 61 526 1.408
1-hexanol 56 526 1.416
1-octanol 46 526 1.428

Table 4.4.: Gold content determined by AAS measurements of dissolved samples re-
lated to unitary SPE and position of the SPE band maximum for NPs in
various liquid media
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transferring gold NPs stabilized by a comb polymer into liquids with different re-
fractive indices. The authors attribute this phenomenon to the refractive index of the
liquid medium and support their experimental findings by calculations from the Mie
theory. Our results are consistent with their observations. As seen from table 4.4,
the gold content in sols with the same SPE gradually decreases with an increasing
refractive index of the pure solvent. This indicates an increase in the SPE band in-
tensity with increasing refractive index of the solvent. Such a trend should be kept
in mind for instance when comparing the yields of laser ablations in different liquid
media.

The third important finding from the AAS measurement related to the sample
preparation procedure for AAS measurements. As mentioned before, the AAS mea-
surements were carried out on diluted native sols and on gold precipitates dissolved
by aqua regia and diluted by ultra-pure water. The gold contents for sols of 0.5 SPE
obtained by both sample preparation procedures are presented in figure 4.19.

The results clearly indicate that measurements from the dissolved gold are far su-
perior to measurements from native sols. There are several possible explanations of
this effect. Most importantly, partial sedimentation of the sol may occur between the
preparation of the sample and its measurement. This was observed for instance in
the case of hexanol, resulting in almost zero gold content in the measured sample.
A second possible explanation involves the viscosity of the solvents. It is possible
that the peristaltic pump which controls the intake of the sample for the measurement
takes in a lower amount of more viscous solvents, which would lead to a decrease
in the perceived gold content. A third possibility is that the large NPs are not fully
atomized in the instrument, which would also reduce the perceived gold content by
the instrument.

Altogether, all three possible mechanisms result in a downward bias of the true
gold content in the native sol samples, which was clearly observed during our mea-
surements. On the other hand, the use of our sample preparation method, consisting
of evaporation of the solvent and dissolving the gold precipitate, provides highly-
reproducible results that are consistent with the trends expected by Mie theory.
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Figure 4.19.: Comparison of the gold content measured from native sols and dis-
solved gold precipitates



Ablation in Alcohols

An important part of this thesis is the ablation in alcohols. There are two main rea-
sons for this. Firstly, alcohols provide a good dataset for a systematic study of various
ablation parameters. While the chemical properties of a set of primary alcohols are
very similar, their physical properties (viscosity, refractive index etc.) vary signif-
icantly with increasing alkyl chain length. This offers the possibility to study the
impact of said physical properties on the ablation process. The influence of differ-
ent alcohols has already been demonstrated on the impact of stirring in section §4.8,
which accentuated the need of mixing for alcohols with a longer alkyl chain. Simi-
larly, the influence of the solvent refractive index on the plasmon band was discussed
in section §4.9. The impact of the solvent on the ablation yield, size distribution,
ripening and stability will be will be treated in this chapter.

Secondly, the use of a range of alcohols could open up more application of laser-
ablated NPs than ablations in pure water alone. For instance, the polarity of alcohols
changes significantly with the alkyl chain length. Solvent polarity is one of the im-
portant factors determining the solubility of chemical compounds. The ability to
prepare stable sols in various alcohols could therefore broaden the spectrum of sub-
strates which could be used to interact with the ablated NPs.

4.10. Ablation Efficiency in Alcohols

The ablation efficiency in primary alcohols was examined by measuring the height
of the surface plasmon extinction (SPE) band after a 60-minute ablation experiment.
The ablation was carried out with a pulse energy of 1.5 mJ, pulse duration of 800
fs and stirring bar speed of 800 RPM for the following solvents: methanol, ethanol,
1-propanol, 1-butanol, 1-pentanol, 1-hexanol and 1-octanol. The height of the SPE
band for each solvent is plotted in figure 4.20. This figure demonstrates that the
ablation efficiency decreases rapidly with the increasing alkyl chain length of the
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Figure 4.20.: Height of the SPE band for primary alcohols after a 60-minute ablation.
Names of the alcohols are abbreviated for clarity (see Acronyms for
details).

Solvent Viscosity at 25 ∘C (mPa · s) Refractive index at 25 ∘C
methanol 0.55 1.327
ethanol 1.09 1.360

1-propanol 1.95 1.384
1-butanol 2.53 1.398
1-pentanol 3.47 1.408
1-hexanol 4.59 1.416
1-octanol 7.59 1.428

Table 4.5.: Table of viscosities and refractive indices at room temperature of selected
primary alcohols from ref. [69]

alcohols. The decrease in the ablation yield could be related to the solvent viscosity
or the refractive index. Higher viscosity of the solvent could lead to slower convection
of formed NPs from the laser beam trajectory. This could increase the scattering of
the laser beam and reduce the laser energy reaching the target. An increase in the
refractive index, on the other hand, reduces the focusing of the laser beam and thus
reduce the laser fluence on the target, as discussed in section §3.8. The values of
both physical properties for the series of alcohols are summarized in table 4.5 and
the ablation yield dependence on the viscosity and refractive index are presented in
figure 4.21.

As visible from figure 4.21, both the refractive index and viscosity of the alcohols



Results and Discussion 58

Figure 4.21.: Dependence of the ablation yield on the refractive index (left) and vis-
cosity (right) for a series of primary alcohols

explain well the changes in the ablation yield. This is due to the unfortunate fact
that both of these properties increase with the increasing alkyl chain length. For this
reason, the separation of the contribution of both parameters towards the ablation
yield is impossible in this experiment. A supplementary experiment was therefore
introduced to help determine which of the parameters is responsible for the drop in
the ablation efficiency.

4.10.1. Separation of the Viscosity and Refractive Index
Effects

In order to separate the impact of viscosity and refractive index on the ablation
yield, two extra alcohols were added into the set, namely 2-propanol and 2-methyl-
2-propanol (tert-butanol). These alcohols were chosen because their refractive index
and viscosity combination does not copy the trend of primary alcohols, which is indi-
cated in figure 4.22. The values are shown for 30 ∘C for the reasons explained below.
An additional ablation series was performed including these alcohols.

Since tert-butanol is a solid at laboratory temperature, the whole ablation series
was conducted at 30∘C, above the melting point of tert-butanol. To carry out this
experiment, an additional component was introduced into the ablation cell setup –
heating. The ablation cell was heated using a resistive wire which was wound around
the ablation cell and insulated from the outside by a strip of cotton, as described in
subsection 3.4.1. The power needed to keep the ablation temperature constant at 30
∘C was determined as 2.5 W during preliminary experiments. Prior to the ablation
experiment, the ablation cell with the solvent of choice was heated to 30 ∘C on a
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Figure 4.22.: Plot of viscosities and refractive indices for selected alcohols at 30 ∘C.
Values are taken from ref. [67, 70, 71, 72].

heater, placed into the ablation cell holder and the heating was activated. The ablation
was carried out for 20 minutes under the following conditions: pulse energy of 1.5
mJ, pulse duration of 1800 fs and stirring bar rotation of 800 rpm. The SPE spectrum
was measured in situ to monitor the evolution of the sol over time. The SPE bands
and evolution of their heights over time are plotted in figure 4.23 for tert-butanol.
The figure indicates that the plasmon band grows linearly with increasing time in the
measured region of SPE. For this reason, the heights of the SPE band after 20 minutes
can be used when comparing the ablation yield in different solvents. The heights of
the SPE band were determined and were plotted against the refractive indices and
viscosities of the given solvents. The results are presented in figure 4.24.

The results in figure 4.24 suggest that the viscosity coefficient is the main fac-
tor than influences the ablation yield. Even though 1-propanol is a slight outlier in
this interpretation, the ablation yield of tert-butanol, which lies furthers from the
viscosity-refractive index dependence of primary alcohols, as shown in figure 4.22,
strongly suggests the importance of the viscosity coefficient with respect to the abla-
tion yield. The viscosity coefficient is relevant as it co-determines the speed of con-
vection of already-formed NPs from the laser beam trajectory, which can decrease
the scattering of the incident beam. A similar effect was already observed in sec-
tion §4.8, where an increase in the stirring speed of the solvent had a positive effect
on the ablation yield. Thus, by adding a secondary and tertiary alcohol into the se-
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Figure 4.23.: Evolution of the SPE band (left) and its height (right) over time for
ablation of tert-butanol at 30∘C

Figure 4.24.: Dependence of the SPE height after a 20-minute ablation at 30 ∘C on
the refractive index (left) and viscosity coefficient (right)
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Solvent Mean diameter (nm) St. deviation Median Fraction of NPs with
d >24 nm (%)

methanol 8.9 3.9 8.4 0.6
ethanol 4.1 1.7 3.8 0

1-propanol 5.0 3.1 4.3 0.3
1-butanol 5.2 3.3 4.8 0.3
1-pentanol 5.9 2.8 5.4 0
1-hexanol 5.3 2.7 4.8 0
1-octanol 6.3 2.7 5.9 0

Table 4.6.: Summary of the size distribution properties of NPs prepared by laser ab-
lation in various primary alcohols.

ries of primary alcohols, the major contribution of the viscosity towards the ablation
yield was shown.

4.11. Size Distribution of NPs Prepared By Laser
Ablation in Alcohols

To investigate the effect of the solvent on the size distribution of NPs prepared by
femtosecond laser ablation, a series of ablations in primary alcohols was carried
out and the samples were characterized by transmission electron microscopy (TEM).
The ablations were performed by 800 fs pulses with pulse energy of 1.5 mJ and
stirring speed of 800 rpm until the height of the surface plasmon band reached 0.5
extinction. The samples for TEM analysis were prepared from 2 µL of the sol, as
described in section §3.10. The TEM images were then analyzed to determine the
NP size distribution in individual alcohols. This procedure is described in detail in
subsection 3.10.1. Representative TEM images for all of the alcohols along with
histograms depicting the determined size distributions are summarized in Appendix
B. Five to ten images were analyzed to construct the histograms for each sample.
Several properties of the NP size distribution (mean diameter with standard deviation,
median etc.) were also determined by statistical analysis and are summarized in
table 4.6.

The most notable difference visible from table 4.6 is that NPs prepared in methanol
are significantly bigger than in the remaining alcohols. In addition, as visible from
the TEM images presented in figure 4.25, the NPs prepared in methanol are often
fused together. This effect is slightly prevailing in ethanol, but was not observed for
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higher alcohols. Fused NPs on the TEM grids were already observed in the case of
nanosecond ablation with a wavelength of 532 nm in previous work. [73] This effect
could be related to the low viscosity and/or the alkyl chain length of the solvent.

Another interesting phenomenon was observed in the case of higher alcohols, es-
pecially 1-pentanol, 1-hexanol and 1-octanol. Some of the NPs prepared by laser ab-
lation in these solvents are well separated on the TEM grid and others form smaller
clusters. The interesting fact about the clusters is that the particles visibly do not
touch each other. This observation is not typical for gold hydrosols. For instance,
the TEM images of gold NPs obtained by femtosecond ablation in ultra-pure water
in ref. [40, 74, 56] depict NPs in direct contact with each other.

The inter-particle distances were measured on the grids prepared from higher al-
cohols. The average inter-particle distance between adjacent NPs on the grid was
determined as 2 nm.7 We speculate that this inter-particle separation could be caused
by a layer or the alcohol in the vicinity of the NP surface. For instance, the length
of a molecule of 1-octanol is 1.08 nm (based on a calculation performed in ACD/3D
Viewer). The presence of an adsorbed monolayer of higher alcohols on the NP sur-
face would thus well explain the 2 nm inter-particle distance observed on the TEM
grids. Although some more information is provided in section §4.14 to support this
explanation, there is currently no unambiguous evidence for this statement.

4.12. Post-ablation Ripening of Organosols

Sols are essentially dynamic systems and their properties can change even after the
end of the ablation. The evolution of the plasmon band was therefore monitored over
time to assess the changes to the sol over time. The changes to the sol can occur
on several time scales. Immediately after the ablation, the formation of NPs may
continue thanks to the scavenging of ions and small clusters by larger particles. In
addition, already-formed particles may interact with each other to form aggregates.
On a longer time scale, the size distribution of the NPs may change slightly due to
Ostwald ripening. [75] In addition, a fraction of the NPs (usually in the form of larger
aggregates) may precipitate and sediment on the bottom of the vessel.

The processes taking place in the sol immediately after the ablation were studied
by measuring the SPE of the sol by means of in situ UV-Vis spectroscopy. Essentially,

7This value is only approximate – the resolution of the TEM images is not sufficient to measure
sub-nanometer distances accurately.
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Figure 4.25.: TEM images of gold NPs in methanol demonstrating the fusion of NPs
(left); TEM images of gold NPs in higher alcohols (ethanol, 1-pentanol)
showing separation of the NPs (right)
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the ablation experiment with in situ UV-Vis detection was carried out until the desired
height of the SPE band was reached. The laser was then switched off and the UV-Vis
detection and stirring continued to obtain a time-resolved set of extinction spectra
of the sols. The ablation was performed by 800 fs pulses with pulse energy of 1.5
mJ with stirring speed of 600 rpm until the the height of the SPE band reached 0.75.
The temporal evolution of the plasmon band for selected alcohols is presented in
figure 4.26.

The graphs presented in figure 4.26 demonstrate that the sol undergoes significant
changes on a short time scale after the end of laser ablation, but the course of such
changes differs for various alcohols. In the case of methanol, a broad shoulder band
from ca. 550 to over 800 nm appeared. Simultaneously, the color of the sol turned
to violet within a few hours. This increase in the differential extinction is probably
associated with the formation of large aggregates.

The situation was different for 1-butanol and 1-octanol. In these cases, the plasmon
band increased in a much narrower wavelength region. This situation is more visible
from the right-hand side of figure 4.26, which presents a differential spectrum of the
net change to the plasmon band after the ablation was terminated. In both cases,
there is a visible increase of the plasmon band centered around 570 nm in the case
of 1-butanol and 577 nm in the case of 1-octanol. On the other hand, the height of
the plasmon band at the maximum does not change significantly.

The changes to the plasmon band can consist of two contributions. The first pro-
cess is associated with the coalescence of ions and small clusters present in the liquid
medium due to the ablation process with already-formed NPs. This process leads to
a gradual increase of the NP size, which in turn leads to a slight increase of the plas-
mon band as well as a minor red-shift of the plasmon band maximum. The other
mechanism consists of the formation of NP aggregates. This leads to a formation
of a shoulder of the plasmon band at longer wavelengths. The final change to the
plasmon band consists of both contribution.

In the case of methanol, the plasmon band evolution indicates formation of large
NP aggregates. This is supported by the observed color change during the day. The
slight decrease of the plasmon band around 515 nm over time can be related to a
decrease in the number of small, separated NPs due to NP aggregation.

The increase in the plasmon band around 575 nm in the case of 1-butanol and
1-octanol can be related to the formation of smaller aggregates, as observed on TEM
images of freshly-prepared sols in these solvents (figure 4.25 and B). These smaller
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Figure 4.26.: Evolution of the SPE band immediately after the end of laser ablation
for selected alcohols. The SPE band is presented on the left; the right
side depicts the SPE band difference after ablation (extinction at the
end of ablation was taken as a new baseline).
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(a) A photograph of ablated gold NPs suspended in a se-
ries of primary alcohols 10 months after preparation

(b) A photograph of a 10 month
old hexanosol before redisper-
sion (left) and after redispersion
(right)

Figure 4.27.: Images of organosols 10 months after preparation

aggregates appear to be quite stable and further aggregation and/or precipitation of
the sols was not observed.

Long-term stability of the organosols prepared by laser ablation was also moni-
tored. Several samples of NPs prepared under different conditions for each alcohol
were stored to observe the changes in time. The majority of the sols remained stable
in all tested alcohols for many months. Occasionally some sol collapsed, but that can
be due to some impurity contaminating the sample during ablation or post-ablation
sample manipulation. The stability of the prepared organosols is demonstrated in
part (a) of figure 4.27, which presents a photograph of the prepared alcohol series
10 months after ablation. The plasmon bands of this alcohol series recorded about 3
hours after the ablation and 10 month later are plotted in figure 4.28. As seen in the
figure, the plasmon band persisted in all of the samples. In most of the alcohols, the
plasmon band height even increased over time.8

A comparison of the plasmon band of the fresh and ten-month-old sol is presented
in figure 4.29 for 1-butanol and 1-hexanol; the other alcohols follow the same pat-
tern. As seen from the figure, the organosols remain stable even over 10 months.
The plasmon band even becomes narrower and taller over time. This process can be
attributed to Ostwald ripening. [75] Ostwald ripening is a thermodynamically-driven
process where atoms from smaller NPs slowly dissolve and yield material for further
growth of larger particles. Principally, this leads to an increase in the plasmon band

8This effect was most prominent for NPs suspended in methanol and ethanol. In this case, however,
the substantial increase of the plasmon band height was caused by partial evaporation of the solvent
over time, which resulted in concentration of the sols. It is nevertheless interesting that a sol of
plasmon extinction of ~ 4.5 remained stable for such a long period of time. No evaporation was
observed in case of higher alcohols.
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Figure 4.28.: Plasmon bands of gold NPs prepared by a 60-minute ablation in a series
of primary alcohols several hours after ablation (left) and ten months
later (right). Methanol and ethanol 10-months-old samples were di-
luted prior to the measurement since their absorbance exceeded the de-
tection limit of the instrument.

and a slight red shift. In our case, however, a blue-shift was observed. A possible
explanation to this effect is that the small aggregates of small NPs which are present
in the fresh sol as visible from the TEM images slowly coalesce into a single, larger
particle. This hypothesis can be supported by a observation that the only organosol
which exhibits a red-shift over time is methanol, where neither small NPs (NP size
below 3 nm) nor small aggregates were found.

The choice of 1-hexanol for the comparison has an additional reason. This organosol
sedimented slowly over the months to form a transparent liquid in the vial. When the
liquid above the sediment was carefully stirred, the NPs were successfully redispersed
back into the solvent. In addition, the sol regained its pink color as demonstrated in
part (b) of figure 4.27. This color is due to the plasmon band, as visible from fig-
ure 4.28. Such simple redispersion of sedimented NPs is not typical for other gold
sols, especially hydrosols. This effect will be further discussed in section §4.14.

4.13. Nanoparticle Surface Characterization

One of the advantages of NP preparation by laser ablation in a series of alcohols is
possible functionalization of the NPs by a wide class of substrates. The polarity of
the alcohols changes significantly throughout the series, which gives a possibility to
find a suitable solvent for many organic compounds. Another important factor for NP
functionalization is the ability of the compounds to bind to the NP surface. To deter-
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Figure 4.29.: Comparison of the plasmon band of a freshly-ablated sol and the same
sol after 10 months for 1-butanol (left) and 1-hexanol (right)

Adsorbate Stock solution (mol/L) Adsorbate concentration in the sol (mol/L)
BPY 10−2 in water 10−4

H2TMPyP 10−4 in water 10−6

TPP 10−5 in 1-butanol 10−6

Table 4.7.: Table summarizing the concentration of the adsorbates in the stock solu-
tions and in the samples for the SERS measurements.

mine the accessibility of the NP surface for possible adsorbates, several probe com-
pounds with different solubility in water and the tested alcohols were selected. The
binding of the probe compounds to the NP surface was then monitored by surface-
enhanced Raman scattering (SERS).

Three adsorbates with different solubility in water and alcohols were chosen for
the SERS measurements: two representatives soluble in water and lower alcohols,
namely 2,2’-bipyridine (BPY) and 5,10,15,20-tetrakis(1-methyl-4-pyridyl)-21H,23H
porphine (H2TMPyP) and 5,10,15,20-tetraphenyl-21H,23H-porphine copper(II) (TPP)
soluble in higher alcohols. Based on the solubility of the adsorbates, stock solutions
of the adsorbates were prepared in applicable solvents. These stock solutions were
then used to prepare adsorbate solutions in laser-ablated sols of the desired concen-
tration for SERS measurements. The concentration of the adsorbates in the stock
solution and in sols prepared for SERS measurements is summarized in table 4.7.

The prepared organosol samples for SERS were first measured in cuvettes (see
section §3.11 for details). These measurements did not result in a SERS spectrum for
any combination of the adsorbate and organosol.9 A possible explanation is that the

9The set of tested alcohols consists of ethanol, 1-butanol, 1-hexanol, 1-octanol and water for refer-
ence.
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SERS signal from the adsorbate is hidden in the strong Raman signal of the alcohols.
To eliminate the presence of this strong signal, SERS measurements were conducted
from NP aggregates deposited on glass slides after drying.

The gold NP aggregates were prepared from organosol samples with the same ad-
sorbate concentration as in the cuvette setup. Several techniques were used to prepare
the gold aggregates. Spontaneous aggregation and precipitation overnight proved ef-
fective only for ethanosol and reference hydrosol samples of BPY and H2TMPyP. Al-
ternatively, samples were exposed to an ultrasound bath to induce the precipitation.
A 10-minute, high-intensity ultrasound bath successfully induced the precipitation
of hydrosols and ethanosols. A 1x10−2 molar solution of HCl was then added to the
remaining stable samples and the ultrasound procedure was repeated. Samples in
1-butanol and 1-hexanol then precipitated overnight.

An alternative route to induce aggregation was by centrifugation of the samples
at 12 000 rpm for 5 minutes. This procedure resulted in sedimentation of the NPs
in all tested alcohols. Altogether, a combination of several techniques was applied
to induce the precipitation of the sols and gold aggregates on glass slides were pre-
pared in all studied alcohols by at least one technique. The SERS spectra of the gold
precipitates with adsorbates were then measured.

The measurements from glass slides were performed as described in section §3.11.
Even though the prepared gold aggregates were quite large, SERS spectra were recor-
ded only in the case of H2TMPyP on an ethanosol sediment. The recorded spectrum
along with an image of the gold aggregate on the slide is presented in figure 4.30.
On the other hand, strong SERS spectra from reference hydrosol sediments were
observed for both H2TMPyP and BPY; the spectra are presented in figure 4.31.

The recorded SERS spectrum of BPY on a hydrosol corresponds very well to the
reduced Ag-BPY sites calculated by factor analysis in ref. [76] and indicates the
presence of Au(0) sites on the hydrosol surface (characteristic bands at 1601, 1558
and 1486 cm−1). The spectrum of H2TMPyP on the hydrosol exhibits slightly shifted
peaks corresponding to the peaks of a free-base spectrum of H2TMPyP (965, 1330
and 1359 cm−1), as measured by Procházka et al. in ref. [77] on a silver hydrosol.
The spectrum of H2TMPyP, as measured from the ethanosol aggregate, displays sig-
nificant differences from the free-base spectrum. Here, we speculate that the dif-
ference can be caused by metallation of the porphine and formation of Au(0)TMPyP
surface species by interaction with Au(0) adsorption sites, similarly to the adsorption
of the same porphyrin to Ag(0) adsorption sites as described in ref. [78]. Neverthe-
less, the unequivocal confirmation of this statement should be done by confirming
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Figure 4.30.: SERS spectrum of H2TMPyP measured with excitation laser wave-
length of 633 nm and power 1 mW from aggregates of a gold ethanosol
(left) and the corresponding aggregate (right)

Figure 4.31.: SERS spectra of H2TMPyP on a hydrosol prepared by centrifugation
(left) and of BPY on a hydrosol prepared by spontaneous sedimentation
(right). Both spectra were measured at excitation wavelength 532 nm.

the Au(0)TMPyP surface species by a similar experiment as described ref. [78].

Even though the organosol and hydrosol samples for SERS were prepared under
identical conditions, the hydrosol samples yielded much better results. In addition,
inducing the precipitation by adding the adsorbate became increasingly difficult for
higher alcohols. The SERS measurements thus suggest that the surface of (especially
higher) alcohols is somehow inaccessible for the adsorbate.
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Figure 4.32.: TEM images of gold NPs ablated in 1-octanol on the TEM grid demon-
strating the inter-particle separation

4.14. Stabilization Effect of Alcohols on Gold
Sols

Section 4.13 concludes that the surface of gold NPs prepared in alcohols is not well
accessible for the tested adsorbates. This is demonstrated by the following: (i) SERS
spectra were not observed during measurements from cuvettes, (ii) addition of the
adsorbate did not induce significant aggregation and precipitation of the sol, espe-
cially in the case of higher alcohols and (iii) SERS measurements from aggregates
on glass slides were successful only in the case of H2TMPyP in an ethanosol. The
prepared gold organosols are also stable for several months if no adsorbate is added.
Even though some of the sols in 1-hexanol and 1-octanol did sediment over time,
they were successfully redispersed into solution by stirring the liquid. This is quite
unusual behavior for precipitated gold hydrosols. The aggregates of NPs ablated in
higher alcohols observed on the TEM grids also display NPs separated by 1-2 nm,
as shown in figure 4.32 for 1-octanol.

All these findings indicate that the surface of given NPs is covered by a shell that
(i) hinders the absorption of an adsorbate at the NPs surface and (ii) prevents the NPs
to get into direct contact. This effect increases with the increasing alkyl chain length.
These effects could be explained by the presence of an adsorbed layer of alcohols on
the surface. A study of the interaction mechanism between the NPs and the alcohols
will be the aim of future studies.
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4.15. Laser Ablation in Adsorbate Solutions

The surface of NPs prepared in alcohols is probably covered by a layer of alcohols,
as discussed in section §4.14. This layer likely inhibits the adsorption of adsorbates
on the NP surface when they are added into the sol, especially in the case of higher
alcohols. In this section, an alternative route for preparation of some SERS-active
NP systems with adsorbates is presented.

Preliminary experiments were carried out to examine the possibility to prepare
organosols with adsorbate adsorbed on the surface by femtosecond laser ablation di-
rectly in the solution of the adsorbate. Two pilot adsorbates were chosen for this
study: 5,10,15,20-tetraphenyl-21H,23H-porphine copper(II) (TPP) and a cationic
polymer poly{3-[6-(triethyl-phosphonium)hexyl]thiophene-2,5-diyl hexafluorophos-
phate} (PTeH). Both of these polymers are poorly soluble in water, so the possibility
to prepare NP-adsorbate systems of these compounds by their addition to a hydrosol
is rather limited. TPP is a low-molecular adsorbate that binds to metal NPs through
the nitrogen atoms of the porphine ring and is soluble in higher alcohols. The cationic
polymer can bind by electrostatic interaction of the positively-charged triethylphos-
phonium group, as described in ref. [79] for a different cationic polymer, although
the interaction among the NP and the thiophene groups cannot be excluded either.
This polymer is soluble in methanol. The preliminary experiments aimed to answer
if: (i) the adsorbate does not degrade during the laser ablation procedure; (ii) laser
ablation directly in the adsorbate solution improves the adsorption on the NP surface.

The laser ablation in adsorbates was carried out in a 10−6 M solution of PTeH in
methanol and a 10−6 M solution of TPP in 1-butanol with in situ UV-Vis detection.
The ablation was carried out by 1800 fs 1.5 mJ pulses with stirring set to 800 rpm until
the height of the SPE band reached 0.5. Simultaneously, laser ablation under the same
conditions and until the same SPE band height was carried out in the pure solvents
as a reference sample. The evolution of the in situ extinction for laser ablation in
the solution of PTeH is depicted in figure 4.33. In the case of ablation in adsorbate
solution, the pure solvent was taken as a blank. The extinction at t = 0 thus depicts
the absorbance spectrum of the adsorbate.

A stock solution of the adsorbate in the corresponding solvent was then added to
the reference sample to allow comparison of the SERS activity of the following sam-
ples: (i) organosol prepared by ablation in the adsorbate solution and (ii) organosol
obtained by ablation in the pure solvent and addition of the adsorbate later. The SERS
spectra were first measured from cuvettes with laser excitation wavelength 532 nm
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Figure 4.33.: Temporal evolution of ablation with 1800 fs, 1.5 mJ pulses of a 10−6

M PTeH solution in methanol (left) and pure methanol (right) until the
SPE band height reached 0.5 extinction

and laser power 10 mW and the results are summarized in figure 4.34.

All the peaks indicated in the graphs in figure 4.34 belong to methanol [80] and
no SERS spectrum of the polymer was observed. Nevertheless, the spectra reveal
interesting information. First of all, the presence of suspended NPs does not alter the
Raman spectrum of pure methanol (top and bottom left of figure 4.34). Likewise,
when PTeH stock solution is added into a gold methanosol and pure methanol, the
spectrum is the same (top and bottom right of figure 4.34). The high background
in these spectra is caused by fluorescence of the polymer. Finally, when the abla-
tion is carried out in the polymer solution (middle left of figure 4.34), the spectrum
resembles that of the pure solvent and no fluorescence is observed. This could be
caused by fluorescence quenching by the NPs, which would suggest that the cationic
polymer does interact with the NP surface when the NPs are ablated in the polymer
solution. An alternative explanation could be that the polymer decomposes during
the ablation and the products are no longer fluorescent. However, the in situ UV-Vis
measurements during the ablation (figure 4.33) does not indicate any decrease in the
polymer absorbance and no graphitic carbon was found during measurements from
sediments, which are presented below.

The SERS spectra of PTeH were also measured from sediments obtained from the
NPs prepared by laser ablation in the PTeH solution. The spectra were recorded from
glass slides with laser excitation wavelength of 532 nm and power 0.1 W; an example
is presented in part (a) of figure 4.35. A Raman spectrum of the pure polymer was
also measured for reference. This spectrum was recorded from PTeH crystals which
were carefully powdered on a glass slide. The excitation wavelength of 532 nm did
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Figure 4.34.: SERS spectra measured from a 10−6 M PTeH methanosols and refer-
ence samples with laser excitation wavelength 532 nm and power 10
mJ from cuvettes. The graph on the left presents the Raman spectrum
of pure methanol (top), gold NPs in pure methanol (bottom) and the sol
prepared by ablation in PTeH solution (middle). The graph on the right
presents the Raman spectrum of a PTeH solution in methanol (top) and
a methanosol with PTeH solution added after ablation.
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(a) SERS spectrum of PTeH recorded from sedi-
ment of gold NPs prepared by laser ablation in
10−6 M PTeH solution

(b) Raman spectrum recorded from crystals of pure
PTeH on a glass slide. The fluorescence back-
ground was subtracted for clarity.

Figure 4.35.: Comparison of PTeH spectra obtained by SERS on gold sediments and
from the pure polymer

not lead to well-resolved spectrum due to an enormous fluorescence background. For
this reason, the measurement was carried out with an excitation wavelength of 780
nm with power of 0.1 mW. The resulting still exhibited significant fluorescence; this
background was subtracted for clarity and the resulting spectrum is presented in part
(b) of figure 4.35. The most dominant peak centered at 1458 and 1463 cm−1 for the
PTeH solution and pure PTeH, respectively, could be related to the vibrations of a
stretched methylene chain [81]. The other peaks were not assigned, but there is clear
similarity among the spectra. The peak at 2905 cm−1 is missing in the spectrum of
the pure polymer. We expect that this peak is an overtone of the main band at 1458
cm−1 – the peak has a similar shape and Raman shift slightly below the double of
the main band.

The ablation in PTeH solution thus resolved in an interaction of the cationic poly-
mer with the NP surface, which was not observed when the polymer was added after
the ablation. The interaction is demonstrated by fluorescence quenching in the case
of measurements from cuvettes and recording the SERS spectrum from sediments.
The same experiment – comparison of SERS activity between a sol ablated in ad-
sorbate solution and a sol with adsorbate added afterwards – was also performed for
TPP in 1-butanol. In this case, however, no difference was observed so far. A further
study explaining these effects is due in future work.



Chapter 5
Conclusions

The aim of this thesis was to carry out a systematic study of the preparation of gold
nanoparticles by femtosecond laser ablation in liquid media, in particular in a ho-
mologous series of primary alcohols. Focus was dedicated to two major areas: (i)
evaluation of the effect of various parameters (focusing, pulse energy, pulse dura-
tion, stirring) on the ablation process and (ii) preparation of stable sols in alcohols
and comparing their properties. Several articles regarding laser ablation of gold in
alcohols have already been published, but the parameters were not followed system-
atically. With only a few exceptions, the ablation was performed with nanosecond
laser pulses, where the process is driven by different mechanisms. Each author also
uses a different experimental setup (which can have a profound influence on the ab-
lation process) and comparing results from different studies is therefore difficult. For
this reason, a systematic study of laser ablation in alcohols can give valuable insight
into the field.

In order to conduct the systematic study of laser ablation in alcohols, a novel, cus-
tom ablation cell was designed and fabricated. This cell effectively combined the
possibility of in situ UV-Vis detection for monitoring the evolution of the sol prop-
erties in real time, allowed effective and controlled stirring possibilities, provided a
well-defined air:solvent optical interface and yielded a sufficient ablation volume to
characterize the prepared sol by multiple techniques. In addition, the possibility to
regulate the temperature in the cell during ablation enabled to study the impact of
the liquid medium temperature on laser ablation in the near future.

The key parameters of our fs laser system affecting the ablation process were iden-
tified to be the laser fluence on the metal target and laser beam intensity in the solvent.
These parameters can be controlled by the focusing the laser beam and varying the
pulse energy and pulse duration. A study of the impact of these parameters on laser
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ablation was carried out to evaluate their impact on laser ablation as well as to opti-
mize the process.

In the first step, the geometry of the ablation setup was optimized to avoid damage
to the cell during ablation and generation of plasma in the solvent. The spot size
for this setup was then determined by optical microscopy of ablation craters; typical
laser spots in the experiment were 0.5 mm. Next, the impact of pulse energy and
pulse duration on the ablation yield was assessed.

The pulse duration was measured by an adapted version of the second harmonic
generation frequency-resolved optical gating experiment. The results indicate that
maximally-compressed pulses (about 50 fs) are not suitable for efficient ablation of
the gold target. When the compressed pulses are focused, they generate plasma in the
solvent, which decreases the ablation yield and reduces the sol stability. In addition,
plasma generation can cause damages to the laser system due to a back-reflection
of the laser beam. The generation of plasma can be avoided by properly defocus-
ing the laser beam. In this case, however, white light continuum was generated, as
demonstrated by measurements of the spectral properties of the laser beam propagat-
ing through the solvent. The generation of white light continuum also has a negative
impact on the ablation yield.

A possibility how to achieve high fluence on the target but to avoid the generation
of plasma and white light continuum in the solvent is to prolong the pulse duration.
The optimal pulse duration was in the interval of 1-3 ps. Ablation with this pulse
duration leads to a rapid production of stable sols. The optimal pulse energy for
this pulse duration was determined as 1.75 mJ for water and 2 mJ for ethanol, which
corresponds to laser fluences at the target of 875 mJ/cm2 and 1000 mJ/cm2 for water
and ethanol, respectively.

The influence of stirring on the ablation yield was also inspected. It was demon-
strated that stirring had a positive effect on the ablation yield. This was explained
in terms of improved convection of the formed NPs from the laser beam, which de-
creased the scattering of the incident beam. This effect was most profound for viscous
solvents.

Laser ablations with the parameters optimized above were carried out for a series
of primary alcohols. The ablated organosols were stable for several months and the
plasmon band even became sharper over time. The ablation yield decreased signifi-
cantly with increasing alcohol chain length. This effect correlates well with both the
increasing solvent viscosity and refractive index. After the separation of both effects
by adding additional alcohols with suitable characteristics (viscosity and refractive
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index) into the dataset, the results indicated that viscosity was the main factor de-
termining the ablation yield in alcohols. This result could be related to the stirring
efficiency, which decreased with increasing viscosity of the solvent. The influence
of stirring speed on the ablation yield was also demonstrated.

The ablation efficiencies reported in this work were determined based on the height
of the plasmon band. The linear dependence of the plasmon band height on the sol
concentration was demonstrated by atomic absorption spectroscopy (AAS) measure-
ments. A novel procedure for the preparation of AAS samples by evaporation of the
solvent and dilution of the precipitate in aqua regia was also presented. This method
provides significantly better results than measurements from native sols. AAS mea-
surements also indicated that the plasmon band increased slightly with the refractive
index of the solvent at constant gold content.

The TEM images indicated that the particles were spherical with a mean diameter
ranging from 4-6 nm for all alcohols except for methanol. The mean size of NPs
prepared in methanol was 9 nm and the NPs were often fused on the grid. On the
other hand, NPs prepared in higher alcohols were separated on the grid even when
they were bound in aggregates. We suggested that this is due to a protective shell of
the alcohols on the NP surface.

The stabilizing effect of alcohols could also be observed during surface-enhanced
Raman spectroscopy (SERS) measurements. Weak SERS spectra of 5,10,15,20-te-
trakis(1-methyl-4-pyridyumyl)-21H, 23H porphine were recorded only from ethanosol
sediments and no spectra from higher alcohols were observed. On the other hand,
strong SERS spectra from sediments of a reference hydrosol were collected for both
tested adsorbates: 5,10,15,20-tetrakis(1-methyl-4-pyridyumyl)-21H, 23H porphine
and 2,2’-bipyridine. In addition, sedimented organosols from 1-hexanol and 1-octanol
were successfully redispersed into solution, indicating that the NPs do not irreversibly
precipitate even if they sediment. All these effects suggest that the NPs are coated in
a protective shell of alcohols which becomes thicker with the increasing alkyl chain
length of the alcohol.

A possibility to bypass this steric protection of NPs by alcohols was suggested by
ablating directly in the presence of the adsorbates. Our preliminary results indicated
that the adsorbate did not decompose during femtosecond ablation. No change to the
absorption spectrum of the adsorbates was observed during ablation and no peak in-
dicating the presence of graphitic carbon was identified during SERS measurements.
Interaction of the cationic polymer, poly{3-[6-(triethyl-phosphonium)hexyl]thiophe-
ne-2,5-diyl hexafluorophosphate} with NPs prepared by laser ablation in methanol



Conclusions 79

was demonstrated by observing fluorescence quenching in solution and recording
a SERS spectrum from sediments. These preliminary results suggest that laser ab-
lation in adsorbate solution using pulses below 3 ps could be used to improve the
adsorption of compounds on the NP surface. This is commonly not possible when
the laser ablation is performed by pulses with duration in a nanosecond scale.

In this work, it was demonstrated that femtosecond laser ablation can be used for
efficient preparation of stable NPs in alcohols. The influence of parameters such
as focusing, pulse energy, pulse duration and stirring speed was assessed and opti-
mized for our experimental set-up. The prepared sols were characterized by plasmon
extinction measurements, transmission electron microscopy, atomic absorption and
surface-enhanced Raman scattering. The results indicate that the surface of NPs pre-
pared in higher alcohols is effectively protected by a layer of alcohols. Laser ablation
in the solution of adsorbates is presented as a possibility to bypass this steric protec-
tion and further work will be dedicated to this area.



Acronyms

SERS Surface-enhanced Raman scattering spectroscopy
SPE Surface plasmon extinction
TEM Transmission electron microscopy
DLS Dynamic light scattering
AAS Atomic absorption spectroscopy
WLC White light continuum
NP Nanoparticle
SHG Second harmonic generation
FROG Frequency-resolved optical gating
UV-Vis Ultraviolet-visible
NIR Near-infrared
SEF Surface-enhanced fluorescence
LSPR Local surface plasmon resonance
DC Direct current
rpm Rotations per minute
MeOH methanol
EtOH ethanol
PrOH 1-propanol
BuOH 1-butanol
PeOH 1-pentanol
HxOH 1-hexanol
OctOH 1-octanol
tetr-butanol 2-methyl-2-propanol
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Appendix A
Design of the Ablation Cell Lid

The lid for the ablation cell was manufactured from bulk poly(tetrafluoroethylene) in
the mechanical workshop. The lid fabrication was based on the technical drawings,
which are presented below.

Figure A.1.: Technical drawings of the poly(tetrafluoroethylene) lid fabricated in our
workshop. Vertical cuts along significant axes are presented on the top
and the top view at the bottom.



Appendix B
TEM Images and Histograms of Na-
noparticles in Alcohols

This Appendix presents the TEM images and corresponding NP size distribution
histograms for a series of femtosecond laser ablations in primary alcohols, as pre-
sented in section §4.11. The TEM images are presented without any editing. The
size distribution histograms are all presented in the same form to allow for direct
comparison: bin size of 3 nm in the region of 0-24 nm. Occasionally, the size of a
particle exceeded this boundary. These particles are omitted in the histograms for
clarity. Nevertheless, they are included in the size distribution statistics presented in
table 4.6 on page 61 where the amount of such particles is also specified. The TEM
images and histograms are presented below in three separate figures.

Figure B.1.: TEM images and corresponding size distribution histograms for NPs
prepared by laser ablation in primary alcohols, part I. Particles exceed-
ing 24 nm are not presented in the histograms for clarity.
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Figure B.2.: TEM images and corresponding size distribution histograms for NPs
prepared by laser ablation in primary alcohols, part II. Particles exceed-
ing 24 nm are not presented in the histograms for clarity.
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Figure B.3.: TEM images and corresponding size distribution histograms for NPs
prepared by laser ablation in primary alcohols, part III. Particles ex-
ceeding 24 nm are not presented in the histograms for clarity.
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