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Abstract 

Nanoparticle synthesis by pulsed laser ablation in liquids (PLAL) is a method to obtain particles with 

clean surfaces, free of any organic residuals. A drawback to this method is the particle size distribution, 

which exhibits an intrinsic bi- or multi-modality. One known strategy to narrow the particle size 

distribution in a single step is to use electrolytes or macromolecules as additives to the liquid phase. 

The laser impact on the ablation target is followed by a hemispherical cavitation bubble, which acts as 

a container for the ablated mass for the first tens to hundreds of microseconds, depending on the laser 

parameters, and significantly affects the genesis of the final particle sizes. Clarifying the role of this 

cavitation bubble and identifying the time and location of additive-particle interactions are the main 

objectives of this dissertation.  

Laser percussion drilling was used to demonstrate that neither the shape nor the lifetime of the 

cavitation bubble significantly affects the size of the resulting silver nanoparticles due to the large 

amounts of nanoclusters (size ≤ 3 nm) that form during PLAL. These nanoclusters add to the final 

nanoparticle sizes by subsequent growth processes on a macroscopic time scale. 

The interior of the gaseous cavitation bubble in the presence of micromolar concentrations of additives 

(sodium chloride and polyvinylpyrrolidone (PVP)) was probed by analytical X-ray methods that 

exploited the brilliant beams generated from synchrotrons.  

Using spatio-temporally resolved small-angle X-ray scattering (SAXS), it was shown that dissolved NaCl 

does start to interact with the ablated species of a gold target already inside the gaseous phase of the 

cavitation bubble as both the size and abundance of large nanoparticles decreased with respect to the 

ablation in pure water.  

X-ray Hartmann mask imaging (XHI) was used for the analysis of the macromolecular ligand PVP for 

reducing the size of gold nanoparticles. In contrast to SAXS, XHI allows one to record the entire 

cavitation bubble in a single-shot experiment. While an effect already inside the cavitation bubble was 

not excluded, PVP mostly affected the nanoparticles in the liquid phase, after the collapse of the 

bubble, by hindering the ripening of the nanoparticles. 

The time and location of the interaction of different classes of size-reducing additives were identified 

as well as the vast generation of nanoclusters. These new findings present starting points for additional 

studies on the origin of the bimodal size distribution that is obvious before the evolution of the laser-

induced cavitation bubble. 
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1 Introduction 

Regarding the unique properties of nanoparticles that are induced by their high surface-to-volume 

ratios, it is straightforward to exploit these in order to influence the macroscopic world. The number 

of preconditions a nanoparticular colloid must fulfill to be considered for applications is vast and varies 

by the individual task. Among these conditions are the particle size distribution, the number, and type 

of surface defects, and the colloid’s polydispersity, morphology, crystallinity, composition, state of 

oxidation, toxicity, biocompatibility, stability, and functionalization. Additionally, the productivity of 

nanoparticle mass per time is crucial. Large-scale nanoparticle production occurs by reduction of 

precursor salts or sol-gel processes in the liquid phase in bottom-up synthesis. Large-scale top-down 

synthesis is frequently conducted in the gas phase, starting from macroscopic or microscopic materials, 

by spray pyrolysis, arc discharge, or laser ablation in air. Still, none of these techniques can be used to 

produce nanoparticles of any desired composition if at the same time, the addition of large amounts 

of additives must be avoided or if the particles are required to be individually dispersed in a liquid 

phase instead of as aggregated powders. 

A bottom-up technique that combines the flexibility of the nanoparticle material with ligand-free 

surfaces and a direct dispersion in a freely selectable liquid phase is pulsed laser ablation in liquids 

(PLAL). The principle is simple: a solid object, the target, is placed in a vessel and covered with a liquid. 

When a pulsed laser with a fluence exciting the ablation threshold of the target material is used, which 

is usually achieved by focusing the laser beam on the target surface, the macroscopic material is 

converted into nanoparticles. After laser irradiation and removal of the residual target, the system 

consists of only two components: the liquid phase and the dispersed nanoparticles. The addition of 

organic stabilizers to the dispersion is unnecessary as the particles are electrostatically stabilized by 

surface charges, an effect that is particularly pronounced if the water is used as the liquid phase. 

Despite the unique advantages of PLAL, some of PLAL’s drawbacks are its limited productivity, the 

production of nanoparticles with varying stoichiometries, and the limited size control of the 

nanoparticles. 

The latter point deserves a more thorough introduction as in this dissertation, the formation and 

interaction of nanoparticles with additives that are added to the liquid prior to laser ablation is 

investigated. Laser-generated nanoparticles inherently exhibit a size distribution that is at least 

bimodal, an effect that is even more pronounced if ultrashort laser pulses of some picoseconds or less 

are used. Nevertheless, the scope of the present work is PLAL with nanosecond pulses and as such no 

ultrashort pulses are employed. The mentioned bimodal particle size distribution cannot by avoided 
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without performing subsequent particle processing by, e.g., fractionation or laser fragmentation. 

However, the size distribution is significantly narrowed by adding micromolar concentrations of 

electrolytes to the liquid phase prior to PLAL. Some size reduction is further achieved by the addition 

of macromolecular ligands to the liquid, either prior to ablation or immediately after nanoparticle 

generation. While these phenomena are known, it is not clear at which delay after laser impact and in 

which location these size reductions take place. The question of whether the additives are present and 

active within the laser-induced cavitation bubble is still under debate. As the cavitation bubble exhibits 

a lifetime of up to some hundreds of microseconds and is limited in its extension to some millimeters, 

the investigation of its interior and possible occurring reactions demands analytical techniques with 

high temporal and spatial resolution as well as the ability to cross the curved interface between the 

liquid phase and the gaseous phase of the cavitation bubble. Therefore, it cannot be probed by 

methods that use optical light because optical light is scattered at the liquid-gas interface. 

The experimental studies presented here explore ways to more efficiently control the size of PLAL 

colloids by clarifying the time of nanoparticle size reduction by additives using advanced X-ray 

techniques. At the interface of the laser-irradiated target, hot plasma forms in nanoseconds. Upon 

cooling, its energy is transferred to the surrounding liquid, which leads to evaporation and the 

formation of the hemispherical cavitation bubble attached to the target. That bubble acts as a 

container for a significant share of the ablated mass during its lifetime. Bubble lifetime and size, for 

PLAL with nanosecond pulses, in a large range are proportional to the applied fluence.  

As X-rays are not restricted from crossing the liquid-gas interface because of the refractive index is 

close to 1 the advanced techniques small-angle X-ray scattering (SAXS) and X-ray Hartman mask 

imaging (XHI) are used here to clarify the interactions that occur inside the cavitation bubble. The 

collected data were combined with related ex situ investigations to connect the high-speed in situ data 

to the kinds of ex situ data available in a typical laboratory of colloidal chemistry. 

The knowledge of the time and location of the additive-particle interaction provides input for the 

design of PLAL experiments that are aimed at other goals, including alloying and controlling the particle 

composition of alloys and reactive target materials (e.g., oxides in water). For instance, the formation 

of alloy nanoparticles may yield real alloy nanoparticles as well as core-shell particles. The shell 

material can be inverted under appropriate experimental conditions, which is often achieved by using 

alternative liquids. The formation of alloy nanoparticles is not fully understood yet and therefore 

control over the composition of the resulting nanoparticles is limited for many materials. Knowledge 

about the processes that occur inside the gaseous phase of the cavitation bubble might, therefore, add 
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to the picture of alloy particle formation in different liquids and to the final composition of 

nanoparticles generated from reactive target materials. 
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2 Objectives 

The aim of this work is to clarify central questions related to additive-mediated particle size control 

during nanosecond pulsed laser ablation in liquids. The point in time after laser impact and the 

interaction between nascent nanoparticles and inorganic ions and organic macromolecules are 

addressed. This includes referencing of the central analytical technique, which is SAXS. In general, the 

first tens of microseconds after laser impact, when the cavitation bubble is oscillating, are investigated 

using the advanced X-ray techniques SAXS and XHI. Additionally, the overall impact of the cavitation 

bubble on the resulting particle sizes is evaluated. The central scientific questions for this thesis are: 

i. At which delay after laser impact do dissolved ions quench the size of nanoparticles? Does 

the size quenching start inside the confinement of the laser-induced cavitation bubble? 

ii. What is the impact of the cavitation bubble induced by the same laser parameters but 

varying bubble volumes and oscillation times on the final particles? What defines the final 

particle size, if not the cavitation bubble and how and when can it be tackled? 

iii. Is SAXS a suitable technique for the analysis of bimodal colloids if no time resolution is 

required? What are the limitations of this approach? 

iv. How do macromolecular ligands affect the ablated nanoparticles? Are the involved delays 

after laser impact the same as those of dissolved ions? 

Points (i, iii-iv) are addressed using gold targets and water or aqueous solutions of additives. For the 

clarification of point (ii), silver targets are used instead. 
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3 State of the art 

The European Commission defines a nanomaterial as a material consisting of an ensemble of individual 

particles in which at least 50 % of these particles are smaller than 100 nm, in at least one spatial 

direction, in the number-weighted particle size distribution [1]. Defining a nanomaterial by such strict 

conditions might, however, miss the point as the properties of the material change drastically with 

decreasing size. This change does not exhibit a constant cut-off value at 100 nm or any other fixed size 

limit. Among the size-dependent properties are such prominent examples like heterogeneous catalysis 

[2], magnetism [3], optical [4], and mechanical properties [5]. In nanoscience, it is, therefore, more 

convenient to define a nanomaterial according to its size-dependent properties rather than static 

geometric limits. 

To obtain such nanomaterials in particulate forms, the chemical reduction of precursors to induce 

particle nucleation and growth (bottom-up synthesis) [6] and decreasing the size of bulk material (top-

down synthesis) [7] is possible. It is often desirable for applications to synthesize nanoparticles 

dispersed in a liquid environment rather than in air. In the past decades, pulsed laser ablation in liquids 

(PLAL) has emerged as a technique for top-down production of nanoparticles. The methods offer the 

opportunity to obtain nanoparticles that are completely free of any organic residues at the particle 

surface and in the surrounding liquid phase [8]. No liquid or particle purification by centrifugation [9], 

ultra-filtration [10], dialysis [11], or ligand exchange [12] is required. The principle of PLAL is simple: a 

solid target (e.g., a metal plate) is placed at the bottom of a beaker (e.g., a cuvette) and overlaid with 

a liquid phase (e.g., water). In the next step, a pulsed laser is focused on the target surface, so that the 

threshold fluence (laser pulse energy per area) is reached or exceeded (see 3.3). The laser-material 

interaction will ultimately cause damage at the target and the formation of nanoparticles, which are 

immediately quenched in the surrounding liquid. After stopping laser irradiation and removal of the 

target from the beaker the system consists solely of the liquid and the colloidal stable, dispersed 

nanoparticles. 

Despite the progress in the identification of the mechanisms involved in nanoparticle formation during 

PLAL some question remain open. This includes questions on the broadness of the final particle size 

distribution [13-15]. The laser-induced an oscillation cavitation bubble attached to the target surface 

during the first hundreds of microseconds after laser impact [16-18]. It was shown that this cavitation 

bubble acts as a container for the ablated particles [19, 20]. 

Size control of laser-generated nanoparticles can be achieved by the addition of surface-active 

substances to the liquid phase prior to laser ablation, among other things [21]. While the size 
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quenching effect of inorganic and organic additives is well-known from analysis after the synthesis (ex 

situ), it remains elusive whether the interaction between the additives and the particles starts in the 

liquid phase, after the final collapse of the laser-induced cavitation bubble, or already inside the 

gaseous environment of the bubble. This central question was addressed in this work. In order to 

provide a better understanding of the discussions in section 5, the principles of plasmonic 

nanoparticles, colloidal stability and particle growth, the fundamentals of PLAL, and the use of X-ray 

for nanoparticle analysis are introduced in the following. Note that X-rays were used to cross the 

interphase of the cavitation bubble as the refractive index for X-ray is close to one in many liquids [22, 

23]. 
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3.1 Fundamentals of pulsed laser ablation in liquids 

One could assume that chemistry plays a minor role in pulsed laser ablation in liquids as it is a physical 

top-down method. To some extent, this is true, especially as nanoparticles are generated from the bulk 

material without the necessity of the addition of chemicals. Additionally, the process is very fast and 

already some hundreds of laser pulses on a target immersed in a small liquid volume (e.g., 1 ml) can 

result in the visible formation of nanoparticles. This effect is particularly pronounced if noble metal 

nanoparticles with plasmonic properties are produced (section 3.3). For the observers eye the entire 

synthesis process, taking some seconds under the described conditions, appears to take place almost 

instantaneously. Taking a closer look at the process of particle formation, with a temporal and spatial 

resolution of sub-milliseconds and -meters or less, leads to the observation that multiple processes are 

involved in particle genesis and growth until they are collected by the observer on the macroscopic 

scale. It is, therefore, reasonable to change the initial statement on chemistry and add that the physical 

processes and chemical reactions during particle formation are proceeding rapidly and cannot be 

observed without advanced analytical techniques. 

The number of involved processes between laser impact on the target surface and collection of the 

final nanoparticle colloid is large, it involves: 

1) Laser impact 

a) Threshold fluence for ablation [24] 

b) Electron-to-lattice energy exchange [25] 

2) Plasma formation at the target surface 

a) Laser-plasma interaction [26-28] 

3) Shock- and soundwave formation [18] 

4) Cavitation bubble evolution and nanoparticle confinement [16, 19] 

a) Oscillation of the cavitation bubble [18, 29] 

b) Particle release to the liquid phase [30] 

Laser-material interaction and plasma formation 

The process of laser interaction with the target (1) is best described for the process of laser ablation 

without a covering liquid layer, e.g., in a vacuum. The consideration is dominated by the pulse duration 

of the laser pulse and the resulting different mechanisms of interaction with the target material. As 

the ablated material species are initially in a high-energy state, the processes (1) and (2) are closely 

related. 
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One particular difference in ablation with ultrashort femtosecond pulses and long nanosecond pulses 

is the lifetime of the laser-induced plasma at the solid surface [31, 32]. In the case of femtosecond 

laser pulses, the pulse width τP is much shorter than the electron cooling τe (τP << τe) time. Therefore 

the electron-lattice coupling time can be neglected [25]. As a result, ablation occurs before the lattice 

(phonons) are thermally heated up by the electrons. The ablation is thus considered to be caused by 

an almost instantaneous solid-vapor transition of the atoms of the target [25].  

The opposite case is the use of nanosecond lasers which leads to significant heating of the target lattice 

[25, 33]. This is due to the pulse width being larger than the lattice cooling time τP >> τL. Electron 

temperature and lattice temperature are equal and the lattice is in a first step heated to its melting 

point. The material is then vaporized in a second step. During the process, a proportion of the energy 

is lost because of heat transfer to the target. One important implication of this behavior is that the 

threshold fluence, the minimum fluence required for laser ablation of a given solid, scales with the 

square root of the pulse duration for long nanosecond pulses, Fth ~ τp1/2 [24, 25, 34]. 

Picosecond ablation resides between the two extreme cases of femto- and nanosecond pulses and the 

ablation mechanisms depend on the exact duration of the laser pulses. Widths in the range of 10 ps, 

still in the stress-confined state, represent a case more closely related to the solid-vapor transition 

described for femtosecond pulse ablation (Figure 1a) [35-37].  

 

Figure 1: (a) Dependency of the threshold laser fluence for material ablation on the laser pulse 

duration. At about 100 ps pulse width the threshold fluence scales with Fth ~ τp
1/2 [24]. (b) Top: Time-

resolved images of the plasma plume above a silver target during PLAL in pure water. The laser pulse 

width is 6 ns Red color indicates high emission intensity. Bottom: Decay of integrated plasma intensity 

of the same sample. The plasma lifetime is ~300 ns [38]. 

Switching the focus back to laser ablation in liquids, it can be reasonably stated that the laser-induced 

plasma consists of atomized and ionized species delivered from the solid target, it can be considered 
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as the primary source of ablated matter [26, 39] (This holds of course also for ablation in air or in 

vacuum.). Yet, the plasma lifetime in liquids is at least some nanoseconds [28, 40, 41]. Considering 

PLAL with a pulse duration of e.g. 10 ps this means that the pulse duration is negligible with respect to 

the plasma lifetime. It is considered not to significantly increase its energy by additional pumping 

(Figure 1b) [28]. On the other hand ablation of the same system with the same parameters except for 

a pulse duration of e.g., 10 ns, the plasma lifetime is in the same order of magnitude as the laser pulse 

[38, 42]. This results in an additional energy transfer from the laser pulse to the plasma leading to a 

more extended plasma [27, 43]. More laser energy is transferred to the plasma and not to the target 

[44]. In consequence, the ablated material resides for a prolonged time in a heated state (>5000 K) and 

the increased plume size evaporates a larger liquid volume resulting in larger cavitation bubbles with 

longer lifetimes [18, 45]. This phenomenon is reported by the observations made by Gamaly et al. on 

the threshold fluence for laser ablation (in air) as a function of the pulse duration of the utilized laser 

[24]. They found that the threshold fluence is independent of the pulse duration up to ~100 ps, from 

which a linear relationship starts (Figure 1a).[24] This is explained by the plasma expansion time that 

overlaps with the laser pulse if the pulse width is large enough [28, 40, 46]. Thereby, also the 

interaction with particles clusters, which are formed almost instantly after the laser impact on the 

target is altered [46, 47]. 

It was demonstrated by Shih et al. in sophisticated computational simulations [46, 48], partly in 

combination with experimental support [48], that for PLAL of silver films the treatment of laser pulses 

below the electron-phonon equilibration time τe-ph < 8 ps the particle formation mechanism differs 

from the case of longer laser pulses τp. In particular, the different evolution of the final particle size 

distributions bimodality using picosecond and nanosecond lasers is explained [49]. In fact, a trimodal 

size distribution of nanoparticles was found already 3 ns after laser impact. The computational colloid 

contains atom clusters of some nanometers that grow to larger particles of about 10 nm. The ablation 

mechanism of the clusters was found to be the explosive decomposition of the superheated target 

[46]. A molten target layer is additionally disrupted by the hydrodynamic instabilities. Pressure 

differences in the molten layer and the surrounding supercritical water accelerate the melt in a 

nanojet-like fashion away from the target surface. After ~3 ns hydrodynamic instabilities, especially 

Rayleigh-Taylor instabilities, rapidly decelerate the nanojet leading to the formation of large droplets 

of molten material [48]. These species form the secondary particles typical for PLAL colloids (d > 10 nm) 

and are suspected to reveal themselves as small satellite bubble surrounding the laser-induced 

cavitation bubble [48]. Hence, not the entire fraction of secondary nanoparticles is confined within the 

cavitation bubble during picosecond PLAL [30]. 



Materials and methods 

 

 

- 10 - 
 

 

3.1.1 Evolution of the cavitation bubble 

Caused by the high energy of the species –clusters, atoms, and ions– forming the plasma on the target 

surface, its physical conditions are harsh with some 1,000 K and some 100 Pa [41]. During the rapid 

decay and cooling of the plasma, along with the energy transfer to the liquid phase, a hemispherical 

shockwave evolves at the target, moving away from its surface at the speed of 1500 m/s in water [18].  

 

Figure 2: Collage of images that illustrate the fundamental processes occurring during the first 

millisecond after laser impact during PLAL with nanosecond lasers. (a) Scheme of the different 

processes and their time dependency [50]. The optically active plasma, which consists of excited 

species, transfers its energy to the liquid phase within a few microseconds. (b) Cavitation bubble 

radius as a function of time of laser pulses with 100 mJ and 50 mJ pulse energy. Derived from high-

speed imaging of the bubble by shadowgraphy [18]. (c) Example of a laser-induced cavitation bubble 

at its maximum extension 120 µs after laser impact. The center of the bubble is transparent due to 

diffusive illumination [29]. (d) High-speed image of the semispherical shockwave emerging away from 

the target (black vertical line) at different delays. After 1.4 µs additional soundwaves that propagate 

parallel to the target are observed [18]. 

Reflections of the soundwave cause the evolution of soundwaves parallel to the target surface away 

from the target [18]. Some frames from optical shadowgraphy showing the shock- and the sound 

waves along the uprising cavitation bubble, black hemisphere, are presented in Figure 2d [18].  
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In general, Figure 2a gives an overview of the most important processes during PLAL on a time scale 

that is typical for the case of nanosecond PLAL [50]. Initially, the laser is absorbed in the target surface 

and ignites a plasma of the time scale of ≤1 nm. The plasma is experimentally accessible by plasma 

emission spectroscopy and has a lifetime of up to approximately 1 µs [38, 51]. 

Upon energy-transfer to the liquid, it evaporated causing the evolution of the gaseous cavitation 

bubble shown at its maximum extension in Figure 2c. The bubble is hemispherical shaped and attached 

to the target surface. It was observed by Tamura et al. that the plasma and the cavitation bubble exist 

simultaneously during the first hundreds of nanoseconds, depending on laser pulse duration and 

energy [52]. This is considered in Figure 2a by the smooth transition from the plasma phase (red) to 

the bubble phase (purple). The cavitation bubble undergoes several shrinking or collapses and rebound 

phases. The cavitation bubble radius is shown in Figure 2b as a function of the time delay after the 

laser impact. As indicated the maximum bubble extension and total lifetime depending on the laser 

pulse energy [18] or more precisely the fluence [17, 44]. 

The cavitation bubble can be altered in shape and the corresponding bubble dynamics by variations of 

the target geometry. The results discussed so far were obtained from cavitation bubble created by 

laser ablation of flat targets. A prominent example of an alternative target geometry is a wire. It offers 

the advantage of continuous target transport by the motor to allow a reproducible and continuous 

ablation process [53]. The cavitation bubble wraps around the target if it is hit perpendicular by the 

laser, even tip ablation in this configuration was reported [29, 53]. Compared to PLAL of bulk targets 

with identical laser parameters, the maximum extension and lifetime of the bubble are reduced. Target 

wrapping was identified to be a result of symmetric breaking by the wire. Accordingly, the cavitation 

bubble was forced to similar dynamics as from bulk PLAL by grooved supporting of the wire to mimic 

bulk target geometry [29]. 

The following discussion focuses on the prominent case of nanosecond PLAL, as both plasma and 

cavitation bubble lifetime is increased compared to short laser pulses and its observation is facilitated. 

The laser-induced plasma was shown to effectively absorb light from the still incident laser [44]. Such 

behavior is relevant for pulse durations τp >> τL. As shown in Figure 3, the maximum bubble volume of 

the first cavitation bubble scales linearly with the laser fluence above ~50 J/cm².  
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Figure 3: Maximum bubble volume as a function of laser fluence with nanosecond pulse duration for 

two target geometries, a flat target (blue squares) and a wire (white squares). The dashed line 

represents a linear relationship according to a thermal model, with full energy transfer into cavitation 

bubble formation (>50 J/cm²). The dashed-dotted line represents a linear relationship assuming a 

pure threshold model for ablation and bubble evolution. In the inset, the typical threshold fluence Fth 

behavior is shown [44]. 

It was concluded that in the low-fluence regime conversion of laser energy is steeper as a function of 

fluence as compared to bubble expansion [44]. The threshold for the linear relationship (Figure 3) was 

explained by the occurrence of dielectric breakdown of the liquid phase at a threshold fluence. At this 

point, the plasma expands in the liquid rather than the solid. Consequently, the plasma is effectively 

pumped by the still active laser pulse and becomes more energetic [44]. This conclusion is in 

accordance with the observation of the ablated mass not scaling linearly with the laser fluence [44]. It 

is also supported by the proposed mechanism of layer-by-layer evaporation of the liquid phase upon 

cooling of the plasma and energy transfer to the surrounding [54]. 

Many attempts have been made to fit the cavitation bubble size as a function of time with 

hydrodynamic models to calculate the temperature and pressure dynamics inside the bubble and their 

implications for the confined nanoparticles [50, 55-57]. While the use of the Rayleigh-Plesset model 

for cavitation bubbles in liquids [58-60] is capable of fitting the first PLAL-induced cavitation bubble it 

fails after the first bubbles collapse due to the compressibility of the liquid. It further requires 

considering material constants like surface tension and viscosity as freely variable, the model predicts 

extreme pressure peaks upon bubble collapse [55-57, 61]. The initial hydrodynamic equation from 

Rayleigh [58] did not take into account the liquid parameters surface tension and viscosity but was 

later considered by Plesset [59, 60]. 
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A model that is more capable to model the cavitation bubble dynamics in PLAL was developed by 

Gilmore [62]. The Gilmore model considers the compressibility of the liquid in addition to the Rayleigh-

Plesset model [63], and a Van der Waals attraction with hard-core repulsion (named “Van der Waals 

hard core law”) was added [64]. Therefore, the pressure of the gas phase is not constant in the Gilmore 

more. It was demonstrated to fit the dynamics of a laser-induced cavitation bubble in a free liquid, not 

at a solid boundary, in good agreement [63, 65]. Fitting the bubble dynamics of a cavitation bubble by 

the Gilmore equation [63] allows determining the pressure conditions in the gaseous and the liquid 

phase. This accounts especially for the time between two cavitation bubbles (collapse and rebound), 

corresponding to the time delays of ~400, 550, and 700 µs in Figure 2b (100 mJ). Yet, according to De 

Giacomo et al. the temperature inside the cavitation bubble is limited to some 100 K based on time-

resolved measurements of bubble size and calculation using a core Van der Waals model [66]. The 

pressure and corresponding temperature peaks during bubble oscillation in PLAL might have a 

significant influence on the nanoparticles inside the bubble. Hence, calculations according to the 

Gilmore model can help to understand the influence of the cavitation bubble on particle formation 

and growth.  

 

3.1.2 Nobel metal nanoparticles synthesized by laser ablation in liquids 

Plasmonic noble metal nanoparticles were among the first in the history of PLAL. In 1993, Fojtik and 

Henglein [67] discovered the possibility to synthesize nanoparticles by laser irradiation of a metal film 

covered by a liquid layer, which immediately quenches and disperses the particles. Precisely they laser 

ablated gold, nickel, and carbon dissolved in water, 2-propanol, and cyclohexane [67]. Some typical 

extinction spectra obtained from the analysis of gold, silver and copper nanoparticles synthesized by 

PLAL were reported by Amendola and Meneghetti [68]. They demonstrated the presence of spheroidal 

particles along with spherical particles in laser-generated gold colloids by TEM image analysis and 

additionally by fitting the respective extinction spectra by the Mie model for spheres and the Mie Gans 

model for ellipsoids [68, 69]. Most of the publications related to noble metal PLAL-nanoparticles 

investigate gold or silver nanoparticles but also platinum and palladium are frequently used.  

Besides flexibility, the most important advantage of PLAL is the possibility to produce nanoparticles in 

the total absence of organic ligands that attach to the particle surface and partly remain in the liquid. 

Therefore, no ligand exchange and cleaning procedures are required, as no toxic organic ligands are 

present in the colloidal solutions [70, 71].  
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Some unique features of gold, silver, and their alloy nanoparticles are exploited in biomedical 

applications like drug delivery by functionalization of AuNP with small molecules for increased peptide 

binding affinity [72] and controlled AuNP functionalization for enhanced cellular uptake [73]. Alloying 

of Au and Ag was used to prevent Ag+ induced damage to mammalian gametes [74] and controlled ion 

release from AgNP was used for antibacterial treatment [75, 76]. Furthermore, an in vitro study has 

demonstrated the non-toxicity of polyethylene glycol (PEG) coated PLAL-AuNP to human cells [77]. 

Controlled cell binding was achieved by gold nanoparticles functionalized with a thermoresponsive 

polymer [78]. In vivo therapy was performed by a coating of neural electrodes with ligand-free 

platinum nanoparticles for increased impedance stability along with increased viability of surrounding 

neurons [79]. 

Other applications for PLAL-synthesized plasmonic nanoparticles are based on the aim of increasing 

the signal-to-noise ratio of analytical techniques such as surface-enhanced infrared absorption 

spectroscopy (SEIRAS) [80], surface-enhanced Raman spectroscopy (SERS) [8], surface- [81] and 

matrix-assisted [82] laser desorption/ionization mass spectroscopy (SALDI- and MALDI-MS). The 

increased performance is based on the absence of additional signals from ligands attached to the 

nanoparticle surface. In addition, gold aggregates were trapped by optical tweezing [83] and SERS was 

applied to the trapped species to prove hot spot-formation in the prepared aggregates [84]. 

Plasmonic nanoparticles were also used in energy applications, e.g., heterogeneous catalysis, mainly 

as alloys or attached to support-particles. AuPt alloy particles from PLAL were supported on CeO2 

nanotubes for the hydrogenation of 4-nitrophenol, with the alloy increasing the catalytic activity by a 

factor up to 4 with respect to the same system used with the pure metals supported on CeO2 [85]. The 

same group has demonstrated that ligand-free gold nanoparticles are adsorbed onto the support, 

whereas adsorption of citrate-capped gold nanoparticles synthesized by chemical reduction was much 

lower even after purification [86]. Therefore, the CO conversion in the CO oxidation reaction was 

significantly increased through PLAL-AuNP [86]. The adsorption of ligand-free AuNP to BaSO4 

microparticles was shown fit the Freundlich adsorption model, which was explained by the oppositely 

charged ions in the Stern layers of the nano- and microparticles [87]. 

While this list of applications of ligand-free plasmonic nanoparticles synthesized by PLAL is incomplete, 

it demonstrates the versatility of the approach with respect to applications in multiple disciplines. All 

the aforementioned applications suffer from the same drawback, which is the inherently bimodal 

particle size distribution of colloids obtained by PLAL. A single size fraction of nanoparticles is highly 

desirable because the particle size is the main variable that affects the physical and chemical properties 

of noble metal colloids. In addition, the presence of additional large or small particles, depending on 
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the respective point of view, increases the monetary costs of the synthesis as small/large particles 

must be sorted out by additional processing steps. This highlights the necessity of understanding the 

PLAL process in more detail with an emphasis on the possible control of the particle size distribution 

and, ideally, avoiding bimodal colloids in a single-step ablation process. Therefore, the results 

presented in this dissertation on the analysis of the size reduction and quenching reactions with spatio-

temporal resolution in the microsecond regime add not only to the scientific understanding of the 

origin of the nanoparticles bimodality but also at introducing laser-generated nanoparticles to 

potential applications in an industrial scale. 
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3.2 Stability of colloidal nanoparticles  

Colloidal particles are thermodynamically unstable. Their formation and existence either are due to 

the low speed of the kinetic processes forcing them into larger quantities, by adsorption onto 

macroscopic surfaces, growth processes, or by collision-based aggregation. Colloids are defined as, at 

least, two-phase systems, characterized by the homogenous distribution (dispersion) of one phase; 

the dispersed or discontinuous phase, in the other phase, designated as the dispersion medium or 

continuous phase. Both phases can exist in all three physical states (solid, liquid, gaseous), even in the 

same state, e.g., emulsions are colloidal systems of two non-miscible liquids. This chapter introduces 

the aging and stabilization of nanoparticles dispersed in liquids.  

 

3.2.1 Ostwald ripening 

Multiple processes contribute to the destruction of nanoparticle dispersions. Among the most 

important, especially related to PLAL, are Ostwald ripening and coalescence of particles as described 

by Jendrzej et al. [88]. Ostwald ripening is a phenomenon that expresses itself by the dissolution of 

small droplets or particles in the continuous liquid phase. As a result, larger particles/droplets increase 

in size at the expense of smaller ones. Accordingly, Ostwald ripening is a diffusion-controlled process 

that required at least a minimum solubility of the dispersed phase in the surrounding liquid phase. 

Assuming a solubility of the dispersed phase of absolutely zero in the continuous medium, Ostwald 

ripening cannot occur [89, 90]: 

𝑆(𝑟)

𝑆(∞)
= 𝑒𝑥𝑝 (

2𝛾𝑉𝑚

𝑟𝑅𝑇
)                                                    Equation (1) 

S(r): solubility of a particle with radius r 

S(∞): solubility of the bulk material 

γ: interfacial tension 

Vm: molar volume of the dispersed phase 

R: gas constant (8.314 J/mol*K) 

The equation is known as the Kelvin equation. It denotes that the solubility of small particles/droplets 

increases exponentially with decreasing size. An 8 nm (= 2r) particle, therefore, exhibits a 10-times 

higher solubility compared to 20 nm particles [91]. This dependency highlights the importance of 

Ostwald ripening in colloidal chemistry as it shows that Ostwald ripening is outmost impossible to 

prevent, even for crystalline particles [92]. 
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The synthesis of monodisperse colloids it not exclusively desired due to more defined properties 

compared to polydisperse colloids but also a consequence of the implications derived from the 

Ostwald equation [91]: 

𝑅𝑇

𝑉𝑚
𝑙𝑛 (

𝑆(𝑟1)

𝑆(𝑟2)
) = 2𝛾 (

1

𝑟1
−

1

𝑟2
)                                      Equation (2) 

S(r1,2): solubility of the particle with radii 1 and 2 

r1,2: droplets/particles of radius 1 and 2 

Accordingly, the rate of Ostwald ripening increases upon increasing difference of the particle sizes in 

the colloid [91]. Regarding PLAL the bi-, or more precisely trimodal, size distribution, made of 

nanoclusters, primary, and secondary nanoparticles, offers the possibility of fast particle growth 

caused by Ostwald ripening [88]. Still, Equation (2) also defines the limit of Ostwald ripening, because 

its rate decreases with increasing particle size. This prevents the formation of a single large droplet as 

the result of ripening.  

Ostwald ripening has been demonstrated for nanoparticles obtained by PLAL for some noble metals 

(Cu [93], Pt [88], Au [88, 93]) and is thus an important contribution to the size of the nanoparticles. As 

Ostwald ripening is a time-consuming phenomenon it is irrelevant for studying the size evolution of 

nanoparticles trapped inside the oscillation cavitation bubble during PLAL (section 5.2.1 and 5.2.2). On 

the other hand, as soon as the laser-synthesized nanoparticles are analyzed by ex situ methods (e.g., 

electron microscopy and light scattering) the influence of ripening effects should be considered. 

Accordingly, analytical results may differ at different measurement delays after sample collection. This 

is demonstrated in section 5.1.2 using the example of nanoclusters that are smaller than 3 nm. While 

this particle species is usually not observed in PLAL colloids due to its consumption by Ostwald ripening, 

it can indeed be stabilized by using particle concentrations as low as some tens of milligram per liter. 

Considering the importance of particle ripening is further important for the interpretation of the in situ 

X-ray experiments performed in this dissertation and linking the results to the findings from ex situ 

particle analysis. 

 

3.2.2 Coagulation and coalescence 

Coagulation describes the phenomenon of two particles approaching each other until their surfaces 

are in direct contact. A coagulate can additionally grow if more particles attach to its surface. The 

resulting fractal object is either an agglomerate or aggregate. These structures differ in the reversibility 
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of the particle contact. Irreversibly coagulated nanoparticles are defined as aggregates, while 

agglomerates are re-dispersable by energy input [94]. 

Two types of coagulation are discriminated fast and slow coagulation. In fast coagulation, every 

collision between two particles results in coagulation. In terms of mathematics, it is possible to define 

a stability ratio W = number of collisions/number of collisions resulting in coagulation. While W is equal 

to 1 for fast coagulation, its rate Rf is hampered by the actual diffusion speed of the nanoparticles and 

the particle number concentration in the colloid [90]. An additional potential barrier between the 

approaching nanoparticles, resulting in a stability ratio W > 1, characterizes slow coagulation. In other 

words, some collisions do not induce coagulation. Accordingly, W reduces the rate of slow coagulation 

Rs = Rf/W [90]. The phenomena contributing to the responsible potential barrier are electrostatic 

repulsion of the particles and repulsion by van der Waals forces (3.2.3 DLVO theory). If polymers are 

linked to the particle surface, their interaction can also add to the repulsive force (3.2.3 Stabilization 

by polymers).  

Coalescence is the fusion of two or more coagulated droplets to a single larger drop [95]. It primarily 

occurs in emulsions but is also relevant for the solid nanoparticles produced in PLAL [77, 88]. Besides 

the fusion of coagulated dimers to larger particles, coalescence is suspected to contribute to the 

formation of large spherical particles by fusion of coagulated small particles confined inside the laser-

induced cavitation bubble [19, 20, 30]. When the oscillating bubble shrinks to its minimum volume the 

nanoparticles experience harsh conditions of up to ~400 °C and ~105 Pa [66]. Although, bubble collapse 

occurs within several microseconds not leaving much time for coalescence to proceed. The laser-

induced cavitation bubble is described in detail in 3.3.1. 

 

3.2.3 Electrostatic and steric stabilization 

Electrostatic stabilization - DLVO theory 

The theory describing the interactions between two approaching nanoparticles in a liquid was 

established in 1939-1945 by Derjaguin and Landau [96] and by Verwey and Overbeek [97]. The name 

DLVO theory stems from the first letters of its inventors’ names. In DLVO theory, the repulsive force 

by surface charges of the nanoparticles and attractive forces by van der Waals forces (vdW) are used 

to calculate the stability of nanoparticles against aggregation. As the number of considered 

interparticle forces is reduced to two, DLVO theory accounts exclusively for charged nanoparticles, 

without polymers attached to the surface [96, 97]. The relevance of the implications for laser-
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generated nanoparticles is clear, especially as such particles are stabilized exclusively by surface 

charges [98]. It is reasonable to assume that laser-generated nanoparticles are charged because of, 

e.g., hydrogen group formation at the surface [21, 99]. For the description of surface charges, the 

model of Graham, a modification of the Stern model, for the electrical double layer of ions detached 

to a nanoparticle is introduced [100]. In the following, the curved surface of a spherical particle is 

approximated by a flat surface.  

For reasons of charge neutrality, a layer of counterions binds specifically to the particle surface. This 

fixed layer was first described by Helmholtz and is called the inner Helmholtz layer (IHL) in the Stern 

model. On top of the fixed ion layer, the outer Helmholtz layer (OHL) is connected. It is characterized 

by reduced charge density compared to the IHP as its ions exhibit a solvation shell. At larger distances 

from the surface a diffusive, non-specifically bound layer of solvated ions accumulates around the 

particle surface [101]. This diffusive ion cloud is the Gouy-Chapman layer. A graphical description of 

the influence of ions accumulated around the solid surface on its potential Ψ as a function of distance 

X from the surface (X = 0) is given in Figure 4 [101].  

 

Figure 4: The electrostatic potential of a charged flat surface Ψ as a function distance X using the 

example of a positively charged surface [101]. The potential is a result of the charge density σ(X). The 

surface potential is not experimentally accessible. The IHL of specifically adsorbed counterions ends at 

the IHP (Ψi; X = β). The OHL consist of solvated ions, starting at the IHP and ending at the OHP (Ψd; 

X = d). The OHP marks the beginning of the diffusive layer of counterions which results from the need 

of electroneutrality of the system. The extension of the diffusive layer can be calculated by linear 

approximation of the Poisson-Boltzmann differential equation (see Equation (4)). 

The surface potential Ψ0 (charge density σ0) of a particle is not directly accessible. At a slightly larger 

distance from the surface, the inner Helmholtz plane (IHP) is located (X = β; σi; Ψi), marking the edge 

of the IHL. Thereafter follows the outer Helmholtz plane (OHP) which ends at the outer Helmholtz 
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plane (OHP; x = d; σd; Ψd). The OHP marks the locations of the diffusive ion layer around the particle. 

IHL and OHL are sublayers of the initially described Stern layer. While the ions in the IHL are directly 

bound to the particle surface, the ions of the OHL are solvated, which results in a reduced charge 

density. The overall charge of the system sums up to 0 (σ0 + σi + σd = 0) for reasons of electroneutrality 

[101]. Finally, the experimentally assessable potential is located at the slip plane (X = dek). At this 

distance, the zeta potential ζ = f(κ); see Equation (3)) is accessible. It is a measure for the stability of 

the nanoparticles against aggregation. If a higher electrolyte concentration is considered compared to 

the situation in Figure 4, the surface potential Ψ0 would be unaffected but the potential would 

approach the x-axis faster. This is because the double layer is compressed by the additional charges in 

the liquid [90]. The spatial extension of the double layer is described by the inverse Debye length κ, it 

has the dimension of an inverse distance [m-1] [90]: 

𝜅 = (
𝑒2∑𝑛𝑖

0𝑧𝑖
2

𝜀𝑘𝐵𝑇
)

1
2⁄

                                                 Equation (3) 

e: elementary charge (1.602*10-19 C) 

ni: number of ions per unit volume 

zi: valency of each type of ion 

kB: Boltzmann constant (1.380*10-23 J/K) 

Accordingly, in a 1:1-electrolyte of given concentration the Debye length κ-1 only depends on the 

permittivity ε of the liquid phase, and the actual temperature. The electrical double layer may extend 

from one to more than 100 nanometers in a typical nanoparticle colloid [90]. As the ion cloud, 

described by κ-1, plays a central role in the DLVO theory of colloidal stability, the actual theory is now 

accessible. At a distance away from the charges surface equal to the Debye length, the potential is 

reduced by 1/e because of the linear approximation of the Poisson-Boltzmann differential equation, 

for 1:1 an electrolyte and low potentials (Ψ0 < 25 mV; │zeΨ│ < kBT) [100, 102]: 

𝛹 ≈ 𝛹0𝑒𝑥𝑝(−𝜅𝑥)                                                  Equation (4) 

Ψ0: surface charge density 

x: distance from the surface 

Equation (4) is the so-called Debye-Hückel equation [102]. In principle, the exponential decay of the 

surface potential as a function of the distance from the surface can be suspected from the curve 

progression in Figure 4, even though the actually presented curve is more detailed. 
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The sum all interaction energies considered in DLVO theory is W = WA + WR, with the attractive van der 

Waals energies WA and the repulsive energies mediated by the electric double layer WR [90]. As the 

treatment of the interaction of two approaching spherical particles complicates the ansatz, the 

calculations of WA,R is limited to the case of two interacting plates. The mathematical correlations are 

[90]: 

𝑊 = 𝑊𝐴 +𝑊𝑅 = −
𝐴

𝐷2 +𝐵 ∗ 𝑒𝑥𝑝(−𝜅𝐷)                         Equation (5) 

A: = HA/12π [Hamaker constant HA: strength of vdW force between two particles] 

B: = 64n0kBTZ²/κ 

n0: number of ions per unit volume 

Z: = tanh(zeΨ0/4kBT) 

Obviously, the attractive forces exhibit a longer range and dominate the total interaction energy W 

when the plates approach each other close enough. An important difference of the plate 

approximation to the case of two spherical particles is that the exponent of the distance in the 

attractive term is 2 for parallel plates [102]. The implications of the DLVO theory are summarized in 

Figure 5 [102]. Plotting the interaction energy W as a function of the distance normalized to the Debye 

length κD the attractive and repulsive contributions (dashed lines) become visible. The inset on the 

top right shows the assumed geometry of two parallel negatively charged plates at distance D. It is 

clear that the total interaction energy depends largely on the surface charge density σ because a non-

charged surface does not exhibit electric double-layer repulsion and W = WA + 0 (low σ in Figure 5). 

Regarding the situation of high σ and starting at large normalized distances of the parallels plates, the 

attractive force by vdW interactions is never 0 but weak for high κD. At shorter distance κD ≈ 5 a local 

minimum of the total interaction energy W appears. This so-called secondary minimum marks the 

point of particle agglomeration. Remember that agglomerates are clusters of particles that are 

reversibly bound together. At even smaller separations of the plates, an energy barrier arises because 

of WA ~ D-2. The energy barrier prevents aggregation effectively if it exceeds the thermal energy 

significantly W >> kBT. If the barrier is, however, overcome and the parallel plates approach very short 

distance D, the vdW attraction becomes predominant and irreversible aggregation at the primary 

minimum occurs. Note, that additional repulsive forces by Born energy and solvation forces at smallest 

D values are neglected in Figure 5 as they are not part of the classical DLVO theory. 
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Figure 5: Total interaction energy W as a function of the normalized distance κD of two charged 

parallel plates according to the DLVO theory [102]. The repulsive contribution by the electric double 

layers WR and the attractive contribution WA by vdW forces are shown as dashed lines. At high 

surface charge density σ, a secondary minimum at medium distances occurs. It marks reversible 

agglomeration. At low distances, an energy barrier evolves that hinders the plates from the 

aggregation if it exceeds the thermal energy kBT significantly. At even shorter distances of the plates, 

the vdW attraction becomes superior resulting in irreversible aggregation of particles (primary 

minimum). 

The DLVO theory fails for approaching particles closer than ~10 nm [90]. This is because of neglecting 

of another interaction, the solvation force WS [102, 103]. At short distances, these forces might 

dominate the total interaction energy. Solvation force is largely excluded here but it should be noted 

that it scales with exp(-D/C), with the interparticle distance D. Factor C depends on the particular form 

of solvation force [102]. 

Coming back to Equation (5), it can be calculated that if κD = 2 fast coagulation is initiated. At standard 

conditions and assuming water as the liquid phase this critical coagulation concentration (c.c.c.) is 

inversely proportional to the sixth power of the electrolytes valency z (c.c.c. ~ z-6). This is the so-called 

Schulze-Hardy rule [104, 105]. It explains why coagulation is disproportionally more effective by 

multivalent ions like Fe3+ than by monovalent ions like Na+. Anticipating section 3.4 on nanoparticle 

size control during PLAL induced by electrolytes, the Schulz-Hardy rule points out why for size 

quenching during laser synthesis only monovalent ions are used. 

Steric stabilization by polymers 
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Polymers can increase the stability of nanoparticles against aggregation. This most prominent effect is 

steric stabilization, which is most easily described by the model of a rigid wall mediating a repulsive 

force, but also stabilization by depletion forces is possible. In contrast to the long-range forces 

mediated by charged surfaces, the repulsive forces induced by polymers are short ranged. Similar to 

electrostatic stabilization the repulsive forces mediated by polymers must overcome particle attraction 

by vdW forces. 

 

Figure 6: Schemes of possible polymer mediated interactions between two approaching colloidal 

particles. (a) Bridging flocculation occurs at low surface coverage of particles with polymers. The 

polymer must have two active sites to anchor to two particles. (a) Steric stabilization requires full 

surface coverage of the particles. The interpenetration of the polymer shell is energetically an 

entropic unfavored. If the shells interpenetrate each other, e.g., because the solvent is at the Θ-point, 

flocculation occurs (e). If on the other hand polymer-polymer interaction in is unfavored compression 

of the shells occurs when they spatially overlap. A restoring force results and flocculation is prevented 

(e). (c) Depletion stabilization is an effect of unbound free polymer in solution. At high concentrations, 

the approaching particles lead to polymer-solvent demixing in the gap. (d) Depletion flocculation 

occurs at medium concentrations of the free polymer. The excluded volume around the particles that 

is not accessible of the polymer is reduced if the particles are in direct contact. The osmotic pressure 

difference decreases. 
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Steric effects become significant at distances L ≤ D ≤ 2L [90]. Here, L is the extension of the polymer 

shell into the liquid and D is the distance between the surfaces of the two particles cores. The 

interactions of particles with adsorbed polymers are complex and can be attractive or repulsive [90]. 

The direction of the force field depends on polymer concentration and the polymers solvency. Polymer 

concentration effects are best described using the model in Figure 6a. As can be seen, if a polymer 

adsorbs to the surface of one particle and contains another functionality to bind to a free surface site 

of a second particle, bridging by polymers occurs between the particles. As the particle is not in direct 

contact, a difference to coagulation and coalescence (section 3.2.2), the destabilization of a colloid by 

bridging is referred to as flocculation [90]. 

Steric stabilization by polymers (Figure 6b) anchored to the surface of the particles is a process that 

can be dominated by enthalpy, entropy, or both effects. In order to explain this, it is worth noticing 

that several authors reported on the similarity of the temperature at which flocculation starts and the 

Θ-temperature [106-108]. The Θ-temperature was described by Flory [109]. The interactions between 

the polymer chains are equal to those with the solvent molecules at that temperature. The polymer 

chains behave therefore like molecules rather than colloids. In good solvents, the polymer chain 

exhibits maximum extension. At the same time, they do not sense each and the steric repulsion force 

drops to its minimum causing flocculation [109]. This is depicted in Figure 6e (top) by the 

interpenetrating polymer shell. If the Θ-point is not reached the shells of extended polymers attached 

to the nanoparticles of a dispersion will repel each other at the distance beginning of polymer shell 

interpenetration [90]. This is shown in Figure 6e by the lower sketch which shown the situation of 

polymer shell compression. As noted, steric stabilization has an enthalpy and an entropy contribution. 

The first one is based on the mixing of the polymer shells. In a good solvent, the interactions between 

the extended polymer chains and the solvent molecules are favored compared with polymer-polymer 

interactions. Therefore, polymer-shell intermixing increase the enthalpy of the system of mixing [90]. 

An alternative interpretation is based on the resulting osmotic pressure difference [95]. The entropy 

contribution to steric stabilization is based on the loss of degrees of freedom of the polymer chains 

upon interpenetration [95]. 

In addition to forces mediated between colloidal particles, unbound polymers in the solution can 

induce repulsive and attractive forces [102]. They are depletion stabilization and deletion flocculation 

(Figure 6c,d). Depletion stabilization occurs at high free-polymer concentrations. Depletion forces are 

based on the volume surrounding each particle that cannot be entered by the free polymer of size Rg 

(radius of gyration) because of decreasing entropy [102]. The excluded volume is highlighted in Figure 

6c,d by the dashed lines around the particles. Considering a situation in which two particles approach 
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to a distance D ≤ Rg, the total excluded volume decreases by the overlapping volume. The depletion of 

free polymer between the particles results in an osmotic pressure difference that sucks out the solvent 

from the gap, leading to flocculation of the particles [110]. On the other hand, depletion stabilization 

requires higher free polymer concentration and the involved particle-to-particle distance is different 

(Figure 6c). Two particles that approach to the distance of one or two Rg, the excluded volume is larger 

compared to depletion flocculation, in concentrated polymer solutions sense a repulsive force. This is 

because of polymer-solvent demixing in the gag between two particles, an energetically unfavored 

process [90]. 

In general, if the liquid phase represents a good solvent for the polymer dedicated for stabilization of 

the colloid a repulsive force between the nanoparticles is expected. 
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3.3 Noble metal nanoparticles 

Bulk material approximation 

Plasmonic material is defined by their optical properties given by the electronic structure of the 

material. Nanoparticles represent a special case of plasmonic materials, especially those made of the 

noble metals gold, silver, and copper which exhibit a strong plasmon resonance in the visible range of 

the optical spectrum [68, 111]. The evolution of surface plasmons at the interface between two media 

requires them having permittivities ε of opposite sign. This is met for metal nanoparticles (ε < 1) 

dispersed in water (εm > 1) [112]. It is worth noting here that the permittivity is a complex quantity 

given by the sum of its real and imaginary part ε(ω) = εr + iεi. Obviously, the complex permittivity is 

additionally a function of the radial frequency of incident light ω. The frequency dependent complex 

permittivity (here: dielectric function) of bulk gold is shown in Figure 7a [113]. While the imaginary 

part of the permittivity is almost independent of the incident light wavelength, its real part decreases 

with increasing wavelength, exhibiting mostly negative values. The electrons in the conduction band 

of a metal (particle) contribute to its free electron gas. Therefore, surface plasmons can be regarded 

as the collective oscillations of conduction electrons. An incident electromagnetic wave induces a 

dipole at the metal nanoparticle surface by excitation of the free electron gas to a damped oscillation 

[113]. Hence, the polarizability α of a nanoparticle is of major importance for the evolution of surface 

plasmons as it is a measure for the difficulty of inducing a dipole by electron-atom core displacement. 

This is schematically illustrated in Figure 7b for the examples of a dipolar plasmon induced at a metal 

nanosphere [114]. 

 

Figure 7: (a) Bulk dielectric function of gold as a function of the excitation wavelength. The solid 

curves represent experimental data for the real and imaginary part of the dielectric function taken 

from [115] by [113]. The dashed lines are derived from Equation (6) [113]. (b) Scheme of the effect of 

an incident electromagnetic wave on a spherical metal nanoparticle. The induced dipole, indicated by 

positive and negative signs, oscillates uniform across the nanosphere [114]. 
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Regarding a perfectly spherical nanoparticle, its optical dispersion is a function of its extinction cross 

section Cext. It reflects the loss of photons while crossing the nanoparticle. The losses are caused by 

absorption Cabs and scattering Csca of photons [116]. If the spherical nanoparticle matches the condition 

of [2π(εm)1/2/λ]R << 1, with λ being the wavelength of the incident light, its extinction cross section Cext 

is given by [112, 116]: 

𝐶𝑒𝑥𝑡 =
24𝜋2𝑅3𝜀𝑚

3 2⁄

𝜆
[

𝜀𝑖

(𝜀𝑟+2𝜀𝑚)2+𝜀𝑖
2]                                      Equation (6) 

R: radius of a nanosphere 

The origin of the absorption peak in the optical extinction spectrum is predicted by Equation (6) 

through the condition εr = -2εm if at the same time the imaginary part of the permittivity εi is small 

[112] (Figure 7a). The real part of the permittivity determines the actual wavelength of the surface 

plasmon resonance, and the imaginary part determines the bandwidth [117]. Finally, the optical 

response Cext of a spherical nanoparticle depends on particle size R³, at constant wavelength λ. 

Nevertheless, replacing the single particle size R by an entire particle size distribution requires 

adaptation of Equation (6) as demonstrated by Amendola and Meneghetti, who replaced R by the two 

parameters that are necessary for the characterization of a log-normal size distribution [118]. 

Large nanoparticles 

Large spherical particles with sizes above d ≈ 0.2λm = λ0/(εm)1/2 require the introduction of retardation 

effects to describe their optical response to excitation. Here, λm is the mode wavelength in the liquid 

phase, and λ0 is the wavelength in vacuum. This was considered in the theory of Gustav Mie already 

in 1908 [116]. He found that the particles extinction cross-section is a function of electric and magnetic 

scattering coefficients, as well as of λm. For large spherical nanoparticles the polarizability α is [119]: 

𝛼 = 3𝑉𝜀𝑚
1−

0.1(𝜀+𝜀𝑚)𝜃2

4
𝜀+2𝜀𝑚
𝜀−𝜀𝑚

−
(0.1𝜀+𝜀𝑚)𝜃2

4
−𝑖(2 3⁄ )𝜀𝑚

3/2
𝜃3

                                    Equation (6) 

Θ: size parameter (= 2πR/λ) 

R: radius of a sphere 

When the size parameter Θ becomes zero, Equation (7) becomes equal to the approximation of α for 

smaller nanoparticles down to 10 nm, which do not show significant retardation effects [113]. 
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Small nanoparticles/-clusters 

When the size of a nanoparticle approaches the penetration depth of a current, induced by an 

electromagnetic field, inside the conductive material δ = 1/√(πfμσ) (f: current frequency, μ: 

permeability, σ: conductivity) [120], the assumption of equality of the permittivity in bulk and 

nanomaterial is no longer valid [113]. The penetration depth for gold is about 10-15 nm depending on 

the incident wavelength. As a result, the permittivity ε(ω) is modified to consider the increased 

conduction band electrons damping rate τ-1 [121]: 

𝜀(𝜔)𝑚𝑜𝑑 = 𝜀(𝜔) +
𝜔𝑝
2

𝜔(𝜔+𝑖𝜏−1)
−

𝜔𝑝
2

𝜔(𝜔+𝑖𝜏−1+
𝑖𝑣𝐹
𝑅
)
                         Equation (7) 

vF: Fermi velocity 

Electrons with energies approaching the Fermi level additionally contribute to the damping rate τ-1. 

Comparison of the results from Equation (8) with experimental data showed reasonable agreement 

[113]. The plasma frequency ωp of a metal is a material constant and is proportional to the electron 

number density N1/2 and the electrons effective mass (1/meff)1/2 [122]. At the plasma frequency, the 

permittivity of the material exhibits negative values, leading to the evolution of plasmons (Figure 7b). 
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3.4 Size control by additives in laser synthesis of noble metal nanoparticles 

The strategy of size control during PLAL by size quenching using additives is based on the principals of 

colloidal chemistry that mediate the stability of particles against aggregation. For the investigation, the 

influence of additives on the size of the nanoparticles the laser parameters are kept constant. 

Nevertheless, in PLAL as well as in re-irradiation of colloids and particles fragmentation (PLFL) or 

melting (PLML) size control of particles is to some extent possible [123-125].  

Particle aggregation and growth are prevented in PLAL by electrostatic and steric stabilization as 

described in 3.2. Steric stabilization and particle functionalization with specific molecules and chemical 

groups are often not distinguished but it is noted that functionalization often results in additional steric 

stabilization. A typical functionalization process is performed either by adding the ligand to the liquid 

phase, in which it is soluble, prior to laser ablation or to add the ligand to the final colloidal dispersion. 

The organic molecules used for size control by the introduction of steric repulsion can be subdivided 

into several groups: 

I. Surfactants 

a. Ionic [17, 126, 127] 

b. Non-ionic [128, 129] 

II. Polymers 

a. Physisorption [130-132] 

b. Chemisorption [78, 131, 133] 

III. Biomolecules [134-136] 

IV. Monomer solutions [137-139] 

The synthesis of silver nanoparticles in the ionic surfactant sodium dodecyl sulfate (SDS) was first 

investigated by Mafuné et al [126]. Note that when comparing the results of different groups, it is also 

important to consider the experimental setup for data interpretation. Mafuné et al. performed batch 

ablation using a 532 nm laser wavelength, which is close enough to the SPR peak of silver nanoparticle 

at about 400 nm to allow significant absorption of light by nanoparticles from previous pulses. 

Therefore, the ablated particles might experience PLFL what additionally contributes to the size 

reduction of particles [51]. The effective size reduction that was observed in colloids containing SDS 

(c = 0.003-0.1 M) is, therefore, the sum size reduction during PLAL and PLFL. As shown by Lau and 

Barcikowski PLFL of zinc oxide particles in a free liquid jet, containing no surfactants, into a 0.1 M SDS 

solution effectively prevents agglomeration, and thus ripening, of the fragmented particles [140]. Still, 

the size reduction effect of SDS is unquestionable and was supported by Tomko et al. by PLAL of gold 

in 8 mM SDS solution [17]. Compared to PLAL in pure water, the average particle size was reduced by 
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≥5 nm. While size reduction of ablated nanoparticles is effective using SDS it is difficult to attribute the 

effect solely to steric effects as SDS contains an ionic sulfate group. As discussed below size reduction 

of noble metal nanoparticles by micromolar amounts of monovalent ions is likewise possible and very 

effective. In addition to SDS, the surfactant 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (MEEAA) was 

used for size reduction of the non-plasmonic material yttrium oxide[141]. The particles were reduced 

from ~6 nm to 2 nm. Again, attributing the size reduction during PLAL is difficult as ablation in a batch 

process at a laser wavelength of 355 nm was performed, so that possible fragmented species were 

stabilized by MEEAA. Furthermore, MEEAA is a charged molecule and the effect of the decreased pH 

of the solvent is not clear until now but might induce size quenching similar to dissolved inorganic ions 

[142]. 

Polyvinylpyrrolidone (PVP) is a non-ionic polymer that is frequently used in the synthesis of silver 

nanoparticles by the reduction of precursor substances [143]. Millimolar solutions of PVP reduce the 

size of silver nanoparticles obtained from batch-PLAL at 1064 nm from 18 nm to 11-13 nm, depending 

on the respective concentration [51]. PVP was also used to reduce the size UV-region of the 

electromagnetic spectrum, of aluminum particles, exhibiting SPR in the and to minimize surface 

oxidation [130]. The size was reduced by up to 9 nm in average compared to PLAL in pure water. In 

contrast, PLAL in the presence of poly(vinyl alcohol) (PVA) reduced the average size by 6 nm. 

When working with gold nanoparticles thiol terminated capping agents are frequently used due to the 

strong bond to the gold surface. Salmaso et al. performed batch-PLAL of gold in pure water at 1064nm 

and added a thiol-terminated thermoresponsive polymer to the dispersion [78]. This ex situ addition 

of a functional polymer did however not result in size reduction of the gold nanoparticles but the 

colloidal stability against aggregation was significantly increased.  

Sajti et al. though demonstrated the importance of time delay after laser-synthesis of gold 

nanoparticles and the addition of thiolate peptides [144]. Micromolar amounts of peptides were added 

seconds to minutes after PLAL in a flow chamber, to avoid re-irradiation of the synthesized 

nanoparticles. They have shown that both the hydrodynamic and Feret diameter of the final gold 

nanoparticles increases with an increasing delay of peptide addition. Accordingly, the introduced steric 

effect effectively suppressed particle growth and ripening [144]. The same group performed batch-

PLAL of gold in the presence of thiolated oligonucleotides and found significant size reduction [145]. 

These results give rise to the question of whether size reduction by organic molecules happens inside 

of the laser-induced cavitation bubble or exclusively on a later stage or both. This question is addressed 

in section 5.2.2 of this work. 
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A very effective approach of the size reduction of noble metal nanoparticles is the used of monovalent 

anions in micromolar concentrations. If a concentration is employed small enough to not decrease the 

Debye length (Equation (3)) of the nanoparticles and thus destabilizing the colloid as predicted by DLVO 

theory (section 3.2.3), the size of e.g., gold nanoparticles is significantly reduced. At the same time, the 

ligand-free nature of the PLAL nanoparticles is conserved. The effect was first described by Rehbock et 

al. for the ablation of gold in concentrations of 1-2000 µM NaCl, NaBr, NaF, and Na2SO4 [21]. Due to 

the identity of the cation, the size reduction power of the anion was extracted. A follow-up study has 

demonstrated the importance of the anions compared to the cation [146]. The anions F- and SO4
2- did 

not result in size quenching of nanoparticles. A similar effect was observed for PLAL of gold and 

palladium nanoparticles in sodium phosphate buffer solution (NaPP) that reduced the average particle 

Feret diameter from >20 nm down to 5 nm [21, 142]. The effectiveness of the different anions was 

found to correlate to the Hofmeister sequence F- ≈ SO4
2- < Cl- ≈ NO3

- < I- ≈ Br- ≈ SCN- and to scale 

proportionally with the hydration of the anions but scale inversely proportional with the respective 

polarizability [146]. Using X-ray photoelectron spectroscopy (XPS) increased stability and reduced 

particle size was demonstrated to origin from additional surface oxidation of the particles. Additionally, 

ion adsorption contributed to the surface charge of nanoparticles [146]. 

In summary, organic macromolecules and monovalent anions are capable to reduce the size of 

nanoparticles during PLAL. Still, for both material classes, it remains elusive whether they interact with 

the nascent nanoparticles already inside the laser-induced cavitation bubble or in the liquid phase. 
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3.5 X-rays for the static and dynamic size analysis of nanoparticles 

It is of utmost importance to note that the investigation of the cavitation bubble is highly relevant 

because it contains a large fraction of the total ablation mass during its existence. This was for the first 

time experimentally shown by direct probing of the cavitation bubble using small-angle X-ray 

scattering (SAXS) by Ibrahimkutty et al. [19]. It was found that the laser-induced cavitation bubble acts 

as a reservoir of the ablated gold species during the entire lifetime of the bubble, including all 

subsequent oscillations. Already after 80 µs the existence of two distinct particle size fractions was 

demonstrated, the so-called primary and secondary particles (see Figure 8) [19]. Yet, the results could 

not distinguish if the secondary particles consist of large spherical nanoparticles, agglomerates, or a 

mixture of both.  

In a subsequent study, the cavitation bubble induced by PLAL of a silver target was investigated [20]. 

While the same particle fractions, primary and secondary particles, were found, it was furthermore 

shown that the size and relative volume fraction depend on the delay after laser impact and the related 

bubble collapse and rebound phases. The size of small primary particles was hardly affected by the 

oscillations of the cavitation bubble. On the other hand, the secondary particles increased by up to 

20 nm in diameter upon the collapse of the first cavitation bubble after ~100 µs. At the same time, the 

relative mass of the secondary particles compared to the primary particles increased [20]. All these 

findings pointed towards an agglomeration of particles induced by the cavitation bubble. This effect is 

most pronounced in the center of the bubble over the target surface. Yet, this can still not be 

considered as a proof for the absence of large spherical nanoparticles that are always found in ex situ 

particle characterization for PLAL colloids. 

The effect of the dynamic cavitation bubble on the confined nanoparticle, measured by high-speed 

SAXS, is shown in Figure 8a for different heights above the target surface (0.17 mm; 0.5 mm center of 

the cavitation bubble; 1.0 mm; 1.2 mm above the maximumly extended bubble) [19]. The blue dots 

represent the size of small primary particles, the black squared the secondary particles, here accounted 

as agglomerates. For details of data analysis and independent consideration of two size fractions from 

a single X-ray scattering signal see Equation (11) and the associated text passage. The first vertical 

dashed line in Figure 8a marks the laser impact at zero delays. The second vertical at about 150 µs 

marks the collapse of the first cavitation bubble [19]. At 0.17 mm above the target, the size of both 

particle fractions increased upon the collapse of the first and evolution of the second cavitation bubble, 

which is possibly caused by coalescence and growth due to high temperature and pressure conditions. 

Large secondary particles (black squares) were also found in the center of the bubble (0.5 mm height), 

at the top of the bubble (1.0 mm height), and above the bubble (1.2 mm height). 
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Figure 8: (a) Particle diameters obtained by time-resolved SAXS of primary (blue dots) and secondary 

(here agglomerates) (black squares) particles confined inside the laser-induced cavitation bubble 

during PLAL as a function of the delay after laser impact (red dashed vertical line). The cavitation 

bubble was scanned at different heights above the target surface (right ordinate). The dotted vertical 

line at 150 µs marks the collapse of the first cavitation bubble. [20]. (b) Relative particle fraction mass 

from SAXS as a function of the delay. The black solid line is the X-ray transmission of the oscillating 

cavitation bubble [30]. (c) Six individual frames of the third cavitation bubble at 320 µs obtained by X-

ray radiography with absorption contrast. The black curved vertical line intersecting the bubbles 

consist of dense ablated material that is emitted across the gas-liquid interface in a jet-like fashion. 

The scale bar is 1 mm [30]. 

In the bubble center, no significant size increase of primary particles was observed but the secondary 

particle behavior was similar to a scan at 0.17 mm height above the target. At the bubble tip and above 

no agglomeration induced by the cavitation bubble was observed. Yet, the counting statistics at these 

points were much lower than for the data points at smaller distances to the target surface [19]. In 

Figure 8b a similar diagram is shown but instead of the particle size, the relative mass of the primary 

(small) and secondary (large) nanoparticles is shown on the ordinate [30]. The black solid line 

represents the cavitation bubble as observed by recording the X-ray transmission. Data acquisition was 

performed at 0.5 mm above the target surface, in the middle of the cavitation bubble. It is obvious 

that the relative mass of the two size fractions is equal until the collapse of the first bubble sets in at 

~150 µs. After the evolution of the second cavitation bubble (first bubble rebound), the mass of 
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secondary particles is several times higher compared to the small primary particles. This was 

interpreted as an agglomeration of small particles in the extreme confinement of the minimum 

cavitation bubble volume [30]. This additionally allows the conclusion that the particles cannot cross 

the cavitation bubble interface. Afterward, the mass of both species decreased with increasing delay, 

indicating the redisposition of ablated material to the target. After the final collapse of all cavitation 

bubbles at delays >350 µs, the mass of the secondary particles is slightly higher than for the primary 

particles [30]. Yet, this is not surprising as the mass of a (spherical) nanoparticle scales with its radius 

to the power of six R6. 

It was shown by additional X-ray radiography with absorption contrast that the particles cross the 

interface between the cavitation bubble and the surrounding liquid phase after ~320 µs [30]. This delay 

represents the maximum extension of the third cavitation bubble. As shown in the six single frames of 

Figure 8c, the interface crossing happens in a jet-like fashion. The material jet is dense enough to reveal 

itself in the absorption contrast as a curved vertical line inside all shown cavitation bubbles. The results 

from X-ray radiography were additionally supported by time-resolved SASX measurements. 

Thus, already before this dissertation started SAXS was proven to be a powerful tool for the analysis 

of the confined species during PLAL, which makes it the method of choice for the time-resolved analysis 

of the size quenching by additives. 

Recently, imaging the cavitation bubble by means of X-ray radiography with different contrast 

mechanisms attracted some attention. Initially, the exploited contrast mechanism was pure 

absorption, as already discussed, with some inherent phase contrast appearing on the bubble 

interface. While absorption contrast imaging provided important information about the material 

transfer from the gaseous phase of the cavitation bubble into the surrounding liquid phase, it lacks 

sensitivity towards the nanosized matter. Only in the case of very dense material, caused by reduced 

bubble volume, absorption contrast can map the ablated species. Yet, no information about the size 

and relative mass of the nanoparticle species can be derived. A more sophisticated approach of X-ray 

imaging is the implementation is dark-field or scattering contrast [147]. As this contrast mechanism 

has its origin in the scattering of X-ray [147], information about the ablated nanoparticle is accessible. 

In contrast to SAXS, X-ray imaging with scattering contrast is a real single-shot method that allows 

recording the entire bubble cross section in a single experiment. Using a compound array refractive 

lens for hard X-ray Reich et al. have demonstrated the utility of the approach [148]. By changing the 

sample-detector distance the sensitivity of the method as a function of the diameter of scattering 

objects is tunable. Thereby, distinguishing between the scattering signals from nanoparticles inside the 

cavitation bubble and from emerging microbubbles [148]. A similar approach, X-ray Hartmann mask 
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imaging, is used in section 5.2.2 of this dissertation. The section includes a detailed description of the 

method. 

Small-angle X-ray scattering 

For the analysis of nanoparticle small-angle X-ray scattering is a powerful tool. It is widely used to 

characterize nanoparticles, especially when high time-resolution is mandatory [149-153]. Here, the 

considerations are limited to the analysis of nanoparticle size and especially the size distributions. 

Additionally, the nanoparticles are assumed to be surrounded by a liquid phase rather than a vacuum. 

This represents the relevant case of nanoparticles synthesized by PLAL sufficiently well, even if 

difficulties arise when analyzing the particles when they are still trapped inside the gaseous phase of 

the cavitation bubble as background removal by considering the liquid phase, prior to the evolution of 

the cavitation bubble, is somewhat misleading. 

What are the principles of small-angle X-ray scattering? First, the contrast mechanism of SAXS is the 

same as in TEM. Variations of electron density cause bright and dark spots on the detector. Still, TEM 

provides information in real space, while SAXS provides reciprocal space data. Therefore, small spatial 

changes in the electron density will scatter X-ray to larger angles than larger changes in electron 

density [154]. 

If an X-ray beam interacts with a nanoparticle these are potentially absorption, inelastic scattering, 

and elastic scattering. Only elastic scattering of X-rays at electrons contributes to the small-angle 

intensity, while absorption and inelastic scattering are negligible [154]. Absorption and inelastic 

scattering are widely negligible for small scattering angles so that the background radiation is mainly 

formed by the solvent molecules. Elastic scattering, on the other hand, creates a typical 2D pattern of 

bright and dark circles on the scattering detector [155]. X-rays induce oscillations of the electrons in 

the sample material with the exact same energy as the X-rays as the signal is produced by elastic 

scattering, leading to the emission of secondary waves. The distance from the sample to the detector 

is large compared to the incident wavelength, because small scattering angles require large distances, 

so that constructive and destructive interference between the secondary waves from the same 

particle, at different spots of the particle, can occur [156]. This causes the bright and dark rings on the 

detector. As single electrons cannot be localized in the sample, it is common to use the quantity of 

electron density in SAXS [156]. The 2D scattering pattern is then reduced to a 1D graph of the scattering 

intensity I(q) as a function of the scattering vector q= (4π/λ) ‧ sin(Θ), with the X-ray wavelength λ, and 

the half scattering angle Θ. For particles that are randomly orientated in the samples, an isotropic 

scattering pattern is recorded and the pattern is azimuthally averaged [154].  
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For data analysis in the sections 5.1.1 and 5.2.1 of this dissertation spherical particle were assumed. 

Furthermore, dilute solutions were considered as in the present single laser pulse experiments this 

was a reasonable assumption. If the additional assumption of the identity of all particles l is applied, 

the scattering intensity of the particles Il(q) can be expressed as the product of the form factor P(q) 

and the structure factor S(q) [154]: 

𝐼𝑙(𝑞) = 𝑃(𝑞) ∙ 𝑆(𝑞)                                             Equation (8) 

The form factor describes the shape of the particles and the underlying size distribution if the particles 

are not identical. It is thus highly desirable to calculate the form factor in order to fit a scattering 

pattern of a nanoparticle colloid. The structure factor, on the other hand, contains information on the 

organization of particle systems, or in other words the arrangement of particles to each other. In a 

dilute solution of particles that do not specifically interact with each other, the structure factor 

approaches unity. In the latter case, the scattering pattern is completely fitted by the form factor P(q). 

The form factor is defined as [154, 157]: 

𝑃(𝑞) = ∫𝑛(𝑅)〈|𝐹(𝑞, 𝑅)|2〉 𝑑𝑅                                       Equation (9) 

n(R): size distribution function 

F(q,R): form factor oscillation 

The form factor oscillation F(q,R) represents the characteristic damped oscillation of the scattering 

pattern that is produced by monodisperse spherical nanoparticles. Therefore, it contains information 

about the particle shape. Furthermore, F(q,R) is the Fourier transform of the electron density variation. 

It is hence a central quantity for understanding that origin of small-angle scattering and reciprocal 

space relation of SAXS [154]. To calculate the form factor P(q) it is necessary to know or assume either 

the size distribution function n(R) or the particle shape before performing the calculation. In the case 

of laser-generated nanoparticles, it is reasonable to assume spherical nanoparticles, even if some 

particles are rather ellipsoids than spheres [118]. It is then possible to calculate the size distribution 

without any precondition on its shape. Often the Schultz-Zimm distribution function is assumed [158-

160]. Yet, for time-resolved analysis of nanoparticles inside the laser-generated cavitation bubble 

during PLAL the size distribution function n(R) is not known. At the same time, the particle shape is 

well known from TEM image analysis and it is unlikely that the mostly spherical particles exhibit 

different shapes inside the cavitation bubble as the spherical shape is a low-energy state. 

As already stated, the scattering intensity of non-identical particles cannot be split into the product of 

form and structure factor as in Equation (9) without any further assumptions. Still, in a solution of 
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polydisperse nanoparticles with negligible structure factor, the scattering intensity can be calculated. 

In this dissertation, an empirical model called the Unified Fit model (UF) by Beaucage et al. [161-163] 

and a Monte Carlo model by Pauw et al. [164, 165] was used for the analysis of nanoparticle size 

distributions by SAXS. These models are therefore briefly introduced in the following. 

The unified fit model by Beaucage et al. is based on the Guinier and Porod approximations for the small 

(q < 1/Rg) and high q region (q >> π/Rg) [161]. The radius of gyration is Rg = R(3/5)1/2 for monodisperse 

spheres. These approximations are used in the unified fit approach as a Guinier law [156] and an 

associated Porod power-law regime [166] to fit each hierarchical structural level, e.g. primary and 

secondary particles in PLAL. For a single polydisperse structural level the scattering intensity is given 

by [162]: 

𝐼𝑈𝐹(𝑞) = 𝐺 ∙ 𝑒𝑥𝑝 (
−𝑞2𝑅𝑔

2

3
) + 𝐵 ∙ (𝑞∗)−4; 𝑞∗ =

𝑞

[𝑒𝑟𝑓(
𝑞𝑅𝑔

61 2⁄⁄ )]
3              Equation (10) 

G: prefactor, ~particle V 

B: prefactor, ~S 

S, V: average surface area/volume of particles 

Using the unified fit, it is possible to fit every hierarchical level of scattering structures in a sample, 

starting with the smallest. The result is the average size of the scattering particles and their relative 

volume contribution to the total nanoparticle volume by integration of the respective graph section. 

Still, it is not possible to retrieve the size distribution without assuming an envelope using the unified 

fit model [161-163]. The unified fit has been used to determine the relative mass fractions of primary 

and secondary nanoparticles inside the gaseous environment of the cavitation bubble by Ibrahimkutty 

and Wagner et al. [19, 30, 167]. As this dissertation can be considered an extension of their work in 

part the unified fit is utilized is every SAXS data analysis for reasons of comparison and because it has 

proven to be a powerful tool for fitting SAXS scattering curves. 

Using the Monte Carlo approach (MC) introduced by Pauw et al. it is furthermore possible to obtain 

the particle size distribution of nanoparticles in a given sample volume. This feature is highly desirable 

during high-speed SAXS experiments as performed in this work as it allows to conclude on the effect 

of size quenching agents, e.g. electrolytes, more precisely compared to the unified fit that is limited to 

the determination of averaged size fractions. The MC approach aims to minimize the reduced chi-

square of the scattering function by accepting every iteration that reduced Χ²red and dismissing every 

contribution that increases Χ²red. In the MC model the scattering intensity is given by [164]: 
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𝐼𝑀𝐶(𝑞) = 𝑏 + 𝐴∑ |𝐹𝑠𝑝ℎ,𝑘(𝑞𝑅𝑘)|
2
(
4

3
𝜋)

2
𝑅𝑘
(6−𝑝𝑐)𝑛𝑠

𝑏=1                    Equation (11) 

b: constant background term 

A: scaling factor, related to the volume fraction of scattering structures 

Obviously, the MC model requires the assumption of specific particle shape, spheres in the present 

case, but not a specific size distribution function (see Equation (12)). The number of contributions ns 

that are considered do not influence the calculated results, but the time required for that task. Similar 

accounts for the adjustable parameter pc. The MC model was successfully tested by Lak et al. for the 

analysis of bimodal iron oxide nanoparticles [168]. 

While numerous algorithms are available to determine the size or the size distribution of nanoparticles 

from SAXS data [154], the UF and MC approaches are particularly suitable for the data produced in this 

dissertation. The SAXS experiments are performed with a high temporal resolution some tens of 

microseconds and lack from a high signal-to-noise ratio as the ablated nanoparticular species are very 

diluted inside the extended cavitation bubble. However, this drawback is overcome by averaging 

hundreds of individual scattering curves. Both of the presented fits have been tested in terms of their 

ability to determine the size and size fractions of defined nanoparticle colloids [169] (study is presented 

in section 5.1.1) and have proven excellent agreement with the expected results and in comparison to 

hydrodynamic techniques like dynamic light scattering or analytical disc centrifugation but also 

compared to electron microscopy with image analysis. The excellent performance of SAXS with the UF 

and the MC fit, without any temporal resolution, makes this combination the technique of choice for 

the analysis of nanoparticle sizes when a high temporal resolution is required.  

 



Materials and methods 

 

 

- 39 - 
 

4 Materials and methods 

Depending on the respective scientific question the experimental equipment, the used laser system, 

the chemicals, and analytical technique were adopted. The following sub-sections describe the 

experimental setup of the in situ and ex situ studies, as well as the designed setup for shadowgraphy 

imaging of the laser-induced cavitation bubble. The used instruments and a brief description are 

presented in Table 1. Additional descriptions of the equipment and setups are given in the materials 

and methods sections of each sub-chapter of 5. 

Table 1: Summary of the used lasers for nanoparticle synthesis and the applied analytical 

instruments. 

Instrument Manufacturer Model Specification Application and 
description 

Laser 

Rofin-Sinar RS-Marker 
D100 

1064 nm, 
40 ns, 15 W @ 
3 kHz 

PLAL of gold 
nanoparticles 

Innolas Spitlight DPSS-
250-100 

1064 nm, 9 ns, 
1 W @ 100 Hz, 
4 mW 
@ 0.2 Hz 

PLAL of gold 
nanoparticles during 
in situ SAXS analysis 
and PLAL of silver 
nanoparticles for 
shadowgraphy 

EdgeWave HD-40l-E 1064 nm, 
40 ns, 3 W and 
13 W @ 2 kHz 

PLFL of gold 
nanoparticles 

Spectra 
Physics 

Spitfire Ace 800 nm, 
100 fs, 
196 mW @ 
5 kHz 

Preparation of the 
Hartmann mask by 
laser drilling 

Continuum Minilite I 1064 nm, 7 ns, 
110 mW @ 
10 Hz 

PLAL of gold 
nanoparticles during 
in situ XHI analysis 

Rofin PowerLine E 1064 nm, 7 ns, 
7 W @ 10 kHz 

PLAL of gold 
nanoparticles 

Analytical disc 
centrifuge 

CPS 
instruments 

DC 24,000 
UHR 

24,000 rpm, 
405 nm 

Determination of 
particle size 
distribution by 
fractionation in a 
centrifugal force field 

Benchtop 
centrifuge 

Hettich Universal 32R Rotor 1613, 
6000 rpm 

Fractionation of gold 
colloids by centrifugal 
force 

Analytical 
ultracentrifuge 

Beckmann 
Coulter 

Proteomelab 
XL-I 

An-50 Ti Rotor, 
30000 rpm, 
SedFit 

Determination of 
particle size 
distribution by 
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Instrument Manufacturer Model Specification Application and 
description 

(software), 
UV/Vis 
detector 

analysis of 
sedimentation speed 

Power and 
energy meter 

Coherent Field Max II-
Top 

EnergyMax 
Sensor 

Direct measurement 
of laser pulse energy 
by a pyroelectric 
element. 

Plunger pump 
Ismatec ISM 321C 5-50 ml/min Liquid flow during 

PLAL and PLFL 

Peristaltic 
pump 

behr WT600-2J 35 ml/min Liquid flow during 
shadowgraphy. Flow 
rate reduced by 
additional pressure on 
tubes and reduced 
tube diameter. 

Dynamic light 
scattering 

Malvern ZetaSizer ZS 4 mM, 633 nm Determination of 
particle size 
distribution and zeta-
potential 

UV/Vis 
spectrometer 

Thermo 
Scientific 

Evolution 201 1 mm band 
width, 5 mm 
beam path 

Determination of the 
extinction of colloids 

Transmission 
electron 
microscope 

Zeiss EM 910 120 kV Determination of 
number-weighted 
particle size 
distribution 

High-
resolution 
transmission 
electron 
microscope 

Jeol JEM-2200FS 200 kV Determination of 
number-weighted 
particle size 
distribution 

Pulse 
generator 

Thurlby 
Thandar 
Instruments 

TGP 110 10 MHz, 50 ns 
pulse delay, 
50 µs pulse 
width 

Electric resistance 
preconnected to the 
camera 

Camera Basler acA1600-
60gm 

10 µs 
resolution 

Optical shadowgraphy 

Camera lens Sill optics correctal T/1,5 1.5-fold 
magnification 

Magnification of the 
camera image 

Flashlight LED Lenser L7 115 lm Light source for 
optical shadowgraphy 

3D printer MakerBot Replicator 2X 100 µm layer 
resolution, 
0.4 mm nozzle 
diameter 

Printing of the 
ablation chamber for 
shadowgraphy 

Confocal 3D 
microscope 

NanoFocus µsurf custom  Analysis of laser-
induced damage on 
the target surface 
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The chemicals used during the experimental work of this thesis are summarized in Table 2, together 

with information on the suppliers, specifications, and applications. 

Table 2: Specifications of the chemicals used in the experiments. 

Chemical Supplier Specification Application 

Sodium chloride 
(NaCl) 

  Size control of laser-
generated gold 
nanoparticles 

Polyvinylpyrrolidone 
(PVP) 
(CAS: 9003-39-8) 

Acros Organics 3500 g/mol 
(Lot: A0368382) 

Size control of laser-
generated gold 
nanoparticles 

Sodium bromide 
(NaBr) 

  Size control of laser-
generated gold 
nanoparticles 

Gold target (plate) Allgemeine Gold- und 
Silberscheideanstalt 

99.9 %, 0.5 mm 
thickness 

Target for PLAL 

Gold target (ribbon) ZierRat KG 99.9 %, 200 µm 
thickness, 4mm width 

Target for in situ 
experiments 

Silver target (plate) 
(CAS: 7440-22-4) 

Alfa Aesar 99.985 % (Premion), 
1 mm thickness 
(Lot: M26B010) 

The target for 
shadowgraphy of the 
cavitation bubble 

Gold colloid Nanopartz Nominal particle size: 
40 nm 

Sample S50 for ex situ 
testing of SAXS 

Methoxy polyethylene 
glycol thiol (mPEG-SH) 

abcr 356.5 g/mol, > 95 % 
(Lot: 1335547) 

Steric stabilization of 
gold colloids 

 

  



Materials and methods 

 

 

- 42 - 
 

4.1  Experimental design 

4.1.1 Experimental design for in situ investigations 

The setups of in situ X-ray probing of the laser-induced cavitation bubble was similar for both applied 

techniques, SAXS and XHI. The custom-made ablation chamber, made of steel in the SAXS setup and 

3D printed for the XHI setup, consisted of scaffold building of a central hollow space. Here the 

continuous ablation target, a 4 mm wide and 200 µm thick gold ribbon, was continuously transported 

upwards across the ablation chamber relative to the incoming laser beam. On top and below the laser-

focusing lens there were two tubes connected to provide the water flow through the ablation 

chamber. The channels for the liquid were connected to the central hollow space and the water was 

pumped upwards to avoid the accumulation of persistent gas bubbles in the chamber. The laser 

entered the chamber through a lens, of 30 mm focal length in air, screwed in the chamber wall 

perpendicular to the target. At the same time, the lens acted as a seal to avoid leaking of the chamber.  

 

Figure 9: Graphical description of the experimental setup for in situ X-ray investigations. The structure 

of the ablation chamber and the role of the single pieces are described. A continuous gold target 

(ribbon) is transported upwards across the chamber, perpendicular to the incoming laser beam. The 

laser is focused on the target by a lens screwed in the outer wall of the chamber. The applied water 

flow is directed from the bottom to the top. (a) Simplified scheme of the setup. The framework of the 

chamber and the incoming X-ray beam are neglected. (b) Photograph of the 3D printed ablation 

chamber as designed and printed at the Karlsruhe Institute of Technology (KIT). The inner channels 

are visible due to decreased absorption of light at the thin structures. 
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Two removable side windows were positioned perpendicular to both the target and the incoming laser 

beam. The side windows were made of steel in all setups and pressed a laver of silicon seal and a 

subjacent layer of polyimide foil (Kapton) to the chamber framework. Thereby, the liquid layer height 

for the incoming X-ray beam to cross through the side windows was limited to 5 mm. A thicker layer 

of water would have absorbed a significant amount of beam energy. A scheme and photography of the 

setup are presented in Figure 9, while more detailed descriptions are given within the sections 5.1.2 

and 5.2.2. 

 

4.1.2 Experimental design for pulsed laser ablation and fragmentation in liquids 

Laser ablation of gold nanoparticles in water was always executed in a liquid flow setup. This was to 

mimic the parameters of the in situ setup. Through all experiments, custom-made ablation chambers 

made of polytetrafluoroethylene (PTFE, Teflon) were used to avoid contamination of the colloids. The 

chamber for PLAL consisted of several 4 x 4 mm quadratic parts that were put together in a layer-by-

layer like fashion. These parts are listed in an order starting with the part that had the largest distance 

to the incoming laser beam below: 

i. Backside made of PTFE (thickness 5 mm) with a rectangular depression of 0.5 mm depth. 

This depression defined the location and dimension of the gold target. 

ii. Silicone seal of 1 mm thickness with a round hole in the middle of 12 mm in diameter. This 

allowed pressing the underlying rectangular target at its corners to the chamber’s back 

side. 

iii. Central PTFE block (thickness 5 mm) with the dual cone-shaped channel for the liquid flow. 

Accordingly, the liquid layer height above the target was 5 mm. 

iv. Silicone seal of 1 mm thickness with a round hole in the middle of 12 mm in diameter. 

v. The window made of a cut microscopy slide as an entrance for the laser beam. 

vi. Silicone seal of 1 mm thickness with a round hole in the middle of 12 mm in diameter. 

vii. Front part made of PTFE (thickness 5 mm) with a round hole in the middle of 12 mm in 

diameter. 

The used gold targets had a thickness of 0.5 mm and the ablation pattern on the target surface had a 

spiral-like pattern of 8 mm in diameter. Scanning across the surface was performed using an F-Theta 

lens. The liquid volume flow was adjusted by a plunger pump connected to the centerpiece of the 

chamber by polyvinyl chloride (PVC) tubes. The final colloids were collected in vessels made of either 
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polyethylene or polypropylene. The focus position was determined either by gravimetry of the target 

before and after ablation or by UV/Vis extinction spectroscopy at 380 nm. Hence, the focus position 

was the position of maximum material ablation and not the geometric focal position. 

The chamber and setup for PLFL were similar. Instead of the PTFE-backside of the chamber, a second 

front part was mounted together with a second glass window to allow the attenuated laser beam to 

exit the chamber and to avoid subsequent ablation processes. Furthermore, the colloid was pumped 

in a circle for a given period. 

 

4.1.3 Shadowgraphy setup 

The ablation chamber used for shadowgraphy was 3D printed to allow a liquid flow PLAL while 

observing the laser-induced cavitation bubble from the side. The liquid flow was necessary to remove 

residual nanoparticles and persistent gas bubbles between two laser pulses. As it was required to 

observe the edge of the target during imaging, the target was fixed to the backside of the chamber 

using double-sided tape. A sketch of the principal setup and the geometry of the central part of the 

ablation chamber are depicted in Figure 10. 

 

Figure 10: Sketch of the setup for imaging of the cavitation bubble by optical shadowgraphy. (a) 

Scheme of the centerpiece of the ablation chamber with the laser entering from the front 

perpendicular to the target. The side windows allow the visible light to enter the target and the 

transmitted intensity is recorded by the camera. The liquid flow from the bottom to the top of the 

chamber, the remaining parts of the chamber, and other equipment are omitted. (b) CAD design of 
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the centerpiece highlighting the geometry of the flow channel and the front and side windows. (c) 

CAD-view from the side through the chamber. Scale bar accounts for (b) and (c) and is 5 mm. 

While only a part of the ablation chamber is shown and the indication of the liquid flow direction 

(upwards through the chamber) is omitted, a good overview of the setup is clarified. A more detailed 

description is given in 5.1.2. 
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5 Results and discussion 

This chapter is divided into four sections that deal with the different aspects of the laser-induced 

cavitation bubble and the experimental designs for the clarification of the underlying scientific 

questions. All experiments were performed using lasers with pulse widths of several nanoseconds. 

Therefore, the findings are not directly transferable to the process of PLAL with femto- or picosecond 

pulses. Still, the identification of the early processes that occur during nanosecond PLAL are an 

important piece of information for future studies of PLAL with ultrashort pulses. 

Section 5.1 contains the preparatory work for the studies investigating the bubble’s interior by means 

of SAXS [19, 20] and, partly, the interpretation of XHI data. Here (5.2.1), the analytical precision of the 

utilized SAXS method is compared to more frequently used techniques of colloidal analysis, e.g., ADC, 

DLS, and optical UV/Vis extinction spectroscopy (Figure 11, upper left). The latter one was possible as 

the comparative study is conducted using plasmonic gold nanoparticles. The results highlight the 

analytical accuracy of SAXS but also the limits of that technique. Consequently, the findings greatly 

contribute to the interpretation of the data derived in section 5.2.1. 

The design for probing the laser-induced cavitation bubble with high temporal resolution using 

advanced X-ray methods differs significantly from that frequently used in quantitative nanoparticle 

synthesis by PLAL, especially the thickness of the ablation target. For the synthesis of high 

concentrations or large amounts of nanoparticles, the target thickness is usually in the range of 

0.5 – 1.0 mm or thicker; in contrast, X-ray probing of the cavitation bubble requires a target thickness 

of ≤ 200 µm. Therefore, another preparatory work in 5.1.2 determines the limits of a targets ability to 

absorb multiple pulses on the same spot without inducing changes to the cavitation bubble and 

possible influences on the synthesized nanoparticles (Figure 11, upper right). The ablation crater is 

found to largely influence the cavitation bubble shape, its maximum extension height and volume, and 

its overall dynamics. Consequently, reproducible analysis of particles confined inside the cavitation 

bubble with high-speed X-ray methods requires continuously moving targets; however, the stiffness 

of thick gold targets hinders their continuous transport relative to the laser beam. 

The aforementioned section, 5.2.1, deals with the experimental design required for the detection of 

the nanoparticle size and size distribution on the microsecond time-scale by SAXS and includes an 

explanation of how the synchrotron X-ray beam is positioned relative to the laser-induced cavitation 

bubble and the temporal resolution is discussed. The observation of ablated species already inside the 

gas phase of the cavitation bubble is defined as in situ analysis throughout the entire experimental 

description within this dissertation.  
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Figure 11: Schemes that illustrate the scientific questions and applied methods that were used to 

solve them. The upper row (1 and 2) represents the ex situ studies that are presented in the sections 

5.1.1 and 5.1.2. The bottom row (3+4) represents the in situ studies that are presented in the sections 

5.2.1 and 5.2.2. 

In contrast, experiments and analyses performed on a final colloid on the time scale of minutes and 

more are referred to as ex situ experiments. Within the study presented in 5.2.1, the interior of the 

cavitation bubble is probed in situ during the laser ablation of a gold target in pure water and in a 

micromolar solution of NaCl (Figure 11, bottom). In combination with additional ex situ analysis of gold 

colloids, it is shown that the ions delivered by the electrolyte result in an effective size quenching of 

the ablated nanoparticles already inside the confinement of the cavitation bubble. 
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In addition to adding micromolar concentrations of monovalent electrolytes to the liquid phase prior 

to PLAL, another common way to control the size of the product nanoparticles is to add organic ligands 

and polymers to the solution. In section 5.2.2, the question of the time of impact of macromolecular 

ligands on the final nanoparticle size distribution is addressed (Figure 11, bottom). The exploited X-ray 

method is varied, in comparison to section 5.2.1, from SAXS to X-ray Hartmann mask imaging. In 

addition to the description of the operating principle and experimental design, the suitability of the 

method is demonstrated by reproducing the in situ finding from SAXS that micromolar concentrations 

of NaCl result in size quenching inside the gaseous phase of the cavitation bubble. The chosen 

macromolecular ligand is PVP and no effect on the nanoparticles is observed in situ. Since PVP reduces 

the final ex situ particle size distribution, it is concluded that the macromolecular ligand, in contrast to 

NaCl, acts as an ex situ growth quenching agent by suppressing particle growth by coalescence and 

Ostwald ripening. 

The experimental results presented in this dissertation point toward the importance of the exploited 

experimental designs for in situ particle analysis and the different mechanisms of size control during 

PLAL by electrolytes and macromolecules. These differences lead to conclusions on the particle 

generation mechanism during nanosecond PLAL and the implications for the size control of laser-

generated nanoparticles. These implications are summarized in section 6. 
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5.1 Suitability and interpretability of the high-speed X-ray setup and results 

Laser ablation in liquids does not produce a single uniform nanoparticle fraction; instead, a bimodal 

colloid is usually obtained. The bimodality is increased with decreasing laser pulse width. Nevertheless, 

no combination of laser parameters is known that results in the formation of monodisperse colloids. 

As even single-pulse laser ablation leads to a combination of small and large nanoparticles, the 

bimodality is most likely an inherent output of PLAL. It is, therefore, mandatory to perform a reference 

study to elucidate the suitability of SAXS for the analysis of bimodal colloids without any temporal 

resolution. Depending on the outcome of this reference study, the interpretation of in situ SAXS data 

is facilitated and becomes more significant. The basic principle of the design experiment is presented 

in Figure 12. 

  

Figure 12: To reproduce the size distributions from PLAL, monomodal colloids of various sizes are 

synthesized and mixed in defined nominal mixing ratios (n.m.r.). Left: Scheme of the preparation path 

of defined bimodal colloids (adapted from reference [169]). In a first step, laser-generated particles 

are re-irradiated with a laser-wavelength close to the SPR peak of AuNP to fragment the particles and 

obtain monomodal colloids (top). The 50 nm-sample was obtained commercially. In a second step, the 

particles are mixed together in defined ratios according to the nanoparticle concentration of the 

initial colloids (bottom). One series of samples is made of colloids with overlapping size distributions, 

whereas another series is made of colloids with non-overlapping size distributions. Right: High-

resolution TEM of a sample containing nanoparticles from the 7-nm and 50-nm samples in a n.m.r. of 

one. The inset shows an area of the image with higher magnification. 
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The bimodality of laser-generated colloids is mimicked by subsequent laser ablation and fragmentation 

so that two monomodal colloids with average sizes of 7 nm and 10 nm are obtained. A third colloid 

with an average size of 50 nm was obtained commercially. The overall gold concentration in the 

colloids is determined and the individual samples are mixed in defined ratios. Two series of samples 

are prepared this way: (i) mixtures of 7-nm and 50-nm colloids to mimic colloids obtained by PLAL, and 

(ii) mixtures of 7-nm and 10-nm colloids. The latter mixture is prepared to determine if SAXS can 

resolve these slight changes in the overall composition of a colloid. This knowledge boosts the 

interpretation of in situ SAXS data from PLAL of gold in pure water and the size quenching agent NaCl, 

as presented in section 5.2.1. In addition, for particle size distribution analysis by means of SAXS, the 

samples are further analyzed by more frequently used methods of colloidal chemistry. The initial 

samples are characterized by scanning electron microscopy, whereas all samples mixtures are analyzed 

by the fractionating technique of analytical disc centrifugation, dynamic light scattering, and UV/Vis 

spectroscopy with Mie-Gans analysis. This variety of analytical techniques allows one to not only judge 

the suitability of SAXS for the analysis of laser-generated nanoparticles, but also presents its relative 

accuracy compared to other techniques. Thus, the results presented in section 5.1.1 are a necessary 

groundwork for the in situ SAXS study that is presented in 5.2.1. This SAXS study is also an important 

reference for the interpretation of the in situ X-ray Hartman-Mask imaging experiments performed in 

section 5.2.2. 

Afterwards, the influence of the cavitation bubble itself on the resulting nanoparticles is investigated 

(section 5.1.2). Regarding the cavitation bubble, its influence is hardly accessible as changing the 

cavitation bubble’s lifetime or shape is usually not possible without changing at least one other 

parameter in the system. Hence, it is not unambiguously clear whether a possible change in particle 

size is attributed to the changes in the cavitation bubble or due to some other parameter. 

The approach that was chosen in the investigation, presented in 5.1.2, is simple. A thick target (1 mm) 

was ablated in a liquid flow setup without any scanning strategies applied; the laser was not moved 

relative to the target nor vice versa. The evolving ablation crater on the target does indeed significantly 

change the shape and lifetime of the cavitation bubble at the same time, as schematically shown in 

Figure 13. 
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Figure 13: Scheme of the laser-induced cavitation bubble at the delay after laser impact of maximum 

bubble extension. In the top left, the semispherical bubble on a smooth (= undamaged) target spot is 

shown. In contrast, after multiple pulses on the same spot, the resulting crater changes the bubble 

shape to almost spherical, with additional small bubbles surrounding it in the liquid phase. The 

schematic diagrams in the bottom outline line scans across the target surface. In the case of a smooth 

surface, no indentations are observed. A re-irradiated target, in contrast, exhibits a distinct ablation 

crater. 

Besides the cavitation bubble, the only other parameter that might undergo changes is the fluence; 

however, the fluence is constant throughout the major range of applied laser pulses. The induced 

spherical shape of the bubble (Figure 13, top right) is of great importance as damage to the target 

cannot be avoided in PLAL. Hence, the influence of the cavitation bubble on the final nanoparticles is 

crucial. Here, no additives are used. This way, the combined results of 5.1 and 5.2 can add to the overall 

aim of size control during PLAL, especially as in section 5.1.2, no time resolution is applied regarding 

the analysis of the size of the nanoparticles and the overall investigated time range is hence expanded 

from the microsecond time scale from in situ experiments (section 5.2) to the time scale of hours and 

days. 

The cavitation bubble induced on a silver target is imaged using shadowgraphy and the observed 

bubble features are correlated to the measured particles’ sizes. As the particle concentration in the as-

prepared final colloids is on the order of 10-4 g/l, particle analysis was challenging. Measurements by 

means of analytical ultracentrifugation identified many nanoclusters (≤ 3 nm) that were produced 

along with primary and secondary nanoparticles. As will be discussed in 5.1.2, these nanoclusters can 

add to the size of larger particles by growth processes. These results may pave the way towards new 

methods of particle size control during laser synthesis in liquids.  
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5.1.1 Primary particle diameter differentiation and bimodality identification by five 

analytical methods using gold nanoparticle size distributions synthesized by pulsed laser 

ablation in liquids 

Alexander Letzel, Bilal Gökce, Andreas Menzel, Anton Plech, and Stephan Barcikowski 

Published in: “Primary particle diameter differentiation and bimodality identification by five analytical 

methods using gold nanoparticle size distributions synthesized by pulsed laser ablation in liquids, 

Appl. Surf. Sci 435 (2018) 743-751.” 

 

Abstract 

For a known material, the size distribution of a nanoparticle colloid is a crucial parameter that defines 

its properties. However, measured size distributions are not easy to interpret as one has to consider 

weighting (e.g. by light absorption, scattering intensity, volume, surface, number) and the way size 

information was gained. The radius of a suspended nanoparticle can be given as e.g. sphere equivalent, 

hydrodynamic, Feret or radius of gyration. In this study, gold nanoparticles in water are synthesized by 

pulsed-laser ablation (LAL) and fragmentation (LFL) in liquids and characterized by various techniques 

(scanning transmission electron microscopy (STEM), small-angle X-ray scattering (SAXS), analytical disc 

centrifugation (ADC), dynamic light scattering (DLS) and UV/Vis spectroscopy with Mie-Gans Theory) 

to study the comparability of different analytical techniques and determine the method that is 

preferable for a given task related to laser-generated nanoparticles. In particular, laser-generated 

colloids are known to be bimodal and/or polydisperse, but bimodality is sometimes not analytically 

resolved in literature. In addition, frequently reported small size shifts of the primary particle mode 

around 10 nm needs evaluation of its statistical significance related to the analytical method. Closely 

related to earlier studies on SAXS, different colloids in defined proportions are mixed and their size as 

a function of the nominal mixing ratio is analyzed. It is found that the derived particle size is 

independent of the nominal mixing ratio if the colloid size fractions do not overlap considerably. 

Conversely, the obtained size for colloids with overlapping size fractions strongly depends on the 

nominal mixing ratio since most methods cannot distinguish between such fractions. Overall, SAXS and 

ADC are very accurate methods for particle size analysis. Further, the ability of different methods to 

determine the nominal mixing ratio of sizes fractions is studied experimentally. 
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Introduction 

Size distribution analysis of dispersed nanoparticles is a major challenge in colloidal chemistry and 

nanotechnology. The size of a nanoparticle defines physical and chemical properties such as optical 

[170, 171] electric [172, 173], magnetic [174, 175] and catalytic [176, 177] properties. Usually, 

nanoparticle dispersions are not comprised of particles of the exactly same size. Real samples – even 

those referred to as monodisperse – exhibit a certain variety of differently sized nanoparticles [178-

180] leading to particle size distributions that have a certain width. Therefore, for real particle size 

analysis it is not sufficient to present a single average size value. As the special properties of 

nanoparticles are caused by their large surface to volume ratio, the particle surface is of particular 

importance of the interaction with incident radiation or mechanical sensors. Often nanoparticles are 

functionalized with organic ligands attached to the surface so that this additional shell adds to the 

signal from the core-particles. One route to ligand-free nanoparticles is the synthesis via pulsed laser 

ablation in liquids (LAL) [33]. For a number of applications nanoparticles with clean surfaces, in other 

words with no steric stabilizers or electrosteric surfactants attached, are required. These include 

biological [49, 181], medical [182, 183] and chemical application like heterogeneous catalysis [184, 

185]. Pulsed laser ablation in liquids has first been described by Fojtik and Henglein [67, 186] and has 

developed into a competitive synthesis route that is green chemistry [98, 187]. Nowadays, many 

material classes are accessible through laser synthesis, including noble metals [68], base metals [188], 

oxides [189] and alloys [190, 191].These materials obtain characteristic properties e.g., magnetism or, 

depending on the functionalization, biological functions. In recent work, we performed SAXS during 

the ablation of gold in a micromolar solution of sodium chloride [192], which is known to stabilize the 

resulting gold nanoparticles and decrease their size due to additional surface charges [146]. 

Interestingly, it was shown by SAXS that already inside the gas phase of the laser-induced gas filled 

cavitation bubble the ions start to reduce the size of gold nanoparticles [192]. One difficulty in the 

analysis of highly dynamic processes, such as LAL is that few methods are compatible to the in situ, 

high spatial and time resolution examination, as is SAXS. After cavitation bubble collapse and collection 

of the particles, ex situ analysis with imaging techniques like electron microscopy or further analytics 

is possible but as the particles still grow inside the bubble the results might not be directly comparable 

to the results obtained from in situ SAXS. Therefore, it is demanded to calibrate the utilized methods 

with respect to their comparability and the relation to ex situ changes. In general, for particle size 

analysis knowledge about the particles’ physical properties and synthesis route are beneficial as these 

contain important information required for data interpretation [193]. For example, if a colloid made 

of gold is analyzed it is possible to extract size information from its ultraviolet–visible extinction 
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spectrum (UV/Vis) in particular due to the surface plasmon resonance (SPR) of gold nanoparticles 

(AuNP) [171, 194]. In many cases, particle size distributions are broad or exhibit multiple modes. For 

instance, particles prepared by LAL are known for their purity [195, 196], but are bimodal or of even 

higher polydispersity [13, 21, 142]. Avoiding or reducing the inherent polydispersity and relating it to 

the phenomena involved in LAL are subject to earlier work [20, 30, 192]. Ultimately, analytical 

techniques and evaluation methods suitable for complex size distributions are mandatory. As 

agglomeration and aggregation are common phenomena in colloidal chemistry, at least bimodal size 

distributions must be reliably resolved. Unfortunately, sizes derived from different methods will differ 

both because of sensitivity issues (such as weighting by number or volume) or because of the 

underlying physical detection phenomena. For example dynamic light scattering (DLS) is a non-

fractionating method analyzing nanoparticles in their nascent hydrodynamic state and sensitive to 

intensity fluctuations of scattered laser light due to particle diffusion [197].The hydrodynamic analysis 

also includes immobilized adsorbed species on the particles. Electromagnetic wave scattering 

(including SAXS), furthermore is sensitive to the volume of the particles rather than their number 

because of the cubic relation of the particle volume to the intensity in Rayleigh-Scattering. In contrast, 

transmission electron microscopy (TEM) does not image particles in their nascent environment since 

they undergo liquid evaporation during sample preparation. Apart from this, TEM directly provides the 

number-weighted particle size distribution due to counting of every single particle. 

In the past years, there have been many studies comparing particle size analyses of a given colloid 

obtained from different methods [160, 163, 168, 193, 198-203]. Many of these studies focused on the 

case of monodisperse colloids or assumed monodisperse colloids [160, 163, 168, 198-203]. Some 

studies also take bi- and multimodal colloids into account but are neglecting the determination of the 

relative volume of the underlying fractions [193, 202, 204]. For instance, Lak et al. mixed colloids in 

defined ratios [168]. In more detail, Thünemann et al. characterized a bimodal iron oxide colloid 

through field-flow-fractionation with a SAXS detector [205]. Other groups focused on the 

implementation of data evaluation routines to optimize certain methods like DLS, SAXS or particle 

tracking without a comparison to a full set of other analytical methods [206-208]. Recently, Kestens et 

al. have tested silica particles as new reference material in an exhaustive ring-trial and have shown the 

difficulties of measuring the “size” of nanoparticles [209]. In the present work, we prepare gold colloids 

of varying sizes and mix them in defined mass ratios. The prepared bimodal gold colloids stabilized by 

thiolated mPEG are characterized by means of scanning transmission electron microscopy (STEM), 

UV/Vis spectroscopy with combined data analysis by Mie-Gans theory [118], DLS with cumulant 

analysis, analytical disc centrifugation (ADC) and small-angle X-ray scattering (SAXS) with data 

evaluation by a generalized fit approach and a reverse Monte Carlo fit [161, 162, 164, 210]. We show 
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that SAXS is a highly accurate method for the analysis of LAL colloids and thereby support the findings 

of our earlier work, dealing with the in situ analysis of embryonic LAL nanoparticles which are still 

trapped within the confinement of the laser induced cavitation bubble [19, 20, 192]. We further 

demonstrate the limits of the SAXS methods in terms of analysis of particles mixtures with over-lapping 

size distributions, minimum particle diameter and effect of the presence of large particles on the 

particle size distribution of a mixed colloid containing small (d < 10 nm) and large particles (d > 40 nm). 

In detail, primary particle size shifts from 10 nm to 7 nm cannot be statistically and significantly 

resolved by in situ SAXS during laser ablation in liquids, but can clearly be differentiated ex situ by the 

same analytical principle [192]. This explains that size shifts can be easily observed for the secondary 

(large or agglomerated) particles by in situ SAXS, but not for the primary (small) particles. Hence, 

complementary analytical methods are required to assess the same sample ex situ in detail, and 

provide statistical analysis of the significance of extracted size information. 

 

Experimental section 

Gold nanoparticles 

The gold nanoparticles labeled “S7” and “S10” per their nominal sizes in Table 1 are prepared by LAL. 

During LAL, a solid gold target (99.99%, Allgemeine Gold- und Silberscheideanstalt AG) is ablated by a 

focused nanosecond laser (Rofin PowerLine E, 7 W, 10 kHz, 1064 nm, 7 ns). The beam is scanned in a 

spiral pattern to prevent fast perforation of the solid gold target. To avoid uncontrolled fragmentation 

of the as-synthesized AuNP a flow chamber made of Teflon (PTFE) is used and a constant volume flow 

of a 0.3 mM of a sodium bromide (NaBr) aqueous solution is adjusted (14 ml/min). As nanoparticles 

obtained from PLAL exhibit a characteristic bimodality [13, 21, 142] these colloids are further irradiated 

with laser pulses of a wavelength of 532 nm close to the SPR peak-maximum of AuNP. This process is 

referred to as pulsed laser fragmentation in liquids (LFL) [88, 140, 211]. The laser used for LFL is 

operated at a repetition rate of 2 kHz (Edgewave HD-40I-E) and exhibits a pulse width of 40 ns. No 

beam focusing is applied. The large area of the raw beam (6 mm2) ensures to treat all particles with 

the same average pulse energy. As it is well known that the minimum particle diameter accessible by 

means of LFL of AuNP is a function of the applied laser fluence [68] the pure colloidal solutions of S7 

and S10 are irradiated with 25 mJ/cm2 for 5 min and 108 mJ/cm2 for 10 min respectively. The volume 

flow is adjusted to 30 ml/min. Throughout all experiments and particles preparations, we use 

exclusively demineralized Milli-Q water (18.2 MΩ/cm). 

As it is difficult to fabricate a monomodal fraction of 50 nm particles by laser ablation, a chemically 

prepared, purified colloid was taken to represent that size range. The AuNP sample named as “S50” 
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per Table 3 is a commercial product obtained from Nanopartz. This sample was centrifuged five times 

at relative centrifugal force (RCF) of 675 for 7 min each to remove large aggregates. All AuNP colloids 

are capped with a final concentration of 10 µM thiolated mPEG with average molecular weight of 

356.5 g/mol obtained from ABCR (> 95 % oligomer purity). The capping agent is used without further 

purification. The functionalization increases the long-term stability of the colloids (as aliquots of the 

same sample had to be analyzed by five different, time-consuming methods) and further minimizes 

interactions between the sucrose, used in analytical disc centrifugation, and the gold nanoparticles. 

Table 3: Number-weighted mode diameters (dn) and volume-weighted median (d50) obtained of the 

pure colloids analyzed by STEM. Median includes information on the entire size distribution and does 

not require an error bar. 

Sample dn (mode) (nm) d50 (STEM) (nm) 

S7 6.6 ± 1.7 7.3 

S10 8.9 ± 2.6 10.2 

S50 6.9 ± 1.4 47.6 

 

As ligand-free gold nanoparticles from LAL might be covered with an undefined multilayer shell of 

physisorbed sucrose molecules when inserted to the density gradient of the analytical disc centrifuge, 

a defined molecular layer is applied. Furthermore, the chemisorbed mercapto-PEG coating of the 

nanoparticles provides a robust and comparable definition of nanoparticle stabilization for the 

different measurements, as for instance the remote SAXS experiments at the Swiss Light Source 

synchrotron. 

Determination of gold concentration 

As the present study requires the mixing of controlled amounts of different AuNP colloids the 

determination of the underlying gold concentrations is vital. Therefore, the linear relationship 

between the interband absorption of AuNP at 380 nm and the overall mass of AuNP is exploited [212]. 

For this purpose UV/Vis spectroscopy is used. The final gold concentration is obtained using the 

calibration curve determined by Rehbock et al. [21]. 

Analytical methods 

We use five different analytical techniques to gain size information of the pure colloids (S7, S10, and 

S50) and their mixtures. Among these are STEM, which is primarily sensitive to particle number at given 

size. A JEOL JEM-2200FS with 200 kV acceleration voltage is used. Small amounts of colloids are drop 
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casted onto carbon coated copper grids and dried overnight. The resulting images are analyzed using 

ImageJ 1.50i. Diameters of spherical particles (samples S7 and S10) are obtained directly. Diameters of 

non-spherical particles (S50, Figure 14i) are calculated from the volume equivalent diameter. STEM is 

solely applied to the pure colloids, but not to the particle mixtures. Note that particles sizes are 

determined by the Feret diameter, as the image analysis was not performed automatically. This would 

have been necessary to specify the area-equivalent diameter of the nanoparticles. ADC is performed 

using a CPS Inc. 24,000 device. The detector measures the attenuation of an incident laser beam of 

405 nm wavelength. The speed is set to 24,000 rpm for all samples, D(+)-Sucrose is used to build up a 

density gradient and prior to every measurement a reference standard colloid is injected (PVC, 

0.237 nm) to increase the accuracy. This routine is well established in our group. The PVC standard is 

chosen as its’ particle size is close to the samples particles sizes and also includes the size range of 

possible agglomerates and aggregates. If such structures can be excluded a priori of a measurement, 

an even small standard colloid can be used to improve the accuracy of the measurement. Calculation 

of volume-weighted size distributions is performed by the device’s internal software. The diameters 

obtained from ADC represent spheres with equal sedimentation properties. DLS is performed with a 

Malvern ZetaSizer ZS operating at a wavelength of 633 nm in the backscattering mode. Particle size 

and size distribution by application of the cumulant method is per-formed by the device’s internal 

software. The algorithm is chosen as it is available in many laboratories. Still, more accurate ones are 

available e.g., the CONTIN algorithm [213]. The hydrodynamic diameter of particles with organic 

ligands attached to their surface will appear larger in DLS. As AuNP exhibit a strong surface plasmon 

resonance around 520 nm [214], UV/Vis spectroscopy is performed and the mean particle size of the 

colloids determined by Mie-Gans-Theory [17, 118]. An algorithm written and provided by Amendola 

and Meneghetti is used. As the Mie-Gans model is insensitive to bimodality we limit our experiments 

to the pure colloids and mixtures of S7 and S10. Mixtures of S7 and S50 are excluded. The model was 

used without any prior calibration. Interactions between surface adsorbates and the particle surface 

might alter the plasmonic properties of the gold nanoparticles. To improve the accuracy of the Mie-

Gans model such interaction can be taken into account. SAXS is performed with synchrotron radiation 

at the cSAXS beamline of the Swiss Light Source (Paul Scherrer Institute, CH). The X-ray photon energy 

is 11.2 keV. Pure water in the X-ray capillaries (Hilgenberg) is used as background. Data evaluation is 

performed in two ways. First, the commonly used so-called unified fit (UF) is applied [161-163]. It does 

not resolve detailed particle size distributions but gives information about average particle sizes of 

predefined size fractions in a colloidal solution. Furthermore, it provides the Porod invariant of these 

fractions, which gives information about the fractions’ share of overall particle volume. The size 

information is given as radius of gyration and subsequently calculated into volume equivalent 
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diameters manually assuming spheres. Secondly, a fit to the scattering data based on a Monte Carlo 

Method (MC) is applied [164, 210]. Here, a distribution of spherical particles is varied freely for best fit 

of the scattering curve. For convenience, a visibility limit is given for the smallest particles that 

contribute significantly to the measured scattering. Particles below that limit are neglected [164]. This 

approach is able to resolve particle size distribution without prior knowledge and is therefore 

complementary to the unified fit. As the scattering vector range used for both ways of SAXS evaluation 

is 0.07 – 3.0 nm-1 the theoretically resolvable size range is approximately 2 – 90 nm. Prior to all 

measurements, the colloids are dispersed in an ultra-sonic bath for at least 10 min. 

Statistical errors of particle sizes 

Error bars are determined by repeating the measurements three times for DLS. The Mie-Gans Fit 

results in an error of 6 % [118] but is set to a minimum of ± 1 nm in the case of smaller deviations. The 

error bar of SAXS (UF) is calculated as described earlier, using the fit parameters Rg, B and G [162]. All 

other size distributions obtained by STEM, SAXS (MC) and ADC are fitted and the standard deviations 

are calculated for each separate size fraction. 

 

Results and discussion 

Analysis of pure colloids 

The pure colloids are, in a first step, analyzed by STEM, since electron microscopy provides direct 

information on particle shape and is often used as the method of choice for nanoparticle analysis [215]. 

Electron microscopy offers many benefits due to its wide accessibility, easy data interpretation and 

direct sensitivity to the number-weighted particle size distribution, due to individual particle counting. 

Still, if aggregates are present within the dispersed sample, they will not appear in the TEM-histogram. 

They can be identified by means of TEM but measuring their size is not beneficial as the aggregates 

may also be created during the drying process of the sample. Also, large particles do either not appear 

in the histogram due to insufficient counting statistics or they do appear but often the respective size 

bars are hardly visible next to a dominant fraction of smaller particles in TEM-histograms. Size fractions 

of less frequently appearing larger particles are visualized in TEM-histograms by converting the 

number-weighted data to e.g. volume-weighted data. As electron microscopy is the only method in 

this study that is directly sensitive to particle number it is transferred to such a volume-weighted 

distribution as shown in Figure 14. All other methods are based on electromagnetic wave absorption 

or scattering and are therefore sensitive to particle volume rather than particle number. As can be 

seen in Figure 14, the peak maxima of the particle size distributions of monomodal colloids are shifted 
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toward larger sizes when transformed to volume-weighted representation due to the cubic relation 

between radius and volume. Accordingly, large particles affect a volume-weighted size distribution 

much more than smaller ones. By STEM analysis of the commercial sample (Figure 14g-i) it is shown 

that indeed the nominal particle size of 40 nm is not representative. The mode diameter weighted by 

number obtained from Figure 14g is 6.9 ± 1.4 nm.  

 

Figure 14: STEM images and resulting number- and volume-weighted size distributions of the pure 

gold colloids S7 (a–c), S10 (d-f) and S50 (g-i). The left column shows number-weighted size 

distributions with additional information of cumulative volume-weighted sizes (blue lines). The middle 

column shows the calculated volume-weighted size distributions. The right column shows 

representative STEM images of the pure AuNP. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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On the other hand, the median diameter d50 obtained from the cumulative volume-weighted 

distribution is 47.6 nm which is sufficiently close to the nominal particle size, which is related to the 

native bimodal size distribution. The major difference between the number- and volume-weighted 

histograms in Figure 14g and Figure 14h shows that particle size analysis is complex and not necessarily 

reliable, when just a single analytical method is applied. As STEM is used as a reference method in this 

study and not applied to any of the particle mixture but exclusively to the pure colloids, the colloids 

are denoted per their STEM d50 (volume-weighted median diameter: S7, S10, and S50) below. This 

convention is summarized in Table 3. Accordingly, all methods described in the experimental section 

are applied to the pure samples S7, S10 and S50 to verify their monomodality (S7 and S10) and gain 

further information on the size fractions (S50). As more information about a colloidal sample can be 

drawn from size distributions rather than from average sizes the following discussion is focused on the 

additional techniques SAXS (MC), ADC and DLS in the first step. The statistic relevance of these 

techniques is high as their signals stem from millions of nanoparticles in contrast to STEM. The 

expectations for the laser-generated monomodal samples S7 and S10 are fully met. As the S7 and S10 

particles have already been shown to be spherical and the input parameters to the MC calculation also 

assume spherical particles, no deviation between the SAXS (MC) and STEM size distribution is 

expected. As shown in Figure 15 and summarized in Table 4 this is experimentally verified. Additionally, 

the deviation of mode sizes is as small as 1 nm. ADC analysis further supports the monomodality of S7 

and S10, but the size distributions are slightly shifted towards smaller sizes (Figure 15). This is explained 

by the shell of mPEG on the particle surfaces which results in both drag force against sedimentation 

and reduced average particle density and consequently to slower sedimentation inside the centrifuge. 

Thus, as expected, the particle size from ADC is slightly lower compared to STEM and SAXS. An opposite 

trend is predicted and shown for size distributions obtained from DLS. Obviously, the sizes found for 

S7 and S10are larger compared to the other techniques (Figure 15). As ligand-functionalized particles 

exhibit a decreased average density, the Brownian motion is slowed down resulting in larger measured 

particle sizes. For the pure samples S7 and S10 a distinct monomodality is proven not only by methods 

resolving particle size distributions (Figure 15) but also by SAXS (UF) and Mie-Gans Theory, which are 

sensitive exclusively to mean particle sizes (Table 4). Regarding sample S50 the results from SAXS (MC), 

ADC and DLS are more complex. SAXS (MC) does support the bimodality of the sample, but both 

fractions appear several nanometers smaller compared to STEM as shown in Figure 15 and Table 4. 

The reason for the decreased size of the large fraction is considered the non-spherical shape of those 

particles. The MC algorithm assumed spheres, which might cause the observed deviation. 

Furthermore, the minimization of χ2 in MC presumably results in a sharper distribution. The deviation 

in the small fraction size of 5 nm is probably caused by the resolution limit of the STEM. The images 
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show numerous structures appearing smaller than 5 nm. Still, in many cases, these cannot be certainly 

identified as nanoparticles and are hence not considered. Therefore, it is surprising not to detect the 

small particles in sample S50 using ADC. This is most probably related to the low mass concentration 

of gold in this specific sample, which is determined to be 20.6 µg/ml. As shown is Figure 14g,h most of 

the gold mass is related to the large particles in sample S50. Accordingly, the mass concentration of 

small particles is significantly lower than 20.6 µg/ml.  

 

Figure 15: Volume-weighted particle size distributions of the pure gold colloids obtained with STEM, 

SAXS (MC), ADC and DLS. The asterisk indicated that the methods are sensitive to different physical 

properties of the particles (e. g. hydrodynamic or volume equivalent diameter). All size fractions are 

fitted with a Gaussian envelope. 

Asa consequence the amount of small nanoparticles arriving at the detector position of the ADC at any 

given time is too small to provide a sufficiently strong absorbance. The DLS result of S50 requires a 

detailed explanation. One would expect that DLS overestimates the large particle fraction due to the 

increased Rayleigh scattering intensity of large particles. Most likely this problem is related to the 

applied DLS analysis algorithm. The cumulant method results in a low match between the experimental 

and the calculated correlation function. Therefore, the DLS with cumulant analysis is believed to be 

unsuitable for the analysis of colloid S50.As indicated in Table 4 ADC, DLS, and Mie-Gans are not able 

to resolve the bimodality, hence the discussion of the relative amount of the fractions is based on SAXS 

(MC and UF) and STEM measurements. While STEM and SAXS (MC) give quite similar values for the 

fractions volume ratios (16/84 and 19/81), SAXS (UF) shows a larger deviation with a ratio of 30/70. 

Insufficient fitting of SAXS data with UF in the large scattering vector range representing the small 

particles most likely causes this. Accordingly, also the size of the small particle fraction of S50 is 
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21.4 ± 1.1 nm per SAXS (UF), which differs significantly from the size values obtained by SAXS (MC) and 

STEM.  

Table 4: Summary of the volume-weighted size and volume/mass information obtained from the 

pure colloids S7, S10 and S50 with all applied methods. In the case of S50 also the volume ratio of the 

two size fractions was calculated. 

sample method d (mode 1) 

(nm) 

d (mode 2) 

(nm) 

volume 1 (%) volume 2 (%) 

 

 

S7 

STEM 7.3 ± 1.9 - 100 0 

SAXS (UF) 7.2 ± 3.8 - 100 0 

SAXS (MC) 6.2 ± 1.0 - 100 0 

ADC 5.7 ± 1.1 - 100 0 

DLS 8.1 ± 1.5 - 100 0 

Mie-Gans 6.8 ± 1.0 - 100 0 

 

 

S10 

STEM 11.7 ± 2.1 - 100 0 

SAXS (UF) 11.9 ± 1.6 - 100 0 

SAXS (MC) 10.1 ± 2.5 - 100 0 

ADC 8.8 ± 2.0 - 100 0 

DLS 13.2 ± 3.0 - 100 0 

Mie-Gans 9.8 ± 1.0 - 100 0 

 

 

S50 

STEM 8.5 ± 2.7 50.1 ± 7.8 16 84 

SAXS (UF) 21.4 ± 1.1 50.9 ± 1.7 30 70 

SAXS (MC) 3.2 ± 1.0 41.2 ± 6.7 19 81 

ADC - 35.1 ± 6.4 - 100 

DLS 5.6 ± 1.4 31.7 ± 8.1 99 1 

Mie-Gans 16.0 ± 1.0 - n/a n/a 
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The additional free parameters of size dispersion of the respective fraction and particle smoothness 

(fractal dimension) add to this bias. It is therefore concluded that STEM and SAXS (MC) support each 

other sufficiently well to assume the small particle fraction in S50 to contribute to 16 % of the 

nanoparticle total volume. Every given nominal mixing ratios of S7-S50 are hence corrected by this 

factor. 

Size determination of particle mixtures 

The mixing of sample S7 and S50 is performed in a range of ratios from 0.033 to 100, whereby small 

values represent a high amount of S50 and large values represent a high amount of S7 in the mixture. 

As the size fractions of S7 and S50 do not overlap (except for the small fraction of S50 that directly 

contributes to S7 and is considered within the corrected nominal mixing ratio) the two fractions of the 

mixtures are analyzed individually. The results are shown in Figure 16a-b. Here the volume-weighted 

diameters determined by means of SAXS (MC and UF), ADC and DLS are plotted as a function of the 

nominal mixing ratio of S7-S50. Figure 16a shows the size evolution of the fraction S7. It is concluded 

that the determined size ofS7 in mixtures of S7-S50 is independent of the mixing ratio except for the 

low fraction size (nominal mixing ratio ≤ 1), where the small particles from the S50 sample add 

considerably to the total fraction of small particles. Furthermore, the results from all methods except 

for ADC are within the range of STEM standard deviation (given by thin dashed horizontal lines). ADC 

results in 14% smaller particle sizes due low sphericity of the large particles. The results for the sizes 

of the S50 fraction depicted in Figure 16b again show the independence of the determined diameter 

from the nominal mixing ratio of S7-S50. However, only sizes determined from SAXS (UF) match the 

sizes from STEM. Surprisingly, the fit quality for mixtures of S7-S50 is much better compared to the 

pure S50 sample when applying SAXS (UF). SAXS (UF) determines the radius of gyration which is 

subsequently transformed to volume equivalent diameters. The analysis algorithms of ADC, DLS and 

SAXS (MC) in contrast assume spherical particles a priori, which ultimately results in an 

underestimation of particle diameter. This effect is particularly pronounced in ADC because non-

spherical particles are moving faster under the influence of the sedimentation force compared to their 

virtual spherical analogues. Analyzing trends of primary particle diameter shifts during colloid laser-

synthesis is important to understand, e.g. size quenching mechanisms. But this understanding requires 

the analytical method to be robust for differentiation of particle sizes in often only some ten percent 

of the primary particle diameter. Hence, in a second experiment the effect of mixing the samples S7 

and S10 whose size fraction strongly overlap as shown in Figure 14b,e. It should be noted that none of 

the investigated methods can distinguish between the size fractions except for ADC; the latter is 

achieved after manual peak deconvolution. 
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Figure 16: Volume-weighted sizes of the underlying fractions of mixtures of S7-S50 (a-b) and S7-S10 

(c-d) as function of the nominal mixing ratio. (a) Size evolution of S7 in mixtures of S7-S50. (b) Size 

evolution of S50 in mixtures of S7-S50. (c) Size evolution of mean particle size in mixtures of S7-S10 

(SAXS, Mie-Gans). (d) Size evolution of mean particle size and size fractions in case of ADC in mixtures 

of S7-S10 (DLS, ADC). The dashed yellow horizontal lines in a-b are guides to the eye and indicate the 

size obtained of the pure colloids by STEM and their standard deviations. The same accounts for the 

yellow and purple lines in c-d, which indicate the size of pure S10 (purple) and pureS7 (yellow), 

respectively. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 

This is attributed to the spatially fractionating nature of ADC, which makes it unique among 

(distinguishes it from) the compared methods in Figure 16c-d. Here the dashed orange lines represent 

the STEM diameter with given standard deviation of S7 and the purple dashed line represents the 

STEM size of S10. From Figure 16c it is obvious that the mean diameter of SAXS (UF and MC) is close 

to S7 at small and close to S10 at high nominal mixing ratios of S7-S10. Additionally, the turning point 

is given at mixing ratios of 1. Regarding DLS, a shift of about 3 nm to larger diameters is observed 

throughout all nominal mixing ratios of S7-S10 (Figure 16d). This may partly be attributed to the organic 
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ligand functionalization of particles. Apart from that, the curve progression of DLS is similar to SAXS 

and Mie-Gans modeling. As mentioned before ADC is able to discriminate the two size fractions which 

reveal themselves as shoulders in the size distributions at high and low nominal mixing ratios of S7-

S10 (Figure 43 and Figure 44, chapter 9). Thus, peak deconvolution is applied, resulting in two distinct 

size fractions. As discussed before, the determined ADC sizes plotted in Figure 16d are smaller 

compared to the results of STEM due to ligand functionalization of the gold nanoparticles (reduced 

density) and the fact that Mie Theory (embedded in the data processing of the ADC) is of limited 

applicability for very small nanoparticles (< 5 – 10 nm), slightly overweighting small fractions [216]. 

These results clearly demonstrate the special features of size fractionating techniques in colloidal 

chemistry. Still, the effects of ligand functionalization and particle (non-)sphericity can only be 

considered if they are known. As SAXS or Mie-Gans are independent of this effect and fit the mean 

nominal diameters, it is recommendable to use several analytical techniques based on different 

physical phenomena for the characterization of a single colloidal sample. 

Determination of mixing ratios of S7-S50 

As the two size fractions of particle mixtures of S7-50 are reliably detected by SAXS, ADC and DLS 

information from the given size distributions is extracted to experimentally calculate the mixing ratios. 

The fraction sizes of a bimodal colloidal is important information for the experimentalist. Usually, 

additional information on the sample is required, namely the fraction volume e.g., during sample 

purification using centrifugation or for catalytic applications. The results of these experiments are 

summarized in Figure 17(top). The experimentally determined mixing ratios of S7-S50 are plotted as a 

function of the nominal mixing ratios obtained for the monodisperse samples from STEM combined 

with UV/Vis spectroscopy. The mixing ratio representing 100 % conformity between experimental and 

nominal mixing ratio is given by a dashed diagonal to guide the eye. Although DLS with cumulant 

analysis is suitable for size analysis (Figure 16a,b), it fails to give insight into the volume ratios of the 

fractions of S7 and S50, which is a serious drawback of the method. SAXS (UF and MC) and ADC show 

an almost linear relationship between experimental and nominal mixing ratio of S7-S50 (Figure 17, 

top). Obviously, the deviation of ADC increases at high mixing ratios. For SAXS (MC) the deviation is 

low except for three data points between nominal mixing ratios of 12 and 30, which represent a 

situation of marginal contribution of large particles, in particular in the low-q range of the scattering 

curve. The deviation is even smaller when SAXS is evaluated with the UF algorithm, which is expected 

as it relies on the Porod invariant, which is a shape and size independent quantity. (To support this 

finding the modulus average deviation of all data points obtained by one technique is calculated and 

plotted in Figure 17 (bottom). Again, it is obvious that DLS is not suitable for this analysis (deviation 
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103)). Whereas the difference between the SAXS algorithms is minor (32 for MC and 24 for UF) the 

deviation obtained from ADC is almost twice as large compared to SAXS. This finding is quite surprising 

as ADC is the only size fractionating technique applied to all particle mixtures and has proven valuable 

for the analysis of particle mixture with overlapping size fractions (Figure 16d). Obviously, results 

obtained from SAXS, which is based on electromagnetic wave scattering, are hardly affected by 

bimodality of a size distribution with non-overlapping size fractions. 

 

Figure 17: Experimentally obtained mixing ratios of S7-S50 and deviation from nominal mixing ratios. 

(top) Experimental mixing ratio as function of nominal mining ratio. The dashed diagonal indicates 1 

to 1 conformity and serves as guide to the eye. (bottom) Modulus average deviation from nominal 

mixing ratios as function of applied analytical technique. 

Conclusions 

Using the example of laser-generated gold nanoparticle size distributions, the complexity of 

nanoparticle size determination is demonstrated. The comparison of the results obtained from five 

analytical techniques (STEM, ADC, SAXS, UV/Vis with Mie-Gans Theory, DLS) demonstrates the 

challenges involved in particle characterization. Concerning laser-generated nanoparticles SAXS has 

been shown to be a unique method, as the sizes and volume ratios of particle fractions in bimodal 
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suspensions are analyzed with high accuracy and it furthermore allows for a spatially and temporally 

selective in situ characterization. For the size determination of non-overlapping particle size fractions 

in a colloidal suspension it is concluded that (i) size determination is independent of the mixing ratio 

of the individual size fractions when using SAXS and ADC and that (ii) particle non-sphericity and ligand 

functionalization must be considered carefully for data evaluation, in particular when using STEM, ADC 

and DLS. This effect is less pronounced for particles analysis with SAXS. Size differentiation of particle 

mixtures with strongly overlap-ping size fractions has been shown to be far more difficult. Such 

fractions could only be reliably resolved using the size fractionating method ADC combined with 

manual peak deconvolution. For all other four investigated methods, the results exhibit a smooth 

transition of an effective size from one fraction to the other, depending on the mixing ratio. 

Interestingly, the results reveal a distinct turning point at a nominal mixing ratio of 1 for SAXS, DLS and 

Mie-Gans Theory. Regarding the analysis of the pure sample S50, which is bimodal by default, ADC fails 

as the mass concentration of small particles is too low. This drawback does not apply to SAXS with 

synchrotron radiation, where the bimodality is easily demonstrated. The analysis of the relative 

volume of a size fraction in bimodal colloids is performed with samples exhibiting non-overlapping 

fractions. We find that (i) DLS with cumulant analysis is unsuitable for this purpose and (ii) nominal 

mixing ratios determined by SAXS are of a similar level of accuracy as those obtained from ADC. 

Obviously, even though SAXS is a scattering-integrating and non-fractionating method, it is well suited 

for the determination of mixing ratios of nanoparticles synthesized by pulsed laser ablation in liquids 

even at low concentrations. The method is powerful in analyzing laser generated bimodal gold colloids 

in terms of mean fraction diameter and nominal fraction volume ratio. Still, the method is at its limit 

when analyzing a bimodal colloid with strongly overlapping size fraction and mean diameters that 

differ by just a few nanometers, where analytical disc centrifugation presents the optimal analytical 

support. Finally, as an outlook for a possible follow-up study several points can be mentioned. First of 

all, a large particle sample (e.g., S50 in our study) would benefit from a real monodispersity. Not having 

to correct one of the initial samples using a correction factor would increase the accuracy of the 

determination of particle mixing ratios. It would be further interesting to analyze laser synthesized 

nanoparticles without any further steric stabilization. A comparison between the analytical results for 

ligand-free and unligated colloids would allow for a more sophisticated discussion on the influence of 

the ligand-shell. Especially, when using analytical methods like DLS or SAXS that analyze the 

nanoparticles in their natural dispersed environment. These two methods would further benefit from 

an even more detailed comparison of analytical soft-ware, of which in both cases a large variety exists. 

Such a study can quantify the influence of the evaluation methods on the finally obtained particle sizes. 

Ultimately, the routine for sample preparation can be adopted to improve the analytical results. 
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Therefore, the samples can be cleaned by filtration of dialysis to remove excess salts from the liquid 

and filtrated prior to each individual measurement to remove possible agglomerates or even dust 

particles from the colloids. 
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Abstract 

Fundamental theoretical and experimental studies on the formation of nanoparticles and cavitation 

during laser synthesis of colloids usually employ single-pulse conditions, whereas studies of the 

properties of nanoparticles naturally require prolonged ablation. We explored how a defined series of 

pulse number changes a silver target’s surface geometry and thereby the dynamics of the laser-

induced cavitation bubble and the resulting properties of the nanoparticles. The shape of the cavitation 

bubble transforms from hemispherical to almost spherical. The mass concentration inside the 

cavitation bubble follows an exponential decay with the number of laser pulses. Surprisingly, the 

ablated mass does not set the volume of the extended cavitation bubble, as one would expect, because 

of the linear dependency of both the volume of the bubble and the ablation mass per pulse on the 

laser fluence. No influence of the altered cavitation bubble on the nanoparticles was identified. 

Instead, clear evidence of a high share of silver nanoclusters (d < 3 nm) was found in all samples at our 

low concentration conditions. The influence of these reactive species on the final particle size was 

found to be much greater than the cavitation bubble variations caused by prolonged surface ablation. 

In addition, no correlation was observed between the size of the primary particles (~8 nm) and the 

mass concentration in the cavitation bubble. Primary particles already must be pre-defined on a sub-

microsecond time scale. 

 

Introduction 

Over the past decades, laser ablation in liquids (LAL) has developed into a competitive synthesis route 

to obtain nanoparticles. Since the pioneering work published in 1993 by Fojtik and Henglein [67], the 

method has become a vast field of research [33, 217]. Driven by the inherent purity of colloids 

produced by LAL, they have been and continue to be the subject of applied studies in various areas, 

such as disease research [72], biomedicine [218], analytical chemistry (e.g., surface-enhanced Raman 
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scattering [219], mass spectroscopy [82], and nanoparticle analysis [118, 169]), heritage science [80], 

heterogeneous catalysis [176], and many others as summarized in the comprehensive review by Zhang 

et al. [33]. The use of LAL-nanoparticles in this diversity of applications is driven by the purity of the 

particles’ surfaces and the liquid dispersion medium. Only laser light, the desired pure liquid, and the 

desired target material are necessary, which excludes the need for organic ligands, surfactants, or 

chemical reagents. If noble metals are chosen as the target material, the process is facilitated further 

because of the easily-controllable compositions of the colloids that are produced.  

Among the research in LAL that does not directly aim at defined applications, laser-induced cavitation 

bubbles and controlling the particle size distribution are of utmost relevance. The cavitation bubble 

follows the laser impact on the target. Almost instantaneously after laser impact, a plasma at the 

surface of the target is ignited for several tens of nanoseconds [41, 66, 220], which subsequently 

evaporates the surrounding liquid and forms the characteristic quasi-hemispherical cavitation bubble 

attached to the flat target [16, 54]. The cavitation bubble exhibits important implications for the LAL 

process and the produced nanoparticles. When using single nanosecond laser pulses with pulse 

energies of several millijoules, the bubble’s lifetime is as long as several hundreds of microseconds, 

and its radius can be up to a few millimeters [221]. While the cavitation bubble is still active and 

undergoes its characteristic oscillations of collapse and rebound, additional laser pulses focused on the 

shielded target position loose energy by scattering at the liquid-gas interface [222]. This drawback can 

be avoided by moving either the laser beam relative to the target surface (scanning) [223] or vice versa 

[224, 225]. Also, the cavitation bubble acts as a reservoir of the ablated species in the early phase of 

LAL [19, 20, 40, 46, 226]. After its final collapse, the cavitation bubble leaves nanoparticles and 

persistent microbubbles behind, both of which add to the laser energy losses by shielding [227-229]. 

Thus, to achieve constant ablation rates, the use of a liquid flow setup is advantageous to take away 

these shielding species [230, 231]. 

The desire to control the particle size distributions obtained by LAL at will extensively is assumed to be 

closely related to the cavitation bubble phenomenon. First, a size distribution that exhibits at least a 

distinct bimodality or even a multimodality is characteristic for LAL, especially if high-intensity, ultra-

short pulses are used [49, 232, 233], even though this effect is not caused by the cavitation. 

Microsecond-resolved small-angle X-ray scattering studies during nanosecond LAL identified the 

bimodality of nanoparticles already inside the laser-induced cavitation bubble, but they could not 

clarify the origin of that bimodality [19, 20, 29]. Numerical simulations have demonstrated that, 

indeed, two different ablation mechanisms are involved in particle formation for LAL with ultrashort 

pulses [46, 48]. Due to computational limitations, currently, such calculations do not exist for the more 
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common case of nanosecond LAL. However, even though the dominant mass of nascent nanoparticles 

is confined within the cavitation bubble (except some particle droplets jetted through the phase 

boundary of the bubble [48]), their size distribution already can be narrowed significantly in this 

gaseous phase by adding micromolar amounts of electrolytes to the liquid prior to laser ablation [192]. 

These ions also are present within the plasma [54] and the cavitation bubble, and they quench the size 

and increase the colloidal stability by electrostatic repulsive forces through adsorption on the surfaces 

of the particles [146, 192]. This points towards a ripening process inside the expanded bubble. 

However, ideal conditions only apply if the target and the water are continuously refreshed during the 

ablation process. Several researchers have investigated the continuous production of nanoparticles 

using a moving, wire-shaped target in different configurations [53, 225, 234] and demonstrated the 

different cavitation bubble dynamics compared to a flat plate-shaped target [44]. However, the 

influence of individual changes in the cavitation bubbles on the size of the nanoparticles has not been 

determined. Scaramuzza et al. used targets with confined geometries and investigated their impact on 

the particle sizes with a focus on the temperature gradient inside the target induced by the interaction 

with the nanosecond laser [14]. Using a rotating cylindrical target, the particle size was found to be 

tunable by the target rotation speed [235], which causes different hydrodynamic regimes in close 

proximity to the surface of the target [236]. Lam et al. calculated the concentration ratio of ablated 

inorganic species and liquid molecules (by considering bubble volume and pressure) and found that 

the bubble consists mostly of vaporized molecules of the liquid [50]. Looking at sub-microsecond 

timescales when the volume of the bubble is minimal, highly concentrated atoms of the ablated 

species still undergo coalescence on a sub-nanometer time scale and form solid nanoclusters. Note 

that the gas phase theory of coalescence indicates that the condensation is proportional to the squared 

value of the particle concentration [237]. This points to the importance of knowing the intra-bubble 

concentration. To date, it is unknown whether this concentration is affected by the size of the bubble 

or if it changes under multiple-pulse conditions. 

We performed LAL with an increasing pulse number while simultaneously imaging the cavitation 

bubble in order to close the gap between the single-pulse LAL results of spectroscopy and theoretical 

studies and the multi-pulse LAL results of nanoparticle property studies. Shielding species, such as 

residual nanoparticles and persistent bubbles, were removed by a liquid flow configuration [227, 238]. 

The size distribution of the silver particles in water was analyzed as a function of the number of laser 

pulses applied, and the influences of changes in the surface geometry of the target and changes in the 

volume of the cavitation bubble were determined.  
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Materials and methods 

Shadowgraphy setup for imaging of the cavitation bubble 

A custom-designed shadowgraphy system was developed by using an ablation flow chamber. A 

peristaltic pump provided a liquid flow rate of 35 ml/min, which avoided the screening effect of 

already-existing nanoparticles and persistent microbubbles due to the scattering and absorption of the 

laser beam (Figure 53, chapter 9). The pump stroke was removed by coupling a sealed glass bottle for 

pressure equilibration between the pump and the ablation chamber. A flat silver plate that was 1 mm 

thick was used as a target, and it was placed inside the ablation chamber and fixed perpendicular to 

the incoming, horizontal laser beam using double-sided tape. The height of the liquid layer above the 

target was 5 mm. MilliQ (18.2 MΩ‧cm) water was used in all of the experiments. The chamber was 

custom-made by the 3D-printing of an ABS (acrylonitrile butadiene styrene) filament (Renkforce, 

white). An Nd:YAG laser source (Innolas, SpitLight DPSS250-100) with a pulse duration of 9 ns and a 

wavelength of 1064 nm was focused by a lens that had a focal length of 75 mm and was located 65 

mm from the target. The repetition rate was set at 0.2 Hz, and the pulse energy was set at 20 mJ, which 

was measured by the average energy of 1,000 laser pulses using a power meter. The calculated laser 

fluence was 14.5 J/cm². The ablation spot size was determined by microscopy of the ablation spot and 

determination of its diameter after 100 pulses, the result was 420 µm. A light source (flashlight, Led 

Lenser P7, 450 lm) and a camera (Basler acA1600-60, lens: Sill optics correctal T/1,5) were placed 

perpendicular to the laser beam and to the direction of liquid flow (Figure 18) to acquire images of the 

bubble and to record individual frames of the cavitation bubble. The gating time was 10 µs and the 

intrinsic delay of the system was 43 µs, which resulted in a fixed delay of 53 µs. This is inherent since 

the laser was operated as the master, and the camera was a slave. The images are collected 1) by 

changing the delay time of the camera to study the dynamics of the bubbles and 2) by keeping the 

delay time of the camera constant at 83 µs with the variation of the pulse number applied to the same 

spot on the target. 
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Figure 18: Experimental setup used for simultaneous LAL and imaging by shadowgraphy in liquid 

flow: The self-printed ablation chamber was made of ABS, and it had three glass windows, one 

perpendicular to the incoming laser beam and two parallel windows that were perpendicular to the 

optical light source and the camera. MilliQ water was pumped upwards across the ablation chamber 

by a peristaltic pump to remove persistent gas bubbles and nanoparticles. The pump stroke was 

removed by coupling a sealed bottle between the pump and ablation chamber. The silver target was 

fixed by double-sided tape on the back of the chamber, and the laser beam was focused by a 75-mm 

lens perpendicular to the surface of the target. 

In this setup, each frame that was recorded represented a single laser pulse ablation event. Therefore, 

several pulses were fired while the camera delay was changed manually to acquire movies of the 

bubble during its entire lifetime. To calculate the volume of the cavitation bubble, we assumed 

hemispherical geometry. The processing and analysis of the images were performed using ImageJ 

(version 1.51s). The accumulation of persistent gas bubbles was minimized by a vertical, upward flow 

of the liquid with the laser beam coupled into the ablation chamber so that it was horizontal to the 

direction the liquid was flowing.   

 

Ablation configuration for collecting nanoparticles and conducting the target analysis 

Nanoparticles were collected after several defined numbers of laser shots. For this purpose, the liquid 

flow was stopped, and a fresh syringe was connected by a tube to the lower inlet of the chamber. The 

chamber was filled from the top with 0.5 ml of MilliQ water. An additional 10 laser pulses were used 

for ablation inside the crater that previously had been drilled by laser percussion at a repetition rate 

of 0.2 Hz, which was necessary to achieve the minimum concentration of particles. However, Figure 
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54 (chapter 9) shows that this did not induce significant fragmentation of the nanoparticles by the 

laser. A syringe was used to collect the particles at the lower inlet. The volume of the silver 

nanoparticles in the samples was in the range of 38 pl to 3.8 nl, depending on the number of previous 

pulses and the respective volumes of the ablation craters. Calculation of the mass concentrations of 

silver in the samples, done by measuring the ablated mass using confocal 3D microscopy, indicated 

that they were in the range of 0.8 to 80 µg/ml.  

The 0.5-ml inner volume of the flow chamber resulted in a theoretical residence time of 0.86 s, and 

the experimentally-determined residence time of the observable persistent bubbles was 0.1 s (Figure 

53, chapter 9), which was less than 12 % of the residence time of the liquid. Accordingly, a laser 

repetition rate of 0.2 Hz ensured unaltered ablation conditions for each successive pulse.  

The target surfaces and laser percussion-drilled craters were characterized using a confocal 3D 

microscope (NanoFocus, µsurf custom) with a spatial resolution of several nanometers in the z-

direction (vertical). It allowed the direct determination of the volume of the ablation crater, and, 

thereby, the ablated mass. 

 

Analysis of the silver colloids that were prepared 

The collected silver nanoparticles were analyzed in a dried state by scanning high-resolution 

transmission electron microscopy (HR-TEM) and in the hydrodynamic state using analytical 

ultracentrifugation (AUC). For the scanning HR-TEM (JEOL JEM-220FS, 200 kV), three drops of the 

colloid were drop-coated on a carbon-coated copper grid. The scanning mode was chosen because of 

the improved contrast that facilitated the identification of the small nanoparticles and the 

nanoclusters that were less than 5 nm in size. 

AUC was performed using a Beckmann Coulter Proteomelab XL-I (An-50 Ti rotor) equipped with an 

absorption detector that operated at 280 nm and 20 °C using a 12-mm path length, double-sector 

EPON centerpiece equipped with a sapphire window. AUC is known to be an ideal method for sizing 

ultra-small nanoparticles, with its statistical resolution better than that of TEM [49, 50]. Two rotation 

speeds were used to record both nanoclusters with sizes of 1-7 nm (30,000 rpm, equivalent to 63,500 

g), and also large, secondary, spherical nanoparticles with sizes in the range of 5-25 nm (3,000 rpm, 

equivalent to 365 g). The data were evaluated using SedFit (version 15.01b), with 500 data points used 

for measurements at low g-forces and 1,000 data points used at high g-forces. All samples are 

characterized the same day they were synthesized to minimize the ripening processes in the colloids. 
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Results and discussion 

Alteration of cavitation bubble by changing the number of laser pulses 

The evolution of the microscopic crater on the surface that was induced by subsequent laser pulses is 

a model case for the investigation of differences between single-pulse studies, engraving, and micro-

structuring of the surface of the target that occurs during continuous LAL. We examined the 

morphology of each cavitation bubble that occurred after each new laser pulse on the exact same 

position on the target. For each laser pulse that hit the target, a single camera frame was recorded 

using a constant delay of 83 µs. This was to ensure that the bubble always was recorded at its 

maximum extension. Figure 19 shows representative frames of this single-pulse bubble observation 

after drilling a crater. After the first pulse, the cavitation bubble exhibited a characteristic quasi-

hemispherical shape with a sharp interface with the water phase. The height of the bubble was in the 

order of 2-3 mm as was expected for high-energy, nanosecond LAL [18, 44]. As many as approximately 

50 drilling shots preceded the single pulse, and the bubble basically was unaffected by the surface 

microstructure that was induced on the silver target. Here, we did not focus on incubation during the 

first few shots.  

Already after 100 laser shots on the same target position, the shape of the bubble was changed 

significantly, indicating that the crater that was drilled into the silver target was beginning to break the 

symmetry of the target-bubble interface. This might further have affected the hydrodynamics of the 

liquid droplets as they lifted off from the surface of the solid target. While the absolute height of the 

cavitation bubble after 100 laser pulses was still the same as after a single pulse, the shape was no 

longer hemispherical because the outer areas of the bubble that contacted the target were closer to 

the center of the bubble. The interface between the gas-filled cavitation bubble and the surrounding 

liquid phase had multiple indentations, and there were some persistent, bubble-like gases that were 

very close to the interface. Shih et al. [48] recently described similar bubbles as satellite microbubbles. 

They attributed these microbubbles to the large, spherical nanoparticles that were ejected from the 

target in front of the expanding outer layer of the cavitation bubble. Still, the process of formation of 

persistent microbubbles by large nanoparticles remains elusive. The experimental conditions used by 

Shih et al. deviated from the current conditions (≤ 10 ps in [48]), where the authors convincingly 

pointed out the different ablation mechanisms involved in pico-second and nano-second laser ablation 

[48]. Thus, it is interesting to see that similar adjacent microbubbles formed under nanosecond laser 

ablation as a function of the pulse number as well.  
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Figure 19: (a) Frames of the single laser pulse-induced cavitation bubbles on a 1.0 mm-thick silver 

target deposited after 1-1,000 preceding pulses on the same spot. Each frame was recorded at a 

constant delay of 83 µs after laser impact with a camera gating time of 10 µs. After a single laser 

pulse, the cavitation bubble was almost hemispherical (sphericity = 1.01), and it exhibited a sharp 

boundary with the surrounding liquid phase. With the increasing number of pulses on the same target 

position (0.2 Hz, 20 mJ), the boundary became rougher, exhibited daughter microbubbles, and, finally, 

the shape of the bubble was transformed to an approximately spherical shape (sphericity = 0.94); (b) 

Line scans of the craters on the silver target recorded by confocal 3D microscopy. All of the datasets 

were normalized to the zero position. As the number of laser pulses increased, the crater became 

deeper and wider. The latter accounts especially for the first 250 pulses. After 1,000 pulses, the crater 

approached the target thickness. 

With the increasing number of laser shots, the induced cavitation bubble became more and more 

spherical instead of hemispherical (Figure 19a, 200-1000 shots) with the satellite microbubbles always 

present. At the same time, the height and volume of the bubble were shrinking as the number of pulses 

increased, i.e., the sphericity (vertical radius divided by the lateral radius [40, 41]) increased from 1.01 
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(hemisphere after single pulse) to 0.94 (quasi-sphere after 1,000 previous pulses). The decreased 

extension of the cavitation bubble indicated that its overall lifetime was changed [51]. To assure that 

the trigger delay of 83 µs that was used was sufficient to hit the time point of maximum bubble 

extension even after a large number of previously fired laser shots, the cavitation bubble was imaged 

using different delays, i.e., from 53 µs to 1053 µs, and a total of 37 pulses to create an image sequence. 

The rather low number of pulses was necessary to avoid significant changes in the dynamics of the 

bubble due to the formation of the crater during the imaging runs. Figure 20a shows the results of the 

volume of the bubble as a function of the adjusted delay; the grey vertical bar indicates the gating time 

of the camera (10 µs).  

 

Figure 20: Evolution of the volume of the cavitation bubble as a function of the delay time after laser 

impact on the silver target: (a) The grey bar highlights the gating time of the camera (10 µs). The 

maximum size and the total lifetime of the bubble decreased as the number of laser pulses increased 

because of the damage to the surface of the target, while the lifetime of the first bubble remains 

unaffected. When comparing the two datasets, it is apparent that the delay in the maximum 

extension of the bubble remained unaffected; (b) Selected frames of the first cavitation bubble 

induced on a non-irradiated target surface; (c) Selected frames of the first cavitation bubble induced 

on a target that experienced 1,000 pulses in advance. 

Both the delay of the maximum extension and the lifetime of the first cavitation bubble, which is the 

time until the bubble collapses for the first time, were equal on a non-irradiated target and on a target 

with a crater that was drilled by 1,000 laser pulses. However, the maximum volume of the bubble at 
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83 µs delay decreased to approximately half of the volume of the bubble on a non-irradiated target. 

Also, the rebound of the second bubble lacked the energy required to induce a visible third bubble. 

The lifetime of the entire cavitation and rebound event was reduced significantly from 1,000 µs to 

250 µs. Figure 20b and 20c show the changes in the dynamics of the cavitation bubble. On a virgin 

target, the collapse of the bubble evolves towards the target, as was known from the literature. But 

the situation changes drastically in the case of single-pulse ablation on a target that already had been 

ablated 1,000 times. The lift-off of the bubble during the first collapse phase was similar to the LAL of 

a wire-shaped target [53], probably caused by the symmetry being broken on the surface of the target 

[29]. Changes in the hydrodynamics of lifting the metal droplets caused by the microstructures of the 

surface were expected, similar to the altered hydrodynamics of the bubble. Figure 20 shows the 

feasibility of using a constant camera delay for observing a cavitation bubble during different stages of 

laser drilling. Previously, a correlation of the bubble sizes with the fluence showed a threshold regime 

for plasma ignition, followed by a linear volume increase with the fluence [44]. For a bubble with a 

volume of 10 mm³, a fluence of approximately 75 J/cm² is expected, which does, at first glance, not 

match the fluence of about 15 J/cm² applied in the present work. Still, as the observed bubble volumes 

in [44] and our work are similar, the effective fluence that reached the target must have been similar 

as well. This is explained by the fact that in this work the spot size was large compared to [44] and that, 

thereby, the pumping of the plasma by the long-lasting laser pulse was less but at the same time a 

larger area was affected by the laser leading to similar effective fluecnes and volumes of the cavitation 

bubbles. This effective fluence is thus high enough to ensure that the linear regime is reached, because 

that is where the volume of the bubble increases linearly with increasing laser fluence [44]. 

Figure 55a-e (chapter 9) show that the ablation volume and the volume of the cavitation bubble are 

the same for the experimental conditions that were described. They also are the same if the focal point 

is shifted 1 mm (= target thickness) away from the target surface. The ablated mass was therefore not 

sensitive to the exact focus position, keeping in mind the increasing crater depths. Still, the distribution 

of the local laser fluence may undergo changes based on what is known from nanosecond laser drilling 

in a gas atmosphere [239, 240]. The laser beam undergoes scattering inside the crater, which is 

partially compensated by light reflection from the walls of the crater [239]. These effects explain the 

increasing diameter and aspect ratio (depth L divided by diameter D) of the crater as shown in Figure 

22a, which also shows raw images from the target analysis by confocal 3D microscopy. However, the 

expansion of plasma inside the crater (= curved surface) is not equal to the expansion of the plasma 

on the non-irradiated surface (= flat surface) of the target, since the plasma cannot expand freely in all 

spatial directions [239]. It was shown that the absorption of laser energy in the plasma plume induced 

by the nanosecond pulses reduced the pulse energy absorbed by the target material to about 30 % 
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during laser drilling in air [241]. Overall, changes in the volume of the bubble cannot be attributed to 

changes in effective fluence, so they must be linked only to the geometry of the surface.  

 

Correlation of the ablated mass with the properties of the cavitation bubble 

The decrease in the maximum volume of the cavitation bubbles as the number of pulses increases as 

already was indicated qualitatively in Figure 19 is quantified in Figure 21c. Initially, the volume of the 

bubble on a non-irradiated to slightly-irradiated target is almost constant for the first 100 pulses with 

volumes of 9.5 mm³. Even so, after about 50 pulses, the shape of the bubble already had started to 

change, which seemed to affect the volume of the bubble only slightly in the beginning. Afterward, the 

bubble shrinks exponentially with the number of pulses, and it becomes as small as 3.3 mm³ after 

1,000 pulses. This reduction was independent of the volume of the ablation crater, which was 1-2 

orders of magnitude less than the volume of the cavitation bubble (Figure 55f, chapter 9). 

Simultaneously, the ablated mass starts to approximately reach a saturation level after 200-300 pulses 

(Figure 21a).  

 

Figure 21: (a) Total ablation mass; (b) ablated mass per pulse (ablation rate); (c) volume of the 

cavitation bubble; (d) silver mass concentration per cavitation bubble volume (mass concentration). 

The total ablation mass increases quickly within the first 100 to 200 pulses, after which it increases 

slower. This is highlighted by the ablation mass per pulse, which follows an exponential decay, which 

is calculated from the first derivative of the exponential fit (black dashed line in (a)) to the total 

ablation mass. 

A more detailed view can be achieved by calculating the ablated mass per pulse (Figure 21b) by the 

first derivative of the exponential fit to the total ablation mass (dashed black line). The ablation rate 
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decreased with the number of pulses and no saturation was observed, indicating that, at some point, 

no ablation would occur. Regarding the decrease in the volume of the bubble, note that laser-induced 

cavitation bubbles frequently are described using the Rayleigh-Plesset equation (RPE) [58], although it 

is not suitable for describing the collapse of the bubble or the rebound phases in LAL [29, 44]. The 

interfacial tension of water and the kinematic viscosity were introduced as adjustable parameters to 

improve the usability of the Rayleigh-Plesset equation in LAL [55]. Even though the Gilmore model 

introduced the compressibility of the liquid [62, 63] and described LAL-induced cavitation bubbles 

sufficiently well. 

From the data presented in Figure 21b and 21c, we calculated the single-pulse ablated nanoparticle 

mass per unit volume of the cavitation bubble, which is equivalent to the mass concentration inside 

the bubble (Figure 21d). Therefore, we assumed that most of the ablated mass initially was trapped 

inside the cavitation bubble. For a significant fraction of the ablated mass, this is a reasonable 

assumption, because nanosecond LAL structures with sizes between 3 and 100 nm have been 

identified inside the bubble before its final collapse [192], while no structures have been identified 

outside the bubble [30]. In our previous work, we reported that the minimum detectable size with high 

time resolution inside the cavitation bubble was 3-5 nm [192], and, therefore, smaller particles, 

clusters, and atoms might enter the liquid phase without being detected even before the collapse of 

the cavitation bubble. In addition, it is unclear whether the satellite bubbles documented in Figure 19 

contained ablated matter, as reported for picosecond LAL [48]. Nevertheless, assuming complete 

confinement of the ablation mass inside the bubble, our calculations indicated that the mass 

concentration inside the cavitation bubble decreased exponentially as the number of pulses increased 

or the volume of the ablation crater increased, respectively (Figure 21d).  
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Figure 22: (a) Crater depth, L, crater surface diameter, D, and aspect ratio, L/D, as functions of the 

number of laser pulses. The increase of D and L/D shows the ablation of the crater wall with 

increasing depth of the crater. The target is not eroded all the way through even after 1,000 pulses; 

(b-e) Selected images obtained from confocal 3D microscopy that were used to analyze the target. 

The hemispherical cavitation bubbles that were induced on a non-irradiated target had an internal 

silver concentration of 0.4 µg/mm³. However, after the application of 1,000 pulses and a crater as deep 

as 900 µm and 500 µm in diameter at the target surface (Figure 22), the mass concentration decreased 

by an order of magnitude, i.e., down to 0.01 µg/mm³. However, this was inconsistent with the 

observation of increasing ablation mass per pulse [242] and the volume of the bubble [44, 243] with 

increasing fluence. It is generally accepted that the ablated mass per pulse and the size of the cavitation 

bubble increase linearly with the laser fluence [17, 44] over a large range of fluences, but only above 

the respective threshold fluence. Hence, dividing both functions, i.e., the volume of the bubble and 

the ablated mass per pulse, is expected to result in either a new linear function or a constant value. To 

the contrary, we found a clearly exponential relationship between the mass concentration per bubble 

and the number of pulses. This clearly indicated that the mass concentration of the cavitation bubble 

was not correlated directly with the laser fluence, which means that changing the laser fluence 

provided no significant, direct control over the mass concentration of the silver inside the bubble. In 

turn, laser fluence is not the parameter that sets the mass concentration of the cavitation bubble, and 

it was more likely the confinement of the plasma inside the ablation crater and the alterations of the 

laser beam caused by partial refraction. Similar observations have not been reported because most 
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studies have focused on the analysis of the cavitation bubble [44], on the bubble and the resulting, 

concentrated nanoparticles [17], or focusing exclusively on the induced microstructure of the target 

surface [244]. Yet, the mass concentration inside the extended cavitation was affected significantly by 

the presence of the pre-existing craters on the surface of the target.  

The cavitation bubble that are anticipated to significantly add to the growth of nascent nanoparticles 

by (barrier-less) coagulation and coalescence, we expected to find further influence of the particle 

concentration inside the extended bubble on the rate of particle growth and the final size of the 

nanoparticles. Assuming monodispersed particles and barrier-less sintering of two particles 

(coalescence), the rate of change of the concentration of the particles would be dN/dt = -K0N², where 

K0 is the coagulation coefficient, and N is the concentration of the particles [237]. The final size of a 

respective nanoparticle d(t) is given by d(t) = d0(1+N0Kt)1/3, where d0 and N0 are the initial particle size 

and the number concentration, respectively, at time zero [237].  

 

Identification of nanoparticles and nanoclusters 

The concentration of particles in the samples that were prepared was extremely low (0.8-80 mg/l) 

because only 10 laser pulses (used for ablation in the craters) in a liquid volume of 0.5 ml were used 

for synthesis. However, analytical ultracentrifugation can detect such low concentrations of 

nanoclusters. Even though it is reported that AUC requires concentrations of at least 125 mg/l for 

plasmonic nanoparticles [229], nanoclusters require much lower concentrations due to their high 

molar extinction in the ultraviolet part of the light spectrum. This enables the use of concentrations of 

<10 mg/l. The normalized, number-weighted particle size distributions obtained from slow runs at 

3,000 rpm are summarized in Figure 23b for 10, 250, 500, and 1,000 previous laser pulses. The size 

distributions were similar in that they have a large peak at 8 nm and a pronounced shoulder at about 

11-13 nm, independent of the number of pulses. Regarding the same results, but weighted by particle 

mass, the size resolution of AUC allows the identification of five peaks in the size regime between 5 and 

27 nm (Figure 23a). All four mass-weighted, normalized particle size distributions were similar, with 

dominating peaks at 8 nm and four additional peaks around 12, 16, 20, and 24 nm. This is summarized 

in Figure 23e in which the colors of the data points are identical with the colors of the bars in the 

background of Figure 23a, which mark the rough peak positions in the AUC size distributions. The 

dominance of the peak around 8 nm matched the results from in situ, small-angle X-ray scattering size 

determination inside the nanosecond LAL-induced cavitation bubble [192]. Even though the peak at 

12 nm was absent after 500 pulses, the distributions were quite similar in terms of the positions of the 
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peaks. However, this did not account for the relative amounts of each particle fraction (i.e., peak 

integral). The additional normalized distributions shown in Figure 56b (chapter 9) show that the peak 

integrals varied significantly from synthesis to synthesis, which makes it impossible to conclude on 

trends regarding possible higher shares of large secondary spheres induced by satellite microbubbles 

surrounding the cavitation bubbles induced in deep ablation craters. In turn, what is constant is the 

fact that we observed no effect of the volume of the extended cavitation bubbles on particles ≤ 25 nm. 

No changes were identified in the aggregation behavior induced by fastened bubble dynamics or 

decreased silver mass concentration inside the bubble as a function of the number of preceding laser 

pulses. We hypothesized two possible reasons for this, i.e., (1) aggregation might be statistically 

meaningless and (2) the collapse of the bubble might change the share of large particles that cannot 

be resolved by AUC, even at angular velocities as low as 3,000 rpm. However, the main point is that a 

significant size alteration of the produced nanoparticles was not observed for changing the 

confinement conditions inside the bubbles. The particle production was rather defined by secondary 

processes, e.g., interaction with the plasma as well as laser fragmentation. The growth dynamics may 

have come to a halt at a time delay where the confinement due to the collapsing bubble sets in. This 

agrees with earlier findings that there is only minor growth observable during the lifetime of the bubble 

in an ideal (fresh substrate) condition [20]. Such a correlation was not observed for the silver mass 

inside the extended cavitation bubble (Figure 21d) and the size of primary particles, around 8 nm, 

(Figure 23c,e). Obviously, the primary particles were pre-defined even before the evolution of the 

cavitation bubble, in accordance with recent theoretical simulations [46, 48]. Our results are supported 

by a study by Dell’Aglio et al. in which LAL was performed under high pressure [245]. Although the 

maximum size and the lifetime of the bubble were decreased by increasing pressure, no influence on 

the final particle size distribution was identified [245]. We concluded that the mass concentration 

inside the extended bubble was not linked in a simple way to the initial mass concentration on a sub-

microsecond time scale.  
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Figure 23: Analysis of the silver nanoparticles by AUC (a-c) and scanning HR-TEM (d,e): The AUC size 

distributions are normalized to the respective minimum peak diameter. (a) Mass-weighted 

nanoparticle size distributions of colloids obtained from craters drilled by 10, 250, 500, and 1,000 

previous pulses. The AUC was operated at 3,000 rpm to detect particles up to several tens of 

nanometers in diameter. In (e), the colored background highlights the different peaks with the peak 

diameters plotted versus the number of pulses; (b) Number-weighted frequency of nanoparticles 

when operating the AUC at 3,000 rpm; (c) Combined normalized size distributions achieved from 

measurements at high (30,000 rpm, black lines) and low angular speed (3,000 rpm, red lines). High g-

force AUC analysis indicated the presence of small nanoclusters < 3 nm as the dominant particle 

species in all samples; (d) Same data as shown in (c) but weighted by particle number instead of 

mass. The images from scanning HR-TEM confirmed the presence of nanoclusters (10 pulses in (f), 

500 pulses in (g), and 1,000 pulses in (h)). 

Performing AUC at the high angular velocity of 30,000 rpm (Figure 23c, d) indicated that there was a 

dominant particle size fraction below 3 nm. Such small nanoparticles are referred to as nanoclusters 

[246, 247] because they have different physical properties than ordinary nanoparticles, such as the 

lack of surface plasmon resonance and increased fluorescence [248]. The presence of nanoclusters 

was verified by the scanning HR-TEM images presented in Figure 23f-h. Such ultra-small clusters have 

been reported as products of intensive laser fragmentation [88, 249] but we only used 10 pulses. 

Similar silver clusters were observed earlier during a laser fragmentation process using the second 
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harmonic of an Nd:YAG laser system [250]. It may be speculated that the ultra-small Ag particles 

resulted from the dissolution of silver in water. Hence, a reference experiment using a gold target and 

a single laser pulse confirmed the presence of nanoclusters even for this more inert material and with 

the full exclusion of laser fragmentation effects (Figure 54, chapter 9). Thus, the results from LAL of 

gold excluded the formation of cluster-like structures in the silver samples by dissolution of the silver 

particles on the TEM grid [251]. Note that, although the reproducibility of the size distributions from 

different syntheses was low even for the fast AUC runs, nanoclusters (d < 3 nm) were identified in 

every run that was performed (Figure 56a, chapter 9). Also, it is important to understand why the 

dominant presence of nanoclusters usually has not been observed in the literature. First, nanoparticle-

size histograms from single-pulse experiments or experiments that minimize the effects of laser 

fragmentation are rare. Second, it has been demonstrated that these clusters are consumed rapidly 

within days by growth processes, and the growth rate depends on the mass concentration in the 

sample because the probability of collision between two clusters or particles depends on their 

interparticle distance [88]. If the concentration of particles is extremely low, as it was in our case, 

nanoclusters are inherently stabilized and become detectable in significant amounts. Shih et al. [46, 

48] predicted atom clusters (~1 nm) as the starting point for the formation of nanoclusters (< 3 nm) 

inside the bubble, but (i) to date, only for picosecond laser pulses and (ii) not indicated their mass ratio 

contribution to the total mass of nanoparticles.  

The presence of nanoclusters during nanosecond LAL, in the absence of laser fragmentation in liquids 

(LFL), has important implications for the particle-formation mechanism involved in and the 

experimental routines of LAL. Since nanoclusters obviously are the dominant species (Figure 23c, d) 

that initially form during LAL, and since the peak positions of the secondary large spheres are 

unaffected by the presence and depth of a crater, we concluded that (1) particle growth by ripening 

and coalescence [88] has a major role in the definition of the colloids after the final collapse of the 

cavitation bubble, which is even more significant than the shape, volume, and total lifetime of the 

bubble; (2) during continuous LAL, even when applying a scanning strategy the advancing surface 

microstructure induced on the target strongly affects the cavitation bubble, but, interestingly, it does 

not affect the resulting nanoparticles; hence, it is further confirmed that continuous, liquid-flow LAL is 

a stable synthesis process [187]; (3) manipulating the particle size is not limited to the early stage of 

ablation, e.g., inside the cavitation bubble, but expands to the minutes-to-days regime. 

Regarding the satellite bubbles that were observed (Figure 19a), alternative explanations are (1) the 

(partially) ablated walls of the crater as shown by the non-linearly increasing crater aspect ratio L/D 

(Figure 22a); (2) hydrodynamic effects induced by additional confinement of the cavitation bubble 
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inside the craters, which led to higher acceleration of parts of the cavitation bubble. The latter 

hypothesis is supported by the frame recorded after 700 shots in Figure 19, in which a tail is visible on 

the top of the cavitation bubble; and (3) droplet jetting [48] may have benefited from the geometry of 

the crater or sub-surface voids [252] created by the preceding pulses. 

 

Conclusions 

When synthesizing nanoparticles by laser ablation of solid metal targets in liquid, it is inevitable to 

induce microstructures on the surface of the target, but it has been unknown how pre-existing craters 

influenced subsequent phenomena caused by single pulses, e.g., the cavitation bubble and the 

properties of the particles. The cavitation bubbles usually are investigated on a non-irradiated, flat 

target. However, this contrasts with the synthesis of reasonable amounts or concentrations of 

nanoparticles by LAL because it requires several thousands of laser pulses. Even if scanning strategies 

were applied, the surface microstructure would still be significant. 

We showed by single-pulse nanosecond laser percussion drilling in liquid flow that the volume of the 

cavitation bubble and the resulting depth of the crater due to ablation decrease exponentially as the 

number of preceding laser pulses increases. At the same time, satellite microbubbles were observed 

(only for pre-machined substrate) in close vicinity of the cavitation bubble, which might indicate the 

increased formation of large spherical particles with diameters in the tens of nanometers. In addition, 

the shape of the bubble at its maximum extension undergoes a transition from hemispherical to 

approximately spherical, combined with a decrease of rebound intensity. We found that the ablation 

rate decreased exponentially, comparable to the volume of the bubble, which may be caused by 

plasma confinement in the deep crater and by partial ablation of the wall of the crater, as indicated by 

increasing diameter of the crater. Interestingly, the mass concentration of silver inside the extended 

cavitation bubble did not decrease linearly with the number of preceding pulses. This behavior was 

expected because the volume of the extended bubble and the ablation mass per pulse are linear 

functions of the laser fluence for LAL on a flat target, and, hence, their ratio also should result in a 

linear function. Still, the silver mass concentration inside the bubble decreased exponentially from 

0.4 µg/mm³ after a single pulse on a flat target to 0.01 µg/mm³ after the target was microstructured 

by 1,000 preceding pulses. As reported in literature, the ratio of ablated species to liquid molecules in 

the gas phase of the cavitation bubble is around 0.07 for ablation in water [50], and this is the reason 

that the ablated species must be considered to be very dilute inside the extended bubble. We showed 

that no direct (linear) link exists between the ablation mass and the volume of the extended bubble. 

The volume of the cavitation bubble was determined almost exclusively by the liquid molecules that 
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were vaporized to form a gas. Therefore, the vaporization of the liquid is not a process driven 

significantly by classical heat transfer from the ablated mass to the liquid. In addition to the influence 

of the microstructure of the surface on the volume of the extended cavitation bubble, the intensity of 

the vaporization that occurred in the process was altered significantly. While classical heat transfer 

from species ablated from the target was excluded as the reason for the vaporization of the liquid, the 

phenomenological origin of the gaseous cavitation bubble remains elusive. Still, we cannot exclude 

that the distribution of the fluence inside the laser-percussion drilled crater was affected by refraction 

at the crater wall or that plasma confinement influences the early phase of LAL.  

The combined effects of plasma confinement, alteration of the cavitation bubble, and mass 

concentration per unit volume of the cavitation bubble could raise expectations for changes in the 

sizes of the nanoparticles. Surprisingly, the detailed analysis of the properties of the particles by means 

of analytical ultracentrifugation and scanning HR-TEM did not reveal systematic changes, either as a 

function of the depth of the crater or the shape of the cavitation bubble. Hence, the effect of altering 

the volume or shape of the cavitation bubble on particle size was found to be minor or even non-

existent. Indeed, the sizes of the particle fractions within the size range between 5 and 27 nm were 

constant, with a distinct size peak at ~8 nm. In all of the samples, we found a large relative amount of 

silver nanoclusters with diameters of < 3 nm. These reactive species were stable in our study because 

of the very low concentration of particles per sample.  

Long-time nanocluster-induced growth processes and primary plasma/ablation effects seem to be 

more important for the final colloids obtained by LAL as the shape change of the bubble. Nevertheless, 

particle yield is drastically reduced by the corrugated substrate. 
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5.2 In situ observation of nanoparticle size reduction by additives 

Even though pulsed laser ablation in liquids produces clean nanoparticles with no organic molecules 

attached to the particle surface or residues in the liquid phase, the process suffers from a major 

drawback, which is the poor controllability of the size of the final nanoparticles. As along with the 

reduced size of a nanoobject, the expression of size-dependent properties increases; the need for size 

control of any synthesized nanomaterial is crucial. A typical laser-generated colloid consists of several 

species: (i) nanoclusters (d ≤ 3 nm) that are formed in an earlier stage of PLAL and dissolve over time 

by adding to the size of larger particles by coalescence and Ostwald ripening [88], though due to the 

speed of growth processes in concentrated colloids, nanoclusters are usually not observed; (ii) primary 

particles or small solid spheres with sizes of d ≤ 10 nm; and (iii) secondary particles that consist of two 

sub-fractions, namely large solid spheres (d > 10 nm) and aggregates (d > 100 nm). The definition of 

size fraction in PLAL-generated colloids is schematically depicted in Figure 24a with the fraction of 

nanoclusters excluded. 

 

Figure 24: Principals of bimodality of particle size distributions obtained by PLAL. (a) Laser-generated 

colloids are made of several size fractions. The smallest fraction, defined as primary particles, consists 

of small solid spheres (d ≤ 10 nm). Larger particles are defined as secondary particles. These can be 

split into large solid spheres (d > 10 nm) and aggregates (d > 100 nm). (b) Sketch of a typical particle 

size distribution of gold nanoparticles synthesized by PLAL and obtained from analytical disc 

centrifugation. The dashed lines show the contribution of primary and secondary nanoparticles to the 

overall size distribution. 

While this dissertation explores the fundamentals of nanosecond PLAL, the bimodality of colloids is 

best explained using the example of picosecond laser pulses for ablation as the particle size 

distributions of such colloids exhibit a more pronounced bimodality than those derived from 

nanosecond PLAL. An example of a typical size distribution of gold nanoparticles synthesized by PLAL 
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is presented in Figure 24b. As shown, the size distribution is best fitted using two sub-fits or is described 

by a lognormal envelope. Both cases indicate the presence of two or more size fractions of 

nanoparticles. The presented hydrodynamic analysis also clarifies the difficulties in distinguishing the 

sub-fractions of the secondary particles. 

The formation of secondary particles cannot be avoided completely; however, it is likewise possible to  

re-irradiate a colloid to fragment the particles and homogenize the size fractions [235, 253, 254]. For 

gold nanoparticles, green lasers are preferred due to the high absorbance of AuNP, at about 523 nm, 

induced by SPR [123]. Another possible route towards the size control of PLAL nanoparticles is the 

addition of micromolar amounts of monovalent salts to the ablation medium prior to the ablation 

process [99, 146]. The clarification of the mechanism of the latter route by temporally and spatially 

resolved SAXS using synchrotron radiation is described in the following section (5.2.1). Data 

interpretation is enabled by the results of the previous section 5.1.1. Using the findings from the ex 

situ SAXS calibration, it is possible to calculate the ratio of secondary to primary particles. Further, the 

size distributions calculated using the MC method are precise. In combination with the finding that 

both SAXS algorithms – UF and MC – give equal results allows one to test the data from in situ 

measurements in terms of reliability. 

Beside electrolytes, macromolecular ligands are used in PLAL to control the size of the synthesized 

nanoparticles. After the clarification of the time and location of nascent gold nanoparticles and ions 

delivered by NaCl in section 5.2.1, the next step is to identify the same for the interaction of particles 

and macromolecular ligands. As observed in the previously, the employed high-speed SAXS is unable 

to resolve the differences in the size of primary particles, independent of the presence of a size-

quenching electrolyte. Therefore, an alternative X-ray method is used to probe the gaseous phase of 

the laser-induced cavitation bubble. For higher sensitivity towards the large secondary particles, XHI is 

chosen. The sensitivity of XHI towards the recorded scattering intensity of the nanoobject is not a linear 

function, but instead the sensitivity curve undergoes a global maximum. Depending on the design of 

an individual XHI setup, this maximum sensitivity can be shifted, as schematically shown in Figure 25 

(red curves) [255]. The green curve illustrates the size distribution of gold nanoparticles obtained in 

water by PLAL. Still, XHI, in contrast to SAXS, does not allow one to calculate particle size distributions; 

instead, the recorded scattering intensity originates from all the probe species. 
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Figure 25: Scheme of the size ranges of scattering objects (nanoparticles) that are accessible by SAXS 

(blue rectangular area) and XHI (three red curves). The size distribution of a laser-generated colloid is 

illustrated by the green curve. XHI shows the advantage of easy tunability of the sensitivity maximum 

to various particle sizes. Sensitivity of XHI is adapted from [255]. 

The tunable sensitivity is exploited to focus on secondary particles. In contrast to XHI, in SAXS, tuning 

the accessible size rage is challenging as the detection of smaller scattering vectors requires a large 

sample to detect distances in a range up to meters as well as higher X-ray flux to compensate for the 

loss of flux among the increased beam path. The size range that could be analyzed in the in situ SAXS 

study in 5.2.1 is marked as the blue background in Figure 25. 

Accordingly, in 5.2, three related in situ experiments are carried out to determine whether the 

macromolecular ligand polyvinylpyrrolidone (PVP) acts as a size-quenching agent like the inorganic 

NaCl or if the macromolecule affects the ablated nanoparticles on a later time scale. Hence, the 

ablation of gold is performed in pure water as a reference. Besides PVP, NaCl is again used as an 

additive to the liquid phase prior to laser ablation. The ablation in NaCl is to test the method itself. 

According to the results from section 5.2.1, a low scattering signal is expected to be recorded by the 

XHI for the ablation in NaCl solution.   
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Abstract 

Although nanoparticle synthesis by pulsed laser 

ablation in liquids (PLAL) is gaining wide 

applicability, the mechanism of particle 

formation, in particular size-quenching effects by 

dissolved anions, is not fully understood yet. It is 

well-known that the size of small primary 

particles (d ≤ 10 nm), secondary particles 

(spherical particles d > 10 nm), and agglomerates observed ex situ is effectively reduced by the 

addition of small amounts of monovalent electrolyte to the liquid prior to laser ablation. In this study, 

we focus on the particle formation and evolution inside the vapor filled cavitation bubble. This vapor 

phase is enriched with ions from the afore added electrolyte. By probing the cavitation bubbles’ 

interior by means of small-angle X-ray scattering (SAXS), we are able to examine whether the size 

quenching reaction between nanoparticles and ions starts already during cavitation bubble 

confinement or if these reactions are subjected to the liquid phase. We find that particle size quenching 

occurs already within the first bubble oscillation (approximately 100 μs after laser impact), still inside 

the vapor phase. Thereby we demonstrate that nanoparticle−ion interactions during PLAL are in fact a 

gas phase phenomenon. These interactions include size reduction of both primary and secondary 

particles and a decreased abundance of the latter as shown by in situ SAXS and confirmed by ex situ 

particle analysis (e.g., static SAXS and TEM). 

 

Introduction 

Nanoparticle synthesis by pulsed laser ablation in liquids (PLAL) is gaining wide applicability as a general 

method to produce surfactant-free, electrostatically stabilized colloidal nanoparticles from a broad 

range of material classes [33, 98, 231, 256-260]. Recently, nanoparticle productivity of several 
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materials surpassed the limit of 1 g/h up to about 4 g/h for gold nanoparticles [187, 238], making it 

competitive to classical chemical synthesis by reduction of gold salts. Functionalization and size 

quenching of those building blocks can be achieved simultaneously by binding of ligands in situ [134, 

144]. 

There are contradicting results in reports within the recent years, which studied in situ 

functionalization during laser ablation in surfactant or organic ligand solution. Adding organic ligands 

or surfactants to the solution generally results in size quenching due to steric or electrosteric 

stabilization of primary particles (d ≤ 10 nm), no matter if they are added before or immediately after 

laser ablation. In the literature, there are several examples of size quenching effects using surfactants 

and polymers [126, 261, 262], biomolecules [263, 264] or even solid supports [265-267]. For instance, 

growth quenching by covalent binding to the gold nanoparticle surface is efficiently achieved by 

thiolated biomolecules [262]. At the same time, biomolecule degradation under appropriate focusing 

condition is below the detection limit, as proven by their preserved functionality [134, 268]. Thus, 

quantitative particle−biomolecule chemisorption is likely to happen after cavitation, as it is improbable 

that biomolecules would enter and survive the possible temperature and pressure conditions inside 

the cavitation bubble without significant degradation. One must consider the important difference 

between laser ablation by nanosecond lasers and ultrashort-pulsed lasers in terms of heating the solid 

target and the surrounding liquid and further heating of the laser-induced plasma plume by 

nanosecond laser pulses [14, 27, 43]. Possibly the same molecules degrade when nanosecond lasers 

instead of e.g. picosecond lasers are used. Additionally, liquid flow experiments present a further way 

for size quenching [134] and minimizing of biomolecule degradation [144]. Thus, there is indication for 

both modification of particle growth inside and outside of the bubble, depending on liquid, ligands, 

and flow conditions. However, the control of particle size by quenching is likewise possible ligand-free 

by inorganic salts [21]. Such inorganic salts are known to react with laser-ablated species leading to 

interesting single-crystalline morphologies of Si- and C-nanoparticles [269, 270]. Lam et al. have shown 

by means of in situ plasma emission spectroscopy and density functional theory (DFT) calculations on 

the laser ablation of Al2O3 in water that oxidation may indeed start already several tens of nanoseconds 

after laser impact, still inside the laser-induced plasma [226]. This ligand-free size quenching is 

achieved during PLAL by the addition of micromolar concentrations of anions to the liquid before the 

laser ablation process, effectively delivering charges to the particle surface [146] and resulting in 

monodisperse, monomodal nanoparticle colloids [21]. Although this method is frequently used 

(electrostatic and electrosteric particle stabilization) [38, 128, 261, 271], the particle formation 

mechanism is only partly understood yet. In particular, the question arises of when (during which 
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phase in the bubble lifetime) and where (inside or outside the bubble) the stabilization of nanoparticles 

by ions takes place. With respect to the observation that nanoparticles obtained from laser ablation in 

pure water detected (in situ) inside the cavitation bubble’s vapor phase [19, 20] are larger than 

nanoparticles obtained (ex situ) from liquids containing a size quenching agent [21, 146], an early phase 

of ion−particle interaction is implied, possibly already during cavitation. For reasons of reproducibility, 

performing in situ experiments during PLAL under continuous flow conditions is of major importance. 

Attempts to ablate gold in pure water in an optical cell results in simultaneous size reduction and 

deagglomeration by laser fragmentation [68]. Accordingly, ex situ analysis of thus prepared colloids 

provides only limited insight into the processes involved in particle formation at early stages [17]. 

Relying on ex situ analysis solely can, of course, provide new mechanistic findings but ripening must 

be carefully considered, reported to happen for platinum, gold, and palladium nanoparticles laser-

fragmented in both water and micromolar saline solution [88]. As mentioned before, size quenching 

by ligands does at least partially take place outside the cavitation bubble [134]; otherwise, Matsumoto 

et al. have shown by means of plasma emission spectroscopy that electrolytes are present within the 

cavitation bubble, even in the same ratio as initially added to the liquid [54]. Even if these results 

contributed greatly to the understanding of ion interaction with the cavitation bubble, the mechanism 

of particle formation during PLAL could not be explained yet due to the lack of time-resolved 

nanoparticle size measurements [54]. 

The difficulties during exploration of the mechanism of size quenching of particles by anions originate 

from the manifold of temporally and spatially interrelated elementary processes during PLAL. For 

instance, the oscillating laser-induced cavitation bubble scatters light at the liquid−gas interface and 

obstructs the view on the bubble interior [16, 55, 272, 273]; hence, monitoring of particle formation 

using conventional optical methods remains problematic. At the same time, this laser ablation-induced 

bubble itself determines particle formation conditions due to confinement of the ablated matter [66, 

238]. It has been debated to which extent nanoparticle growth and coalescence are happening already 

inside the bubble or during its collapse and the dispersion into the liquid. 

In recent works, it was demonstrated by spatiotemporally resolved small-angle X-ray scattering (SAXS) 

that during the initial stage of laser ablation of gold and silver in pure water two fractions of 

nanostructures are formed: small primary particles (d ≤ 10 nm) and agglomerates or spheres in the 

regime of 30−70 nm [19, 20]. This typical bimodality may limit application prospects where 

monomodal, monodisperse colloids are demanded. The understanding of the origin of the two size 

fractions and control approaches could contribute to further advancement of PLAL. It could be shown 

that nanoparticles are already present within the bubble and, at least partially, may cross the bubble 
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interface at some time prior to collapse and finally end up being quantitatively dispersed in the liquid 

[19, 20]. This, however, requires an interface crossing of particles either during the expansion phase 

or the collapse of the bubble. As an alternative route, seeds could also be injected into the liquid prior 

to bubble formation. According to this, Hu et al. performed laser ablation of cobalt in solutions of 

K2PtCl4 and demonstrated the formation of PtCo nanoalloys [274, 275]. The reaction of Co 

nanoparticles and PtCl42− was hypothesized to occur outside the cavitation bubble, near the 

bubble−liquid interface [274, 275]. Regarding the interface crossing of small nanoparticles during 

cavitation bubble lifetime this is a plausible explanation. On the other hand, ions are present within 

the cavitation bubble as well [50, 54]. For an absolute statement time-resolved observations of 

nanoparticle−ion reactions are essential. Such measurements would allow distinguishing between (a) 

a thermodynamically driven redox reaction mechanism in the surrounding fluid and (b) a kinetically 

triggered reaction inside the bubble’s vapor phase. Furthermore, Shih et al. recently performed 

atomistic modeling of the ablated material during PLAL for the first 3 ns after laser impact on a solid 

target [46]. They showed that silver nanoparticles are present in the liquid already after 1 ns. Also, the 

computational model reveals a trimodality of the particle size distribution composed of atom clusters 

(∼1 nm), primary particles of about 10 nm, and larger secondary particles in the order of tens of 

nanometers [46]. Although the model confirms in situ SAXS size measurements [19, 20], it cannot 

confirm the experimental results in the prediction of large solid particles since the model only covers 

a time range until 3 ns after laser impact (when the secondary particle fraction is still a liquid metal 

droplet) [46]. It is worth mentioning that Shih et al. modeled ablation with picosecond pulses [46][47] 

whereas in the present study nanosecond pulses have been used to increase cavitation bubble size to 

allow X-ray probing. Still, recently Scaramuzza et al. have shown by laser ablation of gold targets with 

varying confinements in lateral and transversal direction (as well as beam spot size) that such 

confinements alter both particle size and polydispersity of the resulting nanoparticles [14]. This effect 

must be taken into account when interpreting results from size quenching experiments with 

nanosecond laser pulses, as the plasma plume from laser impact interacts with the (still present) laser 

beam. This leads to further heating of the plasma and the surrounding environment in contrast to 

picosecond ablation [14, 27, 43, 68]. Furthermore, monovalent ions in micromolar concentration are 

known to strongly affect the entire particle size distribution of PLAL colloids, which is why we study 

the dynamics of nanoparticles within cavitation bubble confinement by pulsed laser ablation of gold in 

water and saline solution (0.5 mM NaCl) in this paper. NaCl is chosen due to its frequent use, 

compatibility to biological environment, and the observation of high size quenching efficiency at 

moderate concentrations of 0.5 mM [146]. Inorganic ions are expected to be resistant against high 

temperature and pressure at the expansion and collapse phase of the laser-induced cavitation bubble, 
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so degradation is less problematic during PLAL. We are able to show by means of in situ high spatial 

and temporal resolution SAXS with synchrotron radiation that interactions of nanoparticles and ions 

take place already within the laser-induced cavitation bubble’s vapor phase as indicated in reference 

[54] and postulated to happen outside the bubble in references [274] and [275]. Reference [46] 

suggests theoretically that large droplets are starting to condense in the early phase of the bubble. 

Experimentally, we find an in situ influence of salts on the bimodality of laser-generated colloids, as 

they affect both small and large solid nanoparticles (hence, not only the aggregates) within the 

cavitation bubble. Therefore, our study extends the view of the mechanisms involved in PLAL by closing 

the time gap between the atomistic modeling [46] and ex situ experimental studies. 

 

Experimental section 

Laser ablation setup and particle characterization 

SAXS usually requires data accumulation for a large number of pulses for sufficient signal-to-noise 

ratio. Laser ablation in a simple liquid batch chamber (or a beaker) is not a stationary process but highly 

dynamic due to the changing concentration of nanoparticles, unequal flow conditions (convection), 

progressing target erosion, and postirradiation of nanoparticles by subsequent laser pulses. Therefore, 

a stationary and reproducible process has to be provided for a sufficient long time interval. These 

requirements are met by a custom-made ablation chamber that is schematically illustrated in Figure 

26. A nanosecond laser with 10 mJ pulse energy and a Gaussian beam profile (1064 nm, 9 ns, 100 Hz, 

Innolas Spitlight DPSS-250-100) is focused onto a spot size of about 100 μm by a plano-convex lens. 

The target (a 4 mm wide gold ribbon fed by a continuous transport unit) and the liquid (either distilled 

deionized water or sodium chloride solution of 0.5 mM, Sigma-Aldrich) are continuously refreshed 

during ablation. Accumulation of persistent gas bubbles is minimized by a vertical, upward flow of the 

liquid and upward transport of the ribbon, while the laser beam is coupled horizontally from the side 

through the lens, which also acts as a container wall (35 mm effective focal length). The X-ray 

transmission through the liquid (on a photodiode) and SAXS (on a two-dimensional detector) are 

measured in situ perpendicular to both the ribbon and laser direction by entering the chamber through 

thin Kapton (DuPont) windows. 
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Figure 26: Scheme of the experimental setup of the time-resolved SAXS experiment with a 

continuously moving gold ribbon target, the supply and exhaust of the water (respectively NaCl 

solution) from the bottom to the top, and the laser beam entering the chamber from the side through 

a sealed lens. The X-ray path intersects the interaction area and is recorded by a photodiode (direct 

beam) and 2D detector (scattering). 

For ex situ particle characterization, gold nanoparticles are laser-generated in pure water and saline 

solution using a flow chamber setup similar to Figure 26. Analysis is performed by transmission 

electron microscopy (TEM), ultraviolet−visible extinction spectroscopy (UV/Vis), analytical disc 

centrifugation (ADC), and SAXS. The hydrodynamic diameter dH and agglomeration state of the 

colloidal nanoparticles are determined by ADC using a DC 24,000 from CPS instruments. A volume of 

0.1 ml is injected against a saccharose gradient and an external standard (237 nm PVC particles) while 

the disc is operated at 24,000 rpm. For TEM, the colloidal solution is drop-coated onto a carbon-coated 

copper grid and examined using 200 keV acceleration voltage (Jeol JEM-2200FS). UV/vis extinction 

spectroscopy is performed using a benchtop spectrophotometer (Thermo Scientific Evolution 201). Ex 

situ SAXS measurements are performed at the same beamline as the in situ experiments (see next 

section), with the colloids filled in glass capillaries and sealed with wax. Further aggregation of Au 

colloids in pure water is prevented by adding bovine serum albumin several minutes after ablation. 
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Small-angle X-ray scattering and data analysis 

SAXS is performed at the beamline cSAXS at the Swiss Light Source (PSI Villigen, CH) with a collimated, 

thin X-ray beam. The spot size of 6 × 24 μm2 is much smaller than the maximum bubble size. Temporal 

resolution is obtained by switching a pixelated detector (Pilatus 2M) active during a short gate time 

(60 μs) relative to the arrival of the laser pulses at the target. This is repeated at 100 Hz for typically 

2500 shots in order to accumulate enough statistics for scattering pattern analysis, which is 

subsequently performed with standard steps [16, 66]. This is repeated for both pure water and 

electrolyte about 50 times. Ex situ measurements are done at the same beamline with the colloids 

from batch ablation (flow chamber) filled in capillaries, while water-filled capillaries were used as 

background. Data evaluation is performed with the same tools as described above. 

For spatial resolution of in situ measurements, the chamber and laser path are moved equally relative 

to the X-rays. Scattering background is removed by subtracting at each time delay and height above 

target a similar measurement that only differs by using a negative time delay (i.e., the scattering 

recorded before arrival of the laser). This procedure also suppressed signals from pre-existing particles 

in the liquid between two cavitation events [16, 276]. The scattered intensity at scattering vector q, 

given by the X-ray wavelength λ (=0.912 Å) and scattering angle 2Θ, is basically a Fourier transform of 

the particle shape with rotational average. Characteristic X-ray intensity is recorded around q positions 

that scale to the inverse particle size 2π/d. Particle geometry can be retrieved either by fitting with 

shape-dependent model functions or by shape-independent approaches [276]. One approach is the 

assumption of several hierarchies of particle sizes and degrees of agglomeration [161], which allows 

for a generalized fit of the main parameters of the particle distribution, such as average radius of 

gyration, agglomerate size, and dimensionality of the agglomerate. This approach is referred to as 

unified fit within the literature and this article [161, 162]. Please note that the application of two 

hierarchical levels in the unified fit is not arbitrary but is necessity for good fitting of the entire 

scattering curves. Additionally, the integral over the intensity I(q)*q2 (Porod invariant) can be used as 

a measure of the probed scattering mass. This was successfully applied to nanoparticle formation by 

laser ablation in the gas phase [277]. Recently, a method was established to calculate particle size 

distributions from SAXS scattering curves without prior knowledge of the resulting distribution 

envelope (e.g., Gaussian or lognormal) [164, 165]. Instead, the scattering curves are fitted for a given 

particle shape by freely varying the distribution function by reverse Monte Carlo simulation. We chose 

spherical particles as they are also observed ex situ (Figure 31b-d). Using two independent methods of 

size data extraction from SAXS allows us to confirm our results independently of a single algorithm, 



Results and discussion 

 

 

- 98 - 
 

thus allowing general conclusions on particle evolution inside the cavitation bubble during pulsed laser 

ablation in liquids and the size quenching effect of low concentrations of electrolytes. 

For better comparison of SAXS and TEM, all gyration radii Rg obtained in the following by the 

generalized SAXS data analysis are transformed into particle diameters of spheres and designated as 

particle size throughout the article. A typical scattering signal (see Figure 28a) consists of a high q 

(0.038−0.2 Å−1) and low q region (0−0.038 Å−1) divided by the underlying fits of hierarchical levels [162]. 

The high q particles species is defined as small particles (d ≤ 10 nm) while low q species are defined as 

large secondary particles and agglomerates (d > 10 nm); for more information see reference [20]. 

Please note that SAXS is sensitive to particle volume rather than particle number. Therefore, it is more 

sensitive to larger particles. For better comparison of the presented data all average sizes and size 

distribution are presented in volume-weighted histograms. 

 

Results and discussion 

Cavitation bubble dynamics are measured by the time-dependent X-ray transmission changes of the 

laser-induced vapor bubble with a photodiode in front of the 2D detector. The change of detected 

amplitude is considered as being proportional to the change in water thickness along X-ray beam 

projection volume, i.e., the bubble size. After absorption of the laser pulse a hemispherical cavitation 

bubble forms at the ablation spot and oscillates until its final collapse. Figure 27 shows representative 

traces of the transient. Note that gate time of the detector smooths the signal so that no sharp collapse 

time point can be visualized by this technique. It can be seen that the cavitation bubble follows a 

damped oscillation for laser-induced cavitation bubbles in liquid [30, 55]. 

Maximum bubble extension is observed after 100 μs. Afterward, the bubble shrinks and collapses at 

220 μs. The second bubble reaches its maximal extension at 300 μs, and after 500 μs the bubble is 

finally collapsed. Nevertheless, there is still an offset in transient absorption after 500 μs, indicating 

the presence of small persistent gas bubbles as observed before [16, 227]. 

Lateral analysis of the cavitation bubble shape implies a nearly spherical collapse with some flattening 

from the top [30]. The transients were recorded at different heights above the target (1 mm = bubble 

top, 0.5 mm = bubble center) which show the same dynamics but with different amplitude. 

Additionally, the second bubble is found to be smaller (0.8 mm radius) than the first one (1.5 mm 

radius). 
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Figure 27: Relative cavitation bubble radius at 1 mm (black line, bubble top) and 0.5 mm (red line, 

bubble center) height above the gold target recorded via X-ray transmission. Hatched areas mark the 

region of interest for particle species analysis at the maximal extension of first bubble, second bubble, 

and after the final collapse. 

A selected set of SAXS curves is shown in Figure 28 (top). Particle size analysis by SAXS is performed by 

applying the unified and MC fit approach to this data, leading to two hierarchical levels within the given 

q-range corresponding to primary particles and secondary particles and agglomerates. Primary 

particles of about 10 nm diameter are seen around 0.07 Å−1 and spherical secondary particles (and 

agglomerates) with sizes in the range of d > 10 nm at lower q values, which is in good agreement with 

prior work [19, 20]. The effect of the electrolyte is readily seen as a reduction of scattering intensity in 

the low q-range corresponding to a lower abundance of large particles and agglomerates. Data are 

given in Kratky representation (I(q)·q2 vs q). The fits obtained from reverse Monte Carlo simulations 

(green and pink lines) match the experimental data (filled squares and hollow circles) just as well as 

the unified fits (blue and red lines). Resulting volume-weighted size distributions (Figure 57, chapter 9) 

differ significantly from each other, especially above 10 nm as quantified by calculation of the relative 

amount of particles ≤ 10 nm (Figure 57, chapter 9). A significantly higher particle fraction with sizes 

smaller than 10 nm (67 % with salt versus 50 % without) is found in situ if NaCl is added to the solution. 

Figure 28 (bottom) reveals a higher abundance of particles in the regime between 10 and 100 nm in 

histograms of particles pure water inside the cavitation bubble. Obviously, the evolution of large 

secondary particles and agglomerates is quenched by the addition of anions within the first cavitation 

bubble and therefore in the gas phase. The further temporal evolution of particle sizes is shown in 

Figure 29 at heights above target of 0.5 and 1.0 mm. Primary particles slightly increase their size from 

the first bubble to after final collapse (Figure 29, left top, 100−500 μs), from 10 ± 2 to 14 ± 2 nm. After 

2000 μs the primary particle size again slightly decreases (12 ± 2 nm). 
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Figure 28: (top) SAXS curves from in situ measurements in Kratky representation (I(q)·q2) as a function 

of scattering vector q at a height of 0.5 mm above target and a delay of 100 μs after laser impact and 

corresponding unified and MC fits. Both fit the experimental data equally well. (bottom) The 5 point 

weighted moving average of the MC histogram data is plotted vs the corresponding particle 

diameter. Insets show large solid spheres appearing in ex situ TEM images. 

These findings indicate that primary particle formation is within the time resolution of the experiment 

after laser pulse absorption and not significantly affected in the microsecond scale by cavitation bubble 

dynamics (at least for the size discrimination that can be probed by SAXS in situ) [20]. 

The detected change in the large particle fraction is more pronounced in in situ SAXS. It is in good 

agreement with prior measurements [19], with sizes of 40−60 nm during maximal bubble extension. 

In all measurements, the effect of salt addition is clearly seen for large structures. It is most 

pronounced at the first bubble maximal extension (100 μs) and after final bubble collapse (2000 μs). 

After the first bubble collapse (300 μs) and right after the collapse of the second bubble (500 μs) only 

minor effects of salt addition are observed. This supports our previous observations of forced particle 

agglomeration or growth due to bubble collapse [20]. 



Results and discussion 

 

 

- 101 - 
 

 

Figure 29: Left: particle size evolution (in situ SAXS) of small/primary and large secondary particles 

and agglomerates in pure water (full blue symbols) and NaCl solution (open red symbols) as a 

function of delay after laser impact for two different heights (0.5 mm: squares; 1 mm: circles) above 

the target. The arrows indicate trends of size change with NaCl addition. The spatial positions are 

illustrated by an inset scheme. Right: volume ratio between large and primary particle fraction as a 

function of delay and height above target in pure water (blue bars) and NaCl solution (red bars). 

The similarity between large structure sizes at delays between 300 and 500 μs might be due to strong 

drag forces confining particular matter on a limited space, thus forcing agglomerates to grow to a 

specific size, which is defined by the confining volume rather than the size of its building blocks (large 

particles) and particle interactions. The addition of NaCl results in a significant size quenching effect of 

both the large secondary particle (solid spheres) and agglomerate fraction already during cavitation 

bubble confinement as confirmed by in situ SAXS measurements. Within the first bubble, this size is 

reduced by 15 nm under saline conditions. Furthermore, the addition of salt reduces the abundance 

of this fraction. Figure 29 (right) shows the volume ratio of detected large particles in comparison to 

the primary particle fraction as a function of time and position inside the cavitation bubble. By the 

addition of NaCl, the share of large particles is significantly reduced by 30−50 % for different positions 

within the cavitation bubble. This effect is strongest for the first bubble and decreases a little until the 

final collapse of the bubble. The difference between top and center of the bubble is negligible. The 

time- and space-dependent size reduction shown in Figure 29 is in line with discussion of the data 

shown inFigure 28. Dissolved anions must be effective already inside the vapor phase of the cavitation 

bubble, as indicated by Matsumoto et al. [54] while Lam et al. quantify the total amount of molecules 
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in the bubble [50], and result in a reduction of secondary particle and agglomerate size and their 

abundance. 

The observation of salts affecting the final particle size already inside the cavitation bubble is indeed 

surprising regarding the time scale. The anions inside the cavitation bubble can interact with particles 

crystallizing inside the cavitation bubble. The evident size reduction of large spheres as well as small 

primary particles (Figure 28, bottom) by NaCl already inside the first cavitation bubble (100 μs) 

indicates that salts might not only hinder the formation of agglomerates or aggregates but also 

significantly decrease the size of secondary nanoparticles. This is discussed in more detail during the 

description of Figure 30. Obviously, agglomeration starts from the smaller primary particles and 

possible secondary particles as well; this coalescence competes with electrostatic stabilization of these 

seeds by anions via charge delivery. Note that this electrostatic effect by charge delivery has already 

been described based on ex situ measurement (XPS, UV/vis spectroscopy) [146], but seen here in the 

vapor phase (bubble). Compared to liquid state, electrostatic effects are even more pronounced in the 

vapor phase and a well-known phenomenon in gas-phase nanoparticle synthesis [278]. During maximal 

extension of the first bubble, the abundance of primary particles is highest and leads to collision-

controlled agglomeration and particle size increase (Figure 29). The agglomeration is promoted by the 

collapse of the bubble [20]. Although the electrolyte quenching effect seems to be small within the 

second bubble and after, the ion stabilization effect still acts during dispersion in the liquid phase. As 

indicated in Figure 29 nanoparticle formation, agglomeration and chemical reactions are not finished 

after the collapse of the cavitation bubble (delay > 500 μs). For time-resolved experiments on the 

microsecond to second time scale, the concept of a flow reactor as used here is very useful since it 

allows converting a selectable spatial delay into a temporal delay [49, 144]. Therefore, we map the size 

quenching efficiency downstream in the free liquid from the point of laser impact. In this experiment, 

the liquid flow rate and the distance of the X-ray beam to the initial laser position define the time after 

final bubble collapse. We observe that quenching is weakened downstream but is still measurable. 

Still, quenching efficiency is highest inside the vapor phase of the cavitation bubble. For further details 

on the downstream experiment, we refer to the Supporting Information (Figure 58, chapter 9). 
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Figure 30: Ex situ histograms of transmission electron microscopy (gray bars) combined with results 

from analytical disc centrifugation (water: blue dots; NaCl: red dots) of gold nanoparticles laser-

generated in pure water (a) and NaCl solution (c). The asterisk indicates the difference of 

hydrodynamic dH and Feret diameter dF. All size distributions are volume-weighted for direct 

comparison with results from small-angle X-ray scattering. Representative electron microscopic 

pictures show agglomerated structures for water (b) and stable particles for NaCl (d). Result of 

subtraction of the TEM histogram of particles in water from that of particles in NaCl (e). The insets 

exemplify the size reduction of large spherical particles when using NaCl. Comparison of 

hydrodynamic (xc from ADC) and Feret (d50 from TEM) diameter in pure water and NaCl reveals 

drastic particle size reduction by salt ions of both the hydrodynamic agglomerates and Feret diameter 

of solid particles (f). 
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Nevertheless, the initial steps of particle formation observed in this work are (100−2000 μs) of 

importance for a detailed understanding of the process in its embryonic state. The initial ion 

stabilization reduces the strength of particle’s electrostatic repulsion so that a deagglomeration in the 

free liquid downstream is facilitated. Furthermore, salts are found to reduce the size within the first 

cavitation bubble where agglomeration is at its minimum, indicating a quenching of formation of small 

primary and larger secondary particles as well. The importance of second-scale processes was 

previously verified using studies in batch systems and is confirmed here for the stationary case [279, 

280]. 

In order to bridge the gap between in situ and ex situ particle properties, we prepare gold nanoparticles 

under similar conditions and analyze the final nanoparticle products using a variety of analytical 

techniques (Figure 30-32). Figure 30 shows the results of the TEM analysis and the ADC measurements 

of aqueous and electrolyte suspensions. The TEM images, in general, display the small primary particles 

as well as agglomerates or networks forming larger units (Figure 30b,d). Interestingly, a few, but 

prominent, compact larger spheres can be found. The size histograms are converted to volume-

weighting in order to be compliant with the SAXS results and the ADC. Size analysis has been done by 

manual image analysis (ImageJ 1.50b) at about 1000 particles each. Because of the different particle 

states in ADC (still suspended, measurement of hydrodynamic size dH) to TEM (deposited and 

concentrated, determination of Feret diameter dF), a discussion of the full size distribution is difficult. 

Hydrodynamic diameter refers to the diffusional properties of a particle, while Feret diameter is 

defined by the distance between two parallel planes. Regarding the median values for size distributions 

obtained from ADC and TEM as indicated in the Figure 30a,c (summarized in Figure 30f), both are 

reduced significantly by 10 nm (ADC) and 16 nm (TEM) when NaCl is added to the liquid before laser 

ablation. Additionally, smaller particles appear with higher relative frequency. By subtracting the salt 

from the (TEM) water histogram, significant differences in the size distributions become apparent 

(Figure 30e). Hence, it is concluded that size reduction of primary particles also happens inside the 

vapor phase. Even if this size reduction by ions is not detectable in situ by SAXS, the effect is confirmed 

by complementary ex situ TEM. The relative amount of large spherical particles (agglomerates are not 

resolved in TEM) is more pronounced in pure water while particles < 20 nm appear more frequently in 

saline solution (Figure 28, bottom, and Figure 30e). 

Furthermore, the UV/Vis spectra of colloids shown in Figure 31 also indicate larger particle sizes or 

stronger agglomeration for nanoparticles synthesized in pure water. This is seen from the elevated 

extinction of colloids prepared in water at wavelengths above 600 nm. A more quantitative method to 

obtain a measure for primary particle stabilization against agglomeration state from optical spectra is 
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the calculation of primary particle index (PPI) [37]. Here, a PPI of 1.3 for water and 1.6 for NaCl solution 

are found, indicating more efficient particle dispersion in NaCl solution, which is supported by a ζ-

potential of −28.3 mV in pure water with increased negative charge toward −37.2 mV in NaCl solution. 

Quantitatively the volume-weighted histograms clearly show a reduction of frequency at the large side 

of the size distribution, possibly a shift toward smaller sizes by adding salt. 

 

Figure 31: UV/Vis spectra of gold nanoparticles in water and NaCl solution. The primary particle index 

(PPI) and ζ-potential are given in the table. 

To verify the in situ SAXS data, we perform static ex situ SAXS with higher signal-to-noise ratio as well 

(Figure 32). Results from the Monte Carlo analysis show a high abundance of small primary particles 

with sizes ∼8 nm in saline solution and large particles of ∼40 nm in pure water. This is shown in Figure 

32 (bottom) by subtraction of the salt from the pure water histogram comparable to the processing of 

TEM histograms. Compared to ex situ analysis with TEM and ADC the match is good, confirming a 

significant size quenching effect on both primary and secondary particles. Besides, the match to time-

resolved in situ SAXS shown in Figure 29 (left) is good as well. In contrast, ex situ SAXS performed on 

gold nanoparticles in NaCl solution does not resolve the large fraction but show mainly a single fraction 

of primary particles of 8 nm as shown in Figure 32. Similar results are found by application of the 

unified fit (not shown). In conclusion, the particles analyzed with static ex situ SAXS after extended 

time confirm the size quenching effect as well as the change in the ratio between primary and 

secondary particles very clearly. From the compliance between dynamic in situ and static ex situ SAXS 

we conclude that secondary processes on the time scale of seconds are of minor importance when 

ablation is performed in pure water. On the other hand, addition of NaCl makes the system even more 

dynamic, leading to non-negligible processes like Ostwald ripening and collision growth on the time 

scale of seconds (and longer) [88]. 
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Figure 32: Ex situ SAXS curves and MC fits from gold nanoparticles prepared in water and NaCl 

solution (top). Subtraction of resulting volume weighted size distributions support that in NaCl 

solution the fraction of small primary particles (∼9 nm) is more pronounced compared to water as 

liquid (bottom). According to this, a larger fraction of large particles (secondary particles and 

agglomerates ∼40 nm) are found in water solutions. 

The observation at 2000 μs (Figure 29) and ex situ studies indicate that formation dynamics of laser-

generated nanoparticles are not completed after bubble collapse or dispersion into the liquid away 

from the ablation spot. Still, nanoparticle stabilization definitely occurs already within the cavitation 

bubble. One should bear in mind that particle concentration is still high in the spatial confinement 

promoting agglomeration or coalescence. Later, upon dilution, there must be a new equilibrium by 

dissolution of weakly stabilized agglomerates and formation of the final solid particles that can be 

observed by ex situ analysis like electron microscopy. In addition to deagglomeration, the early anion 

stabilization is also seen by a significant reduction of the size of secondary particles (see insets in Figure 

30b-d). Such solid spheres ∼50 nm appear after laser ablation in pure water but are significantly 

reduced in size and abundance in a saline solution which is shown by Figure 28 (bottom), Figure 30, 

and Figure 32. The TEM-imaged volume-weighted median particles sizes show a strong shift from 

48 nm (water) to 32 nm (NaCl) as a consequence of the appearance of less big solid spheres in saline 

solution. This reduction is probably linked to the size reduction of large spheres and not caused by 
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deagglomeration. TEM combined with image analysis is not sensitive to agglomerated structures but 

only to single particles. The almost perfect spherical shape of secondary particles indicates that 

formation occurs at high temperatures either during first submicrosecond phase after laser impact or 

bubble collapse via coalescence and not by agglomeration. Anion stabilization during bubble collapse 

reduces further growth by coalescence and agglomeration as well as the relative frequency of large 

solid spheres. This finding is supported by ex situ TEM and in situ SAXS data shown in Figure 28 (bottom) 

and Figure 30e, which also verifies size quenching of small primary particles. As the size reduction of 

primary and secondary particles as well as the abundance of the latter in NaCl solution is proven ex 

situ by TEM analysis (Figure 30), the size reduction of large species in situ is probably true for both the 

agglomerates and large spheres. The differential histograms of nanoparticles in water subtracted by 

particles in saline solution presented in Figure 30e show a relatively higher appearance of large 

secondary particles in pure water whereas in NaCl more primary particles are observed. It is therefore 

likely that electrolyte addition reduced the size and appearance of secondary spheres 

(10 nm < d < 100 nm) already inside the laser-induced cavitation bubble. A possible mechanism 

includes explosive decomposition of the target as source of primary particles and breakup of 

superheated molten metal at the plasma−water interface as source of secondary particles as suggested 

by recent atomistic simulations [46]. We believe that the early action of electrolytes within the bubble 

as observed here is in agreement with the early appearance of particles as observed in reference [46]. 

The findings link evidence of early interaction of laser-ablated mass with electrolytes in the vapor 

phase of the bubble (in situ), on the one hand, and subsequent electrostatic nanoparticle stabilization, 

on the other. In addition, primary particles or atom clusters (<2 nm) possibly originating from laser 

ablation as well have to be taken into account when thinking about the particle formation mechanism. 

Such atom clusters are not detectable by dynamic in situ SAXS as their scattering intensity is low 

relative to primary particles and are difficult to isolate in TEM but might play an important role during 

coalescence and growth of primary particles or (re)formation of nanoparticles after bubble collapse as 

demonstrated by Jendrzej et al. [88]. 
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Conclusions 

Bimodality may compromise the application of laser-generated nanoparticles. Hence, an 

understanding of the fundamental reasons behind this bimodality is highly demanded for developing 

methods that allow narrower size distributions. We show that dissolved salts significantly influence 

the nanoparticle formation during pulsed laser ablation synthesis in liquid. Proven by spatiotemporally 

resolved SAXS, this effect is already active during an early stage of the process. In fact, it is evident that 

particle size reduction and stabilization against agglomeration and growth happens inside the laser-

induced cavitation bubble. That means that (1) nanoparticle−ion interaction starts within the first 

microseconds after laser impact on the metal target and (2) size quenching by ions during PLAL is based 

on a gas phase reaction. Our results are in agreement with works showing that the ion composition in 

surrounding liquid is the same as inside the bubbles vapor phase [54] and an atomistic model 

predicting the existence of three particle size fractions (atom clusters, primary and secondary particles) 

already a few nanoseconds after laser impact [46]. We further show that stabilizing ions may enter the 

cavitation bubble and affect particle formation hypothesized to happen by delivering additional 

surface charges to early particles and reduce the degree of agglomeration, allowing to harvest a higher 

share of small and stable nanoparticles. By ex situ analysis (static SAXS and TEM), also the primary 

particles are shown to be significantly smaller and higher in mass fraction. The abundance of large solid 

spheres (part of secondary particle fraction) is reduced by 30−50 %. We assume that this size 

quenching happens inside the cavitation bubble but cannot be distinguished from deagglomeration by 

dynamic in situ SAXS. Consequently, the crucial findings of our study are that size reduction of both 

primary and secondary particles by ions is a gas phase reaction and that the typical bimodality of laser-

synthesized nanoparticles is significantly reduced already inside the vapor phase of the laser-induced 

cavitation bubble. 
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Margie Olbinado, Andreas Ostendorf, Bilal Gökce, Anton Plech, and Stephan Barcikowski 

Published in: “On the time and mechanism of nanoparticle functionalization by macromolecular 

ligand during pulsed laser ablation in liquids, Langmuir 35 (2019) 3038-3047.” 

 

Abstract 

Laser ablation of gold in liquids with nanosecond laser pulses in aqueous solutions of inorganic 

electrolytes and macromolecular ligands for gold nanoparticle size quenching is probed inside the 

laser-induced cavitation bubble by in situ X-ray multi-contrast imaging with a Hartmann mask (XHI). It 

is found that (i) the in situ size quenching power of sodium chloride (NaCl) in comparison to the 

ablation in pure water can be observed by the scattering contrast from XHI already inside the cavitation 

bubble, while (ii) for polyvinylpyrrolidone (PVP) as a macromolecular model ligand an in situ size 

quenching cannot be observed. Complementary ex situ characterization confirms the overall size 

quenching ability of both additive types NaCl and PVP. The macromolecular ligand as well as its 

monomer N-vinylpyrrolidone (NVP) are mainly effective for growth quenching of larger nanoparticles 

on later time scales, leading to the conclusion of an alternative interaction mechanism with ablated 

nanoparticles compared to the electrolyte NaCl, probably outside of the cavitation bubble, in the 

surrounding liquid phase. While monomer and polymer have similar effects on the particle properties, 

with the polymer being slightly more efficient, only the polymer is effective against hydrodynamic 

aggregation. 

 

Introduction 

Since the discovery of pulsed laser ablation in liquids (LAL) as a tool for the synthesis of nanoparticles 

in 1993 [67] researchers still face major challenges that hinder LAL from being established as a 

competitive synthesis route towards nanomaterials [33]. Two of these are the control of mean size, and 

size distribution width. The challenge of gaining control over the final nanoparticle size in a single-step 

approach and without using surfactants or ligands was accelerated by the discovery that micromolar 

concentrations of monovalent salts like sodium chloride (NaCl) result in a size quenching of gold 

nanoparticles by adsorption to the particle surface and stronger electrostatic stabilization [21, 146]. 

This approach was extended to other noble metals like palladium [142] and platinum [196]. It was 
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found recently that size reduction by ions already happens inside the gas phase [192] of the laser-

induced cavitation bubble [50, 221, 281] some tens of microseconds after a laser pulse hits the target 

[192]. Ions present in the electrolyte get in contact very early to the plasma emitted from the target 

and are thus able to interact with the material even before bubble expansion [282]. Note that Sakka et 

al. [54] demonstrated the presence of dissolved ions already in the laser-induced plasma. However, 

they used 100 ns laser pulse width, we used only 10 ns, and it cannot be excluded that ions are present 

inside the bubble because of solution vaporization at the plasma edge during its lifetime. Trapping of 

the early nanoparticles inside the confinement of the cavitation bubble had been observed first by 

means of time-resolved scanning small-angle X-ray scattering (SAXS) [19]. In the last years, a trend 

towards imaging of the entire bubble cross section by optical [283, 284] and in situ X-ray methods was 

followed. In this context X-ray radiography and multi-contrast imaging [285, 286] was introduced as a 

complement to in situ SAXS [30, 44]. Thereby, the distribution of nanoparticles and the ejection time 

of nanoparticles from the gaseous phase into the surrounding liquid were determined exploiting X-ray 

absorption contrast [30]. 

Alternative to anions, organic molecules can be employed for size quenching in situ [131, 135, 287], in 

particular, if the ligand’s functional group has high affinity to the inorganic nanoparticle surface [78, 

288, 289]. But less is known on the size quenching mechanism with macromolecules having no specific 

anchor group. 

In this work, we address the controversy of the actual temporal and spatial distribution of LAL 

nanoparticles in the presence of macromolecular ligands to interact during in situ conjugation. This 

question was addressed by other groups by adding ligands like sodium dodecyl sulfate (SDS) [17] or 2-

[2-(2-methoxyethoxy)ethoxy] acetic acid (MEEAA) [141] to the water phase. While these studies 

provides indication for particle-ligand interaction during an early stage, the size quenching cannot be 

solely attributed to the presence of the organic backbone as both SDS and MEEAA introduce additional 

electrolytes or change the pH of the liquid [142]. Steric stabilization and size reduction by polymers 

added to the liquid prior to laser ablation was observed for ,e.g., aluminum nanoparticles prepared in 

poly(vinyl alcohol) (PVA) solution [130], gold nanoparticles in poly(ethylene oxide) (PEG) solution [131] 

and silver nanoparticles in polyvinylpyrrolidone (PVP) solution [51]. The present study focuses on the 

functionalization of LAL nanoparticles by PVP. Tsuji et al. have demonstrated that PVP acts as a size 

quenching ligand in LAL using silver as a target material [51]. In chemical reduction synthesis of silver 

and gold nanoparticles PVP acts as a shape directing agent in some formulations [290, 291]. Yet the 

chemical synthesis of gold nanoparticles with PVP is reported frequently, while spherical morphologies 

are found [292-295]. Requejo et al. have even reported a route in which PVP leads to spherical gold 
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particles and the omission of PVP results in gold nanorods [296]. Non-spherical nanoparticles were also 

found during laser processing of nanoparticles when using a 355 nm laser source and performing laser 

fragmentation [132], these parameters and the setup are, however, not completely transferrable to 

those applied in this work. 

As a matter of fact, it is possible to control the size of gold nanoparticles to some extent by a controlled 

delayed addition of oligonucleotides to the colloidal solution [144, 145]. This indicates that quenching 

by organic ligands can occur ex situ, i.e. outside of the cavitation bubble, by suppressing growth 

processes like Ostwald ripening and coagulation by steric stabilization of the nanoparticles [88]. 

Accordingly, there is indication for both possible quenching mechanisms, inside and outside of the 

cavitation bubble, occurring during LAL in the presence of macromolecular ligands. Therefore, it is 

mandatory to study nanoparticle formation during an early phase as well, when particles are still 

trapped inside the cavitation bubble. Due to the complexity of the problem a complementary approach 

to our earlier in situ SAXS studies is chosen [19, 20, 30, 192]. X-ray Hartmann mask imaging (XHI) was 

utilized to access multicontrast X-ray imaging, including scattering contrast [297, 298]. As described 

earlier in literature [297, 299-301] Hartmann-mask imaging exploits a laterally structured X-ray beam, 

whose attenuation, pattern shift and structure broadening allows to decompose absorption, 

differential phase and scattering contrast on a 2D detector. Here, the Hartmann mask consists of a 

platinum foil with a 2D periodic pattern of holes as shown in Figure 33a-d. The sensitivity maximum of 

targeted size intervals can be set by variation of the mask pitch and the sample to detector distance 

[299]. We have chosen a XHI setup with sensitivity maximum at 55 nm structure size. Hence, secondary 

particles like large spherical nanoparticles and agglomerates are preferably detected over smaller 

(primary) particles. 

 

Experimental section 

The experimental details of the liquid-flow in situ LAL setup are described elsewhere in more detail [20, 

44, 192]. In brief, laser ablation for in situ experiments was performed by focusing a nanosecond laser 

(Continuum Minilite I, 1064 nm, 7 ns, 10 Hz) with an average pulse energy of 11 mJ onto the target 

[44]. The effective fluence, taking the attenuation of the liquid layer at the laser wavelength into 

account [302], was 33 J/cm². A gold ribbon (99.9 %) having a width of 4 mm and a thickness of 200 µm 

was used as a target material and continuously transported upwards through the chamber in the same 

direction as the liquid flow. Ablation was performed in a liquid flow configuration to remove residual 

nanoparticles for subsequent laser shots. Doubly-distilled water solutions of NaCl and PVP (Acros 

Organics, 3,500 g/mol, K12, Lot: A0368382) were prepared to a final concentration of 0.5 mM. Ex situ 
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LAL was performed using a liquid-flow ablation chamber with a liquid height of 5 mm above the target. 

A fixed gold plate of 0.5 mm thickness was used. Ex situ experiments were additionally conducted in 

N-vinylpyrrolidone (NVP), the monomer of PVP. The chemical was obtained from Acros Organics (99 %, 

stabilized with NaOH) and used without further purification. Measurements of the pH value of 1 µM 

and 1000 µM solutions of NVP revealed that it was almost constant from 5.9 at 1 µM and 5.9-6.0 at 

1000 µM. Furthermore, the electrolytic conductivity was constant at 0.7-0.8 µS/cm. The liquid volume 

flow was 50 ml/min, which is three times lower compared to the in situ experiments. For ex situ 

experiments Milli-Q water was used (18.2 MΩ/cm). The laser (Rofin Sinar RS-Marker 100D, 1064 nm, 

10 ns) was operated at 5 mJ pulse energy and 3 kHz and was scanned across the target surface in a 

spiral pattern using a galvanometric scanner. The effective fluence was 27 J/cm² which is 18 % less as 

compared to the in situ ablation experiments. To prove that this slight deviation does not affect the 

particle size distributions significantly additional size distributions obtained by ex situ LAL using an 

effective fluence of 36 J/cm² are compared with those obtained at 27 J/cm² in Figure 59 (chapter 9). 

The ablation chamber was made out of polytetrafluorethylene (PFTE) to avoid contamination of the 

product colloids by ions that might otherwise be dissolved of chambers made of e.g., steel or 

aluminum. For transmission electron microscopy (TEM) (Zeiss EM 910, 120 kV) the colloids were drop-

casted onto a carbon-coated copper grid. Automatic image analysis was performed by the ImageJ 

(Version 1.51s) plugin ParticleSizer [303]. Analytical disc centrifugation (ADC, CPS instruments) was 

performed in a sugar density gradient and constantly operated at maximum speed of 24,000 rpm. Gold 

nanoparticles of 6 nm hydrodynamic diameter were used as calibration standard. In ADC the integral 

intensity of the entire injected sample mass is calculated by Mie theory and from the derived 

cumulative surface-weighted size distribution the specific surface area is accessible. Hence, for each 

data point the additive concentration per nanoparticle surface area or mass in µmol/cm² or µmol/mg 

is derived, respectively. Note that the specific surface area and the median diameter are mutually 

linked quantities. Still, the specific surface area integrates every size fraction within the size distribution 

of the gold colloids as every particle contributes to the overall specific surface area. UV/Vis extinction 

spectroscopy was performed using a spectrophotometer (Thermo Scientific Evolution 201). 

Spectroscopy was used to calculate the ablated gold mass from the concentration of the ex situ 

synthesized colloids. Representative spectra from gold nanoparticles produced in pure water, 0.5 mM 

NaCl and PVP solutions and the calibration of the UV/Vis spectra by gravimetrical analysis of the ablated 

gold mass are given in Figure 60 (chapter 9). Viscosities were measured using a rheometer (Anton Paar, 

Physica MCR 301). 
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Time-resolved visible-light shadowgraph of the cavitation bubbles in water and PVP solution were 

performed in a self-designed 3D-printed ablation chamber made of acrylonitrile butadiene styrene. A 

liquid flow rate of 35 ml/min was applied to remove residual nanoparticles and persistent bubbles 

between two laser pulses. The laser repetition rate was set to 0.2 Hz. Additional information on the 

used shadowgrapy setup is presented in the Supporting Information, including the recorded image 

sequences (Figure 61-64). 

The platinum-based Hartmann mask used for multi-contrast X-ray imaging consists of a 25 µm thick foil 

(Chempur, 99.9%) with regular holes of about 10 µm in diameter, drilled by pulsed fs-laser 

micromachining (Spectra Physics Spitfire Ace, 800 nm, 100 fs) using a fluence of 2 J/cm² at a repetition 

rate of 5 kHz. The holes cover the rectangular pattern (7x5 mm) with a pitch of 65 µm. Micrographs of 

the Hartmann mask are shown in Figure 33 from the front and back side. Light microscopy allows to 

visualize the funnel shape of the holes on the front side, perpendicular to the incident transmitted fs-

laser (Figure 33a,b). The back side of the mask does not exhibit any funnels but a regular pattern of 

micron sized holes (Figure 33c,d). A scheme depicting the basics of the exploited imaging technique for 

in situ measurements during LAL is given in Figure 33e. Absorption of X-rays occurs whenever a 

beamlet, shaped by the shadow mask, interacts with matter e.g., after transmission through water. 

Transmission increases at the occurrence of the cavitation bubble in LAL with respect to the 

surrounding liquid. 

 

Figure 33: Images of the Pt foil acting as a Hartmann mask for in situ experiments obtained by optical 

microscopy. Front of the mask in reflected (a) and transmitted light mode (b). The laser-drilled holes 

are funnel-shaped on the front side (side at which the laser beam impinges). Back of the mask in 

reflected (c) and transmitted light mode (d). Sketch of the XHI approach with the incoming X-ray 

beam being split into multiple beamlets by the Hartmann mask, and undergoing absorption, 

differential phase shift (deflection) and diffuse scattering (broadening) when crossing the cavitation 

bubble and the confined nanoparticles (e). 
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XHI experiments were performed at the ID19 beamline of the European Synchrotron Radiation Facility 

(ESRF, Grenoble, France) using a quasi-monochromatic beam from a single-line undulator with an 

energy of 17.9 keV. The X-ray beam was restricted to an area of 7x5 mm by slits to illuminate only the 

Hartmann mask. The array of beamlets formed by the Hartmann mask passes the sample cell of 5 mm 

water to be converted to visible light by a YAG scintillator of 100 µm thickness. The distance between 

the ablation point and the scintillator was 30 mm. A fast CMOS camera (PCO dimax) recorded the 

intensity distribution with 40 µs exposure time, a sequence of images around the ablation event 

spaced 100 µs was taken. An interleaving of several films with shifted delay time between acquisition 

and the laser impact allowed to construct a movie with 40 kHz (25 µs spacing) image rate. A repetition 

of the image acquisition for a total of at least 3,000 laser shots was performed for every liquid in order 

to increase the signal-to-noise ratio. XHI is a multi-contrast X-ray imaging technique. Details on image 

formation and reconstruction are described in detail in [148, 285, 297, 298, 304]. Therefore, here only 

a short description shall be given. By usage of a Hartmann mask the intensity, position and broadening 

of the beamlets reveals three different contrast modes (absorption, differential phase, and scattering, 

respectively). In this publication the scattering contrast is of central interest as this stems from 

nanoscale inhomogeneities. The image reconstruction was performed identically to a previous 

publication by Reich et al. [148]. Instead of individual beamlet analysis a Fourier transform of the 

beamlet pattern allows to separate the different contrasts. Therefore, the Fourier transform of the 

pattern is followed by a back transform of the specific harmonics of the Fourier spectrum. Particularly, 

the cavitation bubble creates absorption contrast, which imprints on the scattering channel [304]. As 

reported earlier, this crosstalk from the absorption contrast to the scattering contrast can be removed 

by a decorrelation procedure [148, 305]. 

 

Results and discussion 

The goal of the present study is to clarify the mechanism of nanoparticle-macromolecular ligand 

interaction during LAL. Here, we use (i) pure water as a negative (null effect) reference liquid, (ii) 

NaCl (aq.) as positive reference. NaCl has the ability to quench the size of nanoparticles already inside 

the gaseous phase of the cavitation bubble, as shown before by scanning SAXS [7]. The additive (iii) 

that is employed is the macromolecular ligand PVP. It is utilized in the exact same molar concentration 

as NaCl to ensure direct comparability of the molar size quenching efficiencies. As PVP does not contain 

mercapto groups (-SH), no covalent bond (chemisorption) to the gold nanoparticle surface is expected. 

Yet, the N-C=O groups of the PVP backbone bind to the gold surface by physisorption [306-308]. 

Although PVP is frequently used as a stabilizing ligand for silver [51, 290, 309] rather than gold [294] 
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nanoparticles, a gold target is used here. This is motivated by gold nanoparticles proving to be 

effectively quenched by NaCl [192]. It is shown that NaCl exhibits the ability to quench the size of gold 

nanoparticles already inside the cavitation bubble (i.e. in situ).  

Using absorption contrast, it is possible to record the cavitation bubble as shown in the inset of Figure 

34b. Scattering contrast is a result of diffuse scattering of X-rays and originates from scattering at 

inhomogeneities of the probed specimen [299]. The angular width of scattering scales inversely to the 

object size according to the principles of small-angle X-ray scattering [147, 300]. In the present setup 

the sensitivity ranges from 20-230 nm in sizes (at 50 %, with a maximum at 55 nm). The calculated 

sensitivity curve is shown in Figure 34a, which was calculated from our setup parameters according to 

the equation derived by Lynch et al. (equation (68)) [299]. The detection of small primary particles (d 

< 15 nm) by using XHI is negligible, and primary particle size shifts by the addition of NaCl are also not 

detected by SAXS [192] because SAXS is limited in differentiation of overlapping size fractions [169]. 

Hence, for the scope of the present study, the secondary size fraction is the main region of interest, as 

it is known to be connected to the product colloids’ bimodality. The shifted sensitivity towards particles 

even larger than 100 nm adds complementary information on earlier works. In general, imaging offers 

prospects to map spatial distributions as opposed to localized SAXS. Within our sensitivity limit we see 

a homogenous scattering distribution across the bubble. At the same time size information in the 

classical sense in XHI is lost, therefore size quenching (of large particles) is translated to intensity 

changes. Anyway, also in situ SAXS does not reveal changes in the size of small primary particles induces 

by NaCl inside the cavitation bubble (Figure 65). By using negative delays (before laser impact) for the 

flat field correction, it is possible to remove signal from residual nanoparticles inside the ablation 

chamber volume that may not transported off by the water flow. As visible from the black squares in 

Figure 34b the scattering signal of gold nanoparticles as ablated in pure water observed at the center 

of the cavitation bubble (inset) follows the growth and shrinking of the first and second cavitation 

bubble, the latter frequently referred to as bubble rebound. The relation of the cavitation bubble and 

the confined particles ablated in pure water further confirms (i) that the observed secondary 

nanoparticles are confined within the gaseous phase of the cavitation bubble and (ii) are retracted 

towards the target surface upon bubble shrinkage. Therefore, the first reference measurement of gold 

nanoparticles in pure water proves the validity of XHI for nanoparticle detection during LAL by 

reproducing the bubble-nanoparticle SAXS-behavior which is known from the literature [19, 20, 192]. 
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Figure 34: Scattering sensitivity on nanoparticles as function of the scattering object size for the given 

setup. The blue dashed-dotted line indicates the size interval above 50 % relative sensitivity (a). 

Scattering signal as function of the delay after laser impact obtained at the center of the cavitation 

bubble (inset shows the transmission signal together with the region of interest) (b). Scattering 

signals of gold nanoparticles in pure water (black squares), NaCl- (red circles) and PVP-solution (blue 

triangle) (both 0.5 mM). The shaded curve represents the change in X-ray transmission starting from 

1 (0 % intensity change) before laser arrival. Error bars are the standard deviation between several 

runs. 

The second reference experiment is the laser ablation of gold nanoparticles in a 0.5 mM NaCl solution. 

The temporal distribution is given by the red circles in Figure 34b representing the scattering signal 

from the nanoparticles. The scattering signal of nanoparticles ablated in a micromolar electrolyte 

solution is, at almost any delay after laser impact, as low as for the reference measurements at negative 

delays. It was shown before by means of in situ SAXS that the size and the amount of secondary 

particles is reduced inside the cavitation bubble already 90 µs after laser impact [192]. As XHI is mostly 

sensitive to secondary particles (Figure 34a) it is concluded that the size reduction decreases the 

scattering signal intensity below the detection limit. Consequently, less to no signal is recorded. 
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Just like the NaCl solution the PVP solution is prepared prior to LAL so that PVP molecules are present 

in the liquid phase at any time during the ablation process. The blue triangles in Figure 34b show the 

scattering signal of nanoparticles ablated in presence of PVP as a function of the time delay after laser 

impact. Obviously, the curve progression is similar to the one in pure water. The results obtained from 

direct measurement of the particle X-ray scattering in situ (i.e. inside the cavitation bubble) show that 

the macromolecular ligand PVP does not affect the abundance of large gold nanoparticles (or 

aggregates) within the first 210 µs after laser impact. This result is somewhat surprising, as it has been 

shown by several groups that size quenching of nanoparticles synthesized by LAL is possible by adding 

macromolecular ligands to the liquid phase before performing LAL [17, 131, 310]. Still, none of the 

references include direct in situ observation of the processes inside the gaseous phase of the cavitation 

bubble. Our data indicates the ineffectiveness of macromolecular ligand functionalization during 

cavitation bubble confinement.  

Regarding the in situ XHI measurements it is concluded that PVP does not act as a size quenching agent 

for the secondary particles on the observed time scale during cavitation. This might be due to slow 

reaction kinetics, low diffusion constant or by the partial disintegration of PVP molecules by the harsh 

conditions induced by the laser impact. In principle, also a too low concentration could cause the 

observed ineffectiveness of PVP. This is excluded in the following section, addressing the ex situ analysis 

of size quenched nanoparticles. The size quenching efficiency of micromolar solutions of NaCl has been 

proven before in situ and ex situ. In contrast to NaCl, the macromolecular ligand PVP is less frequently 

used in combination with gold nanoparticle for size control during LAL. It is therefore mandatory to 

prove the size quenching ability of PVP with well-established ex situ methods to support the results 

from the in situ XHI. As the scattering contrast of the XHI method is based on scattering of X-rays it is 

sensitive to particle volume (mass). We will therefore compare the volume-weighted particle sizes 

when comparing the ex situ to the in situ results. To discriminate the influence of PVP on the size of the 

ablated gold nanoparticles, either by chemical functionality or molecular size, additional ablation in N-

vinylpyrrolidone (NVP), which is the monomer of PVP, was performed.  

The volume-weighted median diameters D50 of gold nanoparticle synthesized in NaCl, PVP and NVP are 

plotted in Figure 35a as a function of the additive-to-gold-ratio (AGR). These median diameters are 

derived from ADC while the ablated gold mass is calculated from the UV/Vis extinction spectra of the 

gold colloids. The two quantities allow for the calculation of the specific surface area. The absolute 

additive concentrations are varied between 1 µM and 1,000 µM. As shown in Figure 35a using solutions 

of NaCl with a concentration as low as 0.2 µmol/mg is sufficient to start size quenching and a size 

reduction from 40 nm (pure water) to 12 nm in the volume-weighted average. As colloids produced in 
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1 µM (0.02 µmol/mg) solutions of NaCl were unstable after minutes to hours independent of the AGR 

these results are excluded. 

 

Figure 35: (a) Volume-weighted hydrodynamic median diameter obtained by analytical disc 

centrifugation and (b) related specific surface area of gold nanoparticles in PVP and NaCl as function 

of the additive-to-gold ratio (AGR). The dashed-dotted horizontal lines mark the reference 

experiments from LAL in pure water. Nanoparticle mass concentrations are obtained by optical 

UV/Vis extinction spectroscopy. (c) Volume-weighted particle size distributions of colloids in low and 

high additive concentrations derived from ADC analysis. (d) Hydrodynamic size fractions of particles < 

20 nm and < 50 nm. The data is derived from the ADC size distributions in (c). The results display the 

properties of the particles in their nascent hydrodynamic environment. 

The function is saturated already at AGR of 2 µmol/mg resulting in hydrodynamic nanoparticle 

diameters of 20 nm. As these values are volume-weighted they prove the absence of considerable 

amounts of large secondary nanoparticles or aggregates. This finding corresponds well with the 

absence of in situ XHI scattering signal for NaCl in Figure 34b. PVP is suitable for size control of laser 

generated gold nanoparticles, if high concentrations are used. Still, the trend differs significantly from 

NaCl. While the relative concentration at saturation is similar for NaCl and PVP (1-2 µmol/mg) the size 
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reducing effect is lower for PVP (minimum size only 30 nm). At low concentrations (< 0.5 µm/mg) even 

a destabilization of particles seems to take place. The specific surface dose of additives per 

nanoparticle surface is plotted in Figure 35b. The ordinate shows the specific surface derived from 

ADC. The electrolyte NaCl shows a step-like behavior as a function of the AGR with a saturation at 

2 µmol/mg. Regarding PVP, this plot shows that the specific surface area is increasing as a function of 

the AGR while no saturation is reached within the investigated range (Figure 35b). In sum, the volume-

weighted and surface related dependencies derived from the hydrodynamic analysis indicate a size 

quenching efficiency that is expected to correlate to the in situ XHI measurements (Figure 34b) when 

the amount of PVP per gold mass exceeds ~10 µmol/mg. Note that the absolute concentration of PVP 

in XHI of 500 µM (equivalent to ~10 µmol/mg ex situ) is even higher in terms of AGR, but difficult to 

quantify in the dynamic environment due to the unknown time-averaged ablation yield. Apart from 

that, an effect of the PVP concentration on the laser transmission and LAL-cavitation can be excluded 

by measuring the extinction spectrum of the pure solution and bubble dynamics (as discussed later). 

It is concluded that PVP mainly acts as a growth quencher ex situ and that the effect is therefore not 

observable in situ. Note that the data in Figure 35 display the hydrodynamic sizes of the colloids. 

Keeping this in mind it is obvious that the large particles observed in PVP solutions with AGR 

≤0.1 µmol/mg are not individual nanoparticles but rather large agglomerates (Figure 69). These are 

formed, just as in pure water, by insufficient repulsive forces between the individual nanoparticles. 

While PVP binds to the gold surface the respective concentrations are just too low to induce steric 

stabilization of the many small particles because the overall surface in the system is high if the number 

of small particles is high as well. Therefore, the amount of PVP is just enough to stabilize the reduced 

(total) surface of the forming agglomerates. This behavior of agglomerate stabilization supports the 

conclusion that PVP acts as an ex situ growth quencher rater that already in situ inside the cavitation 

bubble.  

To clarify the influence of the organic ligand PVP in terms of the size of the molecules and their 

functionality we performed additional ex situ experiments in different concentrations of solutions of 

the PVP’s monomer N-vinylpyrrolidone (NVP). The chemical was obtained from Acros Organics (99 %, 

stabilized with NaOH) and used without further purification. Measurements of the pH value of 1 µM 

and 1000 µM solutions of NVP revealed that it was almost unaffected, with 5.9 at 1 µM and 5.9-6.0 at 

1000 µM. Furthermore, the electrolytic conductivity was constant at 0.7-0.8 µS/cm. The volume-

weighted median diameter and the specific surface area of the gold nanoparticles was derived from 

combined ADC and UV/Vis analysis. The graphs in the Figure 35a,b reveal an almost identical curve 

progression of samples produced in NVP compared with those obtained in PVP but quite different to 

NaCl. This result points toward a major influence of the additives’ functionality rather than the size of 
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the molecule. Hence, NVP and PVP of the same molarity have quite similar effect on the final size of 

the gold nanoparticles although NVP’s molecular weight is only 1/35 of PVP (and roughly twice as large 

as that of NaCl). Both organic additives, NVP and PVP, do not bear functional groups capable to 

chemisorb on the gold surface obviously affect the size of the nanoparticles on a later time scale, 

probably after the final collapse of the cavitation bubble. 

The similarity of the curve progression of NVP and PVP samples in Figure 35a,b requires further 

clarification. Therefore, in Figure 35c the size distributions (ADC, volume-weighted) of low and high 

concentrations of NVP and PVP are compared. Additional surface-weighted size distributions are 

presented in Figure 66. While at concentrations of 1 µM the size distributions are quite similar, at 1000 

µM the entire PVP distribution is shifted to smaller hydrodynamic particle sizes whereas the NVP 

distribution shows only the evolution of a weaker primary mode at small particle sizes. Both additives 

are less effective in terms of their size quenching efficiency compared to NaCl (red line). The reason 

why the distinct differences in the size distributions of NVP and PVP are not displayed in Figure 35 are 

that (i) the median diameter does not describe all details of a size distribution and (i) there are 

variations of abundance of particles larger than 100 nm in NVP and PVP (Figure 35c). Accordingly, while 

organic ligand’s the functional group seems more important to size quenching compared to the 

molecular weight, the latter influence is not negligible with regard to the hydrodynamic diameter. The 

reduced abundance of hydrodynamically large (> 20 nm) particles in PVP is a proof for steric 

stabilization which is important for the colloid’s long term stability against aggregation. This is clarified 

in Figure 35d by plotting the relative hydrodynamic size fraction of particles < 50 nm and < 20 nm as a 

function of the respective additive. 

To summarize the hydrodynamic ex situ particle analysis, it is demonstrated that both additives result 

in smaller nanoparticles. Yet, while the addition of the electrolyte NaCl results in a plateau of the 

specific surface area already at a low AGR of 1 µmol/mg, the macromolecular ligand does not saturate 

even at 20 µmol/mg. This indicates that NaCl results in an additional energy barrier against ripening or 

coalescence of the nanoparticles (or their atom cluster seeds) by increasing the surface charges. On 

the other hand, PVP stabilizes nanoparticles sterically, building up a short-ranged steric barrier between 

the particles. With increasing amount of PVP molecules that barrier becomes more bulky and provides 

quenching of subsequent ripening processes. Hence, the hydrodynamic analysis indicates that the 

differing colloidal stabilizing mechanisms of NaCl and PVP also results in different size reductive effects 

in LAL. 

To complement the ex situ particle analysis additional particle characterization by TEM has been 

performed. This is to provide additional information compared to a sole hydrodynamic analysis, as TEM 
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is sensitive to individual nanoparticles. The results are collected in Figure 36 (with TEM pictures shown 

in the Supporting Information, Figure 67-70). The left column (black bars) shows the number-weighted 

histograms of gold nanoparticles ablated in pure water, low (0.2 µmol/mg, corresponds to 10 µM) and 

high (10 µmol/mg, corresponds to 500 µM) AGRs of NaCl and PVP. It is visible that both additives 

reduce the size of the individual, number-weighted, nanoparticles with respect to pure water from 

19 nm down to 6-8 nm with increasing AGR. As visible from the number-weighted TEM histogram in 

the left column of Figure 36, the nanoparticles synthesized in pure water exhibit a distinct, broad, and 

bimodal size distribution with an average size of 17 nm and a significant share of large solid spheres of 

40-70 nm in diameter. If NaCl is used in a small AGR of 0.2 µmol/mg the small particles (size reduction 

by 2 nm) are less affected than the large solid spheres. The size of the latter (maximum diameter 40 nm) 

and relative amount decrease drastically. This effect is enhanced by LAL with a high AGR of 10 µmol/mg, 

which reduces the maximum size of large solid spheres to 20 nm and halves the size of the primary 

particles. Regarding LAL in PVP the situation is slightly different, especially at high AGR. Even an AGR of 

10 µmol/mg of PVP leaves a significant share of 40 nm-particles behind. Regarding the number-

weighted-histogram of gold nanoparticles in high AGR of NVA, the similarity to the size distribution in 

PVP is obvious. Still, the distribution is broader in NVA, while in PVP a mode at diameters as small as 

6 nm is dominant which is accompanied by a shoulder in the distribution. For reasons of comparability 

to the in situ XHI analysis the histograms are also converted from number- to volume-weighted 

distributions. By this statistics large particles are amplified. The corresponding histograms (Figure 36, 

middle column, red bars) show that NaCl indeed reduces the size and abundance of large particles, as 

the median diameter D50 is significantly reduced from 52 nm in pure water down to 10 nm at 

10 µmol/mg AGR. 
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Figure 36: Representative TEM histograms of AuNP in pure water, NaCl and PVP at AGRs of 0.2 and 

10 µmol/mg (left column). The envelopes shown as solid red lines are obtained by lognormal fitting 

and the center of gravity Xc is displayed. The middle column shows the calculated volume-weighted 

histograms of the same samples with corresponding median diameters D50. In the right column the 

volume-weighted histograms are further weighted by the XHI sensitivity curve shown in Figure 34a. 

The plot in the lower right corner sums up the volume-weighted primary particle median diameters as 

a function of the type and AGR of additive. 

However, in the case of the macromolecule PVP the situation is different. While already small amounts 

of PVP (AGR of 0.2 µmol/mg) significantly reduce the median particle size from 52 nm to 32 nm, no 

further reduction in observed with increasing AGR. The volume-weighted distribution in high AGR of 

NVA is quite similar to that in low AGR of PVP (the lack of particles < 60 nm is due to the low number 

of large particles). It is concluded that the monomer and the polymer affect the primary particles in 

the same way but PVP is much more effective due to its higher chain-length and the resulting improved 

resistance against hydrodynamic ripening of the nanoparticles. The primary median diameters 

(volume-weighted) are displayed in Figure 36 (lower right) as a function of additive and concentration. 

All used additives and concentrations reduce the median particle size by at least ~20 nm. Still, high 
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AGRs of NaCl are the only sample that quenches the particle size even down to 10 nm, which is 

therefore not detectable inside the cavitation bubble by XHI.  

As discussed before the in situ XHI is sensitive to the ablated particle volume, but the overall size-

dependent sensitivity is not a linear function. Therefore, the sensitivity curve (Figure 34a) is applied to 

the volume-weighted TEM histograms, resulting in histograms mapped onto the XHI sensitivity shown 

in the right column of Figure 36 (blue bars). Significant differences in the histograms are observable as 

function of the liquid composition. The sensitivity-weighted histogram of the colloid produced in pure 

water peaks at 90 nm and exhibits an overall broad distribution. The finding fits to the in situ XHI 

analysis (Figure 34b) as the expected strong scattering signal is indeed observed. Additionally, the high 

AGR of NaCl, as used for the in situ analysis, shows a scattering sensitivity maximum at about 35 nm, 

with all other particle species in the size range of ≤25 nm. Therefore, assuming that NaCl already 

quenches the size of nanoparticles in situ inside the cavitation bubble, no XHI scattering signal is 

expected. It is therefore plausible that the electrolyte NaCl not solely reduces aggregation inside the 

cavitation bubble, but also the size and abundance of individual large nanoparticles. The sensitivity-

weighted TEM-histogram at 10 µmol/mg AGR PVP peaks at 45 nm and the scattering signal remains 

high up to 75 nm, because of the higher sensitivity of the XHI setup towards larger particles (Figure 

34a). Again, assuming PVP would affect the size of ablated nanoparticles already inside the cavitation 

bubble a reduced scattering signal in XHI would result, compared to the ablation in pure water. As this 

is not the case the conclusion is that PVP does not induce size quenching to individual nanoparticles 

already inside the cavitation bubble, but acts as a growth and ripening quencher on a later time-scale, 

thereby reducing the final particle size of both small primary and large secondary particles.  
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Figure 37: (a) Cavitation bubble dynamics as function of the delay from the laser impact. The PVP 

molecules do not affect the dynamics of the bubble. (b) Results of image analysis of the cavitation 

bubble at its maximum extension at 93 µs after laser impact on the target showing no difference 

between pure water and 500 µM PVP solution. (c) UV/Vis extinction spectrum of a 500 µM PVP 

solution. The solution is transparent at the laser wavelength of 1064 nm. Inset: Dynamic viscosity of 

pure water and a 0.5 mM PVP solution. 

As both the in situ and the ex situ (hydrodynamic and structural analysis) point towards a growth 

quenching mechanism of the macromolecular ligand PVP at a time-scale after the lifetime of the 

cavitation bubble, we need to exclude processes related to the laser ablation and cavitation itself that 
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might cause this behavior. For example, Tsuji et al. have found a size quenching effect of PVP on silver 

nanoparticles during LAL [51]. They attributed this effect at least partially to the reduced size and 

lifetime of the laser-induced cavitation bubble, when PVP was used instead of pure water. Still, in our 

case the situation is different. The molecular weight of the PVP used in the present study is almost 

three times lower compared to Tsuji et al. [51], additionally the concentration we used for the in situ 

analysis (500 µM) is 36 times lower here . Overall this sums up to a negligible (factor of 108) influence 

of the PVP on the hydrodynamics. This is verified by performing shadowgraphic imaging of the 

cavitation bubble produced during LAL of gold in water with 500 µM PVP. As shown in Figure 37b the 

maximum bubble volume (93 µs after laser impact) is independent of the presence of PVP molecules. 

Therefore, it is underlined that the effective laser fluence on the gold target surface is the same for 

both liquids, as it is known that the cavitation bubble volume scales with the laser fluence [44]. The 

overall dynamics of the cavitation bubble (e.g. the volume and peak time of the bubble rebound) are 

also not significantly affected by the PVP molecules as shown in Figure 37a. The effective laser fluence 

on the target surface due to absorption in the solution is not expected to be affected by the low 

concentration of the used PVP (3,500 g/mol). The UV/Vis extinction spectrum of the pure PVP solution 

is given in Figure 37c, with the measured viscosity of water and the PVP solution given in the inset. 

Obviously, there is no measurable extinction at the laser wavelength of 1064 nm. 

 

Conclusions 

Improvement of size dispersion of laser-generated colloids is often achieved in situ by anion-based 

charge transfer or organic ligands with high-affinity functional groups. Less is known about the 

quenching mechanism of macromolecular ligands, in particular non-thiolated polymers. To 

differentiate between the mechanisms of nanoparticle growth quenching by anions and 

macromolecules, we performed in situ X-ray multi-contrast imaging (with scattering contrast from a 

Hartmann mask) during pulsed laser ablation in liquids of gold combined with thorough ex situ 

evaluation. By using pure water and micromolar solutions of NaCl and PVP we have shown, that while 

NaCl reduces the size of primary and secondary nanoparticles already inside the gas phase of the laser-

induced cavitation bubble, PVP does not change the nanoparticle size with respect to the sizes found 

in pure water. The maximum of size sensitivity in XHI is at 55 nm, which allows for the conclusion that 

the organic ligand PVP does not significantly alter the size of secondary nanoparticles, composed of 

large solid spheres and aggregates, inside the cavitation bubble. By studying the influences of the 

electrolyte NaCl and the macromolecular ligand PVP on the size and size distributions obtained ex situ, 

i.e., after final collapse of the cavitation bubble, it is found that PVP does reduce the size of small 
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primary nanoparticles (d < 10 nm) and also the degree of aggregation. In general, the concentration of 

PVP must exceed a threshold to effectively reduce the size of aggregates compared to pure water. The 

used concentration of 0.5 mM is well above that threshold. One major difference between the 

additives NaCl and PVP is their impact on large secondary spheres. The combined results point towards 

the conclusion that PVP interacts with nanoparticles produced by LAL by a different mechanism as NaCl 

(as large particle size quenching is not observed). It is also indicated that primary and secondary 

particles are formed by different ablation mechanisms as large spheres can be affected by PVP ex situ 

more efficiently than small particles, possibly via coalescence quenching in colloidal state. 
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6 Summary and conclusion 

Among the issues of pulsed laser ablation in liquids for the synthesis of colloidal nanoparticles is the 

lack of particle size control without further particle processing by laser re-irradiation or centrifugation. 

As a consequence of the bimodal particle size distribution of colloids, consisting of small primary 

particles (d ≤ 10 nm) and large solid spheres (d >10 nm), applications that demand monomodal or 

monodisperse colloids are inaccessible when using laser-generated nanoparticles. A possible solution 

to that problem is the addition of additives to the liquid phase prior to PLAL that are known to quench 

the size of the resulting nanoparticles and narrow the particle size distribution. Two types of additives 

are known for the ablation of noble metals dispersed in water, monovalent electrolytes and organic 

ligands. In this work, the focus was put on the model system of gold targets as the solid phase and 

aqueous solutions of NaCl, an inorganic salt, and PVP, a macromolecular ligand, as the liquid phase. 

The aim of this dissertation was to elucidate the size-quenching mechanisms of different types of 

additives. Though chemical reactions proceed quickly in PLAL, less than minutes after laser impact on 

the target, the approach chosen here was to probe the interior of the laser-induced cavitation bubble 

by means of the size-sensitive X-ray techniques SAXS and XHI, both of which are based on the scattering 

of X-rays at nanoparticles. All X-ray-based experiments were performed using intense synchrotron 

radiation to optimize the signal-to-noise ratio.  

A known exception to fast reactions during PLAL is nanocluster-induced ripening processes that take 

place on the scale of hours to days. The investigation of nanoclusters was hence also included in the 

performed experiments. 

The time of interaction of the dissolved additives and the ablated species was, for a long time, under 

debate, with the question of whether size quenching starts after final cavitation bubble collapse and 

release of nanoparticles into the surrounding liquid phase or already inside the vapor phase of the 

cavitation bubble where the particles are initially trapped, an observation that further boosted the 

discussion. 

As the most efficient size quenching is observed ex situ using inorganic electrolytes as additives, the 

initial experiment was performed using spatiotemporally resolved SAXS to probe the cavitation bubble 

induced on a gold target dispersed in an aqueous solution of 0.5 mM NaCl. Regarding the applied 

method, namely pulsed laser ablation in liquids, it was surprising to find that the salt-induced size 

quenching happens inside the gas phase of the cavitation bubble. While ex situ studies have revealed 

that the ablation in micromolar solutions of salts reduced all particle size fractions, primary and 

secondary, the in situ SAXS data pointed towards an exclusive size quenching of the larger secondary 
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nanoparticles; the primary particles were totally unaffected. The in situ results were independent of 

the oscillation cycles of the cavitation bubble. A fragmentation of the primary particles induced by the 

dissolved ions after final bubble collapse cannot be explained, especially as in this case the delayed 

addition of salts just after the collapse should result in the same particle size distribution as for the salt 

addition prior to laser ablation; it was likely that the resolution of the SAXS method was overextended 

for the analysis of small primary particles.  

The resolution limit of SAXS was tested in terms of specific manifestations of the colloidal bimodality 

and in terms of the routine used for data analysis, i.e., two different algorithms for data fitting were 

applied. Accordingly, two monomodal colloids (7 nm and 10 nm on average) were prepared by 

subsequent PLAL and PLFL. A third colloid (approximately 50 nm) was prepared by chemical reduction 

synthesis and obtained commercially. In the next step, the model colloids were mixed together in 

defined ratios to ensure that the mass ratio of small and large particle size fractions was controllable. 

Particle mixtures of 7-nm and 50-nm particles were prepared in ratios from 0.4 (high amount of small 

nanoparticles) to 80 (high amount of large nanoparticles). The second series of samples consisted of 

7-nm and 10-nm particles in ratios from 0.02 to 50. The first series was designed to mimic the overall 

bimodality of laser-generated colloids and the different ratios reflected the size quenching of large 

particles by the addition of dissolved electrolytes like NaCl. In contrast, the second series aimed at the 

broadness of the size distribution of particles obtained from PLAL. These are continuous, with the 

different size fractions merging with each other, and so were the size fractions of the 7-nm and 10-nm 

colloids. The results from SAXS analysis with two different algorithms and the comparison of the data 

to ADC, DLS, and UV/vis extinction spectroscopy with Mie Gans fitting have demonstrated that: 

i. The two SAXS algorithms are equivalent, with one resolving the average size of the 

underlying size fractions (UF) and the other one giving access to the entire particle size 

distribution (MC) of the colloid. 

ii. SAXS is highly accurate when it comes to the analysis of bimodal colloids consisting of small 

7-nm particles and large 50-nm particles without any overlap of the size distributions. This 

applies for both the analysis of fraction sizes and of mass ratios. 

iii. The overlapping size distributions of colloids consisting of 7-nm and 10-nm colloids cannot 

be distinguished. The outcome is an average particle size that depends on the mass ratio 

of the mixed size fraction. 

Hence, the ex situ study referencing the limits of the resolution of SAXS led to the conclusion that the 

finding of in situ SAXS, those small primary particles are not quenched while large secondary particles 
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are, is a measurement artifact caused by the broad and continuous size distributions produced by PLAL 

with and without the addition of salts. However, a high relative share of the secondary particles is 

significantly reduced already by in situ size quenching using NaCl. 

Despite the identification of salt-induced size quenching inside the cavitation bubble, no route towards 

monomodal colloids was identified. The large spherical secondary particles are probably formed on a 

sub-microsecond time-scale, perhaps inside the plasma phase that exists at the target interface for 

approximately the first microsecond after laser impact. This time-resolution was, however, out of the 

scope of this work. 

Investigations on the time of interaction between nanoparticles still confined within the cavitation 

bubble and the macromolecular ligand PVP were performed using XHI, instead of the previously 

exploited SAXS method. XHI is a single-shot imaging technique to record the entire cavitation bubble 

cross-section. The images are formed by three contrast mechanisms: absorption, differential phase, 

and scattering contrast. By decorrelation of the three contrast channels, the scattering contrast 

becomes accessible. Hence, spatiotemporally resolved imaging with sensitivity to nanoparticles was 

possible. For the experiments, three systems were used: ablation of gold in pure water, in NaCl solution 

just as during the previous SAXS study, and in PVP solution. While the water sample showed significant 

scattering during the lifetime of the cavitation bubble’s first oscillation, the NaCl sample did not give 

signals beyond the average noise level. In other words, no secondary particles were observed in the 

NaCl sample in accordance with the SAXS data. The main sample of this study was the PVP sample. No 

significant differences, compared to the water sample, were found. Together with the results from ex 

situ particle analysis, it was concluded that the macromolecular ligand affects the particles in the liquid 

phase and not in the gas phase of the cavitation bubble because of the finding that both particle 

species’ primary and secondary particles were reduced in size. Apparently, PVP is a growth-quenching 

agent that limits particle growth by coalescence and Ostwald ripening by steric stabilization of the 

nanoparticles. 

The ex situ study correlating the shape and lifetime of the cavitation bubble with the resulting particle 

size of silver nanoparticles was conducted by optical imaging of the bubble by means of shadowgraphy. 

As no laser scanning was applied, every laser pulse contributed to the drilling depth of the ablated 

crater. This surface damage was ultimately the reason for the reduced lifetime of the cavitation bubble 

with an increasing number of laser pulses and the altered shape of the maximum extended bubble 

from semispherical to almost spherical. As the cavitation bubble confines, it was surprising that the 

bubble did not affect the resulting nanoparticle size significantly. Still, the produced colloids were 

highly diluted and it was observed that a high share of nanoclusters (d ≤ 3nm) was produced and 



Summary and conclusion 

 

 

- 130 - 
 

stabilized due to the high interparticle distance in the liquid. A significant influence of the cavitation 

bubble as a reservoir for the nanoparticles is certain, but it is not the only parameter that defines the 

final particle size. The produced nanocluster will be consumed by larger particles, with increasing time, 

by colloidal growth processes. 

In brief, it was found that a micromolar solution of dissolved NaCl quenches the size of primary and 

secondary nanoparticles during PLAL that are already inside the laser-induced cavitation bubble. In 

contrast, the macromolecular ligand PVP does not. Instead, PVP quenches subsequent particle growth 

in the liquid phase. This is supported by the finding that a large amount of nanoclusters is produced 

during nanosecond PLAL. Accordingly, no route towards monodisperse colloids by single-shot PLAL was 

discovered; instead, it was found that the resulting colloids are not bimodal but trimodal as the fraction 

of nanoclusters must be considered. This latter finding highlights the importance of size and growth 

quenching in the liquid phase to prevent an increasing bi- and multimodality of the final particle size 

distribution of laser-generated colloids. 
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7 Outlook 

This dissertation adds to the knowledge on particle formation during nanosecond PLAL, particularly on 

the control of the nanoparticle size. The earliest interaction between additives, specifically dissolved 

electrolytes, were observed inside the cavitation bubble at a delay of 90 µs after laser impact. While 

there is no direct proof for the presence of large spherical nanoparticles already inside the cavitation 

bubble (because the observed large particles might also be agglomerates), all findings from ex situ 

experiments point towards the presence of large particles in the bubble. It is therefore likely that the 

nanoparticles obtained by PLAL are formed on an even earlier time scale, possibly during the plasma 

phase prior to the evolution of the cavitation bubble. Avoiding the formation of, e.g., the fraction of 

large secondary nanoparticles to obtain monodisperse colloids, would require that one understands 

particle formation during the first few nanoseconds after laser impact. 

If a minor share of secondary nanoparticles in the colloid is, however, acceptable for the desired 

application, the combined addition of electrolyte and macromolecular ligand to the liquid phase might 

be an option. Possible competitive interactions of the additives might be investigated in future studies. 

Nanocluster formation might further add to the bimodality in the colloid by the unequal growth of 

primary and secondary nanoparticles. Exploring the origin of nanoclusters is, therefore, crucial to gain 

further mechanistic insights into PLAL. This accounts strongly for the question of whether nanoclusters 

are trapped inside the cavitation bubble along with primary and secondary nanoparticles or if they are 

instantly injected into the liquid. Stabilization of nanoclusters, in low concentrations, with only minor 

subsequent growth processes could be achieved by using thiol ligands during the PLAL of gold targets. 

As the plasma phase is decisive in the formation chain of nanoparticles during PLAL, the investigation 

of the processes occurring inside the cavitation bubble during picosecond PLAL can possibly reveal 

routes towards monodisperse colloids. In picosecond PLAL, in contrast to nanosecond laser pulses, the 

pulse duration is in the domain of the electron-phonon coupling time. Hence, the plasma is much less 

pronounced when ultrashort pules are used, which can also affect the share of nanoclusters and 

subsequent ripening processes. 
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9 Appendix 

Primary particle diameter differentiation and bimodality identification by five analytical methods 

using gold nanoparticle size distributions synthesized by pulsed laser ablation in liquids 

 

Figure 38: Volume-weighted sizes of the underlying fractions of mixtures of S7-S50 (a-b) and S7-S10 

(c-d) as function of the nominal mixing ratio. (a) Size evolution of S7 in mixtures of S7-S50. (b) Size 

evolution of S50 in mixtures of S7-S50. (c) Size evolution of mean particle size in mixtures of S7-S10 

(SAXS, Mie-Gans). (d) Size evolution of mean particle size and size fractions in case of ADC in mixtures 

of S7-S10 (DLS, ADC). The dashed yellow horizontal lines in a-b are guides to the eye and indicate the 

size obtained of the pure colloids by STEM and their standard deviations. The same accounts for the 

yellow and purple lines in c-d, which indicate the size of pure S10 (purple) and pure S7 (yellow), 

respectively. 
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Figure 39: UV/Vis spectra of mixtures of S7 and S50 (red lines) and respective fits by Mie-Gans theory 

(black lines). The corrected nominal mixing ratios are given in every partial diagram. All spectra are 

normalized to the maximum of the respective surface plasmon resonance peaks. 

 

Figure 40: UV/Vis spectra of defined colloids S7. S10 and S50 (red lines) and respective fits by Mie-

Gans theory (black lines). The corrected nominal mixing ratios are given in every partial diagram. All 

spectra are normalized to the maximum of the respective surface plasmon resonance peaks. 
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Figure 41: UV/Vis spectra of mixtures of S7 and S10 (red lines) and respective fits by Mie-Gans theory 

(black lines). The corrected nominal mixing ratios are given in every partial diagram. All spectra are 

normalized to the maximum of the respective surface plasmon resonance peaks. 
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Figure 42: Size distributions obtained from analytical disc centrifugation of particle mixtures of S7-

S50. All curves are normalized to their maximum. The corrected nominal mixing ratios are given in the 

caption. The middle and right diagrams show the same data but the mode of S50 is enlarged on the 

right. 

 

Figure 43: Size distributions obtained from analytical disc centrifugation of particle mixtures of S7-

S10. All curves are normalized to their maximum. The corrected nominal mixing ratios are given in the 

caption. This figure highlights the ability of disc centrifugation to distinguish between the peaks of S7 

and S10. Hence, peak deconvolution is justified. 
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Figure 44: Exemplary size distributions obtained from analytical disc centrifugation of particle 

mixtures of S7-S10 with applied peak deconvolution. All curves are normalized to their maximum. 

 

Figure 45: SAXS analysis of the colloids S7, S10 and S50. The experimental curves (black lines) are 

plotted together with fits to the data by the unified fit (red lines). 

 

Figure 46: SAXS analysis of the colloids S7, S10 and S50. The experimental curves (black lines) are 

plotted together with fits to the data by the Monte Carlo method (red lines). 
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Figure 47: SAXS analysis of the mixtures of S7-S10. The experimental curves (black lines) are plotted 

together with fits to the data by the unified fit (red lines). The nominal mixing ratios (n.m.r.) are given 

in the individual diagrams. 
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Figure 48: SAXS analysis of the mixtures of S7-S50. The experimental curves (black lines) are plotted 

together with fits to the data by the unified fit (red lines). The corrected nominal mixing ratios (n.m.r.) 

are given in the individual diagrams. 
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Figure 49: SAXS analysis of the mixtures of S7-S10. The experimental curves (black lines) are plotted 

together with fits to the data by the Monte Carlo method (red lines). The nominal mixing ratios 

(n.m.r.) are given in the individual diagrams. 
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Figure 50: SAXS analysis of the mixtures of S7-S50. The experimental curves (black lines) are plotted 

together with fits to the data by the unified fit (red lines). The corrected nominal mixing ratios (n.m.r.) 

are given in the individual diagrams. 
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Figure 51: Demonstration of the Mie Gans fit quality for mixtures of the samples S7 and S50. For large 

excess of small nanoparticles (n.m.r. = 100) the fit quality is good. When the large particle fraction 

becomes dominant (n.m.r. = 0.5 - 1) the fit does not match the experimental data any more. This is 

caused by the inability to vary the fitting parameters freely and the design of the algorithm to fit 

spectra obtained from monodisperse colloids. 

 

Figure 52: Using ligand-free AuNPs would have been preferable for the study. However, it was 

necessary to sterically stabilize the nanoparticles to prevent agglomeration and aggregation over the 

entire duration of the study (several months). As shown, DLS from fully stabilized unligated particles 

returns a smaller hydrodynamic radius and therefore a higher sensitivity on sizes and different 

fractions in the mixture. The mPEG-SH concentration sued to stabilize the collid was 10 μM in total, 

which is identical to the concentration for the samples in the manuscript. The ligation provides a well-

defined, stabilized state for the suspension to compare the different measurements, also in terms of 

storage time, transport and final preparation.  
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How a re-irradiated ablation target affects cavitation bubble dynamics and nanoparticles 

properties in laser ablation in liquids 

 

Figure 53: Drain of microbubbles from the ablation by a liquid flow: Frames of the interior of the 

ablation chamber at different delays after laser impact with an applied volume flow of water (11 

ml/min) are shown. The cavitation bubble vanished after 500-600 µs but some persistent 

microbubbles (exemplary marked by arrows) remained present inside the chamber until 100,000 µs (= 

0.1 s). As the applied laser repetition rate was 0.2 Hz, equal to one laser pulse each 5 s, the 

assumption of complete removal of persistent bubbles (and residual nanoparticles) between two laser 

pulses was validated. 
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Figure 54: Nanoclusters were formed not only during LAL of Ag (see main manuscript) but also during 

LAL of gold, and even for single laser pulses. The TEM images of gold nanoparticles and nanoclusters 

obtained by single laser pulses deposited in the craters drilled by 100 (a, c) and 500 (b, d) previous 

pulses, respectively, are presented. The target thickness was 1.0 mm and the pulse laser pulse energy 

was 10 mJ. The particle concentration on the grid was increased by drop casting 10-15 drops. The 

images demonstrate that the nanoclusters were not produced by LFL of nanoparticles in the 10 pulse 

experiments, and were further not formed on the grid by the dissolution of silver ions. The scale bars 

in the insets of (a, b) are 10 nm and 5 nm in (c, d). 
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Figure 55: Reference experiments excluded large changes of the laser fluence by the crater 

shape/depth upon drilling a hole in the 1.0 mm thick silver targets. The total ablated silver volume 

and cavitation bubble volume at maximum extension after 10 and 100 pulses are given in (a, c) and 

(b, d). The red bars represent fixed focusing conditions as applied in all experiments presented in the 

main manuscript. The blue bars represent the reference experiments with the position of the focusing 

lens shifted 1 mm away from the target surface to mimic the fluence at the crater bottom after up to 

1,000 pulses (Figure 22, main manuscript). Both the ablation and the bubble volume did not change 

significantly at z = -1 mm; (e) Comparison of the maximum bubble volume induced by the first 10 

laser pulses for z = -1 mm and z = 0 mm; (f) Total ablation volume of Ag as a function of the number 

of pulses. The volume increased quickly for the first 100-200 pulses but much slower afterward. The 

final ablated silver volume after 500-1,000 pulses was approximately 0.08 mm³ and was hence 

negligible with respect to the volume > 1 mm³ of the cavitation bubble. 
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Figure 56: Ag particle size distributions of colloids, fabricated under identical conditions, measured by 

AUZ at angular velocities of 30,000 rpm to detect particles << 10 nm (a) and 3,000 rpm to detect 

particles > 5 nm (b). The distributions were obtained by applying 10 laser pulses on a non-irradiated 

(a) silver surface and after 1,000 pulses (b). The reproducibility in terms of the peak integrals was low 

between the individual syntheses. Therefore, no conclusions on the amount of the respective particle 

size fractions were possible. The pure detection of nanoparticles and nanoclusters size remained 

unaffected by this issue as no clusters were detected by AUC in pure water. All size distributions were 

normalized to the respective peak of minimum diameter. 
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Size quenching during laser synthesis of colloids happens already in the vapor phase of the cavitation 

bubble 

 

Figure 57: Volume-weighted size distributions obtained from Monte Carlo (MC) analysis of in situ 

SAXS data (shown in Figure 28). The size distributions of particles in water (left) and 0.5 mM NaCl 

solution (middle) differ significantly at sizes above 10 nm. This is clarified by a diagram plotting the 

volume fraction of particles smaller than 10 nm and 20 nm as function of the ablation medium (right). 

This fraction of small particles is higher in saline solution. 

 

Figure 58: Left: Particle mass in dependence of the lateral position inside the ablation chamber 

volume. Negative lateral positions are representing distinct time delays after the laser impact. The 

zero position marks the target center. Right: Ratio of large to small particle fraction abundance in 

pure water compared to micromolar NaCl solution as a function of lateral position and height above 

target (black hemisphere represents maximum extension of the cavitation bubble). In red areas the 

amount of large particles in is higher compared to saline solutions.  
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Ttime and mechanism of nanoparticle functionalization by macromolecular ligands during pulsed 

laser ablation in liquids 

Influence of the laser fluence during nanoparticle size control by additives 

The laser fluence on the target is a crucial parameter in laser processing and in laser ablation in liquids. 

As the in situ experiments in the main article were conducted at an effective fluence of 33 J/cm² and 

the ex situ LAL at 27 J/cm² a reference experiment is performed to exclude alterations of the particle 

size by this deviation. Therefore, the fluence was increased above the in situ fluence to 36 J/cm² by 

changing the focusing conditions and LAL was performed under similar conditions compared to the 

ablations in the main article. The additive concentration was kept constantly at 0.5 mM to match the 

conditions from in situ laser ablation. The results from Figure 59 show that in the presence of size and 

growth quenching additives the effect of the laser fluence is negligible in the given fluence regime. 

 

Figure 59: Volume-weighted particle size distributions measured by ADC in dependence of the type of 

additive (left: PVP; right: NaCl) and the effective fluence (27 J/cm² and 36 J/cm²). Except for the 

applied fluence the experimental parameters are the same compared to the ex situ ablations in the 

main article. 
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UV/Vis calibration and spectra 

 

Figure 60: UV/Vis extinction spectra of gold nanoparticles synthesizes by LAL in pure water (a), 0.5 

mM NaCl solution (b), and 0.5 mM PVP solution. The interband absorption at a wavelength of 380 nm 

was used to obtain a calibration function for the given gold concentration, which was determined by 

standard gravimetric analysis (d). 
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Shadowgraphy 

The laser (1064 nm, 9 ns, Innolas Spitlight DPSS-250-100) was operated at 10 mJ pulse energy and 

focused onto the gold target surface using a lens of 75 mm focal length in air. The effective laser fluence 

was 30 J/cm². The camera’s (Basler acA1600-60gm, lens: Sill optics correctal T/1,5) gate width was 10 

µs. The camera was triggered by the pokes cell’s signal of the laser. As the laser travels at the speed of 

light, the camera was activated after laser impact. Hence, the first 53 µs after impact were not 

accessible with the presented setup due to the internal delay of the camera. On the other hand, the 

laser fluence was high enough to record the maximum extension of the laser-induced cavitation bubble 

and all subsequent bubble states. A LED Lenser L7 flashlight was used as a quasi-continuous light 

source. For each image one laser pulse was required. By performing LAL in a liquid-flow chamber on 

usage of a repetition rate as low as 0.2 Hz the exchange of the entire liquid volume inside the chamber 

is ensured between two laser pulses. The same was done for each of the time-dependent cavitation 

bubble analysis. The used setup is schematically depicted in Figure 61. The maximum bubble extension 

was determined at a delay of 93 µs as shown in Figure 62, and the experiment was repeated 10 times 

for water and PVP solution. For each liquid the entire bubble lifetime was recoded twice. Flat-field 

correction was applied to remove static artifacts from the images. The recorded image sequences 

showing the bubble lifetime for LAL in pure water and PVP solution are presented in Figure 63 and 64. 

 

Figure 61: Scheme of the 3D-printed liquid flow ablation chamber made of ABS for simultaneous 

shadowgraphic imaging (top view) of the cavitation bubble during laser ablation (side view). 
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Figure 62: Frames from optical shadowgrapy of the laser-induced cavitation bubble at constant delay 

of 93 µs after laser impact. Each frame represents an individual ablation event with the numbers 

written in the frames indicating the total number of laser pulses on the same target spot. Left: LAL of 

gold in pure water. Right: LAL of gold in 0.5 mM PVP solution. 



Appendix 

 

 

- 173 - 
 

 

Figure 63: Frames from shadowgraphy indicating the cavitation bubble lifetime in pure water. For 

each frame a new laser pulse was used with constantly increasing camera delay. The target spot was 

the same for all laser pulses. 
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Figure 64: Frames from shadowgraphy indicating the cavitation bubble lifetime in 0.5 mM PVP 

solution. For each frame a new laser pulse was used with constantly increasing camera delay. The 

target spot was the same for all laser pulses. 
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Small-angle X-ray scattering of nanoparticles trapped inside the cavitation bubble 

The experiments were performed at the cSAXS beamline at the Swiss Light Source (PSI Villigen, CH). 

Further experimental details are published elsewhere [192]. The resolution in Figure 65 is lower 

compared to the reference because it displays a single measurement, not the statistical mean of 

several thousand runs. 

 

Figure 65: Volume-weighted size distributions obtained by in situ SAXS at the maximum extension of 

the cavitation bubble. While NaCl in the given concentration of 0.5 mM is known to produce smaller 

primary particles compared to LAL in water, time-resolved SAXS cannot resolve that difference. 

Changes in large particles size are detected though. 
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Laser ablation in solutions of N-vinylpyrrolidone (NVP) 

This section contains additional data on the influence of the different additives used (NVP, PVP, NaCl) 

on the amount of generated and stabilized nanoparticle surface. Figure 66 shows the hydrodynamic 

surface-weighted size distributions from ADC analysis for low and high additive concentrations. In 

10 µM solutions the polymer PVP is more effective in generating nanoparticles < 10 nm compared to 

its monomer (NVP) (Figure 66a,c). This trend is maintained from laser ablation in 500 µM solutions of 

the same additives (Figure 66b,d). While the size distribution in NVP shows a shoulder at 30 nm no 

such peak is identified in PVP solution. Obviously, both organic molecules physisorb to the gold 

nanoparticle surface but PVP is able to generate and maintain a higher surface compared to its 

monomer. Comparing NVA and PVP to the electrolyte NaCl, it is seen that at low (Figure 66e) and at 

high concentrations (Figure 66f) the ablation in NaCl yields a significant higher share of small particle, 

weighted by the surface. 

 

Figure 66: Surface-weighted particle size distributions from hydrodynamic ADC analysis. (a,c,e) 

Colloids in 10 µM solutions of NVP, PVP, and NaCl. (b,d,f) Colloids in 500 µM solutions of the same 

additives. 
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TEM images 

The TEM images presented here are representatives for the raw data used to determine the size 

distribution histograms of laser-generated gold nanoparticles as shown in Figure 36 of the main article. 

 

Figure 67: TEM images of gold nanoparticles laser ablated in pure water. The calculated number-

weighted center of gravity diameter Xc is 17 nm and the volume-weighted median diameter D50 is 

53 nm. 

 

Figure 68: TEM images of gold nanoparticles laser ablated in NaCl solution. The images show 

nanoparticles obtained at AGRs of 0.2 µmol/mg (left, Xc = 15 nm and D50 = 29 nm) and 10 µmol/mg 

(right, Xc = 7 nm and D50 = 10 nm). 
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Figure 69: TEM images of gold nanoparticles laser ablated in PVP at AGRs of 0.2 µmol/mg (upper 

row, Xc = 13 nm and D50 = 32 nm) and 10 µmol/mg (lower row, Xc = 6 nm and D50 = 32 nm). 

 

Figure 70: TEM images of gold nanoparticles laser ablated in NVP at an AGR of 10 µmol/mg 

(Xc = 8 nm and D50 = 32 nm). 

  



Appendix 

 

 

- 179 - 
 

9.1 List of figures 

Figure 1: (a) Dependency of the threshold laser fluence for material ablation on the laser pulse 

duration. At about 100 ps pulse width the threshold fluence scales with Fth ~ τp
1/2 [24]. (b) Top: Time-

resolved images of the plasma plume above a silver target during PLAL in pure water. The laser pulse 

width is 6 ns Red color indicates high emission intensity. Bottom: Decay of integrated plasma 

intensity of the same sample. The plasma lifetime is ~300 ns [38]. ................................................... - 8 - 

Figure 2: Collage of images that illustrate the fundamental processes occurring during the first 

millisecond after laser impact during PLAL with nanosecond lasers. (a) Scheme of the different 

processes and their time dependency [50]. The optically active plasma, which consists of excited 

species, transfers its energy to the liquid phase within a few microseconds. (b) Cavitation bubble 

radius as a function of time of laser pulses with 100 mJ and 50 mJ pulse energy. Derived from high-

speed imaging of the bubble by shadowgraphy [18]. (c) Example of a laser-induced cavitation bubble 

at its maximum extension 120 µs after laser impact. The center of the bubble is transparent due to 

diffusive illumination [29]. (d) High-speed image of the semispherical shockwave emerging away 

from the target (black vertical line) at different delays. After 1.4 µs additional soundwaves that 

propagate parallel to the target are observed [18]. ......................................................................... - 10 - 

Figure 3: Maximum bubble volume as a function of laser fluence with nanosecond pulse duration for 

two target geometries, a flat target (blue squares) and a wire (white squares). The dashed line 

represents a linear relationship according to a thermal model, with full energy transfer into 

cavitation bubble formation (>50 J/cm²). The dashed-dotted line represents a linear relationship 

assuming a pure threshold model for ablation and bubble evolution. In the inset, the typical 

threshold fluence Fth behavior is shown [44]. ................................................................................... - 12 - 

Figure 4: The electrostatic potential of a charged flat surface Ψ as a function distance X using the 

example of a positively charged surface [101]. The potential is a result of the charge density σ(X). The 

surface potential is not experimentally accessible. The IHL of specifically adsorbed counterions ends 

at the IHP (Ψi; X = β). The OHL consist of solvated ions, starting at the IHP and ending at the OHP (Ψd; 

X = d). The OHP marks the beginning of the diffusive layer of counterions which results from the need 

of electroneutrality of the system. The extension of the diffusive layer can be calculated by linear 

approximation of the Poisson-Boltzmann differential equation (see Equation (4)). ........................ - 19 - 

Figure 5: Total interaction energy W as a function of the normalized distance κD of two charged 

parallel plates according to the DLVO theory [102]. The repulsive contribution by the electric double 

layers WR and the attractive contribution WA by vdW forces are shown as dashed lines. At high 

surface charge density σ, a secondary minimum at medium distances occurs. It marks reversible 

agglomeration. At low distances, an energy barrier evolves that hinders the plates from aggregation 

if it exceeds the thermal energy kBT significantly. At even shorter distances of the plates, the vdW 

attraction becomes superior resulting in irreversible aggregation of particles (primary minimum). - 22 

- 

Figure 6: Schemes of possible polymer mediated interactions between two approaching colloidal 

particles. (a) Bridging flocculation occurs at low surface coverage of particles with polymers. The 

polymer must have two active sites to anchor to two particles. (a) Steric stabilization requires full 

surface coverage of the particles. Interpenetration of the polymer shell is energetically an entropic 

unfavored. If the shells interpenetrate each other, e.g., because the solvent is at the Θ-point, 

flocculation occurs (e). If on the other hand polymer-polymer interaction in is unfavored compression 

of the shells occurs when they spatially overlap. A restoring force results and flocculation is 

prevented (e). (c) Depletion stabilization is an effect of unbound free polymer in solution. At high 

concentrations, the approaching particles lead to polymer-solvent demixing in the gap. (d) Depletion 



Appendix 

 

 

- 180 - 
 

flocculation occurs at medium concentrations of free polymer. The excluded volume around the 

particles that is not accessible of the polymer is reduced if the particles are in direct contact. The 

osmotic pressure difference decreases............................................................................................. - 23 - 

Figure 7: (a) Bulk dielectric function of gold as a function of the excitation wavelength. The solid 

curves represent experimental data for the real and imaginary part of the dielectric function taken 

from [115] by [113]. The dashed lines are derived from Equation (6) [113]. (b) Scheme of the effect of 

an incident electromagnetic wave on a spherical metal nanoparticle. The induced dipole, indicated by 

positive and negative signs, oscillates uniform across the nanosphere [114]. ................................. - 26 - 

Figure 8: (a) Particle diameters obtained by time-resolved SAXS of primary (blue dots) and secondary 

(here agglomerates) (black squares) particles confined inside the laser-induced cavitation bubble 

during PLAL as a function of the delay after laser impact (red dashed vertical line). The cavitation 

bubble was scanned at different heights above the target surface (right ordinate). The dotted vertical 

line at 150 µs marks the collapse of the first cavitation bubble. [20]. (b) Relative particle fraction mass 

from SAXS as a function of the delay. The black solid line is the X-ray transmission of the oscillating 

cavitation bubble [30]. (c) Six individual frames of the third cavitation bubble at 320 µs obtained by X-

ray radiography with absorption contrast. The black curved vertical line intersecting the bubbles 

consist of dense ablated material that is emitted across the gas-liquid interface in a jet-like fashion. 

The scale bar is 1 mm [30]. ................................................................................................................ - 33 - 

Figure 9: Graphical description of the experimental setup for in situ X-ray investigations. The 

structure of the ablation chamber and the role of the single pieces are described. A continuous gold 

target (ribbon) is transported upwards across the chamber, perpendicular to the incoming laser 

beam. The laser is focused on the target by a lens screwed in the outer wall of the chamber. The 

applied water flow is directed from the bottom to the top. (a) Simplified scheme of the setup. The 

framework of the chamber and the incoming X-ray beam are neglected. (b) Photograph of the 3D 

printed ablation chamber as designed and printed at the Karlsruhe Institute of Technology (KIT). The 

inner channels are visible due to decreased absorption of light at the thin structures. .................. - 42 - 

Figure 10: Sketch of the setup for imaging of the cavitation bubble by optical shadowgraphy. (a) 

Scheme of the centerpiece of the ablation chamber with the laser entering from the front 

perpendicular to the target. The side windows allow the visible light to enter the target and the 

transmitted intensity is recorded by the camera. The liquid flow from the bottom to the top of the 

chamber, the remaining parts of the chamber, and other equipment are omitted. (b) CAD design of 

the centerpiece highlighting the geometry of the flow channel and the front and side windows. (c) 

CAD-view from the side through the chamber. Scale bar accounts for (b) and (c) and is 5 mm. ..... - 44 - 

Figure 11: Schemes that illustrate the scientific questions and applied methods that were used to 

solve them. The upper row (1 and 2) represents the ex situ studies that are presented in the sections 

5.1.1 and 5.1.2. The bottom row (3+4) represents the in situ studies that are presented in the 

sections 5.2.1 and 5.2.2. .................................................................................................................... - 47 - 

Figure 12: To reproduce the size distributions from PLAL, monomodal colloids of various sizes are 

synthesized and mixed in defined nominal mixing ratios (n.m.r.). Left: Scheme of the preparation 

path of defined bimodal colloids (adapted from reference [169]). In a first step, laser-generated 

particles are re-irradiated with a laser-wavelength close to the SPR peak of AuNP to fragment the 

particles and obtain monomodal colloids (top). The 50 nm-sample was obtained commercially. In a 

second step, the particles are mixed together in defined ratios according to the nanoparticle 

concentration of the initial colloids (bottom). One series of samples is made of colloids with 

overlapping size distributions, whereas another series is made of colloids with non-overlapping size 

distributions. Right: High-resolution TEM of a sample containing nanoparticles from the 7-nm and 50-

nm samples in a n.m.r. of one. The inset shows an area of the image with higher magnification. . - 49 - 
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Figure 13: Scheme of the laser-induced cavitation bubble at the delay after laser impact of maximum 

bubble extension. In the top left, the semispherical bubble on a smooth (= undamaged) target spot is 

shown. In contrast, after multiple pulses on the same spot, the resulting crater changes the bubble 

shape to almost spherical, with additional small bubbles surrounding it in the liquid phase. The 

schematic diagrams in the bottom outline line scans across the target surface. In the case of a 

smooth surface, no indentations are observed. A re-irradiated target, in contrast, exhibits a distinct 

ablation crater. .................................................................................................................................. - 51 - 

Figure 14: STEM images and resulting number- and volume-weighted size distributions of the pure 

gold colloids S7 (a–c), S10 (d-f) and S50 (g-i). The left column shows number-weighted size 

distributions with additional information of cumulative volume-weighted sizes (blue lines). The 

middle column shows the calculated volume-weighted size distributions. The right column shows 

representative STEM images of the pure AuNP. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) ......................................... - 59 - 

Figure 15: Volume-weighted particle size distributions of the pure gold colloids obtained with STEM, 

SAXS (MC), ADC and DLS. The asterisk indicated that the methods are sensitive to different physical 

properties of the particles (e. g. hydrodynamic or volume equivalent diameter). All size fractions are 

fitted with a Gaussian envelope. ....................................................................................................... - 61 - 

Figure 16: Volume-weighted sizes of the underlying fractions of mixtures of S7-S50 (a-b) and S7-S10 

(c-d) as function of the nominal mixing ratio. (a) Size evolution of S7 in mixtures of S7-S50. (b) Size 

evolution of S50 in mixtures of S7-S50. (c) Size evolution of mean particle size in mixtures of S7-S10 

(SAXS, Mie-Gans). (d) Size evolution of mean particle size and size fractions in case of ADC in mixtures 

of S7-S10 (DLS, ADC). The dashed yellow horizontal lines in a-b are guides to the eye and indicate the 

size obtained of the pure colloids by STEM and their standard deviations. The same accounts for the 

yellow and purple lines in c-d, which indicate the size of pure S10 (purple) and pureS7 (yellow), 

respectively. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) ...................................................................................... - 64 - 

Figure 17: Experimentally obtained mixing ratios of S7-S50 and deviation from nominal mixing ratios. 

(top) Experimental mixing ratio as function of nominal mining ratio. The dashed diagonal indicates 1 

to 1 conformity and serves as guide to the eye. (bottom) Modulus average deviation from nominal 

mixing ratios as function of applied analytical technique. ................................................................ - 66 - 

Figure 18: Experimental setup used for simultaneous LAL and imaging by shadowgraphy in liquid 

flow: The self-printed ablation chamber was made of ABS, and it had three glass windows, one 

perpendicular to the incoming laser beam and two parallel windows that were perpendicular to the 

optical light source and the camera. MilliQ water was pumped upwards across the ablation chamber 

by a peristaltic pump to remove persistent gas bubbles and nanoparticles. The pump stroke was 

removed by coupling a sealed bottle between the pump and ablation chamber. The silver target was 

fixed by double-sided tape on the back of the chamber, and the laser beam was focused by a 75-mm 

lens perpendicular to the surface of the target. ............................................................................... - 73 - 

Figure 19: (a) Frames of the single laser pulse-induced cavitation bubbles on a 1.0 mm-thick silver 

target deposited after 1-1,000 preceding pulses on the same spot. Each frame was recorded at a 

constant delay of 83 µs after laser impact with a camera gating time of 10 µs. After a single laser 

pulse, the cavitation bubble was almost hemispherical (sphericity = 1.01), and it exhibited a sharp 

boundary with the surrounding liquid phase. With the increasing number of pulses on the same 

target position (0.2 Hz, 20 mJ), the boundary became rougher, exhibited daughter microbubbles, 

and, finally, the shape of the bubble was transformed to an approximately spherical shape (sphericity 

= 0.94); (b) Line scans of the craters on the silver target recorded by confocal 3D microscopy. All of 

the datasets were normalized to the zero position. As the number of laser pulses increased, the 
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crater became deeper and wider. The latter accounts especially for the first 250 pulses. After 1,000 

pulses, the crater approached the target thickness.......................................................................... - 76 - 

Figure 20: Evolution of the volume of the cavitation bubble as a function of the delay time after laser 

impact on the silver target: (a) The grey bar highlights the gating time of the camera (10 µs). The 

maximum size and the total lifetime of the bubble decreased as the number of laser pulses increased 

because of the damage to the surface of the target, while the lifetime of the first bubble remains 

unaffected. When comparing the two datasets, it is apparent that the delay in the maximum 

extension of the bubble remained unaffected; (b) Selected frames of the first cavitation bubble 

induced on a non-irradiated target surface; (c) Selected frames of the first cavitation bubble induced 

on a target that experienced 1,000 pulses in advance. .................................................................... - 77 - 

Figure 21: (a) Total ablation mass; (b) ablated mass per pulse (ablation rate); (c) volume of the 

cavitation bubble; (d) silver mass concentration per cavitation bubble volume (mass concentration). 

The total ablation mass increases quickly within the first 100 to 200 pulses, after which it increases 

slower. This is highlighted by the ablation mass per pulse, which follows an exponential decay, which 

is calculated from the first derivative of the exponential fit (black dashed line in (a)) to the total 

ablation mass. ................................................................................................................................... - 79 - 

Figure 22: (a) Crater depth, L, crater surface diameter, D, and aspect ratio, L/D, as functions of the 

number of laser pulses. The increase of D and L/D shows the ablation of the crater wall with 

increasing depth of the crater. The target is not eroded all the way through even after 1,000 pulses; 

(b-e) Selected images obtained from confocal 3D microscopy that were used to analyze the target. ... - 

81 - 

Figure 23: Analysis of the silver nanoparticles by AUC (a-c) and scanning HR-TEM (d,e): The AUC size 

distributions are normalized to the respective minimum peak diameter. (a) Mass-weighted 

nanoparticle size distributions of colloids obtained from craters drilled by 10, 250, 500, and 1,000 

previous pulses. The AUC was operated at 3,000 rpm to detect particles up to several tens of 

nanometers in diameter. In (e), the colored background highlights the different peaks with the peak 

diameters plotted versus the number of pulses; (b) Number-weighted frequency of nanoparticles 

when operating the AUC at 3,000 rpm; (c) Combined normalized size distributions achieved from 

measurements at high (30,000 rpm, black lines) and low angular speed (3,000 rpm, red lines). High g-

force AUC analysis indicated the presence of small nanoclusters < 3 nm as the dominant particle 

species in all samples; (d) Same data as shown in (c) but weighted by particle number instead of 

mass. The images from scanning HR-TEM confirmed the presence of nanoclusters (10 pulses in (f), 

500 pulses in (g), and 1,000 pulses in (h)). ........................................................................................ - 84 - 

Figure 24: Principals of bimodality of particle size distributions obtained by PLAL. (a) Laser-generated 

colloids are made of several size fractions. The smallest fraction, defined as primary particles, 

consists of small solid spheres (d ≤ 10 nm). Larger particles are defined as secondary particles. These 

can be split into large solid spheres (d > 10 nm) and aggregates (d > 100 nm). (b) Sketch of a typical 

particle size distribution of gold nanoparticles synthesized by PLAL and obtained from analytical disc 

centrifugation. The dashed lines show the contribution of primary and secondary nanoparticles to 

the overall size distribution. .............................................................................................................. - 88 - 

Figure 25: Scheme of the size ranges of scattering objects (nanoparticles) that are accessible by SAXS 

(blue rectangular area) and XHI (three red curves). The size distribution of a laser-generated colloid is 

illustrated by the green curve. XHI shows the advantage of easy tunability of the sensitivity maximum 

to various particle sizes. Sensitivity of XHI is adapted from [255]. ................................................... - 90 - 

Figure 26: Scheme of the experimental setup of the time-resolved SAXS experiment with a 

continuously moving gold ribbon target, the supply and exhaust of the water (respectively NaCl 

solution) from the bottom to the top, and the laser beam entering the chamber from the side 
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through a sealed lens. The X-ray path intersects the interaction area and is recorded by a photodiode 

(direct beam) and 2D detector (scattering). ..................................................................................... - 96 - 

Figure 27: Relative cavitation bubble radius at 1 mm (black line, bubble top) and 0.5 mm (red line, 

bubble center) height above the gold target recorded via X-ray transmission. Hatched areas mark the 

region of interest for particle species analysis at the maximal extension of first bubble, second 

bubble, and after the final collapse................................................................................................... - 99 - 

Figure 28: (top) SAXS curves from in situ measurements in Kratky representation (I(q)·q2) as a 

function of scattering vector q at a height of 0.5 mm above target and a delay of 100 μs after laser 

impact and corresponding unified and MC fits. Both fit the experimental data equally well. (bottom) 

The 5 point weighted moving average of the MC histogram data is plotted vs the corresponding 

particle diameter. Insets show large solid spheres appearing in ex situ TEM images. ................... - 100 - 

Figure 29: Left: particle size evolution (in situ SAXS) of small/primary and large secondary particles 

and agglomerates in pure water (full blue symbols) and NaCl solution (open red symbols) as a 

function of delay after laser impact for two different heights (0.5 mm: squares; 1 mm: circles) above 

the target. The arrows indicate trends of size change with NaCl addition. The spatial positions are 

illustrated by an inset scheme. Right: volume ratio between large and primary particle fraction as a 

function of delay and height above target in pure water (blue bars) and NaCl solution (red bars). - 101 

- 

Figure 30: Ex situ histograms of transmission electron microscopy (gray bars) combined with results 

from analytical disc centrifugation (water: blue dots; NaCl: red dots) of gold nanoparticles laser-

generated in pure water (a) and NaCl solution (c). The asterisk indicates the difference of 

hydrodynamic dH and Feret diameter dF. All size distributions are volume-weighted for direct 

comparison with results from small-angle X-ray scattering. Representative electron microscopic 

pictures show agglomerated structures for water (b) and stable particles for NaCl (d). Result of 

subtraction of the TEM histogram of particles in water from that of particles in NaCl (e). The insets 

exemplify the size reduction of large spherical particles when using NaCl. Comparison of 

hydrodynamic (xc from ADC) and Feret (d50 from TEM) diameter in pure water and NaCl reveals 

drastic particle size reduction by salt ions of both the hydrodynamic agglomerates and Feret 

diameter of solid particles (f). ......................................................................................................... - 103 - 

Figure 31: UV/Vis spectra of gold nanoparticles in water and NaCl solution. The primary particle index 

(PPI) and ζ-potential are given in the table. .................................................................................... - 105 - 

Figure 32: Ex situ SAXS curves and MC fits from gold nanoparticles prepared in water and NaCl 

solution (top). Subtraction of resulting volume weighted size distributions support that in NaCl 

solution the fraction of small primary particles (∼9 nm) is more pronounced compared to water as 

liquid (bottom). According to this, a larger fraction of large particles (secondary particles and 

agglomerates ∼40 nm) are found in water solutions. .................................................................... - 106 - 

Figure 33: Images of the Pt foil acting as a Hartmann mask for in situ experiments obtained by optical 

microscopy. Front of the mask in reflected (a) and transmitted light mode (b). The laser-drilled holes 

are funnel-shaped on the front side (side at which the laser beam impinges). Back of the mask in 

reflected (c) and transmitted light mode (d). Sketch of the XHI approach with the incoming X-ray 

beam being split into multiple beamlets by the Hartmann mask, and undergoing absorption, 

differential phase shift (deflection) and diffuse scattering (broadening) when crossing the cavitation 

bubble and the confined nanoparticles (e). .................................................................................... - 113 - 

Figure 34: Scattering sensitivity on nanoparticles as function of the scattering object size for the 

given setup. The blue dashed-dotted line indicates the size interval above 50 % relative sensitivity (a). 

Scattering signal as function of the delay after laser impact obtained at the center of the cavitation 

bubble (inset shows the transmission signal together with the region of interest) (b). Scattering 
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signals of gold nanoparticles in pure water (black squares), NaCl- (red circles) and PVP-solution (blue 

triangle) (both 0.5 mM). The shaded curve represents the change in X-ray transmission starting from 

1 (0 % intensity change) before laser arrival. Error bars are the standard deviation between several 

runs. ................................................................................................................................................. - 116 - 

Figure 35: (a) Volume-weighted hydrodynamic median diameter obtained by analytical disc 

centrifugation and (b) related specific surface area of gold nanoparticles in PVP and NaCl as function 

of the additive-to-gold ratio (AGR). The dashed-dotted horizontal lines mark the reference 

experiments from LAL in pure water. Nanoparticle mass concentrations are obtained by optical 

UV/Vis extinction spectroscopy. (c) Volume-weighted particle size distributions of colloids in low and 

high additive concentrations derived from ADC analysis. (d) Hydrodynamic size fractions of particles < 

20 nm and < 50 nm. The data is derived from the ADC size distributions in (c). The results display the 

properties of the particles in their nascent hydrodynamic environment. ...................................... - 118 - 

Figure 36: Representative TEM histograms of AuNP in pure water, NaCl and PVP at AGRs of 0.2 and 

10 µmol/mg (left column). The envelopes shown as solid red lines are obtained by lognormal fitting 

and the center of gravity Xc is displayed. The middle column shows the calculated volume-weighted 

histograms of the same samples with corresponding median diameters D50. In the right column the 

volume-weighted histograms are further weighted by the XHI sensitivity curve shown in Figure 34a. 

The plot in the lower right corner sums up the volume-weighted primary particle median diameters 

as a function of the type and AGR of additive. ............................................................................... - 122 - 

Figure 37: (a) Cavitation bubble dynamics as function of the delay from the laser impact. The PVP 

molecules do not affect the dynamics of the bubble. (b) Results of image analysis of the cavitation 

bubble at its maximum extension at 93 µs after laser impact on the target showing no difference 

between pure water and 500 µM PVP solution. (c) UV/Vis extinction spectrum of a 500 µM PVP 

solution. The solution is transparent at the laser wavelength of 1064 nm. Inset: Dynamic viscosity of 

pure water and a 0.5 mM PVP solution. ......................................................................................... - 124 - 

Figure 38: Volume-weighted sizes of the underlying fractions of mixtures of S7-S50 (a-b) and S7-S10 

(c-d) as function of the nominal mixing ratio. (a) Size evolution of S7 in mixtures of S7-S50. (b) Size 

evolution of S50 in mixtures of S7-S50. (c) Size evolution of mean particle size in mixtures of S7-S10 

(SAXS, Mie-Gans). (d) Size evolution of mean particle size and size fractions in case of ADC in mixtures 

of S7-S10 (DLS, ADC). The dashed yellow horizontal lines in a-b are guides to the eye and indicate the 

size obtained of the pure colloids by STEM and their standard deviations. The same accounts for the 

yellow and purple lines in c-d, which indicate the size of pure S10 (purple) and pure S7 (yellow), 

respectively. .................................................................................................................................... - 154 - 

Figure 39: UV/Vis spectra of mixtures of S7 and S50 (red lines) and respective fits by Mie-Gans theory 

(black lines). The corrected nominal mixing ratios are given in every partial diagram. All spectra are 

normalized to the maximum of the respective surface plasmon resonance peaks. ...................... - 155 - 

Figure 40: UV/Vis spectra of defined colloids S7. S10 and S50 (red lines) and respective fits by Mie-

Gans theory (black lines). The corrected nominal mixing ratios are given in every partial diagram. All 

spectra are normalized to the maximum of the respective surface plasmon resonance peaks. ... - 155 - 

Figure 41: UV/Vis spectra of mixtures of S7 and S10 (red lines) and respective fits by Mie-Gans theory 

(black lines). The corrected nominal mixing ratios are given in every partial diagram. All spectra are 

normalized to the maximum of the respective surface plasmon resonance peaks. ...................... - 156 - 

Figure 42: Size distributions obtained from analytical disc centrifugation of particle mixtures of S7-

S50. All curves are normalized to their maximum. The corrected nominal mixing ratios are given in 

the caption. The middle and right diagrams show the same data but the mode of S50 is enlarged on 

the right. .......................................................................................................................................... - 157 - 
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Figure 43: Size distributions obtained from analytical disc centrifugation of particle mixtures of S7-

S10. All curves are normalized to their maximum. The corrected nominal mixing ratios are given in 

the caption. This figure highlights the ability of disc centrifugation to distinguish between the peaks 

of S7 and S10. Hence, peak deconvolution is justified. ................................................................... - 157 - 

Figure 44: Exemplary size distributions obtained from analytical disc centrifugation of particle 

mixtures of S7-S10 with applied peak deconvolution. All curves are normalized to their maximum. .... - 

158 - 

Figure 45: SAXS analysis of the colloids S7, S10 and S50. The experimental curves (black lines) are 

plotted together with fits to the data by the unified fit (red lines). ............................................... - 158 - 

Figure 46: SAXS analysis of the colloids S7, S10 and S50. The experimental curves (black lines) are 

plotted together with fits to the data by the Monte Carlo method (red lines). ............................. - 158 - 

Figure 47: SAXS analysis of the mixtures of S7-S10. The experimental curves (black lines) are plotted 

together with fits to the data by the unified fit (red lines). The nominal mixing ratios (n.m.r.) are given 

in the individual diagrams. .............................................................................................................. - 159 - 

Figure 48: SAXS analysis of the mixtures of S7-S50. The experimental curves (black lines) are plotted 

together with fits to the data by the unified fit (red lines). The corrected nominal mixing ratios 

(n.m.r.) are given in the individual diagrams. ................................................................................. - 160 - 

Figure 49: SAXS analysis of the mixtures of S7-S10. The experimental curves (black lines) are plotted 

together with fits to the data by the Monte Carlo method (red lines). The nominal mixing ratios 

(n.m.r.) are given in the individual diagrams. ................................................................................. - 161 - 

Figure 50: SAXS analysis of the mixtures of S7-S50. The experimental curves (black lines) are plotted 

together with fits to the data by the unified fit (red lines). The corrected nominal mixing ratios 

(n.m.r.) are given in the individual diagrams. ................................................................................. - 162 - 

Figure 51: Demonstration of the Mie Gans fit quality for mixtures of the samples S7 and S50. For 

large excess of small nanoparticles (n.m.r. = 100) the fit quality is good. When the large particle 

fraction becomes dominant (n.m.r. = 0.5 - 1) the fit does not match the experimental data any more. 

This is caused by the inability to vary the fitting parameters freely and the design of the algorithm to 

fit spectra obtained from monodisperse colloids. .......................................................................... - 163 - 

Figure 52: Using ligand-free AuNPs would have been preferable for the study. However, it was 

necessary to sterically stabilize the nanoparticles to prevent agglomeration and aggregation over the 

entire duration of the study (several months). As shown, DLS from fully stabilized unligated particles 

returns a smaller hydrodynamic radius and therefore a higher sensitivity on sizes and different 

fractions in the mixture. The mPEG-SH concentration sued to stabilize the collid was 10 μM in total, 

which is identical to the concentration for the samples in the manuscript. The ligation provides a 

well-defined, stabilized state for the suspension to compare the different measurements, also in 

terms of storage time, transport and final preparation. ................................................................. - 163 - 

Figure 53: Drain of microbubbles from the ablation by a liquid flow: Frames of the interior of the 

ablation chamber at different delays after laser impact with an applied volume flow of water (11 

ml/min) are shown. The cavitation bubble vanished after 500-600 µs but some persistent 

microbubbles (exemplary marked by arrows) remained present inside the chamber until 100,000 µs 

(= 0.1 s). As the applied laser repetition rate was 0.2 Hz, equal to one laser pulse each 5 s, the 

assumption of complete removal of persistent bubbles (and residual nanoparticles) between two 

laser pulses was validated. .............................................................................................................. - 164 - 

Figure 54: Nanoclusters were formed not only during LAL of Ag (see main manuscript) but also during 

LAL of gold, and even for single laser pulses. The TEM images of gold nanoparticles and nanoclusters 

obtained by single laser pulses deposited in the craters drilled by 100 (a, c) and 500 (b, d) previous 

pulses, respectively, are presented. The target thickness was 1.0 mm and the pulse laser pulse energy 
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was 10 mJ. The particle concentration on the grid was increased by drop casting 10-15 drops. The 

images demonstrate that the nanoclusters were not produced by LFL of nanoparticles in the 10 pulse 

experiments, and were further not formed on the grid by the dissolution of silver ions. The scale bars 

in the insets of (a, b) are 10 nm and 5 nm in (c, d). ........................................................................ - 165 - 

Figure 55: Reference experiments excluded large changes of the laser fluence by the crater 

shape/depth upon drilling a hole in the 1.0 mm thick silver targets. The total ablated silver volume 

and cavitation bubble volume at maximum extension after 10 and 100 pulses are given in (a, c) and 

(b, d). The red bars represent fixed focusing conditions as applied in all experiments presented in the 

main manuscript. The blue bars represent the reference experiments with the position of the 

focusing lens shifted 1 mm away from the target surface to mimic the fluence at the crater bottom 

after up to 1,000 pulses (Figure 22, main manuscript). Both the ablation and the bubble volume did 

not change significantly at z = -1 mm; (e) Comparison of the maximum bubble volume induced by the 

first 10 laser pulses for z = -1 mm and z = 0 mm; (f) Total ablation volume of Ag as a function of the 

number of pulses. The volume increased quickly for the first 100-200 pulses but much slower 

afterward. The final ablated silver volume after 500-1,000 pulses was approximately 0.08 mm³ and 

was hence negligible with respect to the volume > 1 mm³ of the cavitation bubble. .................... - 166 - 

Figure 56: Ag particle size distributions of colloids, fabricated under identical conditions, measured 

by AUZ at angular velocities of 30,000 rpm to detect particles << 10 nm (a) and 3,000 rpm to detect 

particles > 5 nm (b). The distributions were obtained by applying 10 laser pulses on a non-irradiated 
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