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“The way I see it, every life is a pile of good 
things and bad things. The good things don’t 
always soften the bad things but vice versa, 

the bad things don’t necessarily spoil the good 
things or make them unimportant” 

The 11th doctor, Doctor Who 
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GENERAL INTRODUCTION 

Crystallization is a complex physico-chemical process, which involves two 
steps, nucleation and growth, the former being a key element in this work. 
Crystallization permits to control chemical purity, polymorphism and 
chirality. Because of kinetic reasons, spontaneous nucleation of the 
compound of interest can sometimes be difficult. Thus, various techniques 
have been developed to trigger nucleation in solution, such as seeding, 
mechanical energy, ultrasounds etc. 

This thesis work focused on a rather recent technique called NPLIN (for 
Non-photochemical laser induced Nucleation). In NPLIN, a laser delivering 
very short nanosecond pulses at high energy is used to irradiate and 
induce nucleation of supersaturated solutions. The process is called non-
photochemical as the laser does not induce any chemical reaction or 
degradation of the solvent or the solute.  

NPLIN allows a significant decrease of the induction time, a control of the 
number and size of crystals. Moreover, the choice of the adequate laser 
polarization (linear to circular) has been reported as a way to control 
polymorphism and chirality.  

This technique has thus a great potential to help control the nucleation, 
however the interaction between the laser light and the supersaturated 
solution is not yet fully understood. Indeed, the efficiency of the NPLIN 
seems to be compound and solvent dependent and, for some compounds, 
no NPLIN process is even observed (i.e., the nucleation is not induced). 
So, many questions about the NPLIN mechanism require a detailed study 
to be answered. 

Since its discovery by Garetz et al. in 1996, the NPLIN process has been 
studied and applied to numerous compounds from small organic 
molecules to inorganic salts and proteins. Through these experiments, the 
different teams of researchers have developed their own theory about the 
mechanism and the influence of the laser on the supersaturated solution. 
Four mechanisms have been proposed : (i) Optical Kerr Effect (OKE) , (ii) 
Dielectric Polarisation (DP) (iii) Cavitation and (iv) nanoparticle heating. 

The aim of this thesis is to provide new information to understand the 
mechanism by studying new compounds and applying an original 
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approach of NPLIN experiments. For this purpose, we focussed our work 
on two compounds : potassium sulfate and ethylenediamine sulfate. Each 
compound is the subject of a proper chapter.   

The manuscript is organized as follows:  

Chapter 1 is devoted to the definition of generalities concerning the solid 
state, crystallization and the interaction laser light-matter. These 
generalities are necessary for the good understanding of this work.  

Chapter 2 is a literature review of the NPLIN process from its discovery in 
1996 to the time of this writing, with a description of each proposed 
mechanism.  

Chapter 3 is dedicated to the material and methods, protocol and laser 
set-up used during this work.  

Chapter 4 focuses on the application of NPLIN to potassium sulfate for 
which we investigate the influence of different parameters on NPLIN 
kinetics. In particular the content and nature of dissolved gas in the 
solution was examined in order to discuss the potential formation of 
gaseous bubbles during NPLIN.  

Chapter 5 focuses on the study of ethylenediamine sulfate, and particularly 
the influence of (solid) impurities in solution through filtration and doping 
of supersaturated solutions. Removed impurities are analysed for 
identification. In addition, different polarization geometries are used to 
explore the possible stereoselectivity of NPLIN as ethylenediamine sulfate 
exhibits supramolecular chirality. 

Chapter 6 consists in a general discussion and final conclusions of this 
work. The different mechanisms are reviewed considering all the results 
we collected. With a particular attention to the nanoparticle heating 
mechanism, an additional study is presented to show how gold 
nanoparticles can trigger NPLIN in a system with long induction time at 
high supersaturation. Finally, a conclusion on the most likely mechanism 
and perspectives for the future work are proposed. 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 GENERALITIES 

  



Chapter 1 Generalities 

15 
 

1.1 INTRODUCTION 
This chapter presents the basic notions that are required for a good 
understanding of the manuscript. It is dedicated to the fundamentals of 
crystallization with a specific focus on the mechanisms of nucleation. 
Besides, a comprehensive description of the laser technology will be 
given. 

1.2 SOLID STATE  

 Crystallography  

Crystallography is the science that describe the spatial arrangement of 
atoms, molecules or ions in crystal structures. In a crystal, there is a 
periodical repeating unit of a minimum volume composed of a minimum of 
molecules called the unit cell. The translations of the unit cell in the three 
dimensions forms the crystal lattice (Figure 1-1). The lattice geometry has 
been described by Bravais in 1849. From a mathematical point of view 
lattices are a set of three independent translation vector defined by (i) the 
norm of the vector called a, b and c representing the size of the lattice and 
(ii) the direction of the vector given by the angle between two vectors : α, 
β and γ. Bravais described the seven crystal systems depending on the 
relation between the cell parameters The combination of the 7 crystal 
systems with the four different and non-equivalent modes (i.e., position of 
the lattice points) gives 14 possible lattices (Figure 1-2) in which each 
lattices point have the same environment. 

 

Figure 1-1-Representation of a unit cell (left) and its crystal lattice (right). 



Chapter 1 Generalities 

16 
 

 

Figure 1-2-The 14 Bravais lattices  

To completely describe a crystal structure the 14 Bravais lattices are not 
sufficient. The molecules inside the crystal lattice are usually linked by 
symmetry. There are two types of symmetry to be distinguished: (i) The 
macroscopic symmetries expressed by rotations, reflections and rotary-
reflections which define the crystal shape and (ii) the microscopic 
symmetries, applied to the molecules, are associations of translations and 
either rotations or reflections giving respectively screw axes or glide 
planes.  

The combination of the macroscopic symmetries and the Bravais lattices 
gives 32 points groups. The addition of microscopic symmetry leads to 230 
possible spatial arrangement for a crystal, called space groups (SG). 



Chapter 1 Generalities 

17 
 

 Classification of space groups 

According to the nature of the symmetry operations contained in its space 
group, the crystal exhibits different properties. 

1.2.2.1 Centrosymmetry And Non-centrosymmetry 

Centrosymmetry is related to the presence of an inversion center (or 
center of symmetry), noted i, in the set of symmetry operations contained 
in the SG of the structure. A SG containing i is a centrosymmetric SG. i is 
a symmetry operation by which the initial coordinate (x,y,z) of a point 
becomes (-x,-y,-z). When applied to a chiral object, application of i 
changes the handedness of the object (Figure 1-3). Thus, considering 
chiral molecules, centrosymmetric SG are incompatible with pure chiral 
molecules (only one enantiomer) since i would generate the counter 
enantiomer. Centrosymmetric SG are however common for racemic 
crystals. (See §1.2.4 for the chirality concepts)  

 

Figure 1-3-Example of an inversion center on hand adapted from1 

Conversely, the absence of i qualifies the SG as non-centrosymmetric. 
Non centrosymmetric crystals can be recognised by the second harmonic 
generation (SHG) phenomenon2. Indeed, when exposed to a laser light, 
non-centrosymmetric crystals will respond by doubling the initial frequency 
which result in half the initial wavelength. Typically, when exposed to a 
1064 nm laser light, a non-centrosymmetric crystal will re-emit a green 
radiation at 532 nm. There are however exceptions to this phenomenon 
when Kleinman symmetry is applicable: in point groups 422, 622 and 432 
no SHG signal is generated even though they are non-centrosymmetric.3  
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1.2.2.2 Chiral space group 

Chiral SG are compatible with crystals structures containing only one 
enantiomer. Thus, chiral SG are inevitably non-centrosymmetric, but the 
opposite is not true since a non-centrosymmetric SG can contain achiral 
molecules.  

There are 22 chiral SG corresponding to 11 enantiomorphic pairs SG. 
Pairs of enantiomorphic space groups are mirror image related (for 
example P61 to P65 or P41 and P43) and said to be enantiomorphous: If 
one enantiomer crystallizes via P41, then the counter enantiomers 
crystallizes in P43. Chiral molecules can crystallise either in a chiral or in 
an achiral SG provided it contains only operations of the first kind (i.e., 
proper rotation, translation, screw axis). They are called the Sohncke 
space groups4. A comprehensive classification of the different type of SG 
is given in Figure 1-4.  

 

Figure 1-4-Classification of space groups in terms of chirality (adapted from 5) 

 Polymorphism and Solvates 

Polymorphism is the ability of a compound to crystallize into different 
crystalline phase.6 As represented in Figure 1-5, the two polymorphs differ 
from the arrangement of the building blocks in the 2D space. 
Polymorphism can also be due to different molecular conformations 
(torsion, rotation of chemical bond or group) which generate packing 
differences. 
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Figure 1-5-Representation of two polymorphs with packing differences, and illustration 
of solvate /hydrate form (adapted from reference7) . 

The difference in packing between polymorphs gives specific physico-
chemical properties to each polymorph such as solubilities, morphology, 
bioavailability or melting point. Those different polymorphs are 
thermodynamically different, and their stability varies with temperature and 
pressure. 

The relation of stability between two polymorphic forms can be monotropic 
or enantiotropic. In a monotropic relation, one polymorph can only exist in 
a metastable state while the other is thermodynamically stable at all 
temperature (Figure 1-6,b) whereas in an enantiotropic relation, each 
polymorph has its stability range and determined temperature of transition 
(Figure 1-6,a). In 1979, Burger and Ramberger8 published rules to easily 
distinguish monotropic from enantiotropic systems. One rule is the heat of 
fusion rule which say: “if the higher melting form (Tf) has the lower heat of 
fusion (ΔHf) the two forms are usually enantiotropic, otherwise they are 
monotropic”. When translated into an equation the rule gives for an 
enantiotropic system the following (Equation 1-1) 

𝑇௙ , 𝐵 > 𝑇௙ , 𝐴 ⇒  Δ𝐻௙ , 𝐵 < Δ𝐻௙ , 𝐴       Equation 1-1 

- Molecule 

- Solvent  
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Figure 1-6-Energy in function of temperature for two polymorphs A and B in the case 
of enantiotropic relation (a) or monotropic relation (b).  

When solvent molecules such as water are trapped in the crystalline 
structure of a compound, the crystal is called a solvate or a hydrate in case 
of water molecules (Figure 1-5). Solvates are sometimes referred to as 
pseudo-polymorphs, as they cannot be classified as polymorphic forms 
since the chemical composition of the crystal differs from the non-solvated 
form. Once again, the properties of the solvate will differ from the initial 
crystal. 

 Chirality and Supramolecular chirality 

1.2.4.1 History  

The discovery of Chirality goes back to 1801, well before the use of the 
word “chirality”, when René-Just Haüy discovered two forms of quartz 
crystal that mirrored each other9. Then, in 1815, Jean-Baptiste Biot 
observed the deviation of the plane of polarized light by several 
compounds such as quartz or sugar. Moreover, he observed that only 
crystalline quartz was able to deviate the light while only solutions of sugar 
could do so. As a result, he concluded that the phenomenon had a different 
origin: in quartz, it is the crystal structure itself that is responsible for this 
phenomenon, whereas in sugar, it is due to the individual constituents10. In 
1820, Herschel linked the theory of Haüy and Biot and said that the 
crystalline form of quartz and the optical activity are related11.  

 

a               b 
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In 1848, Pasteur12 found that a solution of “racemic” tartaric acid (called 
racemic acid) had no effect on the plane of polarized light since it is 
composed of crystals that are mirror images. After manual separation of 
the two kind of crystals, he found that both left and right crystal rotate the 
plane of polarized light but in opposite direction. An equal mixture of the 
two cancelled the effect.  

Finally, it is in 1884 that Lord Kelvin13 introduced the word “chiral” with the 
following definition : “I call any geometrical figure, or group of points, 
'chiral', and say that it has chirality if its image in a plane mirror, ideally 
realized, cannot be brought to coincide with itself.” and the term 
enantiomorph was introduced in 1894 by Pierre Curie14.  

To summarize, chirality refers to a molecule or a system which is not 
superimposable to its mirror image. Chiral systems have the same 
properties but are recognized through their optical activity (i.e., ability to 
rotate the plane of polarized light), morphologies or behaviour in chiral 
environment. There are three kind of chirality4: (i) molecular chirality, (ii) 
chirality from the structural arrangement, and (iii) chirality of the space 
groups (described in § 1.2.2.2). 

1.2.4.2 Molecular Chirality 

Molecular chirality is due to different conformations or configurations of the 
molecules. The first kind (and most known) is the point chirality, where the 
presence of at least one stereogenic center, such as an asymmetric 
carbon or heteroatoms (Phosphorus, Nitrogen, Sulfur) induces chirality 
(Figure 1-7a). The molecules are called enantiomers. In the case of n 
stereogenic center, a number of 2n molecules are related15,16, the ones 
which are not superimposable and not mirror image are diastereomers 
(Figure 1-7b).  

Three kind of blocked configurations (i.e., restricted rotation around a 
bond) lead to chirality : axial chirality (Figure 1-7,c), planar chirality (Figure 
1-7,d) or helical chirality (Figure 1-7,e). They are called atropisomers17,18, 
and can easily racemize (i.e., convert to the other isomer) under heat or in 
solution. 
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Figure 1-7-Different kind of molecular chirality. a) point chirality b) point chirality with 2 
stereogenic center c) axial chirality (BINAP:2,2′-bis(diphenylphosphanyl)-1,1′-
binaphthalene) d) planar chirality e) helical chirality 

1.2.4.3 Chirality from structural arrangement   

In 1898, Kipping and Pope described two kind of enantiomorphism one 
related to the molecules and the other to their arrangement19. The latter is 
the one of interest in this paragraph. It will be referred as Supramolecular 
chirality20 or Chiral crystallization21. Achiral molecules (without optical 
activity in liquid or amorphous state) crystallize in enantiomorphous solid 
(Chiral SG) and may exhibit optical activity.  

The chirality arises from the helical arrangement of the molecules in the 
crystal structure due to the presence of a screw axis.  Several organic and 
inorganic achiral compounds have shown the ability to crystallize in chiral 
SG22. Three examples of supramolecular chirality will be described (i) 
Quartz, (ii) Sodium Chlorate, (iii) Ethylenediamine Sulfate.  
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1.2.4.3.1 The case of quartz  

Quartz is a well-known example of supramolecular chirality since the 
observations of Haüy (§1.2.4.1). Quartz are made of silicates groups 
which are achiral. However, once the silicate groups are arranged in the 
crystal structure around the screw axis, according to the direction of 
rotation, clockwise or anticlockwise, the crystal acquires chiral properties. 
As seen in Figure 1-8, α-Quartz possesses two enantiomorphs which 
crystallizes in either in the P3221 or P3121 SG. The crystal handedness 
can be recognised by examining the crystal habit or the ability to deviate 
polarized light. The same phenomenon occurs with β-Quartz (polymorph 
at high temperature), which crystallize in SG P6421 or P622123. 

 
Figure 1-8-Quartz supramolecular chirality adapted from 24 

1.2.4.3.2 The case of sodium chlorate 

Another example is Sodium chlorate (NaClO3) or bromate (NaBrO3). 
Sodium chlorate is composed of an association of achiral anion ClO3

- and 
cation Na+ and crystallizes in two enantiomorphic forms that both belong 
to the same SG P213 25,26. Figure 1-9 shows how the 21 screw axis confers 
chiral properties. Crystals are easily differentiated by polarized light 
microscopy since they interact differently with the plane of polarized light 
and exhibit different colours as seen in Figure 1-10.  

Sodium Chlorate has been used as a model compound to investigate the 
mechanisms of deracemization: starting from an aqueous suspension of 
racemic crystals, a specific type of ripening, called Viedma ripening, 
occurs and the suspensions converts to a pure enantiomorph27,28. Another 
process of deracemization of NaClO3 that have shown good results is 
Temperature Cycling Induced Deracemization (TCID)29. 
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Figure 1-9-Representation of the 21 screw axis in a) helix b) bars and c) sodium 
chlorate structure 

 

Figure 1-10-NaClO3 crystal under polarized light microscopy, (adapted from Viedma 
27). On the left d-NaClO3 are white and l-NaClO3 appear blue when polariser is rotated 
clockwise. On the right, the colours are inversed when polarizer is rotated anti-
clockwise.  

1.2.4.3.3 Ethylene diamine sulfate  

Ethylenediamine sulfate (EDS) is a salt made of an ethylenediammonium 
cation and a sulfate anion whose crystal structure forms a helical 
arrangement (Figure 1-11). EDS crystallizes in the chiral SG P41212 (or 
P43212 for the enantiomorph)30,31. As for NaClO3 crystals, EDS 
enantiomorphs are recognised using a polarized microscope. when 
polarizer is rotated anti-clockwise with respect to the analyser, l-crystals 
appear blue and d-crystal appear light-brown and vice-versa if the 
polarizer is rotated clockwise.(Figure 1-12) 
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Figure 1-11-Representation of the helical axes 41 and 43, schematically (on the left) 
and as seen in the EDS structure (on the right). H atoms have been omitted for clarity.  

 

Figure 1-12-EDS crystals observed with a polarized light microscope. The picture 
shows the colour change of d-crystal (on the left) and l-crystal (on the right) when 
polarizer is rotated anti-clockwise with respect to the analyser. 

1.3 CRYSTALLIZATION 
Crystallization is a peculiar case of solidification: the change of state from 
a less ordered system to an ordered solid system. The solid obtained is a 
crystal and must be differentiated from an amorphous solid: A crystal has 
an ordered structure made of periodically arranged atoms, ions or 
molecules. Crystallization can occur from a gas phase, a melt, an 
amorphous solid or a solution. This work is only concerned with 
crystallization from solutions. 

Different methods exist to achieve crystallization in solutions, such as 
cooling, evaporation, anti-solvent addition, etc. Yet, whatever the 
crystallization process, the phenomenon is always conceptually divided 
into four steps: (i) the establishment of the driving force, (ii) nucleation 
followed by (iii) the growth of the crystals and finally (iv) Ostwald ripening. 
The steps (i) and (ii) are of central interest for this study and will be 
described in detail hereafter. 

43 41 
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 Solubility and supersaturation 

In order to understand the process of crystallization from solution, we need 
to define the solution itself, the solubility and the supersaturated state. 

A solution is a homogeneous mixture composed at a minimum of one 
solvent and one solute. The solute is the compound of interest which is 
dissolved in the solvent. The concentration of the compound is limited by 
its solubility in the solvent. 

The solubility is defined as the maximum quantity of compound that can 
be dissolved in a given quantity of solvent. The solubility value of the 
compound depends on the solvent, temperature and pressure. This 
quantity can be expressed either in mole or mass. The solubility can be 
expressed using different unit. In this work, we chose to express solubility 
values in weight percentage (%wt) which is equal to the mass of the 
compound dissolved over the total mass of the solution.  

It is customary to represent the evolution of S as a function of 
Temperature, which is referred to as the “solubility curve” (Figure 1-13a). 
All along the solubility curve the solution is said saturated: no more solute 
can be added nor removed without departing from that saturation situation. 
Below the solubility curve, the domain is called undersaturated.  

Each compound/solvent pair has a specific S=f(T) behaviour. In most 
cases, S is an increasing function of T (normal solubility) but in some cases 
the solubility will decrease with temperature. This behaviour is called 
indirect or retrograde solubility (Figure 1-13b). 
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Figure 1-13-Schematic representation of solubility curves with (a) normal and (b) 
retrograde solubility. 

The supersaturation is the fact that the solution has a higher concentration 
than permitted by the solubility.  

There are three expressions to quantify supersaturation (Equation 1-2, 1-
3 and 1-4). In this work the degree of supersaturation β has been used: it 
is the ratio between the concentration of the solution (C) over the solubility 
of the compound in the solvent (S) at a given temperature (Equation 1-2). 
The other expressions of supersaturation are the absolute supersaturation 
(ΔC) and the relative supersaturation (σ). 

𝛽 =  𝐶/𝑆     Equation 1-2 

𝛥𝐶 = 𝐶 − 𝑆     Equation 1-3 

𝜎 =
஼ିௌ

ௌ
= 𝛽 − 1    Equation 1-4 

A supersaturated solution is in a metastable state that can be achieved 
either by cooling an undersaturated solution or by increasing its 
concentration by evaporation above the solubility curve in Figure 1-14. 
Two situations have to be distinguished which are conceptually separated 
by the metastable zone limit (dashed line) in Figure 1-14. When the 
solution is brought above the limit (referred to as the labile zone), 
supersaturation is high enough to make nucleation happens 
spontaneously. The solution return to the thermodynamic equilibrium by 
crystallization: solid crystals are in equilibrium with a saturated solution. At 
lower supersaturation below the metastable limit, the solution remains in 
a metastable state where nucleation is delayed. This is the induction time. 
The larger the metastable zone, the longer the induction times. 
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Figure 1-14-Illustration showing the three zone of saturation. Undersaturated, 
saturated and supersaturated 

 The metastable zone limits  

The metastable zone limits were introduced by Wilhelm Ostwald32 and 
named after him the Ostwald limits. The domain between the solubility 
curve and the Ostwald limits is called the metastable zone width (MSZW). 
This limit is different for each compound and can be impacted by the 
cooling rate, stirring rate, volume of solution33, supersaturation or 
impurities34. 

The MSZW is expressed as the difference between two temperatures: 
cloud point and clear point. If ones apply the heating-cooling cycles 
presented in Figure 1-15 to a suspension, a clear solution will be obtained 
upon heating up to the clear point which corresponds to the solubility point. 
Upon slow cooling down from the clear point, the solution first become 
supersaturated and the temperature at which the first crystals are 
observed corresponds to the cloud point (which correspond to the Ostwald 
limit). Detection of the cloud point is not so easy and different techniques 
have been proposed35–37. In Figure 1-15, turbidimetry is used to detect the 
nucleation. However, the value is an approximation since the detection of 
the first nuclei is not possible due to its size, only grown crystals to a 
certain size can be detected.  
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Figure 1-15-Example of MSZW measurements (from reference 38). (1: clear point 2: 
cloud point)  

 Nucleation 

Nucleation is a physico-chemical phenomenon by which a new phase 
emerges from another. In the framework of this thesis, nucleation refers to 
the production of crystal embryos from supersaturated solutions. The 
nucleation of gas from solution will be referred as cavitation.  

Indeed, once supersaturation is established in the medium, the 
appearance of such tiny associations is likely to happen. Two kinds of 
nucleation will be considered: primary and secondary nucleation (Figure 
1-16). Furthermore, the two theories explaining the nucleation mechanism 
will be discussed: classical nucleation theory (CNT) and two-step 
nucleation (TSN). 

1 

2 
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Figure 1-16-The different types of nucleation according to the classical nucleation 
theory (From Mullin39) 

1.3.3.1 Classical Nucleation Theory (CNT) 

The Classical Nucleation Theory is the most used model to study 
nucleation. It was initiated by the work of Volmer and Weber in 192640 who 
used the work of Gibbs on thermodynamics to describe the nucleation as 
a one-step mechanism.  

In this theory, the compound in solution gather to form clusters or 
aggregates exhibiting the same structure as the final crystal. Figure 1-17 
shows the evolution of the solute to form a crystal structure and the 
corresponding evolution of Gibbs free energy in function of reaction 
coordinate (size of the cluster).  

 

Figure 1-17-Schematic representation of the nucleation mechanisms according to the 
classical nucleation theory (from Myerson41) 
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Then, two kinds of primary nucleation can be described according to the 
conditions of nucleation using CNT.  

1.3.3.1.1 Homogeneous nucleation 

Homogeneous primary nucleation describes the spontaneous nucleation 
of the compound in the bulk solution. 

To form an aggregate (in the CNT, the nucleus is assimilated to a sphere 
of radius r), the system requires the creation of an interface between the 
daughter phase (i.e., the solid phase) and the mother phase (i.e., the liquid 
solution). Such interface destabilizes the system by an amount of +4𝜋𝑟ଶ𝛾, 
but it is counterbalanced by the creation of a bulk solid phase that 

stabilizes the system by a decrease of −
ସ

ଷ
𝜋𝑟ଷ 39. The nuclei energy is 

represented by ΔG in Equation 1-5.  

𝛥𝐺 = −
ସ

ଷ
𝜋𝑟ଷ𝛥𝐺𝑣 + 4𝜋𝑟ଶ𝛾   Equation 1-5 

With ΔGv: the free energy change of the transformation per unit volume 
and γ: interfacial energy 

The evolution of the free enthalpy of nucleation ΔG in function of the radius 
r is presented in Figure 1-18 alongside the energy of bulk formation and 
the interfacial energy. The Figure 1-18 shows that nucleation requires that 
the aggregates must be superior to a critical radius (r*) and overcome a 
barrier of energy ΔG*. This show the existence of a critical nuclei in the 
CNT. The system always tries to minimise its energy. When the nucleus 
size is close to r* it can either dissolve (smaller than r*) or grow to 
macroscopic crystal (larger than r*). It is worth noting that ΔG* is inversely 
proportional to β, that is to say that the higher β, the lower the barrier to 
overcome for nucleation, and thus lower the induction time.  
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Figure 1-18-Evolution of the free enthalpy of nucleation (in red), and the two 
contributions: interfacial energy (blue) and the volume energy (green).  

1.3.3.1.2 Heterogeneous nucleation 

Heterogeneous nucleation differs from homogeneous nucleation by the 
fact that nuclei form unto foreign surfaces such as impurities, dusts, 
crystallizer walls, stirrer, etc. Nucleation unto such surfaces imply a lower 
interfacial energy since a smaller portion of the aggregate is in contact with 
the solution. The aggregate is no more spherical but form a contact angle 
θ with the foreign surface as shown in Figure 1-19. As a result, the energy 
barrier is lowered whereas the critical radius is unchanged. The energy of 
nuclei ΔG is calculated from homogeneous primary nucleation (Equation 
1-5) with correction term Φ (function of the contact angle)(Equation 1-6 & 
1-739). 

 

Figure 1-19-Interfacial energy between three phases (the solution, the foreign surface 
and the nuclei) 

Solution 

Nuclei 

Foreign surface 
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𝛥𝐺௛௘௧ = 𝛥𝐺௛௢௠௢ ∗ 𝜙    Equation 1-6 

𝜙 =
(ଶା௖௢௦ఏ)(ଵି௖௢௦ఏ)²

ସ
    Equation 1-7 

Therefore, the occurrence of heterogeneous nucleation is 
thermodynamically favoured compared to homogeneous nucleation 
provided foreign surfaces are present. The Ostwald zone for 
heterogeneous nucleation is narrower than for homogeneous nucleation42. 
Thus, voluntary addition of foreign particles has been used to reduce the 
induction time and control the nucleation. When the foreign particles have 
a structure similar to the one of the growing crystal the method is called 
templating, and help control the chirality43, polymorphism44,45 or 
morphology46. A proof of the initial presence of impurities in solution is the 
filtration that decreases the probability of nucleation and increases the 
MSZW38,47. Similarly, the addition of solid impurities decreases the 
MSZW48. 

1.3.3.2 Primary nucleation vs secondary 

In supersaturated solutions, atoms (or molecules, or ions) are in 
movement, aggregates are forming, growing and dissolving. This causes 
the nucleation event to be stochastic. Eventually, few aggregates will grow 
to a sufficient size. As described above, homogeneous and 
heterogeneous nucleation are primary nucleation. 

Secondary nucleation occurs from the supersaturated solution as a 
consequence of the presence of crystalline matter already existing in the 
solution. Such material can either originate from primary nucleation events 
or from seeding, which is the intentional addition of crystals. Two kind of 
secondary nucleation mechanisms can take place in the supersaturated 
solution: (i) the crystals already present in solution can act as 
heterogeneous surface to nucleate other nuclei. (ii) the agitation in the 
solution can induce collisions between crystals, crystals/stirrer or crystal/ 
crystallizer walls, causing small pieces of crystal to break off and creating 
tiny seed crystals. 

The knowledge of the Ostwald limits allows to determine the best condition 
to seed the solution. The solution must be seeded in the metastable zone 
near the solubility curve49. Therefore, the seed will not dissolve. Under 
stagnant conditions, growth is promoted, which allow the formation of 
single-crystal whereas agitation will promote secondary nucleation.  
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1.3.3.3 Criticism of CNT  

CNT makes some assumptions in order to simplify the model, but it also 
limits its applications50. The major assumptions are (i) the cluster is 
assimilated to a sphere (droplet model) with the same structure of the final 
crystal, (ii) the interfacial energy is supposed to be the same regardless of 
the size of the cluster and is independent of temperature (capillarity 
approximation51), (iii) growth and dissolution are viewed as addition or 
removal of one particle at a time. In particular, CNT has been criticised 
because of the difference observed between theory and experience52. 
Indeed, Yau and Vekilov53 have shown, by AFM analysis, that cluster  are 
composed of 50 apoferritin molecules maximum, and that the molecular 
arrangement gives to nuclei not a spherical shape but a planar one. 
Moreover, they also showed that surface tension is ill-defined for cluster 
inferior to 100 molecules. The surface tension value should not be 
considered as a constant but as a variable value temperature dependent 
54. Furthermore, the growth of cluster is made by addition of growth unit 
(i.e., pre-assemblies such as dimers)55 or merge of clusters56. This led to 
reconsider the CNT and develop modern and more complex theories of 
nucleation such as the two-step nucleation model. 

 Two step nucleation (TSN) 

Also called non classical nucleation or PNC for prenucleation cluster, the 
two-step nucleation theory (TSN) was developed first to describe protein 
nucleation. Through computational simulations, it has been shown that in 
the presence of a liquid-liquid phase separation, the solution close to the 
critical point exhibit large density fluctuations which led to the formation of 
dense liquid-like cluster (1st step) in which crystal nucleates (2nd step)57. 
Several simulations have shown the existence of either liquid like cluster 
or micelle58, colloidal droplet59, dense liquid droplet60 and conclude that 
this sort of molecular aggregation is the first step toward crystal nucleation 
in solution. Compared to CNT, there is a barrier to overcome for each step 
(formation of dense clusters and crystal nucleation) and the barrier of 
energy is decreased for nucleation with reference to CNT due to a 
reduction of the interfacial energy. 

Vekilov and co-workers61 have proposed a model for the two-step 
nucleation theory, illustrated in Figure 1-20, in which the second step (i.e., 
the nucleation of the ordered structure in the dense liquid) is the rate 
determining step. TSN could be a generic phenomenon62, but the 
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metastable phase of cluster can have a too short life-time that hindered its 
observation.  

 

Figure 1-20-Schematic representation of the nucleation mechanism according to the 
two-step nucleation theory (from Myerson41) 

Experimental study has been conducted to prove the existence of such 
cluster. The use of Dynamic light scattering revealed the aggregation of 
protein in clusters63. Scanning electron microscopy, cryo-transmission 
electron microscopy64 and atomic force microscopy53 also highlighted the 
presence of such cluster.  

Regarding the phenomenon of liquid-liquid phase separation as described 
in protein nucleation 57,65, Hans et al.66 stated that in the presence of the 
phenomenon, nucleation proceeds by TSN whereas if there is no liquid-
liquid phase separation the nucleation should occurs by one step 
nucleation process as in CNT. However, Davey et al. 67 differentiate the 
TSN from liquid-liquid phase separation and write: “the drops of 
concentrated liquid phase are not pre-nuclei, they are another bulk phase”. 

Scientific community still works to understand the nucleation process, CNT 
is still under consideration for its simplicity of analysis. In the case of non-
classical theory, the researchers do not agree about the intermediate 
phase. Figure 1-21 presents a review of the different non-classical 
nucleation theories suggested by different authors68. Figure 1-21,b is the 
TSN model described above. Figure 1-21,c is the case where the nucleus 
is represented by only one atom or molecule, thus the process is a barrier-
free nucleation. Figure 1-21,d represent the case where the nucleus 
adopts the same structure as the final crystals but have a shape that do 
not allow a minimisation of ΔG such as the sphere in CNT. Figure 1-21,e 
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considers a rough nucleus interface with a variation over time of the 
structure in relation to the size.  

 

Figure 1-21-Classical Nucleation theory (a) and Non-classical nucleation theories: TSN 
(b), one atom as a nucleus (c), nuclei with the same final structure but a non-equilibrium 
shape (d) and nuclei with diffuse shape and size that vary with time (e). (adapted from 
Vekilov 201968) 

 Kinetics of nucleation 

As discussed in §1.3.3.1.1, nucleation is an energy activated process: 
spontaneous crystallization of a supersaturated solution occurs if the 
system reaches the Ostwald limit (Figure 1-14). However, If the 
supersaturation ratio is insufficient (below the Ostwald limit) the 
supersaturated solution may remain in a metastable state and nucleation 
is only detected after an induction time that is inversely proportional to 
supersaturation. Induction times can be extremely long so that no 
nucleation is observed within the timeframe of months (or years) and it is 
necessary to seed such solution to promote crystallization. Obviously, the 
detection of newly formed nuclei is impossible due to their extremely small 
size, the nuclei is detected after growth to sufficient size according to the 
method of detection. 

However due to the stochasticity of the nucleation process, the same set 
of experimental parameters performed at the scale of 50, 100 or more 
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experiments can lead to a distribution of induction times. For example, the 
induction time measurement of isonicotinamide in ethanol shows a 
variation ranging from 114s to 3h 38. The same variability of induction time 
is found for other compounds in other solvents.69–72 This implies that the 
collection of statistical data is required to thoroughly describe the 
nucleation behaviour. 

Provided a sufficient number of identical experiments has been performed, 
the probability of nucleation as a function of time (Pn(t)) 69 can be 
measured. It is expressed as the number of experiments in which crystal 
are detected after a time t (Ncryst(t)) over the total number of experiments 
(Ntotal). (Equation 1-8). The probability of nucleation follows the Poisson 
distribution (Equation 1-9)69. Even if this model was designed for 
nucleation in agitated solutions while NPLIN occurs in stagnant conditions, 
it is believed that Poisson distribution can be applied as the influence of 
stirring or an external field is considered in the induction time (t). Figure 1-
22 shows an example of a given set of probability of nucleation over time 
for potassium sulfate. The experimental data are represented by blue dot 
and the fit to Poisson distribution is represented by the solid line. It 
represents the likeliness to find crystals after a time t, for example, in 
Figure 1-22, the likeliness to find a crystal after 60 minutes is superior to 
72%. 

𝑃௡(𝑡) =
ே೎ೝ೤ೞ೟(௧)

ே೟೚೟ೌ೗
       Equation 1-8 

𝑃௡(𝑡) = 1 − 𝑒ି௃௏௧    Equation 1-9 

J: nucleation rate , V: volume of solution, t : induction time 
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Figure 1-22-Experimental probability of nucleation for a given compound. (blue point). 
The solid line represents the fit of Equation 1-9. (J= 0.02202mL-1min-1 or J=367m-3s-1). 

Nucleation Rate (J) is defined as the number of nuclei appearing during a 
certain time, within a given volume of solution. The value is determined 
using the Poisson distribution to fit the experimental data and expressed 
in m-3s-1. The Nucleation rate can also be calculated from Equation 1-10, 
where A and B are kinetic and thermodynamic factors and β is the 
supersaturation.69,73 

𝐽௛௢௠௢ = 𝐴𝛽𝑒
ି

ಳ

೗೙మഁ     Equation 1-10 

In the case of heterogeneous nucleation, the nucleation rate J can be 
calculated by Equation 1-11 where the factor C is the concentration of 
active centers presents in the solution due to heterogeneous particles38. 

𝐽௛௘௧ = 𝐶𝐽௛௢௠௢    Equation 1-11 

 Nucleation of gas – Cavitation  

Cavitation is the appearance of a gaseous phase in a liquid phase. The 
gaseous phase is called a cavity or a bubble and is composed of either 
dissolved gas or vapor or both. Bubble nucleation can be explained by 
different mechanisms based on classical nucleation or non-classical 
nucleation74 in a similar way to nucleation of solid presented above. 

Gas nucleation is commonly seen in sparkling drinks, where the liquid 
phase is in equilibrium with carbon dioxide gas. When opening a bottle, 
the pressure fails, and the solution becomes supersaturated in CO2 with 
respect to the atmospheric pressure. This lead to spontaneous nucleation 
of gas75. Gas are also affected by temperature due to their retrograde 
solubility76. The increase in temperature will degas the solution. Knott et 
al. have shown that nucleation of CO2 bubbles from supersaturated 
carbonated water can be induced by laser pulse77. Moreover, cavitation 
can be produced by ultrasound78.   

Vapor cavities are a result of a decrease of pressure below the vapor 
pressure, such depression can be found in fluid shear of a rotating blade. 
It can also result of a significant heating as in exposure to laser. Soare et 
al.79 state that the absorbed laser pulse superheats the liquid which finally 
evaporates and produce vapor bubble. 



Chapter 1 Generalities 

39 
 

Cavitation can promote crystals nucleation by generation of high pressure 
when the bubble collapse80, by acting as heterogeneous surface77, 
mechanical shock81 or even scratching the wall of the vessels39. 

1.4 LASER AND LIGHT-MATTER INTERACTION 

 Introduction 

LASER is an acronym for Light Amplification by Stimulated Emission of 
Radiation. A laser emits a coherent and monochromatic light of a defined 
wavelength, energy and direction. Since the invention of laser, a multitude 
of lasers have been developed always trying to change the wavelength, 
increase the power, reduce the pulse duration. Thus, lasers are now 
capable of generating pulses in the nanosecond, picosecond or 
femtosecond range, high energy and a large choice of wavelength from 
ultraviolet to infrared.  

One of the most important elements of the laser is the gain medium or 
amplifying medium (see Figure 1-23), it dictates the properties of the beam 
such as the wavelength and power maximum. The gain medium is the 
source of the laser where photons are produced, those photons have the 
same properties due to the phenomenon of stimulated emission. The gain 
medium can be liquid (dye laser), gas (excimer laser, CO2 laser) or solid 
(Nd-YAG). 

 

Figure 1-23-Formation of the laser beam (adapted from : laser fundamentals 82) 
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 Beam type: Continuous wave and pulsed 

Among the laser developed, two kinds of laser are emerging: continuous 
wave (CW) and pulsed laser. The continuous wave lasers are the first kind 
of laser invented. They produce a continuous wave light at a constant 
intensity. Whereas, pulsed lasers concentrate the intensity in a very short 
period of time (i.e., the pulse duration). Therefore, the shorter the pulse 
duration, the lower the pulse energy and mean power but the higher the 
intensity. The difference is shown in Figure 1-24, where power in function 
of time is represented for each laser. 

 

Figure 1-24-Difference between continuous and pulsed laser (adapted from 83) 

There is different technology to produce pulses, one of them is the Q-
switched. The Q-switched laser uses a Pokels cell (DKDP crystal) whose 
index of refraction is changed when variables voltage is applied. When 
high voltage is applied, the Q-switched is closed that is to say that the light 
undergoes a retardation and energy losses. Then, when no voltage is 
applied the Q-switched is opened (i.e., the light passes without loss) and 
the laser pulse is delivered.  

 Laser beam characterisation 

A laser system produces a laser beam characterised by different physical 
parameters. Pulsed lasers are characterized via the pulse duration or 

pulse width () and the repetition rate (frep) which is the frequency of the 

pulse (Figure 1-25). The power of the laser describes the amount of 
energy delivered over time, it is expressed in Watt (W) or in Joule per 
second (J.s-1).  
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Figure 1-25-Schematic representation of the Laser pulses parameters 

In the case of pulsed laser, it is important to differentiate the mean power 
and the peak power. The mean power of a pulsed laser is the power if the 
emission were continuous, i.e the energy of the pulse is spread uniformly 
across the period. The Peak Power is the maximum power emitted. 
Equation 1-12 allows to switch from peak power to mean power and 
inversely.  

 𝑃௣௘௔௞ =
௉೘೐ೌ೙

௙ೝ೐೛∗ఛ
  𝑃௠௘௔௡ = 𝑃௣௘௔௞ ∗ 𝑓௥௘௣ ∗ 𝜏   Equation 1-12 

A common used value for laser is its intensity expressed in W.cm-2. It is 
sometimes called power density or pulse power. The intensity corresponds 
to the power applied by surface unit. The surface unit is the surface 
irradiated, related to the radius (r) of the laser beam. Pulsed laser can also 
be quantified by the energy per pulse. Energy is expressed in Joules (J) 
and measured for one pulse. 

Knowing the characteristic of the laser system such as the repetition rate 

(frep), pulse duration (), diameter of the beam (or surface of the beam) 
calculation can be made to switch from measured energy (Epulse) to power 
(Ppeak) (Equation 1-13) or to intensity (I) (Equation 1-14).  

𝑃௣௘௔௞ =
ா೛ೠ೗ೞ೐

ఛ
    Equation 1-13 

𝐼 =
௉೛೐ೌೖ

గ ௥²
     Equation 1-14 
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 Changing the wavelength 

The wavelength of the laser beam can be changed using the principle of 
second harmonic generation (SHG). The incident laser beam at frequency 
ω and wavelength λ goes through a non-linear crystal (non-
centrosymmetric, see §1.2.2.1) and is converted into a laser beam of 
doubled frequency (2ω) and half wavelength (Figure 1-26). For example, 
the 1064nm laser beam will converts into a 532nm laser beam.  

 

 

Figure 1-26-Illustration of the second harmonic generation 

 Polarization 

The light produced by a laser can be described as electromagnetic waves 
(i.e., electric and magnetic field). Natural light is not polarized, the electric 
field oscillates in all directions in a plane perpendicular to the light 
propagation direction. The polarization is defined as the orientation of the 
electric field (Figure 1-27). Thus, if the electric field keeps the same 
direction during the propagation then the light is said linearly polarized. If 
the direction of the electric field describes a circle over time, then the light 
is said circularly polarized. According to the direction of rotation there are 
two types of circular polarization : left-handed or right handed.84 
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Figure 1-27-Description of polarized light   

The polarization geometry of the laser light is often linear at the output 85. 
In order to control the polarization, optical elements called waveplate are 
used. The half waveplate (λ/2) is used to change the direction of 
polarization of linearly polarized light. If the polarization of the light is 
aligned with the waveplate axis, there is no change of polarization, but if 
the polarization direction is 45° to the waveplate axis, then a left circular 
polarization becomes right circular and vice-versa and a linear polarized 
light stay linear but with a rotation of 90° of the plane. Similarly, when there 
is a 45° angle between the incident polarization and the axis, the quarter 
waveplate (λ/4) can convert linear to left or right circular polarization by 
rotating the waveplate 45° or -45° and vice versa.  

 Interactions light-matter 

When a laser beam (or any light beam) encounters a surface, a particle or 
an interface between two media, different physical phenomena can occur. 
These phenomena are shown in Figure 1-28 and are detailed in the 
following sections. 

 

Figure 1-28-Different possible interaction between light and matter 
1.4.6.1 Reflection and refraction  

At the interface between two media of different refractive indices (i.e., 
speed of light in the medium), the reflection is the beam that will propagate 
in the same medium than the incident beam but with a certain angle. In 
the case of refraction, the refracted beam will go through the second 
medium with a change of the direction of propagation. The angles can be 
calculated by the Snell-Descartes’ laws. A particular case of refraction is 
the double refraction or birefringence, it occurs when the medium is 
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anisotropic (i.e., variations of optical properties depending on the direction 
of propagation and polarization). 

1.4.6.2 Light scattering 

Also called diffusion or diffuse reflection, light scattering is the 
phenomenon where the beam is deviated from its trajectory in all the 
directions around the scattering center. This phenomenon occurs when 
small particles or rough surface are present in the trajectory of the light 
beam. 

1.4.6.3 Absorption and transmission 

When light beam enters the matter, it can go through it without losing any 
energy, the light is entirely transmitted by the medium. The medium is said 
transparent to the beam. Often, a part or the beam is absorbed by the 
matter. This absorption leads to a transformation of the electromagnetic 
energy into internal energy. The energy is absorbed by the atoms 
constituting the matter. It can either bring the atom to an excited state and 
produce photons by return to initial state (stimulated emission) or disturb 
the electronic cloud and/or produce thermal energy. 

 Applications 

Due to the properties of laser light and the physical phenomenon involved, 
the interactions between the laser beam and the matters are numerous 
and lead to plenty of applications. Laser was created without a specific 
application and was described as "a solution looking for a problem"86. 
Nowadays, lasers are everywhere in our daily-lives but also for specific 
applications in areas such as medicine, industry, military and science. 

Those applications are separated in two categories according to the type 
of light matter interaction occurring: reflection or the absorption. 
Applications based on reflections are non-destructive and concern 
communications, imaging and measurement. Application which resides in 
absorption of the matter can produce thermal effect such as melting or 
vaporization, formation of plasma, ablation and photochemical reactions.  

Moreover, the use of high energy laser can induce phenomenon such as 
non-linear optics. Non-linear optics describes all the phenomena in which 
the response of the illuminated medium is not proportional to the electric 
field. For example, generation of second harmonic (SHG) is a 
phenomenon in which the light-matter interaction leads to doubling the 
frequency of the initial light.  
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Recently, lasers have started to be used for crystallization process such 
as photochemical light induced nucleation (PLIN) and Non-photochemical 
laser induced nucleation (NPLIN). In PLIN, the molecule that nucleate is 
different from the initial molecule in solution, i.e., photochemical reaction 
occurs. In 2004, Okutsu et al.87 demonstrated the nucleation of 
benzopinacol from benzophenone solution after irradiation by a 355nm 
pulsed laser. Veesler et al.88 also demonstrated the photochemical 
nucleation of lysozyme. They proposed a mechanism in which laser 
exposure produce a photochemical intermediate that leads to a 
denaturated species if irradiated or the intermediate relax to initial 
lysozyme and nucleate. In the case of NPLIN, the compound that 
nucleates has the same chemical structure that the one in solution at the 
beginning. Moreover, the formation of photochemical intermediates is not 
likely as the compound does not absorbs light at the working wavelength. 
The mechanism of NPLIN is not fully understood but it is certainly 
photophysical. Chapter 2 will present the state of the art of the NPLIN 
phenomenon. 
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2.1 INTRODUCTION  
This chapter is dedicated to the description of the non-photochemical laser 
induced nucleation (NPLIN) process: from its discovery to the current 
research. A review of the previous studies will be presented, and each 
proposed hypothesis of mechanism will be detailed and discussed.  

2.2 DISCOVERY OF NPLIN 
In 1996, Garetz et al1 found that exposition of supersaturated solutions of 
urea to light from a high energy pulsed laser, initially to measure a second 
harmonic generation (SHG) response, resulted in the nucleation of needle-
like crystals of urea. They called this phenomenon Non-Photochemical 
Laser Induced Nucleation (NPLIN). Laser induced nucleation (LIN) 
techniques were already known since the work of Tyndall in 18962, but 
implied photochemical reaction. In the NPLIN process, the non-
photochemical characteristic is important as it allows to nucleate crystals 
of the same chemical composition of the initial solvated molecules.  This 
requires that neither the solute nor the solvents absorbs the laser energy 
at the wavelength used.  

Since this discovery, the possibility to nucleate through the use of laser 
has developed and has interested many scientists. Indeed, the process 
allows temporal and spatial control of nucleation without seeding the 
solution. The number of publications on the topic has increased and 
various compounds with various laser set-up have been studied. NPLIN is 
a broad term that can refer to different experimental techniques. Indeed, 
studies using continuous laser or pulsed laser from nanosecond to 
femtosecond in which laser induces nucleation without photochemical 
damage of the compound are considered as NPLIN. In this study, the 
NPLIN phenomenon is restricted to nanosecond laser pulses since it is 
possible that the mechanism behind the different laser sources used is 
different.  

Table 2-1 reviews the researches done on NPLIN using a nanosecond 
laser and lists the molecules studied, laser wavelengths and energies, 
alongside the mechanisms proposed, from 1996 to 2021 (42 articles). The 
general trend is as follows: small organics molecules were the first cases 
considered. Glycine received special attention due to its polymorphic 
behaviour. Then, NPLIN phenomena of some proteins were studied, but 
most of them were crystallized using femtosecond pulses laser. And then, 
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NPLIN studies focused on inorganic salts. The last column in Table 2-1, 
referring to the proposed mechanisms, will be regarded later during this 
chapter. 

Table 2-1- List of compounds used in NPLIN studies , the parameters of the laser and 
the proposed mechanism involved according to the authors. (ns: nanosecond laser; fs: 
femtosecond laser; ps: picosecond laser; f: focussed; *Intensity given is the maximum 
used in the study, all intensity values are given in GW/cm² to unify the units and 
compare more easily, energy value in J/pulse is given when intensity value was not 
available) [OKE : Optical Kerr Effect , DP: Dielectric polarization] 

Compound/ 
solvent 

Reference Laser λ (nm) Intensity* (max) Mechanism 

Urea/ H2O 

Garetz, 19961 ns 1064 0.25 GW/cm² OKE 

Matic, 20053 ns 
1064 
532 

0.35 GW/cm² OKE 

Liu, 20174 ns 
1064 
532 

0.20 GW/cm²  

Glycine/ H2O 
 
 
 
 
 

(D2O) 
 
 
 
 

 

Zaccaro, 20015 ns 1064 0.70 GW/cm² OKE 

Garetz, 20026 ns 1064 0.70 GW/cm² OKE 

Sun, 20067 ns 
1064 
532 

0.46 GW/cm² OKE 

Clair, 20148 ns 532 0.70 GW/cm²  

Javid, 20169 ns 1064 0.47 GW/cm²  

Liu, 201710 ns 1064 0.50 GW/cm² Cavitation 

Tasnim, 201811 ns 1064 0.50 GW/cm²  

Gowayed, 201912 ns 1064 0.40 GW/cm²  

Hua, 202013 ns 1064 0.20 GW/cm² DP 

Irimia, 202014 ns 
1064 
532 

0.22 GW/cm²  

DAST Tsunesada,200215 ns,f 1064 /  
4,4’-dimethyl-

chalcone 
/ ethyl acetate 

Murphy, 200716 ns 1064 0.01 GW/cm² OKE 

Ice  
Lindinger, 200717 ns,f 1064 1mJ/pulse  

Nevo,202018 ns 532 0.01GW/cm²  

L-histidine/ H2O Sun, 200819 ns 532 0.24 GW/cm² OKE 

Lysozyme/ H2O Lee, 200820 ns, ps 
1064 
532 

0.12 GW/cm²  
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5CB 
(supercooled) 

Sun, 200921 ps 532 0.003GW/cm² OKE 

KCl/ H2O 
(KBr) 

Alexander, 200922 ns 1064 0.04 GW/cm² DP 

Duffus, 200923 ns 1064 0.06 GW/cm²  

Ward, 200924 ns 1064 2 MW/cm²  

Ward, 201225 ns 
1064 
532 

0.04 GW/cm² DP 

Fang, 201426 ns, f 532 0.05 GW/cm²  

Kacker, 201827 ns 
1064 
532 
355 

0.05 GW/cm²  

Hua, 201928 ns 1064 0.10 GW/cm² DP 

(NH4)2SO4/ 
methanol/ethanol 

Soare,201129 ns, f 532 0.5 mJ Cavitation 

NaClO3 molten 
 

NaClO3/ H2O 

Ward, 201130 ns 1064 0.14 GW/cm² DP 

Barber, 201931 ns, f 
1064 
532 

87 TW/cm² Cavitation 

CO2 / H2O 
Knott, 201132 ns 

1064 
532 
355 

50 mJ/pulse Cavitation 

Ward, 201533 
ns 
fs 

532 
800 

0.03 GW/cm² 
11 GW/cm² 

Nanoparticle 
heating 

Acetic acid Ward, 201234 ns 1064 5.85 MW/cm² DP 

KNO3 / H2O 
Jacob, 201235 ns, f 532 0.06 GW/cm²  

Gharib, 2021 ns, f 532 250mJ/pulse  

Carbamazepine/ 
Acetonitrile / 

methanol 
Ikni, 201436 ns 532 0.35 GW/cm² OKE 

Sulfathiazole / 
H2O-ethanol 

Li, 201637 ns 532 0.30 GW/cm² OKE 

NH4Cl / H2O Ward, 201638 ns 1064 0.01 GW/cm² 
Nanoparticle 

heating 
NaCl, NaBrO3, 

tartaric acid / H2O 
Mirsaleh-kohan, 

201739 
ns, f 1064 1.90 TW/cm²  

CsCl/water 
+polymers 

Liu, 202140 ns 532 0.016GW/cm²  

Sodium acetate/ 
water + polymers 

Liu, 202141 ns 1064 0.016GW/cm²  

NaBr / H2O 
Barber, 202142 

11 
ns 

1064 
532 

0.30 GW/cm²  
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2.3 PRINCIPLE 
The NPLIN process, represented in Figure 2-1, uses a high energy (from 
MW/cm² to TW/cm²) short pulsed laser to induce the nucleation of a 
supersaturated solution (or a supercooled liquid). The process allows 
temporal control of nucleation: laser irradiation strongly reduces the 
induction time (tind) for nucleation compared to a non-irradiated sample 
where spontaneous nucleation takes place. Calculating the probability of 
nucleation and plotting the curves Pn(t)=f(t) (Chapter1- 1.3.5) for irradiated 
samples compared to non-irradiated samples allows to visualize the 
NPLIN effect. As seen in Figure 2-2, at a given time, the probability of 
nucleation is much higher for NPLIN sample than for control samples (non-
irradiated) (Figure 2-2, 1) and also a much longer time to reach the same 
probability of nucleation is needed for control samples (Figure 2-2,2).  

 

Figure 2-1 Representation of the NPLIN principle, with the set-up used in this study. 
Although nucleation occurred within the volume irradiated by the beam path, the 
formed crystal has sedimented.  
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Figure 2-2- Pn(t) = f(t) curves for irradiated samples (red) and non-irradiated samples 
(blue).The NPLIN efficiency is measured by (1)-the gap between probability of 
nucleation at a given time and (2)-the gap between time to reach a given probability of 
nucleation. 

It also allows spatial control of the nucleation as the nuclei primarily form 
in the volume irradiated by the laser beam path, thus offering the possibility 
to trigger nucleation at a given spot as demonstrated by Duffus et al23 (see 
Figure 2-3). On the contrary, spontaneous nucleation in non-irradiated 
sample can occurs anywhere in the solution volume. 

 

Figure 2-3- Spatial control of KCl nucleation in agarose gel using an optical mask 
(Adapted from Duffus et al) 
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Moreover, NPLIN process can lead to different number of crystals from 
one single crystal22 to a multitude of crystals resulting in different sizes of 
crystals.28,37,38 Thus, the NPLIN technique could be a good way to control 
Crystal size distribution (CSD) just by varying laser parameters.  

In principle, NPLIN does not induce photochemical damage: the initial 
solvated compound is the same that crystallizes. However, NPLIN is 
limited by the fact that the molecules studied (crystallizing compound and 
solvent) must have no or low optical absorbance at the irradiation 
wavelength. It must also be underlined that the NPLIN process is not 
observed for every compound. Further, the mechanisms behind the laser 
interaction with the solution which trigger nucleation is not fully understood 
despite the proposed hypotheses. Several parameters have been 
reported to influence the NPLIN process and it is important to identify them 
and their influence on the process to help to understand the mechanism. 

First, each mechanism proposed to explain NPLIN will be defined and 
discussed. Then, the parameters, divided in two categories : (i) the 
parameters related to the solution and (ii) the ones related to the laser will 
be listed and presented individually. 

2.4 MECHANISM HYPOTHESES 

 The Optical Kerr Effect: OKE 

2.4.1.1 Definition  

The Optical Kerr Effect (OKE) is a nonlinear optics phenomenon induced 
by an electric field such as the one produced by a high energy laser light. 
It causes a change in the refraction index of the materials which induces 
birefringence (OKE is also called light induced birefringence43). At a 
molecular level, if one considers a group of anisotropic polarizable 
molecules in solution, the electric field induces a dipole moment inside the 
molecule, which results in an alignment of all the molecules in the same 
direction than that of the electromagnetic field of the laser. (Figure 2-4).  
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Figure 2-4- Orientation of the dipole in presence of an electric field. Arrow are 
representing the dipole of the molecules, on the left no electric field is applied and on 
the right with an electric field.  

In the context of an NPLIN experiment, the alignment of the molecules 
contributes to form an ordered critical nucleus (as in the CNT model 
[1.3.3.1]) or to arrange the molecules inside the PNC (as in TSN model 
[1.3.4]).  

2.4.1.2 Argument in favour of OKE mechanism, polarization switching 

This section describes the different factors that lead to consider OKE as a 
possible hypothesis to explain the NPLIN mechanism. 

OKE was first mentioned to explain NPLIN by Garetz et al1 when they 
discovered the NPLIN phenomenon in the case of urea supersaturated 
solutions. They observed an alignment of urea crystalline needles axis 
with the direction of the electric field of their linearly polarized laser beam. 
They explained this observation by the facts that:  

(i) urea molecule has an anisotropic polarizability,  
(ii) interaction of the laser with the solution results in a cooperative 

polarization of the urea molecules in the “dense liquid precursors” 
which eventually leads to their alignment with the direction of 
polarization of the linearly polarized light,  

(iii) the most polarizable direction of urea corresponds to the main 
axis of the crystalline needles,  

(iv) such laser light induces organization of the “dense liquid 
precursors” results in the crystal nucleation of the needles parallel 
to the polarized light direction.  

The main experimental support for OKE mechanism came from a NPLIN 
study on the polymorphism of glycine6, in which the polarization geometry 
of the laser light (i.e circular or linear) was reported to induce different 
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polymorphs. Indeed, in the case of glycine, three polymorphs are reported 
α, β and γ-glycine but only two polymorphs can nucleate via NPLIN: α-
glycine or γ-glycine. In solution, there are assemblies of glycine molecules 
forming dimers (or n-mers) and according to the geometry of the solvated 
dimer, a cyclic dimer has disk-like polarizabilities and lead to α-glycine 
whereas a helical dimer has rod-like polarizabilities and lead to γ-glycine. 
In their study, the authors claimed that linear polarization was more 
effective at aligning rod-like polarized clusters, thus resulting in the NPLIN 
induced crystallization of γ-glycine, whereas circular polarization was 
more effective at aligning disk-like polarized clusters, thus resulting in the 
NPLIN induced crystallization of α-glycine (see Figure 2-5). This 
phenomenon was called polarization switching as, for the same ratio of 
supersaturation, the polarization of the incident light seems to control the 
polymorph produced. In contrast, spontaneous nucleation of a glycine 
supersaturated solution produces α-glycine at low supersaturation and γ-
glycine at high supersaturation44. 

 

Figure 2-5- Alignment of the polarizabilities according to the polarization of the laser 
(adapted from Garetz et al6) 
Studies about others molecules such as Carbamazepine36 and 
Sulfathiazole37, which exhibit both polymorphism, seem in agreement with 
the fact that the geometry of molecule polarizabilities interacts differently 
according to the polarization geometry and direction of light. In addition, 
molecules that does not exhibit polymorphism seems also impacted by the 
polarization since they either present rod-like or disk-like polarizabilities7. 
For instance, it has been shown that urea exhibits rod-like polarizabilities 
and thus nucleate more easily with linear polarized light3.  



Chapter 2 Non-Photochemical Laser Induced Nucleation: State of the art 

63 
 

The OKE mechanism has also been considered in the case of compounds 
exhibiting supramolecular chirality. In order to induce chiral symmetry 
breaking, Murphy et al.16 exposed solutions of 4-4’-dimethylchalcone to 
different radiation. They found that linearly polarized light leads to a larger 
distribution of (+) and (-) optical rotations compared to circularly polarized 
light or stirred crystallization (Figure 2-6). Although there is no preferred 
enantiomorph formed, they have highlighted an influence of the 
polarization on chiral distributions which they attribute to the ability of 
linearly polarized light to more efficiently align the rod-like cluster of 4-4’-
dimethylchalcone. 

 

Figure 2-6- Observed optical rotations for 4-4’-dimethylchalcone exposed to different 
conditions (from Murphy et al) 

2.4.1.3 Limits of the OKE mechanism  

Recently, the OKE mechanism have been criticized since the results 
reported by Garetz et al. regarding Urea and Glycine could not be 
reproduced. Indeed, Liu et al4 used digital imaging to measure the angle 
of the urea crystal (needle-like) compared to the direction of polarization 
of the laser. They showed that there is no correlation between the 
orientations of the freshly nucleated crystalline needle and that of the plan 
of polarized light of the laser. This, in addition to other recently reported 
results, questions the OKE theory. Further to this, theoretical calculations 
made by Knott et al45 using Monte Carlo simulations showed that the 
energy required to align the dipole along the electromagnetic field of the 
laser should be much higher than the energy provided by the laser. They 
concluded that the electromagnetic field of the laser cannot change the 
orientation of the solute molecules in the solvent. 
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Moreover, the phenomenon of polarization switching of Glycine described 
by Garetz et al.6 was found to be poorly reproducible by Sun et al7, who 
described the phenomenon as possible only over a reduced 
supersaturation range. Others authors interested in the polymorphic 
behaviour of glycine did not observed the polarization switching 
phenomenon10,13,14,46. Finally, it seems that the polarization of the light 
does not have an influence on the polymorphism of the crystal produced 
in the case of glycine. In the case of carbamazepine and sulfathiazole, 
there are no other studies investigating the influence of the polarized light 
on the resulting polymorphs. But, Yu et al47 used femtosecond laser and 
showed the influence of laser power on the ratio of polymorphic form 
obtained. In addition, polarization geometry had no effect on the NPLIN 
behaviour of several inorganic salts such as KCl22 or NaClO3

30
. In fact, the 

OKE mechanism is not applicable to explain NPLIN of molecules with 
isotropic polarizabilities.  

 The dielectric polarization (DP) 

2.4.2.1 Definition  

The dielectric polarization (DP) or isotropic electronic polarizability refers 
to the electronic polarization of isotropic compounds (i.e without 
preferential polarization axis). In this mechanism, the laser 
electromagnetic field shifts the electrons of the atom and deforms the 
electronic cloud as seen in Figure 2-7. Alexander and Camp22 claimed that 
the pre-critical solid cluster free energy decreases when exposed to an 
electromagnetic field if the relative permittivity of the pre-critical solid 
cluster (εp) is superior to the one of the medium (solution) (εs): εp >εs. Thus, 
the dielectric free energy is added to the free energy equation (Chapter 1- 
Equation 1-6) to give Equation 2-1 with E the electric field strength and a, 
a function of the dielectric permittivity (a>0 when εp >εs).  

𝛥𝐺 = 4𝜋𝑟ଶ𝛾 −
ସ

ଷ
𝜋𝑟ଷ(𝛥𝐺𝑣 + 𝑎𝐸ଶ)    Equation 2-1 

It results in the stabilization of the critical nucleus at smaller size and lower 
free energy barrier(ΔG) (Figure 2-8). The DP mechanism has been studied 
in the context of both the CNT22 and TSN theories13.  
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The DP mechanism does not rule out the OKE mechanism. DP 
mechanism can be seen as an extension of the OKE mechanism since 
OKE is restricted to anisotropic polarizabilities, DP brings an explanation 
for isotropic polarizabilities and compounds with no preferred polarization 
axis in the structure.  

 

Figure 2-7- Deformation of the electronic cloud of an atom when an electric field is 
applied on the right. (without electric field on the left) 

 

Figure 2-8- Lowering of the energy barrier in the presence of an electric field, adapted 
from Alexander and Camp22 

2.4.2.2 Argument in favour of DP mechanism 

The DP mechanism hypothesis arises from the observation of NPLIN for 
potassium chloride (KCl) aqueous solution22. KCl crystallizes in a cubic 
space group and has no preferential polarization axis and no dipole to 
align with the electromagnetic field of the laser (no OKE mechanism 
possible). The DP model using CNT predicts a linear dependence of the 
probability of nucleation to laser intensity which match their experimental 
data. Then, the DP mechanism was used to explain NPLIN of (i) potassium 
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bromide in the study of Ward et al25 in which they observed a higher lability 
of KBr compared to KCl due to the higher relative permittivity of KBr, and 
(ii) supercooled acetic acid34 in which calculation showed that the free 
energy of the clusters is lowered with an applied electric field. 

The modelisation of DP mechanism offers good fit with experimental data 
and explain the variation of probability of nucleation with temperature, 
supersaturation, intensity and wavelength.48 Moreover, the small influence 
of wavelength on NPLIN could be explained by the wavelength-dependent 
value of permittivity (ε). 

2.4.2.3 Limits of DP mechanism 

In the context of the CNT, Hua et al13 showed that the DP mechanism is 
not in agreement with the experimental results for glycine. Indeed, the 
calculated lability (i.e susceptibility of a solution to nucleate) from the DP 
model is 15 orders of magnitude larger than the one obtained from 
experimental data. It is however more efficient in the context of the TSN 
nucleation where the theory and experiment coincide better. Considering 
polarization switching, the theory of the DP mechanism has no 
explanations for this phenomenon.  

Moreover, the initial DP model predicts a zero threshold laser intensity, the 
model has to be shifted to account for the threshold value and fit the 
experimental data22. Also, according to Ward et al 34, as in the case of the 
OKE model, the laser energy involved in the DP model is too low to permit 
nucleation of the critical cluster even if their size is reduced by the 
electromagnetic field. 

 Cavitation 

2.4.3.1  Definition  

Cavitation is defined as the formation of bubbles of gas or vapor of solvent 
inside the solutions (Chapter 1- 1.3.6). Those bubble could collapse and 
lead to nucleation or act as a foreign particle and lead to heterogeneous 
nucleation. Crystallization induced by cavitation occurs during 
sonocrystallization (i.e ultrasound induced crystallization) or during 
mechanical shocks applied to the solution. 
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2.4.3.2 Argument in favour of cavitation  
A first set of studies related to the formation of gaseous bubbles under 
laser irradiation lead the community to focus on the interconnections 
between laser induced gas cavitation and crystal nucleation. The NPLIN 
of CO2 bubbles observed by Knott et al32 was the first step towards the 
development of this cavitation mechanism. Given that CO2 bubble has a 
smaller relative permittivity (εp<εs), the DP mechanism cannot stabilize the 
nucleus and the OKE mechanism is also not applicable since the 
nucleation of gas bubble would not be enhanced by an alignment of the 
molecules. Moreover, these authors also showed that gently shaking a co-
supersaturating aqueous solution with glycine and argon, allows to release 
argon bubbles and lead to the crystallisation of glycine without the use of 
laser which evidences a link between bubble and nucleation. In addition, 
Alexander et al49 have demonstrated the cavitation induced nucleation of 
ammonium chloride after mechanical shock.  

Cavitation is the most popular mechanism when dealing with focused 
femtosecond laser pulse. Indeed, bubbles are observed in several system 
exposed to femtosecond laser as for example the case of anthracene50, 
protein51, acetaminophen52 or sulfathiazole47. The only example of 
cavitation using a nanosecond laser is the study of Soare et al, yet they 
used focused laser beam and the solution were doped with ink to facilitate 
absorption and formation of bubble. 

2.4.3.3 Limits of cavitation 

Given that our study discusses the mechanism of NPLIN regarding 
nanosecond laser only, the cavitation mechanism as it is depicted for 
femtosecond laser may be not valid in the case of nanosecond laser. 
There is no evidence of bubble nucleation in the case of NPLIN studies 
using nanosecond, non-focused laser pulses, even though those bubbles 
could be short-lived and too small to be detected32. 

In addition, Kacker et al27 measured the pressure variations after 
irradiation (1pulse at 80MW/cm², unfocused nanosecond laser) in masked 
vial and unmasked vial filled with the same solution. They observed a 
much higher peak pressure signal in masked vial but no nucleation and a 
lower peak pressure signal in unmasked vial but with nucleation. They 
concluded that the pressure measured was too low to influence nucleation 
kinetics and the cavitation by means of shock waves induced by the laser 
was unlikely. 
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Soare et al29 stated however that ultrasonic cavitation differs from laser 
induced cavitation as ultrasound bubble are made of gas and laser bubble 
of vapor.  Although cavitation is involved in both cases, the nucleation 
mechanism of the bubble and then the crystal may differ. 

 Nanoparticle heating 

2.4.4.1 Definition 

The nanoparticle heating mechanism implies the presence of nanoparticle 
in the solution that act in some handover process between laser irradiation 
and nucleation. When the supersaturated solution is exposed to laser 
pulses, various hypotheses regarding the behaviour of the nanoparticles 
upon irradiation and its consequence on solution nucleation have been 
proposed. The first step of this mechanism relies on the absorption of the 
laser energy by a solid impurity particle (Figure 2-9 a). Then the particle 
releases heat energy and triggers the nucleation of a short-lived cavity 
composed of gaseous matter or solvent vapor. It has been proposed that: 
(i) the gas bubbles formation could lead to a local and sudden increase in 
concentration resulting in heterogeneous nucleation (Figure 2-9 b), or (ii) 
the collapse of the bubble could produce a pressure wave that will induce 
the nucleation such as in sonocrystallization (i.e nucleation assisted by 
ultrasound) (Figure 2-9 c). It has also been proposed that, provided 
enough energy, the particle can be destroyed by the laser - in this case, 
the nucleation can occur due to the resulting shock or due to new 
heterogeneous interfaces. (Figure 2-9 d)  

 

Figure 2-9- Possible behaviour of the nanoparticle regarding NPLIN induction. a) 
absorption/diffusion of the laser pulse by a particle b) heating of the surrounding 
solution and formation of gaseous/ vapor cavities. b) Collapsing of the cavity causes 
pressure wave d) destruction of the particle. Adapted from Alexander et al48 
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2.4.4.2 Argument in favour of nanoparticle heating mechanism  

Ward et al33 investigated the NPLIN of CO2 gas bubbles from aqueous 
solutions doped with sucrose. Sucrose was used as an impurity, with 
concentration much lower than saturation. They have observed that the 
addition of sucrose increases the probability to nucleate CO2 bubbles but 
that filtering the supersaturated solution induces a strong decrease of CO2 
nucleation rate. This lead to consider that some insoluble impurity particles 
coming from the sucrose lots must be present in solution prior to filtration, 
enhancing the NPLIN efficiency on CO2. Several researches reported 
similar behaviors during their NPLIN studies: solution filtration most often 
results in a strong decrease of the NPLIN rate9,22,27. Ward et al38 
investigated the chemical nature of such impurity nanoparticles and found 
that they are composed mainly of iron and phosphorus. These impurities 
originate from ammonium chloride, but the impurity composition and size 
may differ from one compound to another. Moreover, Alexander et al49 
conducted a study on nucleation of ammonium chloride by mechanical 
shock and observe no influence of filtration nor doping of solution, which 
suggest a particular interaction between nanoparticle and the laser. 

More hypotheses have been drawn out of these experimental 
observations48. (i) The systematic existence of an intensity threshold 
during NPLIN experiments could be due to the need of sufficient energy 
to heat the nanoparticles up to a level at which it can trigger nucleation of 
the solution. (ii) The different results observed in NPLIN experiments for 
the same compound could be due to differences in concentration and 
nature of the impurities. (iii) the polarization switching phenomenon could 
be explained by the difference of optical properties of the nanoparticles 
upon irradiation with linearly or circularly polarized light. 

2.4.4.3 Limits of the nanoparticle heating mechanism 

The cavitation mechanism describes the formation of bubbles induced by 
the laser which then induce the nucleation of the supersaturated 
compound. However, the mechanism by which bubble formation triggers 
the nucleation is not clear (Figure 2-9). 

One should first question the energy required to heat a single nanoparticle 
in solution. Irimia et al14 showed an elevation of temperature of only 0.6K 
for 600 pulses at 532nm and 4.5K for 600 pulses at 1064nm in 
supersaturated solutions. Yet, it is known that NPLIN can occur even if 
only one pulse is applied,  while the temperature elevation for one single 
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pulse would be negligible, Irimia showed that one single pulse enables 
higher probability of nucleation than 600 pulses. Moreover, the probability 
of nucleation is also higher with the use of 532nm than 1064nm7. Thus, 
NPLIN is favoured when conditions minimize the temperature increase. 
So, is the energy of a single pulse at 532nm sufficient to generate a vapor 
bubble? Nevertheless, it should be noted that the temperature elevation 
measurement concerns the global temperature of the solution, the 
nanoparticle heating mechanism might involve a significant local 
temperature increase around the nanoparticle. For example, the 
exposition of gold nanoparticle solution to nanosecond laser pulse causes 
the nanoparticle to heat up to 700K53, this heat is dissipated into the 
surrounding water, above a certain distance from the particle, the 
temperature of the solution is unchanged.54 

Besides, the presence of bubbles is necessary but not sufficient to induce 
nucleation. A study shows that even in degassed solution there is still gas 
bubbles remaining in the solution with a concentration of 4.107/mL and a 
mean diameter of 250nm.55 

2.5 SOLUTION PARAMETERS 
They are five parameters linked to the solution preparation that can 
influence the NPLIN phenomenon. They are summarized in Table 2-2 and 
presented in detail in the following paragraphs.  

Table 2-2- Summary of the parameters related to the solution, their influence on NPLIN 
phenomenon, and references in which the related parameters have been investigated. 

Parameters Influence References 

Supersaturation 
- Probability of nucleation  
- Induction time 
- Polymorphism  

7,10,14,22,27 

Aging 
- Probability of nucleation 
(organic molecules) 

- No influence (for inorganic salt) 

5,13 

22 

Impurities  - Probability of nucleation  9,27,38 

Viscosity  
- Spatial control 
- Polymorphism  

11,23 

Solvent 
- Probability of nucleation  
- Induction time 
- Polymorphism 

36 
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 Solution Supersaturation 

Supersaturation is the most important parameter of the solution when 
dealing with crystallization from solution, since the supersaturation is the 
driving force for nucleation (Chapter 1-1.3.1). For NPLIN experiments the 
supersaturation has to be chosen so that the system is in the metastable 
zone (Chapter 1-1.3.2) in order to strongly reduce the rate of primary 
nucleation and to assert that any nucleation event is triggered by the laser 
irradiation. Depending on the compound studied, the metastable zone can 
be quite large, therefore a range of supersaturation can be investigated. 
At high supersaturation, the system is more labile to nucleate, the 
induction time decreases and the probability of nucleation increases. In 
return, the laser intensity threshold (see 2.6.3) required to nucleate is 
decreased.7,10,14,22,27 As for regular solution crystallization, in NPLIN 
process, supersaturation also affects polymorphism. For instance, in the 
case of glycine Sun et al7 and Liu et al11 have shown that high 
supersaturation lead to γ-glycine and low supersaturation lead to α-glycine 
(see 2.4.1.2).  

 Solution Aging 

Aging of the solution refers to the delay time before irradiation of the 
supersaturated solution after its preparation. Aging of the solution is a 
parameter which was mainly explored for the study of organic molecules 
1,5,20,36,37. Some authors claimed that aging of solution helps increasing the 
probability of nucleation by the creation of clusters during aging5,13. This 
waiting time is indeed regarded as necessary for the establishment of the 
“dense liquid precursors” in the first step of the TSN (two step nucleation) 
model (Chapter1-1.3.4), and the laser would facilitate crystal nucleation 
during the second step. However, in the case of inorganic salts, the 
authors claimed that the aging period had no influence on the kinetics of 
NPLIN22. Overall, there is no consensus on the impact of solution ageing 
on NPLIN induction times48, it might be compound-dependent. 

 Presence of Impurities 

It has been shown that the preparation procedure of the supersaturated 
solutions has also an influence on the NPLIN behavior. In particular, if the 
supersaturated solutions are filtered (usually using 0.2 µm syringe filters), 
a process which is believed to remove insoluble dusts, then a drastic 
reduction or even suppression of the NPLIN phenomenon has been 
reported. It seems that the presence of solid impurities in the solution 
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enhances nucleation9,27,38. This is further developed in the section 2.4.3 
about the nanoparticle heating mechanism.  

 Viscosity of the medium 

The use of a gelling agent like agarose in solution increases the viscosity 
of the medium and seems to increase the nucleation rate (reduce the 
induction time) and increase the number of crystals produced.23 It was also 
shown that NPLIN experiments performed using a supersaturated gel 
matrix could influence the polymorphism of glycine.11 

 Solvent Nature 

As shown in Table 2-1, the studied solutions are mostly aqueous. 
Nevertheless, Ikni et al36 compared the influence of acetonitrile and 
methanol on carbamazepine nucleation by NPLIN. As expected, the 
solvent in which the molecule is the more soluble gives higher probability 
of nucleation. Moreover, the choice of the solvent can influence the 
polymorphism. They have showed that spontaneous nucleation in both 
solvent leads to form III of carbamazepine whereas via NPLIN methanol 
lead to form III also, but acetonitrile can lead to the formation of a mix of 
form I, II and III with different proportion.  

2.6 LASER PARAMETERS  
The laser parameters which have been reported to impact the NPLIN 
behaviour are summarized in Table 2-3 and presented in detail in the 
following paragraphs. 

Table 2-3- Summary of the parameters related to the laser, their influence on NPLIN 
phenomenon, and related literature. 

Parameters Influence References 

Wavelength - Little or no influence 
3,7,20,25 

27,32,42 

Polarisation 
- Polymorphism ? 
- Probability of nucleation 
- No influence 

7,19,36,37 
3 

22 

Intensity 
- Probability of nucleation  
- Induction time 

22,27,28,37 

Number of pulses 
- Number of crystals 
- Probability of nucleation  
- Induction time 

14,22,28,37,38  

Pulse duration 
- Different mechanism  
- Influence to confirm 

20,24 

Focusing - Cavitation  29,31,39 
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 Wavelength  

In most NPLIN studies, the lasers used emit at a wavelength of 1064nm 
or 532nm (double frequency). Since the process is regarded as a non-
photochemical phenomenon, the wavelength of the laser used should not 
have an influence on the process. However, it has been observed that 
NPLIN at 1064nm is less effective than at 532nm.3,7,20,25 Indeed, changing 
the working wavelength and the absorbance of the solvent is different. In 
the case of aqueous solution, water has a higher absorption coefficient at 
1064nm than 532nm. Moreover, Irimia et al14 measured temperature 
increase in a solution exposed to 600 pulses of 1064nm laser of at least 
4K whereas it is less than 1K with a 532nm laser (with the same pulse 
energy). It is well known that the temperature considerably affects the 
supersaturation of the solution (Chapter1-1.3.1) and affects NPLIN 
efficiency (see section 2.5.1). Matic et al3 has already advised the use of 
532nm instead of 1064nm to avoid heating of aqueous solution. Yet, the 
use of 1064nm wavelength seems more common (see Table 2-1) and 
some researchers claimed that NPLIN is wavelength independent.27,32,42 

 Polarization  

The polarization of the laser was reported to control the polymorphism as 
in the “polarization switching” observation made in the case of glycine7 and 
L-histidine16 NPLIN, but also in the cases of sulfathiazole37 and 
carbamazepine36. The handedness of the circular polarized light has no 
influence on the NPLIN of L-histidine, for the other molecules the 
handedness was not specified. The polarization of the laser light is also 
reported to affect the nucleation of compounds that do not exhibit 
polymorphism, for example Matic et al3 showed that linear polarization 
gives higher probability of nucleation than circular polarization in the case 
of urea (see section 2.4.1.2). However, in the case of sodium chloride, 
Alexander et al22 did not observe any influence of the polarization. 
Besides, the use of circular polarized light is expected to help control the 
chirality of resulting crystals, a possibility that is not yet confirmed16,30,31. 

 Laser Intensity 

Laser Intensity is one of the main parameters that influences NPLIN. 
Higher laser intensities seem to decrease the induction time and increase 
the probability of nucleation22,27,28,37. In NPLIN experiments, several 
authors report an energy threshold below which no nucleation 
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occurs3,6,13,22. This threshold appears to be dependent of the 
supersaturation of the solution.27  

 Number of pulses 

The number of pulses is a parameter that is complementary to the intensity 
parameters and also helps increasing the NPLIN efficiency. In addition, 
the number of pulses imposes the number of crystals nucleated. For 
example, Alexander et al22

 demonstrated that one single pulse allows to 
nucleate a single crystal. Moreover, the increase in the number of pulses 
increases the number of crystals obtained37 but Hua et al28 stated that the 
number of crystals is independent of the number of laser pulses. Yet, there 
is a limit, too many pulses can have an inverse effect: a lower efficiency of 
NPLIN due to heating of solution which decreases the supersaturation14 
or maybe to the destruction of cluster or impurities38.  

 Pulse duration 

Pulse duration is the time width of the laser pulse (Chapter1-1.4.3). A 
pulse duration covers several orders of magnitude from nanosecond to 
picosecond or femtosecond depending of the type of laser used. Yet, even 
if only nanosecond lasers are relevant to the work presented in this 
manuscript, there are still differences in pulse duration from one laser to 
another. Typical pulse width is between 5ns and 9ns. Ward et al24 
compared the impact of two different pulse widths (a short pulse of 6ns 
and a long pulse of 200ns) for NPLIN of KCl. They found no correlation 
between the probability of nucleation and the pulse width. However, Lee 
et al20 suggest to use shorter pulse durations to minimize the energy 
absorbed and increase NPLIN efficiency.  

 Focusing 

Focusing of the laser beam results in higher intensity as the illuminated 
surface is reduced. Usually NPLIN studies do not use focused laser beams 
but a few articles report the use of focused beams. Most studies using 
focused laser report cavitation phenomenon29,31 or shock-waves35,39,56. 
Barber et al31 showed the formation of plasma in the irradiated solution 
with a single nanosecond focused laser pulse and giving mostly one or 
two crystals. No comparative studies on the behaviour of NPLIN between 
a focused and unfocused laser are available.  
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3.1 CHEMICAL MATERIALS 
During this work, different compounds were studied. The compound used 
as well as purity and suppliers are listed in Table 3-1 and were used 
without any further purification. Solutions were prepared with 
demineralized water (2-8 µS.cm-1) supplied by an osmosis unit water 
purification system from OSMOTECH (Buchelay, France).  

Table 3-1-List of compounds used with purity and supplier 

Name Purity Supplier 
Potassium sulfate 99% MERCK 

EDS ≥ 97% MERCK 
Diprophylline >98% MERCK 

3.2 MEASURE OF SOLUBILITY  
All solubility values reported in this work have been evaluated by 
gravimetric measurements using the following procedure: A suspension of 
crystals (marketed solid form) in a given solvent has been stirred at least 
12h at a given temperature. The saturated solution was then filtered and 
weighted (msaturated solution). After evaporation of the solvent in an oven at 
50°C, the dry residue corresponding to the dissolved compound has been 
weighted (mdry residue). The ratio of the masses gives the solubility S at the 
chosen temperature (Equation 3-1) 

𝑆 =  
௠೏ೝ೤ ೝ೐ೞ೔೏ೠ೐

௠ೞೌ೟ೠೝೌ೟೐೏ ೞ೚೗ೠ೟೔೚೙
∙ 100   Equation 3-1 

In the context of NPLIN experiments, the solubility values are appropriate 
if: (i) the values are sufficiently sensitive to temperature to allow cooling 
crystallization (ii) the solubility is high enough to obtain crystals of a size 
that can be detected with the naked eye but (iii) not too high to avoid 
uncontrolled crystallization and caking. 

3.3 PREPARATION OF SUPERSATURATED SOLUTION  
A stock solution is prepared at the desired concentration in order to be 
supersaturated at the working temperature and in the MSZW (determined 
from control sample and spontaneous nucleation). To prepare the solution 
defined masses of compound and solvent are weighted. The solution is 
heated until a homogeneous solution is obtained. The hot solution is 
transferred in vials (borosilicate glass. dimensions: 1.2 cm diameter, 1 mm 
thickness, total height 2.6 cm) with a precision pipette set at 1mL, the cone 
is changed every 5 vials. Each vial is carefully closed with a screw cap 
equipped with a rubber seal to avoid evaporation. All the vials are placed 
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in the oven for at least 3 hours, the temperature of T=50°C was sufficient 
for all our experiments to ensure complete dissolution of the solute. It was 
confirmed that no solvent evaporation occurred during this step. Then the 
vials are placed in a thermostated room at 20°C to reach supersaturation 
at least 1h before irradiation. This 1h wait is the minimum aging time to 
ensure the solution is cooled and is in a quiescent state. (The time is 
counted from the moment the vials are removed from the oven) 

 Filtration  

When required, filtration of the samples was performed with hot solution, 
either with syringe filters (PTFE) or membrane filter. In the case of syringe 
filters, two sizes were used, 0.2µm or 0.45µm. The hot solution was 
collected with a 1mL syringe and passed over the filter to fill the vial. This 
was repeated until all the stock solution was used. The syringe and filter 
used were changed every 5 vials. In the case of membrane filter, all the 
solutions were passed through the same membrane and collected in the 
flask before being distributed in the vials as described in section 3.3. (see 
Figure 3-1 for the set-up of the filtration process). Special care was taken 
to ensure that no nucleation occurred during filtration, that could change 
the supersaturation. The concentration of the filtered solution was checked 
by gravimetry.  

 
Figure 3-1-Membrane filtration set-up. 1)Funnel 2) membrane 3) Fritted glass support 
4) flask 5) vacuum pump  
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 Doped solution 

To evaluate the influence of impurities, solutions were doped with known 
particles such as Gold nanoparticles aqueous solution stabilized with 
citrate buffer, Silver nanoparticles aqueous solution stabilized with citrate 
buffer, Stainless steel (316L) particle or rust (obtained from aqueous 
suspension of steel, when the solution turns orange-brown, the 
supernatant is filtered and the dry filter is gently scraped to recover the 
rust powder). The characteristics of the different particle used are detailed 
in Table 3-2.  

Table 3-2-Characteristics of the particles used to dope solutions. 

Nature of 
particle 

Gold Silver Stainless 
Steel (316L) 

Rust 
(“rouge”) 

Supplier MERCK MERCK 
GPM 

laboratory 
INSA 

Produced 
from 

Stainless 
steel 

Size 10nm 10nm 20-50µm / 

Appearance 
Pink 

solution 
Yellow 
solution 

Grey 
powder 

(that settles) 

Brown 
powder 

(suspension) 

Concentration 0.06mg/mL 0.02mg/mL / / 

λmax (nm) 520 400 / / 

In the case of powder particles, they were added in the filtered stock 
solution. Stainless steel was added in higher quantity as the powder 
settles at the bottom of the vials. In the case of particles in aqueous 
suspension, the solution was prepared with an amount of water minus the 
amount of doping solution to add. The solution is filtered, and then the 
doping solution is added. Small amount of gold and silver solution were 
added in order to avoid the coloration of the solution.  
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Table 3-3-Concentration of the doping agent per gram of compound studied 

 Gold1 Silver1 
Stainless 

Steel (316L) 
Rust 

Volume or mass 
( for 15g EDS) 

1.67mL 5mL 1g 2.5mg 

Concentration 
mg/gEDS 

0.006 0.006 60 0.16 

Number of 
particles (in 

EDS solution) 
9.98.1012 1.80.1013 / / 

 Gas saturation 

To study the influence of dissolved gas on the NPLIN behaviour of K2SO4, 
the above protocol was applied with the following modification. First, water 
was sonicated in an ultrasonic bath (VWR USC100T, 45KHz, 30W) for five 
minutes for degassing, then adequate amount of K2SO4 was added and 
the vessel containing the stock solution was rapidly sealed. While heating 
the stock solution, the selected gas was bubbled into the solution by using 
a gas filled balloon connected to a needle for at least 30 min. Nitrogen gas 
was purchased from Air liquide with a purity of 99.9999% (Alphagaz2). 
Carbon dioxide was produced by chemical reaction between calcium 
carbonate (RP Normapur 99%) and hydro-chloric acid 37% from VWR 
Chemicals. 1mL of solution is drawn out with a needle to fill the vials. At 
least 100 vials (4 sets of 25 vials) for each condition were exposed to laser 
as usual using one pulse at 85.6mJ. 

3.4 LASER SET-UP 
The laser used in this work is a nanosecond Q-switched Nd-YAG (NL300, 
EKSPLA, Vilnius, Lituania distributed by Opton Laser, France). This laser 
emits pulses at a wavelength of 1064nm, for a duration of 5.3ns with a 
pulse repetition frequency of 10Hz. With the addition of a module in front 
of the laser, the wavelength can be converted to 532nm (Chapter 1-1.4.4) 
as showed in the Figure 3-2,B. 
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The beam diameter at laser output is of 6mm (Figure 3-2 (1)). The 
polarization geometry of the laser light (linear or circular) was control by a 
quarter-wave plate placed on the beam path (Figure 3-2 (2)). The pulse 
energy was measured by means of a power meter NOVA II with a 
pyroelectric sensor (PE50BF-DIFH-C (OPHIR, Jerusalem, Israel 
distributed by MKS, Virigneux, France). Table 3-4 indicates the 
correspondence between measured energy and calculated intensity.  

Table 3-4-Correspondence table between Energy and Intensity  

Energy per pulse 
(mJ/pulse) 

Intensity 
(MW/cm²) 

18.0 12 

34.8 23 

51.5 34 

68.4 46 

85.6 57 

102.4 68 

As the vial containing the solution is cylindrical, it acts as a focusing lens 
thus the beam spot is reduced to an elliptical shape of 3x6mm at the exit 
of the vial. Therefore, the irradiated volume is considered as the one of a 
truncated cone, 0.20mL are irradiated corresponding to 20% of the total 
volume of solution in the vial (1mL). Moreover, it is considered that the vial 
surface is reflecting the laser light which reduces the energy received by 
the solution of an estimated value of circa 4% (the reflexion coefficient (R) 
is calculated with Equation 3-2, considering the indexes of refraction nair = 
1.0003; nglass = 1.5066)  

𝑅 =
(௡ೌ೔ೝି௡೒೗ೌೞೞ)²

(௡ೌ೔ೝା௡೒೗ೌೞೞ)²
=

(ଵ.଴଴଴ଷିଵ.ହ଴଺଺)²

(ଵ.଴଴଴ଷାଵ.ହ଴଺଺)²
= 0.04   Equation 3-2 
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Figure 3-2-Set up of the irradiation of the supersaturated solutions. 1- Laser source 2-
Quarter-wave plate 3- Vial containing supersaturated solution 4,5- Power meter. A- 
1064nm set-up. B- 532nm set-up.  

3.5 NPLIN EXPERIMENTS  

 Laser exposure  

Vial containing supersaturated solutions were carefully and manually 
moved to be irradiated one by one (control sample were also moved in 
order to ensure nucleation is not due to the vials movement). To confirm 
that the nucleation is induced by the laser, at least 10% of the vials were 
not irradiated, they are hereafter called “control samples”. In some cases, 
in order to compare the spontaneous nucleation kinetics to the NPLIN 
kinetics, the number of control sample were the same that NPLIN sample. 
The number of pulses, intensity, polarization and wavelength were 
determined for each experiment before irradiation according to the 
compound studied and the desired objective.  
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 Collecting the results 

Nucleation via laser pulse is still a stochastic event that needs statistical 
data analysis. After irradiation of the samples, the nucleation was 
monitored visually by inspecting the vials with naked eyes. Three factors 
were used to evaluate the efficiency of NPLIN.  

The first factor was the induction time (ti) which is the time between laser 
exposure and the observed onset of nucleation. Obviously, the value is 
overestimated since it is impossible to observe the onset of nucleation, the 
crystal must grow to be detected.  

The second factor was the probability of nucleation over time (Pn(t)). It 
represents the number of crystallized vials after a time t (Ncryst(t)) over the 
total number of irradiated vials (Nvials). (Equation 3-3)  

𝑃௡(𝑡) =
ே೎ೝ೤ೞ೟(೟)

ேೡ೔ೌ೗ೞ
∗ 100      Equation 3-3 

The third factor focused on the crystals produced. The mean number of 
crystals per vial was determined for each set of experiments. In addition, 
crystals morphologies were observed via optical microscope. 

Then, according to the compound studied, analytical techniques were 
used to check the polymorphism or the chirality. 

3.6 ANALYTICAL TECHNIQUES 

 X-Ray diffraction 

X-ray powder diffraction (XRPD) analyses were performed by D8-discover 
diffractometer (Bruker) equipped with a goniometer of geometry θ/θ, a 
copper anode (Kα 1.5418 Å) and a Lynx Eye linear detector.  

Temperature resolved X-ray powder diffraction (TR-XRD) analyses were 
performed by D8 diffractometer (BRUKER) with a sample holder 
thermostated with a TTK 450 Anton parr heating chamber. Diffraction 
pattern of EDS were recorded during heating stage and cooling stage and 
at particular temperature of 240°C, over the 2θ range 4-80° by steps of 
0.02° with 1s per step.  
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 Differential scanning calorimetry  

Differential scanning calorimetry was used to study the behaviour of the 
compound with temperature. The analyses were performed on a DSC 214 
Polyma Netzsch apparatus, with aluminium pan closed or with pierced lid 
at rate of 2, 5 and 10K/min. Proteus software was used to analyses the 
data. 

 Microscopy  

Microscope NIKON SMZ-10A equipped with a Sony DXC-950 3CCD Color 
Video Camera Power HAD was used to obtain pictures of crystals 
morphologies. Microscope NIKON Eclipse LV100 equipped with 
polarizer/analyser was used to identify the handedness of crystals of EDS. 
When the microscope is equipped with hot stage device (Linkam THMS 
600), the behaviour of crystal with temperature can be observed.  

 Second harmonic generation (SHG) 

SHG is a non-linear optical effect that occurs only in non-centrosymmetric 
crystals. It consists of an interaction between a laser light at wavelength  
and a solid crystalline material which results in the emission of a light with 
half wavelength (/2).  

A femtosecond laser (Insight X3, spectaphysics) tunable over a range of 
wavelength from 680 to 1300nm coupled with a Leica SP8 confocal 
microscope was used to analyse the SHG response of the sample. The 
sample was exposed to a given wavelength and the detector used to 
collect intensity at half the excitation wavelength. SHG analyses were 
performed either on small single crystal or on powder. With a Linkam 
device, it was possible to perform the analyses at different temperatures 
and therefore follow the phase transitions of the sample.  

 UV-visible spectroscopy  

Absorption spectra of saturated solutions were recorded using a lambda 
35 UV/vis spectrophotometer from PerkinElmer. Sample were analysed in 
PMMA cell in the range of 400-1100nm with a resolution of 1nm. The blank 
reference was an empty cell.  

 FTIR spectroscopy 

Infrared spectra were acquired using ATR-FTIR alpha-P 
spectrophotometer (Bruker). Samples were placed on the crystal of the 
ATR and spectra were recorded at room temperature, with 24 scans from 
400 to 4000 cm-1 with a spectral resolution of 4 cm-1. 
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 ICPE spectroscopy 

Inductively Coupled Plasma Emission (ICPE) Spectroscope (9800- 
Shimadzu) was used for elemental analysis of the remaining impurities 
after solution filtration. The PTFE filter membranes with impurities and 
without (control sample) were soak in hydrochloric acid (35%) for a day, 
and then the membrane was removed, and the solution diluted by 10 with 
water before analysis. The solution was injected into a plasma, which 
allows to ionize the sample which then emits a characteristic wavelength 
allowing the identification and an intensity proportional to the quantity. 
Three analyses were made for each sample in order to check the 
reproducibility of the results. 

 Atomic force microscopy AFM  

AFM analysis allows to measure the roughness of a sample. In this work, 
the analysis was conducted in the Air contact mode, with a classic pyramid 
C-probe (0.38N/m), at scanning speed from 0.5 to 1Hz. Pictures are 
measured at different scales to get a global view of the sample and a more 
detailed view. The analysis gives results values such as the average 
roughness (Ra) and the maximum roughness (Rz). 

 Scanning electron microscopy  

The SEM produce picture that shows the surface texture of the sample. 
The analysis was performed with a Jeol JCM 5000 NeoScope instrument. 
Glass vial samples were coated with gold layer prior to analysis. (Neo 
coater MP-19020NCTR). 
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4.1 INTRODUCTION  
During this PhD work, the NPLIN phenomenon was studied through the 
case of potassium sulfate (K2SO4) in water. It is indeed a good candidate, 
since the K2SO4-H2O system does not exhibit any hydrate and crystallizes 
from water as a single form at room temperature (i.e no concomitant 
polymorphism1) which facilitates the interpretation of the results. K2SO4 
was found to be an interesting candidate to evaluate the influence of 
several parameters on the NPLIN kinetics such as the number of pulses 
and intensity, polarization, supersaturation, solvent, gelling, solution 
filtration. The nature and composition of the dissolved gas in solution and 
their impact on the NPLIN phenomenon was also examined.  

 Solid state  

Under atmospheric pressure, K2SO4 crystallises in the orthorhombic space 
group Pnam (n°62)2 which is the stable polymorph (β-form) up to 583°C, 
above which it transforms into the α-form (P63/mmc (n°194))3. The 
crystallization of the high temperature polymorph (α-form) is not possible 
under the experimental conditions of our NPLIN study since the working 
temperature is of 20°C (Chapter 3- §3.3) and if heating occurs due to the 
laser pulses, the temperature of the aqueous solution cannot exceed 
100°C (the boiling point) (Chapter 2-§2.4.4). There is also no hydrate of 
K2SO4 reported in literature and we did not observe any during our 
investigations. The study of the β-form crystal structure and birefringence 
values from literature4 indicate that there is no strong polarization axis in 
the structure since the three refractive indices (one for each direction of 
the structure) are similar.  

 Solubility of Potassium sulfate 

K2SO4 is an inorganic salt, principally soluble in water. First, it was 
important to measure the solubility in water in order to establish the 
crystallization conditions suitable for our nucleation study. The solubility in 
water was measured by the gravimetric method at two temperatures 
(Chapter 3- §3.2). The measured solubilities at 20 and 40°C are 10.05 and 
12.81 %wt respectively. The solubility of K2SO4 in water is therefore said 
to be “normal” (Chapter 1- §1.3.1) and increases with temperature as 
opposed to the case of “retrograde” solubility, observed for instance in the 
case of sodium sulfate (Na2SO4

5). The values are in good agreement with 
literature6,7, as highlighted in Figure 4-1. 
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Figure 4-1-Representation of the experimentally measured aqueous solubility of K2SO4 
as a function of temperature.  

The solubility was also measured by gravimetry at 20°C in three aqueous- 
organic solvent mixtures: H2O/Acetone, H2O/Methanol and H2O/Ethanol 
with a ratio of 10%wt of organic solvent in water. The solubility values 
obtained are presented in Table 4-1 and are in good agreement with those 
of Mydlarz et al.8.  

Table 4-1-Solubility values measured at 20°C for three water/organic solvent mixtures 
(10%wt). MeOH: methanol, EtOH: ethanol. 

 H2O/MeOH H2O/EtOH H2O/Acetone 
Solubility (%wt) 4.5 4.2 4.7 

The strong solubility decrease (of more than 50%) is obviously due to the 
fact that methanol, ethanol and acetone are very poor solvent for 
potassium sulfate. 

 Spectroscopy UV-vis 

To design the NPLIN experiments, it was also necessary to confirm the 
absence of light absorption by the K2SO4 solutions in order to rule out any 
possibility of photochemical effects. The absorbances of a saturated 
solution of K2SO4 in demineralized water and that of pure demineralized 
water were measured by using UV-vis spectroscopy. The absorption 
spectra are shown in Figure 4-2. Pure water is known to absorb light at 
980nm, and weaklier at 760nm and 840nm9–11 and to exhibit higher 
absorbance in the NIR region at 1190, 1450 and 1940 nm12. At the working 
wavelength of 1064nm (represented by the vertical dashed line in Figure 
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4-2) there is little absorption of the K2SO4 solution, which is mainly due to 
the water absorption. This absorption is however very weak, and no 
photochemical reactions of K2SO4 are expected (nor was observed during 
this study). The negative absorption observed is due to the automatic 
suppression of the reference spectrum of the empty cell on the spectrum 
of the sample. 

 
Figure 4-2-Absorption spectra of water and saturated aqueous solution of K2SO4. 

 Heating effect upon irradiation of a K2SO4 solution  
The small absorption of water and aqueous solution of K2SO4 at 1064nm 
can however lead to heating of the solution exposed to the laser. In order 
to evaluate the temperature increase in the solution the temperature was 
measured with a thermocouple thermometer before and just after 
irradiation with a variable number of pulses with an energy of 
85.6mJ/pulse.  

Table 4-2 summarizes the temperature differences measured for different 
number of pulses on K2SO4 supersaturated solution at β=1.25. The 
temperature increase reaches almost 3 °C when 1200 pulses are used. In 
order to minimize the temperature increase, the parameters of irradiation 
will not exceed 100 pulses for the rest of the study. Using the same 
theoretical model developed and experimentally validated by Irimia et al.13 
the increase of temperature was calculated to be 2.4.10-3 K/pulse (with 
Cp=3.75 J.g-1K-1). Irimia et al.13 also discussed the effect of an excessive 
number of pulses (over 600 pulses). They showed a decrease of the 
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probability of nucleation due to the overall temperature increase and 
associated supersaturation decrease of the solution.  

 

Table 4-2-Measured temperature increases of K2SO4 solutions at β=1.25 as a function 
of the number of pulses (for an energy of 85.6mJ/pulse at 1064nm). 

Number of 
pulses 

ΔT (±0.1) 

100  0.3 

200  0.6 

400  1.3 

600  1.7 

1200  2.7 

4.2 STUDY OF THE NPLIN OF POTASSIUM SULFATE FROM WATER SOLUTION  
This section reports the experimental results collected. The experimental 
set up and the methodology applied for statistical analyses of NPLIN 
induction times are fully described in Chapter 3. It is necessary to remind 
here that for every given NPLIN experimental set, at least 10% of the 
samples were not irradiated and serves as the reference to confirm the 
NPLIN effect. 

 Influence of supersaturation  

As for regular crystallization process design, the first parameter that was 
investigated in this study was supersaturation. The range of investigated 
supersaturations should obviously be located in the MSZW of the 
compound (Chapter 2-§2.5.1). Indeed, supersaturation has to be 
sufficiently high for the nucleation kinetics (either spontaneous or NPLIN) 
to be measurable at reasonable time scale. Conversely, supersaturation 
has to be sufficiently low to avoid uncontrolled crystallization that would 
blur the limit between spontaneous crystallization and NPLIN. In the case 
of the K2SO4 water system, an adequate supersaturation range was 
therefore chosen via preliminary experiments. It was established that a 
1.15<β<1.25 supersaturation range fulfils the above criteria. The 
metastable zone limit was not determined but the supersaturation chosen 
are under this limit, which is confirmed by the control samples. 
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To study the influence of supersaturation on the NPLIN kinetics of K2SO4 
at 20°C in water, vials containing the metastable solution of K2SO4 at 
supersaturation of β=1.25, 1.20 and 1.15 (at least 50 vials in each case) 
were exposed to one laser pulse with a pulse energy of 18 mJ at the 
entrance of the vial. The number of pulses was limited to a single shot in 
order to minimize the heating effect due to the water absorption at 1064 
nm. In parallel, control samples (at least 10 vials for each value of β) 
prepared with the same procedure were not exposed to laser light to 
compare the kinetics of spontaneous crystallization with that of NPLIN 
experiments and thus confirm the presence of the NPLIN phenomenon.  

The results, presented in Figure 4-3, highlight the presence of a NPLIN 
phenomenon in the K2SO4 – water system. Indeed, at each investigated β 
value, the irradiated samples have higher probability of nucleation and 
lower induction times than the control samples. For example, Figure 4-3 
shows that 24h after irradiation, the probability of nucleation of all 
irradiated samples is doubled compared to the corresponding control 
samples. As expected, Figure 4-3 highlights that in the NPLIN process, 
the control of supersaturation is as important as in any nucleation process: 
the higher the supersaturation, the more labile to nucleation the system is, 
since higher supersaturations result in higher NPLIN probabilities. 
Although not shown in Figure 4-3, the probability of nucleation of β=1.20 
and 1.15 samples both converge to a probability of nucleation of 100% 
after circa 72h.  

Supersaturation of β=1.25 was chosen for the rest of the study as it offers 
the smallest induction time and the largest gap between NPLIN and 
spontaneous nucleation.  
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Figure 4-3-Evolution of the probability of nucleation as a function of time for different 
supersaturations. NPLIN samples were exposed to 1 pulse at 18mJ and control 
samples were not exposed to laser and nucleated spontaneously. (dashed lines are 
guides to the eye) 

 Influence of the number of pulses and intensity  

In this section, the influence of the number of pulses and their intensity are 
investigated for K2SO4 (β=1.25) and compared with results obtained in 
literature, previously reviewed in Chapter 2 (§2.6.3 & §2.6.4). Table 4-3 
shows the impact of these parameters on the minimum induction time, 
probability of nucleation and on the number of crystals produced during 
NPLIN experiments. It must be stressed that each row in Table 4-3 
corresponds to a statistical analysis performed using at least 40 
experiments (2 sets of 20) and the first visual inspection of the vials was 
made 30 minutes after irradiation. First, at constant laser intensity (first two 
rows in Table 3), there is a slight increase of the probability of nucleation 
at 1h30 upon increasing the number of pulses from 1 to 100. Second, 
when increasing the laser intensity from 18 to 85.6 mJ, the minimum 
induction time observed was reduced by half. Furthermore, there is an 
increase of the number of crystals produced which is actually dependent 
on both the number of pulses and the intensity of the laser suggesting a 
conjugated interaction on NPLIN results. Although we observed that a 
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single pulse of 18mJ is likely to induce the nucleation of an isolated crystal 
of K2SO4, it seems that the use of higher energy generates more crystals. 

As seen in Chapter 2, our results agree with literature, particularly with 
Kacker et al.14 who stated that the nucleation probability depends on the 
laser beam intensity. Moreover, concerning the number of crystals 
obtained, Alexander et al.15 noticed that a single pulse gives a single 
crystal of potassium chloride, but the energy seems to affect the number 
of crystals as already discussed by Hua et al.16.  

Table 4-3-Influence of the number of pulse and its intensity on the nucleation behaviour 
of K2SO4 solutions at β =1.25. Np is the number of pulses; Ep is the intensity or pulse 
energy. The induction time represent the time at which the first crystal is detected after 
exposure to laser.  

Np Ep (mJ) 
Induction 
time (min) 

Probability of 
nucleation % 

(t=1h30) 

Number of 
crystals per vial 

(min-max) 

1 18 60 40 1-4 

101 18 60 80 1-8 

1 85.6 30 100 3-6 

101 85.6 30 100 >30 

 Polarization  

In order to evaluate the influence of polarization on the NPLIN behaviour 
of K2SO4 aqueous solutions, the impact of three types of polarization 
geometries, linear (LP), right circular (RCP) and left circular polarization 
(LCP), were compared by irradiation of solutions at the same 
supersaturated ratio of β=1.25. The same laser irradiation conditions (1 
pulse at 85.6mJ) were used in each case. As discussed in Chapter 2, the 
influence of polarization on NPLIN behaviour is unclear. In the case of 
KCl15 aqueous solutions, the polarization geometry of the laser has shown 
no incidence. It is worth noting that KCl crystallizes in a cubic space group 
and the structure has no preferential axis for polarization. K2SO4, however, 
is an orthorhombic salt, and polarization anisotropy could lead to different 
nucleation behaviour while using LP or CP, as it has been reported for 
urea17 which crystallizes in a tetragonal structure. Table 4-4 shows the 
results obtained during this work. There is no difference observed for the 
three different polarization regarding the nucleation kinetics (i.e., minimum 
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induction time and probability of nucleation) or number and morphology of 
crystals produced.  

Table 4-4-Influence of the type of polarization on the nucleation behaviour of K2SO4 
solutions at β =1.25; LP (linear polarization), RCP (right circular polarization) and LCP 
(left circular polarization) 

Polarization 
Induction 
time (min) 

Probability of 
nucleation % 

(t=1h30) 

Number of 
crystals per vial 

(min-max) 

LP 30 100 3-6 

RCP 30 100 2-6 

LCP 30 100 2-7 

 Influence of solvent  

As K2SO4 is poorly soluble in other solvent than water, mixtures of solvent 
using acetone, methanol or ethanol at 10%wt in water were used to 
evaluate the influence of a change in solvent composition on NPLIN 
kinetics. The solubilities are given in Table 4-1. Two sets of 10 samples 
per conditions were performed. Table 4-5 shows the NPLIN kinetics for 
the different solvent compositions when supersaturated solutions at 
β=1.25 are exposed to one pulse of 18mJ. There is a clear increase of the 
minimum induction time and a marked decrease of the probabilities of 
nucleation when the solutions contain 10%wt organic solvent. However, 
since the solubility of K2SO4 is considerably reduced by the addition of 
organic solvents (Table 4-1), the concentration of K2SO4 is reduced and 
the chance that two entities join to crystallize also decreases. The 
composition of the solvent had the same impact on spontaneous 
nucleation and NPLIN.  

Table 4-5-Influence of the composition of the solvent (β=1.25, 1pulse 18mJ) 

 H2O H2O/MeOH H2O/EtOH H2O/Acetone 

Induction time 

(h) 
1 3 3 4 

Probability of 
nucleation (%) 

(t=4h) 
100 30 30 30 
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 NPLIN in Gel  

NPLIN in gel has already been studied in the literature (Chapter 2-§2.5.4). 
In this study, the aim is to slow down the diffusivity of molecules and the 
sedimentation of the crystals after nucleation, in order to (i) locate the 
starting point of nucleation, (ii) observe a possible preferential orientation 
of the crystal expected from the OKE mechanism and (iii) possibly trap 
any cavitation bubble in the gel medium. 

The first attempts to gel the K2SO4 aqueous solutions were made with 
agarose, however the high concentration of K2SO4 in the solution resulted 
in precipitation of agarose rather than gelling. To tackle this problem, 
tetramethoxysilane (TMOS) was used. TMOS is a chemical gelling agent, 
which means that the gelation is not reversible since it creates new Si-O-
Si bond (Figure 4-4), contrary to agarose which forms physical gels 
reversible with temperature.  

 

Figure 4-4-Schematic principle of the formation of a TMOS gel. First step (top) is the 
hydrolysis (which produces methanol), and the second step (bottom) is the 
condensation 

TMOS gels supersaturated with K2SO4 were produced by addition of 
10%vol of TMOS to a stock supersaturated solution at β=1.25. The 
solution was then transferred in the same vials as those used for typical 
NPLIN experiments (at least 10). The samples were left one night in the 
oven at 50°C to allow for the gel formation. After cooling down to room 
temperature, the vials were then irradiated with one pulse at 85.6mJ. 
Figure 4-5 shows typical optical microscopy pictures obtained by 
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observation of the irradiated TMOS gels (Figure 4-5, a-c). Figure 4-5,d 
presents a picture of a TMOS supersaturated gels that crystallized 
spontaneously (magnification is kept constant in Figure 4-5). Curiously, 
laser irradiation of the gel produces a multitude of K2SO4 crystals all along 
the beam path while only one was expected in comparison of non-viscous 
solution using the same laser parameters (Table 4-3). The gel matrix may 
promote the formation of more nucleation sites. Such behaviour allows to 
retrace the beam path inside the sample by looking at the location of the 
crystals: Figure 4-5,a highlights the circular section of the beam path at 
the entrance of the vials while Figure 4-5,c illustrates that the beam 
geometry becomes more elliptical at the exit due to the slight focusing of 
the laser beam through the vial. The results confirm the spatial control 
demonstrated by Duffus et al.18 and that there is no shock-wave induced 
by the laser otherwise nucleation should also occur beyond the irradiated 
volume. These results indicate that in the case of a typical NPLIN 
experiment from a non-viscous solution, the first nucleus produced forms 
within the beam path and then either sediments in the bottom of the vials 
or, as observed, sometimes stay attached to the meniscus (meniscus 
might be in the beam path).  

Moreover, while the first crystals are only detected 30min after irradiation 
in solution, kinetics of nucleation in gel are very fast. In gel, crystals are 
indeed visible a few minutes after irradiation and as there are plenty of 
crystals, they are more easily detected. The nucleation kinetics are also 
faster in the case of spontaneous nucleation in gel media. Nevertheless, 
it is suspected that TMOS gel reduces the solubility of K2SO4 as the 
hydrolysis reaction (Figure 4-4) produces methanol. The higher number of 
K2SO4 crystals and reduced induction times could indeed be a 
consequence of increased supersaturation due to the presence of 
methanol, although the results shown in 4.2.4. suggests that an increased 
content in methanol should give rise to shorter induction times. 
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Figure 4-5-Pictures of K2SO4 crystals in TMOS gel matrix, a) view of laser beam entry 
b) view of the side of the vial c) view of laser beam exit d) control (sample spontaneous 
crystallization) 

4.3 INFLUENCE OF GAS COMPOSITION AND NATURE  
It is well known that gas nucleation in solution can be triggered by 
ultrasounds or mechanical shocks19. The retrograde solubilities of gas 
make gas nucleation in solutions also possible via local heating and it has 
been proposed that laser pulses can trigger bubble formation. 
Furthermore, some publications, reported and discussed in Chapter 2- 
§2.4.3.2, highlight a connexion between gas nucleation and crystal 
nucleation so that cavitation has been proposed as a possible mechanism 
for NPLIN. 

The experiments reported in this section are based on the hypothesis that, 
since each gas has a different aqueous solubility, they should exhibit 
different nucleation behaviour under laser irradiation, which should in turn 
result in significantly different crystal-nucleation behaviours. The corollary 
of this is that if the solution is degassed prior to laser irradiation, no NPLIN 
effect should be observed. The methodology used in these experiments 
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was inspired by a crystal growth study performed in early 2010’s at the 
SMS laboratory in which a systematic bubbling of saturated solutions with 
different gas was performed to evaluate the impact of gaseous matter on 
the formation of crystal defects20.  

To evaluate the incidence of gas on NPLIN kinetics, the presence of 
dissolved gas in K2SO4 supersaturated solutions (β=1.25) was controlled 
in term of composition (degassed by ultrasounds) and nature (N2, CO2, Ar) 
(Chapter 3- §3.3.3). The crystal nucleation probability of the irradiated 
solutions (and non-irradiated) as a function of time and gas composition is 
shown in Figure 4-6. 

It should first be underlined that no macroscopic gas bubbles were 
observed during these experiments and that, if that occurred, the formed 
cavities were too small and/or short lived. Figure 4-6 shows that, although 
the presence of N2 and CO2 seems to slightly reduce the induction time, 
the five Pn(t) = f(t) curves remain quite similar: the kinetics of NPLIN of 
K2SO4 seems uncorrelated to the presence (or the absence) of dissolved 
gas, whatever the nature of the gas tested. In particular, the fact that CO2 
and N2 saturated solutions gave the same NPLIN kinetics is a valuable 
information. Indeed, the solubility of these two gases in water are 
considerably different (x(N2)=0.1265.10-4 and x(CO2)=7.023.10-4 at 20°C 
express in mole fraction)21 so that laser irradiation should produce 
significantly different amount of gas cavities and notable difference of 
NPLIN kinetics should have been observed for K2SO4. Degassed solutions 
also exhibited similar NPLIN regime to gas bubbled samples. Moreover, 
by comparing the shape of the NPLIN curves and the control sample 
curves, it seems that NPLIN shifts the minimal induction time but once the 
nucleation has started the evolution of both curves are similar.  
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Figure 4-6-Influence of degassing and gas bubbling on the probability of NPLIN (at the 
top) and the probability of spontaneous nucleation (at the bottom) as a function of time 
(one pulse at 85.6mJ). “Standard” stands for no solution treatment, Nitrogen, Argon 
and Carbon dioxide are the gas used for bubbling, “Degassed” is solution degassed 
by ultrasounds 
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4.4 INFLUENCE OF FILTRATION 
Filtration of solutions has already showed important decreases in the 
probability of nucleation during NPLIN experiments (Chapter 2- §2.5.3). It 
is suspected that filtration removes insoluble impurity particles that would 
be responsible for the nanoparticle heating mechanism (Chapter 2- 
§2.4.4). K2SO4 supersaturated solution was filtered to determine whether 
filtration had any influence on the NPLIN effect.  

Filtered solutions of supersaturated K2SO4 solutions (β=1.25) were 
prepared as described in Chapter 3- §3.3.1. The solutions were then 
irradiated by a single pulse at 85.6mJ. The results are presented in Figure 
4-7 and show a significant decrease of the probability of nucleation for 
NPLIN filtered solutions. There is also a slight influence of filtration on the 
control samples but limited compared to the irradiated samples. Moreover, 
it seems that filtration with smaller porosity (0.2µm) allows a more 
important decrease of the nucleation probability than with a porosity of 
0.45µm for the irradiated sample. In comparison, for the control sample, 
the nucleation probability is lower for the 0.45µm filtered samples. 
However, considering a margin of error, the differences between the 
filtered control sample is small. An explanation could be the size of the 
impurities involved in the NPLIN phenomenon. Impurities contained in 
K2SO4 could have a wide range of size and some could be retained by the 
0.45µm filter whereas the smallest ones go through. It is actually logical to 
suppose that some particles are smaller than 0.2µm since there is still a 
little NPLIN effect after 0.2µm filtration. These results confirm the presence 
of solid impurities in our solutions with a strong effect on the NPLIN 
phenomenon. 
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Figure 4-7-Influence of filtration on the nucleation kinetics of K2SO4. lines are guides 
to eye.  

4.5 MEAN NUMBER OF CRYSTALS AND MORPHOLOGY  
It is worth mentioning that no difference in the number of crystals has been 
detected when changing the supersaturation. The mean number of 
crystals per vial for the different nucleation conditions is summed up in 
Table 4-6. It has been observed to be circa 1.5 usually obtaining 1-2 
crystals for each irradiated sample (1 pulse 18mJ); in some cases, up to 4 
crystals were obtained. For control samples, the value is closer than 1.3. 
Also, almost no difference was observed when changing the gas content 
and nature for irradiated sample (1 pulse at 85.6mJ) since the mean 
number of crystals was close to 3. However, in the case of filtered 
solutions, the mean number of crystals per vial is reduced to 1.5. Ward et 
al.22 also observed a decrease of the number of crystals produced by 
NPLIN in filtered solutions and an increase when solutions are doped with 
iron oxide and PEG. They attribute this trend to the decreases of 
nucleation sites due to filtration.  
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Table 4-6-Summary of the mean number of crystals obtained in different nucleation 
conditions 

Nucleation 
Conditions 

Control 
sample 

1 pulse  
18mJ 

1 pulse 
85.6mJ 

Filtered 
1pulse 
85.6mJ 

Mean 
number of 

crystals 
1.3 1.5 3 1.5 

Careful observations of the crystals produced either by spontaneous 
crystallization or by laser pulses showed constant crystal morphologies, 
various crystal shapes and the occasional occurrence of twinned crystals 
in both cases. No laser parameter was found to have an impact on the 
crystal facies. In Figure 4-8, the crystal displayed originates from several 
vials but have been grown in the same conditions.  

 

Figure 4-8-K2SO4 crystals obtained from supersaturated solutions β=1.25: typical twin 
crystals observed in this study (left), crystals obtained by laser irradiation (middle) and 
crystals obtained by spontaneous nucleation (right). Pictures taken with a NIKON SMZ-
10A microscope equipped with a Sony DXC-950 3CCD Color Video Camera Power 
HAD 

4.6 DISCUSSION ON THE MECHANISM  
In the following section, the different mechanisms proposed in the 
literature, which were detailed in Chapter 2, are discussed regarding the 
results obtained from all the experiments of NPLIN of K2SO4 presented 
above. The DP mechanism will not be discussed as no simulation of the 
model could be performed for K2SO4. 

 OKE mechanism  

According to the OKE mechanism, the use of the appropriate polarization 
(linear, circular or elliptical) should result in an increase of the probability 
of nucleation, in a reduction of the induction time and/or in the control of 

1mm 

1mm 1mm 
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polymorphism, as discussed in Chapter 2 (§2.4.1.2). However, the results 
in Table 4-4 showed no influence of the laser polarization on the nucleation 
kinetics of K2SO4. Although the structure has very weak birefringence4, 
and therefore no strong polarization axis that can interact with the 
electromagnetic field, the laser polarization geometry should at least affect 
the nucleation kinetics, especially considering the anisotropicity of the 
K2SO4 orthorhombic β-form. In addition, only β-form crystals were 
observed and no evidence of the presence of the α-form (nor any other 
polymorph or hydrate) were found, which is obviously not surprising 
considering the stability domain of the -form being at T>583°C. The 
results shown in this chapter highlight that there is no evidence of the OKE 
mechanism occurring during the NPLIN of K2SO4 aqueous solutions. 

 Cavitation mechanism  

In order to investigate the role of gas cavitation on the NPLIN mechanism, 
a set of crystallization experiments with controlled gas content was 
conducted. The formation of gas bubbles under laser irradiation implies (i) 
the formation of a heterogeneous surface which should favour 
heterogeneous nucleation and reduce induction time for crystallization, (ii) 
a localized mechanical stress which, as in sonocrystallization, could 
provoke faster nucleation. It was hypothesized in this work that different 
saturated gas should give rise to different gas cavitation behaviour and 
therefore, different NPLIN kinetics. The results of these experiments 
showed that saturating the supersaturated K2SO4 solution with a given gas 
(CO2, N2, Ar) had no impact on the NPLIN behaviour since no correlation 
between the NPLIN kinetics and the gas composition in solution was 
highlighted. One could question if cavitation occurred at all, but, although 
no gas bubble was visually observed in the course of our experiments, and 
although the gases were only saturated (and not supersaturated), it is 
possible that the experimental conditions used (unfocused nanosecond 
laser) can induce the formation of very small and short-lived gas cavities 
similarly to focused or femtosecond laser23–25. It should also be underlined 
that degassing the solution with ultrasound had also little to no impact on 
the NPLIN kinetics, but a recent study from Lee et al.26 estimates that even 
in degassed water there is an average of 4.107 gas bubbles per mL with a 
diameter of circa 250nm. All these data suggest that if cavitation is 
involved during the NPLIN mechanism, the gas concentration and nature 
are not relevant criteria. The independence of NPLIN kinetics to various 
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gas bubbling also questions the chemical nature of the gas that cavitates: 
Is it gaseous matter resulting from matter exchange with the surrounding 
atmosphere prior to the experiment (O2, N2, CO2…) or is it very short lived 
vaporized solvent resulting from the local temperature increase? Since no 
impact of gas bubbling on NPLIN was detected, our results tend to validate 
the second proposition. Moreover, if cavitation could indeed be a direct 
consequence of the interaction between the light and the solution, gases 
do not absorb at the wavelength used27 and it is more likely that the light 
is absorbed by a solid colloidal particle and that such absorption provides 
suitable conditions for localized vapor formation. These considerations 
prompted us to design experiments focused on the nanoparticle heating 
mechanism. 

 Nanoparticle heating mechanism  

The nanoparticle heating mechanism is based on the presence of solid 
colloidal particles that can absorbs sufficient energy under laser irradiation 
to induce a localized temperature increase, resulting in the formation of 
solvent vapor bubbles. As the bubble forms a pressure wave is produced 
and favour nucleation (sonocrystallization). It also envisaged that because 
of high energy absorption, the solid colloidal particles can be destroyed28, 
thus providing fresh heterogeneous nucleation sites. In our experiments, 
the filtration of the supersaturated solution prior to irradiation resulted in 
the suppression (or at least to a decrease) of the NPLIN effect: Figure 4-7 
shows indeed the decreases of the probability of nucleation in filtered 
solutions which supports the hypothesis of the presence of particles in 
solution that can be removed by filtration. This “filtration” effect has already 
been reported for other substances in the literature15,22,29,30 and has 
become well known in the scientific community of NPLIN. The additional 
case of K2SO4 provides thus further evidences that the mechanism of 
NPLIN relies essentially on the presence of such insoluble particles.  

It is therefore important to establish the nature of such solid colloidal 
impurities in order to understand how they can interact with the laser 
pulses. Ward et al.22 brought a first answer by examining the influence of 
filtration of ammonium chloride solutions on the NPLIN kinetics. They 
evidenced that the impurities removed by filtration are mainly composed 
of iron and phosphates.  
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4.7 CONCLUSION 
First of all, the results obtained demonstrate the possibility to nucleate 
K2SO4 via nanosecond pulsed NIR irradiation of aqueous supersaturated 
solutions and provide yet another NPLIN example to the scientific 
community via the publication of the results shown in this chapter in the 
journal Crystals31. Our results highlighted the impact of supersaturation, 
number of pulses and intensity that are predominant parameters for the 
control of NPLIN kinetics. As in numerous published NPLIN cases the 
nucleation of K2SO4 does not depends on the polarization geometry of the 
laser light which led us to set aside the OKE mechanism in the case of 
K2SO4. Moreover, there is no influence of changing the solvent on NPLIN 
of K2SO4. (i.e the influence is not specific to NPLIN as it is also observed 
for spontaneous nucleation). An important conclusion of this work is that 
bubbling the supersaturated solution with various gas prior to irradiation 
has almost no impact on the NPLIN kinetic. As discussed above, this is a 
proof that, if cavitation occurs during NPLIN of K2SO4, the concentration 
and nature of the dissolved gas play no role on the mechanism. 

However, we have shown that the NPLIN of K2SO4 is linked to the 
presence of solid impurities and discussed the formation of vapor bubble 
through the nanoparticle heating mechanism. Further questions remain to 
be answered regarding this: (i) where does these impurities come from?, 
(ii) do they have the same chemical nature from one NPLIN case to 
another?, (iii) can we tailor made them to influence the process?, (iv) can 
we trigger nucleation by laser light in situations where NPLIN does not 
exists provided the systems are doped with such insoluble particles? 

It is for instance worth mentioning that despite numerous efforts using 
different supersaturation ratio (1.05≤β≤2) and different laser parameters 
(from one to 600 pulses and from 85.6mJ to 175.2mJ) the NPLIN effect 
was not observed in the case of sodium sulfate (Na2SO4). Even if one 
could argue that this is due to a larger MSZW or to the presence of less 
soluble hydrates (Na2SO4,7H2O metastable and Na2SO4,10H2O for 
T>32°C32), it is also possible that the prepared supersaturated solutions 
do not contain the required impurities.  

The second part of this work will examine this consideration using the case 
of another molecular compound, which allows to exclude any spontaneous 
nucleation in the NPLIN study. 
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5.1 INTRODUCTION  
It is remarkable how the filtration impacts the NPLIN process. Indeed, an 
important decrease of the probability of nucleation of irradiated filtered 
solutions is reported in the literature for several substances1,2 and was 
confirmed in Chapter 4 (§4.4) for potassium sulfate. It is proposed that the 
insoluble solid impurities removed by filtration are responsible for the 
NPLIN process via the nanoparticle heating theory. In this chapter, the 
following questions will be explored: (i) where do these impurities come 
from? (ii) what is the chemical nature of these impurities? and (iii) can we 
tailor made them to influence the process?  

To answer these questions, Ethylenediamine Sulfate (EDS), a molecular 
salt exhibiting supramolecular chirality was chosen to investigate further 
the NPLIN mechanism. At first, the solid landscape of EDS was 
investigated since only few data were available in the literature. EDS has 
proven to be a good candidate for NPLIN study due to the huge difference 
of nucleation kinetics between irradiated and non-irradiated solutions. It 
has to be highlighted that NPLIN of EDS was not reported prior to this 
work. Further, the impact of insoluble impurities on the NPLIN kinetics was 
investigated. In addition, the impact of the laser parameters on the 
produced crystal chirality was examined with the expectation of a 
stereoselective control using different polarization geometry.  

5.2 SOLID STATE 
EDS solid state remains quite unexplored in the literature: At ambient 
temperature, the crystals are reported as chiral and the structure was 
determined as tetragonal, either P41212 (CSD refcode ETDAMS04) or 
P43212 (CSD refcode ETDAMS05). Santhakumari et al.3 reported the 
existence of a high temperature (T=209°C) form of EDS by using 
conductivity measurements. The crystal structure of HT-EDS is unknown. 

 Screening of EDS Polymorph  

The solid state of EDS, which is relatively poorly known in the literature, 
was investigated by performing a polymorph screening in order to assess 
the presence of any polymorphs, hydrates or solvates. This is an important 
point to establish for a suitable interpretation of the experimental results 
presented in this chapter. EDS was crystallized by using several 
conventional methods, such as evaporation or cooling of aqueous 
solutions, but also anti-solvent addition (using methanol, ethanol or 
acetone). It has to be underlined that the choice of solvent was limited by 
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the poor solubility of EDS in solvents other than water. These experiments 
did not reveal the existence of additional polymorphs, hydrates or solvates 
of EDS. The polymorphic transition reported by Santhakumari et al.3 was 
confirmed by heating the room temperature phase (RT-EDS, hereafter) to 
228°C above which its transformation into the high temperature form (HT-
EDS, hereafter) occurs. In order to further characterize the HT-EDS form 
and its relation to RT-EDS form, the RT-EDS will first be described and 
then the transformation into HT-EDS will be examined through different 
analytical techniques including DSC, TR-XRD, SHG and microscopy.  

 Description of RT-EDS 

Achiral compounds exhibiting supramolecular chirality have been 
previously described in Chapter 1 (§1.2.4.3.3). RT-EDS crystals exhibits 
supramolecular chirality and can be either right or left handed: they are 
referred to as two enantiomorphs. RT-EDS structure has been reported by 
Sakurai et al.4, then by Ghozlen et al.5 and more recently by Matsumoto 
et al.6 who reported the structure of both enantiomorphs (P41212 and 
P43212). The supramolecular chirality is due to the quaternary screw axis 
of the space group which can be either 41 or 43, as represented in Figure 
5-1.  

 

Figure 5-1-Representation of helical axes 41 and 43 in schematic (left) and in the EDS 
structure (hydrogen atoms omitted for clarity, right) 

5.2.2.1 Determination of crystal chirality 

A polarizing microscope (Chapter 3) was used to identify the handedness 
of the crystals of RT-EDS. As shown in Figure 5-2 the two enantiomorphs 
appear in different colour depending on the position of the polarizer in 
relation to the analyser of the microscope. When the polarizer is rotated 
anti-clockwise with respect to the analyser, l-crystals appear blue and d-
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crystals appear light-brown (vice-versa if the polarizer is rotated 
clockwise). Most of RT-EDS crystals grow relatively flat, with the 
quaternary screw axis spreading perpendicularly to the highest 
morphological index faces. It is therefore easy to identify their chirality but 
sometimes, the handedness can be difficult to determine if the crystals are 
ill-shaped or if the quaternary screw axis is difficult to orientate. In such 
situation, the crystal was not counted in our experiments.  

 

Figure 5-2-RT-EDS crystal observed with polarizing microscope. The picture shows 
the colour change of d-crystal (from blue (a) to brown (b)) and l-crystal (from brown (a) 
to blue (b)) when polarizer is rotated anti-clockwise with respect to analyser. 

 Description of HT-EDS 

5.2.3.1  Differential scanning calorimetry (DSC) 

10 mg of RT-EDS were loaded in a DSC crucible (sealed and pierced lid) 
and analysed by DSC. The result of the analysis is shown in Figure 5-3. 
Upon heating at 5 K/min from 20 to 220 °C, no thermal events could be 
observed. A single endothermic event was detected at Tonset= 228.5°C and 
attributed to the phase transition of RT-EDS into HT-EDS (Htransition=82.01 
J/g). Upon cooling, two different exothermic peaks were detected at 
Tonset=224.4°C (Htransition=2.44 J/g) and Tonset=168.7 °C (Htransition=60.63 
J/g). Both events were attributed to the reverse transformation HT-
EDS→RT-EDS occurring with different degree of thermal hysteresis 
(almost 0°C of hysteresis for the first event and about 55°C for the second) 
into different particles7,an interpretation that is further confirmed by the 
noisy appearance of the second event which was found reproducible 
during a second heating cycle. This thermal behaviour was found 
insensitive to heating and cooling rates of 2, 5 and 10 K/min. These data 
confirm the result of Santhakumari et al.3 and no other polymorphic form 
of EDS was detected by thermal methods. From our results and those of 
Santhakumari et al., one can affirm that EDS polymorphs are enantiotrope, 
i.e., each polymorph has its own stability temperature range with a defined 
temperature of transition (See Chapter 1- §1.2.3). 

a b 1000µm 1000µm 
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Figure 5-3-DSC analysis of RT-EDS powder. Heating and cooling rate are 5K/min 

5.2.3.2 Temperature-resolved X-ray powder diffraction (TR-XRPD) 

To further complement the results shown in section §5.2.3.1 a TR-XRD 
experiment was performed and the results are presented Figure 5-4. The 
XRPD pattern of the RT-EDS matches the calculated powder pattern of 
the structure described by Matsumoto et al.6. The XRPD pattern collected 
at 240°C confirms the formation of the high temperature form (HT-EDS), 
exhibiting significantly different diffraction peaks by comparison to those 
of the RT-EDS form. It has to be noticed that no XRPD pattern of the HT-
EDS was reported by Santhakumari et al.3 and thus, this is the first 
presentation of the XRPD pattern of HT-EDS. In accordance with our DSC 
experiments, this transition is reversible, and upon cooling, a mixture of 
the RT-EDS and HT-EDS was observed (at 220°C) which confirms our 
interpretation of the thermal behaviour. A full return to RT-EDS was 
observed below 180°C.  

 

Figure 5-4-Diffractograms of EDS as a function of temperature 
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5.2.3.3 Second harmonic generation 

Second Harmonic Generation (SHG) analysis was also used to gather 
information on the crystal structure of the two EDS solid forms. It was 
found that neither RT-EDS nor HT-EDS crystals exhibited a SHG signal. 
It should be underlined that Jayaraman8 conducted SHG measurements 
on RT-EDS phase and reported a small SHG signal. However, the RT-
EDS phase crystallizes in the quadratic chiral space group P41212 which 
is indeed non-centrosymmetric, but its point group (422) is one of the point 
group for which the Kleinman’s exclusion rules apply9 (See Chapter 1- 
§1.2.2.1), meaning that no SHG signal is expected for this space group. It 
is thus not surprising that no SHG emission was observed for this 
polymorph. Concerning HT-EDS, the absence of signal implies that the 
space group is either centrosymmetric (HT-EDS crystals would be achiral) 
or belongs to the “Kleinman excluded” point group (HT-EDS would exhibit 
supramolecular chirality). Given that RT-EDS belongs to the 422 point 
group and present supramolecular chirality, it cannot be excluded that HT-
EDS also presents that type of crystalline architecture.  

5.2.3.4 Structural analysis of HT-EDS 

Many attempts to grow single crystals of HT-EDS in view to solve the 
structure by SC-XRD were unfortunately unfruitful. It was also attempted 
to perform a single crystal to single crystal transition of a RT-EDS single 
crystal by slow heating of an individual crystal however these experiments 
systematically led to a polycrystal of HT-EDS as the single crystal nature 
of the particle was lost during the solid-solid transition. Appendix A.1 
shows a typical hot-stage microscopy experiment with such a heating 
procedure and highlights the single crystal to polycrystal nature of the RT-
EDS→HT-EDS transition. The unit cells dimensions and space group of 
HT-EDS were researched using the collected XRPD pattern of HT-EDS 
by using indexing procedures (TREOR, DICVOL or X-CELL programs) in 
the Material Studio suite10. Unfortunately, due to the low number of 
diffraction peaks in the HT-EDS XRPD pattern, it was not possible to 
establish any unit cell nor any space group with a good index of reliability.  

To conclude on the screening of polymorphs, no hydrates nor solvates 
were found and only two polymorphs (HT-EDS and RT-EDS) which are 
enantiotropically related (Ttransition= 220°C) and which were already 
discussed by Santhakumari, could be evidenced during this work. The 
structure of HT-EDS remains unsolved despite our efforts. In the context 
of NPLIN, it is however reasonable to assume that the HT-EDS form could 
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not crystallize in our aqueous solutions since its stability domain is above 
220°C. 

5.3  DISCOVERY OF A NPLIN PHENOMENON IN EDS AQUEOUS SOLUTION 
First, it was necessary to determine the solubility behaviour of EDS in 
water and the absorption properties at the wavelength used.  

 Solubility of Ethylenediamine Sulfate 

Figure 5-5 reports the evolution of RT-EDS solubility as a function of 
temperature in water as measured by gravimetry (§3.2). It can be 
observed that RT-EDS is highly soluble in water: at 20°C, the 
concentration of the saturated solution is as high as 35 %wt. No data were 
available in literature to compare these results. 

 

Figure 5-5-Experimentally measured aqueous solubility of RT-EDS as a function of 
temperature.  

 Spectroscopy UV-vis 

Before starting the NPLIN experiments, it was necessary to confirm the 
absence of any unwanted light absorption by the EDS aqueous solutions. 
Figure 5-6 shows the measured absorption spectra of pure demineralized 
water and saturated solution of EDS (i.e., 35%wt), either non-filtered and 
filtered (syringe filter of 0.45µm). As explained in Chapter 4, pure water 
shows an absorption peak at 980nm, and absorbs weaklier at 760nm and 
840nm. At the working wavelengths (i.e., 532nm and 1064nm) 
represented by vertical dashed lines in Figure 5-6, EDS solutions show a 
very small absorption compared to pure water. It can also be seen that 
non-filtered EDS solutions have slightly higher absorption than the filtered 
solutions. However, in both cases, the absorption is weak, and no 
photochemical reactions are expected nor have been observed. 
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Figure 5-6-Absorption spectra of water and saturated aqueous solution of EDS 

 The NPLIN phenomenon 

During this PhD work, we discovered that nucleation of supersaturated 
aqueous solutions of EDS could be triggered by laser pulses. Basing our 
methodology with reference to our experiments reported in Chapter 4, the 
first stage was to determine the conditions of irradiation and solution 
parameters for NPLIN phenomenon to occurs and to be measured with 
reasonable time scale. At first, a supersaturation of β=1.15 was used with 
different number of pulses (from 1 to 100) and energies (from 34.8 to 
85.6mJ). All irradiated samples nucleated fast and gave rise to several 
crystals in each vial. In order to favour the nucleation of a single crystal 
per irradiated vial, supersaturation was decreased to β=1.10, as pulse 
number and energy could not be reduced. Like for K2SO4, a single pulse 
was found sufficient to favour the crystallization of a single individual 
crystal per vial. An energy of 34.8mJ was chosen as it allowed sufficiently 

fast nucleation kinetics so that the use of higher energies was not 
necessary. Figure 5-7 shows the typical NPLIN kinetics observed for EDS 
supersaturated solution β=1.10, 100 vials were exposed to 1 pulse at 
34.8mJ.   
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Figure 5-7-Probability of nucleation as a function of time for EDS supersaturated 
solution β=1.10 exposed to 1 pulse at 34.8mJ at 1064nm compared to non-exposed 
control samples. .  

Regarding spontaneous nucleation of EDS supersaturated solution at 
β=1.10, the control samples did not nucleate during our NPLIN 
experiments. Actually, they remained supersaturated for at least 3 weeks 
and up to 2 years after the experiment, giving rise to only one single crystal 
per vial. The difference of induction time between spontaneous nucleation 
and NPLIN is striking. Thus, it cannot be denied that the exposure of the 
solution to laser light is responsible for nucleation.  

5.4 INFLUENCE OF IMPURITIES ON NPLIN BEHAVIOUR 
As already discussed in Chapter 2-§2.5.3 and highlighted by our study 
concerning K2SO4 (Chapter 4- §4.4), the presence (or absence) of solid 
colloidal impurities plays a major role on the NPLIN mechanisms. The 
nature of these impurities as well as the nature of the light-matter 
interaction involved in the process remains to be fully understood. In this 
context, the aims of the experiments reported in this section were: (i) to 
confirm that the NPLIN kinetics of aqueous EDS solutions is also sensitive 
to the presence of such impurities, (ii) to identify their chemical nature, (iii) 
to replace the removed impurities by a given quantity of known particles 
for a better understanding of the influence of particle nature on NPLIN 
kinetics.  
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 Influence of filtration on EDS NPLIN kinetics 

The EDS supersaturated solutions (β=1.10) were filtered using either 
PTFE syringe filters or a Nylon membrane filter (Chapter 3- §3.3.1). Figure 
5-8 shows the different nucleation probabilities as a function of time 
measured for the different sets (each set consists of at least 2 sets of 25 
samples, with 10 control samples) irradiated with 1 pulse at 34.8mJ. As 
for the case of K2SO4 aqueous solutions (Chapter 4- §4.4), filtration 
induces a significant drop of the probability of nucleation. It can be seen 
that filtration with PTFE syringe filters gives rise to comparable 
probabilities of nucleation regardless of the pore size (i.e., 0.20µm and 
0.45µm). Filtration with a Nylon membrane filter (0.45µm pore size) also 
gave a similar nucleation trend. This implies that most of the particles 
involved in the NPLIN process of EDS are larger than 0.45µm and have 
been removed by filtration, regardless of the method. Nevertheless, it 
cannot be excluded that particles smaller than 0.2 µm are still present in 
the solutions and still interact with the laser light after filtration. It has to be 
mentioned that, even to this day (i.e., more than 1 year after the 
experiment), the filtered control samples did not nucleate at all.  

 

Figure 5-8-Evolution of the probability of nucleation versus time of irradiated aqueous 
EDS solutions (β=1.10) filtered by different methods (filtered with nylon membrane 
0.45µm; PTFE syringe filter of 0.45µm and 0.2µm). (For non-filtered solution error bars 
are smaller than the size of the squares)  
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 Investigations on the chemical nature of the impurities removed by filtration 

The use of Nylon membrane filters offers the possibility to collect the 
filtered impurities in view to further physico-chemical analyses. After 
filtration of the hot solution of EDS (i.e., prior to its transfer in the vials), the 
white filter became orange, as shown in Figure 5-9. The filter was weighed 
before and after filtration: the mass of impurities divided by the mass of 
dissolved RT-EDS in the filtered solution gave, on average, a 
concentration of impurities of 0.14mg per gram of solid RT-EDS (i.e., 
0.01%wt of impurities in the solid). It should be noted that impurities are 
not visually detectable in the unfiltered solutions, except for a slightly 
yellow appearance compared to the filtered solution that are completely 
transparent to the eyes. The impurities collected on the membrane filter 
were then analysed using XRD, ATR-FTIR and microscopy. Concerning 
XRD, no diffraction peaks were detected during the analysis (in a range 
from 2 to 100 2θ), which could mean that the impurities are amorphous or 
that the diffracting particles are too small to be detected. Moreover, the 
SEM picture hardly showed any distinct morphology of the particles 
(Figure 5-10), and SHG analyses did not revealed any SHG signal. 

 
Figure 5-9-Visual aspect of the Nylon membrane filter after filtration of 30mL of EDS 
solution (β=1.10). On the right, the same membrane observed with optical microscope 
with magnification x30.  

 

Figure 5-10-SEM analysis of the Nylon filter membrane 
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The ATR-FTIR spectra of the RT-EDS pure powder, the clean membrane 
filter and the membrane filter after filtration are shown in Figure 5-11. It 
can be seen that the filtered impurities show typical absorbance peaks at 
1202, 1147, 1079, 504 and 461cm-1. Those peaks are distinct from EDS 
powder and Nylon membrane. FTIR spectrum of the impurities were 
compared to possible reference spectra such as iron phosphate11 as it was 
the impurity identified by Ward et al.2. Then other metallic references were 
compared, including stainless steel12, iron oxide13, chromium oxide14 or 
nickel oxide15. No match with the experimental peaks of the collected 
impurities was found. The chemical nature of the impurity could not be 
determined using FTIR analyses.  

 
Figure 5-11- ATR-FTIR spectra of the Nylon filter membrane alone, the filter membrane 
with impurities and the solid RT-EDS. Absorbance of RT-EDS powder and filter + 
impurity has been Y-offset for clarity.  

To conclude about the chemical nature of these filtered impurities, ICP-E 
(inductively coupled plasma – atomic emission) spectroscopy was used. 
For this analysis, filtration of the EDS aqueous solution was conducted 
using a PTFE filter membrane of 0.2µm pore size (Nylon filter membrane 
could not be used in this experiment because Nylon dissolved in the acidic 
conditions used hereafter). After filtration, the PTFE membrane containing 
the impurities was soaked in hydrochloric acid 35% for 24h in order to 
dissolve the impurities, prior to dilution with water (by a factor of ten). 
Dilution of the acidic solution was necessary to avoid damaging the 
plasma torch of the spectrometer. The same procedure was repeated 
using a clean PTFE filter membrane to create a control sample.  
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The results presented in Table 5-1 show that the impurities collected by 
the membrane filter mainly consist of metallic elements (Fe, Cr, Ni), with a 
composition similar to that of stainless steel. Indeed, stainless steel is an 
alloy of iron with at least 11%wt of chromium which gives the alloy some 
corrosion resistance properties16. Different types of stainless steel exist, 
involving the addition of nickel, molybdenum, sulphur or other elements in 
different concentration17. It should be mentioned that the concentration 
values given in Table 5-1 are only relative values: no separate calibration 
for each chemical element with standard solutions was performed. It 
should also be underlined that the ICP-E spectroscopy cannot detect all 
the element of the periodic table: some elements such as carbon, oxygen 
or nitrogen are indeed undetectable.  

Table 5-1-List of the significantly detected elements by ICP-E analyses and their 
qualitative concentrations (in mg/L)  

Element 
Concentration (mg/L)  

Control 
sample 

Impurity 
sample 

Difference 

Iron (Fe) 3.30 8.10 4.80 

Nickel (Ni) 0.28 0.76 0.48 

Chromium (Cr) 0.06 0.71 0.65 

Sulphur (S) 0.14 1.60 1.46 

It is interesting to compare these analyses with those of Ward et al.2 who 
studied the impurities collected by filtration of NH4Cl supersaturated 
solutions and found, after ICP-OES and ICP-MS analysis, that the solid 
consisted mainly of iron, and a smaller part of phosphorus. They 
concluded that the impurity might be iron phosphate as it is insoluble in 
water and has a yellow-brown colour similar to the colour of the membrane 
after filtration. In the case of EDS solutions, our hypothesis is that the solid 
impurities of our EDS commercial lots come from the industrial production 
step: small steel particles may be scratched out from the tank walls or from 
the mechanical stirrer and pollute the batches of RT-EDS crystals. 
Moreover, it is known that corrosion of steel can occurs in industrial tank18, 
the product of the corrosion is called rouge and contain iron oxide (rust) 
but also metallic oxide such as chromium or nickel according to the steel 
composition19. This would also match with the yellow-brownish colour 
observed on the filter after filtration. 
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 Influence of controlled addition of impurities in EDS supersaturated solutions 

In this section, the reported experiments aim at doping the filtered EDS 
aqueous solution by intentional addition of particles in order to check if the 
initial NPLIN kinetics (i.e., prior to filtration) can be retrieved. Furthermore, 
the use of different kind of particles can help to identify if all particles can 
enable the NPLIN phenomenon or if some are more suitable than others 
and thus to understand how these particles are involved in the NPLIN 
mechanism. The tested particles are (i) gold nanoparticles (ii) silver 
nanoparticles (iii) stainless steel particles and (iv) rust particles (See 
Chapter 3- §3.3.2 for more details on the particles). The concentrations of 
the particles in the doped solutions are given in Table 5-2. The 
concentration of rust particles has been established based on the 
measured impurity content of unfiltered solutions (i.e., 0.14 mg/g of RT-
EDS). The concentration of stainless steel is much higher compared to the 
expected impurity content to compensate the fact that the powder settles 
in the bottom of the vial and that no surfactant has been used to help 
dispersion. We were limited by the fact that silver and gold nanoparticles 
were purchased as aqueous dispersions and only concentration of 0.006 
mg/g could be achieved without changing the supersaturation of the 
solutions.  

Table 5-2-Concentration of the particle added in supersaturated solution of EDS (mg 
per g of dissolved RT-EDS) 

 Gold Silver 
Stainless 

Steel (316L) 
Rust 

Impurity 
removed 

Concentration 
mg/g EDS 

0.006 0.006 60 0.16 0.14 

The NPLIN behaviour at 1064 nm of the different supersaturated doped 
solutions (β=1.10) exposed to 1 pulse at 34.8mJ is presented in Figure 
5-12. For each condition, at least 2 sets of 25 samples were studied with 
5 control samples. Even if none of the particles tested allowed to retrieve 
the nucleation behaviour of the non-filtered solutions, Figure 5-12 
highlights that doped solutions exhibit higher probability of nucleation with 
reference to the filtered and undoped solutions. It is however interesting 
to consider that the different particles used for doping generate different 
NPLIN behaviours: For instance, at t=4h after irradiation, it appears that 
the solutions doped with silver nanoparticles have higher probability of 
nucleation (Pn=80%) compared to steel doped (Pn=70%), rust doped 
(Pn=55%) and gold doped (Pn=42%) solutions. This is all the more 
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remarkable if one considers that these nucleation trends are uncorrelated 
to the impurity concentrations: for instance, silver doped samples have 
higher nucleation probabilities compared to rust doped samples whereas 
the concentration of silver is 20 times lower than the concentration of rust. 
It is therefore possible to propose that the different behaviours could be 
due to different properties of the particles in solution, such as their 
absorption or diffusion properties of the laser light and heat transfer.   

 

Figure 5-12-Evolution of the probability of nucleation versus time for supersaturated 
solution of EDS(β=1.10) doped with different impurity exposed to 1 pulse at 34.8mJ at 
1064nm. Non-filtered and filtered solution are reference 

If we compare the concentration of the particles in solution (Table 5-2), it 
is interesting to note that while solutions doped with gold or silver have the 
same impurity concentration (i.e., 0.006 mg/g of RT-EDS), the NPLIN 
kinetics are strongly different. Concerning silver doped solutions, it should 
be highlighted that while the nanoparticles concentration is considerably 
reduced with reference to the impurity concentration in unfiltered solutions 
(i.e., 0.14mg/g of RT-EDS), it is sufficient to re-increase the probability of 
nucleation to almost the same level than unfiltered solutions.  

The fact that filtered doped solution does not follow the same kinetics as 
non-filtered solution could be due to a difference in composition, 
concentration or dispersion of the particles in the solution. Ward et al.2 
doped their aqueous NH4Cl solution with iron-oxide (Fe3O4), they 
observed 100% of probability of nucleation for unfiltered and doped 
solution but only 60% for filtered solutions. Moreover, NH4Cl filtered 
solutions gave on average one crystal per vial whereas unfiltered samples 
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gave 7.8±1.3 crystals per vial. Doping of filtered solution with Fe3O4 allows 
to retrieve similar number of nuclei (6.8±2.6), and addition of PEG to Fe3O4 
increased the number of nuclei to 17.9±4.8. They concluded that the 
addition of surfactant should stabilize the dispersion of particle which 
produce more nucleation site.  

 Influence of the wavelength on the doped solution 

The influence of the laser wavelength on NPLIN kinetics has been 
considered in several case studies20–23 and it is generally admitted that this 
parameter has no influence on the NPLIN phenomenon (Chapter 2- 
§2.6.1) but the 532nm radiation is preferred because it is less likely to 
result in solution heating. In the context of our investigation, it is worth 
considering the characteristics of the nanoparticles in terms of absorbance 
(see Appendix A.2), which may behave differently at different irradiation 
wavelengths. In particular, the fact that gold nanoparticles are known to 
absorbs 520nm light prompted us to reinvestigate the NPLIN behaviour of 
doped EDS aqueous solutions at 532nm.  

As discussed in Chapter 2- §2.4.4, the nanoparticle heating hypothesis 
poses that an insoluble colloidal impurity absorbs the laser light, resulting 
in a very localized temperature increase of the supersaturated solution 
surrounding the particle. Thus, we hypothesize that if the wavelength of 
the laser matches the absorption properties of the particles, then faster 
NPLIN kinetics would occur as more energy could be released.  

In this context, the same experiments as those reported in section §5.4.3 
were reproduced by changing only the laser wavelength from 1064nm to 
532nm. The use of a frequency-doubling module (see Chapter 3- §3.4) to 
convert the 1064 nm pulses to 532nm pulses modifies the energy value at 
the output of the laser. Using an energy adjustment device, we settle the 
532 nm pulse energy to 35.0mJ, a value which is close to the energy of 
34.8 mJ delivered at 1064nm. Once again, the irradiated solutions were 
supersaturated at β=1.10 and irradiated with 1pulse. At least 2 sets of 25 
samples were exposed to laser light, and 5 samples were not exposed for 
control. The concentrations of particles added in the solutions are the 
same than used in section 5.4.3 (Table 5-2).  

Figure 5-13 presents the curves obtained for the different sets of solutions 
irradiated at 532nm. Overall, it can be seen that the use of the 532 nm 
radiation gives rise to much higher probabilities of nucleation compared to 
the experiments performed at 1064 nm (Figure 5-12). Alike the 
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experiments performed at 1064 nm, the results shown in Figure 5-13 
highlight that different particle doping gives different NPLIN kinetics. For 
instance, at t=4h after irradiation, the solutions doped with rust or steel 
nanoparticles have the same highest probability of nucleation (Pn=95%) 
compared to silver doped (Pn=90%) and gold doped (Pn=85%) solutions. 

 

Figure 5-13-Evolution of the probability of nucleation versus time for supersaturated 
solution of EDS doped with a different impurity, exposed to 1pulse 35mJ at 532nm. 
Non-filtered and filtered solutions are references 

Figure 5-14 compares the Pn(t)=f(t) curves obtained by conducting the 
NPLIN experiments at 532nm to those obtained at 1064nm for each type 
of treatment (i.e., non-filtered, filtered, doped with Ag, Au, Steel, Rust 
particles). It can be clearly seen that NPLIN experiments performed at 
532nm are more efficient than those at 1064nm: for each type of particle 
tested, the green curve (532nm) is above the orange curve (1064nm) in 
every chart of Figure 5-14. In particular it should be highlighted that, even 
if the Pn(t)=f(t) curves for unfiltered samples are almost superimposable 
when working at 532 and 1064 nm, the filtered samples irradiated at 532 
nm gives rise to a higher nucleation probability compared to that of filtered 
solutions irradiated at 1064 nm. It can also be observed that the Pn(t)=f(t) 
curves of samples doped with rust or steel and irradiated at 532 nm are 
almost superimposable to the curves obtained for un-filtered samples (i.e., 
very high kinetics of nucleation), whereas much slower NPLIN kinetics 
were observed at 1064 nm for these two types of particles. The Pn(t)=f(t) 
curves concerning silver doped solution seems to be less sensitive to the 
wavelength used for irradiation, but it should be underlined that the 
probability of nucleation under 1064 nm irradiation was already high. 
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Concerning gold nanoparticles, a similar behaviour to rust doped solution 
was observed with a probability of nucleation almost doubled at 532nm 
compared to 1064nm.  

 

Figure 5-14-Influence of the wavelength on the NPLIN behaviour of filtered solution 
with different particles 
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It is therefore demonstrated that the addition of particles promotes the 
NPLIN phenomenon and enables to recover a high probability of 
nucleation after filtration. Besides, the wavelength of the laser is shown to 
have a stronger impact on the NPLIN kinetics than expected from literature 
data: the 532 nm radiation is more efficient than the 1064 nm to trigger 
nucleation. The effect is particularly striking when the solutions are doped 
with gold and rust nanoparticles. The UV-vis spectra of the different doped 
aqueous solutions have been measured (Appendix A.2) in order to 
evidence any correlation between the nucleation probability and the 
absorption impurities at (i) 1064nm and (ii) 532nm.  

(i) At 1064nm, there is no absorbance of the impurity itself but, 
absorbance of water. No correlation between the NPLIN kinetics 
and the absorbance of particle could be established.    

(ii) At 532 nm, absorption of water is lower than at 1064nm and so 
are solutions, particularly steel and silver. However, in the case 
of gold particles there is an absorption band at 532nm which is 
due to the particle and not to the water solvent. In the case of rust 
particle, it seems that there is also higher absorption due to the 
particle. The specific absorption of gold particle and rust could 
explain the important increase of probability of nucleation 
observed at 532nm.  

Since RT-EDS is a molecular salt whose crystals exhibit supramolecular 
chirality, the following section focuses on the chirality of the crystals 
produced as a function of the polarization geometry used, of the 
wavelength of irradiation, and of the impurity profile. 

5.5 INFLUENCE OF POLARIZED LIGHT ON THE CRYSTALLIZATION OF RT-EDS  
Understanding chiral symmetry breaking is a major challenge in many 
scientific fields24–26: how can we control crystallization to selectively isolate 
one enantiomer? How can we explain that a racemic mixture evolves 
spontaneously towards homochirality27? Such are fundamental questions 
with deep implications that could partly explain the origin of life on 
earth28,29. Several studies evidenced stereospecific light-matter 
interactions during physico-chemical processes30. It was for instance 
evidenced that the use of circularly polarized light (CPL) can impact the 
stereoselectivity of several photochemical processes and de-symmetrize 
symmetric situations, including photochemical reactions (also called 
asymmetric photo-synthesis)31–33, photoderacemizations30,34, combined 
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with symmetry breaking to achieve deracemization35,36. Such type of 
stereoselective light-matter interactions have also been reported in the 
case of non-photochemical processes. For instance, it has been reported 
that the exposure of a solution of sodium chlorate during its evaporation 
to beta radiations with circularly polarized electron yields an asymmetric 
distribution of enantiomorphs37. Another example has been reported by 
Niinomi et al.38 who demonstrated that the chirality of NaClO3 crystal, 
produced from an aqueous solution doped with Ag nanoparticles, can be 
controlled by the direction of circularly polarized light of a continuous wave 
laser (532nm) irradiating the solution. Therefore, it seems that the use of 
the suitable light polarization can have a stereoselective impact on non-
photochemical processes. 

Can a similar effect be envisaged for NPLIN processes? Would it be 
possible to produce a single enantiomorph out of a racemic solution by 
triggering its stereoselective crystallization via the suitable light 
polarization? Several NPLIN studies tried to answer these questions 
focusing in particular on compounds exhibiting supramolecular chirality 
such as sodium chlorate38–40 and 4,4’-dimethyl-chalcone.41 In the case of 
4,4’-dimethyl-chalcone (§2.4.1.2), Circularly polarized light does not 
influence the chirality of the compound, but linearly polarized light allows 
to increase the enantiomeric excess but without control of the 
enantiomorphs formed. In the case of sodium chlorate, it appears that the 
laser light (either RCP, LCP or LP) induces first the formation of an achiral 
metastable polymorph that converts into either one or the other 
enantiomorphs. Thus, within the framework of the OKE mechanism, 
stereoselective NPLIN deserves to be explored in the absence of more 
documented case studies.  

Due to its supramolecular chirality, EDS is an ideal choice for conducting 
NPLIN stereoselective study. In addition, there is in average one crystal 
per vial that necessarily originates from NPLIN and with a chirality easily 
identified by polarised optical microscope. To this end, the crystals 
produced during NPLIN experiments were collected (after a growth time 
of 3hours) and examined with a polarizing microscope to determine the 
chirality the next day. Then, crystal enantiomeric excess (Cee) was 
calculated following Equation 5-1, where Nd and Nl represent respectively 
the number of d-crystals and the number of l-crystals.  

𝐶𝑒𝑒 =
ே೏ିே೗

ே೏ାே೗
     Equation 5-1 
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The standard deviation (σ) weighted by the number of crystals in each vial 
is calculated with Equation 5-2 where N is the number of vials, wi is the 
number of crystals in the vial i and xi is the enantiomeric excess of vial i. 
The weighted mean is calculated by Equation 5-3. 

𝜎 = ට
ଵ

ேିଵ
[

∑(௪೔(௫೔ି௫̅)²)  

∑ ௪೔
]     Equation 5-2 

𝑥̅ =
∑ ௪೔௫೔

∑ ௪೔
     Equation 5-3 

 Non-filtered samples irradiated at 1064nm 

In the following experiments, different polarization geometries of the 
incident laser beam were used: linearly polarized light (LP), right circularly 
polarized light (RCP) and left circularly polarized light (LCP). For each 
polarization geometry, 100 vials (2 sets of 50 vials with 10 control samples) 
containing 1mL of non-filtered supersaturated solution of EDS (β=1.10) 
were exposed to 1 pulse at 34.8mJ (23 MW/cm²) at 1064nm. Assuming 
that the polarization geometry can control the Cee, it is expected to obtain 
an opposite chirality when using RCP or LCP (Cee=1 or Cee =-1) and a 
Cee of 0 when using LP or spontaneous nucleation. Table 5-3 shows no 
influence of laser polarization on the Cee, LCP and LP give the same Cee 
value of 0.02 and RCP gives a slightly higher value of -0.14. 

Table 5-3-Results obtained for the NPLIN experiments of EDS solutions with Left 
(LCP), Right (RCP) circularly polarized, or Linear (LP) polarized laser light (1 pulse, 
34.8 mJ). 100 vials were exposed to the laser for each polarization. Nvial is the number 
of vials that crystallized; Ncrystal is the total number of crystals; Nd is the total number of 
d-crystals; Nl is the total number of l-crystals; Cee is the crystal enantiomeric excess; 
σ is the standard deviation calculated with Equation5-2. 

Polarization Nvial Ncrystal Nd Nl Cee±σ 

LCP 89 194 99 95 0.02±0.07 

RCP 86 190 81 109 -0.14±0.07 

LP 91 249 127 122 0.02±0.06 

It should be stressed that even for the same experimental conditions, the 
number of crystals produced varies from vial to vial, generally one or two 
crystals up to four in some cases. When several crystals are produced, it 
is not possible to distinguish which ones were generated by the laser pulse 
and which ones were secondary crystals. Even if these secondary crystals 
are more likely due to secondary nucleation triggered by the appearance 
of the laser induced single crystal, only vials exhibiting one single crystal 
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were considered in order to avoid counting crystals that were produced by 
second primary crystallization. Table 5-4 presents the Cee calculated from 
population of only one crystal per vial. The Cee values are quite high (0.1 
for RCP, 0.2 for LCP and 0.3 for LP), but the standard deviation is also 
high (0.2), it indicates that more data would be necessary to obtain a 
suitable statistical confidence. The measured Cee are not high enough 
with reference to the standard deviation to establish a correlation between 
the polarization of the laser light and the preferential nucleation of one 
enantiomorph over the other. 

Table 5-4-Summary of the Results Obtained for Nucleation of EDS Solutions with Left 
(LCP), Right (RCP) circularly polarized, or linear (LP) polarized laser light (1 pulse, 
34.8 mJ). Only vials exhibiting one crystal have been counted. Nvial is the total number 
of vials that crystallized; Ncrystal=1 is the number of vials that gave only a single crystal; 
Nd is the number of d-crystals; Nl is the number of l-crystals; Cee is the crystal 
enantiomeric excess; σ is the standard deviation calculated. 

Polarization Nvial Ncrystal =1 Nd Nl Cee±σ 

LCP 89 21 8 13 -0.2±0.2 

RCP 86 19 10 9 0.1±0.2 

LP 91 20 13 7 0.3±0.2 

Polarization geometry (RCP, LCP or LP) seems therefore not correlated 
to RT-EDS crystals chirality when irradiating unfiltered solutions at 
1064nm. The knowledge obtained through our previous experiments 
(section 5.3) prompted us to investigate the impact of changing the 
wavelength to 532nm in conjunction with the use of nanoparticles on the 
Cee of produced crystals. 

 Non-filtered samples irradiated at 532nm 

Table 5-5 presents the Cee obtained for the non-filtered solutions of EDS 
exposed to linear or left circular polarized light at 532nm (β=1.10, 1pulse 
at 35mJ, set of 25 vials for each polarization). In these conditions, as 12 
crystals per vials were obtained on average, only 10 vials out of the set of 
25 were observed under the microscope. Among the ca. 120 crystals 
observed, the chirality of only half of them could be determined due to the 
size and morphologies of some crystals. We however confirmed that the 
distribution of enantiomorphs among these ca. 60 individuals is 
representative of that of all the crystals found in the 25 vials and we 
conclude that there is a distribution close to 50/50 between each 
enantiomorphs, whatever the polarization used.  
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Table 5-5-Results obtained for nucleation of EDS solutions exposed to Left (LCP) 
circularly polarized laser light or linear (LP) polarized laser light at 532nm. Nvial is the 
number of vials analysed; Ncrystal is the total number of crystals; Nd is the total number 
of d-crystals; Nl is the total number of l-crystals; Cee is the crystal enantiomeric excess; 
σ is the standard deviation calculated 

Polarization Nvial Ncrystal Nd Nl Cee±σ 

LP 10 114 28 27 0.0±0.1 

LCP 10 125 34 39 -0.07±0.08 

When irradiating the unfiltered solution at 532nm with either LP or LCP, 
our data show that both conditions gives a Cee values close to 0. Thus, 
there is no correlation between the chirality of RT-EDS crystals and the 
polarization geometry used for NPLIN at 532 nm. 

 Stainless steel doped sample  

Table 5-6 presents the Cee obtained for filtered and doped with steel 
solutions of EDS exposed to either linear or left circular polarized light at 
1064 nm and at 532nm (β=1.10 1pulse at 34.8mJ (1064nm) or 35mJ 
(532nm)). The Cee calculated is closed to 0 indicating that there is no 
preference for an enantiomorph. No statistical study was done for the three 
other doping particles used but, a fraction of vial was checked and a similar 
number of d and l crystals were found in each vial.  

Table 5-6-Results obtained for nucleation of EDS solution doped with steel particle 
exposed to left circularly polarized light (LCP) or linear polarized light (LP) at 1064nm 
and 532nm. Nvial is the number of vials analysed; Ncrystal is the total number of crystals; 
Nd is the total number of d-crystals; Nl is the total number of l-crystals; Cee is the crystal 
enantiomeric excess; σ is the standard deviation calculated 

Wavelength Polarization Nvial Ncrystal Nd Nl Cee±σ 

1064nm 
LP 12 15 7 8 -0.1±0.3 

LCP 12 20 9 11 -0.1±0.2 

 Polarization Nvial Ncrystal Nd Nl Cee±σ 

532nm 
LP 26 83 35 32 0.0±0.1 

LCP 24 63 16 20 -0.1±0.2 

To conclude about the impact of laser polarization geometry on the Cee 
of RT-EDS during NPLIN, the results showed no strong correlation 
between these two parameters. Further to this, the wavelength and the 
addition of particles seems to have no impact on the Cee of EDS.  
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5.6 MEAN NUMBER OF CRYSTALS AND MORPHOLOGIES 
Through the different experimental conditions applied to nucleate RT-EDS 
via laser light, it was noticed differences in the number of crystals obtained 
per vials and sometimes also in morphologies (which led to difficulties for 
the identification of the chirality).  

 Morphologies of EDS crystals  

Figure 5-15 shows different morphologies of crystals obtained from 
NPLIN. Typical crystals obtained from NPLIN are shown in Figure 5-15 A, 
they are flat with different thickness. The thickness of the crystals can 
sometimes hinder the determination of the chirality: For instance, the 
crystal shown in Figure 5-15 B is very bulky and it is difficult to orientate 
the 41 axis in the suitable direction. The Figure 5-15 C, shows an example 
of the case where several crystals are produced in the same vial. In this 
case it can be difficult to assign a handedness to each crystal, but the 
darkness and brightness have been used to account for the two chiralities.  

 
Figure 5-15-Example of RT-EDS crystals obtained via NPLIN. A- d and l-crystals 
obtained from 2 different vials. B- crystal with undetermined chirality C- numerous 
crystals obtained from one vial. 

 Mean number of crystals  

Table 5-7 gives the mean number of crystals counted through the different 
experimental conditions.  

First, one can note a slight difference between the mean number of 
crystals obtained via linear polarized light or circular polarized light, but it 
is not significant enough to consider an influence of the polarization on the 
number of nucleated crystals. 

Then, a marked increase of the number of crystals is observed when 
changing the working wavelength from 1064nm to 532nm. The mean 
number of crystals is multiplied by a factor 5 in the case of non-filtered 
solutions and by a factor 2 for filtered+steel doped solutions. This is 
coherent with the increase in probability of nucleation observed in Figure 
5-14.  
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Finally, it should be underlined that filtered solutions gave on average 1 
single crystals per vial (data not shown in Table 5-7 due to the absence of 
statistical data). It is also worth noting that even after doping the filtered 
solution with nanoparticles, the mean number of crystals remains low and 
does not compare with the situation for unfiltered solutions, especially 
while working at 532 nm. 

Table 5-7-Mean number of crystals per vial according to nucleation conditions 
(wavelength, filtration of solutions and polarization either LP: linear polarization or CP: 
circular polarization) 

      Nucleation conditions 
 1064nm 532nm 
 LP CP LP CP 

Non filtered 2.75 2.20 11.25 12.50 

Filtered+Steel 1.25 1.67 3.25 2.74 

5.7 DISCUSSION ON THE MECHANISM  

 OKE mechanism  

In the context of the OKE mechanism, dissolved molecules align their most 
polarizable axis in the direction of the electromagnetic field during 
irradiation of the solution. It is expected that different polarization 
geometries could either trigger the nucleation of different polymorphs or 
impact differently the probability of nucleation (Chapter 2-§2.4.1.2). Based 
on this framework, we hypothesized that using either RCP or LCP laser 
light during NPLIN experiments could impact the handedness of the 
formed crystals. EDS was the ideal candidate for this study: (i) the NPLIN 
effect is very efficient (Figure 5-7), (ii) only few crystals are produced per 
irradiated vials (Table 5-7), (iii) the chirality of the crystals can be quickly 
determined by microscopy (Figure 5-2). The results shown in this chapter 
highlight that there is no correlation between the polarization geometry of 
the laser (either RCP, LCP or LP) and the chirality of the RT-EDS crystals 
produced by NPLIN (§5.5). This applies either at 532 or 1064 nm, and 
even if metallic nanoparticles are added to the solution (Table 5-6). It is 
also worth noting that the polarization of the light did not influence the 
probability of nucleation of EDS and had a very limited impact on the 
number of crystals produced by NPLIN (Table 5-7). 
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Although not shown in this chapter, we also conducted similar experiments 
using NaClO3 (another compound exhibiting supramolecular chirality) and 
modafinic acid (a molecular compound exhibiting molecular chirality): the 
data are shown in Appendixes A.3.1 and A.3.2. The obtained statistics 
also revealed an absence of correlation between the chirality of the 
produced crystals and the polarization geometry of the laser. 

 Nanoparticle heating  

The nanoparticle heating hypothesis states the presence of solid 
impurities inside the solutions and those particles interact with the laser to 
produce heat or pressure wave. Our results show that the EDS solutions 
contain insoluble impurity particles. These particles have been isolated on 
the filter membrane in order to try identifying them. The analysis of the 
impurities, particularly the ICPE analysis, led us to suspect stainless steel 
as the impurity and possibly the product of corrosion of steel : rouge. 

The EDS solutions that were filtered showed an important decrease of the 
probability of nucleation compared to non-filtered solutions (Figure 5-8). 
This agrees with the study on K2SO4 (Chapter 4- §4.4) and the 
literature1,2,42. The impact of the impurities as part of the NPLIN 
mechanism is confirmed. However, the mechanism by which the 
phenomenon occurs remains not clear as the interaction between the light 
and the particle, and its consequence on the solution are unknown. More 
NPLIN case study are therefore required: although the impurity content 
might be different for each investigated compound, it could serve to 
identify a family of materials suitable to trigger NPLIN effects.  

In our experiments, filtered solutions were doped with different particles in 
order to gain knowledge on the nature of the interaction between the laser 
and the particle and on the mechanism by which nucleation is induced. 
The NPLIN of doped solutions shows that the use of different kind of 
particle leads to different NPLIN behaviour. Indeed, for all tested particles, 
doping allows an increase of the probability of nucleation compared to 
filtered solutions but does not permit to reach the initial behaviour of non-
filtered solutions. This is particularly true for the 1064nm wavelength. 
When using the 532 nm wavelength, the probability of nucleation of 
filtered+doped solutions is closer to the nucleation behaviour of unfiltered 
solutions.  
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Regarding the number of crystals produced by NPLIN: (i) filtration 
decreases the number of produced crystals, (ii) doping does not enable to 
produce the same number of crystals than non-filtered solution (especially 
at 532nm). All these results underline the importance of the laser 
wavelength and the presence (and nature) of insoluble impurities in 
solutions.  

5.8 CONCLUSION  
To conclude, it is first important to point out that the NPLIN effect of EDS 
was not previously reported in the literature. Therefore, this study 
demonstrates the possibility to nucleate easily RT-EDS via the NPLIN 
process, it is the most effective NPLIN effect we observed, decreasing 
EDS (β=1.10) nucleation from months to minutes with a single laser pulse.  

The influence of the presence of impurities and the impact of filtration on 
the NPLIN kinetics have been clearly evidenced in EDS solutions. The 
analysis of the impurities by ICP-ES shows a metallic composition close 
to that of stainless steel or its degradation product, rouge. Finally, the 
addition of particle in filtered solution resulted in the increase of the 
probability of nucleation during NPLIN. The use of a 532nm wavelength 
enhanced the impact of the particle added on the NPLIN kinetics.  

At the early stage of this PhD work, EDS was chosen due to its 
supramolecular chirality and it was the suitable candidate to investigate if 
the laser could control the enantiomorph produced by varying the 
polarization geometry. Our results showed that, with the conditions tested, 
no stereoselective nucleation could be observed.  
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Through our experiments, it was demonstrated that the polarization 
geometry of the laser has no influence on the NPLIN kinetics of potassium 
sulfate (K2SO4) and ethylenediamine sulfate (EDS), neither on the 
enantiomorphs produced in case of EDS. These results are in agreement 
with several studies that have been performed in the SMS laboratory, prior 
to this PhD work, concerning in particular sodium chlorate (see Appendix 
A.3.1).  

Hence, we can ask: why does the polarization geometry have no influence 
on our compounds? Why is the Optical Kerr Effect not occurring during 
our experiments?  

Is it related to laser intensity? Indeed, regarding articles reporting an 
influence of the polarization geometry during NPLIN1–4, it can be noticed 
that the laser intensities at work are about 10 times higher compared to 
our set-up or to studies focusing on KCl NPLIN5–7 (and most of the NPLIN 
studies). Nonetheless, the high intensities used in ref. 1-4 remains rather 
weak compared to the one estimated by simulation 8 to induced OKE. 
Moreover, we succeeded to induce NPLIN in urea supersaturated solution 
using lower intensity than used in literature. Thus , we believe that the 
laser intensity is not the limiting factor in our experiment.  

Is it related to the laser type (i.e., continuous wave (CW) vs pulsed laser)? 
Indeed, symmetry breaking phenomena have been reported during 
crystallization of sodium chlorate under CPL irradiation by using 
continuous light exposure9,10. We believe that CW laser and pulsed laser 
may involve different phenomena and CW laser might be more suitable for 
stereoselective challenges. In particular, the publication by Niinomi et al.11 
reports an interesting chiral bias during the crystallization of NaClO3: the 
use of RCP continuous light triggers the nucleation of one enantiomorph, 
whereas the use of LCP triggers the nucleation of the other enantiomorph. 
However, this phenomenon was shown to rely on a primary interaction 
between the CW laser light and insoluble nanoparticles of silver, which 
have been added on purpose to the NaClO3 solutions. Actually, the study 
by Niinomi et al. is in good agreement with more recent concepts regarding 
the NPLIN mechanisms which poses that the laser light does not interact 
directly with the solute compound but requires some kind of handover 
material to “link” the laser light to nucleation. Recent publications highlight 
that such materials could be insoluble impurities present in solutions. 6,12,13 

At the early stage of this PhD work, we hypothesized that the insoluble 
particles could result from damaging the vial sides upon laser irradiation, 
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which could generate glass particles in the solution. To investigate this, 
AFM and SEM observations of the inner surfaces of an irradiated glass 
vial were compared to those of an unexposed glass vial. The results of 
these experiments are reported in Appendix A.4 and show no evidence of 
such light induced damages.  

This hypothesis was further refuted by the fact that filtration of the 
supersaturated solutions prior to the exposure to the laser light strongly 
reduces the NPLIN phenomenon. The present work confirms that the 
probabilities of nucleation of irradiated EDS and K2SO4 solutions are 
strongly reduced upon filtration of the solution (once again prior to laser 
exposure), thus highlighting the presence of solid and insoluble impurities 
inside the mother solutions. The chemical nature of the impurities collected 
during filtration of EDS solutions was investigated in Chapter 5-§5.4.2 and 
consists in a complex mixture of metallic materials, resembling the 
composition of stainless steel. Thus, we suppose that these impurities are 
present in the EDS commercial lots and come from the industrial 
production stage. 

As discussed in Chapter 5, the presence of such solid impurities plays a 
major role in the NPLIN mechanism since their partial removal results in a 
partial decrease of NPLIN probability. Further to this, we showed that 
doping on purpose the filtered solutions of EDS with several types of 
metallic materials enables to retrieve higher NPLIN kinetics with reference 
to non-filtered solutions. However, the efficiency of NPLIN depends on the 
nature of the added impurity and we found that some impurities are more 
efficient than others. This suggests that the efficiency of the handover 
mechanism depends on how strong the “light – impurity” interaction is.  

It can be hypothesized that the NPLIN efficiency is related to the light 
absorption properties of the insoluble particles: higher absorbing materials 
may lead to more efficient NPLIN effects. This is supported by the fact that 
NPLIN of EDS solutions doped with several types of particles was strongly 
impacted by the use of different wavelengths. In particular, the NPLIN 
kinetics were favoured by irradiating the doped solutions with a 532 nm 
light. Although we measured the UV-Vis spectra of the doped EDS 
solutions, it was difficult to find a correlation between the absorption 
properties of the solutions and their nucleation efficiencies. This could be 
due to the very different impurity concentrations used during our study. 
More studies are required to better understand the nature of the interaction 
between the laser light and such impurities. 
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Then, if the addition of metallic particles in a filtered solution enables to 
retrieve a NPLIN effect, would it be possible to induce or improve a NPLIN 
effect in a system that does not, or hardly exhibits NPLIN, by doping the 
solutions? 

We investigated this possibility using supersaturated aqueous solutions of 
racemic diprophylline (DPL). DPL is a chiral molecular compound which 
has been intensely studied by the SMS laboratory14–16. The compound is 
well known to have difficulties nucleating, especially from water (aqueous 
solutions with supersaturation ratio as high as β=3 can remain metastable 
for more than 24h). It was also highlighted by our experiments that 
crystallization of DPL aqueous solutions is hardly favoured by laser 
irradiation (See Appendix A.5).  

We decided to dope the DPL aqueous solutions (β=3.25) with gold 
nanoparticles (at a concentration of 0.01mg/g of DPL). Solutions were then 
exposed to 1064 nm light, using either 241 mJ or 126 mJ per pulse. The 
solutions required a number of pulses as high as 600 to crystallize. Such 
a high number of pulses has also been used for the NPLIN of 
carbamazepine3, sulfathiazole4 or glycine2,12,17 (at even higher energies) 
but obviously does not compare to the conditions used in Chapter 4 and 
5. At least 30 samples were studied in each experimental condition, and 
for control samples. The same experiment was also performed in the 
absence of gold nanoparticles. Results are shown in Figure 6-1. At 240mJ 
(Figure 6-1a), it can be seen that the NPLIN kinetics of irradiated undoped 
solutions (NPLIN H2O) is similar to that of spontaneous nucleation (i.e., 
Control samples - non-irradiated). In contrast, doping the solution with gold 
nanoparticles and irradiating has a clear impact: 24h after irradiation 
doped solutions have a nucleation probability of 33% whereas the 
probability is still 0% for irradiated but un-doped solutions. We therefore 
evidenced that it is possible to trigger the NPLIN effect in a system by 
suitable doping.  



Chapter 6 General Discussion 

152 
 

 

Figure 6-1-Probability of nucleation vs time for supersaturated solutions of DPL 
(β=3.25. Standard solution labelled H2O (not doped) and doped solution with gold 
nanoparticles exposed to a) 600 pulses at 241mJ b) 600 pulses at 126mJ (1064nm). 
Point are experimental value and lines are guided to the eye and do not represent 
experimental behaviour.  

However, using lower energy (126mJ per pulse, Figure 6-1b) the 
difference between doped solution and standard solution is narrower. It 
seems that the energy is not high enough to “activate” the gold 
nanoparticle. Solutions of gold nanoparticles are known to absorb at 520 
nm : would this process “activation” be more efficient at 532 nm?  

The same experiments were reproduced using 532nm light with 600 
pulses at 122mJ. At least 30 samples were irradiated in each case. The 
results are presented in Figure 6-2 and show that: (i) the use of 532nm 
light leads to a higher probability of nucleation than 1064nm light, (ii) both 
doped gold solutions and standard solutions irradiated at 532 nm have a 
higher probability of nucleation and larger difference with reference to 
control (non-irradiated) samples. However, (iii) contrary to expectations, 
doping the solution with gold nanoparticle does not lead to a higher 
probability of nucleation at 532nm: after 36h the probability of nucleation 
of doped sample is lower than the one of standard samples.  
Once again, it is possible that the energy used (122 mJ) is not high enough 
to “activate” the nanoparticles. Unfortunately, our laser set-up does not 
permit to reach an energy higher than 161mJ at 532nm. It could be 
expected that the NPLIN kinetics would be faster at higher energy at 532 
nm. 
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Figure 6-2-Probability of nucleation in function of time for supersaturated aqueous DPL 
solution and doped solution with gold (β=3.25), exposed to 600 pulses at 122mJ at 
532nm compare to solutions exposed to 600 pulses at 126mJ at 1064nm.  

These results underline that even if it is possible to trigger or improve the 
NPLIN effect by doping the solutions with insoluble metallic materials, 
other parameters should be considered, such as the laser wavelength, but 
also the energy transmitted to the solution.  

The results reported in this PhD work also question how the nanoparticles, 
upon irradiation, interact with the solution and trigger the nucleation of the 
solute compound. It has been proposed that the energy absorbed by the 
particle is released upon its implosion, thus creating fresh nucleation sites. 
Another hypothesis is that the local heating of the solution provokes gas 
cavitation. Through the case of K2SO4 we showed that if cavitation occurs, 
the cavities formed do not consist of dissolved gas but rather of vaporized 
solvent. In this context, more investigations are required to understand this 
part of the mechanism, maybe by changing the wavelength since our 
investigations evidenced a clear impact of this parameter on the number 
of crystals produced. 

To conclude, this PhD work shows that:  

- The NPLIN mechanism relies, without doubt, on the presence of 
insoluble metallic particles in solution. Those particles most likely 
come from the industrial lot of solid compounds. It would be 
interesting to compare the NPLIN kinetics of a freshly synthesized 
sample with that of an industrial batch. 
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- NPLIN efficiency of a given system can be enhanced by voluntary 
doping of solutions with metallic nanoparticles and by tuning the 
working wavelength in relation to the absorption properties of the 
chosen particle. Understanding how exactly the particles interact 
with the laser light and induce the nucleation could permit to 
establish selection criteria regarding the chemical nature and 
concentration of the particles. 

- The NPLIN kinetics is independent of the dissolved gas content 
which question the role, presence and nature of gas cavitation during 
NPLIN. 

Of course, more studies are required to further understand the 
mechanism:  

 Regarding the doping of solutions, it could be envisaged to use other 
kind of particles, particularly, non-metallic particles (e.g., carbon) to 
check if the NPLIN effect is limited to metallic impurities. Then, it 
would be of interest to investigate the influence of concentration of 
the particles added and their size (e.g., gold nanoparticles are 
available in size ranging from 5nm to 400nm). The use of a 
surfactant or even a gelling agent could be necessary to ensure 
sufficient dispersion of the particles.  

 Besides, it would be helpful to determine the exact physicochemical 
nature of the solid impurities in the solutions. Dynamic light 
scattering could be used to measure the size of the impurities in the 
solution. Hence, we will be able to compare for each compound if 
the same impurities are involved. It would be very informative to 
interview the chemicals providers about these impurities.  

 The NPLIN set-up could be coupled to a microscope and a camera 
to observe the first stage of NPLIN and conclude about the possible 
formation of bubbles using nanosecond unfocused laser. In addition, 
coupling the NPLIN set-up with a microfluidic set-up could also be 
useful to achieve a higher number of experiment and therefore more 
reliable statistics.  
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A.1 HOT-STAGE MICROSCOPY  
The polymorphic transition of EDS was studied with a polarized light 
microscope equipped with a hot stage device (Linkam THMS 600). At 
around 225°C, a brighter zone appears and extends to the whole crystal 
with different colours at some points (Figure A-1), and this corresponds to 
the appearance of the HT-EDS phase. When looking at the cooling, the 
two events observed by DSC and XRD cannot be distinguished but an 
opacification of the crystal is observed. At the end of the cooling, the 
polymorphic transition results in the transformation of the single crystal 
into a polycrystalline solid, which is clearly confirmed by the coloured 
mosaic. 

 

Figure A-1-EDS crystals seen under polarized light microscope (NIKON Eclipse 
LV100) upon heating (1-5) and upon cooling (6-10) 

A.2 UV- VIS SPECTRA OF NANOPARTICLES USED  
The UV-visible spectra of the particles in water were measured. Figure A-2 
presents the different spectra obtained. The reference is the water 
spectrum. The spectrum obtained for water with addition of steel particles 
is quite similar. There is a peak of absorption for gold around 520nm and 
for silver at 400nm. Due to the absorption of water, all the solutions 
containing particles absorb more at 1064nm than at 532nm. In the case of 
rust particle, it seems that the spectrum is shifted to higher absorption 
values, the absorption is much higher than for the other solutions.  

215°C 219°C 224°C 226°C 230°C 

226°C 220°C 207°C 192°C 185°C 
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Figure A-2-UV-Vis spectra measured for different particles suspension in water 

A.3 TRAINING REPORTS 

A.3.1 Study of Sodium Chlorate (Laurianne FEUILLU) 

During her training period, Laurianne has worked on the NPLIN of sodium 
Chlorate (NaClO3) in water, with the same set-up used in this PhD work. 
She was asked to study the influence of the laser polarization geometry 
on the chirality of the crystals produced by NPLIN (NaClO3 exhibits 
supramolecular chirality). The results are presented in Table A-1 and 
Table A-2, respectively for linear polarization and circular polarization. No 
correlation is observed between the polarization geometry and the chirality 
of the crystals produced.  

Table A-1-Chirality of NaClO3 crystals obtained by NPLIN with linearly polarized light 
for different supersaturation (β). % blue and %brown each corresponding to one 
enantiomorph either d or l . % racemic corresponds to sample in which both 
enantiomorph were present. 

 
Experiment 

number  

Number of 
Crystallized 

Samples 
%Blue %Brown %Racemic 

β=1.07 

1 21 52,4 28,6 19,1 
2 19 21,1 31,6 47,4 
3 12 25,0 41,7 33,3 
4 31 16,1 22,6 29,0 
5 9 11,1 77,8 11,1 
6 3 33,3 66,7 00,0 
7 10 40,0 40,0 20,0 

Spontaneous 
nucleation 

43 44,2 46,5 9,3 

Total 148 32,4 38,5 22,3 
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β=1.04 

1 6 83,3 16,7 00,0 
2 5 40,0 60,0 00,0 
3 24 33,3 45,8 20,8 
4 10 30,0 60,0 10,0 
5 20 30,0 60,0 10,0 

Total 65 36,9 50,8 12,3 

β=1.06 

1 15 46,7 46,7 6,7 
2 10 30,0 50,0 20,0 

Spontaneous 
nucleation 

8 12,5 25,0 62,5 

Total 33 33,3 42,4 24,3 
 

Table A-2-Chirality of NaClO3 crystals obtained by NPLIN with Circularly polarized 
light. 

 
Experiment 

number 

Number of 
Crystallized 

Samples 
% Blue %Brown %Racemic 

β=1.07 

1 18 44,4 33,3 22,2 

2 26 34,6 53,9 11,5 

3 40 35,0 32,5 32,5 

4 8 50,0 50,0 0,0 

5 25 36,0 40,0 24,0 

6 7 28,6 71,4 0,0 

7 7 28,6 57,1 14,3 

8 7 28,6 42,9 28,6 

Total 138 36,2 42,8 21,0 

 

A.3.2 Study of Modafinil Acid (Aurélien LEMERCIER) 

Through his training period, Aurélien has worked on different compounds 
including modafinil acid which is a chiral molecule as shown in Figure A-3. 
Solutions of β=1.2 of modafinil acid in methanol were exposed to either 
linear or circular polarization. The enantiomeric excess was determined by 
polarimetry, the results are presented in Table A-3 and show no correlation 
between optical rotation and polarization geometry.  

 

Figure A-3-Chemical structure of Modafinil acid, * indicate the stereogenic center 
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Table A-3-Mean optical rotation for modafinil acid exposed to linear or circular 
polarization compared to control sample (non-irradiated) for at least 42 samples.  

 Control sample Linear polarization Circular polarization 

Optical rotation (°) 0.175 0.288 0.311 

A.4 AFM AND SEM ANALYSIS  
After the exposition of vial filled with water to 100 pulses at 85.6mJ, the 
irradiated section of vial was cut to perform AFM and SEM analysis 

Pictures obtained from AFM analysis are presented in (Figure A-4). The 
measured roughness values are presented in Table A-4, the average 
roughness (Ra) and maximum roughness (Rz) for the three samples are 
of the same order of magnitude.  

 

Figure A-4-3D representation of the inner surface roughness of the vial measured by 
atomic force microscopy (AFM). a) a piece of control vial without any laser exposure, 
b) and c) a piece of vial exposed to 100pulses at 85.6mJ respectively the entry face 
and the exit face of the laser beam. The size of the surface analysed is 25µmx25µm 

  

a)    b)     c 
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Table A-4-Roughness average (Ra) and maximum roughness (Rz) measured for 
control vial and irradiated vial (entry face and exit face of the laser beam) 

 
Roughness average 

(Ra) 
Roughness max 

(Rz) 

Control Vial 7nm 340nm 

Irradiated Vial (Entry) 18nm 453nm 

Irradiated Vial (Exit) 20nm 380nm 

The images obtained from SEM are presented in Figure A-5, no impact of 
laser can be seen compared to the control vial.  

 

Figure A-5-Scanning electron microscopy (SEM) images. From left to right: control vial, 
vial entry face and vial exit face of the laser beam.  

A.5 THE DIPROPHYLLINE AQUEOUS SYSTEM NPLIN BEHAVIOUR 

A.5.1  Introduction 

Diprophylline (DPL) is a chiral drug used in the treatment of respiratory 
disorders, also named 7-(2,3-Dihydroxy-propyl)theophylline, it is a 
derivative of theophylline. The molecules are presented in Figure A-6. The 
intrinsic chirality and polymorphism of DPL were first interesting for our 
NPLIN study, but the interest then shifted to the long induction times 
observed and the low reactivity of DPL with laser light (i.e., Limited (or non-
observable) NPLIN effect) 

 

Figure A-6-Chemical structure of diprophylline (*chiral carbon) on the left and 
theophylline on the right  

* 
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A.5.2 Solubility of Diprophylline 

Racemic DPL (RI) is soluble in polar solvent such as water, 
dimethylformamide or dimethyl sulfoxide and poorly soluble in methanol 
and isopropyl alcohol1. In this study, as only aqueous solutions are 
concerned, the solubility curve of DPL in water was established by 
gravimetry. Wu et al.2 examined the solubility of DPL in different solvents 
including water and correlated experimental data to thermodynamics 
model. They used the isothermal saturation method and determined the 
solubility in molar fraction via HPLC analysis. Their data were converted 
from molar fraction to mass fraction in order to compare with our 
experimental solubility data. The results are shown in Figure A-7. There is 
a difference between our experimental data and the solubility data of Wu 
et al which can be due to the different techniques used to measure 
solubility. For this study, we choose to consider the solubility value we 
measured at the working temperature of 20°C, so 9.5%wt.  

 

Figure A-7-Solubility determine in this study in weight percentage of (RS)-DPL in water 
in function of temperature compare to others studies1,2 

A.5.3 Spectroscopy UV-vis 

The UV-vis spectrum of saturated aqueous DPL solution was measured 
to evaluate the possible absorption of the molecule and eliminate the 
probability of photochemical reactions. Figure A-8 shows the absorbance 
spectra of DPL and water. The absorption of DPL aqueous solutions 
mainly originates from water with a slight increase of the absorbance at 
the two wavelengths studied (1064nm and 532nm) which is not 
significative and will not lead to photochemical reaction. 
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Figure A-8-UV-vis spectra of saturated DPL aqueous solution and water. 

A.5.4 NPLIN experiments  

Figure A-9a) shows the behaviour of DPL supersaturated solution of 
β=3.5, exposed to 600pulses at 241mJ (at least 20 samples for both 
NPLIN and control). In the end the control samples have a higher 
probability of nucleation than the samples exposed to laser. In Figure 
A-9b), when β=3.25, the NPLIN effect is not clear as spontaneous 
nucleation occurs simultaneously. Therefore, there is no strong effect of 
the laser on the DPL solutions contrary to the compound observed in 
Chapter 4 and 5. 

 

Figure A-9-Probability of nucleation over time for aqueous DPL solution exposed to 
1064nm laser a) β=3.5 exposed to 600pulses at 241mJ with and b) β=3.25 exposed to 
600pulses at 241mJ or 126mJ.  

 

a b 



Appendices 

ix 
 

A.5.5 Description of the crystals obtained  

The crystals obtained are needle like crystals but “agglomerated” in urshin 
like structure, as shown in Figure A-10 and Figure A-11. Both spontaneous 
nucleation and NPLIN gave the same kind of crystals. The solid structure 
obtained via NPLIN and spontaneous nucleation was checked by X-ray 
diffraction and confirmed that it is form RI. 

 

Figure A-10-Pictures of the DPL crystals obtained in 1mL vial, on the left aqueous 
solution and on the right gold doped aqueous solution. 

 

Figure A-11-Pictures of DPL crystals observed with microscope on the left aqueous 
solution and on the right gold doped aqueous solution. 

 

(1) Brandel, C. Structural Purity and Solid-Solid Transitions in Molecular Crystals, 
university of Rouen Normandie, 2014. 

(2) Wu, Y.; Gao, J.; Yan, S.; Wu, C.; Hu, B. The Dissolution Behaviour and Apparent 
Thermodynamic Analysis of Diprophylline in Pure and Mixed Solvents. The 
Journal of Chemical Thermodynamics 2019, 138, 297–303. 
https://doi.org/10.1016/j.jct.2019.06.007. 

 

 

 



 

 
 

  



 

 
 

Abstract 

The non-photochemical laser induced nucleation (NPLIN) phenomenon occurs by 
irradiation of a supersaturated solution with a high energy pulsed nanosecond laser. 
NPLIN allows temporal control (decrease of induction time) and spatial control 
(nucleation inside the irradiated area) of nucleation. However, the interaction between 
the laser light and the supersaturated solution is not well understood. Several 
mechanisms have been proposed to explain NPLIN, such as the Optical Kerr Effect or 
the nanoparticle heating mechanism. The aim of this PhD work is to contribute to the 
general understanding of the NPLIN mechanism.  

Beside a comprehensive review of literature concerning NPLIN, this manuscript reports 
our investigation regarding two compounds: Potassium Sulfate and Ethylenediamine 
Sulfate. In both cases, the laser enables a marked reduction of induction times 
compared to spontaneous nucleation. For Potassium Sulfate, the influence of 
dissolved gas content in solution was examined in order to evaluate the cavitation 
mechanism. For Ethylenediamine Sulfate, the influence of filtration and doping of 
solutions through voluntary addition of particles were studied. Moreover, the 
supramolecular chirality of Ethylenediamine Sulfate permits to study the possible 
stereoselectivity of the process. Finally, the different mechanisms are reviewed 
according to our findings, allowing to open new ways of research concerning NPLIN.  

Key-Words: Nucleation, Non-Photochemical, Laser, NPLIN, Mechanism, Potassium Sulfate, 
Ethylenediamine Sulfate, Nanoparticle, Filtration  

Résumé 

La nucléation non-photochimique induite par laser (NPLIN) est un phénomène faisant 
appel à un laser pulsé à haute énergie, souvent nanoseconde, pour initier la nucleation 
au sein d’une solution sursaturée. La NPLIN permet un contrôle temporel de la 
nucléation (diminution du temps d’induction) ainsi qu’un contrôle spatial (nucleation 
dans la zone irradiée). Cependant, l’interaction entre le laser et la solution sursaturée, 
permettant la nucléation, n’est pas clairement définie. Plusieurs mécanismes ont été 
proposés pour expliquer le phénomène NPLIN, tel que l’Effet Kerr Optique (OKE), ou 
le chauffage de nanoparticules. L’objectif de cette thèse est d’aider à la compréhension 
du mécanisme NPLIN. 

En plus d'une analyse complète de la littérature concernant la NPLIN, ce manuscrit 
présente nos recherches sur deux composés : le sulfate de potassium et le sulfate 
d’éthylenediamine. Il a été démontré pour chacun l’influence du laser sur la réduction 
du temps d’induction par rapport à une nucleation spontanée. Dans le cas du sulfate 
de potassium, l’influence de la composition en gaz dissout dans la solution a été 
examiné dans le but d’évaluer le mécanisme de cavitation. Dans le cas du sulfate 
d’éthylenediamine, l’influence de la filtration et du dopage des solutions par ajout 
volontaire de particules a été examiné. De plus, la chiralité supramoléculaire du sulfate 
d’éthylenediamine a permis d’étudier la possibilité d’un contrôle stéréosélectif du 
NPLIN. Enfin, les différents mécanismes sont discutés en lien avec les résultats 
obtenus , permettant d’ouvrir de nouvelles voies de recherches concernant la NPLIN.  

Mots-clés : Nucléation, Non-Photochimique, Laser, NPLIN, Mécanisme, Sulfate de Potassium, 
Sulfate d’éthylenediamine, Nanoparticule, Filtration  

 


